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This carefully crafted ebook is formatted for your eReader with a functional and detailed table of contents. Adam Richard Sandler (born September 9, 1966) is an American actor, comedian, screenwriter, film producer, and musician. After becoming a Saturday Night Live cast member, Sandler went on to star in many Hollywood feature films that combined have grossed over $2 billion at the box office. He is best known for his comedic roles, such as in the films Billy Madison (1995), the sports comedies Happy Gilmore (1996) and The Waterboy (1998), the romantic comedy The Wedding Singer (1998), Big Daddy (1999), and Mr. Deeds (2002), and voicing Dracula in Hotel Transylvania (2012) and Hotel Transylvania 2 (2015). Several of his movies, most notably the widely panned Jack and Jill, have gained harsh criticism, culminating in a shared second place in the number of Raspberry Awards (3) and Raspberry Award Nominations (11), in both cases second only to Sylvester Stallone. He has ventured into more dramatic territory with his roles in Punch-Drunk Love (2002), Spanglish (2004), Reign Over Me (2007), Funny People (2009) and The Meyerowitz Stories (2017). This book has been derived from Wikipedia: it contains the entire text of the title Wikipedia article + the entire text of all the 338 related (linked) Wikipedia articles to the title article. This book does not contain illustrations. e-Pedia (an imprint of e-artnow) charges for the convenience service of formatting these e-books for your eReader. We donate a part of our net income after taxes to the Wikimedia Foundation from the sales of all books based on Wikipedia content.
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This carefully crafted ebook is formatted for your eReader with a functional and detailed table of contents. Carl Tanzler, or sometimes Count Carl von Cosel (February 8, 1877 – July 3, 1952), was a German-born bacteriologist at the Marine-Hospital Service in Key West, Florida. He developed an obsession for a young Cuban-American tuberculosis patient, Elena "Helen" Milagro de Hoyos (July 31, 1909 – October 25, 1931), that carried on well after the disease had caused her death. In 1933, almost two years after her death, Tanzler removed Hoyos' body from its tomb, and lived with the corpse at his home for seven years until its discovery by Hoyos' relatives and authorities in 1940. This book has been derived from Wikipedia: it contains the entire text of the title Wikipedia article + the entire text of all the 66 related (linked) Wikipedia articles to the title article. This book does not contain illustrations. e-Pedia (an imprint of e-artnow) charges for the convenience service of formatting these e-books for your eReader. We donate a part of our net income after taxes to the Wikimedia Foundation from the sales of all books based on Wikipedia content.
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This carefully crafted ebook is formatted for your eReader with a functional and detailed table of contents. Benjamin Geza Affleck-Boldt (born August 15, 1972) is an American actor and filmmaker. His accolades include two Academy Awards, three Golden Globe Awards, two BAFTA Awards and two Screen Actors Guild Awards. He began his career as a child and starred in the PBS educational series The Voyage of the Mimi (1984, 1988). He later appeared in the independent coming-of-age comedy Dazed and Confused (1993) and various Kevin Smith films including Chasing Amy (1997) and Dogma (1999). Affleck gained wider recognition when he and childhood friend Matt Damon won the Golden Globe and Academy Award for Best Original Screenplay for Good Will Hunting (1997). He then established himself as a leading man in studio films including the disaster drama Armageddon (1998), the romantic comedy Forces of Nature (1999), the war drama Pearl Harbor (2001) and the thriller Changing Lanes (2002). This book has been derived from Wikipedia: it contains the entire text of the title Wikipedia article + the entire text of all the 918 related (linked) Wikipedia articles to the title article. This book does not contain illustrations. e-Pedia (an imprint of e-artnow) charges for the convenience service of formatting these e-books for your eReader. We donate a part of our net income after taxes to the Wikimedia Foundation from the sales of all books based on Wikipedia content.
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This carefully crafted ebook is formatted for your eReader with a functional and detailed table of contents. Claude Elwood Shannon (April 30, 1916 – February 24, 2001) was an American mathematician, electrical engineer, and cryptographer known as "the father of information theory". This book has been derived from Wikipedia: it contains the entire text of the title Wikipedia article + the entire text of all the 972 related (linked) Wikipedia articles to the title article. This book does not contain illustrations. e-Pedia (an imprint of e-artnow) charges for the convenience service of formatting these e-books for your eReader. We donate a part of our net income after taxes to the Wikimedia Foundation from the sales of all books based on Wikipedia content.
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Stephen William Hawking, CH, CBE[image: External link], FRS, FRSA ( i[image: External link]/'sti:ven 'ho:kING /[image: External link]; born 8 January 1942) is an English theoretical physicist, cosmologist[image: External link], author and Director of Research at the Centre for Theoretical Cosmology within the University of Cambridge.[16][17] His scientific works include a collaboration with Roger Penrose on gravitational singularity theorems in the framework of general relativity and the theoretical prediction that black holes emit radiation, often called Hawking radiation. Hawking was the first to set out a theory of cosmology[image: External link] explained by a union of the general theory of relativity and quantum mechanics. He is a vigorous supporter of the many-worlds interpretation of quantum mechanics.[18][19]

Hawking is an Honorary Fellow of the Royal Society of Arts, a lifetime member of the Pontifical Academy of Sciences, and a recipient of the Presidential Medal of Freedom, the highest civilian award in the US. In 2002, Hawking was ranked number 25 in the BBC's poll of the 100 Greatest Britons. He was the Lucasian Professor of Mathematics[image: External link] at the University of Cambridge between 1979 and 2009 and has achieved commercial success with works of popular science in which he discusses his own theories and cosmology in general; his book A Brief History of Time appeared on the British Sunday Times best-seller list for a record-breaking 237 weeks.

Hawking has a rare early-onset, slow-progressing form of amyotrophic lateral sclerosis (ALS) that has gradually paralysed him over the decades.[20][21] He now communicates using a single cheek muscle attached to a speech-generating device.



TOP



[image: TOC] TOC Next [image: Next chapter] 
 Early life and education





[image: TOC] TOC Next [image: Next chapter] 
 Family




Hawking was born on 8 January 1942[22] in Oxford, England to Frank (1905–1986) and Isobel Hawking (née Walker; 1915–2013).[23][24] His mother was Scottish.[25] Despite their families' financial constraints, both parents attended the University of Oxford, where Frank read medicine and Isobel read Philosophy, Politics and Economics.[24] The two met shortly after the beginning of the Second World War at a medical research institute where Isobel was working as a secretary and Frank was working as a medical researcher.[24][26] They lived in Highgate; but, as London was being bombed in those years, Isobel went to Oxford to give birth in greater safety.[27] Hawking has two younger sisters, Philippa and Mary, and an adopted brother, Edward.[28]

In 1950, when Hawking's father became head of the division of parasitology at the National Institute for Medical Research, Hawking and his family moved to St Albans, Hertfordshire.[29][30] In St Albans, the family were considered highly intelligent and somewhat eccentric;[29][31] meals were often spent with each person silently reading a book.[29] They lived a frugal existence in a large, cluttered, and poorly maintained house and travelled in a converted London taxicab.[32][33] During one of Hawking's father's frequent absences working in Africa,[34] the rest of the family spent four months in Majorca visiting his mother's friend Beryl and her husband, the poet Robert Graves.[35]
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Hawking began his schooling at the Byron House School in Highgate, London. He later blamed its "progressive methods" for his failure to learn to read while at the school.[36][29] In St Albans, the eight-year-old Hawking attended St Albans High School for Girls for a few months. At that time, younger boys could attend one of the houses.[35][37]

Hawking attended Radlett School, an independent school in the village of Radlett in Hertfordshire, for a year,[37] and from September 1952, St Albans School,[22][38] an independent school in the city of St Albans in Hertfordshire. The family placed a high value on education.[29] Hawking's father wanted his son to attend the well-regarded Westminster School, but the 13-year-old Hawking was ill on the day of the scholarship examination. His family could not afford the school fees without the financial aid of a scholarship, so Hawking remained at St Albans.[39][40] A positive consequence was that Hawking remained with a close group of friends with whom he enjoyed board games, the manufacture of fireworks, model aeroplanes and boats,[41] and long discussions about Christianity and extrasensory perception.[42] From 1958 on, with the help of the mathematics teacher Dikran Tahta, they built a computer from clock parts, an old telephone switchboard and other recycled components.[43][44]

Although known at school as "Einstein", Hawking was not initially successful academically.[45] With time, he began to show considerable aptitude for scientific subjects and, inspired by Tahta, decided to read mathematics at university.[46][47][48] Hawking's father advised him to study medicine, concerned that there were few jobs for mathematics graduates.[49] He also wanted his son to attend University College, Oxford, his own alma mater. As it was not possible to read mathematics there at the time, Hawking decided to study physics and chemistry. Despite his headmaster's advice to wait until the next year, Hawking was awarded a scholarship after taking the examinations in March 1959.[50][51]
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Hawking began his university education at University College, Oxford[22] in October 1959 at the age of 17.[52] For the first eighteen months, he was bored and lonely – he was younger than many of the other students, and found the academic work "ridiculously easy".[53][54] His physics tutor, Robert Berman, later said, "It was only necessary for him to know that something could be done, and he could do it without looking to see how other people did it."[3] A change occurred during his second and third year when, according to Berman, Hawking made more of an effort "to be one of the boys". He developed into a popular, lively and witty college member, interested in classical music and science fiction.[52] Part of the transformation resulted from his decision to join the college boat club, the University College Boat Club, where he coxed a rowing team.[55][56] The rowing trainer at the time noted that Hawking cultivated a daredevil image, steering his crew on risky courses that led to damaged boats.[57][55]

Hawking has estimated that he studied about a thousand hours during his three years at Oxford. These unimpressive study habits made sitting his finals a challenge, and he decided to answer only theoretical physics questions rather than those requiring factual knowledge. A first-class honours degree was a condition of acceptance for his planned graduate study in cosmology at the University of Cambridge.[58][59] Anxious, he slept poorly the night before the examinations, and the final result was on the borderline between first- and second-class honours, making a viva (oral examination) necessary.[59][60] Hawking was concerned that he was viewed as a lazy and difficult student. So, when asked at the oral to describe his future plans, he said, "If you award me a First, I will go to Cambridge. If I receive a Second, I shall stay in Oxford, so I expect you will give me a First."[59][61] He was held in higher regard than he believed; as Berman commented, the examiners "were intelligent enough to realise they were talking to someone far cleverer than most of themselves".[59] After receiving a first-class[image: External link] BA (Hons.) degree in natural science and completing a trip to Iran with a friend, he began his graduate work at Trinity Hall, Cambridge, in October 1962.[22][62][63]
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 Graduate years




Hawking's first year as a doctoral student[1] was difficult. He was initially disappointed to find that he had been assigned Dennis William Sciama, one of the founders of modern cosmology, as a supervisor rather than noted astronomer Fred Hoyle,[64][65] and he found his training in mathematics inadequate for work in general relativity and cosmology[image: External link].[66] After being diagnosed with motor neurone disease, Hawking fell into a depression – though his doctors advised that he continue with his studies, he felt there was little point.[67] However, his disease progressed more slowly than doctors had predicted. Although Hawking had difficulty walking unsupported, and his speech was almost unintelligible, an initial diagnosis that he had only two years to live proved unfounded. With Sciama's encouragement, he returned to his work.[68][69] Hawking started developing a reputation for brilliance and brashness when he publicly challenged the work of Fred Hoyle and his student Jayant Narlikar at a lecture in June 1964.[70][71]

When Hawking began his graduate studies, there was much debate in the physics community about the prevailing theories of the creation of the universe: the Big Bang[image: External link] and Steady State theories.[72] Inspired by Roger Penrose's theorem of a spacetime singularity in the centre of black holes, Hawking applied the same thinking to the entire universe; and, during 1965, he wrote his thesis on this topic.[73] There were other positive developments: Hawking received a research fellowship at Gonville and Caius College;[74] he obtained his PhD degree in applied mathematics and theoretical physics, specialising in general relativity and cosmology, in March 1966;[75] and his essay entitled "Singularities and the Geometry of Space-Time" shared top honours with one by Penrose to win that year's prestigious Adams Prize.[76][75]
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In his work, and in collaboration with Penrose, Hawking extended the singularity theorem concepts first explored in his doctoral thesis. This included not only the existence of singularities but also the theory that the universe might have started as a singularity. Their joint essay was the runner-up in the 1968 Gravity Research Foundation competition.[77][78] In 1970 they published a proof that if the universe obeys the general theory of relativity and fits any of the models of physical cosmology[image: External link] developed by Alexander Friedmann, then it must have begun as a singularity.[79][80][81] In 1969, Hawking accepted a specially created Fellowship for Distinction in Science to remain at Caius.[82]

In 1970, Hawking postulated what became known as the second law of black hole dynamics, that the event horizon of a black hole can never get smaller.[83] With James M. Bardeen[image: External link] and Brandon Carter, he proposed the four laws of black hole mechanics, drawing an analogy with thermodynamics[image: External link].[84] To Hawking's irritation, Jacob Bekenstein, a graduate student of John Wheeler, went further—and ultimately correctly—to apply thermodynamic concepts literally.[85][86] In the early 1970s, Hawking's work with Carter, Werner Israel and David C. Robinson strongly supported Wheeler's no-hair theorem that no matter what the original material from which a black hole is created, it can be completely described by the properties of mass[image: External link], electrical charge[image: External link] and rotation.[87][88] His essay titled "Black Holes" won the Gravity Research Foundation Award in January 1971.[89] Hawking's first book, The Large Scale Structure of Space-Time, written with George Ellis[image: External link], was published in 1973.[90]

Beginning in 1973, Hawking moved into the study of quantum gravity and quantum mechanics.[91][90] His work in this area was spurred by a visit to Moscow and discussions with Yakov Borisovich Zel'dovich and Alexei Starobinsky, whose work showed that according to the uncertainty principle, rotating black holes emit particles.[92] To Hawking's annoyance, his much-checked calculations produced findings that contradicted his second law, which claimed black holes could never get smaller,[93] and supported Bekenstein's reasoning about their entropy.[94][92] His results, which Hawking presented from 1974, showed that black holes emit radiation, known today as Hawking radiation, which may continue until they exhaust their energy and evaporate[image: External link].[95][96][97] Initially, Hawking radiation was controversial. However, by the late 1970s and following the publication of further research, the discovery was widely accepted as a significant breakthrough in theoretical physics.[98][99][100] Hawking was elected a Fellow of the Royal Society (FRS) in 1974, a few weeks after the announcement of Hawking radiation. At the time, he was one of the youngest scientists to become a Fellow.[101][102]

Hawking was appointed to the Sherman Fairchild Distinguished visiting professorship at the California Institute of Technology (Caltech) in 1970. He worked with a friend on the faculty, Kip Thorne,[103] and engaged him in a scientific wager about whether the dark star Cygnus X-1 was a black hole. The wager was an "insurance policy" against the proposition that black holes did not exist.[104] Hawking acknowledged that he had lost the bet in 1990, which was the first of several that he was to make with Thorne and others.[105] Hawking has maintained ties to Caltech, spending a month there almost every year since this first visit.[106]
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Hawking returned to Cambridge in 1975 to a more academically senior post, as reader in gravitational physics. The mid- to late 1970s were a period of growing public interest in black holes and of the physicists who were studying them. Hawking was regularly interviewed for print and television.[107][108] He also received increasing academic recognition of his work.[109] In 1975, he was awarded both the Eddington Medal and the Pius XI Gold Medal, and in 1976 the Dannie Heineman Prize, the Maxwell Prize and the Hughes Medal.[110][111] He was appointed a professor with a chair in gravitational physics[image: External link] in 1977.[112] The following year he received the Albert Einstein Medal and an honorary doctorate from the University of Oxford.[113][109]

In the late 1970s, Hawking was elected Lucasian Professor of Mathematics[image: External link] at the University of Cambridge.[109][114] His inaugural lecture as Lucasian Professor of Mathematics was titled: "Is the End in Sight for Theoretical Physics" and proposed N=8 Supergravity as the leading theory to solve many of the outstanding problems physicists were studying.[115] His promotion coincided with a health crisis which led to his accepting, albeit reluctantly, some nursing services at home.[116] At the same time, he was also making a transition in his approach to physics, becoming more intuitive and speculative rather than insisting on mathematical proofs. "I would rather be right than rigorous", he told Kip Thorne.[117] In 1981, he proposed that information in a black hole is irretrievably lost when a black hole evaporates. This information paradox violates the fundamental tenet of quantum mechanics, and led to years of debate, including "the Black Hole War" with Leonard Susskind and Gerard 't Hooft.[118][119]

Cosmological inflation – a theory proposing that following the Big Bang[image: External link], the universe initially expanded incredibly rapidly before settling down to a slower expansion – was proposed by Alan Guth[image: External link] and also developed by Andrei Linde.[120] Following a conference in Moscow in October 1981, Hawking and Gary Gibbons organized a three-week Nuffield Workshop in the summer of 1982 on "The Very Early Universe" at Cambridge University, which focused mainly on inflation theory.[121][122][123] Hawking also began a new line of quantum theory research into the origin of the universe. In 1981 at a Vatican conference, he presented work suggesting that there might be no boundary – or beginning or ending – to the universe.[124][125] He subsequently developed the research in collaboration with Jim Hartle[image: External link], and in 1983 they published a model, known as the Hartle–Hawking state. It proposed that prior to the Planck epoch[image: External link], the universe[image: External link] had no boundary in space-time; before the Big Bang, time did not exist and the concept of the beginning of the universe is meaningless.[126] The initial singularity of the classical Big Bang models was replaced with a region akin to the North Pole. One cannot travel north of the North Pole, but there is no boundary there – it is simply the point where all north-running lines meet and end.[127][128] Initially, the no-boundary proposal predicted a closed universe[image: External link], which had implications about the existence of God. As Hawking explained, "If the universe has no boundaries but is self-contained... then God would not have had any freedom to choose how the universe began."[129]

Hawking did not rule out the existence of a Creator, asking in A Brief History of Time "Is the unified theory so compelling that it brings about its own existence?"[130] In his early work, Hawking spoke of God in a metaphorical sense. In A Brief History of Time he wrote: "If we discover a complete theory, it would be the ultimate triumph of human reason – for then we should know the mind of God."[131] In the same book he suggested that the existence of God was not necessary to explain the origin of the universe. Later discussions with Neil Turok led to the realisation that the existence of God was also compatible with an open universe.[132]

Further work by Hawking in the area of arrows of time led to the 1985 publication of a paper theorising that if the no-boundary proposition were correct, then when the universe stopped expanding and eventually collapsed, time would run backwards.[133] A paper by Don Page and independent calculations by Raymond Laflamme led Hawking to withdraw this concept.[134] Honours continued to be awarded: in 1981 he was awarded the American Franklin Medal,[135] and in 1982 made a Commander of the Order of the British Empire[image: External link] (CBE).[136][137] Awards do not pay the bills, however, and motivated by the need to finance the children's education and home expenses, in 1982 Hawking determined to write a popular book about the universe that would be accessible to the general public.[138][139] Instead of publishing with an academic press, he signed a contract with Bantam Books, a mass market publisher, and received a large advance for his book.[140][141] A first draft of the book, called A Brief History of Time, was completed in 1984.[142]

One of the first messages Hawking produced with his speech-generating device was a request for his assistant to help him finish writing A Brief History of Time.[143] Peter Guzzardi, his editor at Bantam, pushed him to explain his ideas clearly in non-technical language, a process that required many revisions from an increasingly irritated Hawking.[144] The book was published in April 1988 in the US and in June in the UK, and it proved to be an extraordinary success, rising quickly to the top of bestseller lists in both countries and remaining there for months.[145][146][147] The book was translated into many languages,[148] and ultimately sold an estimated 9 million copies.[147] Media attention was intense,[148] and a Newsweek magazine cover and a television special both described him as "Master of the Universe".[149] Success led to significant financial rewards, but also the challenges of celebrity status.[150] Hawking travelled extensively to promote his work, and enjoyed partying and dancing into the small hours.[148] He had difficulty refusing the invitations and visitors, which left limited time for work and his students.[151] Some colleagues were resentful of the attention Hawking received, feeling it was due to his disability.[152][153] He received further academic recognition, including five more honorary degrees,[149] the Gold Medal of the Royal Astronomical Society (1985),[154] the Paul Dirac Medal (1987)[149] and, jointly with Penrose, the prestigious Wolf Prize (1988).[155] In 1989, he was appointed Member of the Order of the Companions of Honour (CH).[151] He reportedly declined a knighthood.[156]
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 1990–2000




Hawking pursued his work in physics: in 1993 he co-edited a book on Euclidean quantum gravity with Gary Gibbons and published a collected edition of his own articles on black holes and the Big Bang.[157] In 1994, at Cambridge's Newton Institute, Hawking and Penrose delivered a series of six lectures that were published in 1996 as "The Nature of Space and Time".[158] In 1997, he conceded a 1991 public scientific wager made with Kip Thorne and John Preskill of Caltech. Hawking had bet that Penrose's proposal of a "cosmic censorship conjecture" – that there could be no "naked singularities" unclothed within a horizon – was correct.[159] After discovering his concession might have been premature, a new, more refined, wager was made. This one specified that such singularities would occur without extra conditions.[160] The same year, Thorne, Hawking and Preskill made another bet, this time concerning the black hole information paradox.[161][162] Thorne and Hawking argued that since general relativity made it impossible for black holes to radiate and lose information, the mass-energy and information carried by Hawking radiation must be "new", and not from inside the black hole event horizon[image: External link]. Since this contradicted the quantum mechanics of microcausality, quantum mechanics theory would need to be rewritten. Preskill argued the opposite, that since quantum mechanics suggests that the information emitted by a black hole relates to information that fell in at an earlier time, the concept of black holes given by general relativity must be modified in some way.[163]

Hawking also maintained his public profile, including bringing science to a wider audience. A film version of A Brief History of Time, directed by Errol Morris and produced by Steven Spielberg[image: External link], premiered in 1992. Hawking had wanted the film to be scientific rather than biographical, but he was persuaded otherwise. The film, while a critical success, was, however, not widely released.[164] A popular-level collection of essays, interviews, and talks titled Black Holes and Baby Universes and Other Essays was published in 1993,[165] and a six-part television series Stephen Hawking's Universe and a companion book appeared in 1997. As Hawking insisted, this time the focus was entirely on science.[166][167]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 2000–present




Hawking continued his writings for a popular audience, publishing The Universe in a Nutshell in 2001,[168] and A Briefer History of Time, which he wrote in 2005 with Leonard Mlodinow to update his earlier works with the aim of making them accessible to a wider audience, and God Created the Integers, which appeared in 2006.[169] Along with Thomas Hertog[image: External link] at CERN and Jim Hartle, from 2006 on Hawking developed a theory of "top-down cosmology", which says that the universe had not one unique initial state but many different ones, and therefore that it is inappropriate to formulate a theory that predicts the universe's current configuration from one particular initial state.[170] Top-down cosmology posits that the present "selects" the past from a superposition of many possible histories. In doing so, the theory suggests a possible resolution of the fine-tuning question.[171][172]

Hawking continued to travel widely, including trips to Chile, Easter Island[image: External link], South Africa, Spain (to receive the Fonseca Prize[image: External link] in 2008),[173][174] Canada,[175] and numerous trips to the United States.[176] For practical reasons related to his disability, Hawking increasingly travelled by private jet, and by 2011 that had become his only mode of international travel.[177]

By 2003, consensus among physicists was growing that Hawking was wrong about the loss of information in a black hole.[178] In a 2004 lecture in Dublin, he conceded his 1997 bet with Preskill, but described his own, somewhat controversial solution to the information paradox problem, involving the possibility that black holes have more than one topology[image: External link].[179][163] In the 2005 paper he published on the subject, he argued that the information paradox was explained by examining all the alternative histories of universes, with the information loss in those with black holes being cancelled out by those without such loss.[162][180] In January 2014 he called the alleged loss of information in black holes his "biggest blunder".[181]

As part of another longstanding scientific dispute, Hawking had emphatically argued, and bet, that the Higgs boson[image: External link] would never be found.[182] The particle was proposed to exist as part of the Higgs field[image: External link] theory by Peter Higgs in 1964. Hawking and Higgs engaged in a heated and public debate over the matter in 2002 and again in 2008, with Higgs criticising Hawking's work and complaining that Hawking's "celebrity status gives him instant credibility that others do not have."[183] The particle was discovered in July 2012 at CERN following construction of the Large Hadron Collider. Hawking quickly conceded that he had lost his bet[184][185] and said that Higgs should win the Nobel Prize for Physics,[186] which he did in 2013.[187]

In 2007, Hawking and his daughter Lucy published George's Secret Key to the Universe, a children's book designed to explain theoretical physics in an accessible fashion and featuring characters similar to those in the Hawking family.[188] The book was followed by sequels in 2009, 2011 and 2014.[189]

In 2002, following a UK-wide vote, the BBC included Hawking in their list of the 100 Greatest Britons.[190] He was awarded the Copley Medal from the Royal Society (2006),[191] the Presidential Medal of Freedom, which is America's highest civilian honour (2009),[192] and the Russian Special Fundamental Physics Prize (2013).[193]

Several buildings have been named after him, including the Stephen W. Hawking Science Museum in San Salvador[image: External link], El Salvador,[194] the Stephen Hawking Building in Cambridge,[195] and the Stephen Hawking Centre[image: External link] at the Perimeter Institute in Canada.[196] Appropriately, given Hawking's association with time, he unveiled the mechanical "Chronophage" (or time-eating) Corpus Clock at Corpus Christi College Cambridge in September 2008.[197][198]

During his career, Hawking has supervised 39 successful PhD students.[199] As required by Cambridge University regulations, Hawking retired as Lucasian Professor of Mathematics in 2009. Despite suggestions that he might leave the United Kingdom as a protest against public funding cuts to basic scientific research,[200] Hawking has continued to work as director of research at the Cambridge University Department of Applied Mathematics and Theoretical Physics, and indicated in 2012 that he had no plans to retire.[201]

On 28 June 2009, as a tongue-in-cheek test of his 1992 conjecture that travel into the past is effectively impossible, Hawking held a party open to all, complete with hors d'oeuvres and iced champagne, but only publicized the party after it was over so that only time-travellers would know to attend; as expected, nobody showed up to the party.[202]

On 20 July 2015, Hawking helped launch Breakthrough Initiatives, an effort to search for extraterrestrial life[image: External link].[203] In 2015, Richard Branson offered Stephen Hawking a seat on the Virgin Galactic spaceship for free.[image: External link] While no hard date has been set for launch, Virgin Galactic's SpaceShipTwo is slated to launch at the end of 2017. At 75, Hawking will not be the oldest person ever to go to space (John Glenn returned to space at age 77), but he will be the first person to go to space with amyotrophic lateral sclerosis (ALS).[204] While this will be Hawking's first time in space, it will not be the first time he will have experienced weightlessness: in 2007, he had flown into zero gravity aboard a specially-modified Boeing 727-200 aircraft.[205] Hawking created Stephen Hawking: Expedition New Earth, a documentary on space colonization, as a summer 2017 episode of Tomorrow's World.[206][207]

In August 2015, Hawking said that not all information is lost when something enters a black hole and there might be a possibility to retrieve information from a black hole according to his theory.[208][209]
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When Hawking was a graduate student at Cambridge, his relationship with Jane Wilde, a friend of his sister whom he had met shortly before his diagnosis with motor neurone disease, continued to develop. The couple became engaged in October 1964[210][113] – Hawking later said that the engagement gave him "something to live for"[211] – and the two were married on 14 July 1965.[74]

During their first years of marriage, Jane lived in London during the week as she completed her degree, and they travelled to the United States several times for conferences and physics-related visits. The couple had difficulty finding housing that was within Hawking's walking distance to the Department of Applied Mathematics and Theoretical Physics (DAMTP). Jane began a PhD programme, and a son, Robert, was born in May 1967.[212][213] A daughter, Lucy, was born in 1970.[214] A third child, Timothy, was born in April 1979.[109]

Hawking rarely discussed his illness and physical challenges, even – in a precedent set during their courtship – with Jane.[215] His disabilities meant that the responsibilities of home and family rested firmly on his wife's increasingly overwhelmed shoulders, leaving him more time to think about physics.[216] Upon his appointment in 1974 to a year-long position at the California Institute of Technology in Pasadena, California, Jane proposed that a graduate or post-doctoral student live with them and help with his care. Hawking accepted, and Bernard Carr travelled with them as the first of many students who fulfilled this role.[217][218] The family spent a generally happy and stimulating year in Pasadena.[219]

Hawking returned to Cambridge in 1975 to a new home and a new job, as reader. Don Page, with whom Hawking had begun a close friendship at Caltech, arrived to work as the live-in graduate student assistant. With Page's help and that of a secretary, Jane's responsibilities were reduced so she could return to her thesis and her new interest in singing.[220]

By December 1977, Jane had met organist Jonathan Hellyer Jones when singing in a church choir. Hellyer Jones became close to the Hawking family, and by the mid-1980s, he and Jane had developed romantic feelings for each other.[112][221][222] According to Jane, her husband was accepting of the situation, stating "he would not object so long as I continued to love him".[112][223][224] Jane and Hellyer Jones determined not to break up the family, and their relationship remained platonic for a long period.[225]

By the 1980s, Hawking's marriage had been strained for many years. Jane felt overwhelmed by the intrusion into their family life of the required nurses and assistants.[226] The impact of his celebrity was challenging for colleagues and family members, while the prospect of living up to a worldwide fairytale image was daunting for the couple.[227][228] Hawking's views of religion also contrasted with her strong Christian faith and resulted in tension.[229][228][230] In the late 1980s, Hawking had grown close to one of his nurses, Elaine Mason, to the dismay of some colleagues, caregivers, and family members, who were disturbed by her strength of personality and protectiveness.[231] Hawking told Jane that he was leaving her for Mason[232] and departed the family home in February 1990.[136] After his divorce from Jane in 1995, Hawking married Mason in September,[233][136] declaring, "It's wonderful – I have married the woman I love."[234]

In 1999, Jane Hawking published a memoir, Music to Move the Stars, describing her marriage to Hawking and its breakdown. Its revelations caused a sensation in the media, but as was his usual practice regarding his personal life, Hawking made no public comment except to say that he did not read biographies about himself.[235] After his second marriage, Hawking's family felt excluded and marginalised from his life.[230][236] For a period of about five years in the early 2000s, his family and staff became increasingly worried that he was being physically abused.[236][237] Police investigations took place, but were closed as Hawking refused to make a complaint.[236][238][239]

In 2006, Hawking and Mason quietly divorced,[240][241] and Hawking resumed closer relationships with Jane, his children, and his grandchildren.[241][228] Reflecting this happier period, a revised version of Jane's book called Travelling to Infinity: My Life with Stephen appeared in 2007,[236] and was made into a film, The Theory of Everything, in 2014.[242]
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Hawking has a rare early-onset slow-progressing form of amyotrophic lateral sclerosis (ALS), also known as motor neurone disease or Lou Gehrig's disease, that has gradually paralysed him over the decades.[21]

Hawking had experienced increasing clumsiness during his final year at Oxford, including a fall on some stairs and difficulties when rowing.[243][244] The problems worsened, and his speech became slightly slurred; his family noticed the changes when he returned home for Christmas, and medical investigations were begun.[245][246] The diagnosis of motor neurone disease came when Hawking was 21, in 1963. At the time, doctors gave him a life expectancy of two years.[247][248]

In the late 1960s, Hawking's physical abilities declined: he began to use crutches and ceased lecturing regularly.[249] As he slowly lost the ability to write, he developed compensatory visual methods, including seeing equations in terms of geometry.[250][251] The physicist Werner Israel later compared the achievements to Mozart composing an entire symphony in his head.[252][253] Hawking was, however, fiercely independent and unwilling to accept help or make concessions for his disabilities. He preferred to be regarded as "a scientist first, popular science writer second, and, in all the ways that matter, a normal human being with the same desires, drives, dreams, and ambitions as the next person."[254] His wife, Jane Hawking, later noted: "Some people would call it determination, some obstinacy. I've called it both at one time or another."[255] He required much persuasion to accept the use of a wheelchair at the end of the 1960s,[256] but ultimately became notorious for the wildness of his wheelchair driving.[257] Hawking was a popular and witty colleague, but his illness, as well as his reputation for brashness, distanced him from some.[255]

Hawking's speech deteriorated, and by the late 1970s he could be understood by only his family and closest friends. To communicate with others, someone who knew him well would translate his speech into intelligible speech.[258] Spurred by a dispute with the university over who would pay for the ramp needed for him to enter his workplace, Hawking and his wife campaigned for improved access and support for those with disabilities in Cambridge,[259][260] including adapted student housing at the university.[261] In general, however, Hawking had ambivalent feelings about his role as a disability rights champion: while wanting to help others, he also sought to detach himself from his illness and its challenges.[262] His lack of engagement in this area led to some criticism.[263]

During a visit to CERN on the border of France and Switzerland in mid-1985, Hawking contracted pneumonia, which in his condition was life-threatening; he was so ill that Jane was asked if life support should be terminated. She refused, but the consequence was a tracheotomy, which would require round-the-clock nursing care and remove what remained of his speech.[264][265] The National Health Service was ready to pay for a nursing home, but Jane was determined that he would live at home. The cost of the care was funded by an American foundation.[266][267] Nurses were hired for the three shifts required to provide the round-the-clock support he required. One of those employed was Elaine Mason, who was to become Hawking's second wife.[268]

For his communication, Hawking initially raised his eyebrows to choose letters on a spelling card.[269] But in 1986 he received a computer program called the "Equalizer" from Walter Woltosz, CEO of Words Plus, who had developed an earlier version of the software to help his mother-in-law, who also suffered from ALS and had lost her ability to speak and write.[270] In a method he uses to this day, Hawking could now simply press a switch to select phrases, words or letters from a bank of about 2,500–3,000 that are scanned.[271][272] The program was originally run on a desktop computer. However, Elaine Mason's husband, David, a computer engineer, adapted a small computer and attached it to his wheelchair.[273] Released from the need to use somebody to interpret his speech, Hawking commented that "I can communicate better now than before I lost my voice."[274] The voice he uses has an American accent and is no longer produced.[275][276] Despite the availability of other voices, Hawking has retained this original voice, saying that he prefers it and identifies with it.[277] At this point, Hawking activated a switch using his hand and could produce up to 15 words a minute[image: External link].[143] Lectures were prepared in advance and were sent to the speech synthesiser in short sections to be delivered.[275]

Hawking gradually lost the use of his hand, and in 2005 he began to control his communication device with movements of his cheek muscles,[278][279][280] with a rate of about one word per minute.[279] With this decline there is a risk of his developing locked-in syndrome, so Hawking collaborated with Intel researchers on systems that could translate his brain patterns or facial expressions into switch activations. After several prototypes that did not perform as planned, they finally settled on an adaptive word predictor made by the London-based startup SwiftKey, which utilized a system similar to his original technology, so Hawking could adapt to it easier than a brand new complex system, and after inputting large amounts of Hawking's papers and other written materials, developed a satisfactory system that saves time by predicting words and phrases he uses frequently, similar to typing software used on most smartphones today.[280][281][171][282] By 2009 he could no longer drive his wheelchair independently, but the same people who created his new typing mechanics are working on a method to drive his chair using movements made by his chin. This has proven difficult, since Hawking cannot move his neck, and trials have shown that while he can indeed drive the chair, the movement is sporadic and jumpy.[281][283] He is experiencing increased breathing difficulties, requiring a ventilator at times, and has been hospitalised several times.[171]
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Since the 1990s, Hawking has accepted the mantle of role model for disabled people, lecturing and participating in fundraising activities.[284] At the turn of the century, he and eleven other luminaries signed the Charter for the Third Millennium on Disability, which called on governments to prevent disability and protect disability rights.[285][286] In 1999, Hawking was awarded the Julius Edgar Lilienfeld Prize of the American Physical Society.[287] Motivated by the desire to increase public interest in spaceflight and to show the potential of people with disabilities, in 2007 he participated in zero-gravity flight in a "Vomit Comet", courtesy of Zero Gravity Corporation, during which he experienced weightlessness eight times.[288][289][290][291]

In August 2012, Hawking narrated the "Enlightenment" segment of the 2012 Summer Paralympics opening ceremony in London.[292] In 2013, the biographical documentary film Hawking, in which Hawking himself is featured, was released.[293] In September 2013, he expressed support for the legalisation of assisted suicide for the terminally ill.[294] In August 2014, Hawking accepted the Ice Bucket Challenge to promote ALS/MND awareness and raise contributions for research. As he had pneumonia in 2013, he was advised not to have ice poured over him, but his children volunteered to accept the challenge on his behalf.[295]
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 Future of humanity




In 2006 Hawking posed an open question on the Internet: "In a world that is in chaos politically, socially and environmentally, how can the human race sustain another 100 years?", later clarifying: "I don't know the answer. That is why I asked the question, to get people to think about it, and to be aware of the dangers we now face."[296]

Hawking has expressed concern that life on Earth is at risk from a sudden nuclear war, a genetically engineered virus, global warming, or other dangers we have not yet thought of.[288][297] However, such a planet-wide disaster need not result in human extinction if the human race were to be able to colonize additional planets before the disaster.[297] Hawking views spaceflight and the colonization of space as necessary for the future of humanity.[288][298]

Hawking has stated that, given the vastness of the universe, aliens[image: External link] likely exist, but that contact with them should be avoided.[299][300] He warned that aliens might pillage Earth for resources.[300] In 2010 he said, "If aliens visit us, the outcome would be much as when Columbus landed in America, which didn't turn out well for the Native Americans."[300]

Hawking has warned superintelligent artificial intelligence could be pivotal in steering humanity's fate, stating that "the potential benefits are huge... Success in creating AI would be the biggest event in human history. It might also be the last, unless we learn how to avoid the risks."[301][302]

Hawking has argued that computer viruses should be considered a new form of life, and has stated that "maybe it says something about human nature, that the only form of life we have created so far is purely destructive. Talk about creating life in our own image."[303]
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At Google's Zeitgeist Conference in 2011, Hawking said that "philosophy is dead". He believes that philosophers "have not kept up with modern developments in science" and that scientists "have become the bearers of the torch of discovery in our quest for knowledge". He said that philosophical problems can be answered by science, particularly new scientific theories which "lead us to a new and very different picture of the universe and our place in it".[304]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Religion




Hawking has stated that he is "not religious in the normal sense" and he believes that "the universe is governed by the laws of science". Hawking stated:


There is a fundamental difference between religion, which is based on authority, [and] science, which is based on observation and reason. Science will win because it works.[305]



"The laws may have been decreed by God, but God does not intervene to break the laws".[306] In an interview published in The Guardian, Hawking regarded the concept of heaven as a myth, believing that there is "no heaven or afterlife" and that such a notion was a "fairy story for people afraid of the dark".[131] In 2011, when narrating the first episode of the American television series Curiosity on the Discovery Channel, Hawking declared:


We are each free to believe what we want and it is my view that the simplest explanation is there is no God. No one created the universe and no one directs our fate. This leads me to a profound realization. There is probably no heaven, and no afterlife either. We have this one life to appreciate the grand design of the universe, and for that, I am extremely grateful.[307][308]



In September 2014 he joined Starmus Festival as keynote speaker and declared himself an atheist.[309] In an interview with El Mundo, he commented:


Before we understand science, it is natural to believe that God created the universe. But now science offers a more convincing explanation. What I meant by 'we would know the mind of God' is, we would know everything that God would know, if there were a God, which there isn't. I'm an atheist.[310]
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In March 1968, Hawking marched alongside Tariq Ali[image: External link] and Vanessa Redgrave to protest against the Vietnam War.[311] He is a longstanding Labour Party supporter.[312][313] He recorded a tribute for the 2000 Democratic[image: External link] presidential candidate Al Gore,[314] called the 2003 invasion of Iraq a "war crime",[313][315] was part of an academic boycott of a conference in Israel because of concerns about Israel's policies towards Palestinians,[316][317][318] campaigned for nuclear disarmament,[312][319][313] and has supported stem cell research,[313][320] universal health care,[321] and action to prevent climate change.[319] In August 2014, Hawking was one of 200 signatories to a letter opposing Scottish independence in the run-up to September's referendum on that issue[image: External link].[322] Hawking believes a United Kingdom withdrawal from the European Union (Brexit) will damage the UK's contribution to science as modern research needs international collaboration, and that free movement of people in Europe encourages the spread of ideas.[323] Hawking is greatly concerned over health care, he stated:


I have received excellent medical attention in Britain, and I felt it was important to set the record straight. I believe in universal health care. And I am not afraid to say so.[305]



In June 2017, Hawking endorsed Labour Party leader Jeremy Corbyn in the 2017 UK general election[image: External link].[324]
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Further information: Stephen Hawking in popular culture


At the release party for the home video version of the A Brief History of Time, Leonard Nimoy, who had played Spock on Star Trek, learned that Hawking was interested in appearing on the show. Nimoy made the necessary contact, and Hawking played a holographic simulation of himself in an episode of Star Trek: The Next Generation in 1993.[325][326][327] The same year, his synthesiser voice was recorded for the Pink Floyd song "Keep Talking",[328][165] and in 1999 for an appearance on The Simpsons.[329] Hawking appeared in documentaries entitled The Real Stephen Hawking (2001),[286] Stephen Hawking: Profile (2002) [330] and Hawking (2013), and the documentary series Stephen Hawking, Master of the Universe (2008).[331] Hawking has also guest-starred in Futurama[image: External link][171] and The Big Bang Theory.[332]

Hawking allowed the use of his copyrighted voice[333][334] in the biographical 2014 film The Theory of Everything, in which he was portrayed by Eddie Redmayne in an Academy Award-winning role.[335] Hawking was featured at the Monty Python Live (Mostly) in 2014. He was shown to sing an extended version of the Galaxy Song, after running down Brian Cox with his wheelchair, in a pre-recorded video.[336][337]

Hawking has used his fame to advertise products, including a wheelchair,[286] National Savings[image: External link],[338] British Telecom, Specsavers, Egg Banking,[339] and Go Compare.[340] He has applied to trademark his name.[341]
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Hawking has received numerous awards and honours. Already early in the list, in 1974 he was elected a Fellow of the Royal Society (FRS). At that time, his nomination read:


Hawking has made major contributions to the field of general relativity. These derive from a deep understanding of what is relevant to physics and astronomy, and especially from a mastery of wholly new mathematical techniques. Following the pioneering work of Penrose he established, partly alone and partly in collaboration with Penrose, a series of successively stronger theorems establishing the fundamental result that all realistic cosmological models must possess singularities. Using similar techniques, Hawking has proved the basic theorems on the laws governing black holes: that stationary solutions of Einstein's equations with smooth event horizons must necessarily be axisymmetric; and that in the evolution and interaction of black holes, the total surface area of the event horizons must increase. In collaboration with G. Ellis, Hawking is the author of an impressive and original treatise on "Space-time in the Large".



The citation continues:


Other important work by Hawking relates to the interpretation of cosmological observations and to the design of gravitational wave detectors.[15]



Hawking received the 2015 BBVA Foundation Frontiers of Knowledge Award[image: External link] in Basic Sciences shared with Viatcheslav Mukhanov[image: External link] for discovering that the galaxies were formed from quantum fluctuations in the early Universe. At the 2016 Pride of Britain Awards, Hawking received the lifetime achievement award "for his contribution to science and British culture".[342]
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 Stephen Hawking Medal For Science Communication




The Stephen Hawking Medal For Science Communication is an annual award initiated in 2016 that honours members of the arts community for contributions that help build awareness of science.[343] The STARMUS III festival in 2016 was the location of the inaugural awards ceremony for recipients of the medal. The award recipients (chosen by Hawking himself) were composer Hans Zimmer, physicist Jim Al-Khalili, and the science documentary Particle Fever.[344]
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 Popular books





	
A Brief History of Time (1988)[189]


	
Black Holes and Baby Universes and Other Essays (1993)[345]


	
The Universe in a Nutshell (2001)[189]


	
On The Shoulders of Giants (2002)[189]


	
God Created the Integers: The Mathematical Breakthroughs That Changed History (2005)[189]


	
The Dreams That Stuff Is Made of: The Most Astounding Papers of Quantum Physics and How They Shook the Scientific World (2011)[346]


	
My Brief History (2013)[189]
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 Co-authored





	
The Nature of Space and Time (with Roger Penrose) (1996)

	
The Large, the Small and the Human Mind (with Roger Penrose, Abner Shimony and Nancy Cartwright) (1997)

	
The Future of Spacetime (with Kip Thorne, Igor Novikov[image: External link], Timothy Ferris and introduction by Alan Lightman, Richard H. Price) (2002)

	
A Briefer History of Time (with Leonard Mlodinow) (2005)[189]


	
The Grand Design[image: External link] (with Leonard Mlodinow) (2010)[189]
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Black Holes & Time Warps: Einstein's Outrageous Legacy (Kip Thorne, and introduction by Frederick Seitz) (1994)




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Children's fiction




Co-written with his daughter Lucy.


	
George's Secret Key to the Universe (2007)[189]


	
George's Cosmic Treasure Hunt (2009)[189]


	
George and the Big Bang (2011)[189]


	
George and the Unbreakable Code (2014)
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 Films and series





	
A Brief History of Time (1992)[347]


	
Stephen Hawking's Universe (1997)[348][223]


	
Hawking – BBC television film (2004) starring Benedict Cumberbatch


	
Horizon: The Hawking Paradox (2005)[349]


	
Masters of Science Fiction (2007)[350]


	
Stephen Hawking and the Theory of Everything (2007)

	
Stephen Hawking: Master of the Universe (2008)[351]


	
Into the Universe with Stephen Hawking (2010)[352]


	
Brave New World with Stephen Hawking (2011)[353]


	
Stephen Hawking's Grand Design (2012)[354]


	
The Big Bang Theory (2012 & 2014)

	
Stephen Hawking: A Brief History of Mine (2013)[355]


	
The Theory of Everything – Feature film (2014) starring Eddie Redmayne[356]


	
Genius by Stephen Hawking (2016)
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Fellow of the Royal Society






Fellowship of the Royal Society (FRS, ForMemRS and HonFRS) is an award and fellowship[image: External link] granted by the Royal Society of London[image: External link] to individuals the society judges to have made a "substantial contribution to the improvement of natural knowledge[image: External link], including mathematics[image: External link], engineering science[image: External link] and medical science[image: External link]".[1]

Fellowship of the Society, the oldest scientific academy in continuous existence, is a significant honour which has been awarded to many eminent scientists from history including Isaac Newton (1672),[2] Charles Darwin[image: External link] (1839),[2] Michael Faraday[image: External link] (1824),[2] Ernest Rutherford[image: External link] (1903),[3] Srinivasa Ramanujan[image: External link] (1919),[4] Albert Einstein (1921),[5] Winston Churchill[image: External link] (1941), Subrahmanyan Chandrasekhar[image: External link] (1944),[6] Dorothy Hodgkin[image: External link] (1947),[7] Alan Turing[image: External link] (1951)[8] and Francis Crick[image: External link] (1959).[9][10] More recently, fellowship has been awarded to Stephen Hawking (1974), Tim Hunt[image: External link] (1991), Elizabeth Blackburn[image: External link] (1992), Tim Berners-Lee[image: External link] (2001), Venkatraman Ramakrishnan[image: External link] (2003), Andre Geim (2007), James Dyson[image: External link] (2015), Ajay Kumar Sood[image: External link] (2015) and around 8000 others[image: External link] in total, including over 280 Nobel Laureates[image: External link] since 1900. As of 2016, there are around 1600 living Fellows, Foreign and Honorary Members.[11]

Fellowship of the Royal Society has been described by The Guardian newspaper as “the equivalent of a lifetime achievement Oscar[image: External link]”[12] with several institutions celebrating their announcement each year.[13][14][15][16][17][18][19]



TOP
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 Main Fellowships




Up to 60 new Fellows (FRS), honorary (HonFRS) and foreign members (ForMemRS) are elected annually in late April or early May, from a pool of around 700 proposed candidates each year.[20] New Fellows can only be nominated by existing Fellows[image: External link] for one of the fellowships described below:
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 Fellow of the Royal Society (FRS)




Further information: List of Fellows of the Royal Society[image: External link]


Every year, up to 52 new Fellows are elected from the United Kingdom and the Commonwealth of Nations[image: External link] which make up around 90% of the society.[1] Each candidate is considered on their merits and can be proposed from any sector of the scientific community. Fellows are elected for life on the basis of excellence in science and are entitled to use the post-nominal letters[image: External link] FRS.[1] See Category:Fellows of the Royal Society[image: External link] and Category:Female Fellows of the Royal Society[image: External link].
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 Foreign Member of the Royal Society (ForMemRS)




Every year, Fellows elect up to ten new Foreign Members. Like Fellows, Foreign Members are elected for life through peer review[image: External link] on the basis of excellence in science. As of 2016 there are around 165 Foreign Members, who are entitled to use the post-nominal ForMemRS.[21] See Category:Foreign Members of the Royal Society[image: External link].
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 Honorary Fellow of the Royal Society (HonFRS)




Honorary Fellowship is an honorary academic title awarded to candidates who have given distinguished service to the cause of science, but do not have the kind of scientific achievements required of Fellows or Foreign Members. Honorary Fellows include Bill Bryson[image: External link] (2013), Melvyn Bragg[image: External link] (2010), Robin Saxby[image: External link] (2015), David Sainsbury, Baron Sainsbury of Turville[image: External link] (2008) and Onora O'Neill[image: External link] (2007). Honorary Fellows are entitled to use the post nominal letters HonFRS.[22] Others including John Maddox[image: External link] (2000),[23] Patrick Moore[image: External link] (2001) and Lisa Jardine[image: External link] (2015)[24][25] were elected as honorary fellows, see Category:Honorary Fellows of the Royal Society[image: External link].
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 Former Statute 12 Fellowships




Statute 12 is a legacy mechanism for electing members before official honorary membership existed in 1997.[citation needed[image: External link]] Fellows elected under statute 12 include David Attenborough (1983) and John Palmer, 4th Earl of Selborne[image: External link] (1991). Prime Ministers of the United Kingdom[image: External link] such as Margaret Thatcher[image: External link] (1983),[2] Neville Chamberlain[image: External link] (1938),[2] H. H. Asquith[image: External link] (1908)[2] were elected under statute 12, see Category:Fellows of the Royal Society (Statute 12)[image: External link].
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 Royal Fellows of the Royal Society




The Council of the Royal Society can recommend members of the British Royal Family[image: External link] for election as Royal Fellows of the Royal Society[image: External link]. As of 2016 there are five royal fellows: Charles, Prince of Wales[image: External link] (1978),[26] Anne, Princess Royal[image: External link] (1987),[27] Prince Edward, Duke of Kent[image: External link] (1990),[28] Prince William, Duke of Cambridge[image: External link] (2009)[29] and Prince Andrew, Duke of York[image: External link] (2013).[30] Her Majesty the Queen, Elizabeth II[image: External link] is not a Royal Fellow, but provides her patronage[image: External link] to the Society as all reigning British monarchs[image: External link] have done since Charles II of England[image: External link]. Prince Philip, Duke of Edinburgh[image: External link] (1951) was elected under statute 12, not as a Royal Fellow.[31]
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 Election of new fellows




The election of new fellows is announced annually in May, after their nomination and a period of peer-reviewed[image: External link] selection.[1]
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 Nomination




Each candidate for Fellowship or Foreign Membership is nominated by two Fellows of the Royal Society (a proposer and a seconder), who sign a certificate of proposal.[32] Previously, nominations required at least five fellows to support each nomination by the proposer,[32] which was criticised for supposedly establishing an old-boy network[image: External link] and elitist gentlemen's club[image: External link].[33][34][35] The certificate of election (see for example[36]) includes a statement of the principal grounds on which the proposal is being made. There is no limit on the number of nominations made each year. In 2015, there were 654 candidates for election as Fellows and 106 candidates for Foreign Membership.[1]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Selection




The Council of the Royal Society oversees the selection process and appoints 10 subject area committees, known as Sectional Committees,[11] to recommend the strongest candidates for election to Fellowship. The final list of up to 52 Fellowship candidates and up to 10 Foreign Membership candidates is confirmed by the Council in April and a secret ballot[image: External link] of Fellows is held at a meeting in May. A candidate is elected if he or she secures two-thirds of votes of those Fellows present and voting.

A maximum of 18 Fellowships can be allocated to candidates from Physical Sciences and Biological Sciences; and up to 10 from Applied Sciences, Human Sciences and Joint Physical and Biological Sciences. A further maximum of 6 can be ‘Honorary’, ‘General’ or ‘Royal’ Fellows. Nominations for Fellowship are peer reviewed[image: External link] by sectional committees, each with 15 members and a chair. Members of the 10 sectional committees change every 3 years to mitigate in-group bias[image: External link],[32] each group covers different specialist areas including:


	Mathematics[image: External link]

	
Astronomy[image: External link] and physics[image: External link]


	Chemistry[image: External link]

	Engineering[image: External link]

	
Earth science[image: External link] and environmental science[image: External link]


	
Biochemistry[image: External link] and molecular cell biology[image: External link]


	
Microbiology[image: External link], immunology[image: External link] and developmental biology[image: External link]


	
Anatomy[image: External link], physiology[image: External link] and neuroscience[image: External link]


	
Organismal biology[image: External link], evolution[image: External link] and ecology[image: External link]


	Health and human sciences[image: External link][37]
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 Admission




New Fellows are admitted to the Society at a formal admissions day ceremony held annually in July,[38] when they sign the Charter[image: External link] Book and the Obligation which reads: "We who have hereunto subscribed, do hereby promise, that we will endeavour to promote the good of the Royal Society of London for Improving Natural Knowledge, and to pursue the ends for which the same was founded; that we will carry out, as far as we are able, those actions requested of us in the name of the Council; and that we will observe the Statutes and Standing Orders of the said Society. Provided that, whensoever any of us shall signify to the President under our hands, that we desire to withdraw from the Society, we shall be free from this Obligation for the future".[1]

Since 2014, portraits of Fellows at the admissions ceremony have been published without copyright[image: External link] restrictions in Wikimedia Commons[image: External link] under a more permissive Creative Commons license[image: External link] which allows wider re-use than historical portraits in the archive.[39][40]
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 Research Fellowships and other awards




In addition to the main Fellowships of the Royal Society (FRS, ForMemRS & HonFRS), other fellowships are available which are applied for by individuals, rather than through election. Holders of these fellowships are known as Royal Society Research Fellows[image: External link].[42]


	
University Research Fellowships (URFs) Royal Society University Research Fellowships[image: External link] are for outstanding scientists in the UK who are in the early stages of their research career and have the potential to become leaders in their field.[43] Previous holders of URFs have been elected FRS at a later date including Richard Borcherds[image: External link] (1994), Jean Beggs[image: External link] (1998), Frances Ashcroft[image: External link] (1999), Athene Donald[image: External link] (1999) and John Pethica[image: External link] (1999).[44] More recent awardees include Terri Attwood[image: External link], Sarah-Jayne Blakemore[image: External link], Brian Cox, Sarah Bridle[image: External link], Shahn Majid[image: External link], Tanya Monro[image: External link], Beth Shapiro[image: External link], David J. Wales[image: External link] and Kathy Willis[image: External link]


	
Royal Society Leverhulme Trust Senior Research Fellowships are for scientists who would benefit from a period of full-time research without teaching and administrative duties, supported by the Leverhulme Trust[image: External link].[45]


	
Newton Advanced Fellowships provide established international researchers with an opportunity to develop the research strengths and capabilities of their research group. Provided by the Newton Fund via the official development assistance[image: External link][46]


	
Industry Fellowships are for academic scientists who want to work on a collaborative project with industry and for scientists in industry who want to work on a collaborative project with an academic organisation.[47]


	
Dorothy Hodgkin Fellowships are for outstanding scientists in the UK at an early stage of their research career who require a flexible working pattern due to personal circumstances. These fellowships are named after Dorothy Hodgkin[image: External link].[48]




In addition to the award of Fellowship[image: External link] (FRS, HonFRS & ForMemRS) and the Research Fellowships[image: External link] described above, several other awards, lectures and medals of the Royal Society[image: External link] are also given.
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Fellow of the Royal Society of Arts






Fellowship of the Royal Society of Arts (FRSA) is an award[image: External link][1][2][3] awarded to those who have made outstanding achievements related to the Arts, Manufactures, and Commerce and more recently, open to anyone who can demonstrate that they have made significant contributions to social change, support the mission, and share the values of the Royal Society of Arts (RSA). Fellowship is widely regarded as an honour. [4][5][6] Applicants for Fellowship[image: External link] have to outline:


	Why they wish to join the RSA

	How they expect to engage with the RSA

	How aligned they are to the RSA Fellowship Charter[image: External link]




New fellows[image: External link] are selected either by fast-track nomination by an existing fellow[7] or applying directly. After the nomination of a candidate has been received, an admissions panel will make the final decision to accept or decline a new fellow.[8] Fellows are charged a subscription[8] and are entitled to use the post-nominal letters[image: External link] FRSA.

Fellowship

Examples of current fellows, who come from diverse backgrounds and professions, include Tim Berners-Lee[image: External link], Judi Dench[image: External link], Stephen Hawking, Alex James[image: External link] and Gareth Malone[image: External link]. Previous Fellows have included Marie Curie[image: External link], Charles Dickens[image: External link], Benjamin Franklin[image: External link] and Karl Marx[image: External link]. A partial List of Fellows of the Royal Society of Arts[image: External link] gives more examples, alongside the Category:Fellows of the Royal Society of Arts[image: External link]. As of 2016, the RSA Fellowship is an international community of 28,000[9] members since 1754.[10]
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NASA






For other uses, see NASA (disambiguation)[image: External link].

Coordinates[image: External link]: 38°52′59″N 77°0′59″W[image: External link]



	National Aeronautics and Space Administration (NASA)



	Agency overview



	Formed
	July 29, 1958; 58 years ago




	Preceding agency
	


	
NACA[image: External link] (1915–1958)[2]










	Jurisdiction
	United States government[image: External link]



	Headquarters
	
Washington, D.C.[image: External link]

38°52′59″N 77°0′59″W[image: External link]




	Employees
	17,345+[3]




	Annual budget
	
US$[image: External link] 19.5 billion[4](2017),[5] also see NASA Budget[image: External link]




	Agency executives
	


	
Robert M. Lightfoot, Jr.[image: External link] (acting)[6], Administrator[image: External link]


	
Lesa Roe[image: External link] (acting)[7], Deputy Administrator[image: External link]










	Website
	
NASA.gov[image: External link]

See more[image: External link]







	Part of a series[image: External link] of articles on the



	Space policy of the United States[image: External link]



	






	

	NASA

	Space policy of the United States[image: External link]

	Apollo program[image: External link]







	

US manned space programs



	Apollo[image: External link]

	Skylab[image: External link]

	
Apollo–Soyuz Test Project[image: External link] (joint)


	Space Shuttle[image: External link]

	
Shuttle– Mir[image: External link] (joint)


	
ISS[image: External link] (joint)


	Mercury[image: External link]

	Gemini[image: External link]

	Manned Venus Flyby[image: External link]

	Manned Orbiting Laboratory[image: External link]

	Space Transportation System[image: External link]

	Orion[image: External link]

	Constellation[image: External link]











	

US space probes



	Vanguard[image: External link]

	Explorer 1[image: External link]

	Pioneer[image: External link]

	Mariner[image: External link]

	Ranger[image: External link]

	Surveyor[image: External link]

	Lunar Orbiter[image: External link]

	Viking[image: External link]

	Voyager[image: External link]

	Lunar Reconnaissance Orbiter[image: External link]

	New Horizons[image: External link]











	

Expendable launch vehicles[image: External link]



	Vanguard[image: External link]

	Juno I[image: External link]

	Mercury-Redstone[image: External link]

	Mercury-Atlas[image: External link]

	Gemini-Titan II[image: External link]

	
Titan[image: External link]

	III[image: External link]

	IV)[image: External link]





	Atlas-Agena[image: External link]

	
Apollo-Saturn[image: External link]

	I[image: External link]

	IB[image: External link]

	V[image: External link]





	Atlas-Centaur[image: External link]

	Atlas V[image: External link]

	
Shuttle-Derived Launch Vehicle[image: External link]

	Ares I[image: External link]

	Ares V[image: External link]





	Space Launch System[image: External link]











	

Notable figures



	Robert Goddard[image: External link]

	Wernher von Braun[image: External link]

	Lyndon B. Johnson[image: External link]

	John F. Kennedy[image: External link]

	James E. Webb[image: External link]

	Robert Gilruth[image: External link]

	George Low[image: External link]

	George Mueller[image: External link]

	Maxime Faget[image: External link]

	Kurt Debus[image: External link]

	Rocco Petrone[image: External link]

	Christopher C. Kraft Jr.[image: External link]

	Gene Kranz[image: External link]

	Guenter Wendt[image: External link]

	Alan Shepard[image: External link]

	John Glenn[image: External link]

	Neil Armstrong[image: External link]











	

Astronauts[image: External link]



	The Mercury Seven[image: External link]

	Gemini/Apollo astronauts[image: External link]

	NASA Astronaut Corps[image: External link]











	


	v[image: External link]

	t[image: External link]

	e[image: External link]










The National Aeronautics and Space Administration (NASA /'naese /[image: External link]) is an independent agency[image: External link] of the executive branch[image: External link] of the United States[image: External link] federal government[image: External link] responsible for the civilian space program[image: External link], as well as aeronautics[image: External link] and aerospace[image: External link] research.[note 1]

President[image: External link] Dwight D. Eisenhower[image: External link] established NASA in 1958[10] with a distinctly civilian (rather than military) orientation encouraging peaceful applications in space science[image: External link]. The National Aeronautics and Space Act[image: External link] was passed on July 29, 1958, disestablishing NASA's predecessor, the National Advisory Committee for Aeronautics[image: External link] (NACA). The new agency became operational on October 1, 1958.[11][12]

Since that time, most US space exploration[image: External link] efforts have been led by NASA, including the Apollo[image: External link] Moon landing[image: External link] missions, the Skylab[image: External link] space station, and later the Space Shuttle[image: External link]. Currently, NASA is supporting the International Space Station[image: External link] and is overseeing the development of the Orion Multi-Purpose Crew Vehicle[image: External link], the Space Launch System[image: External link] and Commercial Crew[image: External link] vehicles. The agency is also responsible for the Launch Services Program[image: External link] (LSP) which provides oversight of launch operations and countdown management for unmanned NASA launches.

NASA science is focused on better understanding Earth through the Earth Observing System[image: External link],[13] advancing heliophysics[image: External link] through the efforts of the Science Mission Directorate's Heliophysics Research Program,[14] exploring bodies throughout the Solar System[image: External link] with advanced robotic spacecraft[image: External link] missions such as New Horizons[image: External link],[15] and researching astrophysics[image: External link] topics, such as the Big Bang[image: External link], through the Great Observatories[image: External link] and associated programs.[16] NASA shares data with various national and international organizations such as from the Greenhouse Gases Observing Satellite[image: External link]. Since 2011, NASA has been criticized for low cost efficiency, achieving little results in return for high development costs.[17][18][19]
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Main article: Creation of NASA[image: External link]


From 1946, the National Advisory Committee for Aeronautics[image: External link] (NACA) had been experimenting with rocket planes such as the supersonic Bell X-1[image: External link].[20] In the early 1950s, there was challenge to launch an artificial satellite for the International Geophysical Year[image: External link] (1957–58). An effort for this was the American Project Vanguard[image: External link]. After the Soviet[image: External link] launch of the world's first artificial satellite[image: External link] (Sputnik 1[image: External link]) on October 4, 1957, the attention of the United States turned toward its own fledgling space efforts. The US Congress[image: External link], alarmed by the perceived threat to national security and technological leadership (known as the "Sputnik crisis[image: External link]"), urged immediate and swift action; President Dwight D. Eisenhower[image: External link] and his advisers counseled more deliberate measures. On January 12, 1958, NACA organized a "Special Committee on Space Technology", headed by Guyford Stever[image: External link].[12] On January 14, 1958, NACA Director Hugh Dryden[image: External link] published "A National Research Program for Space Technology" stating:[21]


It is of great urgency and importance to our country both from consideration of our prestige as a nation as well as military necessity that this challenge [ Sputnik[image: External link]] be met by an energetic program of research and development for the conquest of space... It is accordingly proposed that the scientific research be the responsibility of a national civilian agency... NACA is capable, by rapid extension and expansion of its effort, of providing leadership in space technology[image: External link].[21]



While this new federal agency would conduct all non-military space activity, the Advanced Research Projects Agency[image: External link] (ARPA) was created in February 1958 to develop space technology for military application.[22]

On July 29, 1958, Eisenhower signed the National Aeronautics and Space Act[image: External link], establishing NASA. When it began operations on October 1, 1958, NASA absorbed the 43-year-old NACA intact; its 8,000 employees, an annual budget of US$100 million, three major research laboratories (Langley Aeronautical Laboratory[image: External link], Ames Aeronautical Laboratory[image: External link], and Lewis Flight Propulsion Laboratory[image: External link]) and two small test facilities.[23] A NASA seal[image: External link] was approved by President Eisenhower in 1959.[24] Elements of the Army Ballistic Missile Agency[image: External link] and the United States Naval Research Laboratory[image: External link] were incorporated into NASA. A significant contributor to NASA's entry into the Space Race[image: External link] with the Soviet Union was the technology from the German rocket program[image: External link] led by Wernher von Braun[image: External link], who was now working for the Army Ballistic Missile Agency[image: External link] (ABMA), which in turn incorporated the technology of American scientist Robert Goddard[image: External link]'s earlier works.[25] Earlier research efforts within the US Air Force[image: External link][23] and many of ARPA's early space programs were also transferred to NASA.[26] In December 1958, NASA gained control of the Jet Propulsion Laboratory[image: External link], a contractor facility operated by the California Institute of Technology.[23]
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 Staff and leadership




Main article: List of NASA Administrators[image: External link]


The agency's leader, NASA's administrator[image: External link], is nominated by the President of the United States[image: External link] subject to approval of the US Senate[image: External link], and reports to him or her and serves as senior space science advisor. Though space exploration is ostensibly non-partisan, the appointee usually is associated with the President's political party ( Democratic[image: External link] or Republican[image: External link]), and a new administrator is usually chosen when the Presidency changes parties. The only exceptions to this have been: James C. Fletcher[image: External link], appointed by Republican Richard Nixon[image: External link] but stayed through May 1977 into the term of Democrat Jimmy Carter[image: External link]; Daniel Goldin[image: External link], appointed by Republican George H. W. Bush[image: External link] and stayed through the administration of Democrat Bill Clinton[image: External link]; and Robert M. Lightfoot, Jr.[image: External link], associate administrator under Democrat Barack Obama kept on as acting administrator by Republican Donald Trump[image: External link].[6] Though the agency is independent, the survival or discontinuation of projects can depend directly on the will of the President.[27]

The first administrator was Dr. T. Keith Glennan[image: External link] appointed by Republican President Dwight D. Eisenhower[image: External link]. During his term he brought together the disparate projects in American space development research.[28]

The third administrator, James E. Webb[image: External link] (1961–1968), appointed by President John F. Kennedy[image: External link], was a Democrat who first publicly served under President Harry S. Truman[image: External link]. In order to implement the Apollo program[image: External link] to achieve Kennedy's Moon landing goal by the end of the 1960s, Webb directed major management restructuring and facility expansion, establishing the Houston Manned Spacecraft (Johnson) Center and the Florida Launch Operations (Kennedy) Center. Capitalizing on Kennedy's legacy, President Lyndon Johnson[image: External link] kept continuity with the Apollo program by keeping Webb on when he succeeded Kennedy in November 1963. But Webb resigned in October 1968 before Apollo achieved its goal, and Republican President Richard M. Nixon[image: External link] replaced Webb with Republican Thomas O. Paine[image: External link].

James Fletcher was responsible for early planning of the Space Shuttle program[image: External link] during his first term as administrator under President Nixon. He was appointed for a second term as administrator from May 1986 through April 1989 by President Ronald Reagan[image: External link] to help the agency recover from the Space Shuttle Challenger disaster[image: External link].

Former astronaut[image: External link] Charles Bolden[image: External link] served as NASA's twelfth administrator from July 2009 to January 20, 2017.[29] Administrator Bolden is one of three former astronauts who became NASA administrators, along with Richard H. Truly[image: External link] (served 1989–1992) and Frederick D. Gregory[image: External link] (acting, 2005).

The agency's administration is located at NASA Headquarters[image: External link] in Washington, DC and provides overall guidance and direction.[30] Except under exceptional circumstances, NASA civil service employees are required to be citizens of the United States[image: External link].[31]
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 NASA Advisory Council




In response to the Apollo 1[image: External link] accident which killed three astronauts in 1967, Congress directed NASA to form an Aerospace Safety Advisory Panel (ASAP) to advise the NASA Administrator on safety issues and hazards in NASA's aerospace programs. In the aftermath of the Shuttle Columbia accident[image: External link], Congress required that the ASAP submit an annual report to the NASA Administrator and to Congress.[32] By 1971, NASA had also established the Space Program Advisory Council and the Research and Technology Advisory Council to provide the administrator with advisory committee support. In 1977, the latter two were combined to form the NASA Advisory Council (NAC).[33]
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 Space flight programs




Main article: List of NASA missions[image: External link]


NASA has conducted many manned and unmanned spaceflight programs throughout its history. Unmanned programs launched the first American artificial satellites[image: External link] into Earth orbit for scientific and communications[image: External link] purposes, and sent scientific probes to explore the planets of the solar system, starting with Venus[image: External link] and Mars[image: External link], and including "grand tours[image: External link]" of the outer planets. Manned programs sent the first Americans into low Earth orbit[image: External link] (LEO), won the Space Race[image: External link] with the Soviet Union[image: External link] by landing twelve men on the Moon from 1969 to 1972 in the Apollo program[image: External link], developed a semi-reusable LEO Space Shuttle[image: External link], and developed LEO space station[image: External link] capability by itself and with the cooperation of several other nations including post-Soviet Russia[image: External link]. Some missions include both manned and unmanned aspects, such as the Galileo probe, which was deployed by astronauts in Earth orbit before being sent unmanned to Jupiter.
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 Manned programs




The experimental rocket-powered aircraft[image: External link] programs started by NACA were extended by NASA as support for manned spaceflight. This was followed by a one-man space capsule[image: External link] program, and in turn by a two-man capsule program. Reacting to loss of national prestige and security[image: External link] fears caused by early leads in space exploration by the Soviet Union[image: External link], in 1961 President John F. Kennedy[image: External link] proposed the ambitious goal "of landing a man on the Moon by the end of [the 1960s], and returning him safely to the Earth." This goal was met in 1969 by the Apollo program[image: External link], and NASA planned even more ambitious activities leading to a manned mission to Mars[image: External link]. However, reduction of the perceived threat and changing political priorities almost immediately caused the termination of most of these plans. NASA turned its attention to an Apollo-derived temporary space laboratory, and a semi-reusable Earth orbital shuttle. In the 1990s, funding was approved for NASA to develop a permanent Earth orbital space station[image: External link] in cooperation with the international community, which now included the former rival, post-Soviet Russia[image: External link]. To date, NASA has launched a total of 166 manned space missions on rockets, and thirteen X-15[image: External link] rocket flights above the USAF[image: External link] definition of spaceflight altitude, 260,000 feet (80 km).[34]
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 X-15 rocket plane (1959–68)




Main article: North American X-15[image: External link]


The X-15[image: External link] was an NACA experimental rocket-powered hypersonic[image: External link] research aircraft, developed in conjunction with the US Air Force and Navy. The design featured a slender fuselage with fairings along the side containing fuel and early computerized control systems.[35] Requests for proposal[image: External link] were issued on December 30, 1954, for the airframe, and February 4, 1955, for the rocket engine. The airframe contract was awarded to North American Aviation[image: External link] in November 1955, and the XLR30 engine contract was awarded to Reaction Motors[image: External link] in 1956, and three planes were built. The X-15 was drop-launched[image: External link] from the wing of one of two NASA Boeing B-52 Stratofortresses[image: External link], NB52A tail number 52-003, and NB52B, tail number 52-008 (known as the Balls 8[image: External link]). Release took place at an altitude of about 45,000 feet (14 km) and a speed of about 500 miles per hour (805 km/h).

Twelve pilots were selected for the program from the Air Force, Navy, and NACA (later NASA). A total of 199 flights were made between 1959 and 1968, resulting in the official world record[image: External link] for the highest speed ever reached by a manned powered aircraft (current as of 2014), and a maximum speed of Mach 6.72, 4,519 miles per hour (7,273 km/h).[36] The altitude record for X-15 was 354,200 feet (107.96 km).[37] Eight of the pilots were awarded Air Force astronaut wings[image: External link] for flying above 260,000 feet (80 km), and two flights by Joseph A. Walker[image: External link] exceeded 100 kilometers (330,000 ft), qualifying as spaceflight according to the International Aeronautical Federation[image: External link]. The X-15 program employed mechanical techniques used in the later manned spaceflight programs, including reaction control system[image: External link] jets for controlling the orientation of a spacecraft, space suits[image: External link], and horizon definition for navigation.[37] The reentry[image: External link] and landing data collected were valuable to NASA for designing the Space Shuttle[image: External link].[35]
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 Project Mercury (1959–63)




Main article: Project Mercury[image: External link]


Shortly after the Space Race[image: External link] began, an early objective was to get a person into Earth orbit as soon as possible, therefore the simplest spacecraft that could be launched by existing rockets was favored. The US Air Force's Man in Space Soonest[image: External link] program considered many manned spacecraft designs, ranging from rocket planes like the X-15, to small ballistic space capsules[image: External link].[38] By 1958, the space plane concepts were eliminated in favor of the ballistic capsule.[39]

When NASA was created that same year, the Air Force program was transferred to it and renamed Project Mercury. The first seven astronauts[image: External link] were selected among candidates from the Navy, Air Force and Marine test pilot programs. On May 5, 1961, astronaut Alan Shepard[image: External link] became the first American in space aboard Freedom 7[image: External link], launched by a Redstone booster[image: External link] on a 15-minute ballistic[image: External link] (suborbital) flight.[40] John Glenn[image: External link] became the first American to be launched into orbit[image: External link] by an Atlas launch vehicle[image: External link] on February 20, 1962, aboard Friendship 7[image: External link].[41] Glenn completed three orbits, after which three more orbital flights were made, culminating in L. Gordon Cooper[image: External link]'s 22-orbit flight Faith 7[image: External link], May 15–16, 1963.[42]

The Soviet Union[image: External link] (USSR) competed with its own single-pilot spacecraft, Vostok[image: External link]. They sent the first man in space, by launching cosmonaut Yuri Gagarin[image: External link] into a single Earth orbit aboard Vostok 1[image: External link] in April 1961, one month before Shepard's flight.[43] In August 1962, they achieved an almost four-day record flight with Andriyan Nikolayev[image: External link] aboard Vostok 3[image: External link], and also conducted a concurrent Vostok 4[image: External link] mission carrying Pavel Popovich[image: External link].
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 Project Gemini (1961–66)




Main article: Project Gemini[image: External link]


Based on studies to grow the Mercury spacecraft capabilities to long-duration flights, developing space rendezvous[image: External link] techniques, and precision Earth landing, Project Gemini was started as a two-man program in 1962 to overcome the Soviets' lead and to support the Apollo manned lunar landing program, adding extravehicular activity[image: External link] (EVA) and rendezvous[image: External link] and docking[image: External link] to its objectives. The first manned Gemini flight, Gemini 3[image: External link], was flown by Gus Grissom[image: External link] and John Young[image: External link] on March 23, 1965.[44] Nine missions followed in 1965 and 1966, demonstrating an endurance mission of nearly fourteen days, rendezvous, docking, and practical EVA, and gathering medical data on the effects of weightlessness on humans.[45][46]

Under the direction of Soviet Premier[image: External link] Nikita Khrushchev[image: External link], the USSR competed with Gemini by converting their Vostok spacecraft into a two- or three-man Voskhod[image: External link]. They succeeded in launching two manned flights before Gemini's first flight, achieving a three-cosmonaut flight in 1963 and the first EVA in 1964. After this, the program was canceled, and Gemini caught up while spacecraft designer Sergei Korolev[image: External link] developed the Soyuz spacecraft[image: External link], their answer to Apollo.
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 Apollo program (1961–72)




Main article: Apollo program[image: External link]


The U.S public's perception of the Soviet lead in the space race (by putting the first man in space) motivated President John F. Kennedy[image: External link] to ask the Congress on May 25, 1961, to commit the federal government to a program to land a man on the Moon by the end of the 1960s, which effectively launched the Apollo program[image: External link].[47]

Apollo was one of the most expensive American scientific programs ever. It cost more than $20 billion in 1960s dollars[48] or an estimated $208 billion in present-day US dollars.[49] (In comparison, the Manhattan Project[image: External link] cost roughly $26.6 billion, accounting for inflation.)[49][50] It used the Saturn rockets[image: External link] as launch vehicles, which were far bigger than the rockets built for previous projects.[51] The spacecraft was also bigger; it had two main parts, the combined command and service module (CSM) and the lunar landing module (LM). The LM was to be left on the Moon and only the command module (CM) containing the three astronauts would eventually return to Earth.

The second manned mission, Apollo 8[image: External link], brought astronauts for the first time in a flight around the Moon in December 1968.[52] Shortly before, the Soviets had sent an unmanned spacecraft around the Moon.[53] On the next two missions docking maneuvers that were needed for the Moon landing were practiced[54][55] and then finally the Moon landing was made on the Apollo 11[image: External link] mission in July 1969.[56]

The first person to stand on the Moon[image: External link] was Neil Armstrong[image: External link], who was followed by Buzz Aldrin[image: External link], while Michael Collins[image: External link] orbited above. Five subsequent Apollo missions also landed astronauts on the Moon, the last in December 1972. Throughout these six Apollo spaceflights, twelve men walked on the Moon. These missions returned a wealth of scientific data and 381.7 kilograms (842 lb) of lunar samples. Topics covered by experiments performed included soil mechanics[image: External link], meteoroids[image: External link], seismology[image: External link], heat flow[image: External link], lunar ranging[image: External link], magnetic fields[image: External link], and solar wind[image: External link].[57] The Moon landing marked the end of the space race; and as a gesture, Armstrong mentioned mankind when he stepped down on the Moon.[58]

Apollo set major milestones[image: External link] in human spaceflight. It stands alone in sending manned missions beyond low Earth orbit[image: External link], and landing humans on another celestial body[image: External link].[59] Apollo 8[image: External link] was the first manned spacecraft to orbit another celestial body, while Apollo 17[image: External link] marked the last moonwalk and the last manned mission beyond low Earth orbit[image: External link] to date. The program spurred advances in many areas of technology peripheral to rocketry and manned spaceflight, including avionics[image: External link], telecommunications, and computers. Apollo sparked interest in many fields of engineering and left many physical facilities and machines developed for the program as landmarks. Many objects and artifacts from the program are on display at various locations throughout the world, notably at the Smithsonian's Air and Space Museums[image: External link].
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 Skylab (1965–79)




Main article: Skylab[image: External link]


Skylab was the United States' first and only independently built space station[image: External link].[60] Conceived in 1965 as a workshop to be constructed in space from a spent Saturn IB[image: External link] upper stage, the 169,950 lb (77,088 kg) station was constructed on Earth and launched on May 14, 1973, atop the first two stages of a Saturn V[image: External link], into a 235-nautical-mile (435 km) orbit inclined at 50° to the equator. Damaged during launch by the loss of its thermal protection and one electricity-generating solar panel, it was repaired to functionality by its first crew. It was occupied for a total of 171 days by 3 successive crews in 1973 and 1974.[60] It included a laboratory for studying the effects of microgravity[image: External link], and a solar observatory[image: External link].[60] NASA planned to have a Space Shuttle dock with it, and elevate Skylab to a higher safe altitude, but the Shuttle was not ready for flight before Skylab's re-entry on July 11, 1979.[61]

To save cost, NASA used one of the Saturn V rockets originally earmarked for a canceled Apollo mission to launch the Skylab. Apollo spacecraft were used for transporting astronauts to and from the station. Three three-man crews stayed aboard the station for periods of 28, 59, and 84 days. Skylab's habitable volume was 11,290 cubic feet (320 m3), which was 30.7 times bigger than that of the Apollo Command Module[image: External link].[61]
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Main article: Apollo–Soyuz Test Project[image: External link]


On May 24, 1972, US President Richard M. Nixon[image: External link] and Soviet[image: External link] Premier Alexei Kosygin[image: External link] signed an agreement calling for a joint manned space mission, and declaring intent for all future international manned spacecraft to be capable of docking with each other.[62] This authorized the Apollo-Soyuz Test Project (ASTP), involving the rendezvous and docking in Earth orbit of a surplus Apollo Command/Service Module[image: External link] with a Soyuz[image: External link] spacecraft. The mission took place in July 1975. This was the last US manned space flight until the first orbital flight of the Space Shuttle[image: External link] in April 1981.[63]

The mission included both joint and separate scientific experiments, and provided useful engineering experience for future joint US–Russian space flights, such as the Shuttle–Mir Program[64] and the International Space Station.
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 Space Shuttle program (1972–2011)




Main article: Space Shuttle program[image: External link]


The Space Shuttle[image: External link] became the major focus of NASA in the late 1970s and the 1980s. Planned as a frequently launchable and mostly reusable vehicle, four space shuttle orbiters were built by 1985. The first to launch, Columbia[image: External link], did so on April 12, 1981,[65] the 20th anniversary of the first known human space flight.[66]

Its major components were a spaceplane[image: External link] orbiter with an external fuel tank and two solid-fuel launch rockets at its side. The external tank, which was bigger than the spacecraft itself, was the only major component that was not reused. The shuttle could orbit in altitudes of 185–643 km (115–400 miles[image: External link])[67] and carry a maximum payload (to low orbit) of 24,400 kg (54,000 lb).[68] Missions could last from 5 to 17 days and crews could be from 2 to 8 astronauts.[67]

On 20 missions (1983–98) the Space Shuttle carried Spacelab[image: External link], designed in cooperation with the European Space Agency[image: External link] (ESA). Spacelab was not designed for independent orbital flight, but remained in the Shuttle's cargo bay as the astronauts entered and left it through an airlock[image: External link].[69] Another famous series of missions were the launch[image: External link] and later successful repair[image: External link] of the Hubble Space Telescope[image: External link] in 1990 and 1993, respectively.[70]

In 1995, Russian-American interaction resumed with the Shuttle–Mir[image: External link] missions (1995–1998). Once more an American vehicle docked with a Russian craft, this time a full-fledged space station. This cooperation has continued with Russia and the United States as two of the biggest partners in the largest space station built: the International Space Station[image: External link] (ISS). The strength of their cooperation on this project was even more evident when NASA began relying on Russian launch vehicles to service the ISS during the two-year grounding of the shuttle fleet following the 2003 Space Shuttle Columbia disaster[image: External link].

The Shuttle fleet lost two orbiters and 14 astronauts in two disasters: Challenger[image: External link] in 1986, and Columbia in 2003.[71] While the 1986 loss was mitigated by building the Space Shuttle Endeavour[image: External link] from replacement parts, NASA did not build another orbiter to replace the second loss[image: External link].[71] NASA's Space Shuttle program had 135 missions when the program ended with the successful landing of the Space Shuttle Atlantis at the Kennedy Space Center on July 21, 2011. The program spanned 30 years with over 300 astronauts sent into space.[72]
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 International Space Station (1993–present)




Main article: International Space Station[image: External link]


The International Space Station[image: External link] (ISS) combines NASA's Space Station Freedom[image: External link] project with the Soviet/Russian Mir-2[image: External link] station, the European Columbus[image: External link] station, and the Japanese Kibō[image: External link] laboratory module.[73] NASA originally planned in the 1980s to develop Freedom alone, but US budget constraints led to the merger of these projects into a single multi-national program in 1993, managed by NASA, the Russian Federal Space Agency[image: External link] (RKA), the Japan Aerospace Exploration Agency[image: External link] (JAXA), the European Space Agency[image: External link] (ESA), and the Canadian Space Agency[image: External link] (CSA).[74][75] The station consists of pressurized modules, external trusses[image: External link], solar arrays[image: External link] and other components, which have been launched by Russian Proton[image: External link] and Soyuz[image: External link] rockets, and the US Space Shuttles.[73] It is currently being assembled[image: External link] in Low Earth Orbit[image: External link]. The on-orbit assembly began in 1998, the completion of the US Orbital Segment[image: External link] occurred in 2011 and the completion of the Russian Orbital Segment[image: External link] is expected by 2016.[76][77][needs update[image: External link]] The ownership and use of the space station is established in intergovernmental treaties and agreements[78] which divide the station into two areas and allow Russia[image: External link] to retain full ownership of the Russian Orbital Segment (with the exception of Zarya),[79][80] with the US Orbital Segment allocated between the other international partners.[78]

Long duration missions to the ISS are referred to as ISS Expeditions[image: External link]. Expedition crew members typically spend approximately six months on the ISS.[81] The initial expedition crew size was three, temporarily decreased to two following the Columbia disaster. Since May 2009, expedition crew size has been six crew members.[82] Crew size is expected to be increased to seven, the number the ISS was designed for, once the Commercial Crew Program becomes operational.[83] The ISS has been continuously occupied for the past 16 years and 225 days, having exceeded the previous record held by Mir[image: External link]; and has been visited by astronauts and cosmonauts from 15 different nations[image: External link].[84][85]

The station can be seen from the Earth with the naked eye and, as of 2017, is the largest artificial satellite in Earth[image: External link] orbit with a mass and volume greater than that of any previous space station.[86] The Soyuz[image: External link] spacecraft delivers crew members, stays docked for their half-year-long missions and then returns them home. Several uncrewed cargo spacecraft service the ISS, they are the Russian Progress spacecraft[image: External link] which has done so since 2000, the European Automated Transfer Vehicle[image: External link] (ATV) since 2008, the Japanese H-II Transfer Vehicle[image: External link] (HTV) since 2009, the American Dragon spacecraft[image: External link] since 2012, and the American Cygnus spacecraft[image: External link] since 2013. The Space Shuttle, before its retirement, was also used for cargo transfer and would often switch out expedition crew members, although it did not have the capability to remain docked for the duration of their stay. Until another US manned spacecraft is ready, crew members will travel to and from the International Space Station exclusively aboard the Soyuz.[87] The highest number of people occupying the ISS has been thirteen; this occurred three times during the late Shuttle ISS assembly missions.[88]

The ISS program is expected to continue until at least 2020, and may be extended beyond 2028.[89]
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 Commercial Resupply Services (2006–present)




Main article: Commercial Resupply Services[image: External link]


The development of the Commercial Resupply Services (CRS) vehicles began in 2006 with the purpose of creating American commercially operated uncrewed cargo vehicles to service the ISS.[90] The development of these vehicles was under a fixed price milestone-based program, meaning that each company that received a funded award had a list of milestones with a dollar value attached to them that they didn't receive until after they had successful completed the milestone.[91] Private companies were also required to have some "skin in the game" which refers raising an unspecified amount of private investment for their proposal.[92]

On December 23, 2008, NASA awarded Commercial Resupply Services contracts to SpaceX[image: External link] and Orbital Sciences Corporation[image: External link].[93] SpaceX uses its Falcon 9 rocket[image: External link] and Dragon spacecraft[image: External link].[94] Orbital Sciences uses its Antares[image: External link] rocket and Cygnus spacecraft[image: External link]. The first Dragon resupply mission[image: External link] occurred in May 2012.[95] The first Cygnus resupply mission[image: External link] occurred in September 2013.[96] The CRS program now provides for all America's ISS cargo needs; with the exception of a few vehicle-specific payloads that are delivered on the European ATV[image: External link] and the Japanese HTV[image: External link].[97]
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 Commercial Crew Program (2010–present)




Main article: Commercial Crew Development[image: External link]


The Commercial Crew Development[image: External link] (CCDev) program was initiated in 2010 with the purpose of creating American commercially operated crewed spacecraft capable of delivering at least four crew members to the ISS, staying docked for 180 days and then returning them back to Earth.[98] It is hoped that these vehicles could also transport non-NASA customers to private space stations such those planned by Bigelow Aerospace[image: External link].[99] Like COTS, CCDev is also a fixed price milestone-based developmental program that requires some private investment.[91]

In 2010, NASA announced the winners of the first phase of the program, a total of $50 million was divided among five American companies to foster research and development into human spaceflight concepts and technologies in the private sector. In 2011, the winners of the second phase of the program were announced, $270 million was divided among four companies.[100] In 2012, the winners of the third phase of the program were announced, NASA provided $1.1 billion divided among three companies to further develop their crew transportation systems.[101] In 2014, the winners of the final round were announced.[102] SpaceX's Dragon V2[image: External link] (planned to be launched on a Falcon 9 v1.1[image: External link]) received a contract valued up to $2.6 billion and Boeing's CST-100[image: External link] (to be launched on an Atlas V[image: External link]) received a contract valued up to $4.2 billion.[103] NASA expects these vehicles to begin transporting humans to the ISS in 2017.[103]
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 Beyond Low Earth Orbit program (2010–present)




For missions beyond low Earth orbit[image: External link] (BLEO), NASA has been directed to develop the Space Launch System[image: External link] (SLS), a Saturn-V class rocket, and the two to six person, beyond low Earth orbit spacecraft, Orion[image: External link]. In February 2010, President Barack Obama's administration proposed eliminating public funds for the Constellation program[image: External link] and shifting greater responsibility of servicing the ISS to private companies.[104] During a speech at the Kennedy Space Center on April 15, 2010, Obama proposed a new heavy-lift vehicle (HLV) to replace the formerly planned Ares V[image: External link].[105] In his speech, Obama called for a manned mission to an asteroid as soon as 2025, and a manned mission to Mars orbit by the mid-2030s.[105] The NASA Authorization Act of 2010[image: External link] was passed by Congress and signed into law on October 11, 2010.[106] The act officially canceled the Constellation program.[106]

The Authorization Act required a newly designed HLV be chosen within 90 days of its passing; the launch vehicle was given the name "Space Launch System". The new law also required the construction of a beyond low earth orbit spacecraft.[107] The Orion spacecraft[image: External link], which was being developed as part of the Constellation program, was chosen to fulfill this role.[108] The Space Launch System is planned to launch both Orion and other necessary hardware for missions beyond low Earth orbit.[109] The SLS is to be upgraded over time with more powerful versions. The initial capability of SLS is required to be able to lift 70 mt into LEO[image: External link]. It is then planned to be upgraded to 105 mt and then eventually to 130 mt.[108][110]

Exploration Flight Test 1[image: External link] (EFT-1), an unmanned test flight of Orion's crew module, was launched on December 5, 2014, atop a Delta IV Heavy[image: External link] rocket.[110] Exploration Mission-1[image: External link] (EM-1) is the unmanned initial launch of SLS that would also send Orion on a circumlunar trajectory[image: External link], which is planned for 2019.[110] The first manned flight of Orion and SLS, Exploration Mission 2 (EM-2) is to launch in 2022; it is a 10- to 14-day mission planned to place a crew of four into Lunar orbit[image: External link].[110] EM-3 is planned to deliver a crew of 4 to Lunar orbit[image: External link] along with the first module of Deep Space Gateway[image: External link].

On June 5, 2016, NASA and DARPA announced plans to build a series of new X-planes over the next 10 years.[111] One of the planes will reportedly be a supersonic vehicle that burns low-carbon biofuels[image: External link] and generates quiet sonic booms.[111]

NASA plans to build full scale deep space habitats such at the Nautilus-X[image: External link] and Deep Space Gateway[image: External link] as part of its Next Space Technologies for Exploration Partnerships[image: External link] (NextSTEP) program.[112]
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 Unmanned programs




Main article: Unmanned NASA missions[image: External link]


More than 1,000 unmanned missions have been designed to explore the Earth and the solar system.[113] Besides exploration, communication satellites have also been launched by NASA.[114] The missions have been launched directly from Earth or from orbiting space shuttles, which could either deploy the satellite itself, or with a rocket stage to take it farther.

The first US unmanned satellite was Explorer 1[image: External link], which started as an ABMA/JPL project during the early part of the Space Race[image: External link]. It was launched in January 1958, two months after Sputnik. At the creation of NASA the Explorer project was transferred to this agency and still continues to this day. Its missions have been focusing on the Earth and the Sun, measuring magnetic fields and the solar wind[image: External link], among other aspects.[115] A more recent Earth mission, not related to the Explorer program, was the Hubble Space Telescope[image: External link], which as mentioned above was brought into orbit in 1990.[116]

The inner Solar System[image: External link] has been made the goal of at least four unmanned programs. The first was Mariner[image: External link] in the 1960s and '70s, which made multiple visits to Venus[image: External link] and Mars[image: External link] and one to Mercury[image: External link]. Probes launched under the Mariner program were also the first to make a planetary flyby (Mariner 2[image: External link]), to take the first pictures from another planet (Mariner 4[image: External link]), the first planetary orbiter (Mariner 9[image: External link]), and the first to make a gravity assist[image: External link] maneuver (Mariner 10[image: External link]). This is a technique where the satellite takes advantage of the gravity and velocity of planets to reach its destination.[117]

The first successful landing on Mars was made by Viking 1[image: External link] in 1976. Twenty years later a rover was landed on Mars by Mars Pathfinder[image: External link].[118]

Outside Mars, Jupiter was first visited by Pioneer 10[image: External link] in 1973. More than 20 years later Galileo[image: External link] sent a probe into the planet's atmosphere, and became the first spacecraft to orbit the planet.[119] Pioneer 11[image: External link] became the first spacecraft to visit Saturn[image: External link] in 1979, with Voyager 2[image: External link] making the first (and so far only) visits to Uranus[image: External link] and Neptune[image: External link] in 1986 and 1989, respectively. The first spacecraft to leave the solar system was Pioneer 10 in 1983. For a time it was the most distant spacecraft, but it has since been surpassed by both Voyager 1[image: External link] and Voyager 2[image: External link].[120]

Pioneers 10 and 11 and both Voyager probes carry messages from the Earth to extraterrestrial life.[121][122] Communication can be difficult with deep space travel. For instance, it took about three hours for a radio signal to reach the New Horizons spacecraft when it was more than halfway to Pluto.[123] Contact with Pioneer 10 was lost in 2003. Both Voyager probes continue to operate as they explore the outer boundary between the Solar System and interstellar space.[124]

On November 26, 2011, NASA's Mars Science Laboratory[image: External link] mission was successfully launched for Mars. Curiosity[image: External link] successfully landed on Mars on August 6, 2012, and subsequently began its search for evidence of past or present life on Mars.[125][126][127]
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 Recent and planned activities




NASA's ongoing investigations include in-depth surveys of Mars (Mars 2020[image: External link] and InSight[image: External link]) and Saturn and studies of the Earth and the Sun. Other active spacecraft missions are Juno[image: External link] for Jupiter[image: External link], Cassini[image: External link] for Saturn[image: External link], New Horizons (for Jupiter, Pluto[image: External link], and beyond), and Dawn[image: External link] for the asteroid belt[image: External link]. NASA continued to support in situ[image: External link] exploration beyond the asteroid belt, including Pioneer and Voyager traverses into the unexplored trans-Pluto region, and Gas Giant[image: External link] orbiters Galileo (1989–2003), Cassini (1997–), and Juno (2011–).

The New Horizons[image: External link] mission to Pluto was launched in 2006 and successfully performed a flyby of Pluto[image: External link] on July 14, 2015. The probe received a gravity assist[image: External link] from Jupiter[image: External link] in February 2007, examining some of Jupiter's inner moons and testing on-board instruments during the flyby. On the horizon of NASA's plans is the MAVEN[image: External link] spacecraft as part of the Mars Scout Program[image: External link] to study the atmosphere of Mars[image: External link].[128]

On December 4, 2006, NASA announced it was planning a permanent moon base[image: External link].[129] The goal was to start building the moon base by 2020, and by 2024, have a fully functional base that would allow for crew rotations and in-situ resource utilization[image: External link]. However, in 2009, the Augustine Committee[image: External link] found the program to be on a "unsustainable trajectory."[130] In 2010, President Barack Obama halted existing plans, including the Moon base, and directed a generic focus on manned missions to asteroids and Mars, as well as extending support for the International Space Station.[131]

Since 2011, NASA's strategic goals have been[132]


	Extend and sustain human activities[image: External link] across the solar system[image: External link]


	Expand scientific understanding of the Earth and the universe

	Create innovative new space technologies[image: External link]


	Advance aeronautics[image: External link] research

	Enable program and institutional capabilities to conduct NASA's aeronautics and space activities

	Share NASA with the public, educators, and students to provide opportunities to participate



In August 2011, NASA accepted the donation of two space telescopes[image: External link] from the National Reconnaissance Office[image: External link]. Despite being stored unused, the instruments are superior to the Hubble Space Telescope[image: External link].[133]

In September 2011, NASA announced the start of the Space Launch System[image: External link] program to develop a human-rated heavy lift vehicle. The Space Launch System is intended to launch the Orion Multi-Purpose Crew Vehicle[image: External link] and other elements towards the Moon[image: External link], near-Earth asteroids[image: External link], and one day Mars[image: External link].[134] The Orion MPCV conducted an unmanned test launch on a Delta IV Heavy[image: External link] rocket in December 2014.[135]

The James Webb Space Telescope[image: External link] (JWST) is currently scheduled to launch in late 2018.[citation needed[image: External link]]

On August 6, 2012, NASA landed the rover Curiosity[image: External link] on Mars. On August 27, 2012, Curiosity transmitted the first pre-recorded message from the surface of Mars back to Earth, made by Administrator Charlie Bolden:


Hello. This is Charlie Bolden, NASA Administrator, speaking to you via the broadcast capabilities of the Curiosity Rover, which is now on the surface of Mars.

Since the beginning of time, humankind’s curiosity has led us to constantly seek new life...new possibilities just beyond the horizon. I want to congratulate the men and women of our NASA family as well as our commercial and government partners around the world, for taking us a step beyond to Mars.

This is an extraordinary achievement. Landing a rover on Mars is not easy – others have tried – only America has fully succeeded. The investment we are making...the knowledge we hope to gain from our observation and analysis of Gale Crater, will tell us much about the possibility of life on Mars as well as the past and future possibilities for our own planet. Curiosity will bring benefits to Earth and inspire a new generation of scientists and explorers, as it prepares the way for a human mission in the not too distant future. Thank you.[136]
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 Scientific research




Main article: NASA research[image: External link]


For technologies funded or otherwise supported by NASA, see NASA spin-off technologies[image: External link].

NASA's Aeronautics Research Mission Directorate[image: External link] conducts aeronautics research.

NASA has made use of technologies such as the Multi-Mission Radioisotope Thermoelectric Generator[image: External link] (MMRTG), which is a type of Radioisotope thermoelectric generator[image: External link] used on space missions.[137] Shortages of this material have curtailed deep space missions since the turn of the millennia.[138] An example of a spacecraft that was not developed because of a shortage of this material was New Horizons 2[image: External link].[138]

The earth science research program was created and first funded in the 1980s under the administrations of Ronald Reagan[image: External link] and George H.W. Bush[image: External link].[139][140]
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 Climate study




NASA also researches and publishes on climate[image: External link] issues.[141] Its statements concur with the interpretation that the global climate is heating.[142] Bob Walker[image: External link], who has advised the 45th President of the United States Donald Trump[image: External link] on space issues, has advocated that NASA should focus on space exploration and that its climate study operations should be transferred to other agencies such as NOAA[image: External link].[143]
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Main article: NASA facilities[image: External link]


NASA's facilities are research, construction and communication centers to help its missions. Some facilities serve more than one application for historic or administrative reasons. NASA also operates a short-line railroad at the Kennedy Space Center[image: External link] and own special aircraft, for instance two Boeing 747 that transport Space Shuttle orbiter[image: External link].

John F. Kennedy Space Center (KSC), is one of the best-known NASA facilities. It has been the launch site for every United States human space flight since 1968. Although such flights are currently on pause, KSC continues to manage and operate unmanned rocket launch facilities for America's civilian space program from three pads at the adjoining Cape Canaveral Air Force Station.

Lyndon B. Johnson Space Center[image: External link] (JSC) in Houston[image: External link] is home to the Christopher C. Kraft Jr. Mission Control Center[image: External link], where all flight control is managed for manned space missions. JSC is the lead NASA center for activities regarding the International Space Station[image: External link] and also houses the NASA Astronaut Corps[image: External link] that selects, trains, and provides astronauts as crew members for US and international space missions.

Another major facility is Marshall Space Flight Center[image: External link] in Huntsville, Alabama at which the Saturn 5 rocket and Skylab were developed.[144] The JPL[image: External link] worked together with ABMA[image: External link], one of the agencies behind Explorer 1[image: External link], the first American space mission.

The ten NASA field centers are:


	
John F. Kennedy Space Center[image: External link], Florida

	
Ames Research Center[image: External link], Moffett Field, California

	
Armstrong Flight Research Center[image: External link] (formerly Hugh L. Dryden Flight Research Facility), Edwards, California

	
Goddard Space Flight Center[image: External link], Greenbelt, Maryland

	
Jet Propulsion Laboratory[image: External link], near Pasadena, California

	
Lyndon B. Johnson Space Center[image: External link], Houston, Texas

	
Langley Research Center[image: External link], Hampton, Virginia

	
John H. Glenn Research Center[image: External link], Cleveland, Ohio

	
George C. Marshall Space Flight Center[image: External link], Huntsville, Alabama

	
John C. Stennis Space Center[image: External link], Bay St. Louis, Mississippi



Numerous other facilities are operated by NASA, including the Wallops Flight Facility[image: External link] in Wallops Island, Virginia; the Michoud Assembly Facility[image: External link] in New Orleans, Louisiana; the White Sands Test Facility[image: External link] in Las Cruces, New Mexico; and Deep Space Network[image: External link] stations in Barstow[image: External link], California; Madrid[image: External link], Spain; and Canberra[image: External link], Australia.
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 Budget




Main article: Budget of NASA[image: External link]


NASA's budget has generally been approximately 1% of the federal budget from the early 1970s on, after briefly peaking at approximately 4.41% in 1966 during the Apollo program.[27][145] Public perception of NASA's budget has differed significantly from reality; a 1997 poll indicated that most Americans responded that 20% of the federal budget went to NASA.[146]

The percentage of federal budget that NASA has been allocated has been steadily dropping since the Apollo program and in 2012 it was estimated at 0.48% of the federal budget.[147] In a March 2012 meeting of the United States Senate Science Committee[image: External link], Neil deGrasse Tyson[image: External link] testified that "Right now, NASA’s annual budget is half a penny on your tax dollar. For twice that—a penny on a dollar—we can transform the country from a sullen, dispirited nation, weary of economic struggle, to one where it has reclaimed its 20th century birthright to dream of tomorrow."[148][149]

For Fiscal Year 2015, NASA received an appropriation of US$18.01 billion from Congress—$549 million more than requested and approximately $350 million more than the 2014 NASA budget passed by Congress.[150]
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 Environmental impact




The exhaust gases produced by rocket propulsion systems, both in Earth's atmosphere and in space, can adversely effect the Earth's environment. Some hypergolic[image: External link] rocket propellants, such as hydrazine[image: External link], are highly toxic prior to combustion[image: External link], but decompose into less toxic compounds after burning. Rockets using hydrocarbon fuels, such as kerosene[image: External link], release carbon dioxide and soot in their exhaust.[151] However, carbon dioxide emissions are insignificant compared to those from other sources; on average, the United States consumed 802,620,000 US gallons (3.0382×109 L) gallons of liquid fuels per day in 2014, while a single Falcon 9[image: External link] rocket first stage burns around 25,000 US gallons (95,000 L) of kerosene[image: External link] fuel per launch.[152][153] Even if a Falcon 9 were launched every single day, it would only represent 0.006% of liquid fuel consumption (and carbon dioxide emissions) for that day. Additionally, the exhaust from LOx[image: External link]- and LH2[image: External link]- fueled engines, like the SSME[image: External link], is almost entirely water vapor.[154] NASA addressed environmental concerns with its canceled Constellation program[image: External link] in accordance with the National Environmental Policy Act in 2011.[155] In contrast, ion engines[image: External link] use harmless noble gases like xenon[image: External link] for propulsion.[156][157]

On May 8, 2003, Environmental Protection Agency[image: External link] recognized NASA as the first federal agency to directly use landfill gas[image: External link] to produce energy at one of its facilities—the Goddard Space Flight Center[image: External link], Greenbelt, Maryland.[158]

An example of NASA's environmental efforts is the NASA Sustainability Base[image: External link]. Additionally, the Exploration Sciences Building was awarded the LEED Gold rating in 2010.[159]
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 Planned spacecraft







[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Examples of missions by target






	Examples of robotic missions



	Spacecraft
	Launch

year
	Mercury
	Venus
	Mars
	Jupiter
	Saturn
	Uranus
	Neptune
	Pluto



	Mariner 2[image: External link]
	1962
	
	Flyby
	
	
	
	
	
	



	Mariner 4[image: External link]
	1964
	
	
	Flyby
	
	
	
	
	



	Mariner 5[image: External link]
	1967
	
	Flyby
	
	
	
	
	
	



	Mariner 6 and 7[image: External link]
	1969
	
	
	Flyby
	
	
	
	
	



	Mariner 9[image: External link]
	1971
	
	
	Orbiter
	
	
	
	
	



	Pioneer 10[image: External link]
	1972
	
	
	
	Flyby
	
	
	
	



	Pioneer 11[image: External link]
	1973
	
	
	
	Flyby
	Flyby
	
	
	



	Mariner 10[image: External link]
	1973
	Flyby
	Flyby
	
	
	
	
	
	



	Viking 1[image: External link] and Viking 2[image: External link]
	1975
	
	
	Orbiters

Landers
	
	
	
	
	



	Voyager 1[image: External link]
	1977
	
	
	
	Flyby
	Flyby
	
	
	



	Voyager 2[image: External link]
	1977
	
	
	
	Flyby
	Flyby
	Flyby
	Flyby
	



	Galileo[image: External link]
	1989
	
	Flyby
	
	Orbiter
	
	
	
	



	Magellan[image: External link]
	1989
	
	Orbiter
	
	
	
	
	
	



	Mars Global Surveyor[image: External link]
	1996
	
	
	Orbiter
	
	
	
	
	



	Cassini[image: External link]
	1997
	
	Flyby
	
	Flyby
	Orbiter
	
	
	



	Mars Odyssey[image: External link]
	2001
	
	
	Orbiter
	
	
	
	
	



	Spirit[image: External link] and Opportunity[image: External link]
	2003
	
	
	Rovers
	
	
	
	
	



	MESSENGER[image: External link]
	2004
	Orbiter
	Flyby
	
	
	
	
	
	



	Mars Reconnaissance Orbiter[image: External link]
	2005
	
	
	Orbiter
	
	
	
	
	



	New Horizons[image: External link]
	2006
	
	
	
	Flyby
	
	
	
	Flyby



	Juno[image: External link]
	2011
	
	
	
	Orbiter
	
	
	
	



	Curiosity[image: External link] (Mars Science Laboratory[image: External link])
	2011
	
	
	Rover
	
	
	
	
	



	MAVEN[image: External link]
	2013
	
	
	Orbiter
	
	
	
	
	



	Spacecraft
	Launch

year
	Mercury
	Venus
	Mars
	Jupiter
	Saturn
	Uranus
	Neptune
	Pluto







[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 See also






	Astronomy Picture of the Day[image: External link]

	Department of Defense Manned Space Flight Support Office[image: External link]

	List of government space agencies[image: External link]

	List of NASA aircraft[image: External link]

	List of NASA missions[image: External link]

	List of United States rockets[image: External link]

	NASA Advanced Space Transportation Program[image: External link]

	NASA awards and decorations[image: External link]

	NASA insignia[image: External link]

	NASA Research Park[image: External link]

	NASA TV[image: External link]

	NASAcast[image: External link]

	Small Explorer program[image: External link]

	Space policy of the Barack Obama administration[image: External link]

	TechPort (NASA)[image: External link]
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 Footnotes






	
^ NASA is an independent agency that is not a part of any executive department[image: External link] but reports directly to the President[image: External link].[8][9]


	
^ From left to right: Launch vehicle of Apollo (Saturn 5), Gemini (Titan 2) and Mercury (Atlas). Left, top-down: Spacecraft of Apollo, Gemini and Mercury. The Saturn IB[image: External link] and Mercury-Redstone[image: External link] launch vehicles are left out.
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Oxford






This article is about the city of Oxford in the United Kingdom. For other cities and other meanings, see Oxford (disambiguation)[image: External link].

Oxford (/'aksferd /[image: External link][3][4]) is a city in the South East[image: External link] region of England and the county town[image: External link] of Oxfordshire[image: External link]. With an estimated 2015 population of 168,270, it is the 52nd largest city in the United Kingdom,[5][6] and one of the fastest growing and most ethnically diverse.[7][8] The city is situated 57 miles (92 km) from London[image: External link], 69 miles (111 km) from Bristol[image: External link], 65 miles (105 km) from both Southampton[image: External link] and Birmingham[image: External link] and 25 miles (40 km) from Reading[image: External link].

The city is known worldwide as the home of the University of Oxford, the oldest university in the English-speaking world[image: External link].[9] Buildings in Oxford demonstrate notable examples of every English architectural[image: External link] period since the late Saxon[image: External link] period. Oxford is known as the "city of dreaming spires", a term coined by poet Matthew Arnold[image: External link]. Oxford has a broad economic base. Its industries include motor manufacturing, education, publishing and a large number of information technology and science-based businesses, some being academic offshoots.
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 History




Main article: History of Oxford[image: External link]


See also: Timeline of Oxford[image: External link]
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 Medieval




Oxford was first settled in Saxon[image: External link] times[image: External link] and was initially known as "Oxenaforda", meaning " Ford[image: External link] of the Oxen[image: External link]" (according to the English Place-Name Society[image: External link],[10] who base their result on a passing reference in Florence of Worcester's[image: External link] work Chronicon ex chronicis[image: External link]); fords were more common than bridges at that time.[11] It began with the establishment of a river crossing for oxen around AD 900. In the 10th century, Oxford became an important military frontier town between the kingdoms of Mercia[image: External link] and Wessex[image: External link] and was on several occasions raided by Danes[image: External link].

Oxford was heavily damaged during the Norman Invasion[image: External link] of 1066. Following the conquest, the town was assigned to a governor, Robert D'Oyly[image: External link], who ordered the construction of Oxford Castle[image: External link] to confirm Norman authority over the area. The castle has never been used for military purposes[ dubious[image: External link] – discuss[image: External link]] and its remains survive to this day. D'Oyly set up a monastic community in the castle consisting of a chapel and living quarters for monks (St George in the Castle). The community never grew large but it earned its place in history as one of Britain's oldest places of formal education. It was there that in 1139 Geoffrey of Monmouth[image: External link] wrote his History of the Kings of Britain[image: External link], a compilation of Arthurian legends.[12]

In 1191, a city charter stated in Latin[image: External link],[13]


"Be it known to all those present and future that we, the citizens of Oxford of the Commune of the City and of the Merchant Guild have given, and by this, our present charter, confirm the donation of the island of Midney with all those things pertaining to it, to the Church of St. Mary at Oseney and to the canons serving God in that place.

"Since, every year, at Michaelmas the said canons render half a mark[image: External link] of silver for their tenure at the time when we have ordered iiit as witnesses the legal deed of our ancestors which they made concerning the gift of this same island; and besides, because we have undertaken on our own part and on behalf of our heirs to guarantee the aforesaid island to the same canons wheresoever and against all men; they themselves, by this guarantee, will pay to us and our heirs each year at Easter another half mark which we have demanded; and we and our heirs faithfully will guarantee the aforesaid tenement to them for the service of the aforesaid mark annually for all matters and all services.

"We have made this concession and confirmation in the Common council of the City and we have confirmed it with our common seal. These are those who have made this concession and confirmation."

(There follows a list of witnesses, ending with the phrase, "... and all the Commune of the City of Oxford.")



Oxford's prestige was enhanced by its charter granted by King Henry II[image: External link], granting its citizens the same privileges and exemptions as those enjoyed by the capital of the kingdom; and various important religious houses were founded in or near the city. A grandson of King John established Rewley Abbey for the Cistercian[image: External link] Order; and friars of various orders ( Dominicans[image: External link], Franciscans[image: External link], Carmelites[image: External link], Augustinians[image: External link] and Trinitarians[image: External link]) all had houses of varying importance at Oxford. Parliaments were often held in the city during the 13th century. The Provisions of Oxford[image: External link] were instigated by a group of barons led by Simon de Montfort[image: External link]; these documents are often regarded as England's first written constitution.

Richard I of England[image: External link] (reigned 6 July 1189 – 6 April 1199) and John, King of England[image: External link] (reigned 6 April 1199 – 19 October 1216) the sons of Henry II of England[image: External link], were both born at Beaumont Palace[image: External link] in Oxford, on 8 September 1157 and 24 December 1166 respectively. A plaque in Beaumont Street[image: External link] commemorates these events.[14]
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The University of Oxford is first mentioned in 12th century records. Of the hundreds of Aularian[image: External link] houses that sprang up across the city, only St Edmund Hall[image: External link] (c. 1225) remains. What put an end to the halls was the emergence of colleges. Oxford's earliest colleges[image: External link] were University College (1249), Balliol[image: External link] (1263) and Merton[image: External link] (1264). These colleges were established at a time when Europeans were starting to translate the writings of Greek philosophers. These writings challenged European ideology, inspiring scientific discoveries and advancements in the arts, as society began to see itself in a new way. These colleges at Oxford were supported by the Church in the hope of reconciling Greek philosophy[image: External link] and Christian theology[image: External link]. The relationship between "town and gown[image: External link]" has often been uneasy – as many as 93 students and townspeople were killed in the St Scholastica Day Riot[image: External link] of 1355.

The sweating sickness[image: External link] epidemic in 1517 was particularly devastating to Oxford and Cambridge[image: External link] where it killed half of both cities' populations, including many students and dons.[15]

Christ Church Cathedral, Oxford[image: External link] is unique in combining a college chapel and a cathedral in one foundation. Originally the Priory Church of St Frideswide, the building was extended and incorporated into the structure of the Cardinal's College shortly before its refounding as Christ Church in 1546, since when it has functioned as the cathedral of the Diocese[image: External link] of Oxford.

The Oxford Martyrs[image: External link] were tried for heresy in 1555 and subsequently burnt at the stake, on what is now Broad Street, for their religious beliefs and teachings. The three martyrs were the bishops Hugh Latimer[image: External link] and Nicholas Ridley[image: External link], and the archbishop Thomas Cranmer[image: External link].[16] The Martyrs' Memorial[image: External link] stands nearby, round the corner to the North on St. Giles.
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During the English Civil War[image: External link], Oxford housed the court of Charles I[image: External link] in 1642, after the king was expelled from London, although there was strong support in the town for the Parliamentarian[image: External link] cause. The town yielded to Parliamentarian forces under General Fairfax[image: External link] in the Siege of Oxford[image: External link] of 1646. It later housed the court of Charles II[image: External link] during the Great Plague of London[image: External link] in 1665–66. Although reluctant to do so, he was forced to evacuate when the plague got too close. The city suffered two serious fires in 1644 and 1671.[17]
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In 1790, the Oxford Canal[image: External link] connected the city with Coventry[image: External link]. The Duke's Cut was completed by the Duke of Marlborough[image: External link] in 1789 to link the new canal with the River Thames[image: External link]; and, in 1796, the Oxford Canal company built its own link to the Thames, at Isis Lock. In 1844, the Great Western Railway[image: External link] linked Oxford with London via Didcot[image: External link] and Reading[image: External link],[18][19] and other rail routes soon followed.

In the 19th century, the controversy surrounding the Oxford Movement[image: External link] in the Anglican Church[image: External link] drew attention to the city as a focus of theological thought.

A permanent military presence was established in the city with the completion of Cowley Barracks[image: External link] in 1876.[20]

Local government in Oxford was reformed by the Municipal Corporations Act 1835[image: External link], and the boundaries of the borough were extended to include a small area east of the River Cherwell[image: External link]. The boundaries were further extended in 1889 to add the areas of Grandpont[image: External link] and New Hinksey[image: External link], south of the Thames, which were transferred from Berkshire[image: External link] to Oxfordshire. At the same time Summertown and the western part of Cowley were also added to the borough. In 1890 Oxford became a county borough[image: External link].[21]

Oxford Town Hall[image: External link] was built by Henry T. Hare[image: External link]; the foundation stone was laid on 6 July 1893 and opened by the future King Edward VII[image: External link] on 12 May 1897. The site has been the seat of local government since the Guild Hall of 1292 and though Oxford is a city and a Lord Mayor alty, the building is still called by its traditional name of "Town Hall[image: External link]".
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During the First World War[image: External link], the population of Oxford changed. The number of University members was significantly reduced as students, fellows and staff enlisted. Some of their places in college accommodation were taken by soldiers in training. Another reminder of the ongoing war was found in the influx of wounded and disabled soldiers, who were treated in new hospitals housed in University buildings including the Examination School, Town Hall[image: External link] and Somerville College[image: External link].[22]

By the early 20th century, Oxford was experiencing rapid industrial and population growth, with the printing and publishing industries becoming well established by the 1920s. In 1929 the boundaries of the city were extended to include the suburbs of Headington[image: External link], Cowley[image: External link] and Iffley[image: External link] to the east, and Wolvercote[image: External link] to the north.[21]

Also during the 1920s, the economy and society of Oxford underwent a huge transformation as William Morris[image: External link] established Morris Motors Limited[image: External link] to mass-produce cars in Cowley, on the south-eastern edge of the city. By the early 1970s over 20,000 people worked in Cowley at the huge Morris Motors and Pressed Steel Fisher[image: External link] plants. By this time, Oxford was a city of two halves: the university city to the west of Magdalen Bridge[image: External link] and the car town to the east. This led to the witticism that "Oxford is the left bank of Cowley". Cowley suffered major job losses in the 1980s and 1990s during the decline of British Leyland[image: External link], but is now producing the successful Mini[image: External link] for BMW[image: External link] on a smaller site. A large area of the original car manufacturing facility at Cowley was demolished in the 1990s, and is now the site of the Oxford Business Park[image: External link].[23]

During the Second World War[image: External link], Oxford was largely ignored by the German air raids during the Blitz, perhaps due to the lack of heavy industry such as steelworks or shipbuilding that would have made it a target, although it was still affected by the rationing and influx of refugees fleeing London and other cities.[24] The university's colleges served as temporary military barracks and training areas for soldiers before deployment.[25]

On 6 May 1954, Roger Bannister[image: External link], a 25-year-old medical student, ran the first authenticated sub-four-minute mile[image: External link] at the Iffley Road[image: External link] running track in Oxford. Although he had previously studied at Oxford University, Bannister was studying at St Mary's Hospital Medical School[image: External link] in London at the time.[26]

Oxford's second university, Oxford Brookes University[image: External link], formerly the Oxford School of Art, then Oxford Polytechnic, based at Headington Hill[image: External link], was given its charter in 1991 and for the last ten years has been voted the best new university in the UK.[27] It was named to honour the school's founding principal, John Henry Brookes[image: External link].

The influx of migrant labour to the car plants and hospitals, recent immigration from south Asia, and a large student population, have given Oxford a notably cosmopolitan character, especially in the Headington[image: External link] and Cowley Road areas with their many bars, cafes, restaurants, clubs, ethnic shops and fast food outlets and the annual Cowley Road Carnival. Oxford is one of the most diverse small cities in Britain: the most recent population estimates for 2005[28] showed that 27% of the population were from ethnic minority groups, including 16.2% from non-white ethnic minority ethnic groups (ONS). These figures do not take into account more recent international migration into the city; more than 10,000 people from overseas have registered for National Insurance Numbers in Oxford in 2005/06 and 2006/07.[29]
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Oxford's latitude and longitude are 51°45′07″N 1°15′28″W[image: External link] Coordinates[image: External link]: 51°45′07″N 1°15′28″W[image: External link] or grid reference[image: External link] SP513061[image: External link] (at Carfax Tower[image: External link], which is usually considered the centre).

Oxford is 24 miles (39 km) north-west of Reading[image: External link], 26 miles (42 km) north-east of Swindon[image: External link], 36 miles (58 km) east of Cheltenham[image: External link] and 43 miles (69 km) east of Gloucester[image: External link], 29 miles (47 km) south-west of Milton Keynes[image: External link], 38 miles (61 km) south-east of Evesham[image: External link], 43 miles (69 km) south of Rugby[image: External link] and 51 miles (82 km) north-west of London[image: External link]. The rivers Cherwell[image: External link] and Thames[image: External link] (also sometimes known as the Isis[image: External link] locally from the Latinised name Thamesis) run through Oxford and meet south of the city centre.
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Oxford has a maritime temperate climate[image: External link] ("Cfb" by the Köppen system[image: External link]). Precipitation[image: External link] is uniformly distributed throughout the year and is provided mostly by weather systems that arrive from the Atlantic[image: External link]. The lowest temperature ever recorded in Oxford was −16.6 °C (2.1 °F) in January 1982. The highest temperature ever recorded in Oxford is 35.6 °C (96 °F) in August 2003 during the 2003 European heat wave[image: External link]. Oxford's climate is similar to that of Pershore[image: External link], Worcestershire[image: External link].[30]

The average conditions below are from the Radcliffe Meteorological Station. It boasts the longest series of temperature and rainfall records for one site in Britain. These records are continuous from January 1815. Irregular observations of rainfall, cloud and temperature exist from 1767.[31]



	Climate data for Oxford, elevation: 61m (1981–2010) Extremes (1900–present)



	Month
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Year



	Record high °C (°F)
	14.7

(58.5)
	18.5

(65.3)
	22.2

(72)
	27.6

(81.7)
	30.6

(87.1)
	34.3

(93.7)
	34.8

(94.6)
	35.6

(96.1)
	33.4

(92.1)
	28.9

(84)
	18.9

(66)
	15.9

(60.6)
	35.6

(96.1)



	Average high °C (°F)
	7.6

(45.7)
	8.0

(46.4)
	10.9

(51.6)
	13.6

(56.5)
	17.1

(62.8)
	20.3

(68.5)
	22.7

(72.9)
	22.3

(72.1)
	19.1

(66.4)
	14.8

(58.6)
	10.5

(50.9)
	7.7

(45.9)
	14.6

(58.3)



	Daily mean °C (°F)
	4.9

(40.8)
	4.9

(40.8)
	7.3

(45.1)
	9.3

(48.7)
	12.5

(54.5)
	15.6

(60.1)
	17.9

(64.2)
	17.6

(63.7)
	14.9

(58.8)
	11.3

(52.3)
	7.6

(45.7)
	5.0

(41)
	10.7

(51.3)



	Average low °C (°F)
	2.1

(35.8)
	1.8

(35.2)
	3.7

(38.7)
	5.0

(41)
	7.9

(46.2)
	10.9

(51.6)
	13.0

(55.4)
	12.9

(55.2)
	10.7

(51.3)
	7.8

(46)
	4.6

(40.3)
	2.3

(36.1)
	6.9

(44.4)



	Record low °C (°F)
	−16.6

(2.1)
	−16.1

(3)
	−11.1

(12)
	−4.6

(23.7)
	−1.7

(28.9)
	1.7

(35.1)
	4.4

(39.9)
	4.5

(40.1)
	−0.4

(31.3)
	−4.0

(24.8)
	−8.8

(16.2)
	−16.1

(3)
	−16.6

(2.1)



	Average precipitation[image: External link] mm (inches)
	56.6

(2.228)
	42.5

(1.673)
	47.6

(1.874)
	49.1

(1.933)
	57.1

(2.248)
	48.0

(1.89)
	48.9

(1.925)
	56.5

(2.224)
	54.1

(2.13)
	69.6

(2.74)
	66.1

(2.602)
	63.1

(2.484)
	659.7

(25.972)



	Average precipitation days (≥ 1.0 mm)
	11.5
	8.9
	10.1
	9.1
	9.7
	8.0
	7.9
	8.1
	9.1
	10.9
	11.3
	10.9
	115.5



	Mean monthly sunshine hours[image: External link]
	62.5
	78.9
	111.2
	160.9
	192.9
	191.0
	207.0
	196.5
	141.2
	111.3
	70.7
	53.8
	1,577.9



	Source #1: Met Office[image: External link][32][33]



	Source #2: KNMI[image: External link][34]





[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Suburbs




Aside from the city centre, there are several suburbs and neighbourhoods within the borders of city of Oxford, including:


	Blackbird Leys[image: External link]

	
Cowley[image: External link]

	Temple Cowley





	
Iffley[image: External link]

	Littlemore[image: External link]

	Rose Hill[image: External link]





	Cutteslowe[image: External link]

	
Headington[image: External link]

	New Marston[image: External link]





	Jericho[image: External link]

	
North Oxford[image: External link]

	Park Town[image: External link]

	Norham Manor[image: External link]

	Walton Manor[image: External link]





	Osney[image: External link]

	
Summertown[image: External link]

	Sunnymead[image: External link]

	Waterways[image: External link]





	Wolvercote[image: External link]



Suburbs and neighbourhoods outside the city boundaries include:


	Botley[image: External link]

	Cumnor Hill[image: External link]

	Dean Court[image: External link]

	North Hinksey[image: External link]
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 Economy




Oxford has a diverse economy, which includes manufacturing, publishing and science-based industries as well as education, research and tourism.[35]
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 Car production




Oxford has been an important centre of motor manufacturing since Morris Motors[image: External link] was established in the city in 1910. The principal production site for Mini[image: External link] cars, now owned by BMW[image: External link], is in the Oxford suburb of Cowley[image: External link].


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Publishing




Oxford University Press, a department of the University of Oxford, is based in the city, although it no longer operates its own paper mill and printing house. The city is also home to the UK operations of Wiley-Blackwell[image: External link], Elsevier and several smaller publishing houses.
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 Science and technology




The presence of the university has given rise to many science and technology based businesses, including Oxford Instruments[image: External link], Research Machines[image: External link] and Sophos. The university established Isis Innovation[image: External link] in 1987 to promote technology transfer. The Oxford Science Park[image: External link] was established in 1990, and the Begbroke Science Park[image: External link], owned by the university, lies north of the city.

Oxford increasingly has a reputation for being a centre of digital innovation, as epitomized by Digital Oxford.[36] Several startups including Passle[image: External link],[37] Brainomix,[38] Labstep,[39] and more, are based in Oxford.
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 Education




The presence of the university has also led to Oxford becoming a centre for the education industry. Companies often draw their teaching staff from the pool of Oxford University students and graduates, and, especially for EFL education[image: External link], use their Oxford location as a selling point.[40]
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 Brewing




There is a long history of brewing in Oxford. Several of the colleges had private breweries, one of which, at Brasenose[image: External link], survived until 1889. In the 16th century brewing and malting appear to have been the most popular trades in the city. There were breweries in Brewer Street[image: External link] and Paradise Street[image: External link], near the Castle Mill Stream[image: External link].

The rapid expansion of Oxford and the development of its railway links after the 1840s facilitated expansion of the brewing trade.[41] As well as expanding the market for Oxford's brewers, railways enabled brewers further from the city to compete for a share of its market.[41] By 1874 there were nine breweries in Oxford and 13 brewers' agents in Oxford shipping beer in from elsewhere.[41] The nine breweries were: Flowers & Co in Cowley Road[image: External link], Hall's St Giles Brewery, Hall's Swan Brewery (see below), Hanley's City Brewery in Queen Street[image: External link], Le Mills's Brewery in St. Ebbes[image: External link], Morrell's[image: External link] Lion Brewery in St Thomas Street[image: External link] (see below), Simonds's Brewery in Queen Street, Weaving's Eagle Brewery (by 1869 the Eagle Steam Brewery) in Park End Street[image: External link] and Wootten and Cole's St. Clement's[image: External link] Brewery.[41]

The Swan's Nest Brewery, later the Swan Brewery, was established by the early 18th century in Paradise Street, and in 1795 was acquired by William Hall.[42] The brewery became known as Hall's Oxford Brewery, which acquired other local breweries. Hall's Brewery was acquired by Samuel Allsopp & Sons[image: External link] in 1926, after which it ceased brewing in Oxford.[43]

Morrell's was founded in 1743 by Richard Tawney. He formed a partnership in 1782 with Mark and James Morrell, who eventually became the owners.[44] After an acrimonious family dispute this much-loved brewery was closed in 1998,[45] the beer brand names being taken over by the Thomas Hardy Burtonwood brewery[image: External link],[46] while the 132 tied[image: External link] pubs were bought by Michael Cannon, owner of the American hamburger chain Fuddruckers[image: External link], through a new company, Morrells of Oxford.[47] The new owners sold most of the pubs on to Greene King[image: External link] in 2002.[48] The Lion Brewery was converted into luxury apartments in 2002.[49]
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 Bellfounding




The Taylor family[image: External link] of Loughborough[image: External link] had a bell-foundry[image: External link] in Oxford between 1786 and 1854.[50]
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 Shopping





	Broad Street[image: External link]

	Clarendon Shopping Centre[image: External link]

	Cornmarket Street[image: External link]

	George Street[image: External link]

	Golden Cross[image: External link]

	The High Street[image: External link]

	Little Clarendon Street[image: External link]

	Queen Street, Oxford[image: External link]

	The Covered Market[image: External link]

	Turl Street[image: External link]

	Westgate Shopping Centre[image: External link]

	Gloucester Green[image: External link]

	Cowley Road[image: External link]



Outside the city centre:


	
Banbury Road[image: External link], Summertown, Oxford

	
Botley Road[image: External link], Oxford

	Cowley Retail Park, Cowley, Oxford

	Cowley Road, Oxford[image: External link]

	Iffley Road, Oxford

	London Road, Headington, Oxford[image: External link]

	
North Parade[image: External link], Oxford

	St Clement's, Oxford[image: External link]

	
Templars Square shopping centre[image: External link], Cowley, Oxford

	
Walton Street[image: External link], Jericho, Oxford

	New Botley
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 Landmarks




Oxford has numerous major tourist attractions, many belonging to the university and colleges. As well as several famous institutions, the town centre is home to Carfax Tower and the University Church of St Mary the Virgin[image: External link], both of which offer views over the spires of the city. Many tourists shop at the historic Covered Market[image: External link]. In the summer punting[image: External link] on the Thames/Isis and the Cherwell is popular.
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 University of Oxford




Main article: University of Oxford


The University of Oxford is the oldest university in the English-speaking world[51] and one of the most famous and prestigious higher education institutions of the world, averaging nine applications to every available place, and attracting 40% of its academic staff and 17% of undergraduates from overseas.[52] It is currently ranked as the world's number one university, according to The Times Higher Education World University Rankings.[53]

Oxford is renowned for its tutorial[image: External link]-based method of teaching, with students attending an average of one one-hour tutorial a week.[52]
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 The city centre




As well as being a major draw for tourists (9.1 million in 2008, similar in 2009),[54] Oxford city centre has many shops, several theatres and an ice rink. The historic buildings make this location a popular target for film and TV crews.

The city centre is relatively small, and is centred on Carfax[image: External link], a cross-roads which forms the junction of Cornmarket Street (pedestrianised), Queen Street (semi-pedestrianised), St Aldate's[image: External link] and the High. Cornmarket Street and Queen Street are home to Oxford's various chain stores, as well as a small number of independent retailers, one of the longest established of which is Boswell's, which was founded in 1738.[55] St Aldate's has few shops but has several local government buildings, including the town hall, the city police station and local council offices. The High (the word street is traditionally omitted) is the longest of the four streets and has a number of independent and high-end chain stores, but mostly university and college buildings.

There are two small shopping centres in the city centre: The Clarendon Centre[image: External link][56] and the Westgate Centre[image: External link].[57] The Westgate Centre is named for the original West Gate in the city wall, and is located at the west end of Queen Street. The Westgate Shopping Centre is currently closed and undergoing a major redevelopment and expansion to 750,000 sq ft (70,000 m2), with a new 230,000 sq ft (21,000 m2) John Lewis[image: External link] department store and a number of new homes. Completion is expected in October 2017.

Blackwell's Bookshop[image: External link] is a large bookshop which claims the largest single room devoted to book sales in the whole of Europe, the cavernous Norrington Room (10,000 sq ft).[58]
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 The Bodleian Library




See also: Category:Libraries of the University of Oxford[image: External link]


The University of Oxford maintains the largest university library system in the UK,[59] and, with over 11 million volumes housed on 120 miles (190 km) of shelving, the Bodleian group is the second-largest library in the UK, after the British Library[image: External link]. The Bodleian is a legal deposit[image: External link] library, which means that it is entitled to request a free copy of every book published in the UK. As such, its collection is growing at a rate of over three miles (five kilometres) of shelving every year.[60]

Visitors can take a guided tour of the Old Bodleian Library to see inside its historic rooms, including the 15th-century Divinity School, medieval Duke Humfrey's Library, and the Radcliffe Camera. The Weston Library was redeveloped and reopened in 2015, with a new shop, cafe and exhibition galleries for visitors.[61]
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 Museums and galleries




See also: Category:Museums of the University of Oxford[image: External link]


Oxford is home to many museums[image: External link], galleries, and collections, most of which are free of admission charges and are major tourist attractions[image: External link]. The majority are departments of the University of Oxford.

The first of these to be established was the Ashmolean Museum[image: External link], the world's first university museum[image: External link],[62] and the oldest museum in the UK.[63] Its first building was erected in 1678–1683 to house a cabinet of curiosities[image: External link] given to the University of Oxford in 1677. The museum reopened in 2009 after a major redevelopment. It holds significant collections of art and archaeology, including works by Michelangelo[image: External link], Leonardo da Vinci[image: External link], Turner[image: External link], and Picasso[image: External link], as well as treasures such as the Scorpion Macehead[image: External link], the Parian Marble[image: External link] and the Alfred Jewel[image: External link]. It also contains "The Messiah[image: External link]", a pristine Stradivarius violin, regarded by some as one of the finest examples in existence.[64]

The University Museum of Natural History[image: External link] holds the University's zoological, entomological and geological specimens. It is housed in a large neo-Gothic building on Parks Road[image: External link], in the University's Science Area[image: External link].[65][66] Among its collection are the skeletons of a Tyrannosaurus rex[image: External link] and Triceratops[image: External link], and the most complete remains of a dodo[image: External link] found anywhere in the world. It also hosts the Simonyi[image: External link] Professorship of the Public Understanding of Science[image: External link], currently held by Marcus du Sautoy[image: External link].

Adjoining the Museum of Natural History is the Pitt Rivers Museum[image: External link], founded in 1884, which displays the University's archaeological and anthropological collections, currently holding over 500,000 items. It recently built a new research annexe; its staff have been involved with the teaching of anthropology at Oxford since its foundation, when as part of his donation General Augustus Pitt Rivers[image: External link] stipulated that the University establish a lectureship in anthropology.[67]

The Museum of the History of Science[image: External link] is housed on Broad St in the world's oldest-surviving purpose-built museum building.[68] It contains 15,000 artefacts, from antiquity to the 20th century, representing almost all aspects of the history of science[image: External link].

In the University's Faculty of Music on St Aldate's[image: External link] is the Bate Collection[image: External link] of Musical Instruments, a collection mostly of instruments from Western classical music, from the medieval period onwards. Christ Church Picture Gallery[image: External link] holds a collection of over 200 old master[image: External link] paintings. The University also has an archive at the Oxford University Press Museum[image: External link].[69]

Other museums and galleries in Oxford include Modern Art Oxford[image: External link], the Museum of Oxford[image: External link], the Oxford Castle[image: External link], and The Story Museum[image: External link].[70]
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 Other attractions





	Christ Church Cathedral, Oxford[image: External link]

	The Headington Shark[image: External link]

	Oxford Botanic Garden[image: External link]

	Sheldonian Theatre[image: External link]

	St. Mary the Virgin Church[image: External link]

	Malmaison Hotel, located in a converted prison in part of the medieval Oxford Castle[image: External link]
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 Parks and nature walks




Oxford is a very green city, with several parks and nature walks within the ring road, as well as several sites just outside the ring road. In total, 28 nature reserves[image: External link] exist within or just outside Oxford ring road, including:


	University Parks[image: External link]

	Mesopotamia[image: External link]

	Rock Edge Nature Reserve[image: External link]

	Lye Valley[image: External link]

	South Park[image: External link]

	C. S. Lewis Nature Reserve

	Shotover Nature Reserve[image: External link]

	Port Meadow[image: External link]

	Cutteslowe Park[image: External link]
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 Transport
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 Air




In addition to the larger airports in the region, Oxford is served by nearby London Oxford Airport[image: External link], in Kidlington[image: External link]. The airport is also home to Oxford Aviation Academy, an airline pilot flight training centre, and several private jet companies.
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 Buses




Bus services in Oxford and its suburbs are run by the Oxford Bus Company[image: External link] and Stagecoach Oxfordshire[image: External link] as well as other operators including Thames Travel[image: External link], Arriva[image: External link] and several smaller operators.

Arriva runs the 280 Sapphire[image: External link] service to Aylesbury[image: External link] via Wheatley[image: External link], Thame[image: External link] and Haddenham[image: External link] seven days a week, at a frequency of up to every 20 minutes.[71] The new Sapphire buses have three-pin power sockets, leather seats and free, onboard Wi-Fi[image: External link].[72]

Oxford has five park and ride[image: External link] car parks with frequent bus links to the city centre:


	Pear Tree (bus 300)

	Redbridge (bus 300)

	
Seacourt[image: External link] (bus 400)

	Thornhill (bus 400)

	Water Eaton (bus 500)



There are also bus services to the John Radcliffe Hospital[image: External link] (from Thornhill and Water Eaton) and to the Churchill and Nuffield Hospitals (from Thornhill). As of 2015, Oxford has one of the largest urban park and ride networks in the UK. Its five sites have a combined capacity of 4,930 car parking spaces,[73] served by 20 Oxford Bus Company double deck buses with a combined capacity of 1,695 seats.[74] By comparisn, York park and ride[image: External link] has six sites with a combined total of 4,970 parking spaces[75] served by 35 First York[image: External link] buses, but they are single deckers with a combined capacity of 1,548 seats.[76]

More than 58% of Oxford Bus Company customers use the ITSO Ltd[image: External link] smartcard.[77]

In November 2014 almost all Oxford Bus Company buses within the Oxford SmartZone area have free WiFi installed.[78][79][80]

Hybrid[image: External link] buses, which use battery power with a small diesel generator, began to be used in Oxford on 15 July 2010, on Stagecoach Oxfordshire's Route 1 (City centre – Cowley – Blackbird Leys). Both Stagecoach and Oxford Bus Company now operate numerous hybrid buses in the city.[81] In 2014 Oxford Bus introduced a fleet of 20 new buses with flywheel energy storage[image: External link] (FES) on the services it operates under contract for Brookes University.[82] Whereas electric hybrids use battery storage and an electric motor to save fuel, FES uses a high-speed flywheel.
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 Coach




The Oxford to London coach route[image: External link] offers a frequent coach service to London. The X90 Oxford-London service is operated by the Oxford Bus Company[image: External link], whilst the Oxford Tube is operated by Stagecoach Oxfordshire[image: External link]. The Oxford Bus Company also runs the Airline services to Heathrow[image: External link] and Gatwick[image: External link] airports.

There is a bus station at Gloucester Green[image: External link], used mainly by the London and airport buses, National Express[image: External link] coaches and other long-distance buses including the route X5[image: External link] to Milton Keynes and Cambridge[image: External link].
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 Cycling




Among UK cities, Oxford has the second highest percentage of people cycling to work.[83]
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 Rail




In 1844, the Great Western Railway[image: External link] linked Oxford with London (Paddington)[image: External link] via Didcot[image: External link] and Reading[image: External link];[18][19] in 1851, the London and North Western Railway[image: External link] opened its own route from Oxford to London (Euston)[image: External link], via Bicester[image: External link], Bletchley[image: External link] and Watford[image: External link];[84] and in 1864 a third route, also to Paddington, running via Thame[image: External link], High Wycombe[image: External link] and Maidenhead[image: External link], was provided;[85] this was shortened in 1906 by the opening of a direct route between High Wycombe and London (Paddington) by way of Denham[image: External link].[86] The distance from Oxford to London was 78 miles (125.5 km) via Bletchley; 63.5 miles (102.2 km) via Didcot and Reading; 63.25 miles (101.8 km) via Thame and Maidenhead;[87] and 55.75 miles (89.7 km) via Denham.[86] Only the original (Didcot) route is still in use for its full length, portions of the others remain.

There were also routes to the north and west. The line to Banbury[image: External link] was opened in 1850,[88] and was extended to Birmingham[image: External link] in 1852;[89] a route to Worcester[image: External link] opened in 1853.[90] A branch to Witney[image: External link] was opened in 1862,[91] which was extended to Fairford[image: External link] in 1873.[92] The line to Witney and Fairford closed in 1962, but the others remain open.

Oxford has had three main railway stations. The first was opened at Grandpont in 1844,[93] but this was a terminus, inconvenient for routes to the north;[88] it was replaced by the present station[image: External link] on Park End Street[image: External link] in 1852 with the opening of the Birmingham route.[89] Another terminus, at Rewley Road[image: External link], was opened in 1851 to serve the Bletchley route;[94] this station closed in 1951.[95] There have also been a number of local railway stations, all of which are now closed.

Oxford railway station[image: External link] is half a mile (about 1 km) west of the city centre. The station is served by numerous routes, including CrossCountry[image: External link] services to as far away as Manchester[image: External link] and Edinburgh[image: External link], Great Western Railway[image: External link] (who operate the station) services to London Paddington[image: External link] and other destinations such as Worcester[image: External link], Banbury[image: External link] and occasional Chiltern Railways[image: External link] services to Birmingham[image: External link].

The present railway station opened in 1852. Oxford is the junction for a short branch line to Bicester[image: External link], which was upgraded to 100 mph (161 km/h) during an 18-month closure in 2014/2015 – and is anticipated to be extended to form the East West Rail Link[image: External link].[96] Chiltern Railways[image: External link] now connects Oxford to London Marylebone[image: External link], having sponsored the building of about 400 metres of new track between Bicester Town[image: External link] and the Chiltern Main Line[image: External link] southwards in 2014. The route serves High Wycombe[image: External link] and London Marylebone[image: External link], avoiding London Paddington[image: External link] and Didcot Parkway[image: External link]. The East West Rail Link[image: External link] is proposed to continue through Milton Keynes[image: External link], Bedford[image: External link],[97] Cambridge[image: External link],[98] and ultimately Ipswich[image: External link] and Norwich[image: External link],[99] thus providing alternative to connecting within London[image: External link]. The Varsity Line[image: External link] between Oxford and Cambridge[image: External link] is planned to link Bedford[image: External link] with a short gap to be reconstructed to Sandy[image: External link] then a rail link between the two cities will be restored via Hitchin[image: External link].

Oxford is also served by Oxford Parkway railway station[image: External link] which is situated in a rural area just outside the city boundary. It was opened in October 2015.
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 Rail–airport links




From Oxford station[image: External link] direct trains run to Hayes & Harlington[image: External link] where interchange with the Heathrow Connect[image: External link] train links with London Heathrow Airport[image: External link]. Passengers can change at Reading[image: External link] for connecting trains to Gatwick Airport[image: External link]. Some CrossCountry[image: External link] Trains run direct services to Birmingham International[image: External link] as well as further afield Southampton Airport Parkway[image: External link].
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 River and canal




Oxford was historically an important port on the River Thames[image: External link], with this section of the river being called the Isis[image: External link]; the Oxford-Burcot Commission[image: External link] in the 17th century attempted to improve navigation to Oxford.[100] Iffley Lock[image: External link] and Osney Lock[image: External link] lie within the bounds of the city. In the 18th century the Oxford Canal[image: External link] was built to connect Oxford with the Midlands[image: External link].[101]

Commercial traffic has given way to recreational use of the river and canal. Oxford was the original base of Salters Steamers[image: External link] (founded in 1858), which was a leading racing-boat-builder that played an important role in popularising pleasure boating on the Upper Thames. The firm runs a regular service from Folly Bridge[image: External link] downstream to Abingdon[image: External link] and beyond.
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 Roads




Oxford's central location on several transport routes means that it has long been a crossroads[image: External link] city with many coaching inns[image: External link], although road traffic is now strongly discouraged from using the city centre.

The Oxford Ring Road[image: External link] surrounds the city centre and close suburbs Marston[image: External link], Iffley[image: External link], Cowley[image: External link] and Headington[image: External link]; it consists of the A34[image: External link] to the west, a 330-yard section of the A44, the A40[image: External link] north and north-east, A4142[image: External link]/ A423[image: External link] to the east. It is a dual carriageway, except for a 330-yard section of the A40 where two residential service roads[image: External link] adjoin, and was completed in 1966.
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 A roads




The main roads to/from Oxford are:


	
A34[image: External link] – a trunk route connecting the North[image: External link] and Midlands to the port of Southampton[image: External link]. It leaves J9 of the M40[image: External link] north of Oxford, passes west of Oxford to Newbury[image: External link] and Winchester[image: External link] to the south and joins the M3[image: External link] 12.7 miles (20.4 km) north of Southampton. Since the completion of the Newbury bypass[image: External link] in 1998, this section of the A34 has been an entirely grade separated[image: External link] dual carriageway. Historically the A34 led to Bicester, Banbury, Stratford-upon-Avon[image: External link], Birmingham[image: External link] and Manchester[image: External link], but since the completion of the M40 it disappears at J9 and re-emerges 50 miles (80 km) north at Solihull[image: External link].

	
A40[image: External link] – leading east dualled to J8 of the M40 motorway, then an alternative route to High Wycombe[image: External link] and London[image: External link]; leading west part-dualled to Witney[image: External link] then bisecting Cheltenham[image: External link], Gloucester[image: External link], Monmouth[image: External link], Abergavenny[image: External link], passing Brecon[image: External link], Llandovery[image: External link], Carmarthen[image: External link] and Haverfordwest[image: External link] to reach Fishguard[image: External link].

	
A44[image: External link] – which begins in Oxford, leading past Evesham[image: External link] to Worcester[image: External link], Hereford[image: External link] and Aberystwyth[image: External link].

	
A420[image: External link] – which also begins in Oxford and leads to Bristol[image: External link] passing Swindon and Chippenham[image: External link].
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 Motorway




The city is served by the M40 motorway, which connects London to Birmingham. The M40 approached Oxford in 1974, leading from London to Waterstock[image: External link], where the A40 continued to Oxford. When the M40 extension to Birmingham was completed in January 1991, it curved sharply north, and a mile of the old motorway became a spur. The M40 comes no closer than 6 miles (9.7 km) away from the city centre, curving to the east of Otmoor[image: External link]. The M40 meets the A34 to the north of Oxford.


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Education
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 Schools




Main article: List of schools in Oxfordshire[image: External link]
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 Universities and colleges




There are two universities in Oxford, the University of Oxford and Oxford Brookes University[image: External link], as well as the specialist further and higher education institution Ruskin College[image: External link] that is an Affiliate of the University of Oxford. The Islamic Azad University[image: External link] also has a campus[image: External link] near Oxford.
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 Media




As well as the BBC national radio stations, Oxford and the surrounding area has several local stations, including BBC Oxford[image: External link], Heart Thames Valley[image: External link], Destiny 105, Jack FM[image: External link] and Jack FM 2[image: External link] along with Oxide: Oxford Student Radio[102] (which went on terrestrial radio at 87.7 MHz FM in late May 2005). A local TV station, Six TV[image: External link]: The Oxford Channel was also available but closed in April 2009.[103] The city is home to a BBC TV newsroom which produces an opt-out from the main South Today[image: External link] programme broadcast from Southampton[image: External link].

Popular local papers include The Oxford Times[image: External link] (compact; weekly), its sister papers the Oxford Mail[image: External link] (tabloid; daily) and the Oxford Star (tabloid; free and delivered), and Oxford Journal[image: External link] (tabloid; weekly free pick-up). Oxford is also home to several advertising agencies.

Daily Information[image: External link] (known locally as Daily Info) is an events and advertising news sheet which has been published since 1964 and now provides a connected website.

Nightshift[image: External link] is a monthly local free magazine that has covered the Oxford music scene since 1991.[104]

In 2003 DIY[image: External link] grassroots non-corporate media has begun to spread.[105] Independent and community newspapers include the Jericho Echo[106] and Oxford Prospect.[107]
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 Theatres and cinemas





	
Burton Taylor Studio[image: External link], Gloucester Street

	
New Theatre[image: External link], George Street

	
Odeon[image: External link] Cinema, George Street

	Odeon Cinema, Magdalen Street[image: External link]


	
Old Fire Station Theatre[image: External link], George Street

	
O'Reilly Theatre[image: External link], Blackhall Road

	
Oxford Playhouse[image: External link], Beaumont Street[image: External link]


	Pegasus Theatre,[108] Magdalen Road

	
Phoenix Picturehouse[image: External link], Walton Street[image: External link]


	
Ultimate Picture Palace[image: External link], Cowley Road

	
Vue[image: External link] Cinema, Grenoble Road

	The North Wall Arts Centre, South Parade

	Creation Theatre Company
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 Literature and film




Main articles: Literature in Oxford[image: External link] and List of films shot in Oxford[image: External link]


Well-known Oxford-based authors include:


	
Brian Aldiss[image: External link], who lives in Oxford.

	
John Buchan, 1st Baron Tweedsmuir[image: External link], attended Brasenose College[image: External link]. Best known for his The Thirty-nine Steps, authored 32 novels and many more volumes of history, poetry and essays.

	
Susan Cooper[image: External link], best known for her The Dark Is Rising Sequence[image: External link]


	
Lewis Carroll[image: External link] (real name Charles Lutwidge Dodgson), Student[image: External link] and Mathematical Lecturer of Christ Church[image: External link].

	
Colin Dexter[image: External link], who wrote and set his Inspector Morse[image: External link] detective novels[image: External link] in Oxford.

	
John Donaldson[image: External link] (d. 1989), a poet resident in Oxford in later life.

	
Siobhan Dowd[image: External link], Oxford resident, who was an undergraduate at Lady Margaret Hall, Oxford[image: External link].

	
Kenneth Grahame[image: External link], educated at St Edward's School, Oxford[image: External link].

	
Michael Innes[image: External link] (J. I. M. Stewart), of Christ Church.

	
P. D. James[image: External link], who lives part-time in Oxford.

	
T. E. Lawrence[image: External link], "Lawrence of Arabia", Oxford resident, undergraduate at Jesus[image: External link], postgraduate at Magdalen[image: External link].

	
C. S. Lewis[image: External link], student at University College and Fellow of Magdalen.

	
Iris Murdoch[image: External link], Fellow of St Anne's[image: External link].

	
Carola Oman[image: External link], novelist and biographer, was born and brought up in the city.

	
Iain Pears[image: External link], undergraduate at Wadham[image: External link] and Oxford resident, whose novel An Instance of the Fingerpost[image: External link] is set in the city.

	
Philip Pullman[image: External link], undergraduate at Exeter[image: External link].

	
Dorothy L. Sayers[image: External link], undergraduate at Somerville[image: External link].

	
J. R. R. Tolkien[image: External link], undergraduate at Exeter[image: External link] and later professor of English at Merton[image: External link]


	
John Wain[image: External link], undergraduate at St John's and later Professor of Poetry at Oxford University 1973–78

	
Oscar Wilde[image: External link], a 19th-century poet and author who attended Oxford from 1874 to 1878.

	
Charles Williams[image: External link], editor at Oxford University Press.



Oxford appears in the following works:[citation needed[image: External link]]


	The Scarlet Pimpernel[image: External link]

	"Harry Potter[image: External link]" (all the films to date)

	
The Chronicles of the Imaginarium Geographica[image: External link] by James A. Owen[image: External link]


	
Jude the Obscure[image: External link] (1895) by Thomas Hardy[image: External link] (in which Oxford is thinly disguised as "Christminster").

	
Zuleika Dobson[image: External link] (1911) by Max Beerbohm[image: External link].

	
Gaudy Night[image: External link] (1935) by Dorothy L. Sayers.

	
Brideshead Revisited[image: External link] (1945) by Evelyn Waugh[image: External link].

	
A Question of Upbringing[image: External link] (1951 ) by Anthony Powell[image: External link]


	
Second Generation (1964 novel)[image: External link] by Raymond Williams[image: External link]


	
Young Sherlock Holmes[image: External link] (1985) by Steven Spielberg[image: External link]


	
Inspector Morse[image: External link] (1987)

	
Where the Rivers Meet (1988) trilogy set in Oxford by John Wain[image: External link]


	
All Souls (1989) by Javier Marías[image: External link]


	
The Children of Men[image: External link] (1992) by P. D. James.

	
Doomsday Book[image: External link] (1992) by Connie Willis[image: External link]


	
His Dark Materials[image: External link] (1995 onwards) by Philip Pullman

	
Tomorrow Never Dies[image: External link] (1997)

	
The Saint[image: External link] (1997)

	
102 Dalmatians[image: External link] (2000)

	
Endymion Spring[image: External link] (2006) by Matthew Skelton[image: External link]


	
Lewis[image: External link] (2007)

	
The Oxford Murders[image: External link] (2008)

	
Mr. Nice[image: External link] (2010) The story of Howard Marks[image: External link]


	
X-Men: First Class[image: External link] (2011)

	
Endeavour[image: External link] (2012)

	
The Reluctant Cannibals (2013) by Ian Flitcroft
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 Music




Oxford, and its surrounding towns and villages, have produced many successful bands and musicians. The most notable Oxford act is Radiohead[image: External link], who all met at nearby Abingdon School, though other well known local bands include Supergrass[image: External link], Ride[image: External link], Swervedriver[image: External link], Lab 4[image: External link], Talulah Gosh[image: External link], the Candyskins[image: External link], Medal[image: External link], the Egg[image: External link], Unbelievable Truth[image: External link], Hurricane No. 1[image: External link], Crackout[image: External link], Goldrush[image: External link] and more recently, Young Knives[image: External link], Foals[image: External link], Glass Animals[image: External link], Dive Dive[image: External link] and Stornoway[image: External link]. These and many other bands from over 30 years of the Oxford music scene's history feature in the documentary film Anyone Can Play Guitar[image: External link]?.

In 1997, Oxford played host to Radio 1's[image: External link] Sound City, with acts such as Travis[image: External link], Bentley Rhythm Ace[image: External link], Embrace[image: External link], Spiritualized[image: External link] and DJ Shadow[image: External link] playing in various venues around the city including Oxford Brookes University[image: External link].[109]

It is also home to several brass bands, notably the City of Oxford Silver Band[image: External link], founded in 1887.
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 Sport
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 Football




The city's leading football club, Oxford United[image: External link], are currently in League One[image: External link], the third tier of league football, though they enjoyed some success in the past in the upper reaches of the league. They were elected to the Football League[image: External link] in 1962, reached the Third Division[image: External link] after three years and the Second Division[image: External link] after six, and most notably reached the First Division[image: External link] in 1985 – 23 years after joining the Football League. They spent three seasons in the top flight, winning the Football League Cup[image: External link] a year after promotion. The 18 years that followed relegation in 1988 saw their fortunes decline gradually, though a brief respite in 1996 saw them win promotion to the new (post Premier League[image: External link]) Division One in 1996 and stay there for three years. They were relegated to the Football Conference[image: External link] in 2006, staying there for four seasons before returning to the Football League[image: External link] in 2010. They play at the Kassam Stadium[image: External link] (named after former chairman Firoz Kassam[image: External link]), which is situated near the Blackbird Leys[image: External link] housing estate and has been their home since relocation from the Manor Ground[image: External link] in 2001. The club's notable former managers include Ian Greaves[image: External link], Jim Smith[image: External link], Maurice Evans[image: External link], Brian Horton[image: External link] and Denis Smith[image: External link]. Notable former players include John Aldridge[image: External link], Ray Houghton[image: External link], Tommy Caton[image: External link], Matt Elliott[image: External link], Dean Saunders[image: External link] and Dean Whitehead[image: External link].

Oxford City F.C.[image: External link] is a semi-professional football club, separate from Oxford United. It plays in the Conference South[image: External link], the sixth tier, and two levels on the pyramid[image: External link] below the Football League[image: External link]. Oxford City Nomads F.C.[image: External link] are another semi-professional football club, who ground share with Oxford City F.C. and play in the Hellenic league.
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 Rugby league




In 2013, Oxford Rugby League[image: External link] entered Rugby League[image: External link]'s semi-professional Championship 1[image: External link], the third tier of British Rugby League. Oxford Cavaliers[image: External link], who were formed in 1996, compete at the next level the Conference League South[image: External link]. Oxford University[image: External link] (The Blues)[110] and Oxford Brookes University[image: External link] (The Bulls)[111] both compete in the Rugby League BUCS university League.
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 Rugby union




Oxford Harlequins RFC[image: External link] is the city's main Rugby Union[image: External link] team and currently plays in the South West Division.

Oxford R.F.C[image: External link] is the oldest city team and currently plays in the Berks, Bucks and Oxon Championship. Their most famous player was arguably Michael James Parsons known as Jim Parsons who was capped by England.[112]

Oxford University RFC[image: External link] are the most famous club with more than 300 Oxford players gaining International honours; including Phil de Glanville, Joe Roff, Tyrone Howe, Anton Oliver, Simon Halliday, David Kirk and Rob Egerton.[113]

London Welsh RFC[image: External link] moved to the Kassam Stadium[image: External link] in 2012 to fulfil their Premiership[image: External link] entry criteria regarding stadium capacity. At the end of the 2015 season, following relegation, the club left Oxford.[114]
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 Speedway and greyhound racing




Oxford Cheetahs[image: External link] motorcycle speedway[image: External link] team has raced at Oxford Stadium[image: External link] in Cowley on and off since 1939. The Cheetahs competed in the Elite League[image: External link] and then the Conference League[image: External link] until 2007. They were Britain's most successful club in the late eighties becoming British League champions in 1985, 1986 and 1989. Four times world champion Hans Nielsen[image: External link] was the clubs most successful rider.

Greyhound racing took place at the Oxford Stadium[image: External link] from 1939 until 2012 and hosted some of the sports leading events such as the Pall Mall Stakes[image: External link], The Cesarewitch[image: External link] and Trafalgar Cup[image: External link]. The stadium remains intact but unused after closing in 2012.
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 Hockey




There are several hockey clubs based in Oxford. The Oxford Hockey Club (formed after a merger of City of Oxford HC and Rover Oxford HC in 2011) plays most of its home games on the pitch at Oxford Brookes University, Headington Campus and also uses the pitches at Headington Girls' School and Iffley Road. Oxford Hawks has two astroturf pitches at Banbury Road North, by Cutteslowe Park to the north of the city.
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 Ice hockey




Oxford City Stars[image: External link] is the local Ice Hockey Team which plays at Oxford Ice Rink[image: External link]. There is a senior/adults’ team[115] and a junior/children’s team.[116]
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 American football




Oxford Saints[image: External link] is Oxford's senior American Football team. One of the longest running American football clubs in the UK, the Saints were founded in 1983 and have competed for over 30 years against other British teams across the country.
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 Cricket




Oxford University Cricket Club[image: External link] is Oxford's most famous club with more than 300 Oxford players gaining International honours; including Colin Cowdrey[image: External link], Douglas Jardine[image: External link] and Imran Khan[image: External link].[117]

Oxfordshire County Cricket Club[image: External link] play in the Minor Counties League.
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 Rowing




Oxford University Boat Club[image: External link] compete in the world-famous Boat Race[image: External link]. Oxford is also home to the City of Oxford Rowing Club which is situated near Donnington Bridge.
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 Other sports




Headington Road Runners based at the OXSRAD sports facility in Marsh Lane (next to Oxford City F.C.[image: External link]) is Oxford's only road running club with an average annual membership exceeding 300. It was the club at which double Olympian Mara Yamauchi[image: External link] started her running career.
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 Twin towns




See also: List of twin towns and sister cities in England[image: External link]


Oxford is twinned[image: External link] with:





	
Bonn[image: External link], Germany[118][119]


	
Grenoble[image: External link], France[118][120][121]


	
Leiden[image: External link], Netherlands[118]


	
León[image: External link], Nicaragua[118]


	
Perm[image: External link], Russia[118]
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 Gallery
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 See also






	Bishop of Oxford[image: External link]

	Earl of Oxford[image: External link]

	List of attractions in Oxford[image: External link]

	List of Oxford architects[image: External link]

	Mayors of Oxford[image: External link]

	Oxfam[image: External link]

	Oxford bags[image: External link]

	Oxford comma[image: External link]

	The Oxfordian[image: External link] Age – a subdivision of the Jurassic[image: External link] Period named for Oxford
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England






This article is about the country. For other uses, see England (disambiguation)[image: External link].

England is a country[image: External link] that is part[image: External link] of the United Kingdom.[5][6][7] It shares land borders[image: External link] with Scotland[image: External link] to the north and Wales[image: External link] to the west. The Irish Sea[image: External link] lies northwest of England and the Celtic Sea[image: External link] lies to the southwest. England is separated from continental Europe[image: External link] by the North Sea[image: External link] to the east and the English Channel[image: External link] to the south. The country covers five-eighths of the island of Great Britain[image: External link] (which lies in the North Atlantic[image: External link]) in its centre and south; and includes over 100 smaller islands[image: External link] such as the Isles of Scilly[image: External link], and the Isle of Wight[image: External link].

The area now called England was first inhabited by modern humans during the Upper Palaeolithic[image: External link] period, but takes its name from the Angles[image: External link], one of the Germanic[image: External link] tribes who settled during the 5th and 6th centuries. England became a unified state in the 10th century, and since the Age of Discovery[image: External link], which began during the 15th century, has had a significant cultural and legal impact on the wider world.[8] The English language[image: External link], the Anglican Church[image: External link], and English law[image: External link] – the basis for the common law[image: External link] legal systems of many other countries around the world – developed in England, and the country's parliamentary system[image: External link] of government has been widely adopted by other nations.[9] The Industrial Revolution[image: External link] began in 18th-century England, transforming its society into the world's first industrialised nation.[10]

England's terrain mostly comprises low hills and plains, especially in central and southern England. However, there are uplands in the north (for example, the mountainous Lake District[image: External link], and the Pennines[image: External link]) and in the southwest (for example, Dartmoor[image: External link] and the Cotswolds[image: External link]). The capital is London[image: External link], which has the largest metropolitan area in both the United Kingdom and the European Union[image: External link].[nb 1] England's population of over 53 million comprises 84% of the population of the United Kingdom, largely concentrated around London, the South East[image: External link], and conurbations in the Midlands[image: External link], the North West[image: External link], the North East[image: External link], and Yorkshire[image: External link], which each developed as major industrial regions during the 19th century.[11]

The Kingdom of England[image: External link]—which after 1535 included Wales—ceased being a separate sovereign state[image: External link] on 1 May 1707, when the Acts of Union[image: External link] put into effect the terms agreed in the Treaty of Union[image: External link] the previous year, resulting in a political union with the Kingdom of Scotland[image: External link] to create the Kingdom of Great Britain[image: External link].[12][13] In 1801, Great Britain was united with the Kingdom of Ireland[image: External link] through another Act of Union[image: External link] to become the United Kingdom of Great Britain and Ireland[image: External link]. In 1922 the Irish Free State[image: External link] seceded from the United Kingdom, leading to the latter being renamed[image: External link] the United Kingdom of Great Britain and Northern Ireland.
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See also: Toponymy of England[image: External link]


The name "England" is derived from the Old English[image: External link] name Englaland, which means "land of the Angles[image: External link]".[14] The Angles were one of the Germanic tribes[image: External link] that settled in Great Britain during the Early Middle Ages[image: External link]. The Angles came from the Angeln[image: External link] peninsula in the Bay of Kiel[image: External link] area (present-day German state of Schleswig-Holstein) of the Baltic Sea[image: External link].[15] The earliest recorded use of the term, as "Engla londe", is in the late ninth century translation into Old English[image: External link] of Bede[image: External link]'s Ecclesiastical History of the English People[image: External link]. The term was then used in a different sense to the modern one, meaning "the land inhabited by the English", and it included English people in what is now south-east Scotland but was then part of the English kingdom of Northumbria[image: External link]. The Anglo-Saxon Chronicle[image: External link] recorded that the Domesday Book[image: External link] of 1086 covered the whole of England, meaning the English kingdom, but a few years later the Chronicle stated that King Malcolm III[image: External link] went "out of Scotlande into Lothian[image: External link] in Englaland", thus using it in the more ancient sense.[16] According to the Oxford English Dictionary[image: External link], its modern spelling was first used in 1538.[17]

The earliest attested reference to the Angles occurs in the 1st-century work by Tacitus[image: External link], Germania[image: External link], in which the Latin[image: External link] word Anglii is used.[18] The etymology of the tribal name itself is disputed by scholars; it has been suggested that it derives from the shape of the Angeln peninsula, an angular shape.[19] How and why a term derived from the name of a tribe that was less significant than others, such as the Saxons[image: External link], came to be used for the entire country and its people is not known, but it seems this is related to the custom of calling the Germanic people in Britain Angli Saxones or English Saxons to distinguish them from continental Saxons (Eald-Seaxe) of Old Saxony between Weser and Eider rivers in Northern Germany.[20] In Scottish Gaelic[image: External link], another language which developed on the island of Great Britain, the Saxon tribe gave their name to the word for England (Sasunn);[21] similarly, the Welsh name for the English language is "Saesneg".

An alternative name for England is Albion[image: External link]. The name Albion originally referred to the entire island of Great Britain. The nominally earliest record of the name appears in the Aristotelian[image: External link] Corpus[image: External link], specifically the 4th century BC De Mundo[image: External link]:[22] "Beyond the Pillars of Hercules[image: External link] is the ocean that flows round the earth. In it are two very large islands called Britannia; these are Albion and Ierne[image: External link]".[22][23] But modern scholarly consensus ascribes De Mundo not to Aristotle[image: External link] but to Pseudo-Aristotle[image: External link], i.e. it was written later in the Graeco-Roman[image: External link] period or afterwards. The word Albion (Ἀλβίων) or insula Albionum has two possible origins. It either derives from a cognate of the Latin albus meaning white, a reference to the white cliffs of Dover[image: External link] (the only part of Britain visible from the European mainland)[24] or from the phrase the "island of the Albiones"[25] in the now lost Massaliote Periplus[image: External link], that is attested through Avienus[image: External link]' Ora Maritima[26] to which the former presumably served as a source. Albion is now applied to England in a more poetic capacity.[27] Another romantic name for England is Loegria[image: External link], related to the Welsh[image: External link] word for England, Lloegr, and made popular by its use in Arthurian legend[image: External link].
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Main article: History of England[image: External link]
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Main article: Prehistoric Britain[image: External link]


The earliest known evidence of human presence in the area now known as England was that of Homo antecessor[image: External link], dating to approximately 780,000 years ago. The oldest proto-human bones discovered in England date from 500,000 years ago.[28] Modern humans are known to have inhabited the area during the Upper Paleolithic[image: External link] period, though permanent settlements were only established within the last 6,000 years.[29][30] After the last ice age[image: External link] only large mammals such as mammoths[image: External link], bison[image: External link] and woolly rhinoceros[image: External link] remained. Roughly 11,000 years ago, when the ice sheets[image: External link] began to recede, humans repopulated the area; genetic research suggests they came from the northern part of the Iberian Peninsula[image: External link].[31] The sea level was lower than now and Britain was connected by land bridge[image: External link] to Ireland and Eurasia[image: External link].[32] As the seas rose, it was separated from Ireland 10,000 years ago and from Eurasia two millennia later.

The Beaker culture[image: External link] arrived around 2,500 BC, introducing drinking and food vessels constructed from clay, as well as vessels used as reduction pots to smelt copper ores.[33] It was during this time that major Neolithic[image: External link] monuments such as Stonehenge[image: External link] and Avebury[image: External link] were constructed. By heating together tin and copper, which were in abundance in the area, the Beaker culture people made bronze[image: External link], and later iron from iron ores. The development of iron smelting[image: External link] allowed the construction of better ploughs[image: External link], advancing agriculture (for instance, with Celtic fields[image: External link]), as well as the production of more effective weapons.[34]

During the Iron Age[image: External link], Celtic culture[image: External link], deriving from the Hallstatt[image: External link] and La Tène cultures[image: External link], arrived from Central Europe. Brythonic[image: External link] was the spoken language during this time. Society was tribal; according to Ptolemy[image: External link]'s Geographia[image: External link] there were around 20 tribes in the area. Earlier divisions are unknown because the Britons were not literate. Like other regions on the edge of the Empire, Britain had long enjoyed trading links with the Romans. Julius Caesar of the Roman Republic[image: External link] attempted to invade twice[image: External link] in 55 BC; although largely unsuccessful, he managed to set up a client king[image: External link] from the Trinovantes[image: External link].

The Romans invaded Britain in 43 AD during the reign of Emperor Claudius[image: External link], subsequently conquering much of Britain[image: External link], and the area was incorporated into the Roman Empire as Britannia province[image: External link].[35] The best-known of the native tribes who attempted to resist were the Catuvellauni[image: External link] led by Caratacus[image: External link]. Later, an uprising led by Boudica[image: External link], Queen of the Iceni[image: External link], ended with Boudica's suicide following her defeat at the Battle of Watling Street[image: External link].[36] This era saw a Greco-Roman[image: External link] culture prevail with the introduction of Roman law[image: External link], Roman architecture[image: External link], aqueducts[image: External link], sewers[image: External link], many agricultural items and silk.[37][38][39] In the 3rd century, Emperor Septimius Severus[image: External link] died at Eboracum[image: External link] (now York[image: External link]), where Constantine[image: External link] was subsequently proclaimed emperor.[40]

There is debate about when Christianity was first introduced; it was no later than the 4th century, probably much earlier. According to Bede[image: External link], missionaries were sent from Rome by Eleutherius[image: External link] at the request of the chieftain Lucius of Britain[image: External link] in 180 AD, to settle differences as to Eastern and Western ceremonials, which were disturbing the church. There are traditions linked to Glastonbury claiming an introduction through Joseph of Arimathea[image: External link], while others claim through Lucius of Britain[image: External link].[41] By 410, during the Decline of the Roman Empire[image: External link], Britain was left exposed by the end of Roman rule in Britain[image: External link] and the withdrawal of Roman army units, to defend the frontiers in continental Europe and partake in civil wars.[42] Celtic Christian monastic and missionary movements flourished: Patrick[image: External link] (5th-century Ireland) and in the 6th century Brendan (Clonfert), Comgall (Bangor), David (Wales), Aiden (Lindisfarne) and Columba (Iona). This period of Christianity was influenced by ancient Celtic culture in its sensibilities, polity, practices and theology. Local "congregations" were centred in the monastic community and monastic leaders were more like chieftains, as peers, rather than in the more hierarchical system of the Roman-dominated church.[43]
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Main article: England in the Middle Ages[image: External link]


Roman military[image: External link] withdrawals left Britain open to invasion by pagan, seafaring warriors from north-western continental Europe, chiefly the Saxons, Angles[image: External link], Jutes[image: External link] and Frisians who had long raided the coasts of the Roman province and began to settle, initially in the eastern part of the country.[42] Their advance was contained for some decades after the Britons' victory at the Battle of Mount Badon[image: External link], but subsequently resumed, over-running the fertile lowlands of Britain and reducing the area under Brythonic[image: External link] control to a series of separate enclaves in the more rugged country to the west by the end of the 6th century. Contemporary texts describing this period are extremely scarce, giving rise to its description as a Dark Age[image: External link]. The nature and progression of the Anglo-Saxon settlement of Britain[image: External link] is consequently subject to considerable disagreement. Roman-dominated Christianity had in general disappeared from the conquered territories, but was reintroduced by missionaries from Rome led by Augustine[image: External link] from 597 onwards.[44] Disputes between the Roman- and Celtic-dominated forms of Christianity ended in victory for the Roman tradition at the Council of Whitby[image: External link] (664), which was ostensibly about haircuts and the date of Easter, but more significantly, about the differences in Roman and Celtic forms of authority, theology, and practice (Lehane).

During the settlement period the lands ruled by the incomers seem to have been fragmented into numerous tribal territories, but by the 7th century, when substantial evidence of the situation again becomes available, these had coalesced into roughly a dozen kingdoms including Northumbria[image: External link], Mercia[image: External link], Wessex[image: External link], East Anglia[image: External link], Essex[image: External link], Kent[image: External link] and Sussex[image: External link]. Over the following centuries this process of political consolidation continued.[45] The 7th century saw a struggle for hegemony between Northumbria and Mercia, which in the 8th century gave way to Mercian preeminence.[46] In the early 9th century Mercia was displaced as the foremost kingdom by Wessex. Later in that century escalating attacks by the Danes[image: External link] culminated in the conquest of the north and east of England, overthrowing the kingdoms of Northumbria, Mercia and East Anglia. Wessex under Alfred the Great[image: External link] was left as the only surviving English kingdom, and under his successors it steadily expanded at the expense of the kingdoms of the Danelaw[image: External link]. This brought about the political unification of England, first accomplished under Æthelstan[image: External link] in 927 and definitively established after further conflicts by Eadred[image: External link] in 953. A fresh wave of Scandinavian[image: External link] attacks from the late 10th century ended with the conquest of this united kingdom by Sweyn Forkbeard[image: External link] in 1013 and again by his son Cnut[image: External link] in 1016, turning it into the centre of a short-lived North Sea Empire[image: External link] that also included Denmark[image: External link] and Norway[image: External link]. However the native royal dynasty was restored with the accession of Edward the Confessor[image: External link] in 1042.

A dispute over the succession to Edward led to the Norman conquest of England[image: External link] in 1066, accomplished by an army led by Duke William of Normandy[image: External link].[47] The Normans[image: External link] themselves originated from Scandinavia[image: External link] and had settled in Normandy in the late 9th and early 10th centuries.[48] This conquest led to the almost total dispossession of the English elite and its replacement by a new French-speaking aristocracy, whose speech had a profound and permanent effect on the English language.[49]

Subsequently, the House of Plantagenet[image: External link] from Anjou inherited the English throne under Henry II[image: External link], adding England to the budding Angevin Empire[image: External link] of fiefs the family had inherited in France including Aquitaine[image: External link].[50] They reigned for three centuries, some noted monarchs being Richard I[image: External link], Edward I[image: External link], Edward III[image: External link] and Henry V[image: External link].[50] The period saw changes in trade and legislation, including the signing of the Magna Carta[image: External link], an English legal charter used to limit the sovereign's powers by law and protect the privileges of freemen. Catholic monasticism[image: External link] flourished, providing philosophers, and the universities of Oxford and Cambridge were founded with royal patronage. The Principality of Wales[image: External link] became a Plantagenet fief during the 13th century[51] and the Lordship of Ireland[image: External link] was given to the English monarchy by the Pope.

During the 14th century, the Plantagenets and the House of Valois[image: External link] both claimed to be legitimate claimants to the House of Capet[image: External link] and with it France; the two powers clashed in the Hundred Years' War[image: External link].[52] The Black Death[image: External link] epidemic hit England[image: External link]; starting in 1348, it eventually killed up to half of England's inhabitants[image: External link].[53][54] From 1453 to 1487 civil war occurred between two branches of the royal family—the Yorkists[image: External link] and Lancastrians[image: External link]—known as the Wars of the Roses[image: External link].[55] Eventually it led to the Yorkists losing the throne entirely to a Welsh noble family the Tudors[image: External link], a branch of the Lancastrians headed by Henry Tudor[image: External link] who invaded with Welsh and Breton mercenaries, gaining victory at the Battle of Bosworth Field[image: External link] where the Yorkist king Richard III[image: External link] was killed.[56]
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During the Tudor period[image: External link], the Renaissance[image: External link] reached England through Italian courtiers, who reintroduced artistic, educational and scholarly debate from classical antiquity.[57] England began to develop naval skills[image: External link], and exploration to the West intensified.[58][59]

Henry VIII[image: External link] broke from communion with the Catholic Church, over issues relating to his divorce, under the Acts of Supremacy[image: External link] in 1534 which proclaimed the monarch head of the Church of England[image: External link]. In contrast with much of European Protestantism, the roots of the split[image: External link] were more political than theological.[nb 2] He also legally incorporated his ancestral land Wales into the Kingdom of England with the 1535–1542 acts[image: External link]. There were internal religious conflicts during the reigns of Henry's daughters, Mary I[image: External link] and Elizabeth I[image: External link]. The former took the country back to Catholicism while the latter broke from it again, forcefully asserting the supremacy of Anglicanism[image: External link].

Competing with Spain[image: External link], the first English colony in the Americas was founded in 1585 by explorer Walter Raleigh[image: External link] in Virginia[image: External link] and named Roanoke[image: External link]. The Roanoke colony failed and is known as the lost colony, after it was found abandoned on the return of the late-arriving supply ship.[61] With the East India Company[image: External link], England also competed with the Dutch[image: External link] and French[image: External link] in the East. In 1588, during the Elizabethan period[image: External link], an English fleet under Francis Drake[image: External link] defeated an invading Spanish Armada[image: External link]. The political structure of the island changed in 1603, when the King of Scots[image: External link], James VI[image: External link], a kingdom which was a longtime rival to English interests, inherited the throne of England as James I[image: External link] — creating a personal union[image: External link].[62][63] He styled himself King of Great Britain[image: External link], although this had no basis in English law.[64] Under the auspices of King James VI and I the Authorised King James Version[image: External link] of the Holy Bible was published in 1611. It has not only been ranked with Shakespeare[image: External link]'s works as the greatest masterpiece of literature in the English language but also was the standard version of the Bible read by most Protestant Christians for four hundred years, until modern revisions were produced in the 20th century.

Based on conflicting political, religious and social positions, the English Civil War[image: External link] was fought between the supporters of Parliament[image: External link] and those of King Charles I[image: External link], known colloquially as Roundheads[image: External link] and Cavaliers[image: External link] respectively. This was an interwoven part of the wider multifaceted Wars of the Three Kingdoms[image: External link], involving Scotland[image: External link] and Ireland[image: External link]. The Parliamentarians were victorious, Charles I was executed and the kingdom replaced by the Commonwealth[image: External link]. Leader of the Parliament forces, Oliver Cromwell[image: External link] declared himself Lord Protector[image: External link] in 1653; a period of personal rule[image: External link] followed.[65] After Cromwell's death and the resignation of his son Richard[image: External link] as Lord Protector, Charles II[image: External link] was invited to return as monarch in 1660, in a move called the Restoration[image: External link]. After the Glorious Revolution[image: External link] of 1688, it was constitutionally established that King and Parliament should rule together, though Parliament would have the real power. This was established with the Bill of Rights[image: External link] in 1689. Among the statutes set down were that the law could only be made by Parliament and could not be suspended by the King, also that the King could not impose taxes or raise an army without the prior approval of Parliament.[66] Also since that time, no British monarch has entered the House of Commons[image: External link] when it is sitting, which is annually commemorated at the State Opening of Parliament[image: External link] by the British monarch when the doors of the House of Commons are slammed in the face of the monarch's messenger, symbolising the rights of Parliament and its independence from the monarch.[67][68] With the founding of the Royal Society in 1660, science was greatly encouraged.

In 1666 the Great Fire of London[image: External link] gutted the City of London but it was rebuilt shortly afterwards[69] with many significant buildings designed by Sir Christopher Wren[image: External link]. In Parliament two factions had emerged — the Tories[image: External link] and Whigs[image: External link]. Though the Tories initially supported Catholic king James II[image: External link], some of them, along with the Whigs, during the Revolution of 1688[image: External link] invited Dutch prince William of Orange to defeat James and ultimately to become William III of England[image: External link]. Some English people, especially in the north, were Jacobites[image: External link] and continued to support James and his sons. After the parliaments of England and Scotland agreed,[70] the two countries joined in political union[image: External link], to create the Kingdom of Great Britain[image: External link] in 1707.[62] To accommodate the union, institutions such as the law and national churches of each remained separate.[71]
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 Late Modern and contemporary




Under the newly formed Kingdom of Great Britain, output from the Royal Society and other English initiatives[image: External link] combined with the Scottish Enlightenment[image: External link] to create innovations in science and engineering, while the enormous growth in British overseas trade[image: External link] protected by the Royal Navy[image: External link] paved the way for the establishment of the British Empire[image: External link]. Domestically it drove the Industrial Revolution[image: External link], a period of profound change in the socioeconomic[image: External link] and cultural conditions of England, resulting in industrialised agriculture, manufacture, engineering and mining, as well as new and pioneering road, rail and water networks to facilitate their expansion and development.[72] The opening of Northwest England's Bridgewater Canal[image: External link] in 1761 ushered in the canal age in Britain[image: External link].[73][74] In 1825 the world's first permanent steam locomotive-hauled passenger railway—the Stockton and Darlington Railway[image: External link]—opened to the public.[73]

During the Industrial Revolution, many workers moved from England's countryside to new and expanding urban industrial areas to work in factories, for instance at Manchester[image: External link] and Birmingham[image: External link], dubbed "Warehouse City" and "Workshop of the World" respectively.[76][77] England maintained relative stability throughout the French Revolution[image: External link]; William Pitt the Younger[image: External link] was British Prime Minister for the reign of George III[image: External link]. During the Napoleonic Wars[image: External link], Napoleon[image: External link] planned to invade from the south-east[image: External link]. However this failed to manifest and the Napoleonic forces were defeated by the British at sea by Lord Nelson[image: External link] and on land by the Duke of Wellington[image: External link]. The Napoleonic Wars fostered a concept of Britishness[image: External link] and a united national British people[image: External link], shared with the Scots[image: External link] and Welsh.[78]

London became the largest and most populous metropolitan area in the world during the Victorian era[image: External link], and trade within the British Empire—as well as the standing of the British military and navy—was prestigious.[79] Political agitation at home from radicals such as the Chartists[image: External link] and the suffragettes[image: External link] enabled legislative reform and universal suffrage[image: External link].[80] Power shifts in east-central Europe led to World War I; hundreds of thousands of English soldiers died fighting for the United Kingdom as part of the Allies[image: External link].[nb 3] Two decades later, in World War II, the United Kingdom was again one of the Allies[image: External link]. At the end of the Phoney War[image: External link], Winston Churchill[image: External link] became the wartime Prime Minister. Developments in warfare technology saw many cities damaged by air-raids during the Blitz. Following the war, the British Empire experienced rapid decolonisation[image: External link], and there was a speeding up of technological innovations; automobiles became the primary means of transport and Frank Whittle[image: External link]'s development of the jet engine[image: External link] led to wider air travel[image: External link].[82] Residential patterns were altered in England by private motoring, and by the creation of the National Health Service[image: External link] (NHS) in 1948. The UK's NHS provided publicly funded health care[image: External link] to all UK permanent residents free at the point of need, being paid for from general taxation. Combined, these changes prompted the reform of local government in England[image: External link] in the mid-20th century.[83][84]

Since the 20th century there has been significant population movement to England, mostly from other parts of the British Isles[image: External link], but also from the Commonwealth[image: External link], particularly the Indian subcontinent[image: External link].[85] Since the 1970s there has been a large move away from manufacturing[image: External link] and an increasing emphasis on the service industry[image: External link].[86] As part of the United Kingdom, the area joined a common market[image: External link] initiative called the European Economic Community[image: External link] which became the European Union[image: External link]. Since the late 20th century the administration of the United Kingdom[image: External link] has moved towards devolved governance[image: External link] in Scotland, Wales and Northern Ireland.[87] England and Wales[image: External link] continues to exist as a jurisdiction within the United Kingdom.[88] Devolution has stimulated a greater emphasis on a more English-specific identity and patriotism.[89][90] There is no devolved English government, but an attempt to create a similar system on a sub-regional basis was rejected by referendum.[91]
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Main article: Politics of England[image: External link]


As part of the United Kingdom, the basic political system in England is a constitutional monarchy[image: External link] and parliamentary system[image: External link].[92] There has not been a government of England[image: External link] since 1707, when the Acts of Union 1707[image: External link], putting into effect the terms of the Treaty of Union[image: External link], joined England and Scotland to form the Kingdom of Great Britain[image: External link].[70] Before the union England was ruled by its monarch[image: External link] and the Parliament of England[image: External link]. Today England is governed directly by the Parliament of the United Kingdom[image: External link], although other countries of the United Kingdom[image: External link] have devolved[image: External link] governments.[93] In the House of Commons[image: External link] which is the lower house[image: External link] of the British Parliament based at the Palace of Westminster[image: External link], there are 532 Members of Parliament (MPs) for constituencies in England, out of the 650 total.[94]

In the United Kingdom general election, 2015[image: External link], the Conservative Party[image: External link] won an absolute majority in the 650 contested seats with 10 seats more than all other parties combined (the Speaker of the House[image: External link] not being counted as a Conservative).[95] The Conservative party, headed by the prime minister David Cameron[image: External link], won 98 more seats than the Labour Party, whose leader Ed Miliband[image: External link] subsequently stood down.[96] The Scottish National Party[image: External link] (Scotland only) won 56 out of 59 Scottish seats in the House of Commons[image: External link] replacing the Liberal Democrats[image: External link] as the third largest party overall in the UK.[97]

As the United Kingdom is a member of the European Union, there are elections held regionally in England to decide who is sent as Members of the European Parliament[image: External link]. The 2014 European Parliament election[image: External link] saw the regions of England elect the following MEPs: 22 UK Independence Party[image: External link] (UKIP), 17 Conservatives, 17 Labour, 3 Greens[image: External link], and one Liberal Democrat.

Since devolution[image: External link], in which other countries of the United Kingdom—Scotland, Wales and Northern Ireland[image: External link]—each have their own devolved parliament or assemblies for local issues, there has been debate about how to counterbalance this in England. Originally it was planned that various regions of England[image: External link] would be devolved, but following the proposal's rejection by the North East[image: External link] in a referendum, this has not been carried out.[91]

One major issue is the West Lothian question[image: External link], in which MPs from Scotland and Wales are able to vote on legislation affecting only England, while English MPs have no equivalent right to legislate on devolved matters.[98] This when placed in the context of England being the only country of the United Kingdom not to have free cancer treatment, prescriptions, residential care for the elderly and free top-up university fees[image: External link],[99] has led to a steady rise in English nationalism[image: External link].[100] Some have suggested the creation of a devolved English parliament[image: External link],[101] while others have proposed simply limiting voting on legislation which only affects England to English MPs.[102]
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Main article: English law[image: External link]


The English law[image: External link] legal system, developed over the centuries, is the basis of common law[image: External link][103] legal systems used in most Commonwealth[image: External link] countries[104] and the United States (except Louisiana[image: External link]). Despite now being part of the United Kingdom, the legal system of the Courts of England and Wales[image: External link] continued, under the Treaty of Union[image: External link], as a separate legal system from the one used in Scotland. The general essence of English law is that it is made by judges sitting in courts[image: External link], applying their common sense and knowledge of legal precedent[image: External link]—stare decisis[image: External link]—to the facts before them.[105]

The court system[image: External link] is headed by the Senior Courts of England and Wales, consisting of the Court of Appeal[image: External link], the High Court of Justice[image: External link] for civil cases, and the Crown Court[image: External link] for criminal cases.[106] The Supreme Court of the United Kingdom[image: External link] is the highest court for criminal and civil cases in England and Wales[image: External link]. It was created in 2009 after constitutional changes, taking over the judicial functions of the House of Lords[image: External link].[107] A decision of the Supreme Court is binding on every other court in the hierarchy, which must follow its directions.[108]

Crime increased between 1981 and 1995, but fell by 42% in the period 1995–2006.[109] The prison population doubled over the same period, giving it the highest incarceration rate[image: External link] in Western Europe at 147 per 100,000.[110] Her Majesty's Prison Service[image: External link], reporting to the Ministry of Justice[image: External link], manages most prisons[image: External link], housing over 85,000 convicts.[111]
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Main article: Subdivisions of England[image: External link]


See also: Regions of England[image: External link], Counties of England[image: External link], and Districts of England[image: External link]


The subdivisions of England[image: External link] consist of up to four levels of subnational division[image: External link] controlled through a variety of types of administrative entities created for the purposes of local government[image: External link]. The highest tier of local government were the nine regions of England[image: External link]: North East[image: External link], North West[image: External link], Yorkshire and the Humber[image: External link], East Midlands[image: External link], West Midlands[image: External link], East[image: External link], South East[image: External link], South West[image: External link], and London. These were created in 1994 as Government Offices[image: External link], used by the UK government to deliver a wide range of policies and programmes regionally, but there are no elected bodies at this level, except in London, and in 2011 the regional government offices were abolished.[112] The same boundaries remain in use for electing Members of the European Parliament[image: External link] on a regional basis.

After devolution[image: External link] began to take place in other parts of the United Kingdom it was planned that referendums for the regions of England would take place for their own elected regional assemblies[image: External link] as a counterweight. London accepted[image: External link] in 1998: the London Assembly[image: External link] was created two years later. However, when the proposal was rejected by the northern England devolution referendums, 2004[image: External link] in the North East, further referendums were cancelled.[91] The regional assemblies outside London were abolished in 2010, and their functions transferred to respective Regional Development Agencies[image: External link] and a new system of Local authority leaders' boards[image: External link].[113]

Below the regional level, all of England is divided into 48 ceremonial counties[image: External link].[114] These are used primarily as a geographical frame of reference and have developed gradually since the Middle Ages[image: External link], with some established as recently as 1974.[115] Each has a Lord Lieutenant[image: External link] and High Sheriff[image: External link]; these posts are used to represent the British monarch[image: External link] locally.[114] Outside Greater London[image: External link] and the Isles of Scilly[image: External link], England is also divided into 83 metropolitan and non-metropolitan counties[image: External link]; these correspond to areas used for the purposes of local government[116] and may consist of a single district or be divided into several.

There are six metropolitan counties[image: External link] based on the most heavily urbanised areas, which do not have county councils.[116] In these areas the principal authorities are the councils of the subdivisions, the metropolitan boroughs[image: External link]. Elsewhere, 27 non-metropolitan "shire" counties[image: External link] have a county council[image: External link] and are divided into districts, each with a district council. They are typically, though not always, found in more rural areas. The remaining non-metropolitan counties are of a single district and usually correspond to large towns or sparsely populated counties; they are known as unitary authorities[image: External link]. Greater London has a different system for local government, with 32 London boroughs[image: External link], plus the City of London[image: External link] covering a small area at the core governed by the City of London Corporation[image: External link].[117] At the most localised level, much of England is divided into civil parishes[image: External link] with councils[image: External link]; in Greater London only one, Queen's Park[image: External link] exists as of 2014[image: External link] after they were abolished in 1965[image: External link] until legislation allowed their recreation[image: External link] in 2007.
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Main article: Geography of England[image: External link]
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Geographically England includes the central and southern two-thirds of the island of Great Britain, plus such offshore islands as the Isle of Wight[image: External link] and the Isles of Scilly[image: External link]. It is bordered by two other countries of the United Kingdom—to the north[image: External link] by Scotland and to the west[image: External link] by Wales. England is closer to the European continent than any other part of mainland Britain. It is separated from France by a 21-mile (34 km)[118] sea gap, though the two countries are connected by the Channel Tunnel[image: External link] near Folkestone[image: External link].[119] England also has shores on the Irish Sea[image: External link], North Sea[image: External link] and Atlantic Ocean.

The ports of London, Liverpool[image: External link], and Newcastle[image: External link] lie on the tidal rivers Thames[image: External link], Mersey[image: External link] and Tyne[image: External link] respectively. At 220 miles (350 km), the Severn[image: External link] is the longest river flowing through England.[120] It empties into the Bristol Channel[image: External link] and is notable for its Severn Bore[image: External link] (a tidal bore[image: External link]), which can reach 2 metres (6.6 ft) in height.[121] However, the longest river entirely in England is the Thames, which is 215 miles (346 km) in length.[122] There are many lakes in England[image: External link]; the largest is Windermere[image: External link], within the aptly named Lake District[image: External link].[123]

In geological terms, the Pennines[image: External link], known as the "backbone of England", are the oldest range of mountains in the country, originating from the end of the Paleozoic Era[image: External link] around 300 million years ago.[124] Their geological composition includes, among others, sandstone[image: External link] and limestone[image: External link], and also coal. There are karst[image: External link] landscapes in calcite areas such as parts of Yorkshire and Derbyshire[image: External link]. The Pennine landscape is high moorland[image: External link] in upland areas, indented by fertile valleys of the region's rivers. They contain three national parks[image: External link], the Yorkshire Dales[image: External link], Northumberland[image: External link], and the Peak District[image: External link]. The highest point in England, at 978 metres (3,209 ft), is Scafell Pike[image: External link] in Cumbria.[123] Straddling the border between England and Scotland are the Cheviot Hills[image: External link].

The English Lowlands[image: External link] are to the south of the Pennines, consisting of green rolling hills, including the Cotswold Hills[image: External link], Chiltern Hills[image: External link], North[image: External link] and South Downs[image: External link]—where they meet the sea they form white rock exposures such as the cliffs of Dover[image: External link]. The granite Southwest Peninsula in the West Country[image: External link] includes upland moorland, such as Dartmoor[image: External link] and Exmoor[image: External link], and enjoys a mild climate[image: External link]; both are national parks.[125]
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Main article: Climate of England[image: External link]


England has a temperate[image: External link] maritime climate[image: External link]: it is mild with temperatures not much lower than 0 °C (32 °F) in winter and not much higher than 32 °C (90 °F) in summer.[126] The weather is damp relatively frequently and is changeable. The coldest months are January and February, the latter particularly on the English coast[image: External link], while July is normally the warmest month. Months with mild to warm weather are May, June, September and October.[126] Rainfall is spread fairly evenly throughout the year.

Important influences on the climate of England are its proximity to the Atlantic Ocean, its northern latitude[image: External link] and the warming of the sea by the Gulf Stream[image: External link].[126] Rainfall is higher in the west, and parts of the Lake District[image: External link] receive more rain than anywhere else in the country.[126] Since weather records began, the highest temperature recorded was 38.5 °C (101.3 °F) on 10 August 2003 at Brogdale[image: External link] in Kent,[127] while the lowest was −26.1 °C (−15.0 °F) on 10 January 1982 in Edgmond[image: External link], Shropshire.[128]
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See also: List of places in England[image: External link]


The Greater London Urban Area[image: External link] is by far the largest urban area in England[129] and one of the busiest cities in the world. It is considered a global city[image: External link] and has a population larger than other countries in the United Kingdom besides England itself.[129] Other urban areas of considerable size and influence tend to be in northern England[image: External link] or the English Midlands[image: External link].[129] There are fifty settlements[image: External link] which have been designated city status in England[image: External link], while the wider United Kingdom has sixty-six.

While many cities in England are quite large in size, such as Birmingham[image: External link], Sheffield[image: External link], Manchester, Liverpool[image: External link], Leeds[image: External link], Newcastle[image: External link], Bradford[image: External link], Nottingham[image: External link] and others, a large population is not necessarily a prerequisite for a settlement to be afforded city status.[130] Traditionally the status was afforded to towns with diocesan cathedrals[image: External link] and so there are smaller cities like Wells[image: External link], Ely[image: External link], Ripon[image: External link], Truro[image: External link] and Chichester[image: External link].[130] According to the Office for National Statistics[image: External link] the ten largest, continuous built-up urban areas are:[129]



	Rank
	Urban area
	Population
	Major localities



	1
	Greater London Urban Area[image: External link]
	9,787,426
	Greater London[image: External link], divided into the City of London[image: External link] and 32 London boroughs[image: External link] including Croydon[image: External link], Barnet[image: External link], Ealing[image: External link], Bromley[image: External link]



	2
	Greater Manchester Urban Area[image: External link]
	2,553,379
	Manchester[image: External link], Salford[image: External link], Bolton[image: External link], Stockport[image: External link], Oldham[image: External link]



	3
	West Midlands Urban Area[image: External link]
	2,440,986
	Birmingham[image: External link], Wolverhampton[image: External link], Dudley[image: External link], Walsall[image: External link], Aldridge[image: External link]



	4
	West Yorkshire Urban Area[image: External link]
	1,777,934
	Leeds[image: External link], Bradford[image: External link], Huddersfield[image: External link], Wakefield[image: External link], Halifax[image: External link]



	5
	Liverpool Urban Area[image: External link]
	864,122
	Liverpool[image: External link], St. Helens[image: External link], Bootle[image: External link], Huyton-with-Roby[image: External link]



	6
	South Hampshire[image: External link]
	855,569
	Southampton[image: External link], Portsmouth[image: External link], Eastleigh[image: External link], Gosport[image: External link], Fareham[image: External link], Havant[image: External link], Horndean[image: External link]



	7
	Tyneside[image: External link]
	774,891
	Newcastle[image: External link], North Shields[image: External link], South Shields[image: External link], Gateshead[image: External link], Jarrow[image: External link]



	8
	Nottingham Urban Area[image: External link]
	729,977
	Nottingham[image: External link], Beeston[image: External link] and Stapleford[image: External link], Carlton[image: External link], Long Eaton[image: External link]



	9
	Sheffield Urban Area[image: External link]
	685,368
	Sheffield[image: External link], Rotherham[image: External link], Rawmarsh[image: External link], Killamarsh[image: External link]



	10
	Bristol Urban Area[image: External link]
	617,280
	Bristol[image: External link], Kingswood[image: External link], Mangotsfield[image: External link], Stoke Gifford[image: External link]
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Main article: Economy of England[image: External link]


England's economy is one of the largest in the world, with an average GDP per capita[image: External link] of £22,907.[133] Usually regarded as a mixed market economy[image: External link], it has adopted many free market[image: External link] principles, yet maintains an advanced social welfare infrastructure.[134] The official currency in England is the pound sterling[image: External link], whose ISO 4217[image: External link] code is GBP. Taxation in England[image: External link] is quite competitive when compared[image: External link] to much of the rest of Europe – as of 2014 the basic rate of personal tax is 20% on taxable income up to £31,865 above the personal tax-free allowance (normally £10,000), and 40% on any additional earnings above that amount.[135]

The economy of England is the largest part of the UK's economy[image: External link],[133] which has the 18th[image: External link] highest GDP PPP[image: External link] per capita in the world. England is a leader in the chemical[136] and pharmaceutical sectors and in key technical industries, particularly aerospace[image: External link], the arms industry[image: External link], and the manufacturing side of the software industry[image: External link]. London, home to the London Stock Exchange[image: External link], the United Kingdom's main stock exchange[image: External link] and the largest in Europe, is England's financial centre—100 of Europe's 500 largest corporations are based in London.[137] London is the largest financial centre in Europe, and as of 2014 is the second largest in the world.[138]

The Bank of England[image: External link], founded in 1694 by Scottish banker William Paterson[image: External link], is the United Kingdom's central bank[image: External link]. Originally established as private banker to the government of England, since 1946 it has been a state-owned institution[image: External link].[139] The bank has a monopoly on the issue of banknotes in England and Wales[image: External link], although not in other parts of the United Kingdom. The government has devolved responsibility to the bank's Monetary Policy Committee[image: External link] for managing the monetary policy of the country and setting interest rates.[140]

England is highly industrialised, but since the 1970s there has been a decline in traditional heavy and manufacturing[image: External link] industries, and an increasing emphasis on a more service industry[image: External link] oriented economy.[86] Tourism has become a significant industry, attracting millions of visitors to England each year. The export part of the economy is dominated by pharmaceuticals[image: External link], cars (although many English marques[image: External link] are now foreign-owned, such as Land Rover[image: External link], Lotus[image: External link], Jaguar[image: External link] and Bentley[image: External link]), crude oil[image: External link] and petroleum[image: External link] from the English parts of North Sea oil[image: External link] along with Wytch Farm[image: External link], aircraft engines[image: External link] and alcoholic beverages.[141]

Most of the UK's £30 billion[142] aerospace industry[image: External link] is primarily based in England. The global market opportunity for UK aerospace manufacturers over the next two decades is estimated at £3.5 trillion.[143] GKN Aerospace[image: External link] – an expert in metallic and composite aerostructures is involved in almost every civil and military fixed and rotary wing aircraft in production is based in Redditch[image: External link].[144]

BAE Systems[image: External link] makes large sections of the Typhoon Eurofighter[image: External link] at its sub-assembly plant in Salmesbury[image: External link] and assembles the aircraft for the RAF at its Warton[image: External link] plant, near Preston[image: External link]. It is also a principal subcontractor on the F35 Joint Strike Fighter[image: External link] – the world's largest single defence project – for which it designs and manufactures a range of components including the aft fuselage, vertical and horizontal tail and wing tips and fuel system. As well as this it manufactures the Hawk[image: External link], the world's most successful jet training aircraft.[144]

Rolls-Royce PLC[image: External link] is the world's second-largest aero-engine[image: External link] manufacturer. Its engines power more than 30 types of commercial aircraft, and it has more 30,000 engines currently in service across both the civil and defence sectors. With a workforce of over 12,000 people, Derby[image: External link] has the largest concentration of Rolls-Royce employees in the UK. Rolls-Royce also produces low-emission power systems for ships; makes critical equipment and safety systems for the nuclear industry and powers offshore platforms and major pipelines for the oil and gas industry.[144][145]

Much of the UK's space industry is centred on EADS Astrium[image: External link], based in Stevenage[image: External link] and Portsmouth[image: External link]. The company builds the buses[image: External link] – the underlying structure onto which the payload and propulsion systems are built – for most of the European Space Agency[image: External link]'s spacecraft, as well as commercial satellites. The world leader in compact satellite systems, Surrey Satellites[image: External link], is also part of Astrium.[144] Reaction Engines Limited[image: External link], the company planning to build Skylon[image: External link], a single-stage-to-orbit spaceplane using their SABRE rocket engine[image: External link], a combined-cycle, air-breathing rocket propulsion system is based Culham[image: External link].

Agriculture is intensive and highly mechanised, producing 60% of food needs with only 2% of the labour force.[146] Two thirds of production is devoted to livestock, the other to arable crops.[147]
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Main articles: List of English inventions and discoveries[image: External link] and Royal Society


Prominent English figures from the field of science and mathematics include Sir Isaac Newton, Michael Faraday[image: External link], Charles Darwin[image: External link], Robert Hooke[image: External link], James Prescott Joule[image: External link], Joseph Priestley[image: External link], Lord Rayleigh[image: External link], J. J. Thomson[image: External link], James Chadwick[image: External link], Charles Babbage, George Boole[image: External link], Alan Turing[image: External link], Tim Berners-Lee[image: External link], Paul Dirac, Stephen Hawking, Peter Higgs, Roger Penrose, John Horton Conway[image: External link], Thomas Bayes[image: External link], Arthur Cayley[image: External link], G. H. Hardy[image: External link], Oliver Heaviside[image: External link], Andrew Wiles[image: External link], Francis Crick[image: External link], Joseph Lister[image: External link], Christopher Wren[image: External link] and Richard Dawkins[image: External link]. Some experts claim that the earliest concept of a metric system[image: External link] was invented by John Wilkins[image: External link], the first secretary of the Royal Society, in 1668.[148]

As the birthplace of the Industrial Revolution[image: External link], England was home to many significant inventors during the late 18th and early 19th centuries. Famous English engineers include Isambard Kingdom Brunel[image: External link], best known for the creation of the Great Western Railway[image: External link], a series of famous steamships[image: External link], and numerous important bridges, hence revolutionising public transport and modern-day engineering.[149] Thomas Newcomen[image: External link]'s steam engine[image: External link] helped spawn the Industrial Revolution.[150] The Father of Railways, George Stephenson[image: External link], built the first public inter-city railway line in the world, the Liverpool and Manchester Railway[image: External link], which opened in 1830. With his role in the marketing and manufacturing of the steam engine, and invention of modern coinage, Matthew Boulton[image: External link] (business partner of James Watt[image: External link]) is regarded as one of the most influential entrepreneurs in history.[151] The physician Edward Jenner[image: External link]'s smallpox vaccine[image: External link] is said to have "saved more lives ... than were lost in all the wars of mankind since the beginning of recorded history."[152][153][154]

Inventions and discoveries of the English include: the jet engine[image: External link], the first industrial spinning machine[image: External link], the first computer[image: External link] and the first modern computer[image: External link], the World Wide Web[image: External link] along with HTML[image: External link], the first successful human blood transfusion[image: External link], the motorised vacuum cleaner[image: External link],[155] the lawn mower[image: External link], the seat belt[image: External link], the hovercraft[image: External link], the electric motor[image: External link], steam engines[image: External link], and theories such as the Darwinian theory of evolution[image: External link] and atomic theory[image: External link]. Newton developed the ideas of universal gravitation[image: External link], Newtonian mechanics[image: External link], and calculus[image: External link], and Robert Hooke[image: External link] his eponymously named law of elasticity[image: External link]. Other inventions include the iron plate railway, the thermosiphon[image: External link], tarmac[image: External link], the rubber band[image: External link], the mousetrap[image: External link], "cat's eye"[image: External link] road marker[image: External link], joint development of the light bulb[image: External link], steam locomotives[image: External link], the modern seed drill[image: External link] and many modern techniques and technologies used in precision engineering[image: External link].[156]




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Transport




Main article: Transport in England[image: External link]


The Department for Transport[image: External link] is the government body responsible for overseeing transport in England. There are many motorways in England[image: External link], and many other trunk roads, such as the A1 Great North Road[image: External link], which runs through eastern England from London to Newcastle[158] (much of this section is motorway) and onward to the Scottish border. The longest motorway in England is the M6[image: External link], from Rugby[image: External link] through the North West[image: External link] up to the Anglo-Scottish border[image: External link], a distance of 232 miles (373 km).[158] Other major routes include: the M1[image: External link] from London to Leeds, the M25[image: External link] which encircles London, the M60[image: External link] which encircles Manchester, the M4[image: External link] from London to South Wales, the M62[image: External link] from Liverpool via Manchester to East Yorkshire, and the M5[image: External link] from Birmingham to Bristol and the South West.[158]

Bus[image: External link] transport across the country is widespread; major companies include National Express[image: External link], Arriva[image: External link] and Go-Ahead Group[image: External link]. The red double-decker buses[image: External link] in London have become a symbol of England. There is a rapid transit[image: External link] network in two English cities: the London Underground[image: External link]; and the Tyne and Wear Metro[image: External link] in Newcastle, Gateshead and Sunderland.[159] There are several tram networks, such as the Blackpool tramway[image: External link], Manchester Metrolink[image: External link], Sheffield Supertram[image: External link] and Midland Metro[image: External link], and the Tramlink system centred on Croydon in South London.[159]

Rail transport in England[image: External link] is the oldest in the world: passenger railways originated in England in 1825.[160] Much of Britain's 10,000 miles (16,000 km) of rail network lies in England, covering the country fairly extensively, although a high proportion of railway lines were closed in the second half of the 20th century. There are plans to reopen lines such as the Varsity Line[image: External link] between Oxford and Cambridge. These lines are mostly standard gauge ( single[image: External link], double[image: External link] or quadruple track[image: External link]) though there are also a few narrow gauge lines[image: External link]. There is rail transport access to France and Belgium through an undersea rail link, the Channel Tunnel[image: External link], which was completed in 1994.

England has extensive domestic and international aviation links. The largest airport is London Heathrow[image: External link], which is the world's busiest airport measured by number of international passengers[image: External link].[161] Other large airports include Manchester Airport[image: External link], London Stansted Airport[image: External link], Luton Airport[image: External link] and Birmingham Airport[image: External link].[157] By sea there is ferry transport, both local and international, including to Ireland, the Netherlands and Belgium.[162] There are around 4,400 miles (7,100 km) of navigable waterways in England, half of which is owned by the Canal and River Trust[image: External link],[162] however water transport is very limited. The Thames[image: External link] is the major waterway in England, with imports and exports focused at the Port of Tilbury[image: External link] in the Thames Estuary, one of the United Kingdom's three major ports.[162]
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Main article: Healthcare in England[image: External link]


The National Health Service[image: External link] (NHS) is the publicly funded healthcare system[image: External link] in England responsible for providing the majority of healthcare in the country. The NHS began on 5 July 1948, putting into effect the provisions of the National Health Service Act 1946[image: External link]. It was based on the findings of the Beveridge Report[image: External link], prepared by economist and social reformer William Beveridge[image: External link].[163] The NHS is largely funded from general taxation including National Insurance[image: External link] payments,[164] and it provides most of its services free at the point of use, although there are charges for some people for eye tests, dental care, prescriptions and aspects of personal care.[165]

The government department responsible for the NHS is the Department of Health[image: External link], headed by the Secretary of State for Health[image: External link], who sits in the British Cabinet[image: External link]. Most of the expenditure of the Department of Health is spent on the NHS—£98.6 billion was spent in 2008–2009.[166] In recent years the private sector has been increasingly used to provide more NHS services despite opposition by doctors and trade unions.[167] The average life expectancy[image: External link] of people in England is 77.5 years for males and 81.7 years for females, the highest of the four countries of the United Kingdom[image: External link].[168]
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Main article: Demography of England[image: External link]
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Main article: English people[image: External link]


See also: English diaspora[image: External link], Cornish people[image: External link], and List of urban areas in the United Kingdom[image: External link]


With over 53 million inhabitants, England is by far the most populous country of the United Kingdom, accounting for 84% of the combined total.[11][169] England taken as a unit and measured against international states has the fourth largest population in the European Union and would be the 25th largest country by population[image: External link] in the world.[170] With a density of 407 people per square kilometre, it would be the second most densely populated country in the European Union after Malta[image: External link].[171][172]

The English people[image: External link] are a British people[image: External link].[173] Some genetic evidence suggests that 75–95% descend in the paternal line from prehistoric settlers who originally came from the Iberian Peninsula[image: External link], as well as a 5% contribution from Angles[image: External link] and Saxons[image: External link], and a significant Scandinavian[image: External link] ( Viking[image: External link]) element.[174][175][176] However, other geneticists place the Germanic[image: External link] estimate up to half.[177][178] Over time, various cultures have been influential: Prehistoric[image: External link], Brythonic[image: External link],[179] Roman[image: External link], Anglo-Saxon[image: External link],[180] Viking[image: External link] (North Germanic),[181] Gaelic[image: External link] cultures, as well as a large influence from Normans[image: External link]. There is an English diaspora in former parts of the British Empire; especially the United States, Canada, Australia, South Africa and New Zealand.[nb 4] Since the late 1990s, many English people have migrated[image: External link] to Spain.[186][187]

In 1086, when the Domesday Book[image: External link] was compiled, England had a population of two million. About ten per cent lived in urban areas.[189] By 1801 the population had grown to 8.3 million, and by 1901 had grown to 30.5 million.[190] Due in particular to the economic prosperity of South East England[image: External link], it has received many economic migrants from the other parts of the United Kingdom.[173] There has been significant Irish migration[image: External link].[191] The proportion of ethnically European residents totals at 87.50%, including Germans[image: External link][192] and Poles[image: External link].[173]

Other people from much further afield in the former British colonies have arrived since the 1950s: in particular, 6% of people living in England have family origins in the Indian subcontinent[image: External link], mostly India, Pakistan[image: External link] and Bangladesh[image: External link].[173][192] 2.90% of the population are black, from both the Caribbean[image: External link] and countries in Africa itself, especially former British colonies.[173][192] There is a significant number of Chinese and British Chinese[image: External link].[173][192] In 2007, 22% of primary school children in England were from ethnic minority[image: External link] families,[193] and in 2011 that figure was 26.5%.[194] About half of the population increase between 1991 and 2001 was due to immigration.[195] Debate over immigration is politically prominent;[196] according to a 2009 Home Office[image: External link] poll, 80% of people want to cap it.[197] The ONS[image: External link] has projected that the population will grow by nine million between 2014 and 2039.[198]

England contains one indigenous national minority, the Cornish people[image: External link], recognised by the UK government under the Framework Convention for the Protection of National Minorities[image: External link] in 2014.[199]
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Further information: English language in England[image: External link]


See also: English language[image: External link], History of the English language[image: External link], and Cornish language[image: External link]




	Language
	Native speakers[200]




	English
	46,936,780



	Polish
	529,173



	Punjabi
	271,580



	Urdu
	266,330



	Bengali
	216,196



	Gujarati
	212,217



	Arabic
	152,490



	French
	145,026



	Welsh
	8,248



	Cornish
	554



	Other
	2,267,016



	Population
	51,005,610




As its name suggests, the English language[image: External link], today spoken by hundreds of millions of people around the world, originated as the language of England, where it remains the principal tongue spoken by 98% of the population.[202] It is an Indo-European[image: External link] language in the Anglo-Frisian[image: External link] branch of the Germanic[image: External link] family.[203] After the Norman conquest[image: External link], the Old English[image: External link] language was displaced and confined to the lower social classes[image: External link] as Norman French[image: External link] and Latin[image: External link] were used by the aristocracy.

By the 15th century, English was back in fashion among all classes, though much changed; the Middle English[image: External link] form showed many signs of French influence, both in vocabulary and spelling. During the English Renaissance[image: External link], many words were coined from Latin and Greek origins.[204] Modern English[image: External link] has extended this custom of flexibility, when it comes to incorporating words from different languages. Thanks in large part to the British Empire[image: External link], the English language is the world's unofficial lingua franca[image: External link].[205]

English language learning and teaching[image: External link] is an important economic activity[image: External link], and includes language schooling[image: External link], tourism[image: External link] spending, and publishing[image: External link]. There is no legislation[image: External link] mandating an official language[image: External link] for England,[206] but English is the only language used for official business. Despite the country's relatively small size, there are many distinct regional accents[image: External link], and individuals with particularly strong accents may not be easily understood everywhere in the country.

As well as English, England has two other indigenous languages[image: External link], Cornish[image: External link] and Welsh[image: External link]. Cornish died out as a community language in the 18th century but is being revived,[207][208] and is now protected under the European Charter for Regional or Minority Languages[image: External link].[209] It is spoken by 0.1% of people in Cornwall[image: External link],[210] and is taught to some degree in several primary[image: External link] and secondary schools[image: External link].[211][212]

When the modern border between Wales and England was established by the Laws in Wales Acts 1535 and 1542[image: External link], many Welsh-speaking communities found themselves on the English side of the border. Welsh was spoken in Archenfield[image: External link] in Herefordshire[image: External link] into the nineteenth century.[213] Welsh was spoken by natives of parts of western Shropshire[image: External link] until the middle of the twentieth century if not later.[214]

State schools[image: External link] teach students a second language[image: External link], usually French[image: External link], German[image: External link] or Spanish[image: External link].[215] Due to immigration[image: External link], it was reported in 2007 that around 800,000 school students spoke a foreign language[image: External link] at home,[193] the most common being Punjabi[image: External link] and Urdu[image: External link]. However, following the 2011 census data released by the Office for National Statistics[image: External link], figures now show that Polish is the main language spoken in England after English.[216]
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Main article: Religion in England[image: External link]


Further information: History of Christianity in England[image: External link]


In the 2011 census, 59.4% of the population of England specified their religion as Christian[image: External link], 24.7% answered that they had no religion, 5% specified that they were Muslim[image: External link], while 3.7% of the population belongs to other religions and 7.2% did not give an answer.[217] Christianity is the most widely practised religion in England, as it has been since the Early Middle Ages, although it was first introduced much earlier in Gaelic and Roman times. This Celtic Church[image: External link] was gradually joined to the Catholic[image: External link] hierarchy following the 6th-century Gregorian mission[image: External link] to Kent[image: External link] led by St Augustine[image: External link]. The established church[image: External link] of England is the Church of England[image: External link],[218] which left communion with Rome[image: External link] in the 1530s when Henry VIII[image: External link] was unable to annul his divorce to the aunt[image: External link] of the king of Spain[image: External link]. The church regards itself as both Catholic and Protestant[image: External link].[219]

There are High Church[image: External link] and Low Church[image: External link] traditions, and some Anglicans regard themselves as Anglo-Catholics[image: External link], following the Tractarian movement[image: External link]. The monarch of the United Kingdom is the Supreme Governor[image: External link] of the church, which has around 26 million baptised members (of whom the vast majority are not regular churchgoers). It forms part of the Anglican Communion[image: External link] with the Archbishop of Canterbury[image: External link] acting as its symbolic worldwide head.[220] Many cathedrals[image: External link] and parish churches are historic buildings of significant architectural importance, such as Westminster Abbey[image: External link], York Minster[image: External link], Durham Cathedral[image: External link], and Salisbury Cathedral[image: External link].

The 2nd-largest Christian practice is the Latin Rite[image: External link] of the Catholic Church. Since its reintroduction after the Catholic Emancipation[image: External link], the Church has organised ecclesiastically on an England and Wales[image: External link] basis where there are 4.5 million members (most of whom are English).[221] There has been one Pope from England to date, Adrian IV[image: External link]; while saints Bede[image: External link] and Anselm[image: External link] are regarded as Doctors of the Church[image: External link].

A form of Protestantism[image: External link] known as Methodism[image: External link] is the third largest Christian practice and grew out of Anglicanism through John Wesley[image: External link].[222] It gained popularity in the mill towns[image: External link] of Lancashire[image: External link] and Yorkshire[image: External link], and amongst tin miners in Cornwall[image: External link].[223] There are other non-conformist[image: External link] minorities, such as Baptists[image: External link], Quakers[image: External link], Congregationalists[image: External link], Unitarians[image: External link] and The Salvation Army[image: External link].[224]

The patron saint of England is Saint George[image: External link]; his symbolic cross is included in the flag of England, as well as in the Union Flag as part of a combination.[225] There are many other English and associated saints; some of the best-known are: Cuthbert[image: External link], Edmund[image: External link], Alban[image: External link], Wilfrid[image: External link], Aidan[image: External link], Edward the Confessor[image: External link], John Fisher[image: External link], Thomas More[image: External link], Petroc[image: External link], Piran[image: External link], Margaret Clitherow[image: External link] and Thomas Becket[image: External link]. There are non-Christian religions practised. Jews have a history of a small minority on the island since 1070.[226] They were expelled from England in 1290 following the Edict of Expulsion[image: External link], only to be allowed back in 1656.[226]

Especially since the 1950s, religions from the former British colonies[image: External link] have grown in numbers, due to immigration. Islam is the most common of these, now accounting for around 5% of the population in England.[227] Hinduism[image: External link], Sikhism[image: External link] and Buddhism[image: External link] are next in number, adding up to 2.8% combined,[227] introduced from India and South East Asia[image: External link].[227]

A small minority of the population practise ancient Pagan religions[image: External link]. Neopaganism in the United Kingdom[image: External link] is primarily represented by Wicca[image: External link] and Witchcraft religions[image: External link], Druidry[image: External link], and Heathenry[image: External link]. According to the 2011 UK Census[image: External link], there are roughly 53,172 people who identify as Pagan in England,[nb 5] and 3,448 in Wales[image: External link],[nb 5] including 11,026 Wiccans[image: External link] in England and 740 in Wales.[nb 6]
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Main article: Education in England[image: External link]


See also: List of universities in England[image: External link]


The Department for Education[image: External link] is the government department responsible for issues affecting people in England up to the age of 19, including education.[229] State-run and state-funded schools are attended by approximately 93% of English schoolchildren.[230] Of these, a minority are faith schools[image: External link] (primarily Church of England[image: External link] or Roman Catholic[image: External link] schools). Children who are between the ages of 3 and 5 attend nursery[image: External link] or an Early Years Foundation Stage[image: External link] reception unit within a primary school. Children between the ages of 5 and 11 attend primary school, and secondary school is attended by those aged between 11 and 16. After finishing compulsory education, students take GCSE[image: External link] examinations. Students may then opt to continue into further education[image: External link] for two years. Further education colleges[image: External link] (particularly sixth form colleges[image: External link]) often form part of a secondary school site. A-level[image: External link] examinations are sat by a large number of further education students, and often form the basis of an application to university[image: External link].

Although most English secondary schools are comprehensive[image: External link], in some areas there are selective intake grammar schools[image: External link], to which entrance is subject to passing the eleven-plus[image: External link] exam. Around 7.2% of English schoolchildren attend private schools[image: External link], which are funded by private sources.[231] Standards in state schools are monitored by the Office for Standards in Education[image: External link], and in private schools by the Independent Schools Inspectorate[image: External link].[232]

Higher education students normally attend university from age 18 onwards, where they study for an academic degree[image: External link]. There are over 90 universities in England, all but one of which are public institutions[image: External link]. The Department for Business, Innovation and Skills[image: External link] is the government department responsible for higher education in England.[233] Students are generally entitled to student loans[image: External link] to cover the cost of tuition fees[image: External link] and living costs.[nb 7] The first degree offered to undergraduates is the Bachelor's degree[image: External link], which usually takes three years to complete. Students are then able to work towards a postgraduate degree, which usually takes one year, or towards a doctorate[image: External link], which takes three or more years.

England's universities[image: External link] include some of the highest-ranked universities in the world; University of Cambridge, Imperial College London[image: External link], University of Oxford, University College London[image: External link] and King's College London[image: External link] are all ranked in the global top 30 in the 2018 QS World University Rankings[image: External link].[234] The London School of Economics[image: External link] has been described as the world's leading social science institution for both teaching and research.[235] The London Business School[image: External link] is considered one of the world's leading business schools and in 2010 its MBA programme was ranked best in the world by the Financial Times[image: External link].[236] Academic degrees[image: External link] in England are usually split into classes: first class (1st), upper second class (2:1), lower second class (2:2), third (3rd), and unclassified.

The King's School, Canterbury[image: External link] and King's School, Rochester[image: External link] are the oldest schools in the English-speaking world.[237] Many of England's most well-known schools, such as Winchester College[image: External link], Eton[image: External link], St Paul's School[image: External link], Harrow School[image: External link] and Rugby School[image: External link] are fee-paying institutions.[238]
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Main article: Culture of England[image: External link]


Further information: English Renaissance[image: External link]
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Many ancient standing stone[image: External link] monuments were erected during the prehistoric period, amongst the best-known are Stonehenge[image: External link], Devil's Arrows[image: External link], Rudston Monolith[image: External link] and Castlerigg[image: External link].[239] With the introduction of Ancient Roman architecture[image: External link] there was a development of basilicas[image: External link], baths[image: External link], amphitheaters[image: External link], triumphal arches[image: External link], villas[image: External link], Roman temples[image: External link], Roman roads[image: External link], Roman forts[image: External link], stockades[image: External link] and aqueducts[image: External link].[240] It was the Romans who founded the first cities and towns such as London, Bath, York, Chester and St Albans. Perhaps the best-known example is Hadrian's Wall[image: External link] stretching right across northern England.[240] Another well-preserved example is the Roman Baths[image: External link] at Bath, Somerset[image: External link].[240]

Early Medieval architecture's[image: External link] secular buildings were simple constructions mainly using timber with thatch[image: External link] for roofing. Ecclesiastical architecture ranged from a synthesis of Hiberno[image: External link]— Saxon[image: External link] monasticism[image: External link],[241][242] to Early Christian[image: External link] basilica[image: External link] and architecture characterised by pilaster-strips, blank arcading, baluster shafts and triangular headed openings. After the Norman conquest in 1066 various Castles in England[image: External link] were created so law lords could uphold their authority and in the north to protect from invasion. Some of the best-known medieval castles are the Tower of London[image: External link], Warwick Castle[image: External link], Durham Castle[image: External link] and Windsor Castle[image: External link].[243]

Throughout the Plantagenet era an English Gothic architecture[image: External link] flourished—the medieval cathedrals[image: External link] such as Canterbury Cathedral[image: External link], Westminster Abbey[image: External link] and York Minster[image: External link] are prime examples.[243] Expanding on the Norman base[image: External link] there was also castles[image: External link], palaces[image: External link], great houses[image: External link], universities and parish churches[image: External link]. Medieval architecture was completed with the 16th-century Tudor style[image: External link]; the four-centred arch, now known as the Tudor arch[image: External link], was a defining feature as were wattle and daub[image: External link] houses domestically. In the aftermath of the Renaissance[image: External link] a form of architecture echoing classical antiquity, synthesised with Christianity appeared—the English Baroque[image: External link] style, architect Christopher Wren[image: External link] was particularly championed.[244]

Georgian architecture[image: External link] followed in a more refined style, evoking a simple Palladian form; the Royal Crescent[image: External link] at Bath is one of the best examples of this. With the emergence of romanticism[image: External link] during Victorian period, a Gothic Revival[image: External link] was launched—in addition to this around the same time the Industrial Revolution paved the way for buildings such as The Crystal Palace[image: External link]. Since the 1930s various modernist[image: External link] forms have appeared whose reception is often controversial, though traditionalist resistance movements continue with support in influential places.[nb 8]
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Main article: English folklore[image: External link]


English folklore developed over many centuries. Some of the characters and stories are present across England, but most belong to specific regions. Common folkloric beings include pixies[image: External link], giants[image: External link], elves[image: External link], bogeymen[image: External link], trolls[image: External link], goblins[image: External link] and dwarves[image: External link]. While many legends and folk-customs are thought to be ancient, for instance the tales featuring Offa of Angel[image: External link] and Wayland the Smith[image: External link],[246] others date from after the Norman invasion; Robin Hood[image: External link] and his Merry Men[image: External link] of Sherwood[image: External link] and their battles with the Sheriff of Nottingham[image: External link] being, perhaps, the best known.[247]

During the High Middle Ages[image: External link] tales originating from Brythonic traditions entered English folklore—the Arthurian myth[image: External link].[248][249][250] These were derived from Anglo-Norman[image: External link], Welsh and French sources,[249] featuring King Arthur[image: External link], Camelot[image: External link], Excalibur[image: External link], Merlin[image: External link] and the Knights of the Round Table[image: External link] such as Lancelot[image: External link]. These stories are most centrally brought together within Geoffrey of Monmouth[image: External link]'s Historia Regum Britanniae[image: External link] (History of the Kings of Britain).[nb 9] Another early figure from British tradition[image: External link], King Cole[image: External link], may have been based on a real figure from Sub-Roman Britain. Many of the tales and pseudo-histories[image: External link] make up part of the wider Matter of Britain[image: External link], a collection of shared British folklore.

Some folk figures are based on semi or actual historical people whose story has been passed down centuries; Lady Godiva[image: External link] for instance was said to have ridden naked on horseback through Coventry[image: External link], Hereward the Wake[image: External link] was a heroic English figure resisting the Norman invasion, Herne the Hunter[image: External link] is an equestrian[image: External link] ghost associated with Windsor[image: External link] Forest and Great Park[image: External link] and Mother Shipton[image: External link] is the archetypal witch.[252] On 5 November people make bonfires, set off fireworks[image: External link] and eat toffee apples[image: External link] in commemoration[image: External link] of the foiling of the Gunpowder Plot[image: External link] centred on Guy Fawkes[image: External link]. The chivalrous bandit, such as Dick Turpin[image: External link], is a recurring character, while Blackbeard[image: External link] is the archetypal pirate. There are various national and regional folk activities, participated in to this day, such as Morris dancing[image: External link], Maypole dancing[image: External link], Rapper sword[image: External link] in the North East, Long Sword dance[image: External link] in Yorkshire, Mummers Plays[image: External link], bottle-kicking[image: External link] in Leicestershire, and cheese-rolling[image: External link] at Cooper's Hill[image: External link].[253] There is no official national costume, but a few are well established such as the Pearly Kings and Queens[image: External link] associated with cockneys, the Royal Guard[image: External link], the Morris costume[image: External link] and Beefeaters[image: External link].[254]
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 Cuisine




Main article: English cuisine[image: External link]


Since the early modern period[image: External link] the food of England has historically been characterised by its simplicity of approach and a reliance on the high quality of natural produce.[255] During the Middle Ages[image: External link] and through the Renaissance period, English cuisine enjoyed an excellent reputation, though a decline began during the Industrial Revolution[image: External link] with the move away from the land and increasing urbanisation of the populace. The cuisine of England has, however, recently undergone a revival, which has been recognised by the food critics with some good ratings in Restaurant[image: External link]'s best restaurant in the world[image: External link] charts.[256] An early book of English recipes is the Forme of Cury[image: External link] from the royal court of Richard II[image: External link].[257]

Traditional examples of English food include the Sunday roast[image: External link], featuring a roasted joint[image: External link] (usually beef, lamb[image: External link], chicken or pork) served with assorted vegetables, Yorkshire pudding[image: External link], and gravy[image: External link].[258] Other prominent meals include fish and chips[image: External link] and the full English breakfast[image: External link] (generally consisting of bacon[image: External link], sausages[image: External link], grilled tomatoes, fried bread, black pudding[image: External link], baked beans[image: External link], mushrooms[image: External link], and eggs).[259] Various meat pies[image: External link] are consumed such as steak and kidney pie[image: External link], steak and ale pie[image: External link], cottage pie[image: External link], pork pie[image: External link] (the latter usually eaten cold)[258] and the Cornish Pasty[image: External link].

Sausages are commonly eaten, either as bangers and mash[image: External link] or toad in the hole[image: External link]. Lancashire hotpot[image: External link] is a well known stew in the northwest. Some of the more popular cheeses are Cheddar[image: External link], Red Leicester[image: External link] and Wensleydale[image: External link] together with Blue Stilton[image: External link]. Many Anglo-Indian[image: External link] hybrid dishes, curries[image: External link], have been created such as chicken tikka masala[image: External link] and balti[image: External link]. Traditional English dessert dishes include apple pie[image: External link] or other fruit pies; spotted dick[image: External link] – all generally served with custard[image: External link]; and, more recently, sticky toffee pudding[image: External link]. Sweet pastries include scones[image: External link] (either plain or containing dried fruit) served with jam and/or cream, dried fruit loaves, Eccles cakes[image: External link] and mince pies[image: External link] as well as a wide range of sweet or spiced biscuits[image: External link]. Common drinks include tea, whose popularity was increased by Catherine of Braganza[image: External link],[260] whilst frequently consumed alcoholic drinks include wines, ciders[image: External link] and English beers[image: External link], such as bitter[image: External link], mild[image: External link], stout[image: External link], and brown ale[image: External link].[261]
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 Visual arts




Main article: English art[image: External link]


See also: Arts Council England[image: External link]


The earliest known examples are the prehistoric rock and cave art[image: External link] pieces, most prominent in North Yorkshire[image: External link], Northumberland and Cumbria[image: External link], but also feature further south, for example at Creswell Crags[image: External link].[262] With the arrival of Roman culture[image: External link] in the 1st century, various forms of art utilising statues, busts, glasswork and mosaics were the norm. There are numerous surviving artefacts, such as those at Lullingstone[image: External link] and Aldborough[image: External link].[263] During the Early Middle Ages the style favoured sculpted crosses and ivories, manuscript painting, gold and enamel jewellery, demonstrating a love of intricate, interwoven designs such as in the Staffordshire Hoard[image: External link] discovered in 2009. Some of these blended Gaelic and Anglian[image: External link] styles, such as the Lindisfarne Gospels[image: External link] and Vespasian Psalter[image: External link].[264] Later Gothic art[image: External link] was popular at Winchester and Canterbury, examples survive such as Benedictional of St. Æthelwold[image: External link] and Luttrell Psalter[image: External link].[265]

The Tudor era saw prominent artists[image: External link] as part of their court, portrait painting which would remain an enduring part of English art, was boosted by German Hans Holbein[image: External link], natives such as Nicholas Hilliard[image: External link] built on this.[265] Under the Stuarts, Continental artists were influential especially the Flemish, examples from the period include—Anthony van Dyck[image: External link], Peter Lely[image: External link], Godfrey Kneller[image: External link] and William Dobson[image: External link].[265] The 18th century was a time of significance with the founding of the Royal Academy[image: External link], a classicism[image: External link] based on the High Renaissance[image: External link] prevailed—Thomas Gainsborough[image: External link] and Joshua Reynolds[image: External link] became two of England's most treasured artists.[265]

The Norwich School[image: External link] continued the landscape tradition, while the Pre-Raphaelite Brotherhood[image: External link] with their vivid and detailed style revived the Early Renaissance[image: External link] style—Holman Hunt[image: External link], Dante Gabriel Rossetti[image: External link] and John Everett Millais[image: External link] were leaders.[265] Prominent amongst 20th-century artists was Henry Moore[image: External link], regarded as the voice of British sculpture, and of British modernism in general.[266] Contemporary painters include Lucian Freud[image: External link], whose work Benefits Supervisor Sleeping[image: External link] in 2008 set a world record for sale value of a painting by a living artist.[267]
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 Literature, poetry and philosophy




Main article: English literature[image: External link]


Early authors such as Bede[image: External link] and Alcuin[image: External link] wrote in Latin.[268] The period of Old English literature[image: External link] provided the epic poem Beowulf[image: External link] and the secular prose of the Anglo-Saxon Chronicle[image: External link],[269] along with Christian writings such as Judith[image: External link], Cædmon[image: External link]'s Hymn[image: External link] and hagiographies[image: External link].[268] Following the Norman conquest Latin[image: External link] continued amongst the educated classes, as well as an Anglo-Norman literature[image: External link].

Middle English literature[image: External link] emerged with Geoffrey Chaucer[image: External link], author of The Canterbury Tales[image: External link], along with Gower[image: External link], the Pearl Poet[image: External link] and Langland[image: External link]. William of Ockham[image: External link] and Roger Bacon[image: External link], who were Franciscans[image: External link], were major philosophers of the Middle Ages. Julian of Norwich[image: External link], who wrote Revelations of Divine Love[image: External link], was a prominent Christian mystic. With the English Renaissance[image: External link] literature in the Early Modern English[image: External link] style appeared. William Shakespeare[image: External link], whose works include Hamlet[image: External link], Romeo and Juliet[image: External link], Macbeth[image: External link], and A Midsummer Night's Dream[image: External link], remains one of the most championed authors in English literature.[270]

Christopher Marlowe[image: External link], Edmund Spenser[image: External link], Philip Sydney[image: External link], Thomas Kyd[image: External link], John Donne[image: External link], and Ben Jonson[image: External link] are other established authors of the Elizabethan age[image: External link].[271] Francis Bacon[image: External link] and Thomas Hobbes[image: External link] wrote on empiricism[image: External link] and materialism[image: External link], including scientific method[image: External link] and social contract[image: External link].[271] Filmer[image: External link] wrote on the Divine Right of Kings[image: External link]. Marvell[image: External link] was the best-known poet of the Commonwealth[image: External link],[272] while John Milton[image: External link] authored Paradise Lost[image: External link] during the Restoration[image: External link].

Some of the most prominent philosophers of the Enlightenment[image: External link] were John Locke[image: External link], Thomas Paine[image: External link], Samuel Johnson[image: External link] and Jeremy Bentham[image: External link]. More radical elements were later countered by Edmund Burke[image: External link] who is regarded as the founder of conservatism.[274] The poet Alexander Pope[image: External link] with his satirical verse became well regarded. The English played a significant role in romanticism[image: External link]: Samuel Taylor Coleridge[image: External link], Lord Byron[image: External link], John Keats[image: External link], Mary Shelley[image: External link], Percy Bysshe Shelley[image: External link], William Blake[image: External link] and William Wordsworth[image: External link] were major figures.[275]

In response to the Industrial Revolution[image: External link], agrarian writers sought a way between liberty[image: External link] and tradition; William Cobbett[image: External link], G. K. Chesterton[image: External link] and Hilaire Belloc[image: External link] were main exponents, while the founder of guild socialism[image: External link], Arthur Penty[image: External link], and cooperative movement[image: External link] advocate G. D. H. Cole[image: External link] are somewhat related.[276] Empiricism continued through John Stuart Mill[image: External link] and Bertrand Russell[image: External link], while Bernard Williams[image: External link] was involved in analytics[image: External link]. Authors from around the Victorian era[image: External link] include Charles Dickens[image: External link], the Brontë sisters[image: External link], Jane Austen[image: External link], George Eliot[image: External link], Rudyard Kipling[image: External link], Thomas Hardy[image: External link], H. G. Wells[image: External link] and Lewis Carroll[image: External link].[277] Since then England has continued to produce novelists such as George Orwell[image: External link], D. H. Lawrence[image: External link], Virginia Woolf[image: External link], C. S. Lewis[image: External link], Enid Blyton[image: External link], Aldous Huxley[image: External link], Agatha Christie[image: External link], Terry Pratchett[image: External link], J. R. R. Tolkien[image: External link], and J. K. Rowling[image: External link].[278]
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 Performing arts




Further information: Folk music of England[image: External link]


See also: Music of the United Kingdom[image: External link]


The traditional folk music of England[image: External link] is centuries old and has contributed to several genres prominently; mostly sea shanties[image: External link], jigs[image: External link], hornpipes[image: External link] and dance music[image: External link]. It has its own distinct variations and regional peculiarities. Wynkyn de Worde[image: External link] printed ballads of Robin Hood from the 16th century are an important artefact, as are John Playford[image: External link]'s The Dancing Master[image: External link] and Robert Harley's[image: External link] Roxburghe Ballads[image: External link] collections.[279] Some of the best-known songs are Greensleeves[image: External link], Pastime with Good Company[image: External link], Maggie May[image: External link] and Spanish Ladies[image: External link] amongst others. Many nursery rhymes[image: External link] are of English origin such as Twinkle Twinkle Little Star[image: External link], Roses are red[image: External link], Jack and Jill[image: External link], London Bridge Is Falling Down[image: External link], The Grand Old Duke of York[image: External link], Hey Diddle Diddle[image: External link] and Humpty Dumpty[image: External link].[280] Traditional English Christmas carols include "We Wish You a Merry Christmas[image: External link]", "The First Noel[image: External link]" and "God Rest You Merry, Gentlemen[image: External link]".[281]

Early English composers in classical music[image: External link] include Renaissance artists Thomas Tallis[image: External link] and William Byrd[image: External link], followed up by Henry Purcell[image: External link] from the Baroque period[image: External link]. German-born George Frideric Handel[image: External link] became a British subject[285] and spent most of his composing life in London, creating some of the most well-known works of classical music, The Messiah[image: External link], Water Music[image: External link], and Music for the Royal Fireworks[image: External link]. One of his four Coronation Anthems[image: External link], Zadok the Priest[image: External link], composed for the coronation of George II[image: External link], has been performed at every subsequent British coronation[image: External link], traditionally during the sovereign's anointing. There was a revival in the profile of composers from England in the 20th century led by Edward Elgar[image: External link], Benjamin Britten[image: External link], Frederick Delius[image: External link], Gustav Holst[image: External link], Ralph Vaughan Williams[image: External link] and others.[286] Present-day composers from England include Michael Nyman[image: External link], best known for The Piano[image: External link], and Andrew Lloyd Webber[image: External link], whose musicals have achieved enormous success in the West End[image: External link] and worldwide.[287]

In the field of popular music[image: External link], many English bands and solo artists have been cited as the most influential and best-selling musicians of all time. Acts such as The Beatles[image: External link], Led Zeppelin[image: External link], Pink Floyd, Elton John[image: External link], Queen[image: External link], Rod Stewart[image: External link] and The Rolling Stones[image: External link] are among the highest selling recording artists in the world.[288] Many musical genres have origins in (or strong associations with) England, such as British invasion[image: External link], progressive rock[image: External link], hard rock[image: External link], Mod[image: External link], glam rock[image: External link], heavy metal[image: External link], Britpop[image: External link], indie rock[image: External link], gothic rock[image: External link], shoegazing[image: External link], acid house[image: External link], garage[image: External link], trip hop[image: External link], drum and bass[image: External link] and dubstep[image: External link].[289]

Large outdoor music festivals[image: External link] in the summer and autumn are popular, such as Glastonbury[image: External link], V Festival[image: External link], and the Reading and Leeds Festivals[image: External link]. The most prominent opera house[image: External link] in England is the Royal Opera House[image: External link] at Covent Garden[image: External link].[290] The Proms[image: External link] – a season of orchestral[image: External link] classical[image: External link] concerts held at the Royal Albert Hall[image: External link] in London – is a major cultural event in the English calendar, and takes place yearly.[290] The Royal Ballet[image: External link] is one of the world's foremost classical ballet companies, its reputation built on two prominent figures of 20th-century dance, prima ballerina[image: External link] Margot Fonteyn[image: External link] and choreographer Frederick Ashton[image: External link].
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 Cinema




See also: Cinema of the United Kingdom[image: External link]


England (and the UK as a whole) has had a considerable influence on the history of the cinema, producing some of the greatest actors, directors and motion pictures of all time, including Alfred Hitchcock[image: External link], Charlie Chaplin[image: External link], David Lean[image: External link], Laurence Olivier[image: External link], Vivien Leigh[image: External link], John Gielgud[image: External link], Peter Sellers[image: External link], Julie Andrews[image: External link], Michael Caine[image: External link], Gary Oldman[image: External link], Helen Mirren[image: External link], Kate Winslet[image: External link] and Daniel Day-Lewis[image: External link]. Hitchcock and Lean are among the most critically acclaimed filmmakers.[292] Hitchcock's first thriller, The Lodger: A Story of the London Fog[image: External link] (1926), helped shape the thriller[image: External link] genre in film, while his 1929 film, Blackmail[image: External link], is often regarded as the first British sound[image: External link] feature film.[293]

Major film studios in England include Pinewood[image: External link], Elstree[image: External link] and Shepperton[image: External link]. Some of the most commercially successful films of all time have been produced in England, including two of the highest-grossing film franchises[image: External link] (Harry Potter[image: External link] and James Bond[image: External link]).[294] Ealing Studios[image: External link] in London has a claim to being the oldest continuously working film studio in the world.[295] Famous for recording many motion picture film scores[image: External link], the London Symphony Orchestra[image: External link] first performed film music in 1935.[296]

The BFI Top 100 British films[image: External link] includes Monty Python's Life of Brian[image: External link] (1979), a film regularly voted the funniest of all time by the UK public.[297] English producers are also active in international co-productions[image: External link] and English actors, directors and crew feature regularly in American films. The UK film council ranked David Yates[image: External link], Christopher Nolan[image: External link], Mike Newell[image: External link], Ridley Scott[image: External link] and Paul Greengrass[image: External link] the five most commercially successful English directors since 2001.[298] Other contemporary English directors include Sam Mendes[image: External link], Guy Ritchie[image: External link] and Steve McQueen[image: External link]. Current actors include Tom Hardy[image: External link], Daniel Craig[image: External link], Benedict Cumberbatch and Emma Watson[image: External link]. Acclaimed for his motion capture work, Andy Serkis[image: External link] opened The Imaginarium Studios[image: External link] in London in 2011.[299] The visual effects company Framestore[image: External link] in London has produced some of the most critically acclaimed special effects in modern film.[300] Many successful Hollywood films have been based on English people, stories[image: External link] or events. The 'English Cycle'[image: External link] of Disney animated films include Alice in Wonderland[image: External link], The Jungle Book[image: External link] and Winnie the Pooh[image: External link].[301]
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 Museums, libraries, and galleries




Further information: List of museums in England[image: External link]


English Heritage[image: External link] is a governmental body with a broad remit of managing the historic sites, artefacts and environments of England. It is currently sponsored by the Department for Culture, Media and Sport[image: External link]. The charity National Trust for Places of Historic Interest or Natural Beauty[image: External link] holds a contrasting role. 17 of the 25 United Kingdom UNESCO World Heritage Sites[image: External link] fall within England.[302] Some of the best-known of these are: Hadrian's Wall[image: External link], Stonehenge, Avebury and Associated Sites[image: External link], Tower of London[image: External link], Jurassic Coast[image: External link], Saltaire[image: External link], Ironbridge Gorge[image: External link], Studley Royal Park[image: External link] and various others.[303]

There are many museums in England, but perhaps the most notable is London's British Museum[image: External link]. Its collection of more than seven million objects[304] is one of the largest and most comprehensive in the world,[305] sourced from every continent, illustrating and documenting the story of human culture from its beginning to the present. The British Library[image: External link] in London is the national library[image: External link] and is one of the world's largest research libraries[image: External link], holding over 150 million items in all known languages and formats; including around 25 million books.[306] The most senior art gallery is the National Gallery[image: External link] in Trafalgar Square[image: External link], which houses a collection of over 2,300 paintings dating from the mid-13th century to 1900.[307] The Tate[image: External link] galleries house the national collections of British and international modern art; they also host the famously controversial Turner Prize[image: External link].[308]
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 Sports




Main article: Sport in England[image: External link]


England has a strong sporting heritage, and during the 19th century codified many sports that are now played around the world. Sports originating in England include association football[image: External link],[309] cricket[image: External link], rugby union[image: External link], rugby league[image: External link], tennis[image: External link], boxing[image: External link], badminton, squash[image: External link],[310] rounders[image: External link],[311] hockey[image: External link], snooker[image: External link], billiards[image: External link], darts[image: External link], table tennis, bowls[image: External link], netball[image: External link], thoroughbred[image: External link] horseracing, greyhound racing[image: External link] and fox hunting[image: External link]. It has helped the development of golf[image: External link], sailing and Formula One[image: External link].

Football is the most popular[image: External link] of these sports. The England national football team[image: External link], whose home venue is Wembley Stadium[image: External link], played Scotland[image: External link] in the first ever international football match in 1872.[312] Referred to as the "home of football" by FIFA[image: External link], England hosted the 1966 FIFA World Cup[image: External link], and won the tournament by defeating West Germany[image: External link] 4–2 in the final[image: External link], with Geoff Hurst[image: External link] scoring a hat-trick[image: External link].[313] With a British television audience peak of 32.30 million viewers, the final is the most watched television event ever[image: External link] in the UK.[314]

At club level England is recognised by FIFA as the birthplace of club football, due to Sheffield F.C.[image: External link] founded in 1857 being the world's oldest club.[309] The Football Association[image: External link] is the oldest governing body in the sport, with the rules[image: External link] of football first drafted in 1863 by Ebenezer Cobb Morley[image: External link].[315] The FA Cup[image: External link] and The Football League[image: External link] were the first cup and league competitions respectively. In the modern day the Premier League[image: External link] is the world's most-watched football league,[316] most lucrative,[317] and amongst the elite.[318]

As is the case throughout the UK, football in England is renowned for the intense rivalries between clubs and the passion of the supporters, which includes a tradition of football chants, such as, "You're Not Singing Any More[image: External link]" (or its variant "We Can See You Sneaking Out!"), sung by jubilant fans towards the opposition fans who have gone silent (or left early).[319][320] The European Cup[image: External link] (now UEFA Champions League[image: External link]) has been won by Liverpool[image: External link], Manchester United[image: External link], Nottingham Forest[image: External link], Aston Villa[image: External link] and Chelsea[image: External link], while Arsenal[image: External link], and Leeds United[image: External link] have reached the final.[321] Other English clubs have enjoyed success, Tottenham Hotspur[image: External link], Ipswich Town[image: External link], Chelsea, and Liverpool have won the UEFA Cup, renamed UEFA Europa League[image: External link].

Cricket[image: External link] is generally thought to have been developed in the early medieval period among the farming and metalworking communities of the Weald[image: External link].[322] The England cricket team[image: External link] is a composite England and Wales team. One of the game's top rivalries is The Ashes[image: External link] series between England and Australia[image: External link], contested since 1882. The climax of the 2005 Ashes[image: External link] was viewed by 7.4 million as it was available on terrestrial television.[323] England has hosted four Cricket World Cups[image: External link] (1975, 1979, 1983, 1999) and will host the 2019 edition[image: External link], but never won the tournament, reaching the final 3 times. However they have hosted the ICC World Twenty20[image: External link] in 2009[image: External link], winning this format in 2010 beating rivals Australia in the final. In the domestic competition, the County Championship[image: External link], Yorkshire[image: External link] are by far the most successful club having won the competition 31 times.[324] Lord's Cricket Ground[image: External link] situated in London is sometimes referred to as the "Mecca of Cricket".[325]

William Penny Brookes[image: External link] was prominent in organising the format for the modern Olympic Games[image: External link]. In 1994, then President of the IOC[image: External link], Juan Antonio Samaranch[image: External link], laid a wreath on Brooke's grave, and said, "I came to pay homage and tribute to Dr Brookes, who really was the founder of the modern Olympic Games".[326] London has hosted the Summer Olympic Games[image: External link] three times, in 1908[image: External link], 1948[image: External link], and 2012[image: External link]. England competes in the Commonwealth Games[image: External link], held every four years. Sport England[image: External link] is the governing body responsible for distributing funds and providing strategic guidance for sporting activity in England.

Rugby union[image: External link] originated in Rugby School[image: External link], Warwickshire in the early 19th century.[327] The England rugby union team[image: External link] won the 2003 Rugby World Cup[image: External link], with Jonny Wilkinson[image: External link] scoring the winning drop goal[image: External link] in the last minute of extra time against Australia. England was one of the host nations of the competition in the 1991 Rugby World Cup[image: External link] and also hosted the 2015 Rugby World Cup[image: External link].[328] The top level of club participation is the English Premiership[image: External link]. Leicester Tigers[image: External link], London Wasps[image: External link], Bath Rugby[image: External link] and Northampton Saints[image: External link] have had success in the Europe-wide Heineken Cup[image: External link].

Rugby league[image: External link] was born in Huddersfield[image: External link] in 1895. Since 2008, the England national rugby league team[image: External link] has been a full test nation in lieu of the Great Britain national rugby league team[image: External link], which won three World Cups[image: External link] but is now retired. Club sides play in Super League[image: External link], the present-day embodiment of the Rugby Football League Championship[image: External link]. Rugby League is most popular among towns in the northern English counties of Lancashire[image: External link], Yorkshire[image: External link] and Cumbria[image: External link].[329] All eleven English clubs in Super League are based in the north of England. Some of the most successful clubs include Wigan Warriors[image: External link], St. Helens[image: External link], Leeds Rhinos[image: External link] and Huddersfield Giants[image: External link]; the former three have all won the World Club Challenge[image: External link] previously.

Golf[image: External link] has been prominent in England; due in part to its cultural and geographical ties to Scotland, the home of Golf[image: External link].[330] There are both professional tours for men and women, in two main tours: the PGA[image: External link] and the European Tour[image: External link]. England has produced grand slam winners: Cyril Walker[image: External link], Tony Jacklin[image: External link], Nick Faldo[image: External link], and Justin Rose[image: External link] in the men's and Laura Davies[image: External link], Alison Nicholas[image: External link], and Karen Stupples[image: External link] in the women's. The world's oldest golf tournament, and golf's first major, is The Open Championship[image: External link], played both in England and Scotland. The biennial golf competition, the Ryder Cup[image: External link], is named after English businessman Samuel Ryder[image: External link] who sponsored the event and donated the trophy.[331] Nick Faldo is the most successful Ryder Cup player ever, having won the most points (25) of any player on either the European or US teams.[332]

Tennis[image: External link] was created in Birmingham, England in the late 19th century, and the Wimbledon Championships[image: External link] is the oldest tennis tournament in the world, and widely considered the most prestigious.[334][335] Wimbledon is a tournament that has a major place in the British cultural calendar. Fred Perry[image: External link] was the last Englishman to win Wimbledon in 1936. He was the first player to win all four Grand Slam[image: External link] singles titles[336] and helped lead the Great Britain[image: External link] team to four Davis Cup[image: External link] wins. English women who have won Wimbledon include: Ann Haydon Jones[image: External link] in 1969 and Virginia Wade[image: External link] in 1977.

In boxing[image: External link], under the Marquess of Queensberry Rules[image: External link], England has produced many world champions across the weight divisions internationally recognised by the governing bodies. World champions include Bob Fitzsimmons[image: External link], Ted "Kid" Lewis[image: External link], Randolph Turpin[image: External link], Nigel Benn[image: External link], Chris Eubank[image: External link], Frank Bruno[image: External link], Lennox Lewis[image: External link], Ricky Hatton[image: External link], Naseem Hamed[image: External link], Amir Khan[image: External link], Carl Froch[image: External link], and David Haye[image: External link].[337] In women's boxing, Nicola Adams[image: External link] became the world's first woman to win an Olympic boxing Gold medal at the 2012 Summer Olympics[image: External link].

Originating in 17th and 18th-century England, the thoroughbred[image: External link] is a horse breed best known for its use in horse racing[image: External link]. The National Hunt[image: External link] horse race the Grand National[image: External link], is held annually at Aintree Racecourse[image: External link] in early April. It is the most watched horse race in the UK, attracting casual observers, and three-time winner Red Rum[image: External link] is the most successful racehorse in the event's history.[338] Red Rum is also the best-known racehorse in the country.[339]

The 1950 British Grand Prix[image: External link] at Silverstone[image: External link] was the first race in the newly created Formula One World Championship[image: External link].[340] Since then, England has produced some of the greatest drivers in the sport, including; John Surtees[image: External link], Stirling Moss[image: External link], Graham Hill[image: External link] (only driver to have won the Triple Crown[image: External link]), Nigel Mansell[image: External link] (only man to hold F1 and IndyCar titles at the same time), Damon Hill[image: External link], Lewis Hamilton[image: External link] and Jenson Button[image: External link].[341] It has manufactured some of the most technically advanced racing cars, and many of today's racing companies choose England as their base of operations for its engineering knowledge and organisation. McLaren Automotive[image: External link], Williams F1[image: External link], Team Lotus[image: External link], Honda[image: External link], Brawn GP[image: External link], Benetton[image: External link], Renault[image: External link], and Red Bull Racing[image: External link] are all, or have been, located in the south of England. England also has a rich heritage in Grand Prix motorcycle racing[image: External link], the premier championship of motorcycle[image: External link] road racing[image: External link], and produced several World Champions across all the various class of motorcycle: Mike Hailwood[image: External link], John Surtees[image: External link], Phil Read[image: External link], Geoff Duke[image: External link], and Barry Sheene[image: External link].

Darts[image: External link] is a widely popular sport in England; a professional competitive sport, darts is a traditional pub game[image: External link]. The sport is governed by the World Darts Federation[image: External link], one of its member organisations is the BDO[image: External link], which annually stages the Lakeside World Professional Championship, the other being the Professional Darts Corporation[image: External link] (PDC), which runs its own world championship at Alexandra Palace[image: External link] in London. Phil Taylor[image: External link] is widely regarded as the best darts player of all time, having won 187 professional tournaments, and a record 16 World Championships[image: External link].[342][343] Trina Gulliver[image: External link] is the ten-time Women's World Professional Darts Champion of the British Darts Organisation[image: External link]. Another popular sport commonly associated with pub games is Snooker[image: External link], and England has produced several world champions, including Steve Davis[image: External link] and Ronnie O'Sullivan[image: External link].

The English are keen sailors[image: External link] and enjoy competitive sailing[image: External link]; founding and winning some of the worlds most famous and respected international competitive tournaments across the various race formats, including the match race[image: External link], a regatta, and the America's Cup[image: External link]. England has produced some of the world's greatest sailors, including, Francis Chichester[image: External link], Herbert Hasler[image: External link], John Ridgway[image: External link], Robin Knox-Johnston[image: External link], Ellen MacArthur[image: External link], Mike Golding[image: External link], Paul Goodison[image: External link], and the most successful Olympic sailor ever Ben Ainslie[image: External link].[344]









[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 National symbols




Main article: National symbols of England[image: External link]


The St George's Cross has been the national flag of England[image: External link] since the 13th century. Originally the flag was used by the maritime Republic of Genoa[image: External link]. The English monarch paid a tribute to the Doge of Genoa[image: External link] from 1190 onwards, so that English ships could fly the flag as a means of protection when entering the Mediterranean. A red cross was a symbol for many Crusaders[image: External link] in the 12th and 13th centuries. It became associated with Saint George[image: External link], along with countries and cities, which claimed him as their patron saint[image: External link] and used his cross as a banner.[345] Since 1606 the St George's Cross has formed part of the design of the Union Flag[image: External link], a Pan-British flag designed by King James I[image: External link].[225]

There are numerous other symbols and symbolic artefacts, both official and unofficial, including the Tudor rose[image: External link], the nation's floral emblem[image: External link], and the Three Lions featured on the Royal Arms of England[image: External link]. The Tudor rose was adopted as a national emblem of England around the time of the Wars of the Roses[image: External link] as a symbol of peace.[346] It is a syncretic[image: External link] symbol in that it merged the white rose of the Yorkists[image: External link] and the red rose of the Lancastrians[image: External link]—cadet branches of the Plantagenets[image: External link] who went to war over control of the nation. It is also known as the Rose of England.[347] The oak[image: External link] tree is a symbol of England, representing strength and endurance. The Royal Oak[image: External link] symbol and Oak Apple Day[image: External link] commemorate the escape of King Charles II[image: External link] from the grasp of the parliamentarians after his father's execution: he hid in an oak tree to avoid detection before safely reaching exile.

The Royal Arms of England, a national coat of arms[image: External link] featuring three lions, originated with its adoption by Richard the Lionheart[image: External link] in 1198. It is blazoned[image: External link] as gules, three lions passant guardant or and it provides one of the most prominent symbols of England; it is similar to the traditional arms of Normandy[image: External link]. England does not have an official designated national anthem, as the United Kingdom as a whole has God Save the Queen[image: External link]. However, the following are often considered unofficial English national anthems: Jerusalem[image: External link], Land of Hope and Glory[image: External link] (used for England during the 2002 Commonwealth Games[image: External link]),[348] and I Vow to Thee, My Country[image: External link]. England's National Day[image: External link] is 23 April which is St George's Day[image: External link]: St George is the patron saint of England.[349]
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Outline of England[image: External link]

	Outline of the United Kingdom[image: External link]
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 Notes






	
^ According to the European Statistical Agency[image: External link], London is the largest Larger Urban Zone[image: External link] in the EU, a measure of metropolitan area which comprises a city's urban core as well as its surrounding commuting zone. London's municipal population is also the largest in the EU[image: External link].


	
^ As Roger Scruton[image: External link] explains, "The Reformation must not be confused with the changes introduced into the Church of England during the 'Reformation Parliament' of 1529–36, which were of a political rather than a religious nature, designed to unite the secular and religious sources of authority within a single sovereign power: the Anglican Church did not make substantial change in doctrine until later."[60]


	
^ Figure of 550,000 military deaths is for England and Wales[81]


	
^ For instance, in 1980 around 50 million Americans[image: External link] claimed English ancestry[image: External link].[182] In Canada there are around 6.5 million Canadians[image: External link] who claim English ancestry[image: External link].[183] Around 70% of Australians[image: External link] in 1999 denoted their origins as Anglo-Celtic[image: External link], a category which includes all peoples from Great Britain and Ireland.[184] Chileans of English descent[image: External link] are somewhat of an anomaly in that Chile itself was never part of the British Empire, but today there are around 420,000 people of English origins living there.[185]


	
^ a b People who strictly identified as "Pagan". Other Pagan paths, such as Wicca or Druidism, have not been included in this number.[228]


	
^ People who strictly identified as "Wiccan". Other Pagan paths, such as Druidism, and general "Pagan" have not been included in this number.[228]


	
^ Students attending English universities now have to pay tuition fees towards the cost of their education, as do English students who choose to attend university in Scotland. Scottish students attending Scottish universities have their fees paid by the devolved Scottish Parliament.[99]


	
^ While people such as Norman Foster[image: External link] and Richard Rogers[image: External link] represent the modernist movement, Prince Charles[image: External link] since the 1980s has voiced strong views against it in favour of traditional architecture and put his ideas into practice at his Poundbury[image: External link] development in Dorset.[245] Architects like Raymond Erith[image: External link], Francis Johnson[image: External link] and Quinlan Terry[image: External link] continued to practise in the classical style.


	
^ These tales may have come to prominence, at least in part, as an attempt by the Norman ruling elite to legitimise their rule of the British Isles, finding Anglo-Saxon[image: External link] history ill-suited to the task during an era when members of the deposed House of Wessex[image: External link], especially Edgar the Ætheling[image: External link] and his nephews of the Scottish House of Dunkeld[image: External link], were still active in the isles.[249][251] Also Michael Wood[image: External link] explains; "Over the centuries the figure of Arthur became a symbol of British history—a way of explaining the matter of Britain, the relationship between the Saxons and the Celts, and a way of exorcising ghosts and healing the wounds of the past."[248]
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United Kingdom






This article is about the country. It is not to be confused with Great Britain[image: External link], its largest island whose name is also loosely applied to the whole country.

"UK" redirects here. For other uses, see UK (disambiguation)[image: External link] and United Kingdom (disambiguation)[image: External link].

The United Kingdom of Great Britain and Northern Ireland, commonly known as the United Kingdom (UK) or Britain, is a sovereign country[image: External link] in western Europe. Lying off the north-western coast of the European mainland[image: External link], the United Kingdom includes the island of Great Britain[image: External link], the north-eastern part of the island of Ireland[image: External link] and many smaller islands.[11] Northern Ireland[image: External link] is the only part of the United Kingdom that shares a land border[image: External link] with another sovereign state‍—‌the Republic of Ireland[image: External link].[note 9] Apart from this land border, the United Kingdom is surrounded by the Atlantic Ocean[image: External link], with the North Sea[image: External link] to its east, the English Channel[image: External link] to its south and the Celtic Sea[image: External link] to its south-south-west, giving it the 12th-longest coastline in the world[image: External link]. The Irish Sea[image: External link] lies between Great Britain and Ireland. With an area of 242,500 square kilometres (93,600 sq mi), the United Kingdom is the 78th-largest sovereign state in the world[image: External link] and the 11th-largest in Europe[image: External link]. It is also the 21st-most populous country[image: External link], with an estimated 65.1 million inhabitants.[12] Together, this makes it the fourth-most densely populated country[image: External link] in the European Union[image: External link] (EU).[note 10][13]

The United Kingdom is a constitutional monarchy[image: External link] with a parliamentary system[image: External link] of governance.[14][15] The monarch[image: External link] is Queen Elizabeth II[image: External link], who has reigned[image: External link] since 6 February 1952. The capital[image: External link] of the United Kingdom and its largest city is London[image: External link], a global city[image: External link] and financial centre[image: External link] with an urban area population of 10.3 million, the fourth-largest in Europe and second-largest in the European Union[image: External link].[16] Other major urban areas in the United Kingdom[image: External link] include the conurbations[image: External link] centred on Birmingham[image: External link], Leeds[image: External link], Glasgow[image: External link], Liverpool[image: External link] and Manchester[image: External link]. The United Kingdom consists of four countries[image: External link]—England, Scotland[image: External link], Wales[image: External link] and Northern Ireland[image: External link].[17] The last three have devolved[image: External link] administrations,[18] each with varying powers,[19][20] based in their capitals, Edinburgh[image: External link], Cardiff[image: External link] and Belfast[image: External link], respectively. The nearby Isle of Man[image: External link], Bailiwick of Guernsey[image: External link] and Bailiwick of Jersey[image: External link] are not part of the United Kingdom, being Crown dependencies[image: External link] with the British Government[image: External link] responsible for defence and international representation.[21]

The relationships among the countries of the UK have changed over time[image: External link]. Wales was annexed by the Kingdom of England[image: External link] under the Laws in Wales Acts 1535 and 1542[image: External link]. A treaty[image: External link] between England and Scotland[image: External link] resulted in 1707 in a unified Kingdom of Great Britain[image: External link], which merged in 1801 with the Kingdom of Ireland[image: External link] to form the United Kingdom of Great Britain and Ireland[image: External link]. Five-sixths of Ireland seceded from the UK in 1922, leaving the present formulation of the United Kingdom of Great Britain and Northern Ireland.[note 11] There are fourteen British Overseas Territories[image: External link].[22] These are the remnants of the British Empire[image: External link] which, at its height in the 1920s, encompassed almost a quarter of the world's land mass and was the largest empire in history[image: External link]. British influence can be observed in the language, culture and legal systems of many of its former colonies[image: External link].

The United Kingdom is a developed country[image: External link] and has the world's fifth-largest economy[image: External link] by nominal GDP[image: External link] and ninth-largest economy[image: External link] by purchasing power parity[image: External link]. The UK is considered to have a high-income economy[image: External link] and is categorised as very high in the Human Development Index[image: External link], ranking 16th in the world[image: External link]. It was the world's first industrialised[image: External link] country and the world's foremost power[image: External link] during the 19th and early 20th centuries.[23][24] The UK remains a great power[image: External link] with considerable economic, cultural, military, scientific and political influence[image: External link] internationally.[25][26] It is a recognised nuclear weapons state[image: External link] and is seventh in military expenditure[image: External link] in the world.[27] The UK has been a permanent member[image: External link] of the United Nations Security Council[image: External link] since its first session in 1946. It has been a leading member state[image: External link] of the EU and its predecessor, the European Economic Community[image: External link] (EEC), since 1973. However, on 23 June 2016, a national referendum on the UK's membership of the EU[image: External link] resulted in a decision to leave, and its exit from the EU is currently being negotiated[image: External link]. The UK is also a member of the Commonwealth of Nations[image: External link], the Council of Europe[image: External link], the G7 finance ministers[image: External link], the G7 forum[image: External link], the G20[image: External link], NATO[image: External link], the Organisation for Economic Co-operation and Development[image: External link] (OECD), and the World Trade Organization[image: External link] (WTO).
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 Etymology and terminology




See also: Britain (place name)[image: External link] and Terminology of the British Isles[image: External link]


The 1707 Acts of Union[image: External link] declared that the kingdoms of England[image: External link] and Scotland[image: External link] were "United into One Kingdom by the Name of Great Britain[image: External link]", though the new state is also referred to in the Acts as the "Kingdom of Great Britain", "United Kingdom of Great Britain" and "United Kingdom".[28][29][note 12] However, the term "United Kingdom" is only found in informal use during the 18th century and the country was only occasionally referred to as the "United Kingdom of Great Britain"—its full official name, from 1707 to 1800, being merely "Great Britain", without a "long form".[30][31][32][33][34] The Acts of Union 1800[image: External link] united the Kingdom of Great Britain and the Kingdom of Ireland[image: External link] in 1801, forming the United Kingdom of Great Britain and Ireland[image: External link]. The name "United Kingdom of Great Britain and Northern Ireland"[note 13] was adopted following the independence of the Irish Free State[image: External link] and the partition of Ireland[image: External link] in 1922, which left Northern Ireland as the only part of the island of Ireland within the United Kingdom.[35]

Although the United Kingdom, as a sovereign state, is a country, England, Scotland, Wales and, to a lesser degree, Northern Ireland, are also regarded as countries, though they are not sovereign states.[36][37] Scotland, Wales and Northern Ireland have devolved self-government.[38][39] The British Prime Minister's website has used the phrase "countries within a country" to describe the United Kingdom.[17] Some statistical summaries, such as those for the twelve NUTS 1 regions of the United Kingdom[image: External link], also refer to Scotland, Wales and Northern Ireland as "regions".[40][41] Northern Ireland is also referred to as a "province".[42][43] With regard to Northern Ireland, the descriptive name used "can be controversial, with the choice often revealing one's political preferences".[44]

The term "Britain"[note 14] is often used as synonym for the United Kingdom. The term "Great Britain", by contrast, refers conventionally to the island of Great Britain, or politically to England, Scotland and Wales in combination.[45][46][47] However, it is sometimes used as a loose synonym for the United Kingdom as a whole.[48][49] GB and GBR are the standard[image: External link] country codes for the United Kingdom (see ISO 3166-2[image: External link] and ISO 3166-1 alpha-3[image: External link]) and are consequently used by international organisations to refer to the United Kingdom. Additionally, the United Kingdom's Olympic team competes under the name "Great Britain" or "Team GB".[50][51]

The adjective "British" is commonly used to refer to matters relating to the United Kingdom. The term has no definite legal connotation, but is used in law to refer to United Kingdom citizenship and matters to do with nationality[image: External link].[52] People of the United Kingdom use a number of different terms to describe their national identity and may identify themselves as being British[image: External link]; or as being English[image: External link], Scottish[image: External link], Welsh[image: External link], Northern Irish[image: External link], or Irish[image: External link];[53] or as being both.[54]

In 2006, a new design of British passport[image: External link] was introduced. Its first page shows the long form name of the state in English, Welsh[image: External link] and Scottish Gaelic[image: External link].[55] In Welsh, the long form name of the state is "Teyrnas Unedig Prydain Fawr a Gogledd Iwerddon", with "Teyrnas Unedig" being used as a short form name on government websites.[56] However, it is usually abbreviated to "DU" for the mutated form "Y Deyrnas Unedig". In Scottish Gaelic, the long form is "Rìoghachd Aonaichte Bhreatainn is Èireann a Tuath" and the short form "Rìoghachd Aonaichte".
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See also: History of the British Isles[image: External link]
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Main articles: History of England[image: External link], History of Wales[image: External link], History of Scotland[image: External link], History of Ireland[image: External link], and History of the formation of the United Kingdom[image: External link]


Settlement by anatomically modern humans[image: External link] of what was to become the United Kingdom occurred in waves beginning by about 30,000 years ago[image: External link].[57] By the end of the region's prehistoric period[image: External link], the population is thought to have belonged, in the main, to a culture termed Insular Celtic[image: External link], comprising Brythonic Britain[image: External link] and Gaelic Ireland[image: External link].[58] The Roman conquest[image: External link], beginning in 43 AD, and the 400-year rule of southern Britain[image: External link], was followed by an invasion by Germanic[image: External link] Anglo-Saxon[image: External link] settlers, reducing the Brythonic area mainly to what was to become Wales[image: External link] and the historic Kingdom of Strathclyde[image: External link].[59] Most of the region settled by the Anglo-Saxons[image: External link] became unified as the Kingdom of England[image: External link] in the 10th century.[60] Meanwhile, Gaelic-speakers in north-west Britain[image: External link] (with connections to the north-east of Ireland and traditionally supposed to have migrated from there in the 5th century)[61][62] united with the Picts[image: External link] to create the Kingdom of Scotland[image: External link] in the 9th century.[63]

In 1066, the Normans[image: External link] invaded England from France and after its conquest[image: External link], seized large parts of Wales[image: External link], conquered much of Ireland[image: External link] and were invited to settle in Scotland[image: External link], bringing to each country feudalism[image: External link] on the Northern French model and Norman-French[image: External link] culture.[64] The Norman elites[image: External link] greatly influenced, but eventually assimilated with, each of the local cultures.[65] Subsequent medieval English kings[image: External link] completed the conquest of Wales[image: External link] and made an unsuccessful attempt to annex Scotland[image: External link]. Following the Declaration of Arbroath[image: External link], Scotland maintained its independence, albeit in near-constant conflict with England[image: External link]. The English monarchs, through inheritance of substantial territories in France[image: External link] and claims to the French crown, were also heavily involved in conflicts in France, most notably the Hundred Years War[image: External link], while the Kings of Scots[image: External link] were in an alliance with the French[image: External link] during this period.[66]

The early modern period[image: External link] saw religious conflict resulting from the Reformation[image: External link] and the introduction of Protestant[image: External link] state churches in each country.[67] Wales was fully incorporated into the Kingdom of England[image: External link],[68] and Ireland was constituted as a kingdom in personal union with the English crown.[69] In what was to become Northern Ireland, the lands of the independent Catholic Gaelic nobility were confiscated and given to Protestant settlers[image: External link] from England and Scotland.[70]

In 1603, the kingdoms of England, Scotland and Ireland were united in a personal union[image: External link] when James VI, King of Scots[image: External link], inherited the crowns of England and Ireland and moved his court from Edinburgh to London; each country nevertheless remained a separate political entity and retained its separate political, legal, and religious institutions.[71][72]

In the mid-17th century, all three kingdoms were involved in a series of connected wars[image: External link] (including the English Civil War[image: External link]) which led to the temporary overthrow of the monarchy and the establishment of the short-lived unitary republic[image: External link] of the Commonwealth of England, Scotland and Ireland[image: External link].[73][74] During the 17th and 18th centuries, British sailors were involved in acts of piracy[image: External link] ( privateering[image: External link]), attacking and stealing from ships off the coast of Europe and the Caribbean.[75]

Although the monarchy was restored[image: External link], the Interregnum[image: External link] ensured (along with the Glorious Revolution[image: External link] of 1688 and the subsequent Bill of Rights 1689[image: External link], and the Claim of Right Act 1689[image: External link]) that, unlike much of the rest of Europe, royal absolutism[image: External link] would not prevail, and a professed Catholic could never accede to the throne. The British constitution[image: External link] would develop on the basis of constitutional monarchy[image: External link] and the parliamentary system[image: External link].[76] With the founding of the Royal Society in 1660, science was greatly encouraged. During this period, particularly in England, the development of naval power[image: External link] (and the interest in voyages of discovery[image: External link]) led to the acquisition and settlement of overseas colonies[image: External link], particularly in North America.[77][78]
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Main article: History of the United Kingdom[image: External link]


On 1 May 1707, the united Kingdom of Great Britain[image: External link] came into being, the result of Acts of Union[image: External link] being passed by the parliaments of England and Scotland to ratify the 1706 Treaty of Union[image: External link] and so unite the two kingdoms.[79][80][81]

In the 18th century, cabinet government developed under Robert Walpole[image: External link], in practice the first prime minister (1721–1742). A series of Jacobite Uprisings[image: External link] sought to remove the Protestant House of Hanover[image: External link] from the British throne and restore the Catholic House of Stuart[image: External link]. The Jacobites were finally defeated at the Battle of Culloden[image: External link] in 1746, after which the Scottish Highlanders[image: External link] were brutally suppressed. The British colonies in North America that broke away from Britain in the American War of Independence[image: External link] became the United States[image: External link] of America, recognised by Britain in 1783. British imperial ambition turned elsewhere, particularly to India[image: External link].[82]

During the 18th century, Britain was involved in the Atlantic slave trade[image: External link]. British ships[image: External link] transported an estimated two million slaves from Africa to the West Indies before banning the trade in 1807, banning slavery in 1833, and taking a leading role in the movement to abolish slavery worldwide by pressing other nations to end their trade with a series of treaties, and then formed the world's oldest international human rights organisation, Anti-Slavery International[image: External link], in London in 1839.[83][84][85] The term "United Kingdom" became official in 1801 when the parliaments of Britain and Ireland each passed an Act of Union[image: External link], uniting the two kingdoms and creating the United Kingdom of Great Britain and Ireland[image: External link].[86]

In the early 19th century, the British-led Industrial Revolution[image: External link] began to transform the country. Gradually political power shifted away from the old Tory[image: External link] and Whig[image: External link] landowning classes towards the new industrialists. An alliance of merchants and industrialists with the Whigs[image: External link] would lead to a new party, the Liberals[image: External link], with an ideology of free trade[image: External link] and laissez-faire[image: External link]. In 1832 Parliament passed the Great Reform Act[image: External link], which began the transfer of political power from the aristocracy to the middle classes. In the countryside, enclosure[image: External link] of the land was driving small farmers out. Towns and cities began to swell with a new urban working class. Few ordinary workers had the vote, and they created their own organisations in the form of trade unions[image: External link].[citation needed[image: External link]]

After the defeat of France at the end of the Revolutionary[image: External link] and Napoleonic Wars[image: External link] (1792–1815), Great Britain emerged as the principal naval and imperial power of the 19th century (with London the largest city in the world from about 1830).[87] Unchallenged at sea[image: External link], British dominance was later described as Pax Britannica[image: External link] ("British Peace"), a period of relative peace in Europe and the world (1815–1914) during which the British Empire[image: External link] became the global hegemon[image: External link] and adopted the role of global policeman.[88][89][90][91] By the time of the Great Exhibition[image: External link] of 1851, Britain was described as the "workshop of the world".[92] The British Empire was expanded to include India[image: External link], large parts of Africa[image: External link] and many other territories throughout the world. Alongside the formal control it exerted over its own colonies, British dominance of much of world trade meant that it effectively controlled the economies of many regions[image: External link], such as Asia and Latin America.[93][94] Domestically, political attitudes favoured free trade and laissez-faire policies and a gradual widening of the voting franchise. During the century, the population increased at a dramatic rate, accompanied by rapid urbanisation, causing significant social and economic stresses.[95] To seek new markets and sources of raw materials, the Conservative Party[image: External link] under Disraeli[image: External link] launched a period of imperialist expansion in Egypt, South Africa, and elsewhere. Canada, Australia, and New Zealand became self-governing dominions.[96] After the turn of the century, Britain's industrial dominance was challenged by the United States and Germany. [97]

Social reform and home rule for Ireland were important domestic issues after 1900. The Labour Party emerged from an alliance of trade unions and small Socialist groups in 1900, and suffragettes[image: External link] campaigned for women's right to vote before 1914.[98]

Briain fought with France, Russia and (after 1917) the United States, against Germany and its allies in the First World War[image: External link] (1914–1918).[99] British armed forces were engaged across much of the British Empire and in several regions of Europe, particularly on the Western front[image: External link].[100] The high fatalities of trench warfare caused the loss of much of a generation of men, with lasting social effects in the nation and a great disruption in the social order.[citation needed[image: External link]]

After the war, Britain received the League of Nations[image: External link] mandate over a number of former German and Ottoman[image: External link] colonies. The British Empire reached its greatest extent, covering a fifth of the world's land surface and a quarter of its population.[101] However, Britain had suffered 2.5 million casualties and finished the war with a huge national debt.[100]

The rise of Irish nationalism[image: External link], and disputes within Ireland over the terms of Irish Home Rule[image: External link], led eventually to the partition of the island[image: External link] in 1921.[102] The Irish Free State[image: External link] became independent with Dominion status[image: External link] in 1922. Northern Ireland remained part of the United Kingdom.[103] A wave of strikes in the mid-1920s culminated in the General Strike of 1926[image: External link]. Britain had still not recovered from the effects of the war when the Great Depression[image: External link] (1929–1932) occurred. This led to considerable unemployment and hardship in the old industrial areas, as well as political and social unrest in the 1930s, with rising membership in communist and socialist parties. A coalition government was formed in 1931.[104]

Britain entered the Second World War by declaring war on Nazi Germany in 1939, after it had invaded Poland. Winston Churchill[image: External link] became prime minister and head of a coalition government in 1940. Despite the defeat of its European allies in the first year of the war, Briain and its Empire continued the fight alone against Germany. In 1940, the RAF[image: External link] defeated the German Luftwaffe[image: External link] in a struggle for control of the skies in the Battle of Britain[image: External link]. Urban areas suffered heavy bombing during the Blitz. There were also eventual hard-fought victories in the Battle of the Atlantic[image: External link], the North Africa campaign[image: External link] and Burma campaign[image: External link]. British forces played an important role in the Normandy landings[image: External link] of 1944, achieved with its United States ally.
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 Since 1945




Main articles: Political history of the United Kingdom (1945–present)[image: External link] and Social history of the United Kingdom (1945–present)[image: External link]


After the end of the Second World War in 1945, the UK was one of the Big Four[image: External link] powers (the Soviet Union, the United Kingdom, the US and China) who met to plan the post-war world;[105][106] it was an original signatory to the Declaration of the United Nations[image: External link]. The UK became one of the five permanent members of the United Nations Security Council[image: External link]. However, the war left the UK severely weakened and depending financially on the Marshall Plan[image: External link].[107] In the immediate post-war years, the Labour government[image: External link] initiated a radical programme of reforms, which had a significant effect on British society in the following decades.[108] Major industries and public utilities were nationalised[image: External link], a welfare state[image: External link] was established, and a comprehensive, publicly funded healthcare system, the National Health Service, was created.[109] The rise of nationalism in the colonies coincided with Britain's now much-diminished economic position, so that a policy of decolonisation[image: External link] was unavoidable. Independence was granted to India[image: External link] and Pakistan[image: External link] in 1947.[110] Over the next three decades, most colonies of the British Empire gained their independence. Many became members of the Commonwealth of Nations[image: External link].[111]

Although the UK was the third country to develop a nuclear weapons arsenal[image: External link] (with its first atomic bomb test[image: External link] in 1952), the new post-war limits of Britain's international role were illustrated by the Suez Crisis[image: External link] of 1956. The international spread of the English language ensured the continuing international influence of its literature[image: External link] and culture.[112][113] As a result of a shortage of workers in the 1950s, the government encouraged immigration[image: External link] from Commonwealth countries[image: External link]. In the following decades, the UK became a more multi-ethnic society than before.[114] Despite rising living standards in the late 1950s and 1960s, the UK's economic performance was not as successful as many of its competitors, such as West Germany and Japan.[citation needed[image: External link]]

In the decade-long process of European integration[image: External link], the UK was a founding member of the alliance called the Western European Union[image: External link], established with the London and Paris Conferences[image: External link] in 1954. In 1960 the UK was one of the seven founding members of the European Free Trade Association[image: External link] (EFTA), but in 1973 it left to join the European Communities[image: External link] (EC). When the EC became the European Union[image: External link] (EU) in 1992, the UK was one of the 12 founding members. The Treaty of Lisbon[image: External link] was signed in 2007, which forms the constitutional basis of the European Union since then.[citation needed[image: External link]]

From the late 1960s, Northern Ireland suffered communal and paramilitary violence (sometimes affecting other parts of the UK) conventionally known as the Troubles[image: External link]. It is usually considered to have ended with the Belfast "Good Friday" Agreement[image: External link] of 1998.[117][118][119]

Following a period of widespread economic slowdown and industrial strife in the 1970s, the Conservative government of the 1980s[image: External link] under Margaret Thatcher[image: External link] initiated a radical policy of monetarism[image: External link], deregulation, particularly of the financial sector (for example, Big Bang[image: External link] in 1986) and labour markets, the sale of state-owned companies ( privatisation[image: External link]), and the withdrawal of subsidies to others.[120] This resulted in high unemployment and social unrest, but ultimately also economic growth, particularly in the services sector. From 1984, the economy was helped by the inflow of substantial North Sea oil[image: External link] revenues.[121]

Around the end of the 20th century there were major changes to the governance of the UK with the establishment of devolved[image: External link] administrations for Scotland, Wales and Northern Ireland.[122] The statutory incorporation[image: External link] followed acceptance of the European Convention on Human Rights[image: External link]. The UK is still a key global player diplomatically and militarily. It plays leading roles in the EU, UN and NATO. However, controversy surrounds some of Britain's overseas military deployments[image: External link], particularly in Afghanistan[image: External link] and Iraq.[123]

The 2008 global financial crisis[image: External link] severely affected the UK economy. The coalition government[image: External link] of 2010 introduced austerity measures intended to tackle the substantial public deficits which resulted.[124] In 2014 the Scottish Government[image: External link] held a referendum on Scottish independence[image: External link], with 55% of voters rejecting the independence proposal and opting to remain within the United Kingdom.[125] In 2016, the United Kingdom voted to leave the European Union[image: External link].[126] The legal process of leaving the EU began on 29 March 2017, with the UK's invocation of Article 50[image: External link] of the Treaty of Lisbon, formally notifying the EU of the UK's intention to leave. The article stipulates that the negotiations to leave will last at least two years. The UK remains a full member of the EU during this time.[127][128]
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Main article: Geography of the United Kingdom[image: External link]


The total area of the United Kingdom is approximately 243,610 square kilometres (94,060 sq mi). The country occupies the major part of the British Isles[image: External link][129] archipelago[image: External link] and includes the island of Great Britain, the north-eastern one-sixth of the island of Ireland and some smaller surrounding islands. It lies between the North Atlantic Ocean and the North Sea with the south-east coast coming within 22 miles (35 km) of the coast of northern France, from which it is separated by the English Channel[image: External link].[130] In 1993 10% of the UK was forested, 46% used for pastures and 25% cultivated for agriculture.[131] The Royal Greenwich Observatory[image: External link] in London is the defining point of the Prime Meridian[image: External link].[132]

The United Kingdom lies between latitudes 49°[image: External link] to 61° N[image: External link], and longitudes 9° W[image: External link] to 2° E[image: External link]. Northern Ireland shares a 224-mile (360 km) land boundary with the Republic of Ireland.[130] The coastline of Great Britain is 11,073 miles (17,820 km) long.[133] It is connected to continental Europe[image: External link] by the Channel Tunnel[image: External link], which at 31 miles (50 km) (24 miles (38 km) underwater) is the longest underwater tunnel in the world.[134]

England[image: External link] accounts for just over half of the total area of the UK, covering 130,395 square kilometres (50,350 sq mi).[135] Most of the country consists of lowland terrain,[131] with mountainous terrain north-west of the Tees-Exe line[image: External link]; including the Cumbrian Mountains[image: External link] of the Lake District, the Pennines[image: External link], Exmoor[image: External link] and Dartmoor[image: External link]. The main rivers and estuaries are the Thames[image: External link], Severn[image: External link] and the Humber[image: External link]. England's highest mountain is Scafell Pike[image: External link] (978 metres (3,209 ft)) in the Lake District[image: External link]. Its principal rivers[image: External link] are the Severn, Thames, Humber, Tees, Tyne, Tweed, Avon, Exe and Mersey.[131]

Scotland[image: External link] accounts for just under a third of the total area of the UK, covering 78,772 square kilometres (30,410 sq mi)[136] and including nearly eight hundred islands[image: External link],[137] predominantly west and north of the mainland; notably the Hebrides[image: External link], Orkney Islands[image: External link] and Shetland Islands[image: External link]. Scotland is the most mountainous country in the UK and its topography is distinguished by the Highland Boundary Fault[image: External link]—a geological rock fracture[image: External link]—which traverses Scotland from Arran[image: External link] in the west to Stonehaven[image: External link] in the east.[138] The fault[image: External link] separates two distinctively different regions; namely the Highlands[image: External link] to the north and west and the lowlands[image: External link] to the south and east. The more rugged Highland region contains the majority of Scotland's mountainous land, including Ben Nevis[image: External link] which at 1,343 metres (4,406 ft) is the highest point in the British Isles.[139] Lowland areas—especially the narrow waist of land between the Firth of Clyde[image: External link] and the Firth of Forth[image: External link] known as the Central Belt[image: External link]—are flatter and home to most of the population including Glasgow[image: External link], Scotland's largest city, and Edinburgh[image: External link], its capital and political centre, although upland and mountainous terrain lies within the Southern Uplands[image: External link].

Wales[image: External link] accounts for less than a tenth of the total area of the UK, covering 20,779 square kilometres (8,020 sq mi).[140] Wales is mostly mountainous, though South Wales[image: External link] is less mountainous than North[image: External link] and mid Wales[image: External link]. The main population and industrial areas are in South Wales, consisting of the coastal cities of Cardiff[image: External link], Swansea[image: External link] and Newport[image: External link], and the South Wales Valleys[image: External link] to their north. The highest mountains in Wales are in Snowdonia[image: External link] and include Snowdon[image: External link] ( Welsh[image: External link]: Yr Wyddfa) which, at 1,085 metres (3,560 ft), is the highest peak in Wales.[131] The 14, or possibly 15, Welsh mountains over 3,000 feet (910 metres) high are known collectively as the Welsh 3000s[image: External link]. Wales has over 2,704 kilometres (1,680 miles) of coastline.[133] Several islands lie off the Welsh mainland, the largest of which is Anglesey[image: External link] (Ynys Môn) in the north-west.

Northern Ireland[image: External link], separated from Great Britain by the Irish Sea[image: External link] and North Channel[image: External link], has an area of 14,160 square kilometres (5,470 sq mi) and is mostly hilly. It includes Lough Neagh[image: External link] which, at 388 square kilometres (150 sq mi), is the largest lake in the British Isles by area.[141] The highest peak in Northern Ireland is Slieve Donard[image: External link] in the Mourne Mountains[image: External link] at 852 metres (2,795 ft).[131]
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Main article: Climate of the United Kingdom[image: External link]


The United Kingdom has a temperate climate, with plentiful rainfall all year round.[130] The temperature varies with the seasons seldom dropping below −11  °C[image: External link] (12  °F[image: External link]) or rising above 35 °C (95 °F).[142] The prevailing wind is from the south-west and bears frequent spells of mild and wet weather from the Atlantic Ocean,[130] although the eastern parts are mostly sheltered from this wind since the majority of the rain falls over the western regions the eastern parts are therefore the driest. Atlantic currents, warmed by the Gulf Stream[image: External link], bring mild winters;[143] especially in the west where winters are wet and even more so over high ground. Summers are warmest in the south-east of England, being closest to the European mainland, and coolest in the north. Heavy snowfall can occur in winter and early spring on high ground, and occasionally settles to great depth away from the hills.
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Main article: Administrative geography of the United Kingdom[image: External link]


There is no consistent system of administrative or geographic demarcation across the United Kingdom.[144] Each country of the United Kingdom has its own arrangements, whose origins often pre-date the UK's formation. Until the 19th century there was little change to those arrangements, but there has since been a constant evolution of role and function,[145] most significantly the devolution of powers to Scotland, Wales and Northern Ireland.

The organisation of local government in England[image: External link] is complex, with the distribution of functions varying according to local arrangements. Legislation concerning local government in England is the responsibility of the UK's parliament and the government, as England has no devolved legislature. The upper-tier subdivisions of England[image: External link] are the nine regions[image: External link], now used primarily for statistical purposes.[146] One region, Greater London[image: External link], has had a directly elected assembly and mayor since 2000 following popular support for the proposal in a referendum[image: External link].[147] It was intended that other regions would also be given their own elected regional assemblies[image: External link], but a proposed assembly in the North East[image: External link] region was rejected by a referendum in 2004[image: External link].[148] Below the regional tier, some parts of England have county councils[image: External link] and district councils and others have unitary authorities[image: External link]; while London consists of 32 London boroughs[image: External link] and the City of London[image: External link]. Councillors are elected by the first-past-the-post[image: External link] system in single-member wards or by the multi-member plurality system[image: External link] in multi-member wards.[149]

For local government purposes[image: External link], Scotland is divided into 32 council areas[image: External link], with wide variation in both size and population. The cities of Glasgow[image: External link], Edinburgh, Aberdeen[image: External link] and Dundee[image: External link] are separate council areas, as is the Highland Council[image: External link] which includes a third of Scotland's area but only just over 200,000 people. Local councils are made up of elected councillors, of whom there are 1,223;[150] they are paid a part-time salary. Elections are conducted by single transferable vote[image: External link] in multi-member wards that elect either three or four councillors. Each council elects a Provost[image: External link], or Convenor[image: External link], to chair meetings of the council and to act as a figurehead for the area. Councillors[image: External link] are subject to a code of conduct[image: External link] enforced by the Standards Commission for Scotland[image: External link].[151] The representative association of Scotland's local authorities is the Convention of Scottish Local Authorities[image: External link] (COSLA).[152]

Local government in Wales[image: External link] consists of 22 unitary authorities. These include the cities of Cardiff, Swansea and Newport which are unitary authorities in their own right.[153] Elections are held every four years under the first-past-the-post system.[153] The most recent elections were held in May 2012, except for the Isle of Anglesey[image: External link]. The Welsh Local Government Association[image: External link] represents the interests of local authorities in Wales.[154]

Local government in Northern Ireland[image: External link] has since 1973 been organised into 26 district councils, each elected by single transferable vote. Their powers are limited to services such as collecting waste, controlling dogs and maintaining parks and cemeteries.[155] On 13 March 2008 the executive agreed on proposals to create 11 new councils and replace the present system.[156] The next local elections were postponed until 2016 to facilitate this.[157]
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Main articles: British Overseas Territories[image: External link], Crown dependencies[image: External link], and British Islands[image: External link]


The United Kingdom has sovereignty over seventeen territories which do not form part of the United Kingdom itself: fourteen British Overseas Territories[22] and three Crown dependencies.[22][158]

The fourteen British Overseas Territories are: Anguilla[image: External link]; Bermuda[image: External link]; the British Antarctic Territory[image: External link]; the British Indian Ocean Territory[image: External link]; the British Virgin Islands[image: External link]; the Cayman Islands[image: External link]; the Falkland Islands[image: External link]; Gibraltar[image: External link]; Montserrat[image: External link]; Saint Helena, Ascension and Tristan da Cunha[image: External link]; the Turks and Caicos Islands[image: External link]; the Pitcairn Islands[image: External link]; South Georgia and the South Sandwich Islands[image: External link]; and Akrotiri and Dhekelia[image: External link] on the island of Cyprus[image: External link].[159] British claims in Antarctica are not universally recognised.[160] Collectively Britain's overseas territories encompass an approximate land area of 1,727,570 square kilometres (667,018 sq mi) and a population of approximately 260,000 people.[161]

They are the last remaining remnants of the British Empire and a 1999 UK government white paper[image: External link] stated that: "[The] Overseas Territories are British for as long as they wish to remain British. Britain has willingly granted independence where it has been requested; and we will continue to do so where this is an option."[162] Self-determination is also enshrined into the constitutions of several overseas territories and three have specifically voted to remain under British sovereignty (Bermuda in 1995[image: External link],[163] Gibraltar in 2002[image: External link][164] and the Falkland Islands in 2013[image: External link]).[165]

The Crown dependencies are possessions of the Crown[image: External link], as opposed to overseas territories of the UK.[166] They comprise three independently administered jurisdictions: the Channel Islands[image: External link] of Jersey[image: External link] and Guernsey[image: External link] in the English Channel, and the Isle of Man[image: External link] in the Irish Sea. By mutual agreement, the British Government manages the islands' foreign affairs and defence and the UK Parliament has the authority to legislate on their behalf. However, internationally, they are regarded as "territories for which the United Kingdom is responsible".[167] The power to pass legislation affecting the islands ultimately rests with their own respective legislative assemblies, with the assent of the Crown (Privy Council[image: External link] or, in the case of the Isle of Man, in certain circumstances the Lieutenant-Governor).[168] Since 2005 each Crown dependency has had a Chief Minister[image: External link] as its head of government[image: External link].[169]

The British dependencies use a varied assortment of currencies. These include the British pound, US dollar, New Zealand dollar, euro or their own currencies, which may be pegged to either[image: External link].







[image: External link]

Locations of UK dependencies (crown dependencies alphabetised, overseas territories numbered):A Isle of Man[image: External link]; B Guernsey[image: External link]; C Jersey[image: External link]; 1 United Kingdom; 2 Gibraltar[image: External link]; 3 Akrotiri and Dhekelia[image: External link]; 4 Bermuda[image: External link]; 5 Turks and Caicos Islands[image: External link]; 6 British Virgin Islands[image: External link]; 7 Anguilla[image: External link]; 8 Cayman Islands[image: External link]; 9 Montserrat[image: External link]; 10 Pitcairn Islands[image: External link]; 11 Saint Helena, Ascension and Tristan da Cunha[image: External link]; 12 British Indian Ocean Territory[image: External link]; 13 Falkland Islands[image: External link]; 14 South Georgia and the South Sandwich Islands[image: External link]; (15) British Antarctic Territory[image: External link]
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Main articles: Politics of the United Kingdom[image: External link], Monarchy of the United Kingdom[image: External link], and Elections in the United Kingdom[image: External link]


The United Kingdom is a unitary state[image: External link] under a constitutional monarchy[image: External link]. Queen Elizabeth II[image: External link] is the head of state of the UK as well as monarch of fifteen other independent Commonwealth countries[image: External link]. The monarch has "the right to be consulted, the right to encourage, and the right to warn".[170] The Constitution of the United Kingdom[image: External link] is uncodified[image: External link] and consists mostly of a collection of disparate written sources, including statutes[image: External link], judge-made case law[image: External link] and international treaties, together with constitutional conventions[image: External link].[171] As there is no technical difference between ordinary statutes and "constitutional law", the UK Parliament[image: External link] can perform "constitutional reform" simply by passing Acts of Parliament[image: External link], and thus has the political power to change or abolish almost any written or unwritten element of the constitution. However, no Parliament can pass laws that future Parliaments cannot change.[172]
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Main article: Government of the United Kingdom[image: External link]


The UK has a parliamentary government[image: External link] based on the Westminster system[image: External link] that has been emulated around the world: a legacy of the British Empire. The parliament of the United Kingdom meets in the Palace of Westminster[image: External link] and has two houses: an elected House of Commons[image: External link] and an appointed House of Lords[image: External link]. All bills passed are given Royal Assent[image: External link] before becoming law.

The position of prime minister[image: External link],[note 15] the UK's head of government[image: External link],[173] belongs to the person most likely to command the confidence[image: External link] of the House of Commons; this individual is typically the leader of the political party or coalition of parties that holds the largest number of seats in that chamber. The prime minister chooses a cabinet and its members are formally appointed by the monarch to form Her Majesty's Government[image: External link]. By convention, the monarch respects the prime minister's decisions of government.[174]

The cabinet[image: External link] is traditionally drawn from members of the prime minister's party or coalition and mostly from the House of Commons but always from both legislative houses, the cabinet being responsible[image: External link] to both. Executive power is exercised by the prime minister and cabinet, all of whom are sworn into the Privy Council of the United Kingdom[image: External link], and become Ministers of the Crown[image: External link]. The current Prime Minister is Theresa May[image: External link], who has been in office since 13 July 2016. May is also the leader of the Conservative Party[image: External link]. For elections to the House of Commons, the UK is divided into 650 constituencies[image: External link],[175] each electing a single member of parliament[image: External link] (MP) by simple plurality[image: External link]. General elections are called by the monarch when the prime minister so advises. Prior to the Fixed-term Parliaments Act 2011[image: External link], the Parliament Acts 1911 and 1949[image: External link] required that a new election must be called no later than five years after the previous general election.[176]

The Conservative Party, the Labour Party and the Liberal Democrats[image: External link] (formerly as the Liberal Party[image: External link]) have, in modern times, been considered the UK's three major political parties[image: External link],[177] representing the British traditions of conservatism[image: External link], socialism[image: External link] and social liberalism[image: External link], respectively. However, at the 2015 general election[image: External link], The UK Independence Party[image: External link] (UKIP) came third in terms of votes with 12.6%, but only won one seat[image: External link] and the Scottish National Party[image: External link] became the third-largest party by number of seats won, ahead of the Liberal Democrats. Most of the remaining seats were won by parties that contest elections only in one part of the UK: Plaid Cymru[image: External link] (Wales only); and the Democratic Unionist Party[image: External link], Ulster Unionist Party[image: External link], Social Democratic and Labour Party[image: External link] and Sinn Féin[image: External link] (Northern Ireland only[note 16]).[178] In accordance with party policy, no elected Sinn Féin members of parliament have ever attended the House of Commons to speak on behalf of their constituents because of the requirement to take an oath of allegiance to the monarch.[179]
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Main articles: Devolution in the United Kingdom[image: External link], Northern Ireland Executive[image: External link], Scottish Government[image: External link], and Welsh Government[image: External link]


Scotland, Wales and Northern Ireland each have their own government or executive[image: External link], led by a First Minister[image: External link] (or, in the case of Northern Ireland, a diarchal[image: External link] First Minister and deputy First Minister[image: External link]), and a devolved[image: External link] unicameral[image: External link] legislature. England, the largest country of the United Kingdom, has no such devolved executive or legislature and is administered and legislated for directly by the UK's government and parliament on all issues. This situation has given rise to the so-called West Lothian question[image: External link] which concerns the fact that members of parliament from Scotland, Wales and Northern Ireland can vote, sometimes decisively,[180] on matters that only affect England.[181] The McKay Commission[image: External link] reported on this matter in March 2013 recommending that laws affecting only England should need support from a majority of English members of parliament.[182]

The Scottish Government[image: External link] and Parliament[image: External link] have wide-ranging powers over any matter that has not been specifically reserved[image: External link] to the UK Parliament, including education[image: External link], healthcare[image: External link], Scots law[image: External link] and local government[image: External link].[183] At the 2011 elections[image: External link] the Scottish National Party won re-election and achieved an overall majority in the Scottish Parliament, with its leader, Alex Salmond[image: External link], as First Minister of Scotland[image: External link].[184][185] In 2012, the UK and Scottish governments signed the Edinburgh Agreement[image: External link] setting out the terms for a referendum on Scottish independence[image: External link] in 2014, which was defeated 55% to 45%.[186]

The Welsh Government[image: External link] and the National Assembly for Wales[image: External link] have more limited powers than those devolved to Scotland.[187] The Assembly is able to legislate on devolved matters through Acts of the Assembly[image: External link], which require no prior consent from Westminster. The 2011 elections[image: External link] resulted in a minority Labour administration led by Carwyn Jones[image: External link].[188]

The Northern Ireland Executive[image: External link] and Assembly[image: External link] have powers similar to those devolved to Scotland. The Executive is led by a diarchy[image: External link] representing unionist[image: External link] and nationalist[image: External link] members of the Assembly. Arlene Foster[image: External link] (Democratic Unionist Party) and Martin McGuinness[image: External link] (Sinn Féin) were First Minister and deputy First Minister[image: External link] respectively until 2017.[189] Devolution to Northern Ireland is contingent on participation by the Northern Ireland administration in the North-South Ministerial Council[image: External link], where the Northern Ireland Executive cooperates and develops joint and shared policies with the Government of Ireland[image: External link]. The British and Irish governments co-operate on non-devolved matters affecting Northern Ireland through the British–Irish Intergovernmental Conference[image: External link], which assumes the responsibilities of the Northern Ireland administration in the event of its non-operation.

The UK does not have a codified constitution[image: External link] and constitutional matters are not among the powers devolved to Scotland, Wales or Northern Ireland. Under the doctrine of parliamentary sovereignty[image: External link], the UK Parliament could, in theory, therefore, abolish the Scottish Parliament, Welsh Assembly or Northern Ireland Assembly.[190][191] Indeed, in 1972, the UK Parliament unilaterally prorogued[image: External link] the Parliament of Northern Ireland[image: External link], setting a precedent relevant to contemporary devolved institutions.[192] In practice, it would be politically difficult for the UK Parliament to abolish devolution to the Scottish Parliament and the Welsh Assembly, given the political entrenchment created by referendum decisions.[193] The political constraints placed upon the UK Parliament's power to interfere with devolution in Northern Ireland are even greater than in relation to Scotland and Wales, given that devolution in Northern Ireland rests upon an international agreement with the Government of Ireland[image: External link].[194]
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 Law and criminal justice




Main article: Law of the United Kingdom[image: External link]


The United Kingdom does not have a single legal system, as Article 19 of the 1706 Treaty of Union[image: External link] provided for the continuation of Scotland's separate legal system.[195] Today the UK has three distinct systems of law[image: External link]: English law[image: External link], Northern Ireland law[image: External link] and Scots law[image: External link]. A new Supreme Court of the United Kingdom[image: External link] came into being in October 2009 to replace the Appellate Committee of the House of Lords[image: External link].[196][197] The Judicial Committee of the Privy Council[image: External link], including the same members as the Supreme Court, is the highest court of appeal for several independent Commonwealth countries, the British Overseas Territories[image: External link] and the Crown Dependencies[image: External link].[198]

Both English law, which applies in England and Wales[image: External link], and Northern Ireland law[image: External link] are based on common-law[image: External link] principles.[199] The essence of common law is that, subject to statute, the law is developed by judges in courts, applying statute, precedent[image: External link] and common sense to the facts before them to give explanatory judgements of the relevant legal principles, which are reported and binding in future similar cases (stare decisis[image: External link]).[200] The courts of England and Wales[image: External link] are headed by the Senior Courts of England and Wales[image: External link], consisting of the Court of Appeal[image: External link], the High Court of Justice[image: External link] (for civil cases) and the Crown Court[image: External link] (for criminal cases). The Supreme Court is the highest court in the land for both criminal and civil appeal cases in England, Wales and Northern Ireland and any decision it makes is binding on every other court in the same jurisdiction, often having a persuasive effect in other jurisdictions.[201]

Scots law is a hybrid system based on both common-law and civil-law[image: External link] principles. The chief courts are the Court of Session[image: External link], for civil cases,[202] and the High Court of Justiciary[image: External link], for criminal cases.[203] The Supreme Court of the United Kingdom serves as the highest court of appeal for civil cases under Scots law.[204] Sheriff courts[image: External link] deal with most civil and criminal cases including conducting criminal trials with a jury, known as sheriff solemn court, or with a sheriff and no jury, known as sheriff summary Court.[205] The Scots legal system is unique in having three possible verdicts[image: External link] for a criminal trial: " guilty[image: External link]", "not guilty[image: External link]" and "not proven[image: External link]". Both "not guilty" and "not proven" result in an acquittal.[206]

Crime in England and Wales increased in the period between 1981 and 1995, though since that peak there has been an overall fall of 66% in recorded crime from 1995 to 2015,[207] according to crime statistics[image: External link]. The prison population of England and Wales[image: External link] has increased to 86,000, giving England and Wales the highest rate of incarceration in Western Europe at 148 per 100,000.[208][209] Her Majesty's Prison Service[image: External link], which reports to the Ministry of Justice[image: External link], manages most of the prisons within England and Wales. The murder rate in England and Wales has stabilised in the first half of the 2010s with a murder rate around 1 per 100,000 which is half the peak in 2002 and similar to the rate in the 1980s.[210][unreliable source[image: External link]] More sexual offences have been reported to the police since 2002.[211][212] Crime in Scotland fell slightly in 2014/2015 to its lowest level in 39 years in with 59 killings for a murder rate of 1.1 per 100,000. Scotland's prisons are overcrowded but the prison population is shrinking.[213]
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Main article: Foreign relations of the United Kingdom[image: External link]


The UK is a permanent member[image: External link] of the United Nations Security Council[image: External link], a member of NATO[image: External link], the Commonwealth of Nations[image: External link], the G7 finance ministers[image: External link], the G7 forum[image: External link] (previously the G8 forum), the G20[image: External link], the OECD[image: External link], the WTO[image: External link], the Council of Europe[image: External link], the OSCE[image: External link], and is a member state of the European Union[image: External link]. The UK is said to have a "Special Relationship[image: External link]" with the United States and a close partnership with France—the "Entente cordiale[image: External link]"—and shares nuclear weapons technology with both countries.[214][215] The UK is also closely linked with the Republic of Ireland; the two countries share a Common Travel Area[image: External link] and co-operate through the British-Irish Intergovernmental Conference[image: External link] and the British-Irish Council[image: External link]. Britain's global presence and influence is further amplified through its trading relations, foreign investments, official development assistance[image: External link] and military engagements.[216]
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Main article: British Armed Forces[image: External link]


The armed forces[image: External link] of the United Kingdom—officially, Her Majesty's Armed Forces[image: External link]—consist of three professional service branches: the Royal Navy[image: External link] and Royal Marines[image: External link] (forming the Naval Service[image: External link]), the British Army[image: External link] and the Royal Air Force[image: External link].[217] The forces are managed by the Ministry of Defence[image: External link] and controlled by the Defence Council[image: External link], chaired by the Secretary of State for Defence[image: External link]. The Commander-in-Chief[image: External link] is the British monarch[image: External link], Elizabeth II[image: External link], to whom members of the forces swear an oath of allegiance.[218] The Armed Forces are charged with protecting the UK and its overseas territories, promoting the UK's global security interests and supporting international peacekeeping efforts. They are active and regular participants in NATO[image: External link], including the Allied Rapid Reaction Corps[image: External link], as well as the Five Power Defence Arrangements[image: External link], RIMPAC[image: External link] and other worldwide coalition operations. Overseas garrisons and facilities are maintained in Ascension Island[image: External link], Belize[image: External link], Brunei[image: External link], Canada[image: External link], Cyprus[image: External link], Diego Garcia[image: External link], the Falkland Islands[image: External link], Germany[image: External link], Gibraltar[image: External link], Kenya[image: External link], Qatar[image: External link] and Singapore[image: External link].[219][220]

The British armed forces played a key role in establishing the British Empire[image: External link] as the dominant world power[image: External link] in the 18th, 19th and early 20th centuries. Throughout its unique history the British forces have seen action in a number of major wars, such as the Seven Years' War[image: External link], the Napoleonic Wars[image: External link], the Crimean War[image: External link], the First World War[image: External link] and the Second World War—as well as many colonial conflicts. By emerging victorious from such conflicts, Britain has often been able to decisively influence world events[image: External link]. Since the end of the British Empire, the UK has nonetheless remained a major military power. Following the end of the Cold War[image: External link], defence policy has a stated assumption that "the most demanding operations" will be undertaken as part of a coalition.[221] Setting aside the intervention in Sierra Leone[image: External link], recent UK military operations in Bosnia[image: External link], Kosovo[image: External link], Afghanistan[image: External link], Iraq[image: External link] and, most recently, Libya[image: External link], have followed this approach. The last occasion on which the British military fought alone was the Falklands War[image: External link] of 1982.

According to various sources, including the Stockholm International Peace Research Institute[image: External link] and the International Institute for Strategic Studies[image: External link], the United Kingdom has the fourth- or fifth-highest military expenditure[image: External link] in the world. Total defence spending amounts to 2.0% of national GDP.[27]
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Main article: Economy of the United Kingdom[image: External link]
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The UK has a partially regulated market economy[image: External link].[222] Based on market exchange rates[image: External link], the UK is today the fifth-largest economy in the world and the second-largest in Europe after Germany. HM Treasury[image: External link], led by the Chancellor of the Exchequer[image: External link], is responsible for developing and executing the government's public finance[image: External link] policy and economic policy[image: External link]. The Bank of England[image: External link] is the UK's central bank[image: External link] and is responsible for issuing notes and coins in the nation's currency, the pound sterling[image: External link]. Banks in Scotland and Northern Ireland retain the right to issue their own notes, subject to retaining enough Bank of England notes in reserve to cover their issue. The pound sterling is the world's third-largest reserve currency[image: External link] (after the US dollar and the euro).[223] Since 1997 the Bank of England's Monetary Policy Committee[image: External link], headed by the Governor of the Bank of England[image: External link], has been responsible for setting interest rates[image: External link] at the level necessary to achieve the overall inflation target for the economy that is set by the Chancellor each year.[224]

The UK service sector[image: External link] makes up around 73% of GDP.[225] London[image: External link] is one of the three "command centres" of the global economy[image: External link] (alongside New York City[image: External link] and Tokyo[image: External link]),[226] it is the world's largest financial centre alongside New York,[227][228][229] and it has the largest city GDP[image: External link] in Europe.[230] Edinburgh[image: External link] is also one of the largest financial centres in Europe.[231] Tourism[image: External link] is very important to the British economy; with over 27 million tourists arriving in 2004, the United Kingdom is ranked as the sixth major tourist destination in the world and London has the most international visitors of any city in the world.[232][233] The creative industries[image: External link] accounted for 7% GVA in 2005 and grew at an average of 6% per annum between 1997 and 2005.[234]

The Industrial Revolution[image: External link] started in the UK with an initial concentration on the textile industry,[235] followed by other heavy industries such as shipbuilding[image: External link], coal mining and steelmaking[image: External link].[236][237] British merchants, shippers and bankers developed overwhelming advantage over those of other nations allowing the UK to dominate international trade in the 19th century.[238][239] As other nations industrialised, coupled with economic decline after two world wars, the United Kingdom began to lose its competitive advantage and heavy industry declined, by degrees, throughout the 20th century. Manufacturing remains a significant part of the economy but accounted for only 16.7% of national output in 2003.[240]

The automotive industry[image: External link] is a significant part of the UK manufacturing sector and employs around 800,000 people, with a turnover in 2015 of some £70 billion, generating £34.6 billion of exports (11.8% of the UK's total export goods). In 2015, the UK produced around 1.6 million passenger vehicles and 94,500 commercial vehicles. The UK is a major centre for engine manufacturing and in 2015 around 2.4 million engines were produced in the country. The UK has a significant presence in motor racing[image: External link] and the UK motorsport industry employs around 41,000 people, comprises around 4,500 companies and has an annual turnover of around £6 billion.[241]

The aerospace industry of the UK[image: External link] is the second- or third-largest national aerospace industry in the world depending upon the method of measurement and has an annual turnover of around £30 billion.[242] In 2016, the global market opportunity for UK aerospace manufacturers over the next two decades was estimated to be £3.5 trillion.[243] The wings for the Airbus A380[image: External link] and the A350 XWB[image: External link] are designed and manufactured at Airbus UK[image: External link]'s world-leading Broughton facility, whilst over a quarter of the value of the Boeing 787[image: External link] comes from UK manufacturers including Eaton (fuel subsystem pumps), Messier-Bugatti-Dowty[image: External link] (the landing gear) and Rolls-Royce[image: External link] (the engines). Other key names include GKN Aerospace[image: External link]—an expert in metallic and composite aerostructures that's involved in almost every civil and military fixed and rotary wing aircraft in production and development today.[244][245][246][245][247][246][247]

BAE Systems[image: External link] plays a critical role in some of the world's biggest defence aerospace projects. The company makes large sections of the Typhoon Eurofighter[image: External link] at its sub-assembly plant in Samlesbury[image: External link] and assembles the aircraft for the Royal Air Force[image: External link] at its Warton Plant, near Preston. It is also a principal subcontractor on the F35[image: External link] Joint Strike Fighter—the world's largest single defence project—for which it designs and manufactures a range of components including the aft fuselage, vertical and horizontal tail and wing tips and fuel system. As well as this it manufactures the Hawk[image: External link], the world's most successful jet training aircraft.[247] Airbus UK[image: External link] also manufactures the wings for the A400 m[image: External link] military transporter. Rolls-Royce[image: External link], is the world's second-largest aero-engine manufacturer. Its engines power more than 30 types of commercial aircraft[image: External link] and it has more than 30,000 engines in service in the civil and defence sectors. Rolls-Royce is forecast to have more than 50% of the widebody market share by 2016, ahead of General Electric[image: External link].[248] Agusta Westland[image: External link] designs and manufactures complete helicopters in the UK.[247]

The UK space industry was worth £9.1bn in 2011 and employed 29,000 people. It is growing at a rate of 7.5% annually, according to its umbrella organisation, the UK Space Agency[image: External link]. Government strategy is for the space industry to be a £40bn business for the UK by 2030, capturing a 10% share of the $250bn world market for commercial space technology.[247] On 16 July 2013, the British Government pledged £60 m to the Skylon[image: External link] project: this investment will provide support at a "crucial stage" to allow a full-scale prototype of the SABRE[image: External link] engine to be built. On 2 November 2015, BAE Systems[image: External link] announced they have bought a 20% stake in Reaction Engines ltd[image: External link]. The working partnership will draw on BAE Systems' extensive aerospace technology development and project management expertise and will provide Reaction Engines with access to critical industrial, technical and capital resources to help progress the development of the SABRE engine.[249]

The pharmaceutical industry[image: External link] plays an important role in the UK economy and the country has the third-highest share of global pharmaceutical R&D expenditures (after the United States and Japan).[250][251]

Agriculture is intensive, highly mechanised and efficient by European standards, producing about 60% of food needs with less than 1.6% of the labour force (535,000 workers).[252] Around two-thirds of production is devoted to livestock, one-third to arable crops. Farmers are subsidised by the EU's Common Agricultural Policy[image: External link]. The UK retains a significant, though much reduced fishing industry. It is also rich in a number of natural resources including coal, petroleum, natural gas, tin, limestone, iron ore, salt, clay, chalk, gypsum, lead, silica and an abundance of arable land.[253]

In the final quarter of 2008, as a result of the Great Recession[image: External link], the UK economy officially entered recession[image: External link] for the first time since 1991.[254] Unemployment[image: External link] increased from 5.2% in May 2008 to 7.6% in May 2009 and by January 2012 the unemployment rate among 18- to 24-year-olds had risen from 11.9% to 22.5%, the highest since current records began in 1992, although it had fallen to 14.2% by November 2015.[255][256][257] Total UK government debt[image: External link] rose quickly from 44.4% of GDP in 2007 to 82.9% of GDP in 2011, then increased more slowly to 87.5% of GDP in 2015.[258][259] Following the likes of the United States, France and many major economies, in February 2013, the UK lost its top AAA credit rating for the first time since 1978 with Moodys[image: External link] and Fitch[image: External link] credit agency[image: External link] while, unlike the other major economies retained their triple A rating with the largest agency Standard & Poor's[image: External link].[260][261] However, by the end of 2014, UK growth was the fastest in both the G7 and in Europe,[262][263] and by September 2015, the unemployment rate was down to a seven-year low of 5.3%.[264]

As a direct result of the Great Recession between 2010 and the third quarter of 2012 wages in the UK fell by 3.2%,[265] but by 2015 real wages were growing by 3%, having grown faster than inflation[image: External link] since 2014.[266] Since the 1980s, UK economic inequality[image: External link], like Canada, Australia and the United States has grown faster than in other developed countries.[267][268]

The poverty line in the UK[image: External link] is commonly defined as being 60% of the median household income.[note 17] In 2007–2008 13.5 million people, or 22% of the population, lived below this line. This is a higher level of relative poverty[image: External link] than all but four other EU members.[269] In the same year 4.0 million children, 31% of the total, lived in households below the poverty line after housing costs were taken into account. This is a decrease of 400,000 children since 1998–1999.[270] The UK imports 40% of its food supplies.[271] The Office for National Statistics[image: External link] has estimated that in 2011, 14 million people were at risk of poverty[image: External link] or social exclusion, and that one person in 20 (5.1%) was now experiencing "severe material depression",[272] up from 3 million people in 1977.[273][274]

The UK has an external debt[image: External link] of $9.6 trillion[image: External link] dollars which is second highest in the world after the US which has an external debt of 18.5 trillion dollars. As a percentage of GDP, external debt is 408% which is third highest in the world after Luxembourg and Iceland.[275][276][277][278][279]

The combination of the UK's relatively lax regulatory regime and London's financial institutions providing sophisticated methods to launder[image: External link] proceeds from criminal activity around the world, including those from drug trade[image: External link], makes the City of London a global hub for illicit finance and the UK a safe haven for the world's major-league tax dodgers[image: External link], according to research papers and reports published in the mid-2010s.[280][281][282][283][284] The reports on the Panama papers[image: External link] published in April 2016 singled out the UK as being "at the heart of super-rich tax-avoidance network."[285]
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Main article: Science and technology in the United Kingdom[image: External link]


England and Scotland were leading centres of the Scientific Revolution[image: External link] from the 17th century[286] and the United Kingdom led the Industrial Revolution from the 18th century,[235] and has continued to produce scientists and engineers credited with important advances.[287] Major theorists from the 17th and 18th centuries include Isaac Newton, whose laws of motion[image: External link] and illumination of gravity[image: External link] have been seen as a keystone of modern science;[288] from the 19th century Charles Darwin[image: External link], whose theory of evolution[image: External link] by natural selection[image: External link] was fundamental to the development of modern biology, and James Clerk Maxwell[image: External link], who formulated classical electromagnetic theory[image: External link]; and more recently Stephen Hawking, who has advanced major theories in the fields of cosmology[image: External link], quantum gravity and the investigation of black holes[image: External link].[289]

Major scientific discoveries from the 18th century include hydrogen[image: External link] by Henry Cavendish[image: External link];[290] from the 20th century penicillin[image: External link] by Alexander Fleming[image: External link],[291] and the structure of DNA[image: External link], by Francis Crick[image: External link] and others.[292] Famous British engineers and inventors of the Industrial Revolution include James Watt[image: External link], George Stephenson[image: External link], Richard Arkwright[image: External link], Robert Stephenson[image: External link] and Isambard Kingdom Brunel[image: External link].[293] Other major engineering projects and applications by people from the UK include the steam locomotive[image: External link], developed by Richard Trevithick[image: External link] and Andrew Vivian[image: External link];[294] from the 19th century the electric motor[image: External link] by Michael Faraday[image: External link], the incandescent light bulb[image: External link] by Joseph Swan[image: External link],[295] and the first practical telephone, patented by Alexander Graham Bell[image: External link];[296] and in the 20th century the world's first working television system by John Logie Baird[image: External link] and others,[297] the jet engine[image: External link] by Frank Whittle[image: External link], the basis of the modern computer by Alan Turing[image: External link], and the World Wide Web[image: External link] by Tim Berners-Lee[image: External link].[298]

Scientific research and development remains important in British universities, with many establishing science parks[image: External link] to facilitate production and co-operation with industry.[299] Between 2004 and 2008 the UK produced 7% of the world's scientific research papers and had an 8% share of scientific citations, the third and second highest in the world (after the United States and China, respectively).[300] Scientific journals produced in the UK include Nature[image: External link], the British Medical Journal[image: External link] and The Lancet[image: External link].[301]
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Main article: Transport in the United Kingdom[image: External link]


A radial road network totals 29,145 miles (46,904 km) of main roads, 2,173 miles (3,497 km) of motorways and 213,750 miles (344,000 km) of paved roads.[130] The M25[image: External link], encircling London, is the largest and busiest bypass in the world.[304] In 2009 there were a total of 34 million licensed vehicles in Great Britain.[305]

The UK has a railway network of 10,072 miles (16,209 km) in Great Britain[image: External link] and 189 miles (304 km) in Northern Ireland[image: External link]. Railways in Northern Ireland are operated by NI Railways[image: External link], a subsidiary of state-owned Translink[image: External link]. In Great Britain, the British Rail[image: External link] network was privatised[image: External link] between 1994 and 1997, which was followed by a rapid rise in passenger numbers following years of decline, although the factors behind this are disputed[image: External link]. Network Rail[image: External link] owns and manages most of the fixed assets (tracks, signals etc.). About 20 privately owned Train Operating Companies[image: External link] operate passenger trains, which carried 1.68 billion passengers in 2015.[306][307] There are also some 1,000 freight trains in daily operation.[ when?[image: External link]][130] The British Government is to spend £30 billion on a new high-speed railway line, HS2[image: External link], to be operational by 2026.[308] Crossrail[image: External link], under construction in London, is Europe's largest construction project with a £15 billion projected cost.[309][310]

In the year from October 2009 to September 2010 UK airports handled a total of 211.4 million passengers.[311] In that period the three largest airports were London Heathrow Airport[image: External link] (65.6 million passengers), Gatwick Airport[image: External link] (31.5 million passengers) and London Stansted Airport[image: External link] (18.9 million passengers).[311] London Heathrow Airport, located 15 miles (24 km) west of the capital, has the most international passenger traffic of any airport in the world[302][303] and is the hub for the UK flag carrier British Airways[image: External link], as well as Virgin Atlantic[image: External link].[312]
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Main article: Energy in the United Kingdom[image: External link]


In 2006, the UK was the world's ninth-largest consumer of energy and the 15th-largest producer.[313] The UK is home to a number of large energy companies, including two of the six oil and gas " supermajors[image: External link]"— BP[image: External link] and Royal Dutch Shell[image: External link]—and BG Group[image: External link].[314][315] In 2011, 40% of the UK's electricity was produced by gas, 30% by coal, 19% by nuclear power and 4.2% by wind, hydro, biofuels and wastes.[316]

In 2013, the UK produced 914 thousand barrels per day (bbl/d) of oil and consumed 1,507 thousand bbl/d.[317][318] Production is now in decline and the UK has been a net importer of oil since 2005.[319] In 2010 the UK had around 3.1 billion barrels of proven crude oil reserves[image: External link], the largest of any EU member state.[319] In 2009, 66.5% of the UK's oil supply was imported.[320]

In 2009, the UK was the 13th-largest producer of natural gas in the world and the largest producer in the EU.[321] Production is now in decline and the UK has been a net importer of natural gas since 2004.[321] In 2009, half of British gas was supplied from imports as domestic reserves are depleted.[316]

Coal production played a key role in the UK economy in the 19th and 20th centuries. In the mid-1970s, 130 million tonnes of coal was being produced annually, not falling below 100 million tonnes until the early 1980s. During the 1980s and 1990s the industry was scaled back considerably. In 2011, the UK produced 18.3 million tonnes of coal.[322] In 2005 it had proven recoverable coal reserves of 171 million tons.[322] The UK Coal Authority[image: External link] has stated there is a potential to produce between 7 billion tonnes and 16 billion tonnes of coal through underground coal gasification (UCG)[image: External link] or ' fracking'[image: External link],[323] and that, based on current UK coal consumption, such reserves could last between 200 and 400 years.[324] However, environmental and social concerns have been raised over chemicals getting into the water table and minor earthquakes damaging homes.[325][326]

In the late 1990s, nuclear power plants contributed around 25% of total annual electricity generation in the UK, but this has gradually declined as old plants have been shut down and ageing-related problems affect plant availability. In 2012, the UK had 16 reactors normally generating about 19% of its electricity. All but one of the reactors will be retired by 2023. Unlike Germany and Japan, the UK intends to build a new generation of nuclear plants from about 2018.[316]

The total of all renewable electricity sources provided for 14.9% of the electricity generated in the United Kingdom in 2013,[327] reaching 53.7 TWh of electricity generated. The UK is one of the best sites in Europe for wind energy[image: External link], and wind power production is its fastest growing supply, in 2014 it generated 9.3% of the UK's total electricity.[328][329][330]
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Main article: Water supply and sanitation in the United Kingdom[image: External link]


Access to improved water supply and sanitation in the UK is universal. It is estimated that 96.7% of households are connected to the sewer network.[331] According to the Environment Agency, total water abstraction for public water supply in the UK was 16,406 megalitres[image: External link] per day in 2007.[332] In England and Wales the economic regulator of water companies is the Water Services Regulation Authority[image: External link] (Ofwat). The Environment Agency[image: External link] is responsible for environmental regulation, and the Drinking Water Inspectorate[image: External link] for regulating drinking water quality. The economic water industry regulator in Scotland[image: External link] is the Water Industry Commission for Scotland and the environmental regulator is the Scottish Environment Protection Agency[image: External link]. Drinking water standards and wastewater discharge standards in the UK, as in other countries of the European Union[image: External link], are determined by the EU (see Water supply and sanitation in the European Union[image: External link]).

In England and Wales water and sewerage services are provided by 10 private regional water and sewerage companies and 13 mostly smaller private "water only" companies. In Scotland water and sewerage services are provided by a single public company, Scottish Water[image: External link]. In Northern Ireland water and sewerage services are also provided by a single public entity, Northern Ireland Water[image: External link].
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Main article: Demography of the United Kingdom[image: External link]


A census[image: External link] is taken simultaneously in all parts of the UK every ten years.[333] The Office for National Statistics[image: External link] is responsible for collecting data for England and Wales, the General Register Office for Scotland[image: External link] and the Northern Ireland Statistics and Research Agency[image: External link] each being responsible for censuses in their respective countries.[334] In the 2011 census[image: External link] the total population of the United Kingdom was 63,181,775.[335] It is the third-largest in the European Union, the fifth-largest in the Commonwealth and the 22nd-largest in the world. In mid-2014 and mid-2015 net long-term international migration contributed more to population growth. In mid-2012 and mid-2013 natural change contributed the most to population growth.[336] Between 2001 and 2011 the population increased by an average annual rate of approximately 0.7%.[335] This compares to 0.3% per year in the period 1991 to 2001 and 0.2% in the decade 1981 to 1991.[337] The 2011 census also confirmed that the proportion of the population aged 0–14 has nearly halved (31% in 1911 compared to 18 in 2011) and the proportion of older people aged 65 and over has more than tripled (from 5 to 16%).[335] It has been estimated that the number of people aged 100 or over will rise steeply to reach over 626,000 by 2080.[338]

England's population in 2011 was found to be 53 million.[339] It is one of the most densely populated countries in the world, with 420 people resident per square kilometre in mid-2015.[340] with a particular concentration in London and the south-east.[341] The 2011 census put Scotland's population at 5.3 million,[342] Wales at 3.06 million and Northern Ireland at 1.81 million.[339] In percentage terms England has had the fastest growing population of any country of the UK in the period from 2001 to 2011, with an increase of 7.9%.

In 2012 the average total fertility rate[image: External link] (TFR) across the UK was 1.92 children per woman.[343] While a rising birth rate is contributing to current population growth, it remains considerably below the 'baby boom' peak of 2.95 children per woman in 1964,[344] below the replacement rate of 2.1, but higher than the 2001 record low of 1.63.[343] In 2012, Scotland had the lowest TFR at only 1.67, followed by Wales at 1.88, England at 1.94, and Northern Ireland at 2.03.[343] In 2011, 47.3% of births in the UK were to unmarried women.[345] The Office for National Statistics[image: External link] published an "Experimental Official Statistics" bulletin in 2015 showing that, out of the UK population aged 16 and over, 1.7% identify as lesbian, gay, or bisexual (2.0% of males and 1.5% of females). 4.5% of respondents responded with "other", "I don't know", or did not respond.[346]
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Main article: Ethnic groups in the United Kingdom[image: External link]


Historically, indigenous British people were thought to be descended from the various ethnic groups[image: External link] that settled there before the 11th century: the Celts[image: External link], Romans, Anglo-Saxons, Norse and the Normans[image: External link]. Welsh people[image: External link] could be the oldest ethnic group in the UK.[350] A 2006 genetic study shows that more than 50% of England's gene pool contains Germanic[image: External link] Y chromosomes.[351] Another 2005 genetic analysis indicates that "about 75% of the traceable ancestors of the modern British population had arrived in the British isles by about 6,200 years ago, at the start of the British Neolithic or Stone Age", and that the British broadly share a common ancestry with the Basque people[image: External link].[352][353][354]

The UK has a history of small-scale non-white immigration, with Liverpool[image: External link] having the oldest Black population in the country dating back to at least the 1730s during the period of the African slave trade,[355] and the oldest Chinese[image: External link] community in Europe, dating to the arrival of Chinese seamen in the 19th century.[356] In 1950 there were probably fewer than 20,000 non-white residents in Britain, almost all born overseas.[357]

Since 1948 substantial immigration from Africa, the Caribbean[image: External link] and South Asia[image: External link] has been a legacy of ties forged by the British Empire[image: External link].[358] Migration from new EU member states in Central[image: External link] and Eastern Europe since 2004 has resulted in growth in these population groups, although some of this migration has been temporary.[359] Since the 1990s, there has been substantial diversification of the immigrant population, with migrants to the UK coming from a much wider range of countries than previous waves, which tended to involve larger numbers of migrants coming from a relatively small number of countries.[360][361][362]

Academics have argued that the ethnicity categories[image: External link] employed in British national statistics, which were first introduced in the 1991 census[image: External link], involve confusion between the concepts of ethnicity[image: External link] and race[image: External link].[363][364] In 2011[image: External link], 87.2% of the UK population identified themselves as white, meaning 12.8% of the UK population identify themselves as of one of number of ethnic minority[image: External link] groups.[365] In the 2001 census, this figure was 7.9% of the UK population.[366]

Because of differences in the wording of the census forms used in England and Wales, Scotland and Northern Ireland, data on the Other White[image: External link] group is not available for the UK as a whole, but in England and Wales this was the fastest growing group between the 2001 and 2011 censuses, increasing by 1.1 million (1.8 percentage points).[367] Amongst groups for which comparable data is available for all parts of the UK level, there was considerable growth in the size of the Other Asian category, which increased from 0.4 to 1.4% of the population between 2001 and 2011.[365][366] There was also considerable growth in the Mixed[image: External link] category. In 2001, people in this category accounted for 1.2% of the UK population;[366] by 2011, the proportion was 2%.[365]

Ethnic diversity varies significantly across the UK. 30.4% of London's population and 37.4% of Leicester[image: External link]'s was estimated to be non-white in 2005,[368][369] whereas less than 5% of the populations of North East England[image: External link], Wales and the South West[image: External link] were from ethnic minorities, according to the 2001 census.[370] In 2016, 31.4% of primary and 27.9% of secondary pupils at state schools[image: External link] in England were members of an ethnic minority.[371]



	Ethnic group
	Population (absolute)
	Population (%)



	2001[372]
	2011
	2011[365]



	White
	54,153,898
	55,010,359
	087.1 %



	White: Gypsy / Traveller /

Irish Traveller[note 18]
	—
	63,193
	000.1 %



	Asian /

Asian British
	Indian
	1,053,411
	1,451,862
	002.3 %



	Pakistani
	747,285
	1,174,983
	001.9 %



	Bangladeshi
	283,063
	451,529
	000.7 %



	Chinese
	247,403
	433,150
	000.7 %



	other Asian
	247,664
	861,815
	001.4 %



	Black / African / Caribbean /

Black British
	1,148,738

 
	1,904,684

[note 19]
	003.0 %

 



	mixed / multiple ethnic groups
	677,117
	1,250,229
	002.0 %



	other ethnic group
	230,615
	580,374
	000.9 %



	Total
	58,789,194
	63,182,178
	100.0 %
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Main article: Languages of the United Kingdom[image: External link]


The UK's de facto[image: External link] official language is English.[377][378] It is estimated that 95% of the UK's population are monolingual[image: External link] English speakers.[379] 5.5% of the population are estimated to speak languages brought to the UK as a result of relatively recent immigration.[379] South Asian languages, including Punjabi[image: External link], Urdu[image: External link], Hindi[image: External link], Bengali[image: External link], Tamil[image: External link] and Gujarati[image: External link], are the largest grouping and are spoken by 2.7% of the UK population.[379] According to the 2011 census, Polish[image: External link] has become the second-largest language spoken in England and has 546,000 speakers.[380]

Four Celtic languages[image: External link] are spoken in the UK: Welsh[image: External link], Irish[image: External link], Scottish Gaelic[image: External link] and Cornish[image: External link]. All are recognised as regional or minority languages, subject to specific measures of protection and promotion under the European Charter for Regional or Minority Languages[image: External link][2][381] and the Framework Convention for the Protection of National Minorities[image: External link].[382] In the 2001 Census over a fifth (21%) of the population of Wales said they could speak Welsh,[383] an increase from the 1991 Census (18%).[384] In addition it is estimated that about 200,000 Welsh speakers live in England.[385] In the same census in Northern Ireland 167,487 people (10.4%) stated that they had "some knowledge of Irish" (see Irish language in Northern Ireland[image: External link]), almost exclusively in the nationalist[image: External link] (mainly Catholic) population. Over 92,000 people in Scotland (just under 2% of the population) had some Gaelic language ability, including 72% of those living in the Outer Hebrides[image: External link].[386] The number of schoolchildren being taught through Welsh, Scottish Gaelic and Irish is increasing.[387] Among emigrant-descended populations some Scottish Gaelic is still spoken in Canada[image: External link] (principally Nova Scotia[image: External link] and Cape Breton Island[image: External link]),[388] and Welsh in Patagonia[image: External link], Argentina.[389]

Scots[image: External link], a language descended from early northern Middle English[image: External link], has limited recognition[image: External link] alongside its regional variant, Ulster Scots[image: External link] in Northern Ireland, without specific commitments to protection and promotion.[2][390]

It is compulsory for pupils to study a second language up to the age of 14 in England,[391] and up to age 16 in Scotland. French and German are the two most commonly taught second languages in England and Scotland. All pupils in Wales are taught Welsh as a second language up to age 16, or are taught in Welsh[image: External link].[392]
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Main article: Religion in the United Kingdom[image: External link]


Forms of Christianity have dominated religious life in what is now the United Kingdom for over 1400 years.[393] Although a majority of citizens still identify with Christianity in many surveys, regular church attendance has fallen dramatically since the middle of the 20th century,[394] while immigration and demographic change have contributed to the growth of other faiths, most notably Islam.[395] This has led some commentators to variously describe the UK as a multi-faith,[396] secularised[image: External link],[397] or post-Christian[image: External link] society.[398]

In the 2001 census 71.6% of all respondents indicated that they were Christians, with the next largest faiths being Islam (2.8%), Hinduism[image: External link] (1.0%), Sikhism[image: External link] (0.6%), Judaism[image: External link] (0.5%), Buddhism[image: External link] (0.3%) and all other religions (0.3%).[399] 15% of respondents stated that they had no religion[image: External link], with a further 7% not stating a religious preference.[400] A Tearfund[image: External link] survey in 2007 showed only one in ten Britons actually attend church weekly.[401] Between the 2001 and 2011 census there was a decrease in the amount of people who identified as Christian by 12%, whilst the percentage of those reporting no religious affiliation doubled. This contrasted with growth in the other main religious group categories, with the number of Muslims increasing by the most substantial margin to a total of about 5%.[402] The Muslim population[image: External link] has increased from 1.6 million in 2001 to 2.7 million in 2011,[403] making it the second-largest religious group in the United Kingdom.[404]

In a 2015 survey conducted by BSA (British Social Attitudes)[image: External link] on religious affiliation; 49% of respondents indicated 'no religion'[image: External link], while 42% indicated they were Christians[image: External link], followed by 8% who affiliated with other religions (e.g. Islam[image: External link], Hinduism[image: External link], Judaism[image: External link], etc.).[405] Among Christians, adherents to the Church of England[image: External link] constituted 17%, Roman Catholic Church[image: External link] – 8%, other Christians (including Presbyterians[image: External link], Methodists[image: External link], other Protestants[image: External link], as well as Eastern Orthodox[image: External link]) – 17%. Amid other religions, Islam accounted for 5%.[406][407]

The Church of England[image: External link] is the established church[image: External link] in England.[408] It retains a representation[image: External link] in the UK Parliament[image: External link] and the British monarch[image: External link] is its Supreme Governor[image: External link].[409] In Scotland[image: External link], the Church of Scotland[image: External link] is recognised as the national church[image: External link]. It is not subject to state control[image: External link], and the British monarch is an ordinary member, required to swear an oath to "maintain and preserve the Protestant Religion[image: External link] and Presbyterian Church Government[image: External link]" upon his or her accession.[410][411] The Church in Wales[image: External link] was disestablished in 1920 and, as the Church of Ireland[image: External link] was disestablished in 1870 before the partition of Ireland[image: External link], there is no established church in Northern Ireland.[412] Although there are no UK-wide data in the 2001 census on adherence to individual Christian denominations, it has been estimated that 62% of Christians are Anglican, 13.5% Catholic[image: External link], 6% Presbyterian[image: External link], 3.4% Methodist[image: External link] with small numbers of other Protestant denominations such as Open Brethren[image: External link], and Orthodox[image: External link] churches.[413]
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Main article: Modern immigration to the United Kingdom[image: External link]


See also: Foreign-born population of the United Kingdom[image: External link]


The United Kingdom has experienced successive waves of migration. The Great Famine[image: External link] in Ireland, then part of the United Kingdom, resulted in perhaps a million people migrating to Great Britain.[414] Unable to return to Poland at the end of World War II, over 120,000 Polish veterans[image: External link] remained in the UK permanently.[415] After World War II, there was significant immigration from the colonies and newly independent former colonies, partly as a legacy of empire and partly driven by labour shortages. Many of these migrants came from the Caribbean[image: External link] and the Indian subcontinent[image: External link].[416] In 1841, 0.25% of the population of England and Wales[image: External link] was born in a foreign country. By 1931, this figure had risen to 2.6%, and by 1951 it was 4.4%.[417]

In 2014 the net increase[image: External link] was 318,000: immigration was 641,000, up from 526,000 in 2013, while the number of people emigrating (for more than 12 months) was 323,000.[418] One of the more recent trends in migration has been the arrival of workers from the new EU member states in Eastern Europe, known as the A8 countries[image: External link].[359] In 2010, there were 7.0 million foreign-born residents in the UK, corresponding to 11.3% of the total population. Of these, 4.76 million (7.7%) were born outside the EU and 2.24 million (3.6%) were born in another EU Member State.[419] The proportion of foreign-born people in the UK remains slightly below that of many other European countries.[420] However, immigration is now contributing to a rising population[421] with arrivals and UK-born children of migrants accounting for about half of the population increase between 1991 and 2001. Analysis of Office for National Statistics[image: External link] (ONS) data shows that a net total of 2.3 million migrants moved to the UK in the 15 years from 1991 to 2006.[422] In 2008 it was predicted that migration would add 7 million to the UK population by 2031,[423] though these figures are disputed.[424] The ONS reported that net migration rose from 2009 to 2010 by 21% to 239,000.[425]

In 2013, approximately 208,000 foreign citizens were naturalised as British citizens, the highest number since records began in 1962. This figure fell to around 125,800 in 2014. Between 2009 and 2013, the average number of people granted British citizenship per year was 195,800. The main countries of previous nationality of those naturalised in 2014 were India[image: External link], Pakistan[image: External link], the Philippines[image: External link], Nigeria[image: External link], Bangladesh[image: External link], Nepal[image: External link], China[image: External link], South Africa, Poland[image: External link] and Somalia[image: External link].[426] The total number of grants of settlement, which confers permanent residence[image: External link] in the UK without granting British citizenship,[427] was approximately 154,700 in 2013, compared to 241,200 in 2010 and 129,800 in 2012.[426]

Over a quarter (27.0%) of live births in 2014 were to mothers born outside the UK, according to official statistics released in 2015.[428]

Citizens of the European Union, including those of the UK, have the right to live and work in any EU member state.[429] The UK applied temporary restrictions to citizens of Romania and Bulgaria, which joined the EU in January 2007.[430] Research conducted by the Migration Policy Institute[image: External link] for the Equality and Human Rights Commission[image: External link] suggests that, between May 2004 and September 2009, 1.5 million workers migrated from the new EU member states to the UK, two-thirds of them Polish, but that many subsequently returned home, resulting in a net increase in the number of nationals of the new member states in the UK of some 700,000 over that period.[431][432] The late-2000s recession[image: External link] in the UK reduced the economic incentive for Poles to migrate to the UK,[433] the migration becoming temporary and circular.[434] In 2009, for the first time since enlargement, more nationals of the eight central and eastern European states that had joined the EU in 2004 left the UK than arrived.[435] In 2011, citizens of the new EU member states made up 13% of the immigrants entering the country.[436]

The British Government has introduced a points-based immigration system[image: External link] for immigration from outside the European Economic Area[image: External link] to replace former schemes, including the Scottish Government's Fresh Talent Initiative[image: External link].[437] In June 2010 the government introduced a temporary limit of 24,000 on immigration from outside the EU, aiming to discourage applications before a permanent cap was imposed in April 2011.[438]

Emigration was an important feature of British society in the 19th century. Between 1815 and 1930 around 11.4 million people emigrated from Britain and 7.3 million from Ireland. Estimates show that by the end of the 20th century some 300 million people of British and Irish descent were permanently settled around the globe.[439] Today, at least 5.5 million UK-born people live abroad,[440][441][442] mainly in Australia, Spain, the United States and Canada.[440][443]
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Main article: Education in the United Kingdom[image: External link]


See also: Education in England[image: External link], Education in Northern Ireland[image: External link], Education in Scotland[image: External link], and Education in Wales[image: External link]


Education in the United Kingdom is a devolved[image: External link] matter, with each country having a separate education system. About 38 percent of the United Kingdom population has a university or college degree[image: External link], which is the highest percentage in Europe[image: External link], and among the highest percentages in the world.[444][445]

Whilst education in England[image: External link] is the responsibility of the Secretary of State for Education[image: External link], the day-to-day administration and funding of state schools is the responsibility of local authorities[image: External link].[446] Universally free of charge state education was introduced piecemeal between 1870 and 1944.[447][448] Education is now mandatory from ages five to sixteen, and in England youngsters must stay in education or training until they are 18.[449] In 2011, the Trends in International Mathematics and Science Study[image: External link] (TIMSS) rated 13–14-year-old pupils in England and Wales 10th in the world for maths and 9th for science.[450] The majority of children are educated in state-sector schools, a small proportion of which select on the grounds of academic ability. Two of the top ten performing schools in terms of GCSE[image: External link] results in 2006 were state-run grammar schools[image: External link]. In 2010, over half of places at the University of Oxford and the University of Cambridge were taken by students from state schools,[451] while the proportion of children in England attending private schools is around 7% which rises to 18% of those over 16.[452][453] England has the two oldest universities in English-speaking world, Universities of Oxford and Cambridge (jointly known as " Oxbridge[image: External link]") with history of over eight centuries. The United Kingdom trails only the United States in terms of representation on lists of top 100 universities.[454][455][456][457]

Education in Scotland[image: External link] is the responsibility of the Cabinet Secretary for Education and Lifelong Learning[image: External link], with day-to-day administration and funding of state schools the responsibility of Local Authorities. Two non-departmental public bodies[image: External link] have key roles in Scottish education. The Scottish Qualifications Authority[image: External link] is responsible for the development, accreditation, assessment and certification of qualifications other than degrees which are delivered at secondary schools, post-secondary[image: External link] colleges of further education[image: External link] and other centres.[458] The Learning and Teaching Scotland[image: External link] provides advice, resources and staff development to education professionals.[459] Scotland first legislated for compulsory education in 1496.[460] The proportion of children in Scotland attending private schools is just over 4%, and it has been rising slowly in recent years.[461] Scottish students who attend Scottish universities[image: External link] pay neither tuition fees[image: External link] nor graduate endowment charges, as fees were abolished in 2001 and the graduate endowment scheme was abolished in 2008.[462]

The Welsh Government[image: External link] has responsibility for education in Wales[image: External link]. A significant number of Welsh students are taught either wholly or largely in the Welsh language[image: External link]; lessons in Welsh are compulsory for all until the age of 16.[463] There are plans to increase the provision of Welsh-medium schools as part of the policy of creating a fully bilingual Wales.

Education in Northern Ireland[image: External link] is the responsibility of the Minister of Education[image: External link] and the Minister for Employment and Learning[image: External link], although responsibility at a local level is administered by five education and library boards covering different geographical areas. The Council for the Curriculum, Examinations & Assessment[image: External link] (CCEA) is the body responsible for advising the government[image: External link] on what should be taught in Northern Ireland's schools, monitoring standards and awarding qualifications.[464]

A government commission's[image: External link] report in 2014 found that privately educated people comprise 7% of the general population of the UK but much larger percentages of the top professions, the most extreme case quoted being 71% of senior judges.[465][466]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Healthcare




Main article: Healthcare in the United Kingdom[image: External link]


Healthcare in the United Kingdom is a devolved matter[image: External link] and each country has its own system of private and publicly funded health care[image: External link], together with alternative[image: External link], holistic and complementary treatments. Public healthcare is provided to all UK permanent residents[image: External link] and is mostly free at the point of need, being paid for from general taxation. The World Health Organization[image: External link], in 2000, ranked the provision of healthcare in the United Kingdom as fifteenth best in Europe and eighteenth in the world.[467][468]

Regulatory bodies are organised on a UK-wide basis such as the General Medical Council[image: External link], the Nursing and Midwifery Council[image: External link] and non-governmental-based, such as the Royal Colleges[image: External link]. However, political and operational responsibility for healthcare lies with four national executives[image: External link]; healthcare in England[image: External link] is the responsibility of the British Government; healthcare in Northern Ireland[image: External link] is the responsibility of the Northern Ireland Executive[image: External link]; healthcare in Scotland[image: External link] is the responsibility of the Scottish Government[image: External link]; and healthcare in Wales[image: External link] is the responsibility of the Welsh Government[image: External link]. Each National Health Service has different policies and priorities, resulting in contrasts.[469][470]

Since 1979 expenditure on healthcare has been increased significantly to bring it closer to the European Union average.[471] The UK spends around 8.4% of its gross domestic product on healthcare, which is 0.5 percentage points below the Organisation for Economic Co-operation and Development[image: External link] average and about one percentage point below the average of the European Union.[472]
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Main article: Culture of the United Kingdom


The culture[image: External link] of the United Kingdom has been influenced by many factors including: the nation's island status; its history[image: External link] as a western liberal democracy and a major power; as well as being a political union[image: External link] of four countries with each preserving elements of distinctive traditions, customs and symbolism. As a result of the British Empire[image: External link], British influence can be observed in the language[image: External link], culture and legal systems[image: External link] of many of its former colonies including Australia, Canada, India, Ireland, New Zealand, Pakistan, South Africa and the United States. The substantial cultural influence of the United Kingdom has led it to be described as a "cultural superpower".[112][113]
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Main article: British literature[image: External link]


'British literature' refers to literature associated with the United Kingdom, the Isle of Man[image: External link] and the Channel Islands. Most British literature is in the English language. In 2005, some 206,000 books were published in the United Kingdom and in 2006 it was the largest publisher of books[image: External link] in the world.[473]

The English playwright and poet William Shakespeare[image: External link] is widely regarded as the greatest dramatist of all time,[474][475][476] and his contemporaries Christopher Marlowe[image: External link] and Ben Jonson[image: External link] have also been held in continuous high esteem. More recently the playwrights Alan Ayckbourn[image: External link], Harold Pinter[image: External link], Michael Frayn[image: External link], Tom Stoppard[image: External link] and David Edgar[image: External link] have combined elements of surrealism, realism and radicalism.

Notable pre-modern and early-modern English writers include Geoffrey Chaucer[image: External link] (14th century), Thomas Malory[image: External link] (15th century), Sir Thomas More[image: External link] (16th century), John Bunyan[image: External link] (17th century) and John Milton[image: External link] (17th century). In the 18th century Daniel Defoe[image: External link] (author of Robinson Crusoe[image: External link]) and Samuel Richardson[image: External link] were pioneers of the modern novel[image: External link]. In the 19th century there followed further innovation by Jane Austen[image: External link], the gothic novelist Mary Shelley[image: External link], the children's writer Lewis Carroll[image: External link], the Brontë sisters[image: External link], the social campaigner Charles Dickens[image: External link], the naturalist[image: External link] Thomas Hardy[image: External link], the realist[image: External link] George Eliot[image: External link], the visionary poet William Blake[image: External link] and romantic poet William Wordsworth[image: External link]. 20th century English writers include the science-fiction novelist H. G. Wells[image: External link]; the writers of children's classics Rudyard Kipling[image: External link], A. A. Milne[image: External link] (the creator of Winnie-the-Pooh[image: External link]), Roald Dahl[image: External link] and Enid Blyton[image: External link]; the controversial D. H. Lawrence[image: External link]; the modernist[image: External link] Virginia Woolf[image: External link]; the satirist Evelyn Waugh[image: External link]; the prophetic novelist George Orwell[image: External link]; the popular novelists W. Somerset Maugham[image: External link] and Graham Greene[image: External link]; the crime writer Agatha Christie[image: External link] (the best-selling novelist[image: External link] of all time);[477] Ian Fleming[image: External link] (the creator of James Bond[image: External link]); the poets T.S. Eliot[image: External link], Philip Larkin[image: External link] and Ted Hughes[image: External link]; the fantasy[image: External link] writers J. R. R. Tolkien[image: External link], C. S. Lewis[image: External link] and J. K. Rowling[image: External link]; the graphic novelists Alan Moore[image: External link] and Neil Gaiman[image: External link].

Scotland's contributions[image: External link] include the detective writer Arthur Conan Doyle[image: External link] (the creator of Sherlock Holmes[image: External link]), romantic literature by Sir Walter Scott[image: External link], the children's writer J. M. Barrie[image: External link], the epic adventures of Robert Louis Stevenson[image: External link] and the celebrated poet Robert Burns[image: External link]. More recently the modernist and nationalist Hugh MacDiarmid[image: External link] and Neil M. Gunn[image: External link] contributed to the Scottish Renaissance[image: External link]. A more grim outlook is found in Ian Rankin[image: External link]'s stories and the psychological horror-comedy of Iain Banks[image: External link]. Scotland's capital, Edinburgh, was UNESCO's first worldwide City of Literature[image: External link].[478]

Britain's oldest known poem, Y Gododdin[image: External link], was composed in Yr Hen Ogledd[image: External link] (The Old North), most likely in the late 6th century. It was written in Cumbric[image: External link] or Old Welsh[image: External link] and contains the earliest known reference to King Arthur[image: External link].[479] From around the seventh century, the connection between Wales and the Old North was lost, and the focus of Welsh-language culture shifted to Wales, where Arthurian legend was further developed by Geoffrey of Monmouth[image: External link].[480] Wales's most celebrated medieval poet, Dafydd ap Gwilym[image: External link] (fl.1320–1370), composed poetry on themes including nature, religion and especially love. He is widely regarded as one of the greatest European poets of his age.[481] Until the late 19th century the majority of Welsh literature[image: External link] was in Welsh and much of the prose was religious in character. Daniel Owen[image: External link] is credited as the first Welsh-language novelist, publishing Rhys Lewis[image: External link] in 1885. The best-known of the Anglo-Welsh poets[image: External link] are both Thomases. Dylan Thomas[image: External link] became famous on both sides of the Atlantic in the mid-20th century. He is remembered for his poetry—his "Do not go gentle into that good night[image: External link]; Rage, rage against the dying of the light" is one of the most quoted couplets of English language verse—and for his "play for voices", Under Milk Wood[image: External link]. The influential Church in Wales[image: External link] "poet-priest" and Welsh nationalist[image: External link] R. S. Thomas[image: External link] was nominated for the Nobel Prize in Literature[image: External link] in 1996. Leading Welsh novelists of the twentieth century include Richard Llewellyn[image: External link] and Kate Roberts[image: External link].[482][483]

Authors of other nationalities, particularly from Commonwealth[image: External link] countries, the Republic of Ireland and the United States, have lived and worked in the UK. Significant examples through the centuries include Jonathan Swift[image: External link], Oscar Wilde[image: External link], Bram Stoker[image: External link], George Bernard Shaw[image: External link], Joseph Conrad[image: External link], T.S. Eliot[image: External link], Ezra Pound[image: External link] and more recently British authors born abroad such as Kazuo Ishiguro[image: External link] and Sir Salman Rushdie[image: External link].[484][485]
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Main article: Music of the United Kingdom[image: External link]


See also: Rock music in the United Kingdom[image: External link]


Various styles of music are popular in the UK from the indigenous folk music[image: External link] of England[image: External link], Wales[image: External link], Scotland[image: External link] and Northern Ireland[image: External link] to heavy metal[image: External link]. Notable composers of classical music from the United Kingdom and the countries that preceded it include William Byrd[image: External link], Henry Purcell[image: External link], Sir Edward Elgar[image: External link], Gustav Holst[image: External link], Sir Arthur Sullivan[image: External link] (most famous for working with the librettist Sir W. S. Gilbert[image: External link]), Ralph Vaughan Williams[image: External link] and Benjamin Britten[image: External link], pioneer of modern British opera. Sir Harrison Birtwistle[image: External link] is one of the foremost living composers. The UK is also home to world-renowned symphonic orchestras and choruses such as the BBC Symphony Orchestra[image: External link] and the London Symphony Chorus[image: External link]. Notable conductors include Sir Simon Rattle[image: External link], Sir John Barbirolli[image: External link] and Sir Malcolm Sargent[image: External link]. Some of the notable film score[image: External link] composers include John Barry[image: External link], Clint Mansell[image: External link], Mike Oldfield[image: External link], John Powell[image: External link], Craig Armstrong[image: External link], David Arnold[image: External link], John Murphy[image: External link], Monty Norman[image: External link] and Harry Gregson-Williams[image: External link]. George Frideric Handel[image: External link] became a naturalised[image: External link] British citizen[image: External link] and wrote the British coronation anthem, while some of his best works, such as Messiah[image: External link], were written in the English language.[489][490] Andrew Lloyd Webber[image: External link] is a prolific composer of musical theatre[image: External link]. His works have dominated London's West End[image: External link] since the late 20th century and have also been a commercial success worldwide.[491]

The Beatles[image: External link] have international sales of over one billion units and are the biggest-selling[image: External link] and most influential band in the history of popular music.[486][487][488][492] Other prominent British contributors to have influenced popular music over the last 50 years include; The Rolling Stones[image: External link], Pink Floyd, Queen[image: External link], Led Zeppelin[image: External link], the Bee Gees[image: External link], and Elton John[image: External link], all of whom have worldwide record sales of 200 million or more.[493][494][495][496][497][498] The Brit Awards[image: External link] are the BPI's[image: External link] annual music awards, and some of the British recipients of the Outstanding Contribution to Music award include; The Who[image: External link], David Bowie[image: External link], Eric Clapton[image: External link], Rod Stewart[image: External link] and The Police[image: External link].[499] More recent UK music acts that have had international success include Coldplay[image: External link], Radiohead[image: External link], Oasis[image: External link], Spice Girls[image: External link], Robbie Williams[image: External link], Amy Winehouse[image: External link] and Adele[image: External link].[500]

A number of UK cities are known for their music. Acts from Liverpool[image: External link] have had 54 UK chart number one hit singles, more per capita than any other city worldwide.[501] Glasgow[image: External link]'s contribution to music was recognised in 2008 when it was named a UNESCO[image: External link] City of Music, one of only three cities in the world to have this honour.[502]
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Main article: Art of the United Kingdom[image: External link]


The history of British visual art forms part of western art history[image: External link]. Major British artists include: the Romantics[image: External link] William Blake[image: External link], John Constable[image: External link], Samuel Palmer[image: External link] and J.M.W. Turner[image: External link]; the portrait[image: External link] painters Sir Joshua Reynolds[image: External link] and Lucian Freud[image: External link]; the landscape artists Thomas Gainsborough[image: External link] and L. S. Lowry[image: External link]; the pioneer of the Arts and Crafts Movement[image: External link] William Morris[image: External link]; the figurative painter Francis Bacon[image: External link]; the Pop artists[image: External link] Peter Blake[image: External link], Richard Hamilton[image: External link] and David Hockney[image: External link]; the collaborative duo Gilbert and George[image: External link]; the abstract[image: External link] artist Howard Hodgkin[image: External link]; and the sculptors[image: External link] Antony Gormley[image: External link], Anish Kapoor[image: External link] and Henry Moore[image: External link]. During the late 1980s and 1990s the Saatchi Gallery[image: External link] in London helped to bring to public attention a group of multi-genre artists who would become known as the "Young British Artists[image: External link]": Damien Hirst[image: External link], Chris Ofili[image: External link], Rachel Whiteread[image: External link], Tracey Emin[image: External link], Mark Wallinger[image: External link], Steve McQueen[image: External link], Sam Taylor-Wood[image: External link] and the Chapman Brothers[image: External link] are among the better-known members of this loosely affiliated movement.

The Royal Academy[image: External link] in London is a key organisation for the promotion of the visual arts in the United Kingdom. Major schools of art in the UK include: the six-school University of the Arts London[image: External link], which includes the Central Saint Martins College of Art and Design[image: External link] and Chelsea College of Art and Design[image: External link]; Goldsmiths, University of London[image: External link]; the Slade School of Fine Art[image: External link] (part of University College London[image: External link]); the Glasgow School of Art[image: External link]; the Royal College of Art[image: External link]; and The Ruskin School of Drawing and Fine Art[image: External link] (part of the University of Oxford). The Courtauld Institute of Art[image: External link] is a leading centre for the teaching of the history of art[image: External link]. Important art galleries in the United Kingdom include the National Gallery[image: External link], National Portrait Gallery[image: External link], Tate Britain[image: External link] and Tate Modern[image: External link] (the most-visited modern art gallery in the world, with around 4.7 million visitors per year).[503]
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Main article: Cinema of the United Kingdom[image: External link]


The United Kingdom has had a considerable influence on the history of the cinema. The British directors Alfred Hitchcock[image: External link], whose film Vertigo[image: External link] is considered by some critics as the best film of all time[image: External link],[505] and David Lean[image: External link] are among the most critically acclaimed of all-time.[506] Other important directors including Charlie Chaplin[image: External link],[507] Michael Powell[image: External link],[508] Carol Reed[image: External link][509] Christopher Nolan[image: External link][510] and Ridley Scott[image: External link].[511] Many British actors have achieved international fame and critical success, including: Julie Andrews[image: External link],[512] Richard Burton[image: External link],[513] Michael Caine[image: External link],[514] Charlie Chaplin,[515] Sean Connery[image: External link],[516] Vivien Leigh[image: External link],[517] David Niven[image: External link],[518] Laurence Olivier[image: External link],[519] Peter Sellers[image: External link],[520] Kate Winslet[image: External link],[521] Anthony Hopkins[image: External link],[522] and Daniel Day-Lewis[image: External link].[523] Some of the most commercially successful films of all time have been produced in the United Kingdom, including two of the highest-grossing film franchises[image: External link] (Harry Potter[image: External link] and James Bond[image: External link]).[524] Ealing Studios[image: External link] has a claim to being the oldest continuously working film studio in the world.[525]

Despite a history of important and successful productions, the industry has often been characterised by a debate about its identity and the level of American and European influence. British producers are active in international co-productions[image: External link] and British actors, directors and crew feature regularly in American films. Many successful Hollywood films have been based on British people, stories[image: External link] or events, including Titanic[image: External link], The Lord of the Rings[image: External link], Pirates of the Caribbean[image: External link].

In 2009, British films grossed around $2 billion worldwide and achieved a market share of around 7% globally and 17% in the United Kingdom.[526] UK box-office takings totalled £944 million in 2009, with around 173 million admissions.[526] The British Film Institute[image: External link] has produced a poll ranking of what it considers to be the 100 greatest British films of all time, the BFI Top 100 British films[image: External link].[527] The annual British Academy Film Awards[image: External link] are hosted by the British Academy of Film and Television Arts[image: External link].[528]
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Main article: Media of the United Kingdom[image: External link]


The BBC, founded in 1922, is the UK's publicly funded radio, television and Internet broadcasting corporation, and is the oldest and largest broadcaster in the world.[529][530][531] It operates numerous television and radio stations in the UK and abroad and its domestic services are funded by the television licence[image: External link].[532][533] Other major players in the UK media include ITV plc[image: External link], which operates 11 of the 15 regional television broadcasters that make up the ITV Network[image: External link],[534] and News Corporation[image: External link], which owns a number of national newspapers through News International[image: External link] such as the most popular tabloid[image: External link] The Sun[image: External link] and the longest-established daily " broadsheet[image: External link]" The Times[image: External link],[535] as well as holding a large stake in satellite broadcaster British Sky Broadcasting[image: External link].[536] London dominates the media sector in the UK: national newspapers and television and radio are largely based there, although Manchester is also a significant national media centre. Edinburgh and Glasgow, and Cardiff, are important centres of newspaper and broadcasting production in Scotland and Wales respectively.[537] The UK publishing sector, including books, directories and databases, journals, magazines and business media, newspapers and news agencies, has a combined turnover of around £20 billion and employs around 167,000 people.[538]

In 2009, it was estimated that individuals viewed a mean of 3.75 hours of television per day and 2.81 hours of radio. In that year the main BBC public service broadcasting[image: External link] channels accounted for an estimated 28.4% of all television viewing; the three main independent channels accounted for 29.5% and the increasingly important other satellite and digital channels for the remaining 42.1%.[539] Sales of newspapers have fallen since the 1970s and in 2010 41% of people reported reading a daily national newspaper.[540] In 2010, 82.5% of the UK population were Internet users, the highest proportion amongst the 20 countries with the largest total number of users in that year.[541]
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Main article: British philosophy[image: External link]


The United Kingdom is famous for the tradition of 'British Empiricism', a branch of the philosophy of knowledge that states that only knowledge verified by experience is valid, and 'Scottish Philosophy', sometimes referred to as the 'Scottish School of Common Sense[image: External link]'.[542] The most famous philosophers of British Empiricism are John Locke[image: External link], George Berkeley[image: External link][note 20] and David Hume[image: External link]; while Dugald Stewart[image: External link], Thomas Reid[image: External link] and William Hamilton[image: External link] were major exponents of the Scottish "common sense" school. Two Britons are also notable for a theory of moral philosophy utilitarianism[image: External link], first used by Jeremy Bentham[image: External link] and later by John Stuart Mill[image: External link] in his short work Utilitarianism[image: External link].[543][544] Other eminent philosophers from the UK and the unions and countries that preceded it include Duns Scotus[image: External link], John Lilburne[image: External link], Mary Wollstonecraft[image: External link], Sir Francis Bacon[image: External link], Adam Smith[image: External link], Thomas Hobbes[image: External link], William of Ockham[image: External link], Bertrand Russell[image: External link] and A.J. "Freddie" Ayer[image: External link]. Foreign-born philosophers who settled in the UK include Isaiah Berlin[image: External link], Karl Marx[image: External link], Karl Popper[image: External link] and Ludwig Wittgenstein[image: External link].
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Main article: Sport in the United Kingdom[image: External link]


Major sports, including association football[image: External link], tennis[image: External link], rugby union[image: External link], rugby league[image: External link], golf[image: External link], boxing[image: External link], netball[image: External link], rowing[image: External link] and cricket[image: External link], originated or were substantially developed in the UK and the states that preceded it. With the rules and codes of many modern sports invented and codified in late 19th century Victorian Britain[image: External link], in 2012, the President of the IOC, Jacques Rogge[image: External link], stated; "This great, sports-loving country is widely recognized as the birthplace of modern sport. It was here that the concepts of sportsmanship and fair play were first codified into clear rules and regulations. It was here that sport was included as an educational tool in the school curriculum".[546][547]

In most international competitions, separate teams represent England, Scotland and Wales. Northern Ireland and the Republic of Ireland usually field a single team representing all of Ireland, with notable exceptions being association football and the Commonwealth Games[image: External link]. In sporting contexts, the English, Scottish, Welsh and Irish / Northern Irish teams are often referred to collectively as the Home Nations[image: External link]. There are some sports in which a single team represents the whole of United Kingdom, including the Olympics, where the UK is represented by the Great Britain team[image: External link]. The 1908[image: External link], 1948[image: External link] and 2012[image: External link] Summer Olympics were held in London, making it the first city to host the games three times. Britain has participated in every modern Olympic Games to date and is third in the medal count[image: External link].

A 2003 poll found that football is the most popular sport in the United Kingdom[image: External link].[548] England is recognised by FIFA[image: External link] as the birthplace of club football, and The Football Association[image: External link] is the oldest of its kind, with the rules of football[image: External link] first drafted in 1863 by Ebenezer Cobb Morley[image: External link].[549][550] Each of the Home Nations has its own football association, national team and league system[image: External link]. The English top division, the Premier League[image: External link], is the most watched football league in the world.[551] The first-ever international football match was contested by England[image: External link] and Scotland[image: External link] on 30 November 1872.[552] England, Scotland, Wales[image: External link] and Northern Ireland[image: External link] compete as separate countries in international competitions.[553] A Great Britain Olympic football team[image: External link] was assembled for the first time to compete in the London 2012 Olympic Games[image: External link]. However, the Scottish[image: External link], Welsh[image: External link] and Northern Irish[image: External link] football associations declined to participate, fearing that it would undermine their independent status—a fear confirmed by FIFA.[554]

In 2003, rugby union[image: External link] was ranked the second most popular sport in the UK.[548] The sport was created in Rugby School[image: External link], Warwickshire, and the first rugby international[image: External link] took place on 27 March 1871 between England[image: External link] and Scotland[image: External link].[555][556] England, Scotland, Wales, Ireland, France and Italy compete in the Six Nations Championship[image: External link]; the premier international tournament in the northern hemisphere. Sport governing bodies[image: External link] in England[image: External link], Scotland[image: External link], Wales[image: External link] and Ireland[image: External link] organise and regulate the game separately.[557] If any of the British teams or the Irish team beat the other three in a tournament, then it is awarded the Triple Crown[image: External link].[558]

Cricket[image: External link] was invented in England, and its laws[image: External link] were established by Marylebone Cricket Club[image: External link] in 1788.[559] The England cricket team[image: External link], controlled by the England and Wales Cricket Board[image: External link],[560] is the only national team in the UK with Test status[image: External link]. Team members are drawn from the main county sides, and include both English and Welsh players. Cricket is distinct from football and rugby where Wales and England field separate national teams, although Wales had fielded its own team in the past. Irish[image: External link] and Scottish[image: External link] players have played for England because neither Scotland[image: External link] nor Ireland[image: External link] have Test status and have only recently started to play in One Day Internationals[image: External link].[561][562] Scotland, England (and Wales), and Ireland (including Northern Ireland) have competed at the Cricket World Cup[image: External link], with England reaching the finals on three occasions. There is a professional league championship[image: External link] in which clubs representing 17 English counties and 1 Welsh county compete.[563]

The modern game of tennis[image: External link] originated in Birmingham, England, in the 1860s, before spreading around the world.[564] The world's oldest tennis tournament, the Wimbledon championships[image: External link], first occurred in 1877, and today the event takes place over two weeks in late June and early July.[565]

Thoroughbred racing[image: External link], which originated under Charles II of England[image: External link] as the "sport of kings", is popular throughout the UK with world-famous races including the Grand National[image: External link], the Epsom Derby[image: External link], Royal Ascot[image: External link] and the Cheltenham National Hunt Festival[image: External link] (including the Cheltenham Gold Cup[image: External link]). The UK has proved successful in the international sporting arena in rowing[image: External link].

The UK is closely associated with motorsport[image: External link]. Many teams and drivers in Formula One[image: External link] (F1) are based in the UK, and the country has won more drivers'[image: External link] and constructors'[image: External link] titles[image: External link] than any other. The UK hosted the first F1 Grand Prix in 1950 at Silverstone[image: External link], the current location of the British Grand Prix[image: External link] held each year in July.[566] The UK hosts legs of the Grand Prix motorcycle racing[image: External link], World Rally Championship[image: External link] and FIA World Endurance Championship[image: External link]. The premier national auto racing event is the British Touring Car Championship[image: External link]. Motorcycle road racing has a long tradition with races such as the Isle of Man TT[image: External link] and the North West 200[image: External link].

Golf[image: External link] is the sixth most popular sport, by participation, in the UK. Although The Royal and Ancient Golf Club of St Andrews[image: External link] in Scotland is the sport's home course,[568] the world's oldest golf course is actually Musselburgh Links' Old Golf Course.[569] In 1764, the standard 18-hole golf course was created at St Andrews when members modified the course from 22 to 18 holes.[567] The oldest golf tournament in the world, and the first major championship in golf, The Open Championship[image: External link], is played annually on the weekend of the third Friday in July.[570]

Rugby league[image: External link] originated in Huddersfield, West Yorkshire in 1895 and is generally played in Northern England[image: External link].[571] A single 'Great Britain Lions' team had competed in the Rugby League World Cup[image: External link] and Test match games, but this changed in 2008 when England[image: External link], Scotland[image: External link] and Ireland[image: External link] competed as separate nations.[572] Great Britain is still retained as the full national team. Super League[image: External link] is the highest level of professional rugby league in the UK and Europe. It consists of 11 teams from Northern England, 1 from London, 1 from Wales and 1 from France.[573]

The 'Queensberry rules'[image: External link], the code of general rules in boxing[image: External link], was named after John Douglas, 9th Marquess of Queensberry[image: External link] in 1867, that formed the basis of modern boxing.[574] Snooker[image: External link] is another of the UK's popular sporting exports, with the world championships held annually in Sheffield[image: External link].[575] In Northern Ireland Gaelic football[image: External link] and hurling[image: External link] are popular team sports, both in terms of participation and spectating, and Irish expatriates in the UK and the US also play them.[576] Shinty[image: External link] (or camanachd) is popular in the Scottish Highlands[image: External link].[577] Highland games[image: External link] are held in spring and summer in Scotland, celebrating Scottish and celtic[image: External link] culture and heritage, especially that of the Scottish Highlands.[578]
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Main article: Symbols of the United Kingdom, the Channel Islands and the Isle of Man[image: External link]


The flag of the United Kingdom[image: External link] is the Union Flag[image: External link] (also referred to as the Union Jack). It was created in 1606 by the superimposition of the Flag of England[image: External link] on the Flag of Scotland[image: External link] and updated in 1801 with the addition of Saint Patrick's Flag[image: External link]. Wales is not represented in the Union Flag, as Wales had been conquered and annexed to England prior to the formation of the United Kingdom. The possibility of redesigning the Union Flag to include representation of Wales has not been completely ruled out.[579] The national anthem[image: External link] of the United Kingdom is "God Save the King[image: External link]", with "King" replaced with "Queen" in the lyrics whenever the monarch is a woman.

Britannia[image: External link] is a national personification[image: External link] of the United Kingdom, originating from Roman Britain[image: External link].[580] Britannia is symbolised as a young woman with brown or golden hair, wearing a Corinthian helmet[image: External link] and white robes. She holds Poseidon[image: External link]'s three-pronged trident and a shield, bearing the Union Flag. Sometimes she is depicted as riding on the back of a lion. Since the height of the British Empire in the late 19th century, Britannia has often been associated with British maritime dominance, as in the patriotic song "Rule, Britannia![image: External link]". Up until 2008, the lion symbol was depicted behind Britannia on the British fifty pence coin[image: External link] and on the back of the British ten pence coin[image: External link]. It is also used as a symbol on the non-ceremonial flag of the British Army.

A second, less used, personification of the nation is the character John Bull[image: External link]. The bulldog[image: External link] is sometimes used as a symbol of the United Kingdom and has been associated with Winston Churchill's defiance of Nazi Germany.[581]
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The following are international rankings of the United Kingdom, including those measuring life quality, health care quality, stability, press freedom and income.


	


	Index
	Rank
	Countries reviewed



	
Human Development Index[image: External link] 2015
	14
	187



	
Inequality adjusted Human Development Index[image: External link] 2015
	13
	150



	
OECD Better Life Index[image: External link] 2016
	16
	38



	
Legatum Prosperity Index[image: External link] 2015[582]

	10
	142



	
Index of Public Integrity[image: External link] 2016[583]

	6
	105



	
Democracy Index[image: External link] 2016[584]

	16
	167



	
Freedom House[image: External link] ranking of political rights 2016[585]

	8
	195



	
Freedom House[image: External link] ranking of civil liberties 2016[585]

	
	195



	
Save the Children State of the World's Mothers report[image: External link] 2015[586]

	24
	179



	
Total health expenditure per capita[image: External link] 2015
	17
	188



	
Fragile States Index[image: External link] (Reverse ranking) 2016[583]

	17
	178



	
Gallup gross median household income[image: External link] 2013
	19
	131



	
Median equivalent adult income[image: External link] 2009–2014
	19
	35



	
International Property Rights Index[image: External link] 2015
	13
	129



	
Euro health consumer index[image: External link] 2015[587]

	14 (England) 16 (Scotland)
	35



	
Press Freedom Index[image: External link] 2016
	38
	180



	
Global Gender Gap Report[image: External link] 2015
	20
	144



	
World Happiness Report[image: External link] 2016
	23
	157



	
Corruption Perceptions Index[image: External link] 2015
	10
	175



	
Networked Readiness Index[image: External link] 2014[588]

	9
	144



	
Household final consumption expenditure per capita[image: External link] 2014
	12
	163



	
Ease of doing business index[image: External link] 2017
	7
	185



	
Global Peace Index[image: External link] 2016
	47
	163



	
Globalization Index[image: External link] 2015
	
	207



	
Logistics Performance Index[image: External link] 2014[585]

	4
	160



	
Index of Economic Freedom[image: External link] 2016
	10
	167



	Merchant Navy[image: External link]
	10
	39









[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Historiography




Main articles: historiography of the United Kingdom[image: External link] and historiography of the British Empire[image: External link]
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Outline of the United Kingdom[image: External link]

	Outline of England[image: External link]

	Outline of Northern Ireland[image: External link]

	Outline of Scotland[image: External link]

	Outline of Wales[image: External link]





	Index of United Kingdom-related articles[image: External link]



United Kingdom[image: External link] – Wikipedia book[image: External link]
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^ An alternative variant of the Royal coat of arms is used in Scotland: [click to view image][image: External link].


	
^ There is no authorised version of the national anthem as the words are a matter of tradition; only the first verse is usually sung.[1] No law was passed making "God Save the Queen" the official anthem. In the English tradition, such laws are not necessary; proclamation and usage are sufficient to make it the national anthem. "God Save the Queen" also serves as the Royal anthem[image: External link] for certain Commonwealth realms[image: External link]. The words Queen, she, her, used at present (in the reign of Elizabeth II), are replaced by King, he, him when the monarch is male.


	
^ Under the Council of Europe[image: External link]'s European Charter for Regional or Minority Languages[image: External link], Scots, Ulster Scots, Welsh, Cornish, Scottish Gaelic and Irish are officially recognised as regional[image: External link] or minority[image: External link] languages by the British Government[image: External link] for the purposes of the Charter.[2] See also Languages of the United Kingdom[image: External link].


	
^ European Union[image: External link] since 1993.


	
^ Some of the devolved countries, Crown dependencies and British Overseas Territories issue their own sterling banknotes or currencies, or use another nation's currency. See List of British currencies[image: External link] for more information


	
^ This excludes some of the UK's dependencies. See Time in the United Kingdom#British territories[image: External link]


	
^ Excludes most overseas territories[image: External link]


	
^ The .eu[image: External link] domain is also used, as it is shared with other European Union member states. Other TLDs are used regionally[image: External link]


	
^ Although Northern Ireland is the only part of the UK that shares a land border with another sovereign state, two of its Overseas Territories[image: External link] also share land borders with other sovereign countries. Gibraltar[image: External link] shares a border[image: External link] with Spain[image: External link], while the Sovereign Base Areas of Akrotiri and Dhekelia[image: External link] share borders with the Republic of Cyprus[image: External link], the Turkish Republic of Northern Cyprus[image: External link] and the UN buffer zone[image: External link] separating the two Cypriot polities.


	
^ In the referendum of 23 June 2016[image: External link], a majority voted for the United Kingdom to withdraw from the European Union, but the process and date for Brexit have yet to be determined.


	
^ The Anglo-Irish Treaty[image: External link] was signed on 6 December 1921 to resolve the Irish War of Independence[image: External link]. When it took effect one year later, it established the Irish Free State[image: External link] as a separate dominion[image: External link] within the Commonwealth[image: External link]. The UK's current name was adopted to reflect the change.


	
^ Compare to section 1 of both of the 1800 Acts of Union[image: External link] which reads: the Kingdoms of Great Britain and Ireland shall...be united into one Kingdom, by the Name of "The United Kingdom of Great Britain and Ireland"


	
^ i[image: External link]/ju:'naItId 'kINGdem ev greIt 'brIten end 'no:den 'aIelend /[image: External link]


	
^ i[image: External link]/'brIten /[image: External link]


	
^ Since the early twentieth century the prime minister has held the office of First Lord of the Treasury[image: External link], and in recent decades has also held the office of Minister for the Civil Service[image: External link].


	
^ Sinn Féin, an Irish republican[image: External link] party, also contests elections in the Republic of Ireland.


	
^ In 2007–2008, this was calculated to be £115 per week for single adults with no dependent children; £199 per week for couples with no dependent children; £195 per week for single adults with two dependent children under 14; and £279 per week for couples with two dependent children under 14.


	
^ The 2011 Census recorded Gypsies/Travellers as a separate ethnic group for the first time.


	
^ In the 2011 Census, for the purpose of harmonising results to make them comparable across the UK, the ONS includes individuals in Scotland who classified themselves in the "African" category (29,638 people), which in the Scottish version of the census is separate from "Caribbean or Black" (6,540 people),[373] in this "Black or Black British" category. The ONS note that "the African categories used in Scotland could potentially capture White/Asian/Other African in addition to Black identities".[374]


	
^ Berkeley is in fact Irish but was called a 'British empiricist' due to the territory of what is now known as the Republic of Ireland[image: External link] being in the UK at the time
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General Relativity






For the book by Robert Wald, see General Relativity (book)[image: External link].

For a more accessible and less technical introduction to this topic, see Introduction to general relativity[image: External link].

General relativity (GR, also known as the general theory of relativity or GTR) is the geometric[image: External link] theory[image: External link] of gravitation[image: External link] published by Albert Einstein in 1915[2] and the current description of gravitation in modern physics[image: External link]. General relativity is considered as the most beautiful of all existing physical theories[3]. General relativity[image: External link] generalizes special relativity[image: External link] and Newton's law of universal gravitation[image: External link], providing a unified description of gravity as a geometric property of space[image: External link] and time[image: External link], or spacetime. In particular, the curvature[image: External link] of spacetime is directly related to the energy[image: External link] and momentum[image: External link] of whatever matter[image: External link] and radiation are present. The relation is specified by the Einstein field equations[image: External link], a system of partial differential equations[image: External link].

Some predictions of general relativity differ significantly from those of classical physics[image: External link], especially concerning the passage of time, the geometry of space, the motion of bodies in free fall[image: External link], and the propagation of light. Examples of such differences include gravitational time dilation[image: External link], gravitational lensing[image: External link], the gravitational redshift[image: External link] of light, and the gravitational time delay[image: External link]. The predictions of general relativity have been confirmed[image: External link] in all observations and experiments to date. Although general relativity is not the only relativistic theory of gravity[image: External link], it is the simplest theory[image: External link] that is consistent with experimental data[image: External link]. However, unanswered questions remain, the most fundamental being how general relativity can be reconciled with the laws of quantum physics to produce a complete and self-consistent theory of quantum gravity.

Einstein's theory has important astrophysical[image: External link] implications. For example, it implies the existence of black holes—regions of space in which space and time are distorted in such a way that nothing, not even light, can escape—as an end-state for massive stars[image: External link]. There is ample evidence that the intense radiation emitted by certain kinds of astronomical objects is due to black holes; for example, microquasars[image: External link] and active galactic nuclei[image: External link] result from the presence of stellar black holes[image: External link] and supermassive black holes[image: External link], respectively. The bending of light by gravity can lead to the phenomenon of gravitational lensing[image: External link], in which multiple images of the same distant astronomical object are visible in the sky. General relativity also predicts the existence of gravitational waves[image: External link], which have since been observed directly[image: External link] by physics collaboration LIGO. In addition, general relativity is the basis of current cosmological[image: External link] models of a consistently expanding universe[image: External link].
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 History




Main articles: History of general relativity[image: External link] and Classical theories of gravitation[image: External link]


Soon after publishing the special theory of relativity[image: External link] in 1905, Einstein started thinking about how to incorporate gravity[image: External link] into his new relativistic framework. In 1907, beginning with a simple thought experiment[image: External link] involving an observer in free fall, he embarked on what would be an eight-year search for a relativistic theory of gravity. After numerous detours and false starts, his work culminated in the presentation to the Prussian Academy of Science[image: External link] in November 1915 of what are now known as the Einstein field equations[image: External link]. These equations specify how the geometry of space and time is influenced by whatever matter and radiation are present, and form the core of Einstein's general theory of relativity.[4]

The Einstein field equations are nonlinear[image: External link] and very difficult to solve. Einstein used approximation methods in working out initial predictions of the theory. But as early as 1916, the astrophysicist Karl Schwarzschild[image: External link] found the first non-trivial exact solution to the Einstein field equations, the Schwarzschild metric[image: External link]. This solution laid the groundwork for the description of the final stages of gravitational collapse, and the objects known today as black holes. In the same year, the first steps towards generalizing Schwarzschild's solution to electrically charged[image: External link] objects were taken, which eventually resulted in the Reissner–Nordström solution[image: External link], now associated with electrically charged black holes[image: External link].[5] In 1917, Einstein applied his theory to the universe[image: External link] as a whole, initiating the field of relativistic cosmology[image: External link]. In line with contemporary thinking, he assumed a static universe, adding a new parameter to his original field equations—the cosmological constant[image: External link]—to match that observational presumption.[6] By 1929, however, the work of Hubble and others had shown that our universe is expanding[image: External link]. This is readily described by the expanding cosmological solutions found by Friedmann in 1922, which do not require a cosmological constant. Lemaître used these solutions to formulate the earliest version of the Big Bang[image: External link] models, in which our universe has evolved from an extremely hot and dense earlier state.[7] Einstein later declared the cosmological constant the biggest blunder of his life.[8]

During that period, general relativity remained something of a curiosity among physical theories. It was clearly superior to Newtonian gravity[image: External link], being consistent with special relativity[image: External link] and accounting for several effects unexplained by the Newtonian theory. Einstein himself had shown in 1915 how his theory explained the anomalous perihelion advance[image: External link] of the planet Mercury[image: External link] without any arbitrary parameters ("fudge factors[image: External link]").[9] Similarly, a 1919 expedition led by Eddington[image: External link] confirmed general relativity's prediction for the deflection of starlight by the Sun during the total solar eclipse of May 29, 1919[image: External link],[10] making Einstein instantly famous.[11] Yet the theory entered the mainstream of theoretical physics and astrophysics[image: External link] only with the developments between approximately 1960 and 1975, now known as the golden age of general relativity[image: External link].[12] Physicists began to understand the concept of a black hole, and to identify quasars[image: External link] as one of these objects' astrophysical manifestations.[13] Ever more precise solar system tests confirmed the theory's predictive power,[14] and relativistic cosmology, too, became amenable to direct observational tests.[15]
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 From classical mechanics to general relativity




General relativity can be understood by examining its similarities with and departures from classical physics[image: External link]. The first step is the realization that classical mechanics and Newton's law of gravity admit a geometric description. The combination of this description with the laws of special relativity results in a heuristic derivation of general relativity.[16]
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 Geometry of Newtonian gravity




At the base of classical mechanics[image: External link] is the notion that a body[image: External link]'s motion can be described as a combination of free (or inertial[image: External link]) motion, and deviations from this free motion. Such deviations are caused by external forces acting on a body in accordance with Newton's second law of motion[image: External link], which states that the net force[image: External link] acting on a body is equal to that body's (inertial) mass[image: External link] multiplied by its acceleration[image: External link].[17] The preferred inertial motions are related to the geometry of space and time: in the standard reference frames[image: External link] of classical mechanics, objects in free motion move along straight lines at constant speed. In modern parlance, their paths are geodesics[image: External link], straight world lines[image: External link] in curved spacetime.[18]

Conversely, one might expect that inertial motions, once identified by observing the actual motions of bodies and making allowances for the external forces (such as electromagnetism[image: External link] or friction[image: External link]), can be used to define the geometry of space, as well as a time coordinate[image: External link]. However, there is an ambiguity once gravity[image: External link] comes into play. According to Newton's law of gravity[image: External link], and independently verified by experiments such as that of Eötvös[image: External link] and its successors (see Eötvös experiment[image: External link]), there is a universality of free fall[image: External link] (also known as the weak equivalence principle[image: External link], or the universal equality of inertial and passive-gravitational mass): the trajectory of a test body[image: External link] in free fall[image: External link] depends only on its position and initial speed, but not on any of its material properties.[19] A simplified version of this is embodied in Einstein's elevator experiment, illustrated in the figure on the right: for an observer in a small enclosed room, it is impossible to decide, by mapping the trajectory of bodies such as a dropped ball, whether the room is at rest in a gravitational field, or in free space aboard a rocket that is accelerating at a rate equal to that of the gravitational field.[20]

Given the universality of free fall, there is no observable distinction between inertial motion and motion under the influence of the gravitational force. This suggests the definition of a new class of inertial motion, namely that of objects in free fall under the influence of gravity. This new class of preferred motions, too, defines a geometry of space and time—in mathematical terms, it is the geodesic[image: External link] motion associated with a specific connection[image: External link] which depends on the gradient[image: External link] of the gravitational potential[image: External link]. Space, in this construction, still has the ordinary Euclidean geometry[image: External link]. However, spacetime as a whole is more complicated. As can be shown using simple thought experiments following the free-fall trajectories of different test particles, the result of transporting spacetime vectors that can denote a particle's velocity (time-like vectors) will vary with the particle's trajectory; mathematically speaking, the Newtonian connection is not integrable[image: External link]. From this, one can deduce that spacetime is curved[image: External link]. The resulting Newton–Cartan theory[image: External link] is a geometric formulation of Newtonian gravity using only covariant[image: External link] concepts, i.e. a description which is valid in any desired coordinate system.[21] In this geometric description, tidal effects[image: External link]—the relative acceleration of bodies in free fall—are related to the derivative of the connection, showing how the modified geometry is caused by the presence of mass.[22]
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 Relativistic generalization




As intriguing as geometric Newtonian gravity may be, its basis, classical mechanics, is merely a limiting case[image: External link] of (special) relativistic[image: External link] mechanics.[23] In the language of symmetry[image: External link]: where gravity can be neglected, physics is Lorentz invariant[image: External link] as in special relativity rather than Galilei invariant[image: External link] as in classical mechanics. (The defining symmetry of special relativity is the Poincaré group[image: External link], which includes translations, rotations and boosts.) The differences between the two become significant when dealing with speeds approaching the speed of light[image: External link], and with high-energy phenomena.[24]

With Lorentz symmetry, additional structures come into play. They are defined by the set of light cones (see image). The light-cones define a causal structure: for each event[image: External link] A, there is a set of events that can, in principle, either influence or be influenced by A via signals or interactions that do not need to travel faster than light (such as event B in the image), and a set of events for which such an influence is impossible (such as event C in the image). These sets are observer-independent.[25] In conjunction with the world-lines of freely falling particles, the light-cones can be used to reconstruct the space–time's semi-Riemannian metric, at least up to a positive scalar factor. In mathematical terms, this defines a conformal structure[image: External link][26] or conformal geometry.

Special relativity is defined in the absence of gravity, so for practical applications, it is a suitable model whenever gravity can be neglected. Bringing gravity into play, and assuming the universality of free fall, an analogous reasoning as in the previous section applies: there are no global inertial frames[image: External link]. Instead there are approximate inertial frames moving alongside freely falling particles. Translated into the language of spacetime: the straight time-like[image: External link] lines that define a gravity-free inertial frame are deformed to lines that are curved relative to each other, suggesting that the inclusion of gravity necessitates a change in spacetime geometry.[27]

A priori, it is not clear whether the new local frames in free fall coincide with the reference frames in which the laws of special relativity hold—that theory is based on the propagation of light, and thus on electromagnetism[image: External link], which could have a different set of preferred frames. But using different assumptions about the special-relativistic frames (such as their being earth-fixed, or in free fall), one can derive different predictions for the gravitational redshift[image: External link], that is, the way in which the frequency of light shifts as the light propagates through a gravitational field (cf. below[image: External link]). The actual measurements show that free-falling frames are the ones in which light propagates as it does in special relativity.[28] The generalization of this statement, namely that the laws of special relativity hold to good approximation in freely falling (and non-rotating) reference frames, is known as the Einstein equivalence principle[image: External link], a crucial guiding principle for generalizing special-relativistic physics to include gravity.[29]

The same experimental data shows that time as measured by clocks in a gravitational field—proper time[image: External link], to give the technical term—does not follow the rules of special relativity. In the language of spacetime geometry, it is not measured by the Minkowski metric[image: External link]. As in the Newtonian case, this is suggestive of a more general geometry. At small scales, all reference frames that are in free fall are equivalent, and approximately Minkowskian. Consequently, we are now dealing with a curved generalization of Minkowski space. The metric tensor[image: External link] that defines the geometry—in particular, how lengths and angles are measured—is not the Minkowski metric of special relativity, it is a generalization known as a semi- or pseudo-Riemannian[image: External link] metric. Furthermore, each Riemannian metric is naturally associated with one particular kind of connection, the Levi-Civita connection[image: External link], and this is, in fact, the connection that satisfies the equivalence principle and makes space locally Minkowskian (that is, in suitable locally inertial coordinates[image: External link], the metric is Minkowskian, and its first partial derivatives and the connection coefficients vanish).[30]
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 Einstein's equations




Main articles: Einstein field equations[image: External link] and Mathematics of general relativity[image: External link]


Having formulated the relativistic, geometric version of the effects of gravity, the question of gravity's source remains. In Newtonian gravity, the source is mass. In special relativity, mass turns out to be part of a more general quantity called the energy–momentum tensor[image: External link], which includes both energy[image: External link] and momentum[image: External link] densities[image: External link] as well as stress[image: External link] (that is, pressure[image: External link] and shear).[31] Using the equivalence principle, this tensor is readily generalized to curved space-time. Drawing further upon the analogy with geometric Newtonian gravity, it is natural to assume that the field equation[image: External link] for gravity relates this tensor and the Ricci tensor[image: External link], which describes a particular class of tidal effects: the change in volume for a small cloud of test particles that are initially at rest, and then fall freely. In special relativity, conservation of energy[image: External link]–momentum corresponds to the statement that the energy–momentum tensor is divergence[image: External link]-free. This formula, too, is readily generalized to curved spacetime by replacing partial derivatives with their curved- manifold[image: External link] counterparts, covariant derivatives[image: External link] studied in differential geometry[image: External link]. With this additional condition—the covariant divergence of the energy–momentum tensor, and hence of whatever is on the other side of the equation, is zero— the simplest set of equations are what are called Einstein's (field) equations:


	


	Einstein's field equations








On the left-hand side is the Einstein tensor[image: External link], a specific divergence-free combination of the Ricci tensor[image: External link] and the metric. Where is symmetric. In particular,


	



is the curvature scalar. The Ricci tensor itself is related to the more general Riemann curvature tensor[image: External link] as


	



On the right-hand side, is the energy–momentum tensor[image: External link]. All tensors are written in abstract index notation[image: External link].[32] Matching the theory's prediction to observational results for planetary[image: External link] orbits[image: External link] (or, equivalently, assuring that the weak-gravity, low-speed limit is Newtonian mechanics), the proportionality constant can be fixed as κ = 8πG/c4, with G the gravitational constant[image: External link] and c the speed of light[image: External link].[33] When there is no matter present, so that the energy–momentum tensor vanishes, the results are the vacuum Einstein equations,
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 Alternatives to general relativity




Main article: Alternatives to general relativity[image: External link]


There are alternatives to general relativity[image: External link] built upon the same premises, which include additional rules and/or constraints, leading to different field equations. Examples are Brans–Dicke theory[image: External link], teleparallelism[image: External link], f(R) gravity[image: External link] and Einstein–Cartan theory[image: External link].[34]
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 Definition and basic applications




See also: Mathematics of general relativity[image: External link] and Physical theories modified by general relativity[image: External link]


The derivation outlined in the previous section contains all the information needed to define general relativity, describe its key properties, and address a question of crucial importance in physics, namely how the theory can be used for model-building.
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 Definition and basic properties




General relativity is a metric[image: External link] theory of gravitation[image: External link]. At its core are Einstein's equations[image: External link], which describe the relation between the geometry[image: External link] of a four-dimensional, pseudo-Riemannian manifold[image: External link] representing spacetime, and the energy–momentum[image: External link] contained in that spacetime.[35] Phenomena that in classical mechanics[image: External link] are ascribed to the action of the force of gravity (such as free-fall[image: External link], orbital[image: External link] motion, and spacecraft[image: External link] trajectories[image: External link]), correspond to inertial motion within a curved geometry[image: External link] of spacetime in general relativity; there is no gravitational force deflecting objects from their natural, straight paths. Instead, gravity corresponds to changes in the properties of space and time, which in turn changes the straightest-possible paths that objects will naturally follow.[36] The curvature is, in turn, caused by the energy–momentum of matter. Paraphrasing the relativist John Archibald Wheeler, spacetime tells matter how to move; matter tells spacetime how to curve.[37]

While general relativity replaces the scalar[image: External link] gravitational potential of classical physics by a symmetric rank[image: External link]-two tensor[image: External link], the latter reduces to the former in certain limiting cases[image: External link]. For weak gravitational fields[image: External link] and slow speed[image: External link] relative to the speed of light, the theory's predictions converge on those of Newton's law of universal gravitation[image: External link].[38]

As it is constructed using tensors[image: External link], general relativity exhibits general covariance[image: External link]: its laws—and further laws formulated within the general relativistic framework—take on the same form in all coordinate systems[image: External link].[39] Furthermore, the theory does not contain any invariant geometric background structures, i.e. it is background independent[image: External link]. It thus satisfies a more stringent general principle of relativity[image: External link], namely that the laws of physics[image: External link] are the same for all observers.[40] Locally[image: External link], as expressed in the equivalence principle[image: External link], spacetime is Minkowskian[image: External link], and the laws of physics exhibit local Lorentz invariance[image: External link].[41]
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 Model-building




The core concept of general-relativistic model-building is that of a solution of Einstein's equations[image: External link]. Given both Einstein's equations and suitable equations for the properties of matter, such a solution consists of a specific semi-Riemannian manifold (usually defined by giving the metric in specific coordinates), and specific matter fields defined on that manifold. Matter and geometry must satisfy Einstein's equations, so in particular, the matter's energy–momentum tensor must be divergence-free. The matter must, of course, also satisfy whatever additional equations were imposed on its properties. In short, such a solution is a model universe that satisfies the laws of general relativity, and possibly additional laws governing whatever matter might be present.[42]

Einstein's equations are nonlinear partial differential equations[image: External link] and, as such, difficult to solve exactly.[43] Nevertheless, a number of exact solutions[image: External link] are known, although only a few have direct physical applications.[44] The best-known exact solutions, and also those most interesting from a physics point of view, are the Schwarzschild solution[image: External link], the Reissner–Nordström solution[image: External link] and the Kerr metric[image: External link], each corresponding to a certain type of black hole in an otherwise empty universe,[45] and the Friedmann–Lemaître–Robertson–Walker and de Sitter universes[image: External link], each describing an expanding cosmos.[46] Exact solutions of great theoretical interest include the Gödel universe[image: External link] (which opens up the intriguing possibility of time travel[image: External link] in curved spacetimes), the Taub-NUT solution[image: External link] (a model universe that is homogeneous[image: External link], but anisotropic[image: External link]), and anti-de Sitter space[image: External link] (which has recently come to prominence in the context of what is called the Maldacena conjecture[image: External link]).[47]

Given the difficulty of finding exact solutions, Einstein's field equations are also solved frequently by numerical integration[image: External link] on a computer, or by considering small perturbations of exact solutions. In the field of numerical relativity[image: External link], powerful computers are employed to simulate the geometry of spacetime and to solve Einstein's equations for interesting situations such as two colliding black holes.[48] In principle, such methods may be applied to any system, given sufficient computer resources, and may address fundamental questions such as naked singularities[image: External link]. Approximate solutions may also be found by perturbation theories[image: External link] such as linearized gravity[image: External link][49] and its generalization, the post-Newtonian expansion[image: External link], both of which were developed by Einstein. The latter provides a systematic approach to solving for the geometry of a spacetime that contains a distribution of matter that moves slowly compared with the speed of light. The expansion involves a series of terms; the first terms represent Newtonian gravity, whereas the later terms represent ever smaller corrections to Newton's theory due to general relativity.[50] An extension of this expansion is the parametrized post-Newtonian[image: External link] (PPN) formalism, which allows quantitative comparisons between the predictions of general relativity and alternative theories[image: External link].[51]
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 Consequences of Einstein's theory




General relativity has a number of physical consequences. Some follow directly from the theory's axioms, whereas others have become clear only in the course of many years of research that followed Einstein's initial publication.
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 Gravitational time dilation and frequency shift




Main article: Gravitational time dilation[image: External link]


Assuming that the equivalence principle[image: External link] holds,[52] gravity influences the passage of time. Light sent down into a gravity well[image: External link] is blueshifted[image: External link], whereas light sent in the opposite direction (i.e., climbing out of the gravity well) is redshifted[image: External link]; collectively, these two effects are known as the gravitational frequency shift. More generally, processes close to a massive body run more slowly when compared with processes taking place farther away; this effect is known as gravitational time dilation.[53]

Gravitational redshift has been measured in the laboratory[54] and using astronomical observations.[55] Gravitational time dilation in the Earth's gravitational field has been measured numerous times using atomic clocks[image: External link],[56] while ongoing validation is provided as a side effect of the operation of the Global Positioning System[image: External link] (GPS).[57] Tests in stronger gravitational fields are provided by the observation of binary pulsars[image: External link].[58] All results are in agreement with general relativity.[59] However, at the current level of accuracy, these observations cannot distinguish between general relativity and other theories in which the equivalence principle is valid.[60]
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 Light deflection and gravitational time delay




Main articles: Kepler problem in general relativity[image: External link], Gravitational lens[image: External link], and Shapiro delay[image: External link]


General relativity predicts that the path of light is bent in a gravitational field; light passing a massive body is deflected towards that body. This effect has been confirmed by observing the light of stars or distant quasars[image: External link] being deflected as it passes the Sun[image: External link].[61]

This and related predictions follow from the fact that light follows what is called a light-like or null geodesic[image: External link]—a generalization of the straight lines along which light travels in classical physics[image: External link]. Such geodesics are the generalization of the invariance[image: External link] of lightspeed[image: External link] in special relativity[image: External link].[62] As one examines suitable model spacetimes (either the exterior Schwarzschild solution[image: External link] or, for more than a single mass, the post-Newtonian expansion[image: External link]),[63] several effects of gravity on light propagation emerge. Although the bending of light can also be derived by extending the universality of free fall[image: External link] to light,[64] the angle of deflection resulting from such calculations is only half the value given by general relativity.[65]

Closely related to light deflection is the gravitational time delay (or Shapiro delay), the phenomenon that light signals take longer to move through a gravitational field than they would in the absence of that field. There have been numerous successful tests of this prediction.[66] In the parameterized post-Newtonian formalism[image: External link] (PPN), measurements of both the deflection of light and the gravitational time delay determine a parameter called γ, which encodes the influence of gravity on the geometry of space.[67]
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Main article: Gravitational wave[image: External link]


Predicted in 1916[68][69] by Albert Einstein, there are gravitational waves[image: External link]: ripples in the metric of spacetime that propagate at the speed of light[image: External link]. These are one of several analogies between weak-field gravity and electromagnetism[image: External link] in that, they are analogous to electromagnetic waves[image: External link]. On February 11, 2016, the Advanced LIGO team announced that they had directly detected gravitational waves[image: External link] from a pair[image: External link] of black holes merging[image: External link].[70][71][72]

The simplest type of such a wave can be visualized by its action on a ring of freely floating particles. A sine wave propagating through such a ring towards the reader distorts the ring in a characteristic, rhythmic fashion (animated image to the right).[73] Since Einstein's equations are non-linear[image: External link], arbitrarily strong gravitational waves do not obey linear superposition[image: External link], making their description difficult. However, for weak fields, a linear approximation can be made. Such linearized gravitational waves are sufficiently accurate to describe the exceedingly weak waves that are expected to arrive here on Earth from far-off cosmic events, which typically result in relative distances increasing and decreasing by or less. Data analysis methods routinely make use of the fact that these linearized waves can be Fourier decomposed[image: External link].[74]

Some exact solutions describe gravitational waves without any approximation, e.g., a wave train traveling through empty space[75] or Gowdy universes[image: External link], varieties of an expanding cosmos filled with gravitational waves.[76] But for gravitational waves produced in astrophysically relevant situations, such as the merger of two black holes, numerical methods[image: External link] are presently the only way to construct appropriate models.[77]
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Main article: Kepler problem in general relativity[image: External link]


General relativity differs from classical mechanics in a number of predictions concerning orbiting bodies. It predicts an overall rotation ( precession[image: External link]) of planetary orbits, as well as orbital decay caused by the emission of gravitational waves and effects related to the relativity of direction.
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 Precession of apsides




In general relativity, the apsides[image: External link] of any orbit[image: External link] (the point of the orbiting body's closest approach to the system's center of mass[image: External link]) will precess[image: External link]—the orbit is not an ellipse[image: External link], but akin to an ellipse that rotates on its focus, resulting in a rose curve[image: External link]-like shape (see image). Einstein first derived this result by using an approximate metric representing the Newtonian limit and treating the orbiting body as a test particle[image: External link]. For him, the fact that his theory gave a straightforward explanation of the anomalous perihelion shift[image: External link] of the planet Mercury[image: External link], discovered earlier by Urbain Le Verrier[image: External link] in 1859, was important evidence that he had at last identified the correct form of the gravitational field equations[image: External link].[78]

The effect can also be derived by using either the exact Schwarzschild metric[image: External link] (describing spacetime around a spherical mass)[79] or the much more general post-Newtonian formalism[image: External link].[80] It is due to the influence of gravity on the geometry of space and to the contribution of self-energy[image: External link] to a body's gravity (encoded in the nonlinearity[image: External link] of Einstein's equations).[81] Relativistic precession has been observed for all planets that allow for accurate precession measurements (Mercury, Venus[image: External link], and Earth),[82] as well as in binary pulsar[image: External link] systems, where it is larger by five orders of magnitude[image: External link].[83]

In general relativity the perihelion shift σ, expressed in radians per revolution, is approximately given by:[84]


	



where:


	is the semi-major axis[image: External link]


	is the orbital period[image: External link]


	is the speed of light

	is the orbital eccentricity[image: External link]
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 Orbital decay




According to general relativity, a binary system[image: External link] will emit gravitational waves[image: External link], thereby losing energy[image: External link]. Due to this loss, the distance between the two orbiting bodies decreases, and so does their orbital period. Within the Solar System[image: External link] or for ordinary double stars[image: External link], the effect is too small to be observable. This is not the case for a close binary pulsar[image: External link], a system of two orbiting neutron stars[image: External link], one of which is a pulsar[image: External link]: from the pulsar, observers on Earth receive a regular series of radio pulses that can serve as a highly accurate clock, which allows precise measurements of the orbital period. Because neutron stars are immensely compact, significant amounts of energy are emitted in the form of gravitational radiation.[86]

The first observation of a decrease in orbital period due to the emission of gravitational waves was made by Hulse[image: External link] and Taylor[image: External link], using the binary pulsar PSR1913+16[image: External link] they had discovered in 1974. This was the first detection of gravitational waves, albeit indirect, for which they were awarded the 1993 Nobel Prize[image: External link] in physics.[87] Since then, several other binary pulsars have been found, in particular the double pulsar PSR J0737-3039[image: External link], in which both stars are pulsars.[88]
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Main articles: Geodetic precession[image: External link] and Frame dragging[image: External link]


Several relativistic effects are directly related to the relativity of direction.[89] One is geodetic precession[image: External link]: the axis direction of a gyroscope[image: External link] in free fall in curved spacetime will change when compared, for instance, with the direction of light received from distant stars—even though such a gyroscope represents the way of keeping a direction as stable as possible ("parallel transport[image: External link]").[90] For the Moon–Earth system, this effect has been measured with the help of lunar laser ranging[image: External link].[91] More recently, it has been measured for test masses aboard the satellite Gravity Probe B[image: External link] to a precision of better than 0.3%.[92][93]

Near a rotating mass, there are gravitomagnetic or frame-dragging[image: External link] effects. A distant observer will determine that objects close to the mass get "dragged around". This is most extreme for rotating black holes[image: External link] where, for any object entering a zone known as the ergosphere[image: External link], rotation is inevitable.[94] Such effects can again be tested through their influence on the orientation of gyroscopes in free fall.[95] Somewhat controversial tests have been performed using the LAGEOS[image: External link] satellites, confirming the relativistic prediction.[96] Also the Mars Global Surveyor[image: External link] probe around Mars has been used.[97][98]
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Main article: Gravitational lensing[image: External link]


The deflection of light by gravity is responsible for a new class of astronomical phenomena. If a massive object is situated between the astronomer and a distant target object with appropriate mass and relative distances, the astronomer will see multiple distorted images of the target. Such effects are known as gravitational lensing[image: External link].[99] Depending on the configuration, scale, and mass distribution, there can be two or more images, a bright ring known as an Einstein ring[image: External link], or partial rings called arcs.[100] The earliest example[image: External link] was discovered in 1979;[101] since then, more than a hundred gravitational lenses have been observed.[102] Even if the multiple images are too close to each other to be resolved, the effect can still be measured, e.g., as an overall brightening of the target object; a number of such " microlensing[image: External link] events" have been observed.[103]

Gravitational lensing has developed into a tool of observational astronomy[image: External link]. It is used to detect the presence and distribution of dark matter[image: External link], provide a "natural telescope" for observing distant galaxies, and to obtain an independent estimate of the Hubble constant[image: External link]. Statistical evaluations of lensing data provide valuable insight into the structural evolution of galaxies[image: External link].[104]
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Main articles: Gravitational wave[image: External link] and Gravitational wave astronomy[image: External link]


Observations of binary pulsars provide strong indirect evidence for the existence of gravitational waves (see Orbital decay[image: External link], above). Detection of these waves is a major goal of current relativity-related research.[105] Several land-based gravitational wave detectors[image: External link] are currently in operation, most notably the interferometric detectors[image: External link] GEO 600[image: External link], LIGO (two detectors), TAMA 300[image: External link] and VIRGO[image: External link].[106] Various pulsar timing arrays[image: External link] are using millisecond pulsars[image: External link] to detect gravitational waves in the 10−9 to 10−6 Hertz[image: External link] frequency range, which originate from binary supermassive blackholes.[107] A European space-based detector, eLISA / NGO[image: External link], is currently under development,[108] with a precursor mission (LISA Pathfinder[image: External link]) having launched in December 2015.[109]

Observations of gravitational waves promise to complement observations in the electromagnetic spectrum[image: External link].[110] They are expected to yield information about black holes and other dense objects such as neutron stars and white dwarfs, about certain kinds of supernova[image: External link] implosions, and about processes in the very early universe, including the signature of certain types of hypothetical cosmic string[image: External link].[111] In February 2016, the Advanced LIGO team announced that they had detected gravitational waves[image: External link] from a black hole merger.[70][71][112]
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Main article: Black hole


Whenever the ratio of an object's mass to its radius becomes sufficiently large, general relativity predicts the formation of a black hole, a region of space from which nothing, not even light, can escape. In the currently accepted models of stellar evolution[image: External link], neutron stars[image: External link] of around 1.4 solar masses[image: External link], and stellar black holes[image: External link] with a few to a few dozen solar masses, are thought to be the final state for the evolution of massive stars.[113] Usually a galaxy has one supermassive black hole[image: External link] with a few million to a few billion[image: External link] solar masses in its center,[114] and its presence is thought to have played an important role in the formation of the galaxy and larger cosmic structures.[115]

Astronomically, the most important property of compact objects is that they provide a supremely efficient mechanism for converting gravitational energy into electromagnetic radiation.[116] Accretion[image: External link], the falling of dust or gaseous matter onto stellar[image: External link] or supermassive black holes[image: External link], is thought to be responsible for some spectacularly luminous astronomical objects, notably diverse kinds of active galactic nuclei[image: External link] on galactic scales and stellar-size objects such as microquasars[image: External link].[117] In particular, accretion can lead to relativistic jets[image: External link], focused beams of highly energetic particles that are being flung into space at almost light speed[image: External link].[118] General relativity plays a central role in modelling all these phenomena,[119] and observations provide strong evidence for the existence of black holes with the properties predicted by the theory.[120]

Black holes are also sought-after targets in the search for gravitational waves (cf. Gravitational waves[image: External link], above). Merging black hole binaries[image: External link] should lead to some of the strongest gravitational wave signals reaching detectors here on Earth, and the phase directly before the merger ("chirp") could be used as a "standard candle[image: External link]" to deduce the distance to the merger events–and hence serve as a probe of cosmic expansion at large distances.[121] The gravitational waves produced as a stellar black hole plunges into a supermassive one should provide direct information about the supermassive black hole's geometry.[122]
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Main article: Physical cosmology[image: External link]


The current models of cosmology are based on Einstein's field equations[image: External link], which include the cosmological constant[image: External link] Λ since it has important influence on the large-scale dynamics of the cosmos,


	



where is the spacetime metric[image: External link].[123] Isotropic[image: External link] and homogeneous[image: External link] solutions of these enhanced equations, the Friedmann–Lemaître–Robertson–Walker solutions,[124] allow physicists to model a universe that has evolved over the past 14  billion[image: External link] years from a hot, early Big Bang[image: External link] phase.[125] Once a small number of parameters (for example the universe's mean matter[image: External link] density[image: External link]) have been fixed by astronomical observation,[126] further observational data can be used to put the models to the test.[127] Predictions, all successful, include the initial abundance of chemical elements formed in a period of primordial nucleosynthesis[image: External link],[128] the large-scale structure of the universe,[129] and the existence and properties of a " thermal[image: External link] echo" from the early cosmos, the cosmic background radiation[image: External link].[130]

Astronomical observations of the cosmological expansion rate allow the total amount of matter in the universe to be estimated, although the nature of that matter remains mysterious in part. About 90% of all matter appears to be dark matter[image: External link], which has mass (or, equivalently, gravitational influence), but does not interact electromagnetically and, hence, cannot be observed directly.[131] There is no generally accepted description of this new kind of matter, within the framework of known particle physics[image: External link][132] or otherwise.[133] Observational evidence from redshift surveys of distant supernovae[image: External link] and measurements of the cosmic background radiation also show that the evolution of our universe is significantly influenced by a cosmological constant[image: External link] resulting in an acceleration of cosmic expansion or, equivalently, by a form of energy with an unusual equation of state[image: External link], known as dark energy[image: External link], the nature of which remains unclear.[134]

An inflationary phase[image: External link],[135] an additional phase of strongly accelerated expansion at cosmic times of around 10−33 seconds, was hypothesized in 1980 to account for several puzzling observations that were unexplained by classical cosmological models, such as the nearly perfect homogeneity of the cosmic background radiation.[136] Recent measurements of the cosmic background radiation have resulted in the first evidence for this scenario.[137] However, there is a bewildering variety of possible inflationary scenarios, which cannot be restricted by current observations.[138] An even larger question is the physics of the earliest universe, prior to the inflationary phase and close to where the classical models predict the big bang singularity[image: External link]. An authoritative answer would require a complete theory of quantum gravity, which has not yet been developed[139] (cf. the section on quantum gravity[image: External link], below).
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 Time travel




Kurt Gödel[image: External link] showed[140] that solutions to Einstein's equations exist that contain closed timelike curves[image: External link] (CTCs), which allow for loops in time. The solutions require extreme physical conditions unlikely ever to occur in practice, and it remains an open question whether further laws of physics will eliminate them completely. Since then other—similarly impractical—GR solutions containing CTCs have been found, such as the Tipler cylinder[image: External link] and traversable wormholes[image: External link].
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Main article: Causal structure[image: External link]


In general relativity, no material body can catch up with or overtake a light pulse. No influence from an event A can reach any other location X before light sent out at A to X. In consequence, an exploration of all light worldlines (null geodesics[image: External link]) yields key information about the spacetime's causal structure. This structure can be displayed using Penrose–Carter diagrams[image: External link] in which infinitely large regions of space and infinite time intervals are shrunk (" compactified[image: External link]") so as to fit onto a finite map, while light still travels along diagonals as in standard spacetime diagrams[image: External link].[141]

Aware of the importance of causal structure, Roger Penrose and others developed what is known as global geometry[image: External link]. In global geometry, the object of study is not one particular solution[image: External link] (or family of solutions) to Einstein's equations. Rather, relations that hold true for all geodesics, such as the Raychaudhuri equation[image: External link], and additional non-specific assumptions about the nature of matter[image: External link] (usually in the form of energy conditions[image: External link]) are used to derive general results.[142]
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Main articles: Horizon (general relativity)[image: External link], No hair theorem[image: External link], and Black hole mechanics[image: External link]


Using global geometry, some spacetimes can be shown to contain boundaries called horizons[image: External link], which demarcate one region from the rest of spacetime. The best-known examples are black holes: if mass is compressed into a sufficiently compact region of space (as specified in the hoop conjecture[image: External link], the relevant length scale is the Schwarzschild radius[image: External link][143]), no light from inside can escape to the outside. Since no object can overtake a light pulse, all interior matter is imprisoned as well. Passage from the exterior to the interior is still possible, showing that the boundary, the black hole's horizon, is not a physical barrier.[144]

Early studies of black holes relied on explicit solutions[image: External link] of Einstein's equations[image: External link], notably the spherically symmetric Schwarzschild solution[image: External link] (used to describe a static[image: External link] black hole) and the axisymmetric Kerr solution[image: External link] (used to describe a rotating, stationary[image: External link] black hole, and introducing interesting features such as the ergosphere[image: External link]). Using global geometry, later studies have revealed more general properties of black holes. In the long run, they are rather simple objects characterized by eleven parameters specifying energy[image: External link], linear momentum[image: External link], angular momentum[image: External link], location at a specified time and electric charge[image: External link]. This is stated by the black hole uniqueness theorems[image: External link]: "black holes have no hair", that is, no distinguishing marks like the hairstyles of humans. Irrespective of the complexity of a gravitating object collapsing to form a black hole, the object that results (having emitted gravitational waves[image: External link]) is very simple.[145]

Even more remarkably, there is a general set of laws known as black hole mechanics[image: External link], which is analogous to the laws of thermodynamics[image: External link]. For instance, by the second law of black hole mechanics, the area of the event horizon of a general black hole will never decrease with time, analogous to the entropy[image: External link] of a thermodynamic system. This limits the energy that can be extracted by classical means from a rotating black hole (e.g. by the Penrose process[image: External link]).[146] There is strong evidence that the laws of black hole mechanics are, in fact, a subset of the laws of thermodynamics, and that the black hole area is proportional to its entropy.[147] This leads to a modification of the original laws of black hole mechanics: for instance, as the second law of black hole mechanics becomes part of the second law of thermodynamics, it is possible for black hole area to decrease—as long as other processes ensure that, overall, entropy increases. As thermodynamical objects with non-zero temperature, black holes should emit thermal radiation[image: External link]. Semi-classical calculations indicate that indeed they do, with the surface gravity playing the role of temperature in Planck's law[image: External link]. This radiation is known as Hawking radiation (cf. the quantum theory section[image: External link], below).[148]

There are other types of horizons. In an expanding universe, an observer may find that some regions of the past cannot be observed ("particle horizon[image: External link]"), and some regions of the future cannot be influenced (event horizon).[149] Even in flat Minkowski space, when described by an accelerated observer (Rindler space[image: External link]), there will be horizons associated with a semi-classical radiation known as Unruh radiation[image: External link].[150]
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Main article: Spacetime singularity[image: External link]


Another general feature of general relativity is the appearance of spacetime boundaries known as singularities. Spacetime can be explored by following up on timelike and lightlike geodesics—all possible ways that light and particles in free fall can travel. But some solutions of Einstein's equations have "ragged edges"—regions known as spacetime singularities[image: External link], where the paths of light and falling particles come to an abrupt end, and geometry becomes ill-defined. In the more interesting cases, these are "curvature singularities", where geometrical quantities characterizing spacetime curvature, such as the Ricci scalar[image: External link], take on infinite values.[151] Well-known examples of spacetimes with future singularities—where worldlines[image: External link] end—are the Schwarzschild solution[image: External link], which describes a singularity inside an eternal static black hole,[152] or the Kerr solution[image: External link] with its ring-shaped singularity inside an eternal rotating black hole.[153] The Friedmann–Lemaître–Robertson–Walker solutions and other spacetimes describing universes have past singularities on which worldlines begin, namely Big Bang[image: External link] singularities, and some have future singularities (Big Crunch[image: External link]) as well.[154]

Given that these examples are all highly symmetric—and thus simplified—it is tempting to conclude that the occurrence of singularities is an artifact of idealization.[155] The famous singularity theorems[image: External link], proved using the methods of global geometry, say otherwise: singularities are a generic feature of general relativity, and unavoidable once the collapse of an object with realistic matter properties has proceeded beyond a certain stage[156] and also at the beginning of a wide class of expanding universes.[157] However, the theorems say little about the properties of singularities, and much of current research is devoted to characterizing these entities' generic structure (hypothesized e.g. by the BKL conjecture[image: External link]).[158] The cosmic censorship hypothesis[image: External link] states that all realistic future singularities (no perfect symmetries, matter with realistic properties) are safely hidden away behind a horizon, and thus invisible to all distant observers. While no formal proof yet exists, numerical simulations offer supporting evidence of its validity.[159]
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Main article: Initial value formulation (general relativity)[image: External link]


Each solution of Einstein's equation[image: External link] encompasses the whole history of a universe — it is not just some snapshot of how things are, but a whole, possibly matter-filled, spacetime. It describes the state of matter and geometry everywhere and at every moment in that particular universe. Due to its general covariance[image: External link], Einstein's theory is not sufficient by itself to determine the time evolution[image: External link] of the metric tensor. It must be combined with a coordinate condition[image: External link], which is analogous to gauge fixing[image: External link] in other field theories.[160]

To understand Einstein's equations as partial differential equations[image: External link], it is helpful to formulate them in a way that describes the evolution of the universe over time. This is done in "3+1" formulations, where spacetime is split into three space dimensions and one time dimension. The best-known example is the ADM formalism[image: External link].[161] These decompositions show that the spacetime evolution equations of general relativity are well-behaved: solutions always exist[image: External link], and are uniquely defined, once suitable initial conditions have been specified.[162] Such formulations of Einstein's field equations are the basis of numerical relativity[image: External link].[163]
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Main article: Mass in general relativity[image: External link]


The notion of evolution equations is intimately tied in with another aspect of general relativistic physics. In Einstein's theory, it turns out to be impossible to find a general definition for a seemingly simple property such as a system's total mass[image: External link] (or energy[image: External link]). The main reason is that the gravitational field—like any physical field—must be ascribed a certain energy, but that it proves to be fundamentally impossible to localize that energy.[164]

Nevertheless, there are possibilities to define a system's total mass, either using a hypothetical "infinitely distant observer" (ADM mass[image: External link])[165] or suitable symmetries (Komar mass[image: External link]).[166] If one excludes from the system's total mass the energy being carried away to infinity by gravitational waves, the result is the Bondi mass[image: External link] at null infinity.[167] Just as in classical physics[image: External link], it can be shown that these masses are positive.[168] Corresponding global definitions exist for momentum[image: External link] and angular momentum[image: External link].[169] There have also been a number of attempts to define quasi-local quantities, such as the mass of an isolated system formulated using only quantities defined within a finite region of space containing that system. The hope is to obtain a quantity useful for general statements about isolated systems[image: External link], such as a more precise formulation of the hoop conjecture[image: External link].[170]
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If general relativity were considered to be one of the two pillars of modern physics, then quantum theory, the basis of understanding matter from elementary particles[image: External link] to solid state physics[image: External link], would be the other.[171] However, how to reconcile quantum theory with general relativity is still an open question.
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Main article: Quantum field theory in curved spacetime[image: External link]


Ordinary quantum field theories[image: External link], which form the basis of modern elementary particle physics[image: External link], are defined in flat Minkowski space[image: External link], which is an excellent approximation when it comes to describing the behavior of microscopic particles in weak gravitational fields like those found on Earth.[172] In order to describe situations in which gravity is strong enough to influence (quantum) matter, yet not strong enough to require quantization itself, physicists have formulated quantum field theories in curved spacetime. These theories rely on general relativity to describe a curved background spacetime, and define a generalized quantum field theory to describe the behavior of quantum matter within that spacetime.[173] Using this formalism, it can be shown that black holes emit a blackbody spectrum of particles known as Hawking radiation, leading to the possibility that they evaporate[image: External link] over time.[174] As briefly mentioned above[image: External link], this radiation plays an important role for the thermodynamics of black holes.[175]
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Main article: Quantum gravity


See also: String theory[image: External link], Canonical general relativity[image: External link], Loop quantum gravity[image: External link], Causal Dynamical Triangulations[image: External link], and Causal sets[image: External link]


The demand for consistency between a quantum description of matter and a geometric description of spacetime,[176] as well as the appearance of singularities[image: External link] (where curvature length scales become microscopic), indicate the need for a full theory of quantum gravity: for an adequate description of the interior of black holes, and of the very early universe, a theory is required in which gravity and the associated geometry of spacetime are described in the language of quantum physics.[177] Despite major efforts, no complete and consistent theory of quantum gravity is currently known, even though a number of promising candidates exist.[178][179]

Attempts to generalize ordinary quantum field theories, used in elementary particle physics[image: External link] to describe fundamental interactions, so as to include gravity have led to serious problems.[180] Some have argued that at low energies, this approach proves successful, in that it results in an acceptable effective (quantum) field theory[image: External link] of gravity.[181] At very high energies, however, the perturbative results are badly divergent and lead to models devoid of predictive power ("perturbative non-renormalizability[image: External link]").[182]

One attempt to overcome these limitations is string theory[image: External link], a quantum theory not of point particles[image: External link], but of minute one-dimensional extended objects.[183] The theory promises to be a unified description[image: External link] of all particles and interactions, including gravity;[184] the price to pay is unusual features such as six extra dimensions[image: External link] of space in addition to the usual three.[185] In what is called the second superstring revolution[image: External link], it was conjectured that both string theory and a unification of general relativity and supersymmetry[image: External link] known as supergravity[image: External link][186] form part of a hypothesized eleven-dimensional model known as M-theory[image: External link], which would constitute a uniquely defined and consistent theory of quantum gravity.[187]

Another approach starts with the canonical quantization[image: External link] procedures of quantum theory. Using the initial-value-formulation of general relativity (cf. evolution equations[image: External link] above), the result is the Wheeler–deWitt equation[image: External link] (an analogue of the Schrödinger equation[image: External link]) which, regrettably, turns out to be ill-defined without a proper ultraviolet (lattice) cutoff.[188] However, with the introduction of what are now known as Ashtekar variables[image: External link],[189] this leads to a promising model known as loop quantum gravity[image: External link]. Space is represented by a web-like structure called a spin network[image: External link], evolving over time in discrete steps.[190]

Depending on which features of general relativity and quantum theory are accepted unchanged, and on what level changes are introduced,[191] there are numerous other attempts to arrive at a viable theory of quantum gravity, some examples being the lattice theory of gravity based on the Feynman Path Integral[image: External link] approach and Regge Calculus[image: External link],[178] dynamical triangulations[image: External link],[192] causal sets[image: External link],[193] twistor[image: External link] models[194] or the path-integral[image: External link] based models of quantum cosmology[image: External link].[195]

All candidate theories still have major formal and conceptual problems to overcome. They also face the common problem that, as yet, there is no way to put quantum gravity predictions to experimental tests (and thus to decide between the candidates where their predictions vary), although there is hope for this to change as future data from cosmological observations and particle physics[image: External link] experiments becomes available.[196]
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 Current status




General relativity has emerged as a highly successful model of gravitation and cosmology, which has so far passed many unambiguous observational and experimental tests[image: External link]. However, there are strong indications the theory is incomplete.[197] The problem of quantum gravity and the question of the reality of spacetime singularities remain open.[198] Observational data that is taken as evidence for dark energy[image: External link] and dark matter[image: External link] could indicate the need for new physics.[199] Even taken as is, general relativity is rich with possibilities for further exploration. Mathematical relativists seek to understand the nature of singularities and the fundamental properties of Einstein's equations,[200] while numerical relativists run increasingly powerful computer simulations (such as those describing merging black holes).[201] In February 2016, it was announced that the existence of gravitational waves[image: External link] was directly detected by the Advanced LIGO team on September 14, 2015.[72][202][203] A century after its introduction, general relativity remains a highly active area of research.[204]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 See also






	
Alcubierre drive[image: External link] (warp drive)

	Center of mass (relativistic)[image: External link]

	Contributors to general relativity[image: External link]

	Derivations of the Lorentz transformations[image: External link]

	Ehrenfest paradox[image: External link]

	Einstein–Hilbert action[image: External link]

	Introduction to mathematics of general relativity[image: External link]

	Relativity priority dispute[image: External link]

	Ricci calculus[image: External link]

	Tests of general relativity[image: External link]

	Timeline of gravitational physics and relativity[image: External link]

	Two-body problem in general relativity[image: External link]

	Weak Gravity Conjecture[image: External link]






[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Notes






	
^ "GW150914: LIGO Detects Gravitational Waves"[image: External link]. Black-holes.org. Retrieved 18 April 2016.


	
^ O'Connor, J.J. and Robertson, E.F. (1996), General relativity[image: External link]. Mathematical Physics index[image: External link], School of Mathematics and Statistics[image: External link], University of St. Andrews[image: External link], Scotland. Retrieved 2015-02-04.


	
^ Landau, Lev Davidovich, ed. The classical theory of fields. Vol. 2. Elsevier, 2013.


	
^ Pais 1982, ch. 9 to 15, Janssen 2005; an up-to-date collection of current research, including reprints of many of the original articles, is Renn 2007; an accessible overview can be found in Renn 2005, pp. 110ff. Einstein's original papers are found in Digital Einstein[image: External link], volumes 4 and 6. An early key article is Einstein 1907, cf. Pais 1982, ch. 9. The publication featuring the field equations is Einstein 1915, cf. Pais 1982, ch. 11–15


	
^ Schwarzschild 1916a, Schwarzschild 1916b and Reissner 1916 (later complemented in Nordström 1918)


	
^ Einstein 1917, cf. Pais 1982, ch. 15e


	
^ Hubble's original article is Hubble 1929; an accessible overview is given in Singh 2004, ch. 2–4


	
^ As reported in Gamow 1970. Einstein's condemnation would prove to be premature, cf. the section Cosmology[image: External link], below


	
^ Pais 1982, pp. 253–254


	
^ Kennefick 2005, Kennefick 2007


	
^ Pais 1982, ch. 16


	
^ Thorne, Kip (2003). The future of theoretical physics and cosmology: celebrating Stephen Hawking's 60th birthday[image: External link]. Cambridge University Press. p. 74. ISBN  0-521-82081-2[image: External link]. Extract of page 74[image: External link]


	
^ Israel 1987, ch. 7.8–7.10, Thorne 1994, ch. 3–9


	
^ Sections Orbital effects and the relativity of direction[image: External link], Gravitational time dilation and frequency shift[image: External link] and Light deflection and gravitational time delay[image: External link], and references therein


	
^ Section Cosmology[image: External link] and references therein; the historical development is in Overbye 1999


	
^ The following exposition re-traces that of Ehlers 1973, sec. 1


	
^ Arnold 1989, ch. 1


	
^ Ehlers 1973, pp. 5f


	
^ Will 1993, sec. 2.4, Will 2006, sec. 2


	
^ Wheeler 1990, ch. 2


	
^ Ehlers 1973, sec. 1.2, Havas 1964, Künzle 1972. The simple thought experiment in question was first described in Heckmann & Schücking 1959


	
^ Ehlers 1973, pp. 10f


	
^ Good introductions are, in order of increasing presupposed knowledge of mathematics, Giulini 2005, Mermin 2005, and Rindler 1991; for accounts of precision experiments, cf. part IV of Ehlers & Lämmerzahl 2006


	
^ An in-depth comparison between the two symmetry groups can be found in Giulini 2006a


	
^ Rindler 1991, sec. 22, Synge 1972, ch. 1 and 2


	
^ Ehlers 1973, sec. 2.3


	
^ Ehlers 1973, sec. 1.4, Schutz 1985, sec. 5.1


	
^ Ehlers 1973, pp. 17ff; a derivation can be found in Mermin 2005, ch. 12. For the experimental evidence, cf. the section Gravitational time dilation and frequency shift[image: External link], below


	
^ Rindler 2001, sec. 1.13; for an elementary account, see Wheeler 1990, ch. 2; there are, however, some differences between the modern version and Einstein's original concept used in the historical derivation of general relativity, cf. Norton 1985


	
^ Ehlers 1973, sec. 1.4 for the experimental evidence, see once more section Gravitational time dilation and frequency shift[image: External link]. Choosing a different connection with non-zero torsion[image: External link] leads to a modified theory known as Einstein–Cartan theory[image: External link]


	
^ Ehlers 1973, p. 16, Kenyon 1990, sec. 7.2, Weinberg 1972, sec. 2.8


	
^ Ehlers 1973, pp. 19–22; for similar derivations, see sections 1 and 2 of ch. 7 in Weinberg 1972. The Einstein tensor is the only divergence-free tensor that is a function of the metric coefficients, their first and second derivatives at most, and allows the spacetime of special relativity as a solution in the absence of sources of gravity, cf. Lovelock 1972. The tensors on both side are of second rank, that is, they can each be thought of as 4×4 matrices, each of which contains ten independent terms; hence, the above represents ten coupled equations. The fact that, as a consequence of geometric relations known as Bianchi identities[image: External link], the Einstein tensor satisfies a further four identities reduces these to six independent equations, e.g. Schutz 1985, sec. 8.3


	
^ Kenyon 1990, sec. 7.4


	
^ Brans & Dicke 1961, Weinberg 1972, sec. 3 in ch. 7, Goenner 2004, sec. 7.2, and Trautman 2006, respectively


	
^ Wald 1984, ch. 4, Weinberg 1972, ch. 7 or, in fact, any other textbook on general relativity


	
^ At least approximately, cf. Poisson 2004


	
^ Wheeler 1990, p. xi


	
^ Wald 1984, sec. 4.4


	
^ Wald 1984, sec. 4.1


	
^ For the (conceptual and historical) difficulties in defining a general principle of relativity and separating it from the notion of general covariance, see Giulini 2006b


	
^ section 5 in ch. 12 of Weinberg 1972


	
^ Introductory chapters of Stephani et al. 2003


	
^ A review showing Einstein's equation in the broader context of other PDEs with physical significance is Geroch 1996


	
^ For background information and a list of solutions, cf. Stephani et al. 2003; a more recent review can be found in MacCallum 2006


	
^ Chandrasekhar 1983, ch. 3,5,6


	
^ Narlikar 1993, ch. 4, sec. 3.3


	
^ Brief descriptions of these and further interesting solutions can be found in Hawking & Ellis 1973, ch. 5


	
^ Lehner 2002


	
^ For instance Wald 1984, sec. 4.4


	
^ Will 1993, sec. 4.1 and 4.2


	
^ Will 2006, sec. 3.2, Will 1993, ch. 4


	
^ Rindler 2001, pp. 24–26 vs. pp. 236–237 and Ohanian & Ruffini 1994, pp. 164–172. Einstein derived these effects using the equivalence principle as early as 1907, cf. Einstein 1907 and the description in Pais 1982, pp. 196–198


	
^ Rindler 2001, pp. 24–26; Misner, Thorne & Wheeler 1973, § 38.5


	
^ Pound–Rebka experiment[image: External link], see Pound & Rebka 1959, Pound & Rebka 1960; Pound & Snider 1964; a list of further experiments is given in Ohanian & Ruffini 1994, table 4.1 on p. 186


	
^ Greenstein, Oke & Shipman 1971; the most recent and most accurate Sirius B measurements are published in Barstow, Bond et al. 2005.


	
^ Starting with the Hafele–Keating experiment[image: External link], Hafele & Keating 1972a and Hafele & Keating 1972b, and culminating in the Gravity Probe A[image: External link] experiment; an overview of experiments can be found in Ohanian & Ruffini 1994, table 4.1 on p. 186


	
^ GPS is continually tested by comparing atomic clocks on the ground and aboard orbiting satellites; for an account of relativistic effects, see Ashby 2002 and Ashby 2003


	
^ Stairs 2003 and Kramer 2004


	
^ General overviews can be found in section 2.1. of Will 2006; Will 2003, pp. 32–36; Ohanian & Ruffini 1994, sec. 4.2


	
^ Ohanian & Ruffini 1994, pp. 164–172


	
^ Cf. Kennefick 2005 for the classic early measurements by the Eddington[image: External link] expeditions; for an overview of more recent measurements, see Ohanian & Ruffini 1994, ch. 4.3. For the most precise direct modern observations using quasars, cf. Shapiro et al. 2004


	
^ This is not an independent axiom; it can be derived from Einstein's equations and the Maxwell Lagrangian[image: External link] using a WKB approximation[image: External link], cf. Ehlers 1973, sec. 5


	
^ Blanchet 2006, sec. 1.3


	
^ Rindler 2001, sec. 1.16; for the historical examples, Israel 1987, pp. 202–204; in fact, Einstein published one such derivation as Einstein 1907. Such calculations tacitly assume that the geometry of space is Euclidean[image: External link], cf. Ehlers & Rindler 1997


	
^ From the standpoint of Einstein's theory, these derivations take into account the effect of gravity on time, but not its consequences for the warping of space, cf. Rindler 2001, sec. 11.11


	
^ For the Sun's gravitational field using radar signals reflected from planets such as Venus[image: External link] and Mercury[image: External link], cf. Shapiro 1964, Weinberg 1972, ch. 8, sec. 7; for signals actively sent back by space probes ( transponder[image: External link] measurements), cf. Bertotti, Iess & Tortora 2003; for an overview, see Ohanian & Ruffini 1994, table 4.4 on p. 200; for more recent measurements using signals received from a pulsar[image: External link] that is part of a binary system, the gravitational field causing the time delay being that of the other pulsar, cf. Stairs 2003, sec. 4.4


	
^ Will 1993, sec. 7.1 and 7.2


	
^ Einstein, A (June 1916). "Näherungsweise Integration der Feldgleichungen der Gravitation"[image: External link]. Sitzungsberichte der Königlich Preussischen Akademie der Wissenschaften Berlin[image: External link]. part 1: 688–696.


	
^ Einstein, A (1918). "Über Gravitationswellen"[image: External link]. Sitzungsberichte der Königlich Preussischen Akademie der Wissenschaften Berlin. part 1: 154–167.


	
^ a b Castelvecchi, Davide; Witze, Witze (February 11, 2016). "Einstein's gravitational waves found at last"[image: External link]. Nature News. doi: 10.1038/nature.2016.19361[image: External link]. Retrieved 2016-02-11.


	
^ a b B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) (2016). "Observation of Gravitational Waves from a Binary Black Hole Merger"[image: External link]. Physical Review Letters. 116 (6): 061102. PMID[image: External link]  26918975[image: External link]. doi: 10.1103/PhysRevLett.116.061102[image: External link].


	
^ a b "Gravitational waves detected 100 years after Einstein's prediction | NSF - National Science Foundation"[image: External link]. www.nsf.gov. Retrieved 2016-02-11.


	
^ Most advanced textbooks on general relativity contain a description of these properties, e.g. Schutz 1985, ch. 9


	
^ For example Jaranowski & Królak 2005


	
^ Rindler 2001, ch. 13


	
^ Gowdy 1971, Gowdy 1974


	
^ See Lehner 2002 for a brief introduction to the methods of numerical relativity, and Seidel 1998 for the connection with gravitational wave astronomy


	
^ Schutz 2003, pp. 48–49, Pais 1982, pp. 253–254


	
^ Rindler 2001, sec. 11.9


	
^ Will 1993, pp. 177–181


	
^ In consequence, in the parameterized post-Newtonian formalism[image: External link] (PPN), measurements of this effect determine a linear combination of the terms β and γ, cf. Will 2006, sec. 3.5 and Will 1993, sec. 7.3


	
^ The most precise measurements are VLBI[image: External link] measurements of planetary positions; see Will 1993, ch. 5, Will 2006, sec. 3.5, Anderson et al. 1992; for an overview, Ohanian & Ruffini 1994, pp. 406–407


	
^ Kramer et al. 2006


	
^ Dediu, Adrian-Horia; Magdalena, Luis; Martín-Vide, Carlos (2015). Theory and Practice of Natural Computing: Fourth International Conference, TPNC 2015, Mieres, Spain, December 15–16, 2015. Proceedings[image: External link] (illustrated ed.). Springer. p. 141. ISBN  978-3-319-26841-5[image: External link]. Extract of page 141[image: External link]


	
^ A figure that includes error bars is fig. 7 in Will 2006, sec. 5.1


	
^ Stairs 2003, Schutz 2003, pp. 317–321, Bartusiak 2000, pp. 70–86


	
^ Weisberg & Taylor 2003; for the pulsar discovery, see Hulse & Taylor 1975; for the initial evidence for gravitational radiation, see Taylor 1994


	
^ Kramer 2004


	
^ Penrose 2004, §14.5, Misner, Thorne & Wheeler 1973, §11.4


	
^ Weinberg 1972, sec. 9.6, Ohanian & Ruffini 1994, sec. 7.8


	
^ Bertotti, Ciufolini & Bender 1987, Nordtvedt 2003


	
^ Kahn 2007


	
^ A mission description can be found in Everitt et al. 2001; a first post-flight evaluation is given in Everitt, Parkinson & Kahn 2007; further updates will be available on the mission website Kahn 1996–2012.


	
^ Townsend 1997, sec. 4.2.1, Ohanian & Ruffini 1994, pp. 469–471


	
^ Ohanian & Ruffini 1994, sec. 4.7, Weinberg 1972, sec. 9.7; for a more recent review, see Schäfer 2004


	
^ Ciufolini & Pavlis 2004, Ciufolini, Pavlis & Peron 2006, Iorio 2009


	
^ Iorio L. (August 2006), "COMMENTS, REPLIES AND NOTES: A note on the evidence of the gravitomagnetic field of Mars", Classical Quantum Gravity, 23 (17): 5451–5454, Bibcode: 2006CQGra..23.5451I[image: External link], arXiv: gr-qc/0606092[image: External link] , doi: 10.1088/0264-9381/23/17/N01[image: External link]


	
^ Iorio L. (June 2010), "On the Lense–Thirring test with the Mars Global Surveyor in the gravitational field of Mars", Central European Journal of Physics, 8 (3): 509–513, Bibcode: 2010CEJPh...8..509I[image: External link], arXiv: gr-qc/0701146[image: External link] , doi: 10.2478/s11534-009-0117-6[image: External link]


	
^ For overviews of gravitational lensing and its applications, see Ehlers, Falco & Schneider 1992 and Wambsganss 1998


	
^ For a simple derivation, see Schutz 2003, ch. 23; cf. Narayan & Bartelmann 1997, sec. 3


	
^ Walsh, Carswell & Weymann 1979


	
^ Images of all the known lenses can be found on the pages of the CASTLES project, Kochanek et al. 2007


	
^ Roulet & Mollerach 1997


	
^ Narayan & Bartelmann 1997, sec. 3.7


	
^ Barish 2005, Bartusiak 2000, Blair & McNamara 1997


	
^ Hough & Rowan 2000


	
^ Hobbs, George; Archibald, A.; Arzoumanian, Z.; Backer, D.; Bailes, M.; Bhat, N. D. R.; Burgay, M.; Burke-Spolaor, S.; et al. (2010), "The international pulsar timing array project: using pulsars as a gravitational wave detector", Classical and Quantum Gravity, 27 (8): 084013, Bibcode: 2010CQGra..27h4013H[image: External link], arXiv: 0911.5206[image: External link] , doi: 10.1088/0264-9381/27/8/084013[image: External link]


	
^ Danzmann & Rüdiger 2003


	
^ "LISA pathfinder overview"[image: External link]. ESA. Retrieved 2012-04-23.


	
^ Thorne 1995


	
^ Cutler & Thorne 2002


	
^ "Gravitational waves detected 100 years after Einstein's prediction | NSF – National Science Foundation"[image: External link]. www.nsf.gov. Retrieved 2016-02-11.


	
^ Miller 2002, lectures 19 and 21


	
^ Celotti, Miller & Sciama 1999, sec. 3


	
^ Springel et al. 2005 and the accompanying summary Gnedin 2005


	
^ Blandford 1987, sec. 8.2.4


	
^ For the basic mechanism, see Carroll & Ostlie 1996, sec. 17.2; for more about the different types of astronomical objects associated with this, cf. Robson 1996


	
^ For a review, see Begelman, Blandford & Rees 1984. To a distant observer, some of these jets even appear to move faster than light[image: External link]; this, however, can be explained as an optical illusion that does not violate the tenets of relativity, see Rees 1966


	
^ For stellar end states, cf. Oppenheimer & Snyder 1939 or, for more recent numerical work, Font 2003, sec. 4.1; for supernovae, there are still major problems to be solved, cf. Buras et al. 2003; for simulating accretion and the formation of jets, cf. Font 2003, sec. 4.2. Also, relativistic lensing effects are thought to play a role for the signals received from X-ray pulsars[image: External link], cf. Kraus 1998


	
^ The evidence includes limits on compactness from the observation of accretion-driven phenomena ("Eddington luminosity[image: External link]"), see Celotti, Miller & Sciama 1999, observations of stellar dynamics in the center of our own Milky Way[image: External link] galaxy, cf. Schödel et al. 2003, and indications that at least some of the compact objects in question appear to have no solid surface, which can be deduced from the examination of X-ray bursts[image: External link] for which the central compact object is either a neutron star[image: External link] or a black hole; cf. Remillard et al. 2006 for an overview, Narayan 2006, sec. 5. Observations of the "shadow" of the Milky Way galaxy's central black hole horizon are eagerly sought for, cf. Falcke, Melia & Agol 2000


	
^ Dalal et al. 2006


	
^ Barack & Cutler 2004


	
^ Originally Einstein 1917; cf. Pais 1982, pp. 285–288


	
^ Carroll 2001, ch. 2


	
^ Bergström & Goobar 2003, ch. 9–11; use of these models is justified by the fact that, at large scales of around hundred million light-years[image: External link] and more, our own universe indeed appears to be isotropic and homogeneous, cf. Peebles et al. 1991


	
^ E.g. with WMAP[image: External link] data, see Spergel et al. 2003


	
^ These tests involve the separate observations detailed further on, see, e.g., fig. 2 in Bridle et al. 2003


	
^ Peebles 1966; for a recent account of predictions, see Coc, Vangioni‐Flam et al. 2004; an accessible account can be found in Weiss 2006; compare with the observations in Olive & Skillman 2004, Bania, Rood & Balser 2002, O'Meara et al. 2001, and Charbonnel & Primas 2005


	
^ Lahav & Suto 2004, Bertschinger 1998, Springel et al. 2005


	
^ Alpher & Herman 1948, for a pedagogical introduction, see Bergström & Goobar 2003, ch. 11; for the initial detection, see Penzias & Wilson 1965 and, for precision measurements by satellite observatories, Mather et al. 1994 (COBE) and Bennett et al. 2003 ( WMAP[image: External link]). Future measurements could also reveal evidence about gravitational waves in the early universe; this additional information is contained in the background radiation's polarization[image: External link], cf. Kamionkowski, Kosowsky & Stebbins 1997 and Seljak & Zaldarriaga 1997


	
^ Evidence for this comes from the determination of cosmological parameters and additional observations involving the dynamics of galaxies and galaxy clusters cf. Peebles 1993, ch. 18, evidence from gravitational lensing, cf. Peacock 1999, sec. 4.6, and simulations of large-scale structure formation, see Springel et al. 2005


	
^ Peacock 1999, ch. 12, Peskin 2007; in particular, observations indicate that all but a negligible portion of that matter is not in the form of the usual elementary particles[image: External link] ("non- baryonic[image: External link] matter"), cf. Peacock 1999, ch. 12


	
^ Namely, some physicists have questioned whether or not the evidence for dark matter is, in fact, evidence for deviations from the Einsteinian (and the Newtonian) description of gravity cf. the overview in Mannheim 2006, sec. 9


	
^ Carroll 2001; an accessible overview is given in Caldwell 2004. Here, too, scientists have argued that the evidence indicates not a new form of energy, but the need for modifications in our cosmological models, cf. Mannheim 2006, sec. 10; aforementioned modifications need not be modifications of general relativity, they could, for example, be modifications in the way we treat the inhomogeneities in the universe, cf. Buchert 2007


	
^ A good introduction is Linde 1990; for a more recent review, see Linde 2005


	
^ More precisely, these are the flatness problem[image: External link], the horizon problem[image: External link], and the monopole problem[image: External link]; a pedagogical introduction can be found in Narlikar 1993, sec. 6.4, see also Börner 1993, sec. 9.1


	
^ Spergel et al. 2007, sec. 5,6


	
^ More concretely, the potential[image: External link] function that is crucial to determining the dynamics of the inflaton[image: External link] is simply postulated, but not derived from an underlying physical theory


	
^ Brandenberger 2007, sec. 2


	
^ Gödel 1949


	
^ Frauendiener 2004, Wald 1984, sec. 11.1, Hawking & Ellis 1973, sec. 6.8, 6.9


	
^ Wald 1984, sec. 9.2–9.4 and Hawking & Ellis 1973, ch. 6


	
^ Thorne 1972; for more recent numerical studies, see Berger 2002, sec. 2.1


	
^ Israel 1987. A more exact mathematical description distinguishes several kinds of horizon, notably event horizons[image: External link] and apparent horizons[image: External link] cf. Hawking & Ellis 1973, pp. 312–320 or Wald 1984, sec. 12.2; there are also more intuitive definitions for isolated systems that do not require knowledge of spacetime properties at infinity, cf. Ashtekar & Krishnan 2004


	
^ For first steps, cf. Israel 1971; see Hawking & Ellis 1973, sec. 9.3 or Heusler 1996, ch. 9 and 10 for a derivation, and Heusler 1998 as well as Beig & Chruściel 2006 as overviews of more recent results


	
^ The laws of black hole mechanics were first described in Bardeen, Carter & Hawking 1973; a more pedagogical presentation can be found in Carter 1979; for a more recent review, see Wald 2001, ch. 2. A thorough, book-length introduction including an introduction to the necessary mathematics Poisson 2004. For the Penrose process, see Penrose 1969


	
^ Bekenstein 1973, Bekenstein 1974


	
^ The fact that black holes radiate, quantum mechanically, was first derived in Hawking 1975; a more thorough derivation can be found in Wald 1975. A review is given in Wald 2001, ch. 3


	
^ Narlikar 1993, sec. 4.4.4, 4.4.5


	
^ Horizons: cf. Rindler 2001, sec. 12.4. Unruh effect: Unruh 1976, cf. Wald 2001, ch. 3


	
^ Hawking & Ellis 1973, sec. 8.1, Wald 1984, sec. 9.1


	
^ Townsend 1997, ch. 2; a more extensive treatment of this solution can be found in Chandrasekhar 1983, ch. 3


	
^ Townsend 1997, ch. 4; for a more extensive treatment, cf. Chandrasekhar 1983, ch. 6


	
^ Ellis & Van Elst 1999; a closer look at the singularity itself is taken in Börner 1993, sec. 1.2


	
^ Here one should remind to the well-known fact that the important "quasi-optical" singularities of the so-called eikonal approximations[image: External link] of many wave-equations, namely the " caustics[image: External link]", are resolved into finite peaks beyond that approximation.


	
^ Namely when there are trapped null surfaces[image: External link], cf. Penrose 1965


	
^ Hawking 1966


	
^ The conjecture was made in Belinskii, Khalatnikov & Lifschitz 1971; for a more recent review, see Berger 2002. An accessible exposition is given by Garfinkle 2007


	
^ The restriction to future singularities naturally excludes initial singularities such as the big bang singularity, which in principle be visible to observers at later cosmic time. The cosmic censorship conjecture was first presented in Penrose 1969; a textbook-level account is given in Wald 1984, pp. 302–305. For numerical results, see the review Berger 2002, sec. 2.1


	
^ Hawking & Ellis 1973, sec. 7.1


	
^ Arnowitt, Deser & Misner 1962; for a pedagogical introduction, see Misner, Thorne & Wheeler 1973, §21.4–§21.7


	
^ Fourès-Bruhat 1952 and Bruhat 1962; for a pedagogical introduction, see Wald 1984, ch. 10; an online review can be found in Reula 1998


	
^ Gourgoulhon 2007; for a review of the basics of numerical relativity, including the problems arising from the peculiarities of Einstein's equations, see Lehner 2001


	
^ Misner, Thorne & Wheeler 1973, §20.4


	
^ Arnowitt, Deser & Misner 1962


	
^ Komar 1959; for a pedagogical introduction, see Wald 1984, sec. 11.2; although defined in a totally different way, it can be shown to be equivalent to the ADM mass for stationary spacetimes, cf. Ashtekar & Magnon-Ashtekar 1979


	
^ For a pedagogical introduction, see Wald 1984, sec. 11.2


	
^ Wald 1984, p. 295 and refs therein; this is important for questions of stability—if there were negative mass[image: External link] states, then flat, empty Minkowski space[image: External link], which has mass zero, could evolve into these states


	
^ Townsend 1997, ch. 5


	
^ Such quasi-local mass–energy definitions are the Hawking energy, Geroch energy[image: External link], or Penrose's quasi-local energy–momentum based on twistor[image: External link] methods; cf. the review article Szabados 2004


	
^ An overview of quantum theory can be found in standard textbooks such as Messiah 1999; a more elementary account is given in Hey & Walters 2003


	
^ Ramond 1990, Weinberg 1995, Peskin & Schroeder 1995; a more accessible overview is Auyang 1995


	
^ Wald 1994, Birrell & Davies 1984


	
^ For Hawking radiation Hawking 1975, Wald 1975; an accessible introduction to black hole evaporation can be found in Traschen 2000


	
^ Wald 2001, ch. 3


	
^ Put simply, matter is the source of spacetime curvature, and once matter has quantum properties, we can expect spacetime to have them as well. Cf. Carlip 2001, sec. 2


	
^ Schutz 2003, p. 407


	
^ a b Hamber 2009


	
^ A timeline and overview can be found in Rovelli 2000


	
^ 't Hooft & Veltman 1974


	
^ Donoghue 1995


	
^ In particular, a perturbative technique known as renormalization[image: External link], an integral part of deriving predictions which take into account higher-energy contributions, cf. Weinberg 1996, ch. 17, 18, fails in this case; cf. Veltman 1975, Goroff & Sagnotti 1985; for a recent comprehensive review of the failure of perturbative renormalizability for quantum gravity see Hamber 2009


	
^ An accessible introduction at the undergraduate level can be found in Zwiebach 2004; more complete overviews can be found in Polchinski 1998a and Polchinski 1998b


	
^ At the energies reached in current experiments, these strings are indistinguishable from point-like particles, but, crucially, different modes[image: External link] of oscillation of one and the same type of fundamental string appear as particles with different ( electric[image: External link] and other) charges[image: External link], e.g. Ibanez 2000. The theory is successful in that one mode will always correspond to a graviton[image: External link], the messenger particle[image: External link] of gravity, e.g. Green, Schwarz & Witten 1987, sec. 2.3, 5.3


	
^ Green, Schwarz & Witten 1987, sec. 4.2


	
^ Weinberg 2000, ch. 31


	
^ Townsend 1996, Duff 1996


	
^ Kuchař 1973, sec. 3


	
^ These variables represent geometric gravity using mathematical analogues of electric[image: External link] and magnetic fields[image: External link]; cf. Ashtekar 1986, Ashtekar 1987


	
^ For a review, see Thiemann 2006; more extensive accounts can be found in Rovelli 1998, Ashtekar & Lewandowski 2004 as well as in the lecture notes Thiemann 2003


	
^ Isham 1994, Sorkin 1997


	
^ Loll 1998


	
^ Sorkin 2005


	
^ Penrose 2004, ch. 33 and refs therein


	
^ Hawking 1987


	
^ Ashtekar 2007, Schwarz 2007


	
^ Maddox 1998, pp. 52–59, 98–122; Penrose 2004, sec. 34.1, ch. 30


	
^ section Quantum gravity[image: External link], above


	
^ section Cosmology[image: External link], above


	
^ Friedrich 2005


	
^ A review of the various problems and the techniques being developed to overcome them, see Lehner 2002


	
^ See Bartusiak 2000 for an account up to that year; up-to-date news can be found on the websites of major detector collaborations such as GEO 600[image: External link] and LIGO[image: External link]


	
^ For the most recent papers on gravitational wave polarizations of inspiralling compact binaries, see Blanchet et al. 2008, and Arun et al. 2007; for a review of work on compact binaries, see Blanchet 2006 and Futamase & Itoh 2006; for a general review of experimental tests of general relativity, see Will 2006


	
^ See, e.g., the electronic review journal Living Reviews in Relativity[image: External link]
















[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 References






	Alpher, R. A.; Herman, R. C. (1948), "Evolution of the universe", Nature, 162 (4124): 774–775, Bibcode: 1948Natur.162..774A[image: External link], doi: 10.1038/162774b0[image: External link]

	Anderson, J. D.; Campbell, J. K.; Jurgens, R. F.; Lau, E. L. (1992), "Recent developments in solar-system tests of general relativity", in Sato, H.; Nakamura, T., Proceedings of the Sixth Marcel Großmann Meeting on General Relativity, World Scientific, pp. 353–355, ISBN  981-02-0950-9[image: External link]

	Arnold, V. I.[image: External link] (1989), Mathematical Methods of Classical Mechanics, Springer, ISBN  3-540-96890-3[image: External link]

	Arnowitt, Richard[image: External link]; Deser, Stanley[image: External link]; Misner, Charles W.[image: External link] (1962), "The dynamics of general relativity", in Witten, Louis, Gravitation: An Introduction to Current Research, Wiley, pp. 227–265

	Arun, K.G.; Blanchet, L.; Iyer, B. R.; Qusailah, M. S. S. (2007), "Inspiralling compact binaries in quasi-elliptical orbits: The complete 3PN energy flux", Physical Review D, 77 (6), Bibcode: 2008PhRvD..77f4035A[image: External link], arXiv: 0711.0302[image: External link] , doi: 10.1103/PhysRevD.77.064035[image: External link]

	Ashby, Neil (2002), "Relativity and the Global Positioning System"[image: External link] (PDF), Physics Today, 55 (5): 41–47, Bibcode: 2002PhT....55e..41A[image: External link], doi: 10.1063/1.1485583[image: External link]

	Ashby, Neil (2003), "Relativity in the Global Positioning System"[image: External link], Living Reviews in Relativity[image: External link], 6, Bibcode: 2003LRR.....6....1A[image: External link], doi: 10.12942/lrr-2003-1[image: External link], retrieved 2007-07-06

	Ashtekar, Abhay[image: External link] (1986), "New variables for classical and quantum gravity", Phys. Rev. Lett., 57 (18): 2244–2247, Bibcode: 1986PhRvL..57.2244A[image: External link], PMID[image: External link]  10033673[image: External link], doi: 10.1103/PhysRevLett.57.2244[image: External link]

	Ashtekar, Abhay (1987), "New Hamiltonian formulation of general relativity", Phys. Rev., D36 (6): 1587–1602, Bibcode: 1987PhRvD..36.1587A[image: External link], doi: 10.1103/PhysRevD.36.1587[image: External link]

	Ashtekar, Abhay (2007), "LOOP QUANTUM GRAVITY: FOUR RECENT ADVANCES AND A DOZEN FREQUENTLY ASKED QUESTIONS", The Eleventh Marcel Grossmann Meeting - on Recent Developments in Theoretical and Experimental General Relativity, Gravitation and Relativistic Field Theories – Proceedings of the MG11 Meeting on General Relativity, p. 126, Bibcode: 2008mgm..conf..126A[image: External link], ISBN  978-981-283-426-3[image: External link], arXiv: 0705.2222[image: External link] , doi: 10.1142/9789812834300_0008[image: External link]

	Ashtekar, Abhay; Krishnan, Badri (2004), "Isolated and Dynamical Horizons and Their Applications"[image: External link], Living Reviews in Relativity, 7, Bibcode: 2004LRR.....7...10A[image: External link], arXiv: gr-qc/0407042[image: External link] , doi: 10.12942/lrr-2004-10[image: External link], retrieved 2007-08-28

	Ashtekar, Abhay; Lewandowski, Jerzy (2004), "Background Independent Quantum Gravity: A Status Report", Class. Quant. Grav., 21 (15): R53–R152, Bibcode: 2004CQGra..21R..53A[image: External link], arXiv: gr-qc/0404018[image: External link] , doi: 10.1088/0264-9381/21/15/R01[image: External link]

	Ashtekar, Abhay; Magnon-Ashtekar, Anne (1979), "On conserved quantities in general relativity", Journal of Mathematical Physics, 20 (5): 793–800, Bibcode: 1979JMP....20..793A[image: External link], doi: 10.1063/1.524151[image: External link]

	Auyang, Sunny Y. (1995), How is Quantum Field Theory Possible?, Oxford University Press, ISBN  0-19-509345-3[image: External link]

	Bania, T. M.; Rood, R. T.; Balser, D. S. (2002), "The cosmological density of baryons from observations of 3He+ in the Milky Way", Nature, 415 (6867): 54–57, Bibcode: 2002Natur.415...54B[image: External link], PMID[image: External link]  11780112[image: External link], doi: 10.1038/415054a[image: External link]

	Barack, Leor; Cutler, Curt (2004), "LISA Capture Sources: Approximate Waveforms, Signal-to-Noise Ratios, and Parameter Estimation Accuracy", Phys. Rev., D69 (8): 082005, Bibcode: 2004PhRvD..69h2005B[image: External link], arXiv: gr-qc/0310125[image: External link] , doi: 10.1103/PhysRevD.69.082005[image: External link]

	Bardeen, J. M.[image: External link]; Carter, B.; Hawking, S. W. (1973), "The Four Laws of Black Hole Mechanics"[image: External link], Comm. Math. Phys., 31 (2): 161–170, Bibcode: 1973CMaPh..31..161B[image: External link], doi: 10.1007/BF01645742[image: External link]

	Barish, Barry (2005), "Towards detection of gravitational waves", in Florides, P.; Nolan, B.; Ottewil, A., General Relativity and Gravitation. Proceedings of the 17th International Conference, World Scientific, pp. 24–34, ISBN  981-256-424-1[image: External link]

	Barstow, M; Bond, Howard E.; Holberg, J. B.; Burleigh, M. R.; Hubeny, I.; Koester, D. (2005), "Hubble Space Telescope Spectroscopy of the Balmer lines in Sirius B", Mon. Not. Roy. Astron. Soc., 362 (4): 1134–1142, Bibcode: 2005MNRAS.362.1134B[image: External link], arXiv: astro-ph/0506600[image: External link] , doi: 10.1111/j.1365-2966.2005.09359.x[image: External link]

	Bartusiak, Marcia (2000), Einstein's Unfinished Symphony: Listening to the Sounds of Space-Time, Berkley, ISBN  978-0-425-18620-6[image: External link]

	Begelman, Mitchell C.; Blandford, Roger D.[image: External link]; Rees, Martin J.[image: External link] (1984), "Theory of extragalactic radio sources", Rev. Mod. Phys., 56 (2): 255–351, Bibcode: 1984RvMP...56..255B[image: External link], doi: 10.1103/RevModPhys.56.255[image: External link]

	Beig, Robert; Chruściel, Piotr T. (2006), "Stationary black holes", in Françoise, J.-P.; Naber, G.; Tsou, T.S., Encyclopedia of Mathematical Physics, Volume 2, Elsevier, p. 2041, Bibcode: 2005gr.qc.....2041B[image: External link], ISBN  0-12-512660-3[image: External link], arXiv: gr-qc/0502041[image: External link] 

	Bekenstein, Jacob D. (1973), "Black Holes and Entropy", Phys. Rev., D7 (8): 2333–2346, Bibcode: 1973PhRvD...7.2333B[image: External link], doi: 10.1103/PhysRevD.7.2333[image: External link]

	Bekenstein, Jacob D. (1974), "Generalized Second Law of Thermodynamics in Black-Hole Physics", Phys. Rev., D9 (12): 3292–3300, Bibcode: 1974PhRvD...9.3292B[image: External link], doi: 10.1103/PhysRevD.9.3292[image: External link]

	
Belinskii, V. A.; Khalatnikov, I. M.[image: External link]; Lifschitz, E. M.[image: External link] (1971), "Oscillatory approach to the singular point in relativistic cosmology", Advances in Physics, 19 (80): 525–573, Bibcode: 1970AdPhy..19..525B[image: External link], doi: 10.1080/00018737000101171[image: External link]; original paper in Russian: Belinsky, V. A.; Lifshits, I. M.; Khalatnikov, E. M. (1970), "Колебательный Режим Приближения К Особой Точке В Релятивистской Космологии", Uspekhi Fizicheskikh Nauk (Успехи Физических Наук), 102: 463–500, Bibcode: 1970UsFiN.102..463B[image: External link], doi: 10.3367/ufnr.0102.197011d.0463[image: External link]


	Bennett, C. L.; Halpern, M.; Hinshaw, G.; Jarosik, N.; Kogut, A.; Limon, M.; Meyer, S. S.; Page, L.; et al. (2003), "First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results", Astrophys. J. Suppl., 148 (1): 1–27, Bibcode: 2003ApJS..148....1B[image: External link], arXiv: astro-ph/0302207[image: External link] , doi: 10.1086/377253[image: External link]

	Berger, Beverly K. (2002), "Numerical Approaches to Spacetime Singularities"[image: External link], Living Reviews in Relativity, 5, Bibcode: 2002LRR.....5....1B[image: External link], arXiv: gr-qc/0201056[image: External link] , doi: 10.12942/lrr-2002-1[image: External link], retrieved 2007-08-04

	Bergström, Lars; Goobar, Ariel (2003), Cosmology and Particle Astrophysics (2nd ed.), Wiley & Sons, ISBN  3-540-43128-4[image: External link]

	Bertotti, Bruno[image: External link]; Ciufolini, Ignazio; Bender, Peter L. (1987), "New test of general relativity: Measurement of de Sitter geodetic precession rate for lunar perigee", Physical Review Letters, 58 (11): 1062–1065, Bibcode: 1987PhRvL..58.1062B[image: External link], PMID[image: External link]  10034329[image: External link], doi: 10.1103/PhysRevLett.58.1062[image: External link]

	Bertotti, Bruno; Iess, L.; Tortora, P. (2003), "A test of general relativity using radio links with the Cassini spacecraft", Nature, 425 (6956): 374–376, Bibcode: 2003Natur.425..374B[image: External link], PMID[image: External link]  14508481[image: External link], doi: 10.1038/nature01997[image: External link]

	Bertschinger, Edmund (1998), "Simulations of structure formation in the universe", Annu. Rev. Astron. Astrophys., 36 (1): 599–654, Bibcode: 1998ARA&A..36..599B[image: External link], doi: 10.1146/annurev.astro.36.1.599[image: External link]

	Birrell, N. D.; Davies, P. C.[image: External link] (1984), Quantum Fields in Curved Space, Cambridge University Press, ISBN  0-521-27858-9[image: External link]

	Blair, David[image: External link]; McNamara, Geoff (1997), Ripples on a Cosmic Sea. The Search for Gravitational Waves, Perseus, ISBN  0-7382-0137-5[image: External link]

	Blanchet, L.; Faye, G.; Iyer, B. R.; Sinha, S. (2008), "The third post-Newtonian gravitational wave polarisations and associated spherical harmonic modes for inspiralling compact binaries in quasi-circular orbits", Classical and Quantum Gravity, 25 (16): 165003, Bibcode: 2008CQGra..25p5003B[image: External link], arXiv: 0802.1249[image: External link] , doi: 10.1088/0264-9381/25/16/165003[image: External link]

	Blanchet, Luc (2006), "Gravitational Radiation from Post-Newtonian Sources and Inspiralling Compact Binaries"[image: External link], Living Reviews in Relativity, 9, Bibcode: 2006LRR.....9....4B[image: External link], doi: 10.12942/lrr-2006-4[image: External link], retrieved 2007-08-07

	Blandford, R. D.[image: External link] (1987), "Astrophysical Black Holes", in Hawking, Stephen W.; Israel, Werner, 300 Years of Gravitation, Cambridge University Press, pp. 277–329, ISBN  0-521-37976-8[image: External link]

	Börner, Gerhard (1993), The Early Universe. Facts and Fiction, Springer, ISBN  0-387-56729-1[image: External link]

	Brandenberger, Robert H. (2007), "Conceptual Problems of Inflationary Cosmology and a New Approach to Cosmological Structure Formation", Inflationary Cosmology, Lecture Notes in Physics, 738, pp. 393–424, Bibcode: 2008LNP...738..393B[image: External link], ISBN  978-3-540-74352-1[image: External link], arXiv: hep-th/0701111[image: External link] , doi: 10.1007/978-3-540-74353-8_11[image: External link]

	Brans, C. H.[image: External link]; Dicke, R. H. (1961), "Mach's Principle and a Relativistic Theory of Gravitation", Physical Review, 124 (3): 925–935, Bibcode: 1961PhRv..124..925B[image: External link], doi: 10.1103/PhysRev.124.925[image: External link]

	Bridle, Sarah L.; Lahav, Ofer; Ostriker, Jeremiah P.[image: External link]; Steinhardt, Paul J.[image: External link] (2003), "Precision Cosmology? Not Just Yet", Science, 299 (5612): 1532–1533, Bibcode: 2003Sci...299.1532B[image: External link], PMID[image: External link]  12624255[image: External link], arXiv: astro-ph/0303180[image: External link] , doi: 10.1126/science.1082158[image: External link]

	Bruhat, Yvonne (1962), "The Cauchy Problem", in Witten, Louis, Gravitation: An Introduction to Current Research, Wiley, p. 130, ISBN  978-1-114-29166-9[image: External link]

	Buchert, Thomas (2007), "Dark Energy from Structure—A Status Report", General Relativity and Gravitation, 40 (2–3): 467–527, Bibcode: 2008GReGr..40..467B[image: External link], arXiv: 0707.2153[image: External link] , doi: 10.1007/s10714-007-0554-8[image: External link]

	Buras, R.; Rampp, M.; Janka, H.-Th.; Kifonidis, K. (2003), "Improved Models of Stellar Core Collapse and Still no Explosions: What is Missing?", Phys. Rev. Lett., 90 (24): 241101, Bibcode: 2003PhRvL..90x1101B[image: External link], PMID[image: External link]  12857181[image: External link], arXiv: astro-ph/0303171[image: External link] , doi: 10.1103/PhysRevLett.90.241101[image: External link]

	Caldwell, Robert R. (2004), "Dark Energy", Physics World, 17 (5): 37–42

	Carlip, Steven (2001), "Quantum Gravity: a Progress Report", Rept. Prog. Phys., 64 (8): 885–942, Bibcode: 2001RPPh...64..885C[image: External link], arXiv: gr-qc/0108040[image: External link] , doi: 10.1088/0034-4885/64/8/301[image: External link]

	Carroll, Bradley W.; Ostlie, Dale A. (1996), An Introduction to Modern Astrophysics, Addison-Wesley, ISBN  0-201-54730-9[image: External link]

	Carroll, Sean M.[image: External link] (2001), "The Cosmological Constant"[image: External link], Living Reviews in Relativity, 4, Bibcode: 2001LRR.....4....1C[image: External link], arXiv: astro-ph/0004075[image: External link] , doi: 10.12942/lrr-2001-1[image: External link], retrieved 2007-07-21

	Carter, Brandon (1979), "The general theory of the mechanical, electromagnetic and thermodynamic properties of black holes", in Hawking, S. W.; Israel, W., General Relativity, an Einstein Centenary Survey, Cambridge University Press, pp. 294–369 and 860–863, ISBN  0-521-29928-4[image: External link]

	Celotti, Annalisa; Miller, John C.; Sciama, Dennis W. (1999), "Astrophysical evidence for the existence of black holes", Class. Quant. Grav., 16 (12A): A3–A21, arXiv: astro-ph/9912186[image: External link] , doi: 10.1088/0264-9381/16/12A/301[image: External link]

	Chandrasekhar, Subrahmanyan[image: External link] (1983), The Mathematical Theory of Black Holes, Oxford University Press, ISBN  0-19-850370-9[image: External link]

	Charbonnel, C.; Primas, F. (2005), "The Lithium Content of the Galactic Halo Stars", Astronomy & Astrophysics, 442 (3): 961–992, Bibcode: 2005A&A...442..961C[image: External link], arXiv: astro-ph/0505247[image: External link] , doi: 10.1051/0004-6361:20042491[image: External link]

	Ciufolini, Ignazio; Pavlis, Erricos C. (2004), "A confirmation of the general relativistic prediction of the Lense-Thirring effect", Nature, 431 (7011): 958–960, Bibcode: 2004Natur.431..958C[image: External link], PMID[image: External link]  15496915[image: External link], doi: 10.1038/nature03007[image: External link]

	Ciufolini, Ignazio; Pavlis, Erricos C.; Peron, R. (2006), "Determination of frame-dragging using Earth gravity models from CHAMP and GRACE", New Astron., 11 (8): 527–550, Bibcode: 2006NewA...11..527C[image: External link], doi: 10.1016/j.newast.2006.02.001[image: External link]

	Coc, A.; Vangioni‐Flam, Elisabeth; Descouvemont, Pierre; Adahchour, Abderrahim; Angulo, Carmen (2004), "Updated Big Bang Nucleosynthesis confronted to WMAP observations and to the Abundance of Light Elements", Astrophysical Journal, 600 (2): 544–552, Bibcode: 2004ApJ...600..544C[image: External link], arXiv: astro-ph/0309480[image: External link] , doi: 10.1086/380121[image: External link]

	Cutler, Curt; Thorne, Kip S. (2002), "An overview of gravitational wave sources", in Bishop, Nigel; Maharaj, Sunil D., Proceedings of 16th International Conference on General Relativity and Gravitation (GR16), World Scientific, p. 4090, Bibcode: 2002gr.qc.....4090C[image: External link], ISBN  981-238-171-6[image: External link], arXiv: gr-qc/0204090[image: External link] 

	Dalal, Neal; Holz, Daniel E.; Hughes, Scott A.; Jain, Bhuvnesh (2006), "Short GRB and binary black hole standard sirens as a probe of dark energy", Phys.Rev., D74 (6): 063006, Bibcode: 2006PhRvD..74f3006D[image: External link], arXiv: astro-ph/0601275[image: External link] , doi: 10.1103/PhysRevD.74.063006[image: External link]

	Danzmann, Karsten; Rüdiger, Albrecht (2003), "LISA Technology—Concepts, Status, Prospects"[image: External link] (PDF), Class. Quant. Grav., 20 (10): S1–S9, Bibcode: 2003CQGra..20S...1D[image: External link], doi: 10.1088/0264-9381/20/10/301[image: External link]

	Dirac, Paul (1996), General Theory of Relativity, Princeton University Press, ISBN  0-691-01146-X[image: External link]

	Donoghue, John F. (1995), "Introduction to the Effective Field Theory Description of Gravity", in Cornet, Fernando, Effective Theories: Proceedings of the Advanced School, Almunecar, Spain, 26 June–1 July 1995, Singapore: World Scientific, p. 12024, Bibcode: 1995gr.qc....12024D[image: External link], ISBN  981-02-2908-9[image: External link], arXiv: gr-qc/9512024[image: External link] 

	Duff, Michael[image: External link] (1996), "M-Theory (the Theory Formerly Known as Strings)", Int. J. Mod. Phys., A11 (32): 5623–5641, Bibcode: 1996IJMPA..11.5623D[image: External link], arXiv: hep-th/9608117[image: External link] , doi: 10.1142/S0217751X96002583[image: External link]

	Ehlers, Jürgen (1973), "Survey of general relativity theory", in Israel, Werner, Relativity, Astrophysics and Cosmology, D. Reidel, pp. 1–125, ISBN  90-277-0369-8[image: External link]

	Ehlers, Jürgen; Falco, Emilio E.; Schneider, Peter (1992), Gravitational lenses, Springer, ISBN  3-540-66506-4[image: External link]

	Ehlers, Jürgen; Lämmerzahl, Claus, eds. (2006), Special Relativity—Will it Survive the Next 101 Years?, Springer, ISBN  3-540-34522-1[image: External link]

	Ehlers, Jürgen; Rindler, Wolfgang[image: External link] (1997), "Local and Global Light Bending in Einstein's and other Gravitational Theories", General Relativity and Gravitation, 29 (4): 519–529, Bibcode: 1997GReGr..29..519E[image: External link], doi: 10.1023/A:1018843001842[image: External link]

	Einstein, Albert (1907), "Über das Relativitätsprinzip und die aus demselben gezogene Folgerungen"[image: External link] (PDF), Jahrbuch der Radioaktivität und Elektronik, 4: 411, retrieved 2008-05-05

	Einstein, Albert (1915), "Die Feldgleichungen der Gravitation"[image: External link], Sitzungsberichte der Preussischen Akademie der Wissenschaften zu Berlin: 844–847, retrieved 2006-09-12

	Einstein, Albert (1916), "Die Grundlage der allgemeinen Relativitätstheorie"[image: External link], Annalen der Physik, 49: 769–822, Bibcode: 1916AnP...354..769E[image: External link], doi: 10.1002/andp.19163540702[image: External link], archived from the original[image: External link] (PDF) on 2006-08-29, retrieved 2016-02-14

	Einstein, Albert (1917), "Kosmologische Betrachtungen zur allgemeinen Relativitätstheorie", Sitzungsberichte der Preußischen Akademie der Wissenschaften: 142

	Ellis, George F R[image: External link]; Van Elst, Henk (1999), Lachièze-Rey, Marc, ed., "Theoretical and Observational Cosmology: Cosmological models (Cargèse lectures 1998)", Theoretical and observational cosmology : proceedings of the NATO Advanced Study Institute on Theoretical and Observational Cosmology, Kluwer: 1–116, Bibcode: 1999toc..conf....1E[image: External link], ISBN  978-0-7923-5946-3[image: External link], arXiv: gr-qc/9812046[image: External link] , doi: 10.1007/978-94-011-4455-1_1[image: External link]

	Everitt, C. W. F.; Buchman, S.; DeBra, D. B.; Keiser, G. M. (2001), "Gravity Probe B: Countdown to launch", in Lämmerzahl, C.; Everitt, C. W. F.; Hehl, F. W., Gyros, Clocks, and Interferometers: Testing Relativistic Gravity in Space (Lecture Notes in Physics 562), Springer, pp. 52–82, ISBN  3-540-41236-0[image: External link]

	Everitt, C. W. F.; Parkinson, Bradford; Kahn, Bob (2007), The Gravity Probe B experiment. Post Flight Analysis—Final Report (Preface and Executive Summary)[image: External link] (PDF), Project Report: NASA, Stanford University and Lockheed Martin, retrieved 2007-08-05

	Falcke, Heino; Melia, Fulvio; Agol, Eric (2000), "Viewing the Shadow of the Black Hole at the Galactic Center", Astrophysical Journal, 528 (1): L13–L16, Bibcode: 2000ApJ...528L..13F[image: External link], PMID[image: External link]  10587484[image: External link], arXiv: astro-ph/9912263[image: External link] , doi: 10.1086/312423[image: External link]

	Flanagan, Éanna É.; Hughes, Scott A. (2005), "The basics of gravitational wave theory", New J.Phys., 7: 204, Bibcode: 2005NJPh....7..204F[image: External link], arXiv: gr-qc/0501041[image: External link] , doi: 10.1088/1367-2630/7/1/204[image: External link]

	Font, José A. (2003), "Numerical Hydrodynamics in General Relativity"[image: External link], Living Reviews in Relativity, 6, doi: 10.12942/lrr-2003-4[image: External link], retrieved 2007-08-19

	Fourès-Bruhat, Yvonne (1952), "Théoréme d'existence pour certains systémes d'équations aux derivées partielles non linéaires", Acta Mathematica, 88 (1): 141–225, Bibcode: 1952AcM....88..141F[image: External link], doi: 10.1007/BF02392131[image: External link]

	Frauendiener, Jörg (2004), "Conformal Infinity"[image: External link], Living Reviews in Relativity, 7, Bibcode: 2004LRR.....7....1F[image: External link], doi: 10.12942/lrr-2004-1[image: External link], retrieved 2007-07-21

	Friedrich, Helmut (2005), "Is general relativity 'essentially understood'?", Annalen der Physik, 15 (1–2): 84–108, Bibcode: 2006AnP...518...84F[image: External link], arXiv: gr-qc/0508016[image: External link] , doi: 10.1002/andp.200510173[image: External link]

	Futamase, T.; Itoh, Y. (2006), "The Post-Newtonian Approximation for Relativistic Compact Binaries"[image: External link], Living Reviews in Relativity, 10, doi: 10.12942/lrr-2007-2[image: External link], retrieved 2008-02-29

	Gamow, George (1970), My World Line, Viking Press, ISBN  0-670-50376-2[image: External link]

	Garfinkle, David (2007), "Of singularities and breadmaking"[image: External link], Einstein Online, retrieved 2007-08-03

	Geroch, Robert[image: External link] (1996). "Partial Differential Equations of Physics". arXiv: gr-qc/9602055[image: External link]  [ gr-qc[image: External link]].

	Giulini, Domenico (2005), Special Relativity: A First Encounter, Oxford University Press, ISBN  0-19-856746-4[image: External link]

	Giulini, Domenico (2006a), "Algebraic and Geometric Structures in Special Relativity", in Ehlers, Jürgen; Lämmerzahl, Claus, Special Relativity—Will it Survive the Next 101 Years?, Springer, pp. 45–111, Bibcode: 2006math.ph...2018G[image: External link], ISBN  3-540-34522-1[image: External link], arXiv: math-ph/0602018[image: External link] , doi: 10.1007/3-540-34523-X_4[image: External link]

	Giulini, Domenico (2006b), Stamatescu, I. O., ed., "An assessment of current paradigms in the physics of fundamental interactions: Some remarks on the notions of general covariance and background independence", Approaches to Fundamental Physics, Lecture Notes in Physics, Springer, 721: 105–120, Bibcode: 2007LNP...721..105G[image: External link], ISBN  978-3-540-71115-5[image: External link], arXiv: gr-qc/0603087[image: External link] , doi: 10.1007/978-3-540-71117-9_6[image: External link]

	Gnedin, Nickolay Y. (2005), "Digitizing the Universe", Nature, 435 (7042): 572–573, Bibcode: 2005Natur.435..572G[image: External link], PMID[image: External link]  15931201[image: External link], doi: 10.1038/435572a[image: External link]

	Goenner, Hubert F. M. (2004), "On the History of Unified Field Theories"[image: External link], Living Reviews in Relativity, 7, Bibcode: 2004LRR.....7....2G[image: External link], doi: 10.12942/lrr-2004-2[image: External link], retrieved 2008-02-28

	Goroff, Marc H.; Sagnotti, Augusto (1985), "Quantum gravity at two loops", Phys. Lett., 160B (1–3): 81–86, Bibcode: 1985PhLB..160...81G[image: External link], doi: 10.1016/0370-2693(85)91470-4[image: External link]

	Gourgoulhon, Eric (2007). "3+1 Formalism and Bases of Numerical Relativity". arXiv: gr-qc/0703035[image: External link]  [ gr-qc[image: External link]].

	Gowdy, Robert H. (1971), "Gravitational Waves in Closed Universes", Phys. Rev. Lett., 27 (12): 826–829, Bibcode: 1971PhRvL..27..826G[image: External link], doi: 10.1103/PhysRevLett.27.826[image: External link]

	Gowdy, Robert H. (1974), "Vacuum spacetimes with two-parameter spacelike isometry groups and compact invariant hypersurfaces: Topologies and boundary conditions", Annals of Physics, 83 (1): 203–241, Bibcode: 1974AnPhy..83..203G[image: External link], doi: 10.1016/0003-4916(74)90384-4[image: External link]

	Green, M. B.; Schwarz, J. H.[image: External link]; Witten, E. (1987), Superstring theory. Volume 1: Introduction, Cambridge University Press, ISBN  0-521-35752-7[image: External link]

	Greenstein, J. L.; Oke, J. B.; Shipman, H. L. (1971), "Effective Temperature, Radius, and Gravitational Redshift of Sirius B", Astrophysical Journal, 169: 563, Bibcode: 1971ApJ...169..563G[image: External link], doi: 10.1086/151174[image: External link]

	Hamber, Herbert W. (2009), Quantum Gravitation - The Feynman Path Integral Approach, Springer Publishing, ISBN  978-3-540-85292-6[image: External link], doi: 10.1007/978-3-540-85293-3[image: External link]

	Gödel, Kurt[image: External link] (1949). "An Example of a New Type of Cosmological Solution of Einstein's Field Equations of Gravitation". Rev. Mod. Phys. 21 (3): 447–450. Bibcode: 1949RvMP...21..447G[image: External link]. doi: 10.1103/RevModPhys.21.447[image: External link].

	Hafele, J. C.[image: External link]; Keating, R. E.[image: External link] (July 14, 1972). "Around-the-World Atomic Clocks: Predicted Relativistic Time Gains". Science[image: External link]. 177 (4044): 166–168. Bibcode: 1972Sci...177..166H[image: External link]. PMID[image: External link]  17779917[image: External link]. doi: 10.1126/science.177.4044.166[image: External link].

	Hafele, J. C.[image: External link]; Keating, R. E.[image: External link] (July 14, 1972). "Around-the-World Atomic Clocks: Observed Relativistic Time Gains". Science[image: External link]. 177 (4044): 168–170. Bibcode: 1972Sci...177..168H[image: External link]. PMID[image: External link]  17779918[image: External link]. doi: 10.1126/science.177.4044.168[image: External link].

	Havas, P. (1964), "Four-Dimensional Formulation of Newtonian Mechanics and Their Relation to the Special and the General Theory of Relativity", Rev. Mod. Phys., 36 (4): 938–965, Bibcode: 1964RvMP...36..938H[image: External link], doi: 10.1103/RevModPhys.36.938[image: External link]

	Hawking, Stephen W.[image: External link] (1966), "The occurrence of singularities in cosmology", Proceedings of the Royal Society, A294 (1439): 511–521, Bibcode: 1966RSPSA.294..511H[image: External link], JSTOR[image: External link]  2415489[image: External link], doi: 10.1098/rspa.1966.0221[image: External link]

	Hawking, S. W. (1975), "Particle Creation by Black Holes", Communications in Mathematical Physics, 43 (3): 199–220, Bibcode: 1975CMaPh..43..199H[image: External link], doi: 10.1007/BF02345020[image: External link]

	Hawking, Stephen W. (1987), "Quantum cosmology", in Hawking, Stephen W.; Israel, Werner, 300 Years of Gravitation, Cambridge University Press, pp. 631–651, ISBN  0-521-37976-8[image: External link]

	Hawking, Stephen W.; Ellis, George F. R.[image: External link] (1973), The large scale structure of space-time[image: External link], Cambridge University Press, ISBN  0-521-09906-4[image: External link]

	Heckmann, O. H. L.; Schücking, E. (1959), "Newtonsche und Einsteinsche Kosmologie", in Flügge, S., Encyclopedia of Physics, 53, p. 489

	Heusler, Markus (1998), "Stationary Black Holes: Uniqueness and Beyond"[image: External link], Living Reviews in Relativity, 1, doi: 10.12942/lrr-1998-6[image: External link], retrieved 2007-08-04

	Heusler, Markus (1996), Black Hole Uniqueness Theorems, Cambridge University Press, ISBN  0-521-56735-1[image: External link]

	Hey, Tony; Walters, Patrick (2003), The new quantum universe, Cambridge University Press, ISBN  0-521-56457-3[image: External link]

	Hough, Jim; Rowan, Sheila (2000), "Gravitational Wave Detection by Interferometry (Ground and Space)"[image: External link], Living Reviews in Relativity, 3, retrieved 2007-07-21

	Hubble, Edwin (1929), "A Relation between Distance and Radial Velocity among Extra-Galactic Nebulae"[image: External link] (PDF), Proc. Natl. Acad. Sci., 15 (3): 168–173, Bibcode: 1929PNAS...15..168H[image: External link], PMC[image: External link]  522427[image: External link] , PMID[image: External link]  16577160[image: External link], doi: 10.1073/pnas.15.3.168[image: External link]

	Hulse, Russell A.[image: External link]; Taylor, Joseph H.[image: External link] (1975), "Discovery of a pulsar in a binary system", Astrophys. J., 195: L51–L55, Bibcode: 1975ApJ...195L..51H[image: External link], doi: 10.1086/181708[image: External link]

	Ibanez, L. E. (2000), "The second string (phenomenology) revolution", Class. Quant. Grav., 17 (5): 1117–1128, Bibcode: 2000CQGra..17.1117I[image: External link], arXiv: hep-ph/9911499[image: External link] , doi: 10.1088/0264-9381/17/5/321[image: External link]

	Iorio, L. (2009), "An Assessment of the Systematic Uncertainty in Present and Future Tests of the Lense-Thirring Effect with Satellite Laser Ranging", Space Sci. Rev., 148 (1–4): 363–381, Bibcode: 2009SSRv..148..363I[image: External link], arXiv: 0809.1373[image: External link] , doi: 10.1007/s11214-008-9478-1[image: External link]

	Isham, Christopher J.[image: External link] (1994), "Prima facie questions in quantum gravity", in Ehlers, Jürgen; Friedrich, Helmut, Canonical Gravity: From Classical to Quantum, Springer, ISBN  3-540-58339-4[image: External link]

	Israel, Werner (1971), "Event Horizons and Gravitational Collapse", General Relativity and Gravitation, 2 (1): 53–59, Bibcode: 1971GReGr...2...53I[image: External link], doi: 10.1007/BF02450518[image: External link]

	Israel, Werner (1987), "Dark stars: the evolution of an idea", in Hawking, Stephen W.; Israel, Werner, 300 Years of Gravitation, Cambridge University Press, pp. 199–276, ISBN  0-521-37976-8[image: External link]

	Janssen, Michel (2005), "Of pots and holes: Einstein's bumpy road to general relativity"[image: External link] (PDF), Annalen der Physik, 14 (S1): 58–85, Bibcode: 2005AnP...517S..58J[image: External link], doi: 10.1002/andp.200410130[image: External link]

	Jaranowski, Piotr; Królak, Andrzej (2005), "Gravitational-Wave Data Analysis. Formalism and Sample Applications: The Gaussian Case"[image: External link], Living Reviews in Relativity, 8, doi: 10.12942/lrr-2005-3[image: External link], retrieved 2007-07-30

	Kahn, Bob (1996–2012), Gravity Probe B Website[image: External link], Stanford University, retrieved 2012-04-20

	Kahn, Bob (April 14, 2007), Was Einstein right? Scientists provide first public peek at Gravity Probe B results (Stanford University Press Release)[image: External link] (PDF), Stanford University News Service

	Kamionkowski, Marc; Kosowsky, Arthur; Stebbins, Albert (1997), "Statistics of Cosmic Microwave Background Polarization", Phys. Rev., D55 (12): 7368–7388, Bibcode: 1997PhRvD..55.7368K[image: External link], arXiv: astro-ph/9611125[image: External link] , doi: 10.1103/PhysRevD.55.7368[image: External link]

	Kennefick, Daniel (2005), "Astronomers Test General Relativity: Light-bending and the Solar Redshift", in Renn, Jürgen, One hundred authors for Einstein, Wiley-VCH, pp. 178–181, ISBN  3-527-40574-7[image: External link]

	Kennefick, Daniel (2007), "Not Only Because of Theory: Dyson, Eddington and the Competing Myths of the 1919 Eclipse Expedition", Proceedings of the 7th Conference on the History of General Relativity, Tenerife, 2005, 0709, p. 685, Bibcode: 2007arXiv0709.0685K[image: External link], arXiv: 0709.0685[image: External link] 

	Kenyon, I. R. (1990), General Relativity, Oxford University Press, ISBN  0-19-851996-6[image: External link]

	Kochanek, C.S.; Falco, E.E.; Impey, C.; Lehar, J. (2007), CASTLES Survey Website[image: External link], Harvard-Smithsonian Center for Astrophysics, retrieved 2007-08-21

	Komar, Arthur (1959), "Covariant Conservation Laws in General Relativity", Phys. Rev., 113 (3): 934–936, Bibcode: 1959PhRv..113..934K[image: External link], doi: 10.1103/PhysRev.113.934[image: External link]

	Kramer, Michael (2004), Karshenboim, S. G.; Peik, E., eds., "Astrophysics, Clocks and Fundamental Constants: Millisecond Pulsars as Tools of Fundamental Physics", Lecture Notes in Physics, Springer, 648: 33–54, Bibcode: 2004LNP...648...33K[image: External link], ISBN  978-3-540-21967-5[image: External link], arXiv: astro-ph/0405178[image: External link] , doi: 10.1007/978-3-540-40991-5_3[image: External link]

	Kramer, M.; Stairs, I. H.; Manchester, R. N.; McLaughlin, M. A.; Lyne, A. G.; Ferdman, R. D.; Burgay, M.; Lorimer, D. R.; et al. (2006), "Tests of general relativity from timing the double pulsar", Science, 314 (5796): 97–102, Bibcode: 2006Sci...314...97K[image: External link], PMID[image: External link]  16973838[image: External link], arXiv: astro-ph/0609417[image: External link] , doi: 10.1126/science.1132305[image: External link]

	Kraus, Ute (1998), "Light Deflection Near Neutron Stars", Relativistic Astrophysics, Vieweg, pp. 66–81, ISBN  3-528-06909-0[image: External link]

	Kuchař, Karel (1973), "Canonical Quantization of Gravity", in Israel, Werner, Relativity, Astrophysics and Cosmology, D. Reidel, pp. 237–288, ISBN  90-277-0369-8[image: External link]

	Künzle, H. P. (1972), "Galilei and Lorentz Structures on spacetime: comparison of the corresponding geometry and physics"[image: External link], Annales de l'Institut Henri Poincaré A, 17: 337–362

	Lahav, Ofer; Suto, Yasushi (2004), "Measuring our Universe from Galaxy Redshift Surveys"[image: External link], Living Reviews in Relativity, 7, Bibcode: 2004LRR.....7....8L[image: External link], arXiv: astro-ph/0310642[image: External link] , doi: 10.12942/lrr-2004-8[image: External link], retrieved 2007-08-19

	Landgraf, M.; Hechler, M.; Kemble, S. (2005), "Mission design for LISA Pathfinder", Class. Quant. Grav., 22 (10): S487–S492, Bibcode: 2005CQGra..22S.487L[image: External link], arXiv: gr-qc/0411071[image: External link] , doi: 10.1088/0264-9381/22/10/048[image: External link]

	Lehner, Luis (2001), "Numerical Relativity: A review", Class. Quant. Grav., 18 (17): R25–R86, Bibcode: 2001CQGra..18R..25L[image: External link], arXiv: gr-qc/0106072[image: External link] , doi: 10.1088/0264-9381/18/17/202[image: External link]

	Lehner, Luis (2002), "NUMERICAL RELATIVITY: STATUS AND PROSPECTS", General Relativity and Gravitation - Proceedings of the 16th International Conference, p. 210, Bibcode: 2002grg..conf..210L[image: External link], ISBN  978-981-238-171-2[image: External link], arXiv: gr-qc/0202055[image: External link] , doi: 10.1142/9789812776556_0010[image: External link]

	Linde, Andrei (1990), Particle Physics and Inflationary Cosmology, Harwood, p. 3203, Bibcode: 2005hep.th....3203L[image: External link], ISBN  3-7186-0489-2[image: External link], arXiv: hep-th/0503203[image: External link] 

	Linde, Andrei (2005), "Towards inflation in string theory", J. Phys. Conf. Ser., 24: 151–160, Bibcode: 2005JPhCS..24..151L[image: External link], arXiv: hep-th/0503195[image: External link] , doi: 10.1088/1742-6596/24/1/018[image: External link]

	Loll, Renate (1998), "Discrete Approaches to Quantum Gravity in Four Dimensions"[image: External link], Living Reviews in Relativity, 1, Bibcode: 1998LRR.....1...13L[image: External link], arXiv: gr-qc/9805049[image: External link] , doi: 10.12942/lrr-1998-13[image: External link], retrieved 2008-03-09

	Lovelock, David (1972), "The Four-Dimensionality of Space and the Einstein Tensor", J. Math. Phys., 13 (6): 874–876, Bibcode: 1972JMP....13..874L[image: External link], doi: 10.1063/1.1666069[image: External link]

	Ludyk, Günter (2013). Einstein in Matrix Form (1st ed.). Berlin: Springer. ISBN  978-3-642-35797-8[image: External link].

	MacCallum, M. (2006), "Finding and using exact solutions of the Einstein equations", in Mornas, L.; Alonso, J. D., AIP Conference Proceedings (A Century of Relativity Physics: ERE05, the XXVIII Spanish Relativity Meeting), 841, American Institute of Physics, p. 129, Bibcode: 2006AIPC..841..129M[image: External link], arXiv: gr-qc/0601102[image: External link] , doi: 10.1063/1.2218172[image: External link]

	Maddox, John[image: External link] (1998), What Remains To Be Discovered, Macmillan, ISBN  0-684-82292-X[image: External link]

	Mannheim, Philip D. (2006), "Alternatives to Dark Matter and Dark Energy", Prog. Part. Nucl. Phys., 56 (2): 340–445, Bibcode: 2006PrPNP..56..340M[image: External link], arXiv: astro-ph/0505266[image: External link] , doi: 10.1016/j.ppnp.2005.08.001[image: External link]

	Mather, J. C.; Cheng, E. S.; Cottingham, D. A.; Eplee, R. E.; Fixsen, D. J.; Hewagama, T.; Isaacman, R. B.; Jensen, K. A.; et al. (1994), "Measurement of the cosmic microwave spectrum by the COBE FIRAS instrument", Astrophysical Journal, 420: 439–444, Bibcode: 1994ApJ...420..439M[image: External link], doi: 10.1086/173574[image: External link]

	Mermin, N. David[image: External link] (2005), It's About Time. Understanding Einstein's Relativity, Princeton University Press, ISBN  0-691-12201-6[image: External link]

	Messiah, Albert (1999), Quantum Mechanics, Dover Publications, ISBN  0-486-40924-4[image: External link]

	Miller, Cole (2002), Stellar Structure and Evolution (Lecture notes for Astronomy 606)[image: External link], University of Maryland, retrieved 2007-07-25

	Misner, Charles W.[image: External link]; Thorne, Kip. S.; Wheeler, John A.[image: External link] (1973), Gravitation, W. H. Freeman, ISBN  0-7167-0344-0[image: External link]

	Møller, Christian (1952), The Theory of Relativity[image: External link] (3rd ed.), Oxford University Press

	Narayan, Ramesh (2006), "Black holes in astrophysics", New Journal of Physics, 7: 199, Bibcode: 2005NJPh....7..199N[image: External link], arXiv: gr-qc/0506078[image: External link] , doi: 10.1088/1367-2630/7/1/199[image: External link]

	Narayan, Ramesh; Bartelmann, Matthias (1997). "Lectures on Gravitational Lensing". arXiv: astro-ph/9606001[image: External link]  [ astro-ph[image: External link]].

	Narlikar, Jayant V. (1993), Introduction to Cosmology, Cambridge University Press, ISBN  0-521-41250-1[image: External link]

	Nieto, Michael Martin (2006), "The quest to understand the Pioneer anomaly"[image: External link] (PDF), EurophysicsNews, 37 (6): 30–34, Bibcode: 2006ENews..37...30N[image: External link], doi: 10.1051/epn:2006604[image: External link]

	Nordström, Gunnar[image: External link] (1918), "On the Energy of the Gravitational Field in Einstein's Theory", Verhandl. Koninkl. Ned. Akad. Wetenschap., 26: 1238–1245

	Nordtvedt, Kenneth (2003). "Lunar Laser Ranging—a comprehensive probe of post-Newtonian gravity". arXiv: gr-qc/0301024[image: External link]  [ gr-qc[image: External link]].

	Norton, John D. (1985), "What was Einstein's principle of equivalence?"[image: External link] (PDF), Studies in History and Philosophy of Science, 16 (3): 203–246, doi: 10.1016/0039-3681(85)90002-0[image: External link], retrieved 2007-06-11

	Ohanian, Hans C.; Ruffini, Remo (1994), Gravitation and Spacetime, W. W. Norton & Company, ISBN  0-393-96501-5[image: External link]

	Olive, K. A.; Skillman, E. A. (2004), "A Realistic Determination of the Error on the Primordial Helium Abundance", Astrophysical Journal, 617 (1): 29–49, Bibcode: 2004ApJ...617...29O[image: External link], arXiv: astro-ph/0405588[image: External link] , doi: 10.1086/425170[image: External link]

	O'Meara, John M.; Tytler, David; Kirkman, David; Suzuki, Nao; Prochaska, Jason X.; Lubin, Dan; Wolfe, Arthur M. (2001), "The Deuterium to Hydrogen Abundance Ratio Towards a Fourth QSO: HS0105+1619", Astrophysical Journal, 552 (2): 718–730, Bibcode: 2001ApJ...552..718O[image: External link], arXiv: astro-ph/0011179[image: External link] , doi: 10.1086/320579[image: External link]

	Oppenheimer, J. Robert[image: External link]; Snyder, H. (1939), "On continued gravitational contraction", Physical Review, 56 (5): 455–459, Bibcode: 1939PhRv...56..455O[image: External link], doi: 10.1103/PhysRev.56.455[image: External link]

	Overbye, Dennis[image: External link] (1999), Lonely Hearts of the Cosmos: the story of the scientific quest for the secret of the Universe, Back Bay, ISBN  0-316-64896-5[image: External link]

	Pais, Abraham[image: External link] (1982), 'Subtle is the Lord ...' The Science and life of Albert Einstein, Oxford University Press, ISBN  0-19-853907-X[image: External link]

	Peacock, John A. (1999), Cosmological Physics, Cambridge University Press, ISBN  0-521-41072-X[image: External link]

	Peebles, P. J. E.[image: External link] (1966), "Primordial Helium abundance and primordial fireball II", Astrophysical Journal, 146: 542–552, Bibcode: 1966ApJ...146..542P[image: External link], doi: 10.1086/148918[image: External link]

	Peebles, P. J. E. (1993), Principles of physical cosmology, Princeton University Press, ISBN  0-691-01933-9[image: External link]

	Peebles, P.J.E.; Schramm, D.N.; Turner, E.L.; Kron, R.G. (1991), "The case for the relativistic hot Big Bang cosmology", Nature, 352 (6338): 769–776, Bibcode: 1991Natur.352..769P[image: External link], doi: 10.1038/352769a0[image: External link]

	Penrose, Roger (1965), "Gravitational collapse and spacetime singularities", Physical Review Letters, 14 (3): 57–59, Bibcode: 1965PhRvL..14...57P[image: External link], doi: 10.1103/PhysRevLett.14.57[image: External link]

	Penrose, Roger (1969), "Gravitational collapse: the role of general relativity", Rivista del Nuovo Cimento, 1: 252–276, Bibcode: 1969NCimR...1..252P[image: External link]

	Penrose, Roger (2004), The Road to Reality, A. A. Knopf, ISBN  0-679-45443-8[image: External link]

	Penzias, A. A.[image: External link]; Wilson, R. W.[image: External link] (1965), "A measurement of excess antenna temperature at 4080 Mc/s", Astrophysical Journal, 142: 419–421, Bibcode: 1965ApJ...142..419P[image: External link], doi: 10.1086/148307[image: External link]

	Peskin, Michael E.[image: External link]; Schroeder, Daniel V. (1995), An Introduction to Quantum Field Theory, Addison-Wesley, ISBN  0-201-50397-2[image: External link]

	Peskin, Michael E. (2007), "Dark Matter and Particle Physics", Journal of the Physical Society of Japan, 76 (11): 111017, Bibcode: 2007JPSJ...76k1017P[image: External link], arXiv: 0707.1536[image: External link] , doi: 10.1143/JPSJ.76.111017[image: External link]

	Poisson, Eric (2004), "The Motion of Point Particles in Curved Spacetime"[image: External link], Living Reviews in Relativity, 7, doi: 10.12942/lrr-2004-6[image: External link], retrieved 2007-06-13

	Poisson, Eric (2004), A Relativist's Toolkit. The Mathematics of Black-Hole Mechanics, Cambridge University Press, ISBN  0-521-83091-5[image: External link]

	Polchinski, Joseph (1998a), String Theory Vol. I: An Introduction to the Bosonic String, Cambridge University Press, ISBN  0-521-63303-6[image: External link]

	Polchinski, Joseph (1998b), String Theory Vol. II: Superstring Theory and Beyond, Cambridge University Press, ISBN  0-521-63304-4[image: External link]

	Pound, R. V.; Rebka, G. A. (1959), "Gravitational Red-Shift in Nuclear Resonance", Physical Review Letters, 3 (9): 439–441, Bibcode: 1959PhRvL...3..439P[image: External link], doi: 10.1103/PhysRevLett.3.439[image: External link]

	Pound, R. V.; Rebka, G. A. (1960), "Apparent weight of photons", Phys. Rev. Lett., 4 (7): 337–341, Bibcode: 1960PhRvL...4..337P[image: External link], doi: 10.1103/PhysRevLett.4.337[image: External link]

	Pound, R. V.; Snider, J. L. (1964), "Effect of Gravity on Nuclear Resonance", Phys. Rev. Lett., 13 (18): 539–540, Bibcode: 1964PhRvL..13..539P[image: External link], doi: 10.1103/PhysRevLett.13.539[image: External link]

	Ramond, Pierre[image: External link] (1990), Field Theory: A Modern Primer, Addison-Wesley, ISBN  0-201-54611-6[image: External link]

	Rees, Martin (1966), "Appearance of Relativistically Expanding Radio Sources", Nature, 211 (5048): 468–470, Bibcode: 1966Natur.211..468R[image: External link], doi: 10.1038/211468a0[image: External link]

	Reissner, H. (1916), "Über die Eigengravitation des elektrischen Feldes nach der Einsteinschen Theorie", Annalen der Physik, 355 (9): 106–120, Bibcode: 1916AnP...355..106R[image: External link], doi: 10.1002/andp.19163550905[image: External link]

	Remillard, Ronald A.; Lin, Dacheng; Cooper, Randall L.; Narayan, Ramesh (2006), "The Rates of Type I X-Ray Bursts from Transients Observed with RXTE: Evidence for Black Hole Event Horizons", Astrophysical Journal, 646 (1): 407–419, Bibcode: 2006ApJ...646..407R[image: External link], arXiv: astro-ph/0509758[image: External link] , doi: 10.1086/504862[image: External link]

	Renn, Jürgen, ed. (2007), The Genesis of General Relativity (4 Volumes), Dordrecht: Springer, ISBN  1-4020-3999-9[image: External link]

	Renn, Jürgen, ed. (2005), Albert Einstein—Chief Engineer of the Universe: Einstein's Life and Work in Context, Berlin: Wiley-VCH, ISBN  3-527-40571-2[image: External link]

	Reula, Oscar A. (1998), "Hyperbolic Methods for Einstein's Equations"[image: External link], Living Reviews in Relativity, 1, Bibcode: 1998LRR.....1....3R[image: External link], doi: 10.12942/lrr-1998-3[image: External link], retrieved 2007-08-29

	Rindler, Wolfgang[image: External link] (2001), Relativity. Special, General and Cosmological, Oxford University Press, ISBN  0-19-850836-0[image: External link]

	Rindler, Wolfgang (1991), Introduction to Special Relativity, Clarendon Press, Oxford, ISBN  0-19-853952-5[image: External link]

	Robson, Ian (1996), Active galactic nuclei, John Wiley, ISBN  0-471-95853-0[image: External link]

	Roulet, E.; Mollerach, S. (1997), "Microlensing", Physics Reports, 279 (2): 67–118, Bibcode: 1997PhR...279...67R[image: External link], arXiv: astro-ph/9603119[image: External link] , doi: 10.1016/S0370-1573(96)00020-8[image: External link]

	Rovelli, Carlo[image: External link] (2000). "Notes for a brief history of quantum gravity". arXiv: gr-qc/0006061[image: External link]  [ gr-qc[image: External link]].

	Rovelli, Carlo (1998), "Loop Quantum Gravity"[image: External link], Living Reviews in Relativity, 1, doi: 10.12942/lrr-1998-1[image: External link], retrieved 2008-03-13

	Schäfer, Gerhard (2004), "Gravitomagnetic Effects", General Relativity and Gravitation, 36 (10): 2223–2235, Bibcode: 2004GReGr..36.2223S[image: External link], arXiv: gr-qc/0407116[image: External link] , doi: 10.1023/B:GERG.0000046180.97877.32[image: External link]

	Schödel, R.; Ott, T.; Genzel, R.; Eckart, A.; Mouawad, N.; Alexander, T. (2003), "Stellar Dynamics in the Central Arcsecond of Our Galaxy", Astrophysical Journal, 596 (2): 1015–1034, Bibcode: 2003ApJ...596.1015S[image: External link], arXiv: astro-ph/0306214[image: External link] , doi: 10.1086/378122[image: External link]

	Schutz, Bernard F. (1985), A first course in general relativity, Cambridge University Press, ISBN  0-521-27703-5[image: External link]

	Schutz, Bernard F. (2001), "Gravitational radiation", in Murdin, Paul, Encyclopedia of Astronomy and Astrophysics, Grove's Dictionaries, ISBN  1-56159-268-4[image: External link]

	Schutz, Bernard F. (2003), Gravity from the ground up, Cambridge University Press, ISBN  0-521-45506-5[image: External link]

	Schwarz, John H.[image: External link] (2007), "String Theory: Progress and Problems", Progress of Theoretical Physics Supplement, 170: 214–226, Bibcode: 2007PThPS.170..214S[image: External link], arXiv: hep-th/0702219[image: External link] , doi: 10.1143/PTPS.170.214[image: External link]

	Schwarzschild, Karl[image: External link] (1916a), "Über das Gravitationsfeld eines Massenpunktes nach der Einsteinschen Theorie", Sitzungsber. Preuss. Akad. D. Wiss.: 189–196

	Schwarzschild, Karl[image: External link] (1916b), "Über das Gravitationsfeld einer Kugel aus inkompressibler Flüssigkeit nach der Einsteinschen Theorie", Sitzungsber. Preuss. Akad. D. Wiss.: 424–434

	Seidel, Edward (1998), "Numerical Relativity: Towards Simulations of 3D Black Hole Coalescence", in Narlikar, J. V.; Dadhich, N., Gravitation and Relativity: At the turn of the millennium (Proceedings of the GR-15 Conference, held at IUCAA, Pune, India, December 16–21, 1997), IUCAA, p. 6088, Bibcode: 1998gr.qc.....6088S[image: External link], ISBN  81-900378-3-8[image: External link], arXiv: gr-qc/9806088[image: External link] 

	Seljak, Uros̆; Zaldarriaga, Matias (1997), "Signature of Gravity Waves in the Polarization of the Microwave Background", Phys. Rev. Lett., 78 (11): 2054–2057, Bibcode: 1997PhRvL..78.2054S[image: External link], arXiv: astro-ph/9609169[image: External link] , doi: 10.1103/PhysRevLett.78.2054[image: External link]

	Shapiro, S. S.; Davis, J. L.; Lebach, D. E.; Gregory, J. S. (2004), "Measurement of the solar gravitational deflection of radio waves using geodetic very-long-baseline interferometry data, 1979–1999", Phys. Rev. Lett., 92 (12): 121101, Bibcode: 2004PhRvL..92l1101S[image: External link], PMID[image: External link]  15089661[image: External link], doi: 10.1103/PhysRevLett.92.121101[image: External link]

	Shapiro, Irwin I.[image: External link] (1964), "Fourth test of general relativity", Phys. Rev. Lett., 13 (26): 789–791, Bibcode: 1964PhRvL..13..789S[image: External link], doi: 10.1103/PhysRevLett.13.789[image: External link]

	Shapiro, I. I.[image: External link]; Pettengill, Gordon; Ash, Michael; Stone, Melvin; Smith, William; Ingalls, Richard; Brockelman, Richard (1968), "Fourth test of general relativity: preliminary results", Phys. Rev. Lett., 20 (22): 1265–1269, Bibcode: 1968PhRvL..20.1265S[image: External link], doi: 10.1103/PhysRevLett.20.1265[image: External link]

	Singh, Simon[image: External link] (2004), Big Bang: The Origin of the Universe[image: External link], Fourth Estate, ISBN  0-00-715251-5[image: External link]

	Sorkin, Rafael D.[image: External link] (2005), "Causal Sets: Discrete Gravity", in Gomberoff, Andres; Marolf, Donald, Lectures on Quantum Gravity, Springer, p. 9009, Bibcode: 2003gr.qc.....9009S[image: External link], ISBN  0-387-23995-2[image: External link], arXiv: gr-qc/0309009[image: External link] 

	Sorkin, Rafael D. (1997), "Forks in the Road, on the Way to Quantum Gravity", Int. J. Theor. Phys., 36 (12): 2759–2781, Bibcode: 1997IJTP...36.2759S[image: External link], arXiv: gr-qc/9706002[image: External link] , doi: 10.1007/BF02435709[image: External link]

	Spergel, D. N.; Verde, L.; Peiris, H. V.; Komatsu, E.; Nolta, M. R.; Bennett, C. L.; Halpern, M.; Hinshaw, G.; et al. (2003), "First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters", Astrophys. J. Suppl., 148 (1): 175–194, Bibcode: 2003ApJS..148..175S[image: External link], arXiv: astro-ph/0302209[image: External link] , doi: 10.1086/377226[image: External link]

	Spergel, D. N.; Bean, R.; Doré, O.; Nolta, M. R.; Bennett, C. L.; Dunkley, J.; Hinshaw, G.; Jarosik, N.; et al. (2007), "Wilkinson Microwave Anisotropy Probe (WMAP) Three Year Results: Implications for Cosmology", Astrophysical Journal Supplement, 170 (2): 377–408, Bibcode: 2007ApJS..170..377S[image: External link], arXiv: astro-ph/0603449[image: External link] , doi: 10.1086/513700[image: External link]

	Springel, Volker; White, Simon D. M.; Jenkins, Adrian; Frenk, Carlos S.; Yoshida, Naoki; Gao, Liang; Navarro, Julio; Thacker, Robert; et al. (2005), "Simulations of the formation, evolution and clustering of galaxies and quasars", Nature, 435 (7042): 629–636, Bibcode: 2005Natur.435..629S[image: External link], PMID[image: External link]  15931216[image: External link], arXiv: astro-ph/0504097[image: External link] , doi: 10.1038/nature03597[image: External link]

	Stairs, Ingrid H. (2003), "Testing General Relativity with Pulsar Timing"[image: External link], Living Reviews in Relativity, 6, Bibcode: 2003LRR.....6....5S[image: External link], arXiv: astro-ph/0307536[image: External link] , doi: 10.12942/lrr-2003-5[image: External link], retrieved 2007-07-21

	Stephani, H.; Kramer, D.; MacCallum, M.; Hoenselaers, C.; Herlt, E. (2003), Exact Solutions of Einstein's Field Equations (2 ed.), Cambridge University Press, ISBN  0-521-46136-7[image: External link]

	Synge, J. L.[image: External link] (1972), Relativity: The Special Theory, North-Holland Publishing Company, ISBN  0-7204-0064-3[image: External link]

	Szabados, László B. (2004), "Quasi-Local Energy-Momentum and Angular Momentum in GR"[image: External link], Living Reviews in Relativity, 7, doi: 10.12942/lrr-2004-4[image: External link], retrieved 2007-08-23

	Taylor, Joseph H.[image: External link] (1994), "Binary pulsars and relativistic gravity", Rev. Mod. Phys., 66 (3): 711–719, Bibcode: 1994RvMP...66..711T[image: External link], doi: 10.1103/RevModPhys.66.711[image: External link]

	Thiemann, Thomas (2006), "Approaches to Fundamental Physics: Loop Quantum Gravity: An Inside View", Lecture Notes in Physics, 721: 185–263, Bibcode: 2007LNP...721..185T[image: External link], ISBN  978-3-540-71115-5[image: External link], arXiv: hep-th/0608210[image: External link] , doi: 10.1007/978-3-540-71117-9_10[image: External link]

	Thiemann, Thomas (2003), "Lectures on Loop Quantum Gravity", Lecture Notes in Physics, 631: 41–135, Bibcode: 2003LNP...631...41T[image: External link], ISBN  978-3-540-40810-9[image: External link], arXiv: gr-qc/0210094[image: External link] , doi: 10.1007/978-3-540-45230-0_3[image: External link]

	't Hooft, Gerard; Veltman, Martinus (1974), "One Loop Divergencies in the Theory of Gravitation", Ann. Inst. Poincare, 20: 69

	Thorne, Kip S. (1972), "Nonspherical Gravitational Collapse—A Short Review", in Klauder, J., Magic without Magic, W. H. Freeman, pp. 231–258

	Thorne, Kip S. (1994), Black Holes and Time Warps: Einstein's Outrageous Legacy, W W Norton & Company, ISBN  0-393-31276-3[image: External link]

	Thorne, Kip S. (1995), "Gravitational radiation", Particle and Nuclear Astrophysics and Cosmology in the Next Millenium: 160, Bibcode: 1995pnac.conf..160T[image: External link], ISBN  0-521-36853-7[image: External link], arXiv: gr-qc/9506086[image: External link] 

	Townsend, Paul K. (1997). "Black Holes (Lecture notes)". arXiv: gr-qc/9707012[image: External link]  [ gr-qc[image: External link]].

	Townsend, Paul K. (1996). "Four Lectures on M-Theory". arXiv: hep-th/9612121[image: External link]  [ hep-th[image: External link]].

	Traschen, Jenny (2000), Bytsenko, A.; Williams, F., eds., "An Introduction to Black Hole Evaporation", Mathematical Methods of Physics (Proceedings of the 1999 Londrina Winter School), World Scientific: 180, Bibcode: 2000mmp..conf..180T[image: External link], arXiv: gr-qc/0010055[image: External link] 

	Trautman, Andrzej (2006), "Einstein–Cartan theory", in Françoise, J.-P.; Naber, G. L.; Tsou, S. T., Encyclopedia of Mathematical Physics, Vol. 2, Elsevier, pp. 189–195, Bibcode: 2006gr.qc.....6062T[image: External link], arXiv: gr-qc/0606062[image: External link] 

	Unruh, W. G.[image: External link] (1976), "Notes on Black Hole Evaporation", Phys. Rev. D, 14 (4): 870–892, Bibcode: 1976PhRvD..14..870U[image: External link], doi: 10.1103/PhysRevD.14.870[image: External link]

	Valtonen, M. J.; Lehto, H. J.; Nilsson, K.; Heidt, J.; Takalo, L. O.; Sillanpää, A.; Villforth, C.; Kidger, M.; et al. (2008), "A massive binary black-hole system in OJ 287 and a test of general relativity", Nature, 452 (7189): 851–853, Bibcode: 2008Natur.452..851V[image: External link], PMID[image: External link]  18421348[image: External link], arXiv: 0809.1280[image: External link] , doi: 10.1038/nature06896[image: External link]

	Veltman, Martinus (1975), "Quantum Theory of Gravitation", in Balian, Roger; Zinn-Justin, Jean, Methods in Field Theory - Les Houches Summer School in Theoretical Physics., 77, North Holland

	Wald, Robert M.[image: External link] (1975), "On Particle Creation by Black Holes", Commun. Math. Phys., 45 (3): 9–34, Bibcode: 1975CMaPh..45....9W[image: External link], doi: 10.1007/BF01609863[image: External link]

	Wald, Robert M. (1984), General Relativity[image: External link], University of Chicago Press, ISBN  0-226-87033-2[image: External link]

	Wald, Robert M. (1994), Quantum field theory in curved spacetime and black hole thermodynamics, University of Chicago Press, ISBN  0-226-87027-8[image: External link]

	Wald, Robert M. (2001), "The Thermodynamics of Black Holes"[image: External link], Living Reviews in Relativity, 4, Bibcode: 2001LRR.....4....6W[image: External link], doi: 10.12942/lrr-2001-6[image: External link], retrieved 2007-08-08

	Walsh, D.; Carswell, R. F.; Weymann, R. J. (1979), "0957 + 561 A, B: twin quasistellar objects or gravitational lens?", Nature, 279 (5712): 381–4, Bibcode: 1979Natur.279..381W[image: External link], PMID[image: External link]  16068158[image: External link], doi: 10.1038/279381a0[image: External link]

	Wambsganss, Joachim (1998), "Gravitational Lensing in Astronomy"[image: External link], Living Reviews in Relativity, 1, Bibcode: 1998LRR.....1...12W[image: External link], arXiv: astro-ph/9812021[image: External link] , doi: 10.12942/lrr-1998-12[image: External link], retrieved 2007-07-20

	Weinberg, Steven[image: External link] (1972), Gravitation and Cosmology, John Wiley, ISBN  0-471-92567-5[image: External link]

	Weinberg, Steven (1995), The Quantum Theory of Fields I: Foundations, Cambridge University Press, ISBN  0-521-55001-7[image: External link]

	Weinberg, Steven (1996), The Quantum Theory of Fields II: Modern Applications, Cambridge University Press, ISBN  0-521-55002-5[image: External link]

	Weinberg, Steven (2000), The Quantum Theory of Fields III: Supersymmetry, Cambridge University Press, ISBN  0-521-66000-9[image: External link]

	Weisberg, Joel M.; Taylor, Joseph H.[image: External link] (2003), "The Relativistic Binary Pulsar B1913+16"", in Bailes, M.; Nice, D. J.; Thorsett, S. E.[image: External link], Proceedings of "Radio Pulsars," Chania, Crete, August, 2002, ASP Conference Series

	Weiss, Achim (2006), "Elements of the past: Big Bang Nucleosynthesis and observation"[image: External link], Einstein Online, Max Planck Institute for Gravitational Physics, retrieved 2007-02-24

	Wheeler, John A. (1990), A Journey Into Gravity and Spacetime, Scientific American Library, San Francisco: W. H. Freeman, ISBN  0-7167-6034-7[image: External link]

	Will, Clifford M.[image: External link] (1993), Theory and experiment in gravitational physics, Cambridge University Press, ISBN  0-521-43973-6[image: External link]

	Will, Clifford M.[image: External link] (2006), "The Confrontation between General Relativity and Experiment"[image: External link], Living Reviews in Relativity, 9, Bibcode: 2006LRR.....9....3W[image: External link], arXiv: gr-qc/0510072[image: External link] , doi: 10.12942/lrr-2006-3[image: External link], retrieved 2007-06-12

	Zwiebach, Barton[image: External link] (2004), A First Course in String Theory, Cambridge University Press, ISBN  0-521-83143-1[image: External link]













[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Further reading





[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Popular books





	Geroch, R.[image: External link] (1981), General Relativity from A to B, Chicago: University of Chicago Press, ISBN  0-226-28864-1[image: External link]

	Lieber, Lillian[image: External link] (2008), The Einstein Theory of Relativity: A Trip to the Fourth Dimension, Philadelphia: Paul Dry Books, Inc., ISBN  978-1-58988-044-3[image: External link]

	Wald, Robert M.[image: External link] (1992), Space, Time, and Gravity: the Theory of the Big Bang and Black Holes, Chicago: University of Chicago Press, ISBN  0-226-87029-4[image: External link]

	Wheeler, John; Ford, Kenneth (1998), Geons, Black Holes, & Quantum Foam: a life in physics, New York: W. W. Norton, ISBN  0-393-31991-1[image: External link]




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Beginning undergraduate textbooks





	Callahan, James J. (2000), The Geometry of Spacetime: an Introduction to Special and General Relativity, New York: Springer, ISBN  0-387-98641-3[image: External link]

	Taylor, Edwin F.; Wheeler, John Archibald (2000), Exploring Black Holes: Introduction to General Relativity, Addison Wesley, ISBN  0-201-38423-X[image: External link]




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Advanced undergraduate textbooks





	B. F. Schutz (2009), A First Course in General Relativity (Second Edition), Cambridge University Press, ISBN  978-0-521-88705-2[image: External link]

	Cheng, Ta-Pei (2005), Relativity, Gravitation and Cosmology: a Basic Introduction, Oxford and New York: Oxford University Press, ISBN  0-19-852957-0[image: External link]

	Gron, O.; Hervik, S. (2007), Einstein's General theory of Relativity, Springer, ISBN  978-0-387-69199-2[image: External link]

	Hartle, James B.[image: External link] (2003), Gravity: an Introduction to Einstein's General Relativity, San Francisco: Addison-Wesley, ISBN  0-8053-8662-9[image: External link]

	Hughston, L. P.[image: External link] & Tod, K. P. (1991), Introduction to General Relativity, Cambridge: Cambridge University Press, ISBN  0-521-33943-X[image: External link]

	d'Inverno, Ray (1992), Introducing Einstein's Relativity, Oxford: Oxford University Press, ISBN  0-19-859686-3[image: External link]

	Ludyk, Günter (2013). Einstein in Matrix Form (1st ed.). Berlin: Springer. ISBN  978-3-642-35797-8[image: External link].




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Graduate-level textbooks





	Carroll, Sean M.[image: External link] (2004), Spacetime and Geometry: An Introduction to General Relativity, San Francisco: Addison-Wesley, ISBN  0-8053-8732-3[image: External link]

	Grøn, Øyvind[image: External link]; Hervik, Sigbjørn (2007), Einstein's General Theory of Relativity, New York: Springer, ISBN  978-0-387-69199-2[image: External link]

	Landau, Lev D.[image: External link]; Lifshitz, Evgeny F.[image: External link] (1980), The Classical Theory of Fields (4th ed.), London: Butterworth-Heinemann, ISBN  0-7506-2768-9[image: External link]

	Misner, Charles W.[image: External link]; Thorne, Kip. S.; Wheeler, John A.[image: External link] (1973), Gravitation[image: External link], W. H. Freeman, ISBN  0-7167-0344-0[image: External link]

	Stephani, Hans (1990), General Relativity: An Introduction to the Theory of the Gravitational Field, Cambridge: Cambridge University Press, ISBN  0-521-37941-5[image: External link]

	Wald, Robert M.[image: External link] (1984), General Relativity[image: External link], University of Chicago Press, ISBN  0-226-87033-2[image: External link]




[image: TOC] TOC [image: Previous chapter] Previous 
 External links





	
Einstein Online[image: External link] – Articles on a variety of aspects of relativistic physics for a general audience; hosted by the Max Planck Institute for Gravitational Physics[image: External link]


	
NCSA Spacetime Wrinkles[image: External link] – produced by the numerical relativity[image: External link] group at the NCSA[image: External link], with an elementary introduction to general relativity





	Courses

	Lectures

	Tutorials






	
Einstein's General Theory of Relativity[image: External link] on YouTube (lecture by Leonard Susskind recorded September 22, 2008 at Stanford University[image: External link]).

	
Series of lectures on General Relativity[image: External link] given in 2006 at the Institut Henri Poincaré[image: External link] (introductory/advanced).

	
General Relativity Tutorials[image: External link] by John Baez[image: External link].

	Brown, Kevin. "Reflections on relativity"[image: External link]. Mathpages.com. Retrieved May 29, 2005.

	Carroll, Sean M. "Lecture Notes on General Relativity"[image: External link]. Retrieved January 5, 2014.

	Moor, Rafi. "Understanding General Relativity"[image: External link]. Retrieved July 11, 2006.

	Waner, Stefan. "Introduction to Differential Geometry and General Relativity"[image: External link] (PDF). Retrieved 2015-04-05.





Categories[image: External link]:

	General relativity[image: External link]

	Theories by Albert Einstein[image: External link]














This page was last edited on 14 June 2017, at 20:20.




	This text is based on the Wikipedia article General Relativity: https://en.wikipedia.org/wiki/General_relativity [image: External link] which is released under the Creative Commons Attribution-ShareAlike 3.0 Unported License available online at: http://creativecommons.org/licenses/by-sa/3.0/legalcode [image: External link]

List of authors: https://tools.wmflabs.org/xtools/wikihistory/wh.php?page_title=General_relativity [image: External link]












Back to main article 



Contents




	1 Overview

	2 Quantum mechanics and general relativity

	3 Candidate theories

	4 Weinberg–Witten theorem

	5 Experimental tests

	6 See also

	7 References

	8 Further reading

	9 External links





Quantum Gravity






Quantum gravity (QG) is a field of theoretical physics that seeks to describe gravity[image: External link] according to the principles of quantum mechanics, and where quantum effects cannot be ignored.[1]

The current understanding of gravity[image: External link] is based on Albert Einstein's general theory of relativity[image: External link], which is formulated within the framework of classical physics[image: External link]. On the other hand, the nongravitational forces[image: External link] are described within the framework of quantum mechanics and quantum field theory, radically different formalisms for describing physical phenomena.[2] The necessity of a quantum mechanical description of gravity is sometimes said to follow from the (alleged) fact that one cannot consistently couple a classical system to a quantum one.[3] This is false as is shown, for example, by Wald[image: External link]'s explicit construction of a consistent semiclassical theory.[4]

While a quantum theory of gravity[image: External link] may be needed in order to reconcile general relativity with the principles of quantum mechanics, difficulties arise when one attempts to apply the usual prescriptions of quantum field theory[image: External link] to the force of gravity via graviton[image: External link] bosons.[5] The problem is that the theory one gets in this way is not renormalizable[image: External link] and therefore cannot be used to make meaningful physical predictions. As a result, theorists have taken up more radical approaches to the problem of quantum gravity, the most popular approaches being string theory[image: External link] and loop quantum gravity[image: External link].[6]

Strictly speaking, the aim of quantum gravity is only to describe the quantum behavior of the gravitational field and should not be confused with the objective of unifying all fundamental interactions[image: External link] into a single mathematical framework. While any substantial improvement into the present understanding of gravity would aid further work towards unification, study of quantum gravity is a field in its own right with various branches having different approaches to unification. Although some quantum gravity theories, such as string theory[image: External link], try to unify gravity with the other fundamental forces[image: External link], others, such as loop quantum gravity[image: External link], make no such attempt; instead, they make an effort to quantize the gravitational field while it is kept separate from the other forces. A theory of quantum gravity that is also a grand unification[image: External link] of all known interactions is sometimes referred to as The Theory of Everything[image: External link] (TOE).

One of the difficulties of quantum gravity is that quantum gravitational effects are only expected to become apparent near the Planck scale[image: External link], a scale far smaller in distance (equivalently, far larger in energy) than what is currently accessible at high energy particle accelerators[image: External link]. As a result, quantum gravity is a mainly theoretical enterprise, although there are speculations about how quantum gravitational effects might be observed in existing experiments.[7]
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Unsolved problem in physics:


How can the theory of quantum mechanics be merged with the theory of general relativity/ gravitational[image: External link] force and remain correct at microscopic length scales? What verifiable predictions does any theory of quantum gravity make?

(more unsolved problems in physics)[image: External link]







Much of the difficulty in meshing these theories at all energy scales comes from the different assumptions that these theories make on how the universe works. Quantum field theory[image: External link], if conceived of as a theory of particles, depends on particle fields embedded in the flat space-time of special relativity[image: External link]. General relativity models gravity as a curvature within space-time that changes as a gravitational mass moves. Historically, the most obvious way of combining the two (such as treating gravity as simply another particle field) ran quickly into what is known as the renormalization[image: External link] problem. In the old-fashioned understanding of renormalization, gravity particles would attract each other and adding together all of the interactions results in many infinite values which cannot easily be cancelled out mathematically to yield sensible, finite results. This is in contrast with quantum electrodynamics[image: External link] where, given that the series still do not converge, the interactions sometimes evaluate to infinite results, but those are few enough in number to be removable via renormalization. Another possibility is to focus on fields rather than on particles, which are just one way of characterizing certain fields in very special spacetimes.[4] This solves worries about consistency, but does not appear to lead to a quantized version of full general theory of relativity[image: External link].
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 Effective field theories




Quantum gravity can be treated as an effective field theory[image: External link]. Effective quantum field theories come with some high-energy cutoff, beyond which we do not expect that the theory provides a good description of nature. The "infinities" then become large but finite quantities depending on this finite cutoff scale, and correspond to processes that involve very high energies near the fundamental cutoff. These quantities can then be absorbed into an infinite collection of coupling constants, and at energies well below the fundamental cutoff of the theory, to any desired precision; only a finite number of these coupling constants need to be measured in order to make legitimate quantum-mechanical predictions. This same logic works just as well for the highly successful theory of low-energy pions[image: External link] as for quantum gravity. Indeed, the first quantum-mechanical corrections to graviton[image: External link]- scattering[image: External link] and Newton's law of gravitation[image: External link] have been explicitly computed[8] (although they are so infinitesimally small that we may never be able to measure them). In fact, gravity is in many ways a much better quantum field theory than the Standard Model[image: External link], since it appears to be valid all the way up to its cutoff at the Planck scale[image: External link].

While confirming that quantum mechanics and gravity are indeed consistent at reasonable energies, it is clear that near or above the fundamental cutoff of our effective quantum theory of gravity (the cutoff is generally assumed to be of the order of the Planck scale), a new model of nature will be needed. Specifically, the problem of combining quantum mechanics and gravity becomes an issue only at very high energies, and may well require a totally new kind of model.
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 Quantum gravity theory for the highest energy scales




The general approach to deriving a quantum gravity theory that is valid at even the highest energy scales is to assume that such a theory will be simple and elegant and, accordingly, to study symmetries and other clues offered by current theories that might suggest ways to combine them into a comprehensive, unified theory. One problem with this approach is that it is unknown whether quantum gravity will actually conform to a simple and elegant theory, as it should resolve the dual conundrums of special relativity[image: External link] with regard to the uniformity of acceleration and gravity[image: External link], and general relativity with regard to spacetime curvature[image: External link].

Such a theory is required in order to understand problems involving the combination of very high energy and very small dimensions of space, such as the behavior of black holes, and the origin of the universe[image: External link].
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Main article: Graviton[image: External link]


At present, one of the deepest problems in theoretical physics is harmonizing the theory of general relativity, which describes gravitation, and applications to large-scale structures ( stars[image: External link], planets[image: External link], galaxies[image: External link]), with quantum mechanics, which describes the other three fundamental forces[image: External link] acting on the atomic[image: External link] scale. This problem must be put in the proper context, however. In particular, contrary to the popular claim that quantum mechanics and general relativity are fundamentally incompatible, one can demonstrate that the structure of general relativity essentially follows inevitably from the quantum mechanics of interacting theoretical[image: External link] spin-2 massless particles (called gravitons[image: External link]).[9][10][11][12][13]

While there is no concrete proof of the existence of gravitons, quantized theories of matter may necessitate their existence.[14] Supporting this theory is the observation that all fundamental forces[image: External link] except gravity have one or more known messenger particles[image: External link], leading researchers to believe that at least one most likely does exist; they have dubbed this hypothetical particle the graviton. The predicted find would result in the classification of the graviton as a "force particle[image: External link]" similar to the photon[image: External link] of the electromagnetic field. Many of the accepted notions of a unified theory of physics since the 1970s assume, and to some degree depend upon, the existence of the graviton. These include string theory[image: External link], superstring theory[image: External link], M-theory[image: External link], and loop quantum gravity[image: External link]. Detection of gravitons is thus vital to the validation of various lines of research to unify quantum mechanics and relativity theory.
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Main article: Dilaton[image: External link]


The dilaton[image: External link] made its first appearance in Kaluza–Klein theory[image: External link], a five-dimensional theory that combined gravitation[image: External link] and electromagnetism[image: External link]. Generally, it appears in string theory[image: External link]. More recently, however, it's become central to the lower-dimensional many-bodied gravity problem[15] based on the field theoretic approach of Roman Jackiw[image: External link]. The impetus arose from the fact that complete analytical solutions for the metric of a covariant N-body system have proven elusive in general relativity. To simplify the problem, the number of dimensions was lowered to (1+1), i.e., one spatial dimension and one temporal dimension. This model problem, known as R=T theory[image: External link][16] (as opposed to the general G=T theory) was amenable to exact solutions in terms of a generalization of the Lambert W function[image: External link]. It was also found that the field equation governing the dilaton (derived from differential geometry[image: External link]) was the Schrödinger equation[image: External link] and consequently amenable to quantization.[17]

Thus, one had a theory which combined gravity, quantization, and even the electromagnetic interaction, promising ingredients of a fundamental physical theory. It is worth noting that this outcome revealed a previously unknown and already existing natural link between general relativity and quantum mechanics. For some time, a generalization of this theory to (3+1) dimensions was unclear. However, a recent derivation in (3+1) dimensions under the right coordinate conditions yields a formulation similar to the earlier (1+1) namely a dilaton field governed by the logarithmic Schrödinger equation[image: External link][18] which is seen in condensed matter physics[image: External link] and superfluids[image: External link]. The field equations are indeed amenable to such a generalization (as shown with the inclusion of a one-graviton process[19]) and yield the correct Newtonian limit in d dimensions but only if a dilaton is included. Furthermore, the results become even more tantalizing in view of the apparent resemblance between the dilaton and the Higgs boson[image: External link].[20] However, more experimentation is needed to resolve the relationship between these two particles. Since this theory can combine gravitational, electromagnetic and quantum effects, their coupling could potentially lead to a means of vindicating the theory, through cosmology and even, perhaps, experimentally.
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 Nonrenormalizability of gravity




Further information: Renormalization[image: External link]


General relativity, like electromagnetism[image: External link], is a classical field theory[image: External link]. One might expect that, as with electromagnetism, the gravitational force should also have a corresponding quantum field theory[image: External link].

However, gravity is perturbatively nonrenormalizable[image: External link].[21][22] For a quantum field theory to be well-defined according to this understanding of the subject, it must be asymptotically free[image: External link] or asymptotically safe[image: External link]. The theory must be characterized by a choice of finitely many parameters, which could, in principle, be set by experiment. For example, in quantum electrodynamics[image: External link] these parameters are the charge and mass of the electron, as measured at a particular energy scale.

On the other hand, in quantizing gravity there are, in perturbation theory, infinitely many independent parameters (counterterm coefficients) needed to define the theory. For a given choice of those parameters, one could make sense of the theory, but since it's impossible to conduct infinite experiments to fix the values of every parameter, it has been argued that one does not, in perturbation theory, have a meaningful physical theory:


	At low energies, the logic of the renormalization group[image: External link] tells us that, despite the unknown choices of these infinitely many parameters, quantum gravity will reduce to the usual Einstein theory of general relativity.

	On the other hand, if we could probe very high energies where quantum effects take over, then every one of the infinitely many unknown parameters would begin to matter, and we could make no predictions at all.



If we treat QG as an effective field theory[image: External link], there is a way around this problem.

That is, the meaningful theory of quantum gravity (that makes sense and is predictive at all energy levels) inherently implies some deep principle that reduces the infinitely many unknown parameters to a finite number that can then be measured:


	One possibility is that normal perturbation theory[image: External link] is not a reliable guide to the renormalizability of the theory, and that there really is a UV fixed point[image: External link] for gravity. Since this is a question of non-perturbative[image: External link] quantum field theory, it is difficult to find a reliable answer, but some people still pursue this option.

	Another possibility is that there are new unfound symmetry principles that constrain the parameters and reduce them to a finite set. This is the route taken by string theory[image: External link], where all of the excitations of the string essentially manifest themselves as new symmetries.
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 QG as an effective field theory




Main article: Effective field theory[image: External link]


In an effective field theory[image: External link], all but the first few of the infinite set of parameters in a non-renormalizable theory are suppressed by huge energy scales and hence can be neglected when computing low-energy effects. Thus, at least in the low-energy regime, the model is indeed a predictive quantum field theory.[8] (A very similar situation occurs for the very similar effective field theory of low-energy pions.) Furthermore, many theorists agree that even the Standard Model should really be regarded as an effective field theory as well, with "nonrenormalizable" interactions suppressed by large energy scales and whose effects have consequently not been observed experimentally.

Recent work[8] has shown that by treating general relativity as an effective field theory[image: External link], one can actually make legitimate predictions for quantum gravity, at least for low-energy phenomena. An example is the well-known calculation of the tiny first-order quantum-mechanical correction to the classical Newtonian gravitational potential between two masses.
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 Spacetime background dependence




Main article: Background independence[image: External link]


A fundamental lesson of general relativity is that there is no fixed spacetime background, as found in Newtonian mechanics[image: External link] and special relativity[image: External link]; the spacetime geometry is dynamic. While easy to grasp in principle, this is the hardest idea to understand about general relativity, and its consequences are profound and not fully explored, even at the classical level. To a certain extent, general relativity can be seen to be a relational theory[image: External link],[23] in which the only physically relevant information is the relationship between different events in space-time.

On the other hand, quantum mechanics has depended since its inception on a fixed background (non-dynamic) structure. In the case of quantum mechanics, it is time that is given and not dynamic, just as in Newtonian classical mechanics. In relativistic quantum field theory, just as in classical field theory, Minkowski spacetime[image: External link] is the fixed background of the theory.
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 String theory




String theory[image: External link] can be seen as a generalization of quantum field theory[image: External link] where instead of point particles, string-like objects propagate in a fixed spacetime background, although the interactions among closed strings give rise to space-time in a dynamical way. Although string theory had its origins in the study of quark confinement[image: External link] and not of quantum gravity, it was soon discovered that the string spectrum contains the graviton[image: External link], and that "condensation" of certain vibration modes of strings is equivalent to a modification of the original background. In this sense, string perturbation theory exhibits exactly the features one would expect of a perturbation theory[image: External link] that may exhibit a strong dependence on asymptotics (as seen, for example, in the AdS/CFT[image: External link] correspondence) which is a weak form of background dependence[image: External link].
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 Background independent theories




Loop quantum gravity[image: External link] is the fruit of an effort to formulate a background-independent[image: External link] quantum theory.

Topological quantum field theory[image: External link] provided an example of background-independent quantum theory, but with no local degrees of freedom, and only finitely many degrees of freedom globally. This is inadequate to describe gravity in 3+1 dimensions, which has local degrees of freedom according to general relativity. In 2+1 dimensions, however, gravity is a topological field theory, and it has been successfully quantized in several different ways, including spin networks[image: External link].
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 Semi-classical quantum gravity




Quantum field theory[image: External link] on curved (non-Minkowskian) backgrounds, while not a full quantum theory of gravity, has shown many promising early results. In an analogous way to the development of quantum electrodynamics in the early part of the 20th century (when physicists considered quantum mechanics in classical electromagnetic fields), the consideration of quantum field theory on a curved background has led to predictions such as black hole radiation.

Phenomena such as the Unruh effect[image: External link], in which particles exist in certain accelerating frames but not in stationary ones, do not pose any difficulty when considered on a curved background (the Unruh effect occurs even in flat Minkowskian backgrounds). The vacuum state is the state with the least energy (and may or may not contain particles). See Quantum field theory in curved spacetime[image: External link] for a more complete discussion.
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Main article: Problem of Time[image: External link]


A conceptual difficulty in combining quantum mechanics with general relativity arises from the contrasting role of time within these two frameworks. In quantum theories time acts as an independent background through which states evolve, with the Hamiltonian operator[image: External link] acting as the generator of infinitesmal translations[image: External link] of quantum states through time.[24] In contrast, general relativity treats time as a dynamical variable[image: External link] which interacts directly with matter and moreover requires the Hamiltonian constraint to vanish,[25] removing any possibility of employing a notion of time similar to that in quantum theory.
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 Candidate theories




There are a number of proposed quantum gravity theories.[26] Currently, there is still no complete and consistent quantum theory of gravity, and the candidate models still need to overcome major formal and conceptual problems. They also face the common problem that, as yet, there is no way to put quantum gravity predictions to experimental tests, although there is hope for this to change as future data from cosmological observations and particle physics experiments becomes available.[27][28]
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 String theory




Main article: String theory[image: External link]


One suggested starting point is ordinary quantum field theories which, after all, are successful in describing the other three basic fundamental forces in the context of the standard model[image: External link] of elementary particle physics[image: External link]. However, while this leads to an acceptable effective (quantum) field theory[image: External link] of gravity at low energies,[29] gravity turns out to be much more problematic at higher energies. For ordinary field theories such as quantum electrodynamics[image: External link], a technique known as renormalization[image: External link] is an integral part of deriving predictions which take into account higher-energy contributions,[30] but gravity turns out to be nonrenormalizable[image: External link]: at high energies, applying the recipes of ordinary quantum field theory yields models that are devoid of all predictive power.[31]

One attempt to overcome these limitations is to replace ordinary quantum field theory[image: External link], which is based on the classical concept of a point particle[image: External link], with a quantum theory of one-dimensional extended objects: string theory[image: External link].[32] At the energies reached in current experiments, these strings are indistinguishable from point-like particles, but, crucially, different modes[image: External link] of oscillation of one and the same type of fundamental string appear as particles with different ( electric[image: External link] and other) charges[image: External link]. In this way, string theory promises to be a unified description[image: External link] of all particles and interactions.[33] The theory is successful in that one mode will always correspond to a graviton[image: External link], the messenger particle[image: External link] of gravity; however, the price of this success are unusual features such as six extra dimensions of space in addition to the usual three for space and one for time.[34]

In what is called the second superstring revolution[image: External link], it was conjectured that both string theory and a unification of general relativity and supersymmetry[image: External link] known as supergravity[image: External link][35] form part of a hypothesized eleven-dimensional model known as M-theory[image: External link], which would constitute a uniquely defined and consistent theory of quantum gravity.[36][37] As presently understood, however, string theory admits a very large number (10500 by some estimates) of consistent vacua, comprising the so-called "string landscape[image: External link]". Sorting through this large family of solutions remains a major challenge.
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 Loop quantum gravity




Main article: Loop quantum gravity[image: External link]


Loop quantum gravity seriously considers general relativity's insight that spacetime is a dynamical field and is therefore a quantum object. Its second idea is that the quantum discreteness that determines the particle-like behavior of other field theories (for instance, the photons of the electromagnetic field) also affects the structure of space.

The main result of loop quantum gravity is the derivation of a granular structure of space at the Planck length. This is derived from following considerations: In the case of electromagnetism, the quantum operator representing the energy of each frequency of the field has a discrete spectrum. Thus the energy of each frequency is quantized, and the quanta are the photons. In the case of gravity, the operators representing the area and the volume of each surface or space region likewise have discrete spectrum. Thus area and volume of any portion of space are also quantized, where the quanta are elementary quanta of space. It follows, then, that spacetime has an elementary quantum granular structure at the Planck scale, which cuts off the ultraviolet infinities of quantum field theory.

The quantum state of spacetime is described in the theory by means of a mathematical structure called spin networks. Spin networks were initially introduced by Roger Penrose in abstract form, and later shown by Carlo Rovelli[image: External link] and Lee Smolin[image: External link] to derive naturally from a non-perturbative quantization of general relativity. Spin networks do not represent quantum states of a field in spacetime: they represent directly quantum states of spacetime.

The theory is based on the reformulation of general relativity known as Ashtekar variables[image: External link], which represent geometric gravity using mathematical analogues of electric[image: External link] and magnetic fields[image: External link].[38][39] In the quantum theory, space is represented by a network structure called a spin network[image: External link], evolving over time in discrete steps.[40][41][42][43]

The dynamics of the theory is today constructed in several versions. One version starts with the canonical quantization[image: External link] of general relativity. The analogue of the Schrödinger equation[image: External link] is a Wheeler–DeWitt equation[image: External link], which can be defined within the theory.[44] In the covariant, or spinfoam[image: External link] formulation of the theory, the quantum dynamics is obtained via a sum over discrete versions of spacetime, called spinfoams. These represent histories of spin networks.
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There are a number of other approaches to quantum gravity. The approaches differ depending on which features of general relativity and quantum theory are accepted unchanged, and which features are modified.[45][46] Examples include:


	Asymptotic safety in quantum gravity[image: External link]

	Euclidean quantum gravity

	
Causal dynamical triangulation[image: External link][47]


	
Causal fermion systems[image: External link],[48][49][50][51][52][53]


	
Causal sets[image: External link][54]


	Covariant Feynman path integral[image: External link] approach

	
Group field theory[image: External link][55]


	Wheeler–DeWitt equation[image: External link]

	Geometrodynamics[image: External link]

	Hořava–Lifshitz gravity[image: External link]

	MacDowell–Mansouri action[image: External link]

	
Path-integral[image: External link] based models of quantum cosmology[image: External link][56]


	Regge calculus[image: External link]

	Scale relativity[image: External link]

	Shape Dynamics[image: External link]

	
String-nets[image: External link] giving rise to gapless helicity ±2 excitations with no other gapless excitations[57]


	
Superfluid vacuum theory[image: External link] a.k.a. theory of BEC vacuum[image: External link]


	Supergravity[image: External link]

	
Twistor theory[image: External link][58]


	Canonical quantum gravity[image: External link]

	E8 Theory[image: External link]

	Quantum holonomy[image: External link] theory[59]
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 Weinberg–Witten theorem




In quantum field theory[image: External link], the Weinberg–Witten theorem[image: External link] places some constraints on theories of composite gravity[image: External link]/emergent gravity[image: External link]. However, recent developments attempt to show that if locality is only approximate and the holographic principle[image: External link] is correct, the Weinberg–Witten theorem would not be valid[citation needed[image: External link]].
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 Experimental tests




As was emphasized above, quantum gravitational effects are extremely weak and therefore difficult to test. For this reason, the possibility of experimentally testing quantum gravity had not received much attention prior to the late 1990s. However, in the past decade, physicists have realized that evidence for quantum gravitational effects can guide the development of the theory. Since theoretical development has been slow, the field of phenomenological quantum gravity[image: External link], which studies the possibility of experimental tests, has obtained increased attention.[60][61]

The most widely pursued possibilities for quantum gravity phenomenology include violations of Lorentz invariance[image: External link], imprints of quantum gravitational effects in the cosmic microwave background[image: External link] (in particular its polarization), and decoherence induced by fluctuations in the space-time foam[image: External link].

The BICEP2 experiment[image: External link] detected what was initially thought to be primordial B-mode polarization[image: External link] caused by gravitational waves[image: External link] in the early universe. If truly primordial, these waves were born as quantum fluctuations in gravity itself. Cosmologist Ken Olum (Tufts University) stated: "I think this is the only observational evidence that we have that actually shows that gravity is quantized....It's probably the only evidence of this that we will ever have."[62]
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 See also






	Abraham–Lorentz force[image: External link]

	Beyond black holes[image: External link]

	Black hole electron[image: External link]

	Centauro event[image: External link]

	De Sitter relativity[image: External link]

	Doubly special relativity[image: External link]

	Event symmetry[image: External link]

	Fock–Lorentz symmetry[image: External link]

	Gravitomagnetism[image: External link]

	Hawking radiation

	Invariance mechanics[image: External link]

	List of quantum gravity researchers[image: External link]

	Macrocosm and microcosm[image: External link]

	Orders of magnitude (length)[image: External link]

	Penrose interpretation[image: External link]

	Planck epoch[image: External link]

	Planck units[image: External link]

	Quantum realm[image: External link]

	Semiclassical gravity[image: External link]

	Sokal affair[image: External link]

	Weak Gravity Conjecture[image: External link]
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California Institute of Technology






"Cal Tech" redirects here. For the Texas Instruments calculator, see Cal Tech (calculator)[image: External link].

The California Institute of Technology (abbreviated Caltech[6]) is a private[image: External link] doctorate-granting university[image: External link] located in Pasadena, California, United States. Although founded as a preparatory and vocational school by Amos G. Throop[image: External link] in 1891, the college attracted influential scientists such as George Ellery Hale[image: External link], Arthur Amos Noyes[image: External link], and Robert Andrews Millikan[image: External link] in the early 20th century. The vocational and preparatory schools were disbanded and spun off in 1910, and the college assumed its present name in 1921. In 1934, Caltech was elected to the Association of American Universities[image: External link], and the antecedents of NASA's Jet Propulsion Laboratory[image: External link], which Caltech continues to manage and operate, were established between 1936 and 1943 under Theodore von Kármán[image: External link].[7][8] The university is one among a small group of institutes of technology in the United States[image: External link] which is primarily devoted to the instruction of technical arts and applied sciences.

Caltech has six academic divisions with strong emphasis on science and engineering, managing $332 million in 2011 in sponsored research.[9] Its 124-acre (50 ha) primary campus is located approximately 11 mi (18 km) northeast of downtown Los Angeles[image: External link]. First-year students are required to live on campus, and 95% of undergraduates remain in the on-campus House System at Caltech[image: External link]. Although Caltech has a strong tradition of practical jokes and pranks,[10] student life is governed by an honor code which allows faculty to assign take-home examinations[image: External link]. The Caltech Beavers[image: External link] compete in 13 intercollegiate sports in the NCAA[image: External link] Division III[image: External link]'s Southern California Intercollegiate Athletic Conference[image: External link].

Caltech is frequently cited as one of the world's best universities.[11][12] Caltech alumni and faculty include 34 Nobel Prizes[image: External link] (Linus Pauling[image: External link] being the only individual in history to win two unshared prizes), 1 Fields Medalist[image: External link], 6 Turing Award winners[image: External link], 4 Chief Scientists of the U.S. Air Force[image: External link] and 71 have won the United States National Medal of Science[image: External link] or Technology[image: External link].[4] There are 112 faculty members who have been elected to the United States National Academies[image: External link]. In addition, numerous faculty members are associated with the Howard Hughes Medical Institute[image: External link] as well as NASA.[4] According to a 2015 Pomona College study, Caltech ranked number one in the U.S. for the percentage of its graduates who go on to earn a PhD.[13]
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 History





[image: TOC] TOC Next [image: Next chapter] 
 Throop College




Caltech started as a vocational school[image: External link] founded in Pasadena in 1891 by local businessman and politician Amos G. Throop[image: External link]. The school was known successively as Throop University, Throop Polytechnic Institute (and Manual Training School),[14] and Throop College of Technology, before acquiring its current name in 1920.[9][15] The vocational school was disbanded and the preparatory program was split off to form an independent Polytechnic School[image: External link] in 1907.

At a time when scientific research in the United States was still in its infancy, George Ellery Hale[image: External link], a solar astronomer from the University of Chicago[image: External link], founded the Mount Wilson Observatory[image: External link] in 1904. He joined Throop's board of trustees in 1907, and soon began developing it and the whole of Pasadena into a major scientific and cultural destination. He engineered the appointment of James A. B. Scherer[image: External link], a literary scholar untutored in science but a capable administrator and fund raiser, to Throop's presidency in 1908. Scherer persuaded retired businessman and trustee Charles W. Gates to donate $25,000 in seed money to build Gates Laboratory, the first science building on campus.[16]
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 World Wars




In 1910, Throop moved to its current site. Arther Fleming donated the land for the permanent campus site. Theodore Roosevelt[image: External link] delivered an address at Throop Institute on March 21, 1911, and he declared:


I want to see institutions like Throop turn out perhaps ninety-nine of every hundred students as men who are to do given pieces of industrial work better than any one else can do them; I want to see those men do the kind of work that is now being done on the Panama Canal[image: External link] and on the great irrigation projects in the interior of this country—and the one-hundredth man I want to see with the kind of cultural scientific training that will make him and his fellows the matrix out of which you can occasionally develop a man like your great astronomer, George Ellery Hale.[17]



In the same year, a bill was introduced in the California Legislature[image: External link] calling for the establishment of a publicly funded "California Institute of Technology", with an initial budget of a million dollars, ten times the budget of Throop at the time. The board of trustees offered to turn Throop over to the state, but the presidents of Stanford University[image: External link] and the University of California[image: External link] successfully lobbied to defeat the bill, which allowed Throop to develop as the only scientific research-oriented education institute in southern California, public or private, until the onset of the World War II necessitated the broader development of research-based science education.[18] The promise of Throop attracted physical chemist[image: External link] Arthur Amos Noyes[image: External link] from MIT[image: External link] to develop the institution and assist in establishing it as a center for science and technology.

With the onset of World War I, Hale organized the National Research Council[image: External link] to coordinate and support scientific work on military problems. While he supported the idea of federal appropriations for science, he took exception to a federal bill that would have funded engineering research at land-grant colleges, and instead sought to raise a $1 million national research fund entirely from private sources. To that end, as Hale wrote in The New York Times:


Throop College of Technology, in Pasadena California has recently afforded a striking illustration of one way in which the Research Council can secure co-operation and advance scientific investigation. This institution, with its able investigators and excellent research laboratories, could be of great service in any broad scheme of cooperation. President Scherer, hearing of the formation of the council, immediately offered to take part in its work, and with this object, he secured within three days an additional research endowment of one hundred thousand dollars.[19]



Through the National Research Council, Hale simultaneously lobbied for science to play a larger role in national affairs, and for Throop to play a national role in science. The new funds were designated for physics research, and ultimately led to the establishment of the Norman Bridge Laboratory, which attracted experimental physicist[image: External link] Robert Andrews Millikan[image: External link] from the University of Chicago[image: External link] in 1917.[20] During the course of the war, Hale, Noyes and Millikan worked together in Washington on the NRC. Subsequently, they continued their partnership in developing Caltech.[19]

Under the leadership of Hale, Noyes and Millikan (aided by the booming economy of Southern California[image: External link]), Caltech grew to national prominence in the 1920s and concentrated on the development of Roosevelt's "Hundredth Man". On November 29, 1921, the trustees declared it to be the express policy of the Institute to pursue scientific research of the greatest importance and at the same time "to continue to conduct thorough courses in engineering and pure science, basing the work of these courses on exceptionally strong instruction in the fundamental sciences of mathematics, physics, and chemistry; broadening and enriching the curriculum by a liberal amount of instruction in such subjects as English, history, and economics; and vitalizing all the work of the Institute by the infusion in generous measure of the spirit of research."[17] In 1923, Millikan was awarded the Nobel Prize in Physics. In 1925, the school established a department of geology and hired William Bennett Munro[image: External link], then chairman of the division of History, Government, and Economics at Harvard University[image: External link], to create a division of humanities[image: External link] and social sciences[image: External link] at Caltech. In 1928, a division of biology[image: External link] was established under the leadership of Thomas Hunt Morgan[image: External link], the most distinguished biologist in the United States at the time, and discoverer of the role of genes and the chromosome[image: External link] in heredity. In 1930, Kerckhoff Marine Laboratory[image: External link] was established in Corona del Mar under the care of Professor George MacGinitie. In 1926, a graduate school of aeronautics[image: External link] was created, which eventually attracted Theodore von Kármán[image: External link]. Kármán later helped create the Jet Propulsion Laboratory, and played an integral part in establishing Caltech as one of the world's centers for rocket science[image: External link]. In 1928, construction of the Palomar Observatory[image: External link] began.

Millikan served as "Chairman of the Executive Council" (effectively Caltech's president) from 1921 to 1945, and his influence was such that the Institute was occasionally referred to as "Millikan's School." Millikan initiated a visiting-scholars program soon after joining Caltech. Scientists who accepted his invitation include luminaries such as Paul Dirac, Erwin Schrödinger[image: External link], Werner Heisenberg[image: External link], Hendrik Lorentz[image: External link] and Niels Bohr[image: External link].[21] Albert Einstein arrived on the Caltech campus for the first time in 1931 to polish up his Theory of General Relativity[image: External link], and he returned to Caltech subsequently as a visiting professor in 1932 and 1933.[22]

During World War II, Caltech was one of 131 colleges and universities nationally that took part in the V-12 Navy College Training Program[image: External link] which offered students a path to a Navy commission.[23] The United States Navy[image: External link] also maintained a naval training school for aeronautical engineering[image: External link], resident inspectors of ordnance and naval material, and a liaison officer to thProje Nationafense Research Committee[image: External link] on campus.[24]




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Project Vista




From April 1st to December 1st 1951, Caltech was the host of a federal classified study, Project Vista[image: External link]. The selection of Caltech as host for the project was based on the university’s expertise in rocketry and nuclear physics. In response to the war in Korea and the pressure from the Soviet Union, the project was Caltech’s way of assisting the federal government in its effort to increase national security.[25] The project was created to study new ways of improving the relationship between tactical air support and ground troops. The Army, Air Force, and Navy sponsored the project, however it was under contract with the Army. The study was named after the hotel, Vista del Arroyo Hotel, which housed the study. The study operated under a committee with the supervision of President Lee A. DuBridge[image: External link]. William A. Fowler[image: External link], a professor at Caltech, was selected as research director. More than a fourth of Caltech’s faculty and a group of outside scientists staffed the project.[26] Moreover, the number increases if one takes into account visiting scientists, military liaisons, secretarial, and security staff. In compensation for its participation, the university received about $750,000.[27]
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 Post-war growth




In the 1950s–1970s, Caltech was the home of Murray Gell-Mann[image: External link] and Richard Feynman[image: External link], whose work was central to the establishment of the Standard Model[image: External link] of particle physics. Feynman was also widely known outside the physics community as an exceptional teacher and colorful, unconventional character.

During Lee A. DuBridge[image: External link]'s tenure as Caltech's president (1946–1969), Caltech's faculty doubled and the campus tripled in size. DuBridge, unlike his predecessors, welcomed federal funding[image: External link] of science. New research fields flourished, including chemical biology[image: External link], planetary science[image: External link], nuclear astrophysics[image: External link], and geochemistry[image: External link]. A 200-inch telescope was dedicated on nearby Palomar Mountain in 1948 and remained the world's most powerful optical telescope for over forty years.[28]

Caltech opened its doors to female undergraduates during the presidency of Harold Brown[image: External link] in 1970, and they made up 14% of the entering class.[29] The fraction of female undergraduates has been increasing since then.[4]

Caltech undergraduates have historically been so apathetic to politics[citation needed[image: External link]][ weasel words[image: External link]] that there has been only one organized student protest in January 1968 outside the Burbank studios of NBC[image: External link], in response to rumors that NBC was to cancel Star Trek. In 1973, the students from Dabney House[image: External link] protested a presidential visit with a sign on the library bearing the simple phrase "Impeach Nixon[image: External link]". The following week, Ross McCollum, president of the National Oil Company[image: External link], wrote an open letter to Dabney House stating that in light of their actions he had decided not to donate one million dollars to Caltech. The Dabney family, being Republicans, disowned Dabney House after hearing of the prank.[30]
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 21st century




Since 2000, the Einstein Papers Project[image: External link] has been located at Caltech.[31] The project was established in 1986 to assemble, preserve, translate, and publish papers selected from the literary estate of Albert Einstein and from other collections.

In fall 2008, the freshman class was 42% female, a record for Caltech's undergraduate enrollment.[4] In the same year, the Institute concluded a six-year-long fund-raising campaign. The campaign raised more than $1.4 billion from about 16,000 donors. Nearly half of the funds went into the support of Caltech programs and projects.[32]

In 2010, Caltech, in partnership with Lawrence Berkeley National Laboratory[image: External link] and headed by Professor Nathan Lewis[image: External link], established a DOE[image: External link] Energy Innovation Hub[image: External link] aimed at developing revolutionary methods to generate fuels directly from sunlight. This hub, the Joint Center for Artificial Photosynthesis[image: External link], will receive up to $122 million in federal funding over five years.[33]

Since 2012, Caltech began to offer classes through massive open online courses[image: External link] (MOOCs) under Coursera[image: External link], and from 2013, edX[image: External link].[34]

Jean-Lou Chameau, the eighth president, announced on February 19, 2013, that he would be stepping down to accept the presidency at King Abdullah University of Science and Technology[image: External link].[35] Thomas F. Rosenbaum[image: External link] was announced to be the ninth president of Caltech on October 24, 2013, and his term began on July 1, 2014.
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 Campus




See also: List of California Institute of Technology buildings and facilities[image: External link]


Caltech's 124-acre (50 ha) primary campus is located in Pasadena, California, approximately 11 miles (18 km) northeast of downtown Los Angeles[image: External link]. It is within walking distance of Old Town Pasadena[image: External link] and the Pasadena Playhouse District[image: External link] and therefore the two locations are frequent getaways for Caltech students.

In 1917 Hale hired architect Bertram Goodhue[image: External link] to produce a master plan for the 22 acres (8.9 ha) campus. Goodhue conceived the overall layout of the campus and designed the physics building, Dabney Hall, and several other structures, in which he sought to be consistent with the local climate, the character of the school, and Hale's educational philosophy. Goodhue's designs for Caltech were also influenced by the traditional Spanish mission architecture[image: External link] of Southern California.

During the 1960s, Caltech underwent considerable expansion, in part due to the philanthropy of alumnus Arnold O. Beckman[image: External link]. In 1953, Beckman was asked to join the Caltech Board of Trustees.[36]:282 In 1964, he became its chairman.[36]:275 Over the next few years, as Caltech's president emeritus David Baltimore[image: External link] describes it, Arnold Beckman and his wife Mabel "shaped the destiny of Caltech".[36]:288

The Beckmans made a major gift to Caltech in 1962, when they funded the construction of the Beckman Auditorium, a concert hall designed by architect Edward Durrell Stone[image: External link]. When the circular white stone hall opened with a gala concert on February 25, 1964, it was praised for its acoustics.[36]:289–291[37]

The auditorium was the first of several expansions at Caltech that the Beckmans supported. In 1974, the Beckman Laboratory of Behavioral Biology (BBB) was dedicated.[36]:291 The building was seen as a significant step towards the establishment of a new program focusing on neurobiology[image: External link] and a multi-leveled understanding of brain and its mechanisms at the chemical, cellular, and systems levels.[38]:153–154 On April 25, 1986, the Beckman Laboratory of Chemical Synthesis was dedicated. The Beckmans' gift supported not only the building, but also the installation of state-of-the-art scientific instrumentation in six customized laboratories.[39] Finally, the Beckmans funded the Beckman Institute[image: External link], a multi-disciplinary center for research in the chemical and biological sciences. In 1986, Beckman agreed to donate $50 million towards the institute and its endowment. Designed by architect Albert C. Martin, Jr.[image: External link] in a Spanish style, the Beckman Institute was dedicated on October 26, 1989, and opened in 1990.[36]:275–290

In 1971 a magnitude-6.6 earthquake[image: External link] in San Fernando[image: External link] caused some damage to the Caltech campus. Engineers who evaluated the damage found that two historic buildings dating from the early days of the Institute—Throop Hall and the Goodhue-designed Culbertson Auditorium—had cracked. These were some of the first reinforced concrete[image: External link] buildings, and their plans did not contain enough details (such as how much reinforcing bar[image: External link] had been embedded in the concrete) to be sure they were safe, so the engineers recommended demolition. However, demolishing these historic structures required considerably more effort than would have been necessary had they been in real danger of collapse. A large wrecking ball[image: External link] was used to demolish Throop Hall, and smashing the concrete revealed massive amounts of rebar, far in excess of safety requirements. The rebar had to be cut up before the pieces could be hauled away, and the process took much longer than expected.

New additions to the campus include the Cahill Center for Astronomy and Astrophysics and the Walter[image: External link] and Leonore Annenberg[image: External link] Center for Information Science and Technology, which opened in 2009,[40][41] and the Warren and Katherine Schlinger Laboratory for Chemistry and Chemical Engineering followed in March 2010.[42] The Institute also concluded an upgrading of the south houses[image: External link] in 2006. In late 2010, Caltech completed a 1.3 MW solar array[image: External link] projected to produce approximately 1.6 GWh in 2011.[43]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Organization and administration




See also: List of California Institute of Technology trustees[image: External link]


The mission statement of Caltech reads:


The mission of the California Institute of Technology is to expand human knowledge and benefit society through research integrated with education. We investigate the most challenging, fundamental problems in science and technology in a singularly collegial, interdisciplinary atmosphere, while educating outstanding students to become creative members of society.[4]



Caltech is incorporated as a non-profit corporation and is governed by a privately appointed 46-member board of trustees[image: External link] who serve five-year terms of office and retire at the age of 72.[15][44] The current board[image: External link] is chaired by David L. Lee[image: External link], co-founder of Global Crossing Ltd.[image: External link] The Trustees elect a President to serve as the chief executive officer of the Institute and administer the affairs on the Institute on behalf of the board, a Provost who serves as the chief academic officer of the Institute below the President, and ten other vice presidential and other senior positions.[44] Former Georgia Tech[image: External link] provost Jean-Lou Chameau[image: External link] became the eighth president of Caltech on September 1, 2006, replacing David Baltimore[image: External link] who had served since 1997.[45] Dr. Chameau's compensation for 2008–2009 totaled $799,472.[46] Chameau served until June 30, 2013. Thomas F. Rosenbaum[image: External link] was announced to be the ninth president of Caltech on October 24, 2013, and his term began on July 1, 2014. Caltech's endowment is governed by a permanent Trustee committee and administered by an Investment Office.

The Institute is organized into six primary academic divisions: Biology and Biological Engineering, Chemistry and Chemical Engineering, Engineering and Applied Science, Geological and Planetary Sciences, Humanities and Social Sciences, and Physics, Mathematics, and Astronomy. The voting faculty of Caltech include all professors, instructors, research associates and fellows, and the University Librarian. Faculty are responsible for establishing admission requirements, academic standards, and curricula. The Faculty Board is the faculty's representative body and consists of 18 elected faculty representatives as well as other senior administration officials. Full-time professors are expected to teach classes, conduct research, advise students, and perform administrative work such as serving on committees.[47]

The Jet Propulsion Laboratory[image: External link] (JPL) is a federally funded research and development center[image: External link] (FFRDC) owned by NASA and operated as a division of Caltech through a contract between NASA and Caltech. In 2008, JPL spent over $1.6 billion on research and development and employed over 5,000 project-related and support employees.[48] The JPL Director also serves as a Caltech Vice President and is responsible to the President of the Institute for the management of the laboratory.[49]
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 Academics




Caltech is a small four-year, highly residential research university with a slight majority in graduate programs.[59] The Institute has been accredited by the Western Association of Schools and Colleges[image: External link] since 1949.[60][61] Caltech is on the quarter system[image: External link]:[62] the fall term starts in late September and ends before Christmas, the second term starts after New Years Day and ends in mid-March, and the third term starts in late March or early April and ends in early June.[63]

Caltech is ranked 1st internationally since 2011 by the Times Higher Education World University Rankings[image: External link].[64] Caltech was ranked as the best university in the world in two categories: Engineering & Technology and Physical Sciences.[65][66] It was also found to have the highest faculty citation rate in the world.[67]

The Academic Ranking of World Universities[image: External link] (ARWU), a ranking with an emphasis on bibliometric data and scientific research, ranked Caltech 8th in the world and 6th in the U.S. for 2016.

In 2012, the Center for World University Rankings ranked Caltech fifth in the world and fourth nationally in its CWUR World University Rankings.

Money Magazine[image: External link] ranked Caltech 10th in the country out of the nearly 1500 schools it evaluated for its 2014 Best Colleges ranking.[68]

The Daily Beast[image: External link] ranked Caltech 12th in the country out of the nearly 2000 schools it evaluated for its 2014 Best Colleges ranking.[69]

U.S. News & World Report[image: External link] ranked Caltech as tied for the 10th best university in the United States in their 2016 national rankings, with the graduate programs in chemistry and earth sciences ranked first in the nation.[70]

The United States National Research Council[image: External link] released its latest Assessment of Research Doctorate Programs in 2010, and 23 of the 24 graduate programs of Caltech were ranked within the top four programs in the nation in their size quartile as determined by both the R95 and S95 rankings. Of particular note, programs that were placed within the top 10% of all size programs in that field based on an average of the R95 and S95 rank order include Aeronautics, Astrophysics, Biochemistry and Molecular Biophysics, Bioengineering, Biology, Chemical Engineering, Chemistry, Electrical Engineering, Environmental Science and Engineering, Geology, Geophysics, Materials Science, Mechanical Engineering, Physics, Planetary Science, and Social Science (Economics).[71]

In 2013 a paper published in the Quarterly Journal of Economics[image: External link] ranked Caltech 2nd in the U.S. (after Harvard[image: External link]) for revealed preference.[72] The sample of the study was 3240 high achieving students (students ranked in the top 10% of public high school class or top 20% of private high school class). Rankings were based on number of students who accepted offered admission.
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 Admissions




For the Class of 2019 (enrolled fall 2015), Caltech received 6,506 applications and accepted 573 (8.8%); 241 enrolled, a yield rate (the percentage of accepted students who enroll) of 42.1%.[73] The middle 50% range of SAT[image: External link] scores for enrolled freshmen were 730-800 for critical reading, 770-800 for math, and 730-790 for writing. The middle 50% range ACT[image: External link] Composite score was 34-35.[73]
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 Tuition and financial aid




Undergraduate tuition for the 2013–2014 school year was $39,990 and total annual costs were estimated to be $58,755.[74] In 2012–2013, Caltech awarded $17.1 million in need-based aid, $438k in non-need-based aid, and $2.51 million in self-help support to enrolled undergraduate students. The average financial aid package of all students eligible for aid was $38,756 and students graduated with an average debt of $15,090.[62]
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 Undergraduate program




The full-time, four-year undergraduate program emphasizes instruction in the arts and sciences and has high graduate coexistence.[59] Caltech offers 24 majors (called "options") and six minors across all six academic divisions.[75] Caltech also offers interdisciplinary programs in Applied Physics, Biochemistry, Bioengineering, Computation and Neural Systems, Control and Dynamical Systems, Environmental Science and Engineering, Geobiology and Astrobiology, Geochemistry, and Planetary Astronomy. The most popular options are Chemical Engineering, Computer Science, Electrical Engineering, Mechanical Engineering and Physics.[76]

Prior to the entering class of 2017, Caltech requires students to take a core curriculum of three terms of mathematics, three terms of physics, two terms of chemistry, one term of biology, two terms of lab courses, one terms of scientific communication, three terms of physical education, and 12 terms of humanities and social science.[77]

A typical class is worth 9 academic units and given the extensive core curriculum requirements in addition to individual options' degree requirements, students need to take an average of 40.5 units per term (more than four classes) in order to graduate in four years. 36 units is the minimum full-time load, 48 units is considered a heavy load, and registrations above 54 units require an overload petition.[78] Approximately 20 percent of students double-major.[79] This is achievable since the humanities and social sciences majors have been designed to be done in conjunction with a science major. Although choosing two options in the same division is discouraged, it is still possible.

First-year students are enrolled in first-term classes based upon results of placement exams in math, physics, chemistry, and writing and take all classes in their first two terms on a Pass/Fail basis.[78] There is little competition; collaboration on homework[image: External link] is encouraged and the Honor System encourages take-home tests and flexible homework schedules.[80] Caltech offers co-operative programs with other schools, such as the Pasadena Art Center College of Design[image: External link] and Occidental College[image: External link].

Upon graduation, Caltech alumni have one of the highest median starting salary among graduates of other colleges or universities in 2012–2013, of $67,400, according to PayScale[image: External link]. The mid-career median pay is $120,700.[81] Caltech was found to offer the second highest return of investment of college education, at $1,991,000 over a 30-year period, according to the same study.[82]

Caltech offers Army and Air Force ROTC[image: External link] in cooperation with the University of Southern California[image: External link].[62]
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 Graduate program




The graduate instructional programs emphasize doctoral studies and are dominated by science, technology, engineering, and mathematics fields.[59] The Institute offers graduate degree programs for the Master of Science, Engineer's Degree, Doctor of Philosophy, BS/MS and MD/PhD, with the majority of students in the PhD program.[59] The most popular options are Chemistry, Physics, Biology, Electrical Engineering and Chemical Engineering.[76] Applicants for graduate studies are required to take the GRE[image: External link]. GRE Subject scores are either required or strongly recommended by several options.[83] A joint program between Caltech and the Keck School of Medicine of the University of Southern California[image: External link], and the UCLA David Geffen School of Medicine[image: External link] grants MD/PhD degrees. Students in this program do their preclinical and clinical work at USC[image: External link] or UCLA[image: External link], and their PhD work with any member of the Caltech faculty, including the Biology, Chemistry, and Engineering and Applied Sciences Divisions. The MD degree would be from USC or UCLA and the PhD would be awarded from Caltech.[84][85]

The research facilities at Caltech are available to graduate students, but there are opportunities for students to work in facilities of other universities, research centers as well as private industries.[86] The graduate student to faculty ratio is 4:1.[87]

Approximately 99 percent of doctoral students have full financial support. Financial support for graduate students comes in the form of fellowships, research assistantships, teaching assistantships or a combination of fellowship and assistantship support.[88]

Graduate students are bound by the Honor Code, as are the undergraduates, and the Graduate Honor Council oversees any violations of the code.




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Research




Caltech was elected to the Association of American Universities[image: External link] in 1934 and remains a research university with "very high" research activity, primarily in STEM fields[image: External link].[7][59] Caltech manages research expenditures of $270 million annually,[89] 66th among all universities in the U.S. and 17th among private institutions without medical schools for 2008.[90][91] The largest federal agencies contributing to research are NASA, National Science Foundation[image: External link], Department of Health and Human Services[image: External link], Department of Defense[image: External link], and Department of Energy[image: External link].[92] Caltech received $144 million in federal funding for the physical sciences, $40.8 million for the life sciences, $33.5 million for engineering, $14.4 million for environmental sciences, $7.16 million for computer sciences, and $1.97 million for mathematical sciences in 2008.[93]

The Institute was awarded an all-time high funding of $357 million in 2009.[94] Active funding from the National Science Foundation[image: External link] Directorate of Mathematical and Physical Science (MPS) for Caltech stands at $343 million as of 2011, the highest for any educational institution in the nation, and higher than the total funds allocated to any state except California and New York.[95]

In 2005, Caltech had 739,000 square feet (68,700 m2) dedicated to research: 330,000 square feet (30,700 m2) to physical sciences, 163,000 square feet (15,100 m2) to engineering, and 160,000 square feet (14,900 m2) to biological sciences.[96]

In addition to managing JPL, Caltech also operates the Palomar Observatory[image: External link] in San Diego County[image: External link], the Owens Valley Radio Observatory[image: External link] in Bishop, California[image: External link], the Submillimeter Observatory[image: External link] and W. M. Keck Observatory[image: External link] at the Mauna Kea Observatory[image: External link], the Laser Interferometer Gravitational-Wave Observatory at Livingston, Louisiana[image: External link] and Richland, Washington[image: External link], and Kerckhoff Marine Laboratory[image: External link] in Corona del Mar, California[image: External link].[47] The Institute launched the Kavli Nanoscience Institute at Caltech in 2006,[97] the Keck Institute for Space Studies[image: External link] in 2008, and is also the current home for the Einstein Papers Project[image: External link]. The Spitzer Science Center (SSC), part of the Infrared Processing and Analysis Center[image: External link] located on the Caltech campus, is the data analysis and community support center for NASA's Spitzer Space Telescope[image: External link].

Caltech[image: External link] partnered with UCLA[image: External link] to establish a Joint Center for Translational Medicine (UCLA-Caltech JCTM), which conducts experimental research into clinical applications, including the diagnosis and treatment of diseases such as cancer.

Caltech operates several TCCON[image: External link] stations as part of an international collaborative effort of measuring greenhouse gases globally. One station is on campus.

Undergraduates at Caltech are also encouraged to participate in research. About 80% of the class of 2010 did research through the annual Summer Undergraduate Research Fellowships (SURF)[image: External link] program at least once during their stay, and many continued during the school year.[98] Students write and submit SURF proposals for research projects in collaboration with professors, and about 70 percent of applicants are awarded SURFs. The program is open to both Caltech and non-Caltech undergraduate students. It serves as preparation for graduate school and helps to explain why Caltech has the highest percentage of alumni who go on to receive a PhD of all the major universities.[99]

The licensing and transferring of technology to the commercial sector is managed by the Office of Technology Transfer[image: External link] (OTT). OTT protects and manages the intellectual property developed by faculty members, students, other researchers, and JPL technologists. Caltech receives more invention disclosures per faculty member than any other university in the nation.[100] As of 2008, 1891 patents were granted to Caltech researchers since 1969.[101]
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 Student life
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 House system




Main article: House System at the California Institute of Technology[image: External link]


During the early 20th century, a Caltech committee visited several universities and decided to transform the undergraduate housing system from regular fraternities[image: External link] to a house system[image: External link]. Four south houses (or hovses) were built: Blacker House[image: External link], Dabney House[image: External link], Fleming House[image: External link] and Ricketts House[image: External link]. In the 1960s, three north houses were built: Lloyd House[image: External link], Page House[image: External link], and Ruddock House[image: External link], and during the 1990s, Avery House[image: External link]. The four south houses closed for renovation in 2005 and reopened in 2006. All first year students live in the house system and 95% of undergraduates remain affiliated with a house.[62][102]
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 Athletics




Caltech has athletic teams in baseball, men's and women's basketball, cross country, fencing, men's soccer, swimming and diving, men's and women's tennis, track and field, women's volleyball, and men's and women's water polo.[103] Caltech's mascot is the Beaver, a homage to nature's engineer.[104] Its teams (with the exception of the fencing team) play in the Southern California Intercollegiate Athletic Conference[image: External link], which Caltech co-founded in 1915.[105] The fencing team[106] competes in the NCAA[image: External link]'s Division I[image: External link], facing teams from UCLA[image: External link], USC[image: External link], UCSD[image: External link], and Stanford[image: External link], among others.

On January 6, 2007, the Beavers' men's basketball team snapped a 207-game losing streak to Division III schools, beating Bard College[image: External link] 81–52. It was their first Division III victory since 1996.[107] Until their win over Occidental on February 22, 2011[108] the team had not won a game in conference[image: External link] play since 1985. Ryan Elmquist's free throw with 3.3 seconds in regulation gave the Beavers the victory.[109][110] The documentary film Quantum Hoops[image: External link] concerns the events of the Beavers' 2005–06 season.

On January 13, 2007, the Caltech women's basketball team snapped a 50-game losing streak, defeating the Pomona–Pitzer[image: External link] Sagehens 55–53. The women's program, which entered the SCIAC[image: External link] in 2002, garnered their first conference win. On the bench as honorary coach for the evening was Dr. Robert Grubbs[image: External link], 2005 Nobel laureate in Chemistry.[111] The team went on to beat Whittier College on February 10, for its second SCIAC win, and placed its first member on the All Conference team.[112] The 2006–2007 season is the most successful season in the history of the program.

In 2007, 2008, and 2009, the women's table tennis team (a club team) competed in nationals. The women's Ultimate[image: External link] club team, known as "Snatch", has also been very successful in recent years, ranking 44 of over 200 college teams in the Ultimate Player's Association.[113]

On February 2, 2013, the Caltech baseball team ended a 228-game losing streak, the team's first win in nearly 10 years.[114]

The track and field team plays at the South Athletic Field in Tournament Park[image: External link], the site of the first Rose Bowl Game[image: External link].

The school also sponsored a football team prior to 1976, which played part of its home schedule at the Rose Bowl[image: External link], or, as Caltech students put it, "to the largest number of empty seats in the nation".


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Performing and visual arts




The Caltech/Occidental College[image: External link] Orchestra is a full seventy-piece orchestra composed of students, faculty, and staff at Caltech and nearby Occidental College. The orchestra gives three pairs of concerts annually, at both Caltech and Occidental College. There are also two Caltech Jazz Bands and a Concert Band. For vocal music, Caltech has a mixed voice Glee Club[image: External link] and a smaller Chamber Singer[image: External link] group.[115] The theater program at Caltech is known as TACIT, or Theater Arts at the California Institute of Technology. There are two to three plays organized by TACIT per year, and they were involved in the production of the PHD Movie[image: External link], released in 2011.
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 Student life traditions
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 Annual events




Every Halloween[image: External link], Dabney House conducts the infamous "Millikan pumpkin-drop experiment" from the top of Millikan Library, the highest point on campus. According to tradition, a claim was once made that the shattering of a pumpkin frozen in liquid nitrogen[image: External link] and dropped from a sufficient height would produce a triboluminescent[image: External link] spark. This yearly event involves a crowd of observers, who try to spot the elusive spark. The title of the event is an oblique reference to the famous Millikan oil-drop experiment[image: External link] which measured e, the elemental unit of electrical charge[image: External link].

On Ditch Day, the seniors ditch school, leaving behind elaborately designed tasks and traps at the doors of their rooms to prevent underclassmen from entering. Over the years this has evolved to the point where many seniors spend months designing mechanical, electrical, and software obstacles to confound the underclassmen. Each group of seniors designs a "stack" to be solved by a handful of underclassmen. The faculty have been drawn into the event as well, and cancel all classes on Ditch Day so the underclassmen can participate in what has become a highlight of the academic year.

Another long-standing tradition is the playing of Wagner's "Ride of the Valkyries[image: External link]" at 7:00 each morning during finals week with the largest, loudest speakers available. The playing of that piece is not allowed at any other time (except if one happens to be listening to the entire 14 hours and 5 minutes of The Ring Cycle[image: External link]), and any offender is dragged into the showers to be drenched in cold water fully dressed. The playing of the Ride is such a strong tradition that the music was used during Apollo 17[image: External link] to awaken Astronaut Harrison Schmitt[image: External link], a Caltech alumnus. Unfortunately, the tradition arose at different times in different Houses, so Schmitt did not react as expected. Instead, he just became confused.[citation needed[image: External link]]
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 Pranks




Caltech students have been known for the many pranks[image: External link] (also known as "RFs").[116]

The two most famous in recent history are the changing of the Hollywood Sign[image: External link] to read "Caltech", by judiciously covering up certain parts of the letters, and the changing of the scoreboard to read Caltech 38, MIT 9 during the 1984 Rose Bowl Game[image: External link]. But the most famous of all occurred during the 1961 Rose Bowl Game[image: External link], where Caltech students altered the flip-cards that were raised by the stadium attendees to display "Caltech", and several other "unintended" messages. This event is now referred to as the Great Rose Bowl Hoax[image: External link].

In recent years, pranking has been officially encouraged by Tom Mannion, Caltech's Assistant VP for Student Affairs and Campus Life. "The grand old days of pranking have gone away at Caltech, and that's what we are trying to bring back," reported the Boston Globe.[117]

In December 2011, Caltech students went to New York and pulled a prank on Manhattan's Greenwich Village[image: External link]. The prank involved making The Cube[image: External link] sculpture look like the Aperture Science[image: External link] Weighted Companion Cube from the video game Portal[image: External link].[118]

Caltech pranks have been documented in three Legends of Caltech books, the most recent of which was edited by alumni Autumn Looijen '99 and Mason A. Porter '98 and published in May 2007.
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 Rivalry with MIT




Main article: Caltech–MIT rivalry[image: External link]


In 2005, a group of Caltech students pulled a string of pranks during MIT's Campus Preview Weekend for admitted students. These include covering up the word Massachusetts in the "Massachusetts Institute of Technology" engraving on the main building façade with a banner so that it read "That Other Institute of Technology". A group of MIT hackers[image: External link] responded by altering the banner so that the inscription read "The Only Institute of Technology." Caltech students also passed out T-shirts to MIT's incoming freshman class that had MIT written on the front and "... because not everyone can go to Caltech" along with an image of a palm tree on the back.

MIT retaliated in April 2006, when students posing as the Howe & Ser (Howitzer) Moving Company stole the 130-year-old, 1.7-ton Fleming House cannon and moved it over 3000 miles to their campus in Cambridge, Massachusetts for their 2006 Campus Preview Weekend, repeating a similar prank performed by nearby Harvey Mudd College[image: External link] in 1986. Thirty members of Fleming House traveled to MIT and reclaimed their cannon on April 10, 2006.

On April 13, 2007 (Friday the 13th), a group of students from The California Tech, Caltech's campus newspaper, arrived and distributed fake copies of The Tech, MIT's campus newspaper, while prospective students were visiting for their Campus Preview Weekend. Articles included "MIT Invents the Interweb", "Architects Deem Campus 'Unfortunate'", and "Infinite Corridor Not Actually Infinite".

In December 2009, some Caltech students declared that MIT had been sold and had become the Caltech East campus. A "sold" banner was hung on front of the MIT dome building and a "Welcome to Caltech East: School of the Humanities" banner over the Massachusetts Avenue Entrance. Newspapers and T-shirts were distributed, and door labels and fliers in the infinite corridor were put up in accordance with the "curriculum change."[119][120]

In September 2010, MIT students attempted to put a TARDIS[image: External link], the time machine from the BBC's Doctor Who[image: External link], onto a roof. Caught in midact, the prank was aborted. In January 2011, Caltech students in conjunction with MIT students helped put the TARDIS on top of Baxter.[121] Caltech students then moved the TARDIS to UC Berkeley[image: External link][122] and Stanford[image: External link].[123]

In April 2014, during MIT's Campus Preview Weekend, a group of Caltech students handed out mugs emblazoned with the MIT logo on the front and the words "The Institute of Technology" on the back. When heated, the mugs turn orange, display a palm tree, and read "Caltech The Hotter Institute of Technology." Identical mugs continue to be sold at the Caltech campus store.[124]
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 Honor code




Life in the Caltech community is governed by the honor code[image: External link], which simply states: "No member of the Caltech community shall take unfair advantage of any other member of the Caltech community." This is enforced by a Board of Control, which consists of undergraduate students,[125] and by a similar body at the graduate level, called the Graduate Honor Council.[126]

The honor code aims at promoting an atmosphere of respect and trust that allows Caltech students to enjoy privileges that make for a more relaxed atmosphere. For example, the honor code allows professors to make the majority of exams as take-home, allowing students to take them on their own schedule and in their preferred environment.

Through the late 1990s, the only exception to the honor code, implemented earlier in the decade in response to changes in federal regulations, concerned the sexual harassment policy. Today, there are myriad exceptions to the honor code in the form of new institute policies such as the fire policy, and alcohol policy. Though both policies are presented in the Honor System Handbook given to new members of the Caltech community, some undergraduates regard them as a slight against the honor code and the implicit trust and respect it represents within the community.[127] In recent years, the Student Affairs Office has also become fond of pursuing investigations independently of the Board of Control and Conduct Review Committee, an implicit violation of both the Honor Code and written disciplinary policy that has contributed to further erosion of trust between some parts of the undergraduate community and the administration.[128]
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 People




Main article: List of California Institute of Technology people[image: External link]


As of 2015, Caltech has 34 Nobel laureates[image: External link] to its name. This figure includes 20 alumni, 14 non-alumni professors, and 4 professors who are also alumni (Carl D. Anderson[image: External link], Linus Pauling[image: External link], William A. Fowler[image: External link], and Edward B. Lewis[image: External link]). The number of awards is 35, because Pauling received prizes in both Chemistry[image: External link] and Peace[image: External link]. Seven faculty and alumni have received a Crafoord Prize[image: External link] from the Royal Swedish Academy of Sciences[image: External link], while 58 have been awarded the U.S. National Medal of Science[image: External link], and 13 have received the National Medal of Technology[image: External link].[4] One alumnus, Stanislav Smirnov[image: External link], won the Fields Medal[image: External link] in 2010. Other distinguished researchers have been affiliated with Caltech as postdoctoral scholars (for example, Barbara McClintock[image: External link], James D. Watson[image: External link], Sheldon Glashow[image: External link] and John Gurdon) or visiting professors (for example, Albert Einstein, Stephen Hawking and Edward Witten).
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 Students






	Demographics of Caltech student body (2016–17)



	
	Undergraduate
	Graduate



	White American[image: External link]
	29%
	35%



	Asian American[image: External link]
	42%
	11%



	Underrepresented minority[image: External link]
	16%
	5%



	International[image: External link]
	9%
	46%



	Two or more races / Unknown
	4%
	3%




Caltech enrolled 979 undergraduate students and 1,261 graduate students for the 2016–2017 school year. Women made up 41% of the undergraduate and 29% of the graduate student body.[5] The racial demographics of the school substantially differ from those of the nation as a whole.[129]

The four-year graduation rate is 79% and the six-year rate is 92%,[62] which is low compared to most leading U.S. universities,[130] but substantially higher than it was in the 1960s and 1970s.[131] Students majoring in STEM fields[image: External link] traditionally have graduation rates below 70%.[132]
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 Faculty and staff




Richard Feynman[image: External link] was among the most well-known physicists associated with Caltech, having published the Feynman Lectures on Physics[image: External link], an undergraduate physics text, and a few other popular science texts such as Six Easy Pieces[image: External link] for the general audience. The promotion of physics made him a public figure of science, although his Nobel-winning work in quantum electrodynamics[image: External link] was already very established in the scientific community. Murray Gell-Mann[image: External link], a Nobel-winning physicist, introduced a classification of hadrons[image: External link] and went on to postulate the existence of quarks[image: External link], which is currently accepted as part of the Standard Model[image: External link]. Long-time Caltech President Robert Andrews Millikan[image: External link] was the first to calculate the charge of the electron[image: External link] with his well-known oil-drop experiment[image: External link], while Richard Chace Tolman[image: External link] is remembered for his contributions to cosmology[image: External link] and statistical mechanics[image: External link]. 2004 Nobel Prize in Physics winner H. David Politzer[image: External link] is a current professor at Caltech, as is astrophysicist and author Kip Thorne and eminent mathematician Barry Simon[image: External link]. Linus Pauling[image: External link] pioneered quantum chemistry[image: External link] and molecular biology[image: External link], and went on to discover the nature of the chemical bond in 1939. Seismologist Charles Richter[image: External link], also an alumnus, developed the magnitude scale that bears his name, the Richter magnitude scale[image: External link] for measuring the power of earthquakes. One of the founders of the geochemistry department, Clair Patterson[image: External link] was the first to accurately determine the age of the Earth via lead:uranium ratio in meteorites. In engineering, Theodore von Kármán[image: External link] made many key advances in aerodynamics, notably his work on supersonic[image: External link] and hypersonic[image: External link] airflow characterization. A repeating pattern of swirling vortices[image: External link] is named after him, the von Kármán vortex street[image: External link]. Participants in von Kármán's GALCIT project included Frank Malina[image: External link], who helped develop the WAC Corporal[image: External link] which was the first U.S. rocket to reach the edge of space, Jack Parsons[image: External link], a pioneer in the development of liquid and solid rocket fuels who designed the first castable composite-based rocket motor, and Qian Xuesen[image: External link], who was dubbed the "Father of Chinese Rocketry". More recently, Michael Brown[image: External link], a professor of planetary astronomy, discovered many trans-Neptunian objects[image: External link], most notably the dwarf planet[image: External link] Eris[image: External link], which prompted the International Astronomical Union[image: External link] to redefine the term " planet[image: External link]".

David Baltimore[image: External link], the Robert A. Millikan Professor of Biology, and Alice Huang[image: External link], Senior Faculty Associate in Biology, have served as the President of AAAS[image: External link] from 2007–2008 and 2010–2011 respectively.[133]

33% of the faculty are members of the National Academy of Science[image: External link] or Engineering[image: External link] and/or fellows of the American Academy of Arts and Sciences[image: External link]. This is the highest percentage of any faculty in the country with the exception of the graduate institution Rockefeller University[image: External link].[134]

The average salary for assistant professors at Caltech is $111,300, associate professors $121,300, and full professors $172,800.[135] Caltech faculty are active in applied physics, astronomy and astrophysics, biology, biochemistry, biological engineering, chemical engineering, computer science, geology, mechanical engineering and physics.[136]
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 Alumni




There are 22,930 total living alumni in the U.S. and around the world.[137] Twenty alumni and 14 non-alumni faculty have won the Nobel Prize. The Turing Award[image: External link], the "Nobel Prize of Computer Science", has been awarded to six alumni, and one has won the Fields Medal[image: External link].[138]

Alumni have participated in scientific research. Some have concentrated their studies on the very small universe of atoms and molecules. Nobel laureate[image: External link] Carl D. Anderson[image: External link] (BS 1927, PhD 1930) proved the existence of positrons[image: External link] and muons[image: External link], Nobel laureate Edwin McMillan[image: External link] (BS 1928, MS 1929) synthesized the first transuranium element[image: External link], Nobel laureate Leo James Rainwater[image: External link] (BS 1939) investigated the non-spherical shapes of atomic nuclei, and Nobel laureate Douglas D. Osheroff[image: External link] (BS 1967) studied the superfluid[image: External link] nature of helium-3[image: External link]. Donald Knuth[image: External link] (PhD 1963), the "father" of the analysis of algorithms[image: External link], wrote The Art of Computer Programming[image: External link] and created the TeX[image: External link] computer typesetting system, which is commonly used in the scientific community. Narendra Karmarkar[image: External link] (MS 1979) is known for the interior point method, a polynomial algorithm for linear programming known as Karmarkar's algorithm[image: External link].

Other alumni have turned their gaze to the universe. C. Gordon Fullerton[image: External link] (BS 1957, MS 1958) piloted the third space shuttle[image: External link] mission and orbited the earth in Skylab[image: External link]. Astronaut (and later, United States Senator[image: External link]) Harrison Schmitt[image: External link] (BS 1957) was the only geologist to have ever walked on the surface of the moon.[139] Astronomer Eugene Merle Shoemaker[image: External link] (BS 1947, MS 1948) co-discovered Comet Shoemaker-Levy 9[image: External link] (a comet which crashed into the planet Jupiter[image: External link]) and was the first person buried on the moon (by having his ashes crashed into the moon).[140] Astronomer George O. Abell (BS 1951, MS 1952, PhD 1957) while a grad student at Cal Tech participated in the National Geographic Society-Palomar Sky Survey. This ultimately resulted in the publication of the Abell Catalogue of Clusters of Galaxies, the definitive work in the field.[141]

Undergraduate alumni founded, or co-founded, companies such as LCD[image: External link] manufacturer Varitronix,[142] Hotmail[image: External link],[143] Compaq[image: External link],[144] and MathWorks[image: External link] (which created Matlab[image: External link]),[145] while graduate students founded, or co-founded, companies such as Intel,[146] TRW[image: External link],[147] and the non-profit educational organization, the Exploratorium[image: External link].[148]

Arnold Beckman[image: External link] (PhD 1928) invented the pH meter[image: External link] and commercialized it with the founding of Beckman Instruments[image: External link]. His success with that company enabled him to provide seed funding for William Shockley[image: External link] (BS 1932), who had co-invented semiconductor[image: External link] transistors[image: External link] and wanted to commercialize them. Shockley became the founding Director of the Shockley Semiconductor Laboratory[image: External link] division of Beckman Instruments.[149] Shockley had previously worked at Bell Labs[image: External link], whose first president was another alumnus, Frank Jewett[image: External link] (BS 1898). Because his aging mother lived in Palo Alto, California[image: External link], Shockley established his laboratory near her in Mountain View, California[image: External link].[149][150] Shockley was a co-recipient of the Nobel Prize in physics[image: External link] in 1956, but his aggressive management style and odd personality[151] at the Shockley Lab became unbearable.[152] In late 1957, eight of his researchers resigned and with support from Sherman Fairchild[image: External link] formed Fairchild Semiconductor[image: External link]. Among the "traitorous eight[image: External link]" was Gordon E. Moore[image: External link] (PhD 1954), who later left Fairchild to co-found Intel. Other offspring companies of Fairchild Semiconductor include National Semiconductor[image: External link] and Advanced Micro Devices[image: External link], which in turn spawned more technology companies in the area. Shockley's decision to use silicon[image: External link] – instead of germanium[image: External link] – as the semiconductor[image: External link] material, coupled with the abundance of silicon semiconductor related companies in the area, gave rise to the term "Silicon Valley[image: External link]"[153] to describe that geographic region surrounding Palo Alto.

Caltech alumni also held public offices, with Mustafa A.G. Abushagur[image: External link] (PhD 1984) the Deputy Prime Minister of Libya[image: External link], James Fletcher[image: External link] (PhD 1948) the 4th and 7th Administrator of NASA[image: External link], Steven Koonin[image: External link] (PhD 1972) the Undersecretary of Energy for Science[image: External link], and Regina Dugan[image: External link] (PhD 1993) the 19th director of DARPA[image: External link]. The 20th director for DARPA, Arati Prabhakar[image: External link], is also a Caltech alumna (PhD 1984). Arvind Virmani[image: External link] is a former Chief Economic Adviser to the Government of India[image: External link]. In 2013, President Obama announced the nomination of France Cordova[image: External link] (PhD 1979) as the director of the National Science Foundation[image: External link] and Ellen Williams (PhD 1982) as the director for ARPA-E[image: External link].[154]
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 Presidents





	
James Augustin Brown Scherer[image: External link] (1908–1920) (president of Throop College of Technology before the name change)

	
Robert A. Millikan[image: External link] (1921–1945), experimental physicist, Nobel laureate in physics for 1923 (his official title was "Chairman of the Executive Council")

	
Lee A. DuBridge[image: External link] (1946–1969), experimental physicist (first to officially hold the title of President)

	
Harold Brown[image: External link] (1969–1977), physicist and public servant (left Caltech to serve as United States Secretary of Defense[image: External link] in the administration of Jimmy Carter[image: External link])

	
Robert F. Christy[image: External link] (1977–1978), astrophysicist (acting president)

	
Marvin L. Goldberger[image: External link] (1978–1987), theoretical physicist (left to serve as Director of Institute for Advanced Studies[image: External link])

	
Thomas E. Everhart[image: External link] (1987–1997), experimental physicist

	
David Baltimore[image: External link] (1997–2006), molecular biologist, Nobel laureate in physiology or medicine for 1975

	
Jean-Lou Chameau[image: External link] (2006–2013), civil engineer and educational administrator (left to serve as President of King Abdullah University of Science and Technology[image: External link])

	
Thomas F. Rosenbaum[image: External link] (2014– ), condensed matter physicist and administrator
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 Caltech startups




Over the years Caltech has actively promoted the commercialization of technologies developed within its walls. Through its Office of Technology Transfer & Corporate Partnerships,[156] scientific breakthroughs have led to the transfer of numerous technologies in a wide variety of scientific-related fields such as photovoltaic[image: External link], radio-frequency identification[image: External link] (RFID), semiconductors[image: External link], hyperspectral imaging[image: External link], electronic devices[image: External link], protein[image: External link] design, solid state amplifiers, and many more.[157] Companies such as Contour Energy Systems, Impinj[image: External link], Fulcrum Microsystems, Nanosys, Inc., Photon etc.[image: External link], Xencor, Wavestream Wireless[158] have emerged from Caltech.
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 In media and popular culture




Caltech has appeared in many works of popular culture, both as itself and in disguised form. As with MIT[image: External link], a Caltech reference is often used to establish a character's high level of intelligence or a technical background; for example, in the novel Contact[image: External link] by Carl Sagan[image: External link], Eleanor Arroway holds a Ph.D. in radio astronomy[image: External link] from there. On television, several characters in the sitcom The Big Bang Theory are employed at the Institute. Caltech is also the inspiration, and frequent film location, for the California Institute of Science of Numb3rs[image: External link].[159] On film, the Pacific Tech of The War of the Worlds[image: External link][160] and Real Genius[image: External link][159] is based on Caltech. In nonfiction, two 2007 documentaries examine aspects of Caltech: Curious, its researchers,[161][162] and Quantum Hoops, its men's basketball team.

Given its Los Angeles-area location, the grounds of the Institute are often host to short scenes in movies and television. The Athenaeum dining club[image: External link] appears in the Beverly Hills Cop series[image: External link], The X-Files[image: External link], True Romance[image: External link], and The West Wing[image: External link].[163]
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 See also





	Engineering[image: External link]

	Glossary of engineering[image: External link]

	US-China University Presidents Roundtable[image: External link]
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Perimeter Institute for Theoretical Physics






The Perimeter Institute for Theoretical Physics (PI) is an independent research centre in foundational theoretical physics located in Waterloo[image: External link], Ontario[image: External link], Canada[image: External link]. It was founded in 1999. The Institute's founding and major benefactor is Canadian entrepreneur and philanthropist Mike Lazaridis[image: External link].

In addition to research, Perimeter also provides scientific training and educational outreach activities to the general public. This is done in part through Perimeter’s Educational Outreach team.[2]
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 History




Lazaridis' initial donation of $100 million was announced on October 23, 2000. A subsequent personal donation of $50 million was made on June 4, 2008.[3]

Research operations began in 2001. Along with its research activities, Perimeter Institute operates an international outreach program. It hosts the International Summer School for Young Physicists every summer, which is a physics camp for high school students.

The Ontario budget, announced in March 2006, included a commitment to provide $50 million in funding to PI from the Ministry of Research and Innovation[image: External link].

In May 2008, Dr. Neil Turok, a cosmologist, was appointed as Perimeter Institute's Director replacing Howard Burton[image: External link].[4]

In November 2008, it was announced that physicist Stephen Hawking would take the position of Distinguished Visiting Research Chair, a visiting position, at the Institute.[5][6]
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 Research




Perimeter's research encompasses eight fields:


	Complex systems[image: External link]

	
Cosmology[image: External link] and gravitation[image: External link]


	Particle physics[image: External link]

	
String theory[image: External link] and quantum gravity


	Quantum foundations and quantum information[image: External link]
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 Perimeter Institute Recorded Seminar Archive (PIRSA)




An extensive, up-to-date archive of the Institute's varied research activities is readily available to the public via the internet. The Perimeter Institute Recorded Seminar Archive (PIRSA), is a permanent, free, searchable, and citable archive of recorded seminars, conferences, workshops and outreach events. Seminars with video and timed presentation materials can be accessed on-demand in Windows and Flash formats together with MP3 audio files and PDFs of the supporting materials.
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 Educational Outreach




Perimeter’s Educational Outreach team’s activities include a monthly public lecture series, a two-week summer camp for the world’s top science students, a series of in-class resources, week-long professional development workshops for science teachers, cultural activities with local and international artists, an online archive of educational resources, an extensive network of science teachers to share content across Canada, and many other special events and science festivals contributing to physics outreach[image: External link].[7][8]
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 Public Lectures Series




Perimeter Institute has welcomed a number of very prominent scientists to deliver lectures on a wide variety of subjects.[9] Lecturers have included: Freeman Dyson, Gerard ‘t Hooft[image: External link], Jay Ingram[image: External link], Seth Lloyd[image: External link], Jay Melosh[image: External link], Sir Roger Penrose[image: External link], Michael Peskin[image: External link], Leonard Susskind, Frank Wilczek[image: External link] and Anton Zeilinger.[10]
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 ISSYP




The International Summer School for Young Physicists (ISSYP) brings approximately 40 Canadian and international students aged 16 – 18 to Perimeter for two weeks each year.[11]
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 BrainSTEM: Your Future is Now




This festival connected technological innovations to the scientific breakthroughs that make them possible. The festival, held September 30 to October 6, 2013, featured science-centre styled exhibits, special presentations, public lectures, Science in the Club events and insider-tours of the Perimeter Institute. Webcast Public Lectures featured James Grime, Ray Laflamme and Lucy Hawking.[12]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Quantum to Cosmos: Ideas for the Future festival




Held in October, 2009, the Quantum to Cosmos: Ideas for the Future festival (Q2C Festival) was a science[image: External link] outreach event held in Canada[image: External link]. The festival included events and activities spanning: lectures, panel discussions, pub talks, cultural activities, a PI documentary premiere (The Quantum Tamers: Revealing Our Weird and Wired Future), sci-fi[image: External link] film festival, an art exhibit and the hugely popular Physica Phantastica exhibit centre, a 460-square-metre (5,000 sq ft) space filled with demonstrations, hands-on activities, experiments and an immersive 3D tour of the universe[image: External link] narrated by Stephen Hawking.[13]

The Q2C Festival attracted some 40,000 attendees (including over 6,000 in the secondary school program that brought students from Ontario[image: External link] and New York State[image: External link] and nearly one million viewers – and counting – through online streaming, video-on-demand services and special television broadcasts. Special editions of TVO[image: External link]’s “The Agenda with Steve Paikin[image: External link]”, filmed live in PI’s Atrium in Waterloo[image: External link] attracted hundreds of thousands of viewers from across Canada with just five broadcasts.[14]
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 Training
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 Joint masters-level program




In partnership with the University of Waterloo[image: External link], PI conducts the Perimeter Scholars International (PSI), a master's level course in theoretical physics.[15] The 10-month course was inaugurated in August 2009, and admits 30 scholars per year. Students admitted (on average 8% of all applicants) receive full scholarships and living expenses. The master's degree itself is issued by the University of Waterloo[image: External link].[16][17][18]
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 Doctoral studies




Perimeter Institute for Theoretical Physics also hosts PhD students wishing to pursue full-time graduate studies under the supervision of a PI faculty member. PhD students receive their doctoral degrees from a university partner, such as the University of Waterloo.
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 Courses




Perimeter Institute offers a number of planned courses each year, including cross-listed programs with universities and mini-courses given by PI faculty, associate faculty and visiting researchers. The courses are made available to all students enrolled in surrounding universities. The popular courses are attended by students from University of Waterloo[image: External link], University of Western Ontario[image: External link], McMaster University[image: External link], University of Guelph[image: External link], University of Toronto[image: External link], York University[image: External link], and other centres.
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 Expansion





[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Stephen Hawking Centre at Perimeter Institute




Designed by Teeple Architects[image: External link], a new 5,000 m2 (55,000 sq ft) expansion, the Stephen Hawking Centre at Perimeter Institute, was completed in September 2011.[19] The Stephen Hawking Centre at Perimeter Institute was the first-ever Gold Seal-managed project in Ontario. It attained LEED[image: External link] Silver certification in 2015.[20][21] The Centre's grand opening was in September 2011 and was attended by Stephen Hawking.[22]
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 Past and present researchers





	
Yakir Aharonov – Distinguished Visiting Research Chair; Wolf Prize[image: External link] (1998)

	
Dorit Aharonov[image: External link] – Distinguished Visiting Research Chair

	
Nima Arkani-Hamed – Distinguished Visiting Research Chair; Fundamental Physics Prize (2012)

	
John H. Brodie[image: External link] – Former theoretical physicist for whom the annual John Brodie Memorial Award is named[23]


	
Freddy Cachazo[image: External link] – Faculty Member (superstring theory)

	
Juan Ignacio Cirac[image: External link] – Distinguished Visiting Research Chair; Benjamin Franklin Medal[image: External link] (2010); founding figure in quantum computing

	
David Cory[image: External link] – Associate Faculty Member (quantum information)

	
Georgi Dvali[image: External link] – Distinguished Visiting Research Chair

	
Laurent Freidel[image: External link] – Faculty Member (quantum gravity)

	
Daniel Gottesman[image: External link] – Faculty Member (quantum information)

	
Lucien Hardy[image: External link] - Faculty member (quantum foundations)

	
Stephen Hawking – Distinguished Visiting Research Chair; Fundamental Physics Prize (special) (2012); Copley Medal (2006); Wolf Prize[image: External link] (1988); Dirac Medal and Prize (1987); Maxwell Medal and Prize (1976); Albert Einstein Medal (1979); Albert Einstein Award (1978); Eddington Medal (1975)

	
Patrick Hayden[image: External link] – Distinguished Visiting Research Chair

	
Chris Isham[image: External link] – Distinguished Visiting Research Chair; Paul Dirac Medal and Prize (2011)

	
Leo Kadanoff – Distinguished Visiting Research Chair; Wolf Prize[image: External link] (1980); Lorentz Medal[image: External link] (2006); Boltzmann Medal[image: External link] (1989); Buckley Prize[image: External link] (1977)

	
Raymond Laflamme – Associate Faculty Member (quantum information); founding figure in quantum information theory

	
Renate Loll[image: External link] – Distinguished Visiting Research Chair

	
Fotini Markopoulou-Kalamara[image: External link] – Faculty Member (quantum gravity)

	
John Moffat[image: External link] – Senior Researcher Affiliate(cosmology and gravitation/particle physics)

	
Michele Mosca[image: External link] – Associate Faculty Member (quantum information)

	
Robert Myers[image: External link] – Faculty Member (superstring theory)

	
Malcolm Perry – Distinguished Visiting Research Chair

	
Subir Sachdev[image: External link] – Distinguished Visiting Research Chair

	
Ashoke Sen – Distinguished Visiting Research Chair; Fundamental Physics Prize (2012)

	
Lee Smolin[image: External link] – Faculty Member (quantum gravity); founding figure in loop quantum gravity; Majorana Prize[image: External link] (2007)

	
Rafael Sorkin[image: External link] – Senior Researcher (quantum foundations)

	
Leonard Susskind – Distinguished Visiting Research Chair; Sakurai Prize[image: External link] (1998); founding figure in string theory

	
Neil Turok – Executive Director (cosmology and gravitation); Maxwell Medal and Prize (1992)

	
Bill Unruh[image: External link] – Distinguished Visiting Research Chair; Herzberg Medal[image: External link] (1983)

	
Guifré Vidal[image: External link] – Faculty member (condensed matter)

	
Antony Valentini[image: External link] – Faculty member

	
Xiao-Gang Wen[image: External link] – BMO Newton Chair

	
Mark Wise[image: External link] – Distinguished Research Chair; Sakurai Prize[image: External link] (2001)
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 Notable past and present members of the Scientific Advisory Committee (SAC)






	Abhay Ashtekar[image: External link]

	Ganapathy Baskaran[image: External link]

	Sir Michael Berry


	Brian Greene[image: External link]

	Gerard 't Hooft

	Igor Klebanov[image: External link]

	Renate Loll[image: External link]

	Michael Peskin[image: External link]

	John Preskill

	David Spergel[image: External link]

	Erik Verlinde[image: External link]

	Artur Ekert[image: External link]

	Gerard J. Milburn[image: External link]

	James Hartle[image: External link]

	Chris Isham[image: External link]

	Sir Anthony Leggett[image: External link]


	Sir Roger Penrose


	Joe Polchinski[image: External link]

	Jorge Pullin[image: External link]

	Paul Steinhardt[image: External link]

	Scott Tremaine[image: External link]

	Neil Turok

	Frank Wilczek[image: External link]

	Mark Wise[image: External link]
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 Notable past and present Board Members





	Mike Lazaridis[image: External link]

	Nobel Laureate Arthur B. McDonald


	Joanne Cuthbertson[image: External link]

	Peter Godsoe[image: External link]

	Kevin G. Lynch[image: External link]

	Steven MacLean[image: External link]

	
Michael Serbinis[image: External link][citation needed[image: External link]]
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Alma Mater






For other uses, see Alma mater (disambiguation)[image: External link].

Alma mater ( Latin[image: External link]: alma[image: External link] "nourishing/kind", mater[image: External link] "mother"; pl. [rarely used] almae matres) is an allegorical[image: External link] Latin phrase for a university[image: External link] or college[image: External link]. In modern usage, it is a school or university which an individual has attended, or a song or hymn associated with a school[image: External link].[1] The phrase is variously translated as "nourishing mother", "nursing mother", or "fostering mother", suggesting that a school provides intellectual nourishment to its students.[2] Fine arts will often depict educational institutions using a robed woman as a visual metaphor.

Before its modern usage, Alma mater was an honorific title[image: External link] for various Latin mother goddesses[image: External link], especially Ceres[image: External link] or Cybele[image: External link],[3] and later in Catholicism for the Virgin Mary[image: External link]. It entered academic usage when the University of Bologna[image: External link] adopted the motto "Alma Mater Studiorum" ("nurturing mother of studies"), which describes its heritage as the oldest operating university in the Western world[4]. It is related to alumnus[image: External link], a term used for a university graduate that literally means a "nursling" or "one who is nourished".[5]
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 Etymology




Although alma (nourishing) was a common epithet for Ceres[image: External link], Cybele[image: External link], Venus[image: External link], and other mother goddesses, it was not frequently used in conjunction with mater in classical Latin.[6] In the Oxford Latin Dictionary[image: External link], the phrase is attributed to Lucretius' De rerum natura[image: External link], where it is used as an epithet to describe an earth goddess:



	

Denique caelesti sumus omnes semine oriundi

omnibus ille idem pater est, unde alma liquentis

umoris guttas mater cum terra recepit (2.991–93)




	

We are all sprung from that celestial seed,

all of us have same father, from whom earth,

the nourishing mother, receives drops of liquid moisture








After the fall of Rome[image: External link], the term came into Christian liturgical usage in association with the Virgin Mary[image: External link]. "Alma Redemptoris Mater[image: External link]" is a well-known 11th century antiphon[image: External link] devoted to Mary.[6]

The earliest documented English use of the term to refer to a university is in 1600, when University of Cambridge printer John Legate began using an emblem for the university's press[image: External link].[7][8] The device's first-known appearance is on the title-page of William Perkins[image: External link]' A Golden Chain, where the phrase Alma Mater Cantabrigia ("nourishing mother Cambridge") is inscribed on a pedestal bearing a nude, lactating woman wearing a mural crown[image: External link].[9][10] In English etymological reference works, the first university-related usage is often cited in 1710, when an academic mother-figure is mentioned in a remembrance of Henry More[image: External link] by Richard Ward.[11][12]
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 Special usage




Many historic European universities have adopted Alma Mater as part of the Latin translation of their official name. The University of Bologna[image: External link] Latin name, Alma Mater Studiorum (nourishing mother of studies), refers to its status as the oldest continuously operating university in the world[image: External link]. Other European universities, such as the Alma Mater Lipsiensis[image: External link] in Leipzig, Germany, or Alma Mater Jagiellonica[image: External link], Poland, have similarly used the expression in conjunction with geographical or foundational characteristics. At least one, the Alma Mater Europaea[image: External link] in Salzburg[image: External link], Austria, an international university founded by the European Academy of Sciences and Arts[image: External link] in 2010, uses the term as its official name

In the United States, the College of William & Mary[image: External link] in Williamsburg, Virginia[image: External link], has been called the "Alma Mater of the Nation" because of its ties to the country's founding.[13] At Queen's University[image: External link] in Kingston, Ontario[image: External link], and the University of British Columbia[image: External link] in Vancouver, British Columbia, the main student government is known as the Alma Mater Society.
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 Monuments




The ancient Roman world had many statues of the Alma Mater, some still extant (e.g., at the Palatine Hill[image: External link] in Rome).

Modern sculptures are found in prominent locations on several American university campuses. For example, in the United States: there is a well-known bronze statue of Alma Mater[image: External link] by Daniel Chester French[image: External link] situated on the steps of Columbia University's Low Library[image: External link]; the University of Illinois at Urbana–Champaign[image: External link] also has an Alma Mater[image: External link] statue by Lorado Taft[image: External link]. An altarpiece mural in Yale University's Sterling Memorial Library[image: External link], painted in 1932 by Eugene Savage[image: External link], depicts the Alma Mater as a bearer of light and truth, standing in the midst of the personified arts and sciences.

Outside the United States, there is an Alma Mater sculpture on the steps of the monumental entrance to the Universidad de La Habana[image: External link], in Havana, Cuba. The statue was cast in 1919 by Mario Korbel[image: External link], with Feliciana Villalón Wilson as the inspiration for Alma Mater, and it was installed in its current location in 1927, at the direction of architect Raul Otero.[14]
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University College, Oxford






"Univ" redirects here. For universities in general, see University[image: External link].

University College (in full The Master and Fellows of the College of the Great Hall of the University of Oxford,[3][4] colloquially referred to as "Univ"[5]), is a constituent college[image: External link] of the University of Oxford in England. It has a claim to being the oldest college of the university, having been founded in 1249 by William of Durham[image: External link].

As of 2009, the college had an estimated financial endowment[image: External link] of £109m.[6]

The college is associated with a number of influential people[image: External link]. Notable alumni include Clement Attlee[image: External link], Bill Clinton[image: External link], Neil Gorsuch[image: External link], Stephen Hawking, C. S. Lewis[image: External link], V. S. Naipaul[image: External link] and Percy Bysshe Shelley[image: External link].



TOP



[image: TOC] TOC Next [image: Next chapter] 
 History




A legend arose in the 14th century that the college was founded by King Alfred[image: External link] in 872.[7] However most agree its foundation was in 1249 by William of Durham[image: External link]. He bequeathed money to support ten or twelve Masters of Arts studying Divinity, and a property which became known as Aula Universitatis (University Hall) was bought in 1253.[8] This later date still allows the claim that Univ is the oldest of the Oxford colleges, although this is contested by Balliol College[image: External link] and Merton College[image: External link].[9]

Until the 16th century, it was only open to Fellows studying theology[image: External link]. As Univ grew in size and wealth, its medieval[image: External link] buildings were replaced with the current Main Quadrangle in the 17th Century. Although the foundation stone was placed on 17 April 1634 the disruption of the English Civil War[image: External link] meant it was not completed until sometime in 1676.[3] Radcliffe Quad[image: External link] followed more rapidly by 1719, and the Library was built in 1861.

University College began to accept female undergraduate students in 1979.
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 Buildings




The main entrance to the college is on the High Street[image: External link] and its grounds are bounded by Merton Street[image: External link] and Magpie Lane[image: External link]. The college is divided by Logic Lane[image: External link] which is owned by the college and runs through the centre. The western side of the college is occupied by the library, the hall, the chapel and the two quadrangles which house both student accommodation and college offices. The eastern side of the college is mainly devoted to student accommodation in rooms above the High Street shops, on Merton Street or in the separate Goodhart Building. This building is named after former master of the college Arthur Lehman Goodhart[image: External link].

The college also owns student accommodation on Staverton Road[image: External link] in North Oxford which houses students after their second year.

A specially constructed building in the College, the Shelley Memorial[image: External link], houses a statue by Edward Onslow Ford[image: External link] of the poet Percy Bysshe Shelley[image: External link] — a former member of the college, who was expelled for writing The Necessity of Atheism[image: External link] — depicted lying dead on the Italian seashore.

The college also owns the University College Boathouse[image: External link] (completed in 2007 and designed by Belsize Architects[image: External link])[10] and a sports ground which is located nearby on Abingdon Road[image: External link].
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 Student life
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The Alternative Prospectus is written and produced by current students for prospective applicants. The publication was awarded a HELOA[image: External link] Innovation and Best Practice Award in 2011.[11] The Univ Alternative Prospectus offers student written advice and guidance to potential Oxford applicants. The award recognises the engagement of the college community, unique newspaper format, forward-thinking use of social media and the collaborative working between staff and students.
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 Grace




University has the longest grace[image: External link] of any Oxford (and perhaps Cambridge) college.[citation needed[image: External link]] It is read before every Formal Hall[image: External link], which is held Tuesday, Thursday, and Sunday at Univ. The reading is performed by a Scholar[image: External link] of the College and whoever is sitting at the head of High Table[image: External link] (typically the Master or the most senior Fellow[image: External link] at the table if the Master is not dining). The Scholar does not need to know it by heart, and it is unusual for people to do so.
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 Original version





Gratiarum actio in collegio magnae aulae universitatis quotidie ante mensam dicenda.[12]




SCHOLAR[image: External link] — Benedictus sit Deus in donis suis.

RESPONSE[image: External link] — Et sanctus in omnibus operibus suis.

SCHOLAR — Adiutorium nostrum in Nomine Domini.

RESPONSE — Qui fecit coelum et terram.

SCHOLAR — Sit Nomen Domini benedictum.

RESPONSE — Ab hoc tempore usque in saecula.

SCHOLAR — Domine Deus, Resurrectio et Vita credentium, Qui semper es laudandus tam in viventibus quam in defunctis, gratias Tibi agimus pro omnibus Fundatoribus caeterisque Benefactoribus nostris, quorum beneficiis hic ad pietatem et ad studia literarum alimur: Te rogantes ut nos, hisce Tuis donis ad Tuam gloriam recte utentes, una cum iis ad vitam immortalem perducamur. Per Jesum Christum Dominum nostrum. Amen.


SCHOLAR

—

Deus det vivis gratiam, defunctis requiem: Ecclesiae, Reginae, Regnoque nostro, pacem et concordiam: et nobis peccatoribus vitam aeternam. Amen.
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 English translation





The Grace that must be said every day before dinner in University College.[12]




SCHOLAR — Blessed be God in his gifts.

RESPONSE — And holy in all his works.

SCHOLAR — Our help is in the name of the Lord.

RESPONSE — Who has made heaven and earth.

SCHOLAR — May the name of the Lord be blessed.

RESPONSE — From this time and for evermore.

SCHOLAR — Lord God, the Resurrection and Life of those who believe, You are always to be praised as much among the living as among the departed. We give You thanks for all our founders and our other benefactors, by whose benefactions we are nourished here for piety and for the study of letters. And we ask you that we, rightly using these Your gifts to Your glory, may be brought with them to immortal life. Through Jesus Christ our Lord, Amen.


SCHOLAR

—

May God give grace to the living, rest to the departed; peace and concord to the Church, the Queen and our Kingdom; and to us sinners, eternal life. Amen.
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 People associated with the college




Main articles: List of alumni of University College, Oxford[image: External link] and List of Masters of University College, Oxford[image: External link]
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 Government and politics




Many influential politicians are associated with the college, including the social reformer and author of the Beveridge Report William Beveridge[image: External link] (who was a master of University College) and two UK Prime Ministers: Clement Attlee[image: External link] and Harold Wilson[image: External link] (a Univ fellow[image: External link]). US President Bill Clinton[image: External link] and Prime Minister of Australia, Bob Hawke[image: External link] were also students. Other heads of state to have attended Univ include Edgar Whitehead[image: External link] (Rhodesia), Kofi Abrefa Busia[image: External link] (Ghana), and Festus Mogae[image: External link] (Botswana). Nobel Peace Prize[image: External link] Laureate Robert Cecil[image: External link] studied law at the college, similarly US Supreme Court[image: External link] Associate Justice Neil Gorsuch[image: External link] received a DPhil in law as a Marshall Scholar[image: External link][13], while former NATO[image: External link] Supreme Allied Commander Bernard W. Rogers[image: External link] read Philosophy, Politics and Economics as a Rhodes Scholar[image: External link].[14]
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 Literature and arts




In the arts, people associated with the college include poet Percy Bysshe Shelley[image: External link] (expelled for writing The Necessity of Atheism[image: External link]) for whom there is a memorial in college[image: External link], Poet Laureate Andrew Motion[image: External link], author of the Narnia books C. S. Lewis[image: External link] and a Nobel Prize for Literature winner, Sir V. S. Naipaul[image: External link]. One of the translators of the King James Bible[image: External link], George Abbot[image: External link], was a master of the college. The actors Michael York[image: External link] and Warren Mitchell[image: External link] attended Univ, as well as broadcaster Paul Gambaccini[image: External link].
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 Science and innovation




It was due to the college's lack of a mathematics fellow (this is no longer the case) that Stephen Hawking read a natural sciences degree and ended up specialising in physics.[15] Other former students include John Radcliffe[image: External link] (physician), William Jones[image: External link] (philologist), and Edmund Cartwright[image: External link] (inventor). Rudolph A. Marcus[image: External link], a Canadian-born chemist who received the 1992 Nobel Prize in Chemistry[image: External link], received a Professorial Fellowship at Univ from 1975 to 1976. A perhaps more unusual alumnus is Prince Felix Yusupov[image: External link], the assassin of Rasputin.[16]

Univ has the highest proportion of old members offering financial support to the college of any Oxbridge college with 28% in 2007.[17]
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 Other connections




Although not members of University College, the scientists Robert Boyle[image: External link] (sometimes described as the "first modern chemist") and his assistant (Robert Hooke[image: External link], architect, biologist, discoverer of cells) lived in Deep Hall (then owned by Christ Church[image: External link] and now the site of the Shelley Memorial[image: External link]). The former made a contribution to the completion of University College's current Hall in the mid-17th Century.[3]

Samuel Johnson[image: External link] (author of A Dictionary of the English Language[image: External link] and a member of Pembroke College[image: External link]) was a frequent visitor to the Senior Common Room at University College during the 18th Century).[3]
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 University College Record




The University College Record is the annual magazine sent to alumni[image: External link] of University College each autumn. The magazine provides College news, including clubs and societies such as the University College Players[image: External link] and the Devas Club[image: External link]. News about and obituaries[image: External link] of former students are included at the end of each issue.

Previous editors include Peter Bayley[image: External link], A. D. M. Cox and Leslie Mitchell[image: External link].
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	University College Oxford Boat Club[image: External link]

	
University College Players[image: External link] (college dramatic society)
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Trinity Hall, Cambridge






Not to be confused with Trinity College, Cambridge[image: External link].

Trinity Hall is a constituent college[image: External link] of the University of Cambridge, England. It is the fifth-oldest college of the university, having been founded in 1350 by William Bateman[image: External link], Bishop of Norwich[image: External link].

Historically, Trinity Hall was known for teaching Law; today, it teaches the sciences, arts and humanities. Notable alumni include theoretical physicists Stephen Hawking and Nobel Prize winner David Thouless[image: External link], Australian Prime Minister Stanley Bruce[image: External link], Canadian Governor General David Johnston[image: External link], philosopher Marshall McLuhan[image: External link], and Charles Howard, 1st Earl of Nottingham[image: External link].
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 History




The devastation caused by the Black Death[image: External link] plague of the 1340s caused the loss of nearly half of the English population; Bishop Bateman himself lost nearly 700 of his parish priests, and so his decision to found a college was probably centred on a need to rebuild the priesthood. Thus in the foundation of 1350, Bateman stated that the college's aim was "the promotion of divine worship and of canon[image: External link] and civil science and direction of the commonwealth and especially of our church and diocese of Norwich[image: External link]." This led the college to be particularly strong in legal studies, a tradition that has continued over the centuries.[3]

At first all colleges in Cambridge were known as Halls or Houses (e.g., Pembroke College[image: External link] was called Pembroke Hall) and then later changed their names from Hall to College. However, when Henry VIII[image: External link] founded Trinity College, Cambridge[image: External link] next door, it became clear that Trinity Hall would continue being known as a Hall. This is also why it is incorrect to call it Trinity Hall College, although Trinity Hall college (lower case) is, strictly speaking, accurate. Interestingly a similar situation existed once before in the history of the University, when Henry VI[image: External link] founded King's College (in 1441) despite the existence of King's Hall[image: External link] (founded in 1317). King's Hall was later incorporated in the foundation of Trinity College in 1546.
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 Buildings




The college site on the River Cam[image: External link] was originally obtained from the purchase of a house from John de Crauden to house the monks during their study, and the main court was built in the college's first few decades.

The chapel was licensed in 1352 and built in 1366, in the year that Pope Urban V[image: External link] granted the Master and Fellows permission to celebrate Mass in the college. In 1729, Sir Nathaniel Lloyd[image: External link] redecorated the chapel in what, despite subsequent enlargements, remains an intimate style, forming the smallest of the University's chapels. The painting in the chapel is Maso da San Friano[image: External link]'s Salutation or Visitation, depicting Mary[image: External link]'s visit to Elizabeth[image: External link], mother of John the Baptist[image: External link].

Like the chapel, the Hall of the college was rebuilt by Sir Nathaniel Lloyd[image: External link] and enlarged in the 19th century. It also remains one of the smallest and most intimate halls in the University.

The college library was built in the late sixteenth century, probably during the mastership of Thomas Preston[image: External link] and is now principally used for the storage of manuscripts and rare books. The new Jerwood Library overlooking the river was opened by Lord Howe[image: External link] in 1999.

The college also owns properties in the centre of Cambridge, on Bateman Street and Thompson's Lane, and on its Wychfield Site next to Fitzwilliam College[image: External link].
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 People associated with Trinity Hall
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 Masters




Main article: List of Masters of Trinity Hall, Cambridge[image: External link]


The current Master is the Revd Jeremy Morris[image: External link].[4] He took up the role on 1 October 2014 after Martin Daunton[image: External link] stepped down after ten years in post.[5]
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 Fellows




Further information: Category:Fellows of Trinity Hall, Cambridge[image: External link]
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 Notable alumni




See also: Category:Alumni of Trinity Hall, Cambridge[image: External link]




	
Zafar Ansari[image: External link] – Surrey[image: External link] and England[image: External link] cricketer

	
Thomas Bilney[image: External link] – Protestant reformer and martyr

	
Hans Blix[image: External link] – Former UN Chief Weapons Inspector

	
Stanley Bruce[image: External link] – Prime Minister of Australia[image: External link], 1923–29

	
Richard Boyle[image: External link] – Rower. Bronze medal in 1908 Olympics

	
Edward Carpenter[image: External link] – Socialist poet and homosexual activist

	
John Cockett[image: External link] – Hockey player. Bronze medal in 1952 Olympics

	
William Cooke[image: External link] – Hymn writer

	
Archibald Craig[image: External link] – Fencer. Competed in the 1924 and 1948 Olympics

	
Don Cupitt[image: External link] – Philosopher of Religion and scholar of Christian theology

	
Sir Charles Dilke[image: External link] – Victorian politician

	
Lawrence Doherty[image: External link] – Tennis player, Olympic gold medalist and Wimbledon Champion

	
Reggie Doherty[image: External link] – Tennis player, Olympic gold medalist and Wimbledon Champion

	
Lionel Elvin[image: External link] – educationist

	
Ronald Firbank[image: External link] – novelist

	
Billy Fiske[image: External link] – bobsleigh Olympian and first American fatality of WWII

	
Norman Fowler[image: External link] – Politician

	
Aubrey de Grey[image: External link] – Anti-ageing theorist

	
Frances Harrison[image: External link] – journalist

	
Stephen Hawking – Physicist

	
Robert Herrick[image: External link] – poet

	
Matthew Holness[image: External link] – Perrier Comedy Award[image: External link]-winning creator of Garth Marenghi[image: External link]


	
Andy Hopper[image: External link] – Computer scientist

	
Charles Howard, 1st Earl of Nottingham[image: External link] - admiral

	
Geoffrey Howe[image: External link] – Former MP and Chancellor of the Exchequer

	
Nicholas Hytner[image: External link] – Theatre and film director

	
Magnus Linklater[image: External link] – Journalist

	
Tom James[image: External link] – Rower, double Olympian and Olympic Gold medallist

	
Greville Janner[image: External link] – Politician accused of child sexual abuse

	
David Johnston[image: External link] – The Governor General of Canada

	
Harold Kitching[image: External link] – Rower. Bronze medal in 1908 Olympics

	
Donald Maclean[image: External link] – Soviet spy

	
Andrew Marr[image: External link] – Political journalist and broadcaster

	
Adam Mars-Jones[image: External link] – British novelist and critic

	
Brett Mason[image: External link] - Australian Senator

	
Alfred Maudslay[image: External link] – Archaeologist, explorer, and diplomat

	
Alan Nunn May[image: External link] – Physicist and Soviet spy

	
Reginald McKenna[image: External link] – Chancellor of the Exchequer during World War I

	
Marshall McLuhan[image: External link] – Media theorist

	
Sir John Meyrick[image: External link] – Rower. Silver medal in 1948 Olympics

	
Peter Millett, Baron Millett[image: External link] – Law Lord

	
John Monckton, 1st Viscount Galway[image: External link] – politician

	
Khwaja Nazimuddin[image: External link] – Pakistan's second Prime Minister

	
Donald Nicholls, Baron Nicholls of Birkenhead[image: External link] – Law Lord

	
David Oliver[image: External link] - Geriatrician, President of the British Geriatrics Society[image: External link]


	
Michael Peppiatt[image: External link] – Art historian

	
Emma Pooley[image: External link] – Olympic silver medalist

	
Alistair Potts[image: External link] – British World Champion coxswain

	
J.B. Priestley[image: External link] – Writer

	
William Barnard Rhodes-Moorhouse[image: External link] – First airman to be awarded the Victoria Cross[image: External link]


	
Abigail Rokison[image: External link] – Shakespeare academic

	
David Sheppard[image: External link] – Bishop and cricketer

	
John Silkin[image: External link] – Former Government minister

	
Samuel Silkin[image: External link], Baron Silkin of Dulwich, of North Leigh in the County of Oxfordshire – former MP and Attorney-General

	
William Smith[image: External link] – Hockey player. Gold medal in 1920 Olympics

	
Tony Slattery[image: External link] – Perrier Comedy Award[image: External link]-winning comedian

	
Douglas Stuart[image: External link] – Rower. Bronze medal in 1908 Olympics

	
Leslie Stephen[image: External link] – Victorian writer and critic

	
Sidney Earnest Swann[image: External link] – Rower, gold medalist in 1912 Olympics

	
Sir Cyril Taylor[image: External link] - Businessman and social entrepreneur

	
John Taylor[image: External link] – Hockey player. Bronze medal in 1952 Olympics

	
John Thomas, Baron Thomas of Cwmgiedd[image: External link] - Lord Chief Justice of England and Wales

	
David J. Thouless, theoretical physicist, Nobel Prize[image: External link] and Wolf Prize winner

	
Nicholas Tomalin[image: External link] – Journalist and reporter

	
Mark Tully[image: External link] – BBC radio broadcaster

	
Edmund de Waal[image: External link] – Ceramic artist and author

	
Terry Waite[image: External link] – Fellow Commoner of Trinity Hall

	
Rachel Weisz[image: External link] – Academy Award[image: External link]-winning actress

	
Sophie Winkleman[image: External link] – Actress

	
John Wodehouse, 3rd Earl of Kimberley[image: External link] – Polo player, Olympics gold medalist
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	June Event[image: External link]

	Trinity Hall Boat Club[image: External link]
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Thesis






For other uses, see Thesis (disambiguation)[image: External link].

"Dissertation" redirects here. For the novel, see The Dissertation[image: External link].

A thesis or dissertation[1] is a document submitted in support of candidature for an academic degree[image: External link] or professional qualification presenting the author's research and findings.[2] In some contexts, the word "thesis" or a cognate is used for part of a bachelor's[image: External link] or master's[image: External link] course, while "dissertation" is normally applied to a doctorate, while in other contexts, the reverse is true.[3] The term graduate thesis is sometimes used to refer to both master's theses and doctoral dissertations.[4]

The required complexity or quality of research of a thesis or dissertation can vary by country, university, or program, and the required minimum study period may thus vary significantly in duration.

The word dissertation can at times be used to describe a treatise[image: External link] without relation to obtaining an academic degree. The term thesis is also used to refer to the general claim of an essay or similar work.



TOP
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The term "thesis" comes from the Greek θέσις, meaning "something put forth", and refers to an intellectual proposition[image: External link]. "Dissertation" comes from the Latin[image: External link] dissertātiō, meaning "path".
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A thesis (or dissertation) may be arranged as a thesis by publication[image: External link] or a monograph[image: External link], with or without appended papers, respectively, though many graduate programs allow candidates to submit a curated collection of published papers. An ordinary monograph has a title page[image: External link], an abstract[image: External link], a table of contents[image: External link], comprising the various chapters (e.g., introduction, literature review, methodology, results, discussion), and a bibliography[image: External link] or (more usually) a references section. They differ in their structure in accordance with the many different areas of study (arts, humanities, social sciences, technology, sciences, etc.) and the differences between them. In a thesis by publication, the chapters constitute an introductory and comprehensive review of the appended published and unpublished article documents.[5] Dissertations normally report on a research project or study, or an extended analysis of a topic. The structure of a thesis or dissertation explains the purpose, the previous research literature which impinges on the topic of the study, the methods used and the findings of the project. Most world universities use a multiple chapter format : a) an introduction, which introduces the research topic, the methodology, as well as its scope and significance; b) a literature review, reviewing relevant literature and showing how this has informed the research issue; c) a methodology chapter, explaining how the research has been designed and why the research methods/population/data collection and analysis being used have been chosen; d) a findings chapter, outlining the findings of the research itself; e) an analysis and discussion chapter, analysing the findings and discussing them in the context of the literature review (this chapter is often divided into two—analysis and discussion); f) a conclusion.[6][7]
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 Style




Degree-awarding institutions often define their own house style[image: External link] that candidates have to follow when preparing a thesis document. In addition to institution-specific house styles, there exist a number of field-specific, national, and international standards and recommendations for the presentation of theses, for instance ISO 7144.[2] Other applicable international standards include ISO 2145[image: External link] on section numbers, ISO 690[image: External link] on bibliographic references, and ISO 31[image: External link] on quantities or units.

Some older house styles specify that front matter[image: External link] (title page, abstract, table of content, etc.) uses a separate page number sequence from the main text, using Roman numerals[image: External link]. The relevant international standard[2] and many newer style guides recognize that this book design[image: External link] practice can cause confusion where electronic document viewers number all pages of a document continuously from the first page, independent of any printed page numbers. They, therefore, avoid the traditional separate number sequence for front matter and require a single sequence of Arabic numerals[image: External link] starting with 1 for the first printed page (the recto[image: External link] of the title page).

Presentation requirements, including pagination, layout, type and color of paper, use of acid-free paper[image: External link] (where a copy of the dissertation will become a permanent part of the library collection), paper size[image: External link], order of components, and citation style, will be checked page by page by the accepting officer before the thesis is accepted and a receipt is issued.

However, strict standards are not always required. Most Italian universities, for example, have only general requirements on the character size and the page formatting, and leave much freedom for the actual typographic details.[8]
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A thesis or dissertation committee is a committee that supervises a student's dissertation [9]. These committees, at least in the US model, usually consist of a primary supervisor or advisor and two or more committee members, who supervise the progress of the dissertation and may also act as the examining committee, or jury, at the oral examination of the thesis (see below).

At most universities, the committee is chosen by the student in conjunction with his or her primary adviser, usually after completion of the comprehensive examinations[image: External link] or prospectus meeting, and may consist of members of the comps committee. The committee members are doctors in their field (whether a PhD or other designation) and have the task of reading the dissertation, making suggestions for changes and improvements, and sitting in on the defense. Sometimes, at least one member of the committee must be a professor in a department that is different from that of the student.
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In the Latin American docta[image: External link], the academic dissertation can be referred to as different stages inside the academic program that the student is seeking to achieve into a recognized Argentine University[image: External link], in all the cases the students must develop original contribution in the chosen fields by means of several paper work and essays that comprehend the body of the thesis.[10] Correspondingly to the academic degree, the last phase of an academic thesis is called in Spanish a defensa de grado, defensa magistral or defensa doctoral in cases in which the university candidate is finalizing his or her licentiate[image: External link], master's[image: External link], or PhD program[image: External link]. According to a committee resolution, the dissertation can be approved or rejected by an academic committee consisting of the thesis director, the thesis coordinator, and at least one evaluator from another recognized university in which the student is pursuing his or her academic program. All the dissertation referees must already have achieved at least the academic degree that the candidate is trying to reach.[11]
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 Canada




At English-speaking Canadian universities[image: External link], writings presented in fulfillment of undergraduate[image: External link] coursework requirements are normally called papers, term papers or essays. A longer paper or essay presented for completion of a 4-year bachelor's degree is sometimes called a major paper. High-quality research papers presented as the empirical study of a "postgraduate" consecutive bachelor with Honours or Baccalaureatus Cum Honore degree are called thesis (Honours Seminar Thesis). Major papers presented as the final project for a master's degree are normally called thesis; and major papers presenting the student's research towards a doctoral degree[image: External link] are called theses or dissertations.

At Canadian universities under the French influenced system,[12] students may have a choice between presenting a "mémoire"', which is a shorter synthetic work (roughly 75 pages) and a thèse which is one hundred pages or more.[citation needed[image: External link]] A synthetic monograph associated with doctoral work is referred to as a "thèse". See also compilation thesis[image: External link]. Either work can be awarded a "mention d'honneur" (excellence) as a result of the decision by the examination committee, although these are rare.

A typical undergraduate paper or essay might be forty pages. Master's theses are approximately one hundred pages. PhD theses are usually over two hundred pages. This may vary greatly by discipline, program, college, or university. However, normally the required minimum study period is primarily depending on the complexity or quality of research requirements.

Theses Canada acquires and preserves a comprehensive collection of Canadian theses at Library and Archives Canada[image: External link]' (LAC) through partnership with Canadian universities who participate in the program.[13]
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At most university faculties[image: External link] in Croatia, a degree is obtained by defending a thesis after having passed all the classes specified in the degree programme. In the Bologna[image: External link] system, the bachelor's thesis, called završni rad (literally "final work" or "concluding work") is usually defended after 3 years of study and is about 30 pages long. Most students with bachelor's degrees continue onto master's programmes which end with a thesis called diplomski rad. The term dissertation is used for a doctoral degree paper (doktorska disertacija).
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 Czech Republic




In the Czech Republic, higher education is completed by passing all classes remaining to the educational compendium for given degree and defending a thesis. For bachelors[image: External link] programme the thesis is called bakalářská práce (bachelors thesis), for master's degrees and also doctor of medicine or dentistry degrees it is the diplomová práce (master's thesis), and for Philosophiae doctor (PhD.) degree it is dissertation dizertační práce. Thesis for so called Higher-Professional School (Vyšší odborná škola, VOŠ) is called absolventská práce.
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The following types of thesis are used in Finland (names in Finnish/Swedish):


	
Kandidaatintutkielma/kandidatavhandling is the dissertation associated with lower-level academic degrees (bachelor's degree[image: External link]), and at universities of applied science[image: External link].

	
Pro gradu(-tutkielma)/(avhandling )pro gradu, colloquially referred to simply as 'gradu', is the dissertation for master's degrees[image: External link], which make up the majority of degrees conferred in Finland, and this is therefore the most common type of thesis submitted in the country. The equivalent for engineering and architecture students is diplomityö/diplomarbete.

	The highest-level theses are called lisensiaatintutkielma/licentiatavhandling and (tohtorin)väitöskirja/doktorsavhandling, for licentiate[image: External link] and doctoral[image: External link] degrees, respectively.
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 France




In France, the academic dissertation or thesis is called a thèse and it is reserved for the final work of doctoral candidates. The minimum page length is generally (and not formally) 100 pages (or about 400,000 characters), but is usually several times longer (except for technical theses and for "exact sciences" such as physics and maths).

To complete a master's degree in research, a student is required to write a mémoire[image: External link], the French equivalent of a master's thesis in other higher education systems.

The word dissertation in French is reserved for shorter (1,000–2,000 words), more generic academic treatises.

The defense is called a soutenance.
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In Germany, an academic thesis is called Abschlussarbeit or, more specifically, the basic name of the degree complemented by -arbeit (e.g., Diplomarbeit, Masterarbeit, Doktorarbeit). For bachelor's and master's degrees, the name can alternatively be complemented by -thesis instead (e.g., Bachelorthesis).

Length is often given in page count and depends upon departments, faculties, and fields of study. A bachelor's thesis is often 40–60 pages long, a diploma thesis and a master's thesis usually 60–100. The required submission for a doctorate is called a Dissertation or Doktorarbeit. The submission for a Habilitation[image: External link], which is an academic qualification, not an academic degree, is called Habilitationsschrift, not Habilitationsarbeit. PhD by publication is becoming increasingly common in many fields of study[citation needed[image: External link]].

A doctoral degree is often earned with multiple levels of a Latin honors[image: External link] remark for the thesis ranging from summa cum laude (best) to rite (duly). A thesis can also be rejected with a Latin remark (non-rite, non-sufficit or worst as sub omni canone). Bachelor's and master's theses receive numerical grades[image: External link] from 1.0 (best) to 5.0 (failed).
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In India the thesis defense is called a viva voce ( Latin[image: External link] for "by live voice") examination (viva in short). Involved in the viva are two examiners and the candidate. One examiner is an academic from the candidate's own university department (but not one of the candidate's supervisors) and the other is an external examiner[image: External link] from a different university.[14]

In India, PG Qualifications such as MSc Physics accompanies submission of dissertation in Part I and submission of a Project (a working model of an innovation) in Part II. Engineering qualifications such as Diploma, BTech or B.E., MTech or M.Des also involves submission of dissertation. In all the cases, the dissertation can be extended for summer internship at certain research and development[image: External link] organizations or also as PhD synopsis.
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In Indonesia, the term thesis is used specifically to refer to master's theses. The undergraduate thesis is called skripsi, while the doctoral dissertation is called disertasi. In general, those three terms are usually called as tugas akhir (final assignment), which is mandatory for the completion of a degree. Undergraduate students usually begin to write their final assignment in their third, fourth or fifth enrollment year, depends on the requirements of their respective disciplines and universities. In some universities, students are required to write a proposal skripsi, proposal thesis or thesis proposal before they could write their final assignment. If the thesis proposal is considered to fulfill the qualification by the academic examiners, students then may proceed to write their final assignment.
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In Italy there are normally three types of thesis. In order of complexity: one for the Laurea (equivalent to the UK Bachelor's Degree), another one for the Laurea Magistrale (equivalent to the UK Master's Degree) and then a thesis to complete the Dottorato di Ricerca (PhD). Thesis requirements vary greatly between degrees and disciplines, ranging from as low as 3–4 ECTS credits to more than 30. Thesis work is mandatory for the completion of a degree.
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 Malaysia




Malaysian universities often follow the British model for dissertations and degrees. However, a few universities follow the United States model for theses and dissertations. Some public universities have both British and US style PhD programmes. Branch campuses of British, Australian and Middle East universities in Malaysia use the respective models of the home campuses.
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In Pakistan, at undergraduate level the thesis is usually called final year project, as it is completed in the senior year of the degree, the name project usually implies that the work carried out is less extensive than a thesis and bears lesser credit hours too. The undergraduate level project is presented through an elaborate written report and a presentation to the advisor, a board of faculty members and students. At graduate level however, i.e. in MS, some universities allow students to accomplish a project of 6 credits or a thesis of 9 credits, at least one publication [citation needed[image: External link]] is normally considered enough for the awarding of the degree with project and is considered mandatory for the awarding of a degree with thesis. A written report and a public thesis defense is mandatory, in the presence of a board of senior researchers, consisting of members from an outside organization or a university. A PhD candidate is supposed to accomplish extensive research work to fulfill the dissertation requirements with international publications being a mandatory requirement. The defense of the research work is done publicly.
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In the Philippines, an academic thesis is named by the degree, such as bachelor/undergraduate thesis or masteral thesis. However, in Philippine English[image: External link], the term doctorate is typically replaced with doctoral (as in the case of "doctoral dissertation"), though in official documentation the former is still used. The terms thesis and dissertation are commonly used interchangeably in everyday language yet it generally understood that a thesis refers to bachelor/undergraduate and master academic work while a dissertation is named for doctorate work.

The Philippine system is influenced by American collegiate system, in that it requires a research project to be submitted before being allowed to write a thesis. This is mostly given as a prerequisite writing course to the actual thesis and is accomplished in the term period before; supervision is provided by one professor assigned to a class. This is later to be presented in front of an academic panel, often the entire faculty of an academic department, with their recommendations contributing to the acceptance, revision, or rejection of the initial topic. In addition, the presentation of the research project will help the candidate choose their primary thesis adviser.

An undergraduate thesis is completed in the final year of the degree alongside existing seminar (lecture) or laboratory courses, and is often divided into two presentations: proposal and thesis presentations (though this varies across universities), whereas a master thesis or doctorate dissertation is accomplished in the last term alone and is defended once. In most universities, a thesis is required for the bestowment of a degree to a candidate alongside a number of units earned throughout their academic period of stay, though for practice and skills-based degrees a practicum and a written report can be achieved instead. The examination board often consists of 3 to 5 examiners, often professors in a university (with a Masters or PhD degree) depending on the university's examination rules. Required word length, complexity, and contribution to scholarship varies widely across universities in the country.
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In Poland, a bachelor's degree usually requires a praca licencjacka (bachelor's thesis) or the similar level degree in engineering requires a praca inżynierska (engineer's thesis/bachelor's thesis), the master's degree requires a praca magisterska (master's thesis). The academic dissertation for a PhD is called a dysertacja or praca doktorska. The submission for the Habilitation[image: External link] is called praca habilitacyjna" or dysertacja habilitacyjna". Thus the term dysertacja is reserved for PhD and Habilitation degrees. All the theses need to be "defended" by the author during a special examination for the given degree. Examinations for PhD and Habilitation degrees are public.
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In Portugal and Brazil, a dissertation (dissertação) is required for completion of a master or PhD degree. The defense is done in a public presentation in which teachers, students, and the general public can participate. For the PhD a thesis (tese) is presented for defense in a public exam. The exam typically extends over 3 hours. The examination board typically involves 5 to 6 scholars (including the advisor) or other experts with a PhD degree (generally at least half of them must be external to the university where the candidate defends the thesis, but may depend on the University). Each university / faculty defines the length of these documents, but typical numbers of pages are around 60–80 for MSc and 150–250 for PhD.
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 Russia, Kazakhstan, Belarus, Ukraine




In Russia, Kazakhstan, Belarus, and Ukraine an academic dissertation or thesis is called what can be literally translated as a "master's degree work" (thesis), whereas the word dissertation is reserved for doctoral theses (Candidate of Sciences[image: External link]). To complete a master's degree, a student is required to write a thesis and to then defend the work publicly. Length of this manuscript usually is given in page count and depends upon educational institution, its departments, faculties, and fields of study[citation needed[image: External link]]
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At universities in Slovenia, an academic thesis called diploma thesis is a prerequisite for completing undergraduate studies. The thesis used to be 40–60 pages long, but has been reduced to 20–30 pages in new Bologna process[image: External link] programmes. To complete Master's studies, a candidate must write magistrsko delo (Master's thesis) that is longer and more detailed than the undergraduate thesis. The required submission for the doctorate is called doktorska disertacija (doctoral dissertation). In pre Bologna programmes students were able to skip the preparation and presentation of a Master's thesis and continue straightforward towards doctorate.
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In Slovakia, higher education is completed by defending a thesis, which is called bachelors thesis "bakalárska práca" for bachelors programme, master's thesis or "diplomová práca" for master's degrees and also doctor of medicine or dentistry degrees and dissertation "dizertačná práca" for Philosophiae doctor (PhD.) degree.
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 Sweden




In Sweden, there are different types of theses. Practices and definitions vary between fields but commonly include the C thesis/Bachelor thesis, which corresponds to 15 HP or 10 weeks of independent studies, D thesis/'/ Magister[image: External link]/one year master's thesis, which corresponds to 15 HP or 10 weeks of independent studies and E Thesis/two-year master's thesis, which corresponds to 30 HP or 20 weeks of independent studies. After that there are two types of post graduate degrees, Licentiate dissertation and PhD dissertation. A licentiate degree is approximately "half a PhD" in terms of size and scope of the thesis. Swedish PhD studies should in theory last for four years, including course work and thesis work, but as many PhD students also teach, the PhD often takes longer to complete.
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Outside the academic community, the terms thesis and dissertation are interchangeable. At universities in the United Kingdom, the term thesis is usually associated with PhD/ EngD[image: External link] ( doctoral[image: External link]) and research master's degrees, while dissertation is the more common term for a substantial project submitted as part of a taught master's degree or an undergraduate degree[image: External link] (e.g. BA[image: External link], BSc, BMus[image: External link], BEd, BEng[image: External link] etc.).

Thesis word lengths may differ by faculty/department and are set by individual universities.

A wide range of supervisory arrangements can be found in the British academy, from single supervisors (more usual for undergraduate and Masters level work) to supervisory teams of up to three supervisors. In teams, there will often be a Director of Studies, usually someone with broader experience (perhaps having passed some threshold of successful supervisions). The Director may be involved with regular supervision along with the other supervisors, or may have more of an oversight role, with the other supervisors taking on the more day-to-day responsibilities of supervision.
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In some U.S. doctoral programs, the "dissertation" can take up the major part of the student's total time spent (along with two or three years of classes), and may take years of full-time work to complete. At most universities, dissertation is the term for the required submission for the doctorate, and thesis refers only to the master's degree requirement.

Thesis is also used to describe a cumulative project for a bachelor's degree, and is more common at selective colleges and universities, or for those seeking admittance to graduate school or to obtain an honors[image: External link] academic designation. These are called "senior projects" or "senior theses;" they are generally done in the senior year near graduation after having completed other courses, the independent study period, and the internship or student teaching period (the completion of most of the requirements before the writing of the paper ensures adequate knowledge and aptitude for the challenge). Unlike a dissertation or master's thesis, they are not as long, they do not require a novel contribution to knowledge, or even a very narrow focus on a set subtopic. Like them, they can be lengthy and require months of work, they require supervision by at least one professor adviser, they must be focused on a certain area of knowledge, and they must use an appreciable amount of scholarly citations. They may or may not be defended before a committee, but usually are not; there is generally no preceding examination before the writing of the paper, except for at very few colleges. Because of the nature of the graduate thesis or dissertation having to be more narrow and more novel, the result of original research, these usually have a smaller proportion of the work that is cited from other sources, though the fact that they are lengthier may mean they still have total citations.

Specific undergraduate courses, especially writing-intensive courses or courses taken by upperclassmen, may also require one or more extensive written assignments referred to variously as theses, essays, or papers. Increasingly, high schools are requiring students to complete a senior project or senior thesis on a chosen topic during the final year as a prerequisite for graduation.[15] The extended essay[image: External link] component of the International Baccalaureate Diploma Programme[image: External link], offered in a growing number of American high schools, is another example of this trend.

Generally speaking, a dissertation is judged as to whether or not it makes an original and unique contribution to scholarship. Lesser projects (a master's thesis, for example) are judged by whether or not they demonstrate mastery of available scholarship in the presentation of an idea.[ dubious[image: External link] – discuss[image: External link]]

The required complexity or quality of research of a thesis may vary significantly among universities or programs.
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One of the requirements for certain advanced degrees is often an oral examination (a.k.a. viva voce examination or just viva). This examination normally occurs after the dissertation is finished but before it is submitted to the university, and may comprise a presentation by the student and questions posed by an examining committee or jury. In North America, an initial oral examination in the field of specialization may take place just before the student settles down to work on the dissertation. An additional oral exam may take place after the dissertation is completed and is known as a thesis or dissertation "defense," which at some universities may be a mere formality and at others may result in the student being required to make significant revisions. In the UK and certain other English-speaking countries, an oral examination is called a viva voce.
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 Examination results




The result of the examination may be given immediately following deliberation by the examiners (in which case the candidate may immediately be considered to have received his or her degree), or at a later date, in which case the examiners may prepare a defense report that is forwarded to a Board or Committee of Postgraduate Studies, which then officially recommends the candidate for the degree.

Potential decisions (or "verdicts") include:


	Accepted/pass with no corrections.




	The thesis is accepted as presented. A grade may be awarded, though in many countries PhDs are not graded at all, and in others only one of the theoretically possible grades (the highest) is ever used in practice.[16]





	The thesis must be revised.




	Revisions (for example, correction of numerous grammatical or spelling errors; clarification of concepts or methodology; addition of sections) are required. One or more members of the jury or the thesis supervisor will make the decision on the acceptability of revisions and provide written confirmation that they have been satisfactorily completed. If, as is often the case, the needed revisions are relatively modest, the examiners may all sign the thesis with the verbal understanding that the candidate will review the revised thesis with his or her supervisor before submitting the completed version.




	Extensive revision required.




	The thesis must be revised extensively and undergo the evaluation and defense process again from the beginning with the same examiners. Problems may include theoretical or methodological issues. A candidate who is not recommended for the degree after the second defense must normally withdraw from the program.




	Unacceptable.




	The thesis is unacceptable and the candidate must withdraw from the program.




	This verdict is given only when the thesis requires major revisions and when the examination makes it clear that the candidate is incapable of making such revisions.



At most North American institutions the latter two verdicts are extremely rare, for two reasons. First, to obtain the status of doctoral candidates, graduate students typically write a qualifying examination or comprehensive examination, which often includes an oral defense. Students who pass the qualifying examination are deemed capable of completing scholarly work independently and are allowed to proceed with working on a dissertation. Second, since the thesis supervisor (and the other members of the advisory committee) will normally have reviewed the thesis extensively before recommending the student proceed to the defense, such an outcome would be regarded as a major failure not only on the part of the candidate but also by the candidate's supervisor (who should have recognized the substandard quality of the dissertation long before the defense was allowed to take place). It is also fairly rare for a thesis to be accepted without any revisions; the most common outcome of a defense is for the examiners to specify minor revisions (which the candidate typically completes in a few days or weeks).

On the other hand, at universities on the British pattern it is not uncommon for theses to be failed at the viva stage,[citation needed[image: External link]] in which case either a major rewrite is required, followed by a new viva, or the thesis may be awarded the lesser degree of M.Phil (Master of Philosophy[image: External link]) instead, preventing the candidate from resubmitting the thesis.
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In Australia, doctoral theses are usually examined by three examiners although some, like the Australian Catholic University and the University of New South Wales, have shifted to using only two examiners; without a live defense except in extremely rare exceptions. In the case of a master's degree by research the thesis is usually examined by only two examiners. Typically one of these examiners will be from within the candidate's own department; the other(s) will usually be from other universities and often from overseas. Following submission of the thesis, copies are sent by mail to examiners and then reports sent back to the institution.

Similar to a master's degree by research thesis, a thesis for the research component of a master's degree by coursework is also usually examined by two examiners, one from the candidate's department and one from another university. For an Honours year, which is a fourth year in addition to the usual three-year bachelor's degree, the thesis is also examined by two examiners, though both are usually from the candidate's own department. Honours and Master's by coursework theses do not require an oral defense before they are accepted.


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Germany




In Germany, a thesis is usually examined with an oral examination. This applies to almost all Diplom[image: External link], Magister[image: External link], master's and doctoral degrees as well as to most bachelor's degrees. However, a process that allows for revisions of the thesis is usually only implemented for doctoral degrees.

There are several different kinds of oral examinations used in practice. The Disputation, also called Verteidigung ("defense"), is usually public (at least to members of the university) and is focused on the topic of the thesis. In contrast, the Rigorosum is not held in public and also encompasses fields in addition to the topic of the thesis. The Rigorosum is only common for doctoral degrees. Another term for an oral examination is Kolloquium, which generally refers to a usually public scientific discussion and is often used synonymously with Verteidigung.

In each case, what exactly is expected differs between universities and between faculties. Some universities also demand a combination of several of these forms.
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Like the British model, the PHD or MPhil student is required to submit their theses or dissertation for examination by two or three examiners. The first examiner is from the university concerned, the second examiner is from another local university and the third examiner is from a suitable foreign university (usually from Commonwealth countries). The choice of examiners must be approved by the university senate. In some public universities, a PhD or MPhil candidate may also have to show a number publications in peer reviewed academic journals as part of the requirement. An oral viva is conducted after the examiners have submitted their reports to the university. The oral viva session is attended by the Oral Viva chairman, a rapporteur with a PhD qualification, the first examiner, the second examiner and sometimes the third examiner.

Branch campuses of British, Australian and Middle East universities in Malaysia use the respective models of the home campuses to examine their PhD or MPhil candidates.
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 Philippines




In the Philippines, a thesis is followed by an oral defense. In most universities, this applies to all bachelor, master, and doctorate degrees. However, the oral defense is held in once per semester (usually in the middle or by the end) with a presentation of revisions (so-called "plenary presentation") at the end of each semester. The oral defense is typically not held in public for bachelor and master oral defenses, however a colloquium is held for doctorate degrees.
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 Portugal




In Portugal, a thesis is examined with an oral defense, which includes an initial presentation by the candidate followed by an extensive questioning/answering period. Typical duration for the total exam is 1 hour 30 minutes for the MSc and 3 hours for the PhD.
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 North America




In North America, the thesis defense or oral defense is the final examination for doctoral[image: External link] candidates, and sometimes for master's[image: External link] candidates.

The examining committee normally consists of the thesis committee, usually a given number of professors mainly from the student's university plus his or her primary supervisor, an external examiner[image: External link] (someone not otherwise connected to the university), and a chair person. Each committee member will have been given a completed copy of the dissertation prior to the defense, and will come prepared to ask questions about the thesis itself and the subject matter. In many schools, master's thesis defenses are restricted to the examinee and the examiners, but doctoral defenses are open to the public.

The typical format will see the candidate giving a short (20–40-minute) presentation of his or her research, followed by one to two hours of questions.

At some U.S. institutions, a longer public lecture (known as a "thesis talk" or "thesis seminar") by the candidate will accompany the defense itself, in which case only the candidate, the examiners, and other members of the faculty may attend the actual defense.
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 Russia and Ukraine




A student in Ukraine or Russia has to complete a thesis and then defend it in front of their department. Sometimes the defense meeting is made up of the learning institute's professionals, and sometimes the students peers are allowed to view or join in. After the presentation and defense of the thesis, the final conclusion of the department should be that none of them have reservations on the content and quality of the thesis.

A conclusion on the thesis has to be approved by the rector[image: External link] of the educational institute. This conclusion (final grade so to speak) of the thesis can be defended/argued not only in the thesis council at, but also in any other thesis council of Russia or Ukraine.
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 Spain




The Diploma de estudios avanzados[image: External link] (DEA) can last two years and candidates must complete coursework and demonstrate their ability to research the specific topics they have studied. After completing this part of the PhD, students begin a dissertation on a set topic. The dissertation must reach a minimum length depending on the subject and it is valued more highly if it contains field research. Once candidates have finished their written dissertations, they must present them before a committee. Following this presentation, the examiners will ask questions.
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 United Kingdom, Ireland and Hong Kong




In Hong Kong, Ireland and the United Kingdom, the thesis defense is called a viva voce ( Latin[image: External link] for "by live voice") examination (viva for short). A typical viva lasts for approximately 3 hours, though there is no formal time limit. Involved in the viva are two examiners and the candidate. Usually, one examiner is an academic from the candidate's own university department (but not one of the candidate's supervisors) and the other is an external examiner[image: External link] from a different university. Increasingly, the examination may involve a third academic, the 'chair'; this person, from the candidate's institution, acts as an impartial observer with oversight of the examination process to ensure that the examination is fair. The 'chair' does not ask academic questions of the candidate.[17]

In the United Kingdom, there are only two or at most three examiners, and in many universities the examination is held in private. The candidate's primary supervisor is not permitted to ask or answer questions during the viva, and their presence is not necessary. However, some universities permit members of the faculty or the university to attend. At the University of Oxford, for instance, any member of the University may attend a DPhil viva (the University's regulations require that details of the examination and its time and place be published formally in advance) provided he or she attends in full academic dress.[18]
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 Submission of the thesis




A submission of the thesis is the last formal requirement for most students after the defense. By the final deadline[image: External link], the student must submit a complete copy of the thesis to the appropriate body within the accepting institution, along with the appropriate forms, bearing the signatures of the primary supervisor, the examiners, and, in some cases, the head of the student's department. Other required forms may include library authorizations (giving the university library permission to make the thesis available as part of its collection) and copyright[image: External link] permissions (in the event that the student has incorporated copyrighted materials in the thesis). Many large scientific publishing houses (e.g. Taylor & Francis[image: External link], Elsevier) use copyright agreements that allow the authors to incorporate their published articles into dissertations without separate authorization.

Failure to submit the thesis by the deadline may result in graduation (and granting of the degree) being delayed. At most U.S. institutions, there will also be various fees (for binding, microfilming, copyright registration, and the like), which must be paid before the degree will be granted.

Once all the paperwork is in order, copies of the thesis may be made available in one or more university libraries[image: External link]. Specialist abstracting services exist to publicize the content of these beyond the institutions in which they are produced. Many institutions now insist on submission of digitized as well as printed copies of theses; the digitized versions of successful theses are often made available online.
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Doctoral Advisor






A doctoral advisor (also dissertation director or dissertation advisor) is a member of a university[image: External link] faculty[image: External link] whose role is to guide graduate students[image: External link] who are candidates for a doctorate[image: External link], helping them select coursework, as well as shaping, refining and directing the students' choice of sub- discipline[image: External link] in which they will be examined or on which they will write a dissertation[image: External link].[1] Students generally choose advisors based on their areas of interest within their discipline, their desire to work closely with particular graduate faculty, and the willingness and availability of those faculty to work with them.

In some countries, the student's advisor serves as the chair of the doctoral examination or dissertation committees. In some cases, though, the person who serves those roles may be different from the faculty member who has most closely advised the student. For instance, in the Dutch academic system[image: External link], only full professors (hoogleraren) may chair doctoral examinations, so students who have been advised by lower-ranked faculty members will have a full professor as their official advisor (or promotor) and their actual advisor as co-promotor.[2] In other countries, such as Spain, the doctoral advisor has the role of a mentor, but is not allowed to form part of the examination committee. This is a body of 5 experts independently selected by the rectorate among 10 candidates proposed by the university's department.

An academic genealogy[image: External link] may be traced based on student's doctoral advisors, going up and down the lines of academic "descent" in a manner analogous to a traditional genealogy[image: External link].
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Bruce Allen (physicist)






For other people named Bruce Allen, see Bruce Allen (disambiguation)[image: External link].

Bruce Allen (born May 11, 1959) is an American physicist and director of the Max Planck Institute for Gravitational Physics[image: External link] in Hannover[image: External link] Germany[image: External link] and leader of the Einstein@Home[image: External link] project for the LIGO Scientific Collaboration[image: External link]. He is also a physics professor at the University of Wisconsin–Milwaukee[image: External link].

He has done research work on models of the very early universe (inflationary cosmology, cosmic strings). Allen currently leads a research group working on the detection of gravitational waves[image: External link]. In this role, he was one of the first scientists to become aware of the initial detection of GW150914[image: External link] at LIGO, in September 2015.[1] Allen's research work has been funded by the US National Science Foundation[image: External link] since 1987.
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 Education and positions





	1976 Graduated from Wayland High School, Wayland, Massachusetts, USA. (Allen belonged to the class of 1977, but graduated a year early with the class of 1976).

	1980 B.S. in Physics, Massachusetts Institute of Technology[image: External link] (advisor: Rainer Weiss)

	1984 PhD[image: External link]. in Gravitation[image: External link] and Cosmology[image: External link], University of Cambridge, England (advisor: Stephen Hawking)

	1983–1985 Postdoctoral Fellow, University of California Santa Barbara[image: External link] (Physics Department, advisors James Hartle and Gary Horowitz)

	1985–1986 Postdoctoral Fellow, Tufts University (Physics Department, advisors Alex Vilenkin and Larry Ford)

	1986–1987 Chercheur Associé, Observatoire de Paris[image: External link] - Meudon[image: External link], France[image: External link] (advisors Brandon Carter and Thibault Damour)

	1987–1989 Research Assistant Professor, Tufts University[image: External link]


	1989–1992 Assistant Professor of Physics, University of Wisconsin–Milwaukee[image: External link]


	1992–1997 Associate Professor of Physics, University of Wisconsin–Milwaukee[image: External link]


	1997–2007 Professor of Physics, University of Wisconsin–Milwaukee[image: External link]


	2007–present Adjunct Professor of Physics, University of Wisconsin–Milwaukee[image: External link]


	2007–present Director, Department of Observational Relativity and Cosmology, Albert Einstein Institute[image: External link], Hannover, Germany

	2008–present Honorary Professor of Physics, University of Hanover[image: External link]
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 Visiting appointments





	1994 Six months, Isaac Newton Mathematical Institute, Cambridge, England

	1995 Six months, Caltech Relativity Group

	1997 One year, Caltech LIGO Project

	1999 Six months, Caltech LIGO Project

	2000–2005 Few months/year, Albert Einstein Institute[image: External link], Potsdam, Germany
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 Awards





	1980 Phi Beta Kappa[image: External link], MIT

	1980–5 NSF Graduate Fellowship (declined)

	1980–2 Churchill Scholarship (declined)

	1980–2 Marshall Scholar[image: External link], University of Cambridge

	1981 Knight Prize, University of Cambridge

	1990 First Prize, Gravity Research Foundation


	1997 University of Wisconsin – Milwaukee, Graduate School Research Award

	2002–3 Friedrich Wilhelm Bessel Award, Alexander von Humboldt Foundation[image: External link]


	2004 Elected Fellow, Institute of Physics (UK)

	2005 Elected Fellow, American Physical Society


	2016 Niedersächsischer Staatspreis 2016 [2](shared with Buonanno and Danzmann)
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Raphael Bousso






Raphael Bousso (/'bu:soU /[image: External link]) is a theoretical physicist[image: External link] and string theorist[image: External link]. He is a professor at Department of Physics, UC Berkeley[image: External link]. He is known for the proposal of Bousso's holographic bound[image: External link], also known as the covariant entropy[image: External link] bound.[1][2][3]
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 Career




Raphael Bousso received his Ph.D.[image: External link] from Cambridge University[image: External link] in 1998 under Stephen Hawking and went on to become a postdoc[image: External link] at Stanford University[image: External link]. He also worked at the Kavli Institute for Theoretical Physics[image: External link] in Santa Barbara. In 2002/03 he was a fellow at the Harvard University[image: External link] physics department and the Radcliffe Institute for Advanced Study[image: External link]. In July 2003 he joined the physics department at UC Berkeley[image: External link].
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 Research




His research is focused on how cosmological[image: External link] selection effects help allow us to make predictions and, ultimately, to test the string landscape[image: External link]. His lecture "The World as a Hologram" is featured in LBNL[image: External link]'s Summer Lecture Series.[4]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 References






	
^ Bousso, Raphael (13 Aug 1999). "A Covariant Entropy Conjecture". Journal of High Energy Physics (7). Bibcode: 1999JHEP...07..004B[image: External link]. arXiv: hep-th/9905177[image: External link] . doi: 10.1088/1126-6708/1999/07/004[image: External link].


	
^ Bousso, Raphael (9 Aug 1999). "Holography in General Space-times"[image: External link]. Journal of High Energy Physics (6). Bibcode: 1999JHEP...06..028B[image: External link]. arXiv: hep-th/9906022[image: External link] . doi: 10.1088/1126-6708/1999/06/028[image: External link]. Archived from the original[image: External link] on 24 June 1999.


	
^ Bousso, Raphael (5 Aug 2002). "The holographic principle". Reviews of Modern Physics. 74 (3): 825–874. Bibcode: 2002RvMP...74..825B[image: External link]. arXiv: hep-th/0203101[image: External link] . doi: 10.1103/RevModPhys.74.825[image: External link].


	
^ Bousso's lecture at LBNL[image: External link]







[image: TOC] TOC [image: Previous chapter] Previous 
 External links





	Raphael Bousso's home page at UC Berkeley[image: External link]

	List of publications on InSPIRE[image: External link]








Categories[image: External link]:

	String theorists[image: External link]

	Theoretical physicists[image: External link]

	Living people[image: External link]

	Physicist stubs[image: External link]
















This page was last edited on 28 November 2016, at 01:11.




	This text is based on the Wikipedia article Raphael Bousso: https://en.wikipedia.org/wiki/Raphael_Bousso [image: External link] which is released under the Creative Commons Attribution-ShareAlike 3.0 Unported License available online at: http://creativecommons.org/licenses/by-sa/3.0/legalcode [image: External link]

List of authors: https://tools.wmflabs.org/xtools/wikihistory/wh.php?page_title=Raphael_Bousso [image: External link]












Back to main article 



Contents




	1 Education

	2 Academic career

	3 Interests outside academia

	4 Publications

	5 Media

	6 References

	7 External links





Bernard Carr






Bernard J. Carr is a professor of mathematics[image: External link] and astronomy[image: External link] at Queen Mary University of London[image: External link] (QMUL).

His research interests include the early universe, dark matter, general relativity, primordial black holes[image: External link], and the anthropic principle[image: External link].
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 Education




He completed his BA in mathematics in 1972 at Trinity College[image: External link], Cambridge. For his doctorate, obtained in 1976, he studied relativity and cosmology under Stephen Hawking at the Institute of Astronomy[image: External link] in Cambridge and the California Institute of Technology. He was the president of the Cambridge University Buddhist Society[image: External link] and was friends with Ajahn Brahm[image: External link].[1]
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 Academic career




In 1976 he was elected to a Fellowship at Trinity and he also became an advanced SERC[image: External link] fellow at the Institute of Astronomy. In 1979 he was awarded a Lindemann Fellowship for post-doctoral research in America and spent a year working in various universities there. In 1980 he took up a Senior Research Fellowship at the Institute of Astronomy in Cambridge. In 1985 he moved to the then Queen Mary College, University of London, where he is now Professor of Mathematics and Astronomy.

He has held visiting professorships at Kyoto University[image: External link], Tokyo University[image: External link] and the Fermi National Accelerator Laboratory[image: External link], and is a frequent visitor to other institutes in America and Canada. He is the author of more than two hundred scientific papers and his monograph, Cosmological Gravitational Waves, won the 1985 Adams Essay Prize.
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 Interests outside academia




He has interests outside physics, including psychic research[image: External link].[2] He has been a member of the Society for Psychical Research[image: External link] (SPR) for thirty years, serving as its Education Officer and the Chairman of its Research Activities Committee for various periods. He was President of the SPR from 2000 to 2004. He is also a Director of Scientific and Medical Network (SMN) in the UK.

He has been the co-holder of a grant from the John Templeton Foundation[image: External link] for a project entitled Fundamental Physics and the Problem of our Existence. He is the editor of a book based on a series of conferences funded by the Foundation, entitled Universe or Multiverse? Bernard Carr also made an appearance in the documentary film The Trouble with Atheism[image: External link], where he discussed these concepts, and also appeared in the science documentary film Target...Earth? (1980).
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 Publications





	Bernard Carr (ed.): Universe or Multiverse? Cambridge University Press, 2007, ISBN 978-0-521-84841-1[image: External link]
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 Media





	In 2014, featured in "The Principle[image: External link]", a documentary examining the Copernican Principle[image: External link].[3]
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Fay Dowker






(Helen) Fay Dowker (/'daUker /[image: External link]; born September 9, 1965 in Manchester[image: External link], Lancashire[image: External link]) is a British Professor of Theoretical Physics[image: External link] at Imperial College London[image: External link].[7][8][9][10][11]
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As a student, she was interested in wormholes[image: External link] and quantum cosmology[image: External link]. Having studied the Mathematical Tripos[image: External link] at the University of Cambridge, Dowker was awarded the Tyson Medal[image: External link] in 1987 and completed her Doctor of Philosophy for research on spacetime wormholes[image: External link] supervised by Stephen Hawking[2][6] in 1990.[12]
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 Career and research




Dowker completed postdoctoral research[image: External link] at Fermilab[image: External link], at the University of California, Santa Barbara[image: External link] and also the California Institute of Technology.[13][14]

She is currently a Professor of Theoretical Physics and a member of the Theoretical Physics Group at Imperial College London[image: External link] and an Affiliate of the Institute for Quantum Computing[image: External link]. She conducts research in a number of areas of theoretical physics including quantum gravity and causal set theory[image: External link].[15][16][17]

Dowker was previously[ when?[image: External link]] a Lecturer at Queen Mary University of London[image: External link].
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 Personal life




Dowker is the daughter of physicist Stuart Dowker, who worked at the University of Manchester[image: External link].[18][19] She was interviewed by Jim Al-Khalili for The Life Scientific[image: External link] in 2017.[1]
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Gary Gibbons






For the American cardiologist, see Gary H. Gibbons[image: External link].

Gary William Gibbons FRS[4] (born 1 July 1946)[1] is a British theoretical physicist.[5][6]
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 Education




Gibbons was born in Coulsdon[image: External link], Surrey[image: External link]. He was educated at Purley County Grammar School[image: External link][1] and the University of Cambridge, where in 1969 he became a research student under the supervision of Dennis Sciama. When Sciama moved to the University of Oxford, he became a student of Stephen Hawking, obtaining his PhD from Cambridge in 1973.[3]
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 Career




Apart from a stay at the Max Planck Institute[image: External link] in Munich in the 1970s he has remained in Cambridge throughout his career, becoming a full professor in 1997, a Fellow of the Royal Society in 1999,[4] and a Fellow of Trinity College, Cambridge[image: External link] in 2002.

Having worked on classical general relativity for his PhD thesis, Gibbons focused on the quantum theory of black holes afterwards. Together with Malcolm Perry, he used thermal Green's functions[image: External link] to prove the universality of thermodynamic properties of horizons, including cosmological event horizons.[7] He developed the Euclidean approach to quantum gravity with Stephen Hawking, which allows a derivation of the thermodynamics of black holes from a functional integral[image: External link] approach.[8] As the Euclidean[image: External link] action for gravity is not positive definite, the integral only converges when a particular contour is used for conformal factors[image: External link].[9]

His work in more recent years includes contributions to research on supergravity[image: External link], p-branes[image: External link][10] and M-theory[image: External link], mainly motivated by string theory[image: External link]. Gibbons remains interested in geometrical problems of all sorts which have applications to physics.
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 Awards




Gibbons was elected a Fellow of the Royal Society in 1999. His nomination reads



	“
	Distinguished for his contributions to General Relativity and the Quantum Theory of Gravity. He played a leading role in the development of the Euclidean approach to quantum gravity and showed how it could be used to understand the thermal character of black holes and inflating universes. This revealed a deep and unexpected relationship between gravitation and thermodynamics. As part of the Euclidean quantum gravity programme, he discovered many of the known gravitational instantons and classified their properties. In the more conventional Lorentzian approach to gravity, he has studied the behaviour of solitons in gauge theories and General Relativity and has shown how supersymmetry leads to Bogomolny inequalities on the masses and charges. More recently he has been investigating the role of topology in gravity and has obtained important restrictions on how the topology of spacetime can change. He is recognized world wide as a leader in the field.[4]

	”
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Raymond Laflamme






Raymond Laflamme is a Canadian physicist[image: External link] and founder and current director of the Institute for Quantum Computing[image: External link] at the University of Waterloo[image: External link]. He is also a professor in the Department of Physics and Astronomy at the University of Waterloo[image: External link] and an associate faculty member at Perimeter Institute for Theoretical Physics. Laflamme is currently a Canada Research Chair in Quantum Information.[1]

As Stephen Hawking's PhD student, he first became famous for convincing Stephen Hawking that time does not reverse in a contracting universe, along with Don Page. Stephen Hawking told the story of how this happened in his famous book A Brief History of Time in the chapter The Arrow of Time[image: External link].[2] Later on Laflamme made a name for himself in quantum computing[image: External link] and quantum information theory[image: External link], which is what he is famous for today. In 2005, Laflamme's research group created the world's largest quantum information processor[image: External link] with 12 qubits.[3] Along with Phillip Kaye and Michele Mosca[image: External link], he published An Introduction to Quantum Computing in 2006.[4]

Laflamme's research focuses on understanding the impact of manipulating information using the laws of quantum mechanics, the development of methods to protect quantum information[image: External link] against noise through quantum control and quantum error correction[image: External link] for quantum computing[image: External link] and cryptography[image: External link], the implementation of ideas and concepts of quantum information processing[image: External link] using nuclear magnetic resonance[image: External link] to develop scalable methods of control of quantum systems, and the development of blueprints for quantum information processors[image: External link] such as linear optical quantum computing[image: External link].[5]
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 Biography




Laflamme was born in Quebec City[image: External link] in 1960 to a medical doctor father and a dietician mother. He finished his undergraduate education at the Universite Laval[image: External link] in Canada and went on to doctoral studies at the Department of Applied Mathematics and Theoretical Physics at the University of Cambridge.[5] His PhD supervisor was Stephen Hawking. Hawking has mentioned in his book A Brief History of Time that Laflamme and Don Page were responsible for convincing him that time does not reverse in a contracting universe.[2]

After completing his PhD, Laflamme worked as a postdoctoral fellow at the University of British Columbia[image: External link] as well as Cambridge before joining the Los Alamos National Laboratory[image: External link]. His work during this time was ranked amongst the Top Ten Breakthroughs of the Year from the journal Science[image: External link] in 1998. In 2001, he joined the newly founded Perimeter Institute for Theoretical Physics and the Physics and Astronomy department of the affiliated University of Waterloo[image: External link], where he founded the Institute for Quantum Computing[image: External link].[5] In 2003, he became director of the Quantum Information program at the Canadian Institute for Advanced Research; he is also the scientific director of QuantumWorks, Canada's national research consortium on Quantum Information Science, and holds the Canadian Research Chair in Quantum Information.[6]
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 Scientific Work




Though he started his career working in quantum gravity and cosmology, Raymond Laflamme is known as a pioneering scientist in quantum information theory[image: External link]. While at Los Alamos, he was involved with the experimental implementation of quantum information processing devices using nuclear magnetic resonance[image: External link]. He is also credited with developing a theoretical scheme for efficient quantum computation using linear optics, along with Emmanuel Knill and Gerard Milburn.[7] Laflamme laid down the mathematical framework for quantum error-correcting codes[image: External link], which has since developed into a broad topic of research. With colleagues Cesar Miquel, Juan Paz and Wojciech Zurek, he constructed the most compact quantum error correcting code.[8]
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	Fellow of the Royal Society of Canada[image: External link] in 2008 [9]


	Canadian Premier's Discovery Award in the field of Natural Sciences and Engineering in 2008 [10]


	Fellow of the American Physical Society in 2011 [11]


	Fellow of the American Association for the Advancement of Science[image: External link] in 2011 [12]


	Honorary Degree from Université de Sherbrooke in 2012 [13]


	Awarded the CAP-CRM Prize in Theoretical and Mathematical Physics[image: External link] in 2017.[14]
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 Media




Laflamme was a featured scientist in the award-winning [15] documentary, "The Quantum Tamers" [16] which was presented by the Perimeter Institute and saw its Canadian premiere in October 2009 at the Quantum to Cosmos festival in Waterloo, Ontario[image: External link]. Laflamme was also a participant in The Agenda With Steve Paikin discussion panel, "Wired 24/7"[image: External link], with Neil Gershenfeld[image: External link], Jaron Lanier[image: External link], Neal Stephenson[image: External link], and Tara Hunt[image: External link] at the Quantum to Cosmos festival. The following year, Laflamme was a contributor at the 2010 TEDx event[image: External link] in Waterloo, Ontario[image: External link].[17]

Laflamme was involved in several events surrounding the grand-opening of the Mike & Ophelia Lazaridis Quantum-Nano Centre[image: External link] at the University of Waterloo[image: External link]. He was a participant at the "Bridging Worlds" panel discussion with Ivan Semeniuk, Mike Lazaridis[image: External link], Tom Brzustowski, and Chad Orzel[image: External link] at the Mike & Ophelia Lazaridis Quantum-Nano Centre Open House in 2012.[18] As part of the grand-opening events, the Kitchener-Waterloo Symphony performed "Quantum: Music at the Frontier of Science" of which Laflamme was a collaborator in the creation of the concert narrative.[19]

Laflamme will be appearing as a speaker at BrainSTEM: Your Future is Now Festival which is running from September 30 to October 6, 2013.[20]
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Don Nelson Page (born December 31, 1948) is an American-born Canadian theoretical physicist[image: External link] at the University of Alberta[image: External link], Canada[image: External link].[1][2][3]

Work

Page work focuses on quantum cosmology[image: External link] and theoretical gravitational physics, and he is noted for being a doctoral student of the eminent Professor Stephen Hawking, in addition to publishing several journal articles with him.[4][5] He is an Evangelical Christian[image: External link].[6]

Don Page got his BA at William Jewell College[image: External link] in the United States in 1971, attaining an MS in 1972 and a PhD in 1976 at Caltech[image: External link]. He followed this with an MA at Cambridge[image: External link], which he received in 1978.[1]

His professional career started as a research assistant in Cambridge from 1976-1979, followed by an assistant professorship at Penn State[image: External link] from 1979-1983, and then an associate professor at Penn State until 1986 before taking on the title of professor in 1986. Page spent four more years at Penn State before moving to become a professor at the University of Alberta[image: External link] in Canada in 1990.
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Malcolm Perry (physicist)






Malcolm John Perry (born 13 November 1951) is a British theoretical physicist and professor of theoretical physics at the University of Cambridge. His research mainly concerns general relativity, supergravity[image: External link] and string theory[image: External link].

Perry attended King Edward's School, Birmingham[image: External link] before reading physics at St John's College, Oxford[image: External link]. He was a graduate student at King's College, Cambridge[image: External link], under the supervision of Stephen Hawking. He obtained his doctorate in 1978 with a thesis on the quantum mechanics of black holes[image: External link]. In these early years, he worked on several very influential papers on Euclidean quantum gravity[1] and black hole radiation[image: External link] with Gary Gibbons and Stephen Hawking.

After his graduate studies, he worked in Princeton, New Jersey[image: External link] from 1978 to 1986. With his student Rob Myers, he found the Myers-Perry metric[image: External link], which describes the higher-dimensional generalization of the Kerr metric[image: External link].[2] He also started working on supergravity[image: External link], string theory[image: External link] and Kaluza–Klein theory[image: External link].[3] In his final years in Princeton he worked with Curtis Callan[image: External link], Emil Martinec[image: External link] and Daniel Friedan[image: External link] to calculate the low-energy effective action for string theory.[4]

In 1986, he returned to Cambridge[image: External link], being elected a fellow of Trinity College, Cambridge[image: External link], where he has worked ever since. In recent years, his attention has focused on generalised geometry[image: External link] and the doubled formalism for string theory[image: External link], extending these ideas to M-theory in collaboration with David Berman.[5]
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Hawking Radiation






Hawking radiation also known as Hawking-Zel'dovich radiation[1] is blackbody radiation[image: External link] that is predicted to be released by black holes, due to quantum[image: External link] effects near the event horizon[image: External link]. It is named after the physicist Stephen Hawking, who provided a theoretical argument for its existence in 1974,when particle and antiparticle collide at event horizon one of them will escape and other fall in black hole [2] and sometimes also after Jacob Bekenstein, who predicted that black holes should have a finite entropy[image: External link].[3]

Hawking's work followed his visit to Moscow in 1973 where the Soviet scientists Yakov Zeldovich[image: External link] and Alexei Starobinsky showed him that, according to the quantum mechanical uncertainty principle, rotating black holes[image: External link] should create and emit particles.[4] Hawking radiation reduces the mass and energy of black holes and is therefore also known as black hole evaporation. Because of this, black holes that do not gain mass through other means are expected to shrink and ultimately vanish. Micro black holes[image: External link] are predicted to be larger emitters of radiation than larger black holes and should shrink and dissipate faster.

In June 2008, NASA launched the Fermi space telescope[image: External link], which is searching for the terminal gamma-ray flashes expected from evaporating primordial black holes[image: External link]. In the event that speculative large extra dimension[image: External link] theories are correct, CERN's Large Hadron Collider may be able to create micro black holes and observe their evaporation.[5][6][7][8]

In September 2010, a signal that is closely related to black hole Hawking radiation (see analog gravity[image: External link]) was claimed to have been observed in a laboratory experiment involving optical light pulses. However, the results remain unverified and debatable.[9][10] Other projects have been launched to look for this radiation within the framework of analog gravity[image: External link].
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 Overview




Black holes[image: External link] are sites of immense gravitational attraction[image: External link]. Classically, the gravitation is so powerful that nothing, not even electromagnetic radiation[image: External link], can escape from the black hole. It is yet unknown how gravity[image: External link] can be incorporated into quantum mechanics. Nevertheless, far from the black hole the gravitational effects can be weak enough for calculations to be reliably performed in the framework of quantum field theory in curved spacetime[image: External link]. Hawking showed that quantum effects allow black holes[image: External link] to emit exact black body radiation[image: External link]. The electromagnetic radiation[image: External link] is produced as if emitted by a black body with a temperature[image: External link] inversely proportional[image: External link] to the mass[image: External link] of the black hole.

Physical insight into the process may be gained by imagining that particle[image: External link]– antiparticle[image: External link] radiation is emitted from just beyond the event horizon[image: External link]. This radiation does not come directly from the black hole itself, but rather is a result of virtual particles[image: External link] being "boosted" by the black hole's gravitation into becoming real particles.[11] As the particle–antiparticle pair was produced by the black hole's gravitational energy, the escape of one of the particles lowers the mass of the black hole.[12]

An alternative view of the process is that vacuum fluctuations[image: External link] cause a particle–antiparticle pair to appear close to the event horizon of a black hole. One of the pair falls into the black hole while the other escapes. In order to preserve total energy[image: External link], the particle that fell into the black hole must have had a negative energy[image: External link] (with respect to an observer far away from the black hole). This causes the black hole to lose mass, and, to an outside observer, it would appear that the black hole has just emitted a particle[image: External link]. In another model, the process is a quantum tunnelling[image: External link] effect, whereby particle–antiparticle pairs will form from the vacuum, and one will tunnel outside the event horizon.[11]

An important difference between the black hole radiation as computed by Hawking and thermal radiation[image: External link] emitted from a black body is that the latter is statistical in nature, and only its average satisfies what is known as Planck's law of black body radiation[image: External link], while the former fits the data better. Thus thermal radiation[image: External link] contains information[image: External link] about the body that emitted it, while Hawking radiation seems to contain no such information, and depends only on the mass[image: External link], angular momentum[image: External link], and charge[image: External link] of the black hole (the no-hair theorem). This leads to the black hole information paradox.

However, according to the conjectured gauge-gravity duality[image: External link] (also known as the AdS/CFT correspondence[image: External link]), black holes in certain cases (and perhaps in general) are equivalent to solutions of quantum field theory[image: External link] at a non-zero temperature[image: External link]. This means that no information loss is expected in black holes (since the theory permits no such loss) and the radiation emitted by a black hole is probably the usual thermal radiation. If this is correct, then Hawking's original calculation should be corrected, though it is not known how (see below[image: External link]).

A black hole of one solar mass[image: External link] (M ☉[image: External link]) has a temperature of only 60 nanokelvins (60 billionths[image: External link] of a kelvin[image: External link]); in fact, such a black hole would absorb far more cosmic microwave background radiation[image: External link] than it emits. A black hole of 4.5×1022 kg (about the mass of the Moon[image: External link], or about 13  µm[image: External link] across) would be in equilibrium at 2.7 K, absorbing as much radiation as it emits. Yet smaller primordial black holes[image: External link] would emit more than they absorb and thereby lose mass.[11]
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 Trans-Planckian problem




The trans-Planckian problem[image: External link] is the observation that Hawking's original calculation requires talking about quantum[image: External link] particles in which the wavelength[image: External link] becomes shorter than the Planck length[image: External link] near the black hole's horizon. It is due to the peculiar behavior near a gravitational horizon where time stops as measured from far away. A particle emitted from a black hole with a finite[image: External link] frequency[image: External link], if traced back to the horizon, must have had an infinite[image: External link] frequency there and a trans-Planckian wavelength.

The Unruh effect[image: External link] and the Hawking effect both talk about field modes in the superficially stationary space-time[image: External link] that change frequency relative to other coordinates which are regular across the horizon. This is necessarily so, since to stay outside a horizon requires acceleration which constantly Doppler shifts[image: External link] the modes.

An outgoing Hawking radiated photon[image: External link], if the mode is traced back in time, has a frequency which diverges from that which it has at great distance, as it gets closer to the horizon, which requires the wavelength of the photon to "scrunch up" infinitely at the horizon of the black hole. In a maximally extended external Schwarzschild solution[image: External link], that photon's frequency stays regular only if the mode is extended back into the past region where no observer can go. That region seems to be unobservable and is physically suspect, so Hawking used a black hole solution without a past region which forms at a finite time in the past. In that case, the source of all the outgoing photons can be identified: a microscopic point right at the moment that the black hole first formed.

The quantum fluctuations at that tiny point, in Hawking's original calculation, contain all the outgoing radiation. The modes that eventually contain the outgoing radiation at long times are redshifted by such a huge amount by their long sojourn next to the event horizon, that they start off as modes with a wavelength much shorter than the Planck length. Since the laws of physics at such short distances are unknown, some find Hawking's original calculation unconvincing.[13][14][15][16]

The trans-Planckian problem is nowadays mostly considered a mathematical artifact of horizon calculations. The same effect occurs for regular matter falling onto a white hole[image: External link] solution. Matter which falls on the white hole accumulates on it, but has no future region into which it can go. Tracing the future of this matter, it is compressed onto the final singular endpoint of the white hole evolution, into a trans-Planckian region. The reason for these types of divergences is that modes which end at the horizon from the point of view of outside coordinates are singular in frequency there. The only way to determine what happens classically is to extend in some other coordinates that cross the horizon.

There exist alternative physical pictures which give the Hawking radiation in which the trans-Planckian problem is addressed.[citation needed[image: External link]] The key point is that similar trans-Planckian problems occur when the modes occupied with Unruh radiation are traced back in time.[17] In the Unruh effect, the magnitude of the temperature can be calculated from ordinary Minkowski[image: External link] field theory, and is not controversial.
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 Emission process




Hawking radiation is required by the Unruh effect and the equivalence principle[image: External link] applied to black hole horizons. Close to the event horizon of a black hole, a local observer must accelerate to keep from falling in. An accelerating observer sees a thermal bath of particles that pop out of the local acceleration horizon, turn around, and free-fall back in. The condition of local thermal equilibrium implies that the consistent extension of this local thermal bath has a finite temperature at infinity, which implies that some of these particles emitted by the horizon are not reabsorbed and become outgoing Hawking radiation.[17]

A Schwarzschild black hole[image: External link] has a metric:


	



The black hole is the background spacetime for a quantum field theory.

The field theory is defined by a local path integral, so if the boundary conditions at the horizon are determined, the state of the field outside will be specified. To find the appropriate boundary conditions, consider a stationary observer just outside the horizon at position


	



The local metric to lowest order is


	



which is Rindler[image: External link] in terms of τ = t/4M. The metric describes a frame that is accelerating to keep from falling into the black hole. The local acceleration, α = 1/ρ, diverges as ρ → 0.

The horizon is not a special boundary, and objects can fall in. So the local observer should feel accelerated in ordinary Minkowski space by the principle of equivalence. The near-horizon observer must see the field excited at a local temperature


	



this is the Unruh effect[image: External link].

The gravitational redshift is given by the square root of the time component of the metric. So for the field theory state to consistently extend, there must be a thermal background everywhere with the local temperature redshift-matched to the near horizon temperature:


	



which can be simplified as:


	



The inverse temperature redshifted to r′ at infinity is


	



and r is the near-horizon position, near 2M, so this is really:


	



So a field theory defined on a black hole background is in a thermal state whose temperature at infinity is:


	



This can be expressed in a cleaner way in terms of the surface gravity[image: External link] of the black hole; this is the parameter that determines the acceleration of a near-horizon observer. In natural units[image: External link] (G = c = ħ = kB = 1), the temperature is


	



where κ is the surface gravity[image: External link] of the horizon. So a black hole can only be in equilibrium with a gas of radiation at a finite temperature. Since radiation incident on the black hole is absorbed, the black hole must emit an equal amount to maintain detailed balance[image: External link]. The black hole acts as a perfect blackbody[image: External link] radiating at this temperature.

In SI units[image: External link], the radiation from a Schwarzschild[image: External link] black hole is blackbody radiation[image: External link] with temperature


	



where ħ is the reduced Planck constant[image: External link], c is the speed of light[image: External link], kB is the Boltzmann constant[image: External link], G is the gravitational constant[image: External link], M☉ is the solar mass[image: External link], and M is the mass[image: External link] of the black hole.

From the black hole temperature, it is straightforward to calculate the black hole entropy. The change in entropy when a quantity of heat dQ is added is:


	



The heat energy that enters serves to increase the total mass, so:


	



The radius of a black hole is twice its mass in natural units[image: External link], so the entropy of a black hole is proportional to its surface area:


	



Assuming that a small black hole has zero entropy, the integration constant is zero. Forming a black hole is the most efficient way to compress mass into a region, and this entropy is also a bound on the information content of any sphere in space time. The form of the result strongly suggests that the physical description of a gravitating theory can be somehow encoded[image: External link] onto a bounding surface.
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 Black hole evaporation




When particles escape, the black hole loses a small amount of its energy and therefore some of its mass (mass and energy are related by Einstein's equation[image: External link] E = mc 2[image: External link]).
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 1976 Page numerical analysis




In 1976 Don Page calculated the power produced, and the time to evaporation, for a nonrotating, non-charged Schwarzschild black hole[image: External link] of mass M.[18] The calculations are complicated by the fact that a black hole, being of finite size, is not a perfect black body; the absorption cross section[image: External link] goes down in a complicated, spin[image: External link]-dependent manner as frequency decreases, especially when the wavelength becomes comparable to the size of the event horizon. Note that writing in 1976, Page erroneously postulates that neutrinos have no mass and that only two neutrino flavors exist, and therefore miscalculates the black hole lifetimes.

For a mass much larger than 1017  grams[image: External link], Page deduces that electron emission can be ignored, and that black holes of mass M in grams evaporate via massless electron and muon neutrinos, photons, and gravitons in a time τ of


	



For a mass much smaller than 1017 g, but much larger than 5×1014 g, the emission of ultrarelativistic[image: External link] electrons and positrons will accelerate the evaporation, giving a lifetime of
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 A crude analytic estimate




The power[image: External link] emitted by a black hole in the form of Hawking radiation can easily be estimated for the simplest case of a nonrotating, non-charged Schwarzschild black hole[image: External link] of mass M. Combining the formulas for the Schwarzschild radius[image: External link] of the black hole, the Stefan–Boltzmann law[image: External link] of blackbody radiation, the above formula for the temperature of the radiation, and the formula for the surface area of a sphere[image: External link] (the black hole's event horizon), several equations can be derived:

Stefan–Boltzmann constant[image: External link]:


	



Schwarzschild radius[image: External link]:


	



Hawking radiation has a blackbody[image: External link] (Planck) spectrum with a temperature T given by:


	



Hawking radiation temperature:


	


	








The peak wavelength of this radiation is nearly 16 times the Schwarzschild radius of the black hole. Using Wien's displacement constant[image: External link] b = hc/4.9651 kB = 2.8978×10−3 m K:


	



Schwarzschild sphere[image: External link] surface area of Schwarzschild radius[image: External link] rs:


	



Stefan–Boltzmann[image: External link] power law:


	



For simplicity, assume a black hole is a perfect blackbody (ε = 1).

Stefan–Boltzmann–Schwarzschild–Hawking black hole radiation power law derivation:


	



Stefan–Boltzmann–Schwarzschild–Hawking power law:


	


	








where P is the energy outflow, ħ is the reduced Planck constant[image: External link], c is the speed of light[image: External link], and G is the gravitational constant[image: External link]. It is worth mentioning that the above formula has not yet been derived in the framework of semiclassical gravity[image: External link]. Substituting the numerical values of the physical constants in the formula above we obtain P= 3.562×1032 W kg^2/M^2.

The power of the Hawking radiation from a solar mass[image: External link] (M☉) black hole turns out to be minuscule:


	



It is indeed an extremely good approximation to call such an object 'black'. Under the assumption of an otherwise empty universe, so that no matter[image: External link], cosmic microwave background radiation[image: External link], or other radiation falls into the black hole, it is possible to calculate how long it would take for the black hole to dissipate:


	



Given that the power of the Hawking radiation is the rate of evaporation energy loss of the black hole:


	



Since the total energy E of the black hole is related to its mass M by Einstein's mass–energy formula E = Mc2:


	



We can then equate this to our above expression for the power:


	



This differential equation is separable, and we can write:


	



The black hole's mass is now a function M(t) of time t. Integrating over M from M0 (the initial mass of the black hole) to zero (complete evaporation), and over t from zero to tev:


	



The evaporation time of a black hole is proportional to the cube of its mass:


	



The time that the black hole takes to dissipate is:


	


	








where M0 is the mass of the black hole.

The lower classical quantum limit for mass for this equation is equivalent to the Planck mass[image: External link], mP.

Hawking radiation evaporation time for a Planck mass quantum black hole:


	




	


	








where tP is the Planck time[image: External link].

For a black hole of one solar mass[image: External link] (M☉ = 1.98892×1030 kg), we get an evaporation time of 2.098×1067 years—much longer than the current age of the universe[image: External link] at (13.799±0.021)×109 years.[19]


	



But for a black hole of 1011 kg, the evaporation time is 2.667 billion years. This is why some astronomers are searching for signs of exploding primordial black holes[image: External link].

However, since the universe contains the cosmic microwave background radiation[image: External link], in order for the black hole to dissipate, it must have a temperature greater than that of the present-day blackbody radiation of the universe of 2.7 K = 2.3×10−4 eV. This implies that M must be less than 0.8% of the mass of the Earth[image: External link][20] – approximately the mass of the Moon[image: External link].

Cosmic microwave background radiation[image: External link] universe temperature:


	



Hawking total black hole mass:


	




	


	









	



where M⊕ is the total Earth[image: External link] mass.

In common units,


	




	




	



So, for instance, a 1-second-life black hole has a mass of 2.28×105 kg, equivalent to an energy of 2.05×1022  J[image: External link] that could be released by 5×106 megatons of TNT[image: External link]. The initial power is 6.84×1021  W[image: External link].

Black hole evaporation has several significant consequences:


	Black hole evaporation produces a more consistent view of black hole thermodynamics by showing how black holes interact thermally with the rest of the universe.

	Unlike most objects, a black hole's temperature increases as it radiates away mass. The rate of temperature increase is exponential, with the most likely endpoint being the dissolution of the black hole in a violent burst of gamma rays[image: External link]. A complete description of this dissolution requires a model of quantum gravity, however, as it occurs when the black hole approaches Planck mass[image: External link] and Planck radius[image: External link].

	The simplest models of black hole evaporation lead to the black hole information paradox. The information content of a black hole appears to be lost when it dissipates, as under these models the Hawking radiation is random (it has no relation to the original information). A number of solutions to this problem have been proposed, including suggestions that Hawking radiation is perturbed to contain the missing information, that the Hawking evaporation leaves some form of remnant particle containing the missing information, and that information is allowed to be lost under these conditions.
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 Large extra dimensions




The formulae from the previous section are only applicable if the laws of gravity are approximately valid all the way down to the Planck scale. In particular, for black holes with masses below the Planck mass (~10−8 kg), they result in impossible lifetimes below the Planck time (~10−43 s). This is normally seen as an indication that the Planck mass is the lower limit on the mass of a black hole.

In a model with large extra dimensions[image: External link], the values of Planck constants can be radically different, and the formulae for Hawking radiation have to be modified as well. In particular, the lifetime of a micro black hole with a radius below the scale of the extra dimensions is given by equation 9 in Cheung (2002)[21] and equations 25 and 26 in Carr (2005).[22]


	



where M∗ is the low energy scale, which could be as low as a few TeV, and n is the number of large extra dimensions. This formula is now consistent with black holes as light as a few TeV, with lifetimes on the order of the "new Planck time" ~10−26 s.
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 Hawking radiation in loop quantum gravity




A detailed study of the quantum geometry of a black hole horizon has been made using loop quantum gravity[image: External link].[23] Loop-quantization reproduces the result for black hole entropy originally discovered by Bekenstein and Hawking. Further, it led to the computation of quantum gravity corrections to the entropy and radiation of black holes.

Based on the fluctuations of the horizon area, a quantum black hole exhibits deviations from the Hawking spectrum that would be observable were X-rays[image: External link] from Hawking radiation of evaporating primordial black holes[image: External link] to be observed.[24] The quantum effects are centered at a set of discrete and unblended frequencies highly pronounced on top of Hawking radiation spectrum.[25]
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 Experimental observation of Hawking radiation




Under experimentally achievable conditions for gravitational systems this effect is too small to be observed directly. However, in September 2010 an experimental set-up created a laboratory "white hole event horizon" that the experimenters claimed was shown to radiate an optical analog to Hawking radiation,[26] although its status as a genuine confirmation remains in doubt.[27] Some scientists predict that Hawking radiation could be studied by analogy using sonic black holes[image: External link], in which sound perturbations[image: External link] are analogous to light in a gravitational black hole and the flow of an approximately perfect fluid[image: External link] is analogous to gravity.[28][29]
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 See also





	Black hole starship[image: External link]

	Gibbons–Hawking effect

	Thorne–Hawking–Preskill bet

	Unruh effect[image: External link]

	Analog models of gravity[image: External link]
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Penrose–Hawking singularity Theorems






The Penrose–Hawking singularity theorems are a set of results in general relativity which attempt to answer the question of when gravitation produces singularities[image: External link].

A singularity in solutions of the Einstein field equations[image: External link] is one of two things:


	a situation where matter is forced to be compressed to a point (a space-like singularity)

	a situation where certain light rays come from a region with infinite curvature (a time-like singularity)



Space-like singularities are a feature of non-rotating uncharged black-holes[image: External link], while time-like singularities are those that occur in charged or rotating black hole exact solutions. Both of them have the property of geodesic incompleteness, in which either some light-path or some particle-path cannot be extended beyond a certain proper-time or affine-parameter (affine-parameter being the null analog of proper-time).

The Penrose theorem guarantees that some sort of geodesic[image: External link] incompleteness occurs inside any black hole whenever matter satisfies reasonable energy conditions[image: External link] (It does not hold for matter described by a super-field, i.e., the Dirac field[image: External link]). The energy condition required for the black-hole singularity theorem is weak: it says that light rays are always focused together by gravity, never drawn apart, and this holds whenever the energy of matter is non-negative.

Hawking's singularity theorem is for the whole universe, and works backwards in time: in Hawking's original formulation, it guaranteed that the Big Bang[image: External link] has infinite density. Hawking later revised his position in A Brief History of Time (1988) where he stated that "there was in fact no singularity at the beginning of the universe" (p. 50). This revision followed from quantum mechanics, in which general relativity must break down at times less than the Planck time[image: External link]. Hence general relativity cannot be used to show a singularity.

Penrose's theorem is more restricted and only holds when matter obeys a stronger energy condition, called the dominant energy condition[image: External link], in which the energy is larger than the pressure. All ordinary matter, with the exception of a vacuum expectation value of a scalar field[image: External link], obeys this condition. During inflation[image: External link], the universe violates the stronger dominant energy condition (but not the weak energy condition), and inflationary cosmologies avoid the initial big-bang singularity. However, inflationary cosmologies are still past-incomplete,[1] and require physics other than inflation to describe the past boundary of the inflating region of spacetime.

It is still an open question whether time-like singularities ever occur in the interior of real charged or rotating black holes, or whether they are artifacts of high symmetry and turn into spacelike singularities when realistic perturbations are added.
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 Interpretation and significance




In general relativity, a singularity is a place that objects or light rays can reach in a finite time where the curvature becomes infinite, or space-time stops being a manifold[image: External link]. Singularities can be found in all the black-hole spacetimes, the Schwarzschild metric[image: External link], the Reissner–Nordström metric[image: External link], the Kerr metric[image: External link] and the Kerr–Newman metric[image: External link] and in all cosmological solutions which don't have a scalar field energy or a cosmological constant.

One cannot predict what might come "out" of a big-bang singularity in our past, or what happens to an observer that falls "in" to a black-hole singularity in the future, so they require a modification of physical law. Before Penrose, it was conceivable that singularities only form in contrived situations. For example, in the collapse of a star[image: External link] to form a black hole, if the star is spinning and thus possesses some angular momentum[image: External link], maybe the centrifugal force[image: External link] partly counteracts gravity and keeps a singularity from forming. The singularity theorems prove that this cannot happen, and that a singularity will always form once an event horizon[image: External link] forms.

In the collapsing star example, since all matter and energy is a source of gravitational attraction in general relativity, the additional angular momentum only pulls the star together more strongly as it contracts: the part outside the event horizon eventually settles down to a Kerr black hole[image: External link] (see No-hair theorem). The part inside the event horizon necessarily has a singularity somewhere. The proof is somewhat constructive – it shows that the singularity can be found by following light-rays from a surface just inside the horizon. But the proof does not say what type of singularity occurs, spacelike, timelike, orbifold, jump discontinuity in the metric. It only guarantees that if one follows the time-like geodesics into the future, it is impossible for the boundary of the region they form to be generated by the null geodesics from the surface. This means that the boundary must either come from nowhere or the whole future ends at some finite extension.

An interesting "philosophical" feature of general relativity is revealed by the singularity theorems. Because general relativity predicts the inevitable occurrence of singularities, the theory is not complete without a specification for what happens to matter that hits the singularity. One can extend general relativity to a unified field theory, such as the Einstein–Maxwell–Dirac system[image: External link], where no such singularities occur.
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 Elements of the theorems




In mathematics, there is a deep connection between the curvature of a manifold[image: External link] and its topology[image: External link]. The Bonnet–Myers theorem[image: External link] states that a complete Riemannian manifold which has Ricci curvature[image: External link] everywhere greater than a certain positive constant must be compact[image: External link]. The condition of positive Ricci curvature is most conveniently stated in the following way: for every geodesic there is a nearby initially parallel geodesic which will bend toward it when extended, and the two will intersect at some finite length.

When two nearby parallel geodesics[image: External link] intersect, the extension of either one is no longer the shortest path between the endpoints. The reason is that two parallel geodesic paths necessarily collide after an extension of equal length, and if one path is followed to the intersection then the other, you are connecting the endpoints by a non-geodesic path of equal length. This means that for a geodesic to be a shortest length path, it must never intersect neighboring parallel geodesics.

Starting with a small sphere and sending out parallel geodesics from the boundary, assuming that the manifold has a Ricci curvature[image: External link] bounded below by a positive constant, none of the geodesics are shortest paths after a while, since they all collide with a neighbor. This means that after a certain amount of extension, all potentially new points have been reached. If all points in a connected manifold are at a finite geodesic distance from a small sphere, the manifold must be compact.

Penrose argued analogously in relativity. If null geodesics[image: External link], the paths of light rays[image: External link], are followed into the future, points in the future of the region are generated. If a point is on the boundary of the boundaries of the region, it can only be reached by going at the speed of light, no slower, so null geodesics include the entire boundary of Yoda proper future of a region.[citation needed[image: External link]] When the null geodesics intersect, they are no longer on the boundary of the future, they are in the interior of the future. So, if all the null geodesics collide, there is no boundary to the future.

In relativity, the Ricci curvature, which determines the collision properties of geodesics, is determined by the energy tensor[image: External link], and its projection on light rays is equal to the null-projection of the energy–momentum tensor and is always non-negative. This implies that the volume of a congruence[image: External link] of parallel null geodesics once it starts decreasing, will reach zero in a finite time. Once the volume is zero, there is a collapse in some direction, so every geodesic intersects some neighbor.

Penrose concluded that whenever there is a cube where all the outgoing (and ingoing) light rays are initially converging, the boundary of the future of that region will end after a finite extension, because all the null geodesics will converge.[2] This isn't significant, because the outgoing light rays for any sphere inside the horizon of a black hole solution are all converging, so the boundary of the future of this region is either compact or comes from nowhere. The future of the interior either ends after a finite extension, or has a boundary which is eventually generated by new light rays which cannot be traced back to the original sphere.
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 Nature of a singularity




The singularity theorems use the notion of geodesic incompleteness as a stand-in for the presence of infinite curvatures. Geodesic incompleteness is the notion that there are geodesics[image: External link], paths of observers through spacetime, that can only be extended for a finite time as measured by an observer traveling along one. Presumably, at the end of the geodesic the observer has fallen into a singularity or encountered some other pathology at which the laws of general relativity break down.
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 Assumptions of the theorems




Typically a singularity theorem has three ingredients:[3]


	An energy condition[image: External link] on the matter,

	A condition on the global structure of spacetime[image: External link],

	Gravity is strong enough (somewhere) to trap a region.



There are various possibilities for each ingredient, and each leads to different singularity theorems.
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 Tools employed




A key tool used in the formulation and proof of the singularity theorems is the Raychaudhuri equation[image: External link], which describes the divergence of a congruence[image: External link] (family) of geodesics. The divergence of a congruence is defined as the derivative of the log of the determinant of the congruence volume. The Raychaudhuri equation is


	



where is the shear tensor of the congruence (see the congruence[image: External link] page for details). The key point is that will be non-negative provided that the Einstein field equations[image: External link] hold and[3]


	the null energy condition[image: External link] holds and the geodesic congruence is null, or

	the strong energy condition[image: External link] holds and the geodesic congruence is timelike.



When these hold, the divergence becomes infinite at some finite value of the affine parameter. Thus all geodesics leaving a point will eventually reconverge after a finite time, provided the appropriate energy condition holds, a result also known as the focusing theorem.

This is relevant for singularities thanks to the following argument:


	Suppose we have a spacetime that is globally hyperbolic[image: External link], and two points and that can be connected by a timelike[image: External link] or null curve[image: External link]. Then there exists a geodesic of maximal length connecting and . Call this geodesic .

	The geodesic can be varied to a longer curve if another geodesic from intersects at another point, called a conjugate point.

	From the focusing theorem, we know that all geodesics from have conjugate points at finite values of the affine parameter. In particular, this is true for the geodesic of maximal length. But this is a contradiction – one can therefore conclude that the spacetime is geodesically incomplete.



In general relativity, there are several versions of the Penrose–Hawking singularity theorem. Most versions state, roughly, that if there is a trapped null surface[image: External link] and the energy density[image: External link] is nonnegative, then there exist geodesics[image: External link] of finite length which can't be extended.[4]

These theorems, strictly speaking, prove that there is at least one non-spacelike geodesic that is only finitely extendible into the past but there are cases in which the conditions of these theorems obtain in such a way that all past-directed spacetime paths terminate at a singularity.
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 Versions




There are many versions. Here is the null version:


	Assume




	The null energy condition[image: External link] holds.

	We have a noncompact connected Cauchy surface[image: External link].

	We have a closed trapped null surface[image: External link] .




	
Sketch of proof: Proof by contradiction. The boundary of the future of , is generated by null geodesic segments originating from with tangent vectors orthogonal to it. Being a trapped null surface, by the null Raychaudhuri equation[image: External link], both families of null rays emanating from will encounter caustics. (A caustic by itself is unproblematic. For instance, the boundary of the future of two spacelike separated points is the union of two future light cones with the interior parts of the intersection removed. Caustics occur where the light cones intersect, but no singularity lies there.) However, the null geodesics generating have to terminate, i.e. reach their future endpoints at or before the caustics. Otherwise, we can take two null geodesic segments – changing at the caustic – and then deform them slightly to get a timelike curve connecting a point on the boundary to a point on , a contradiction. But as is compact, given a continuous affine parameterization of the geodesic generators, there exists a lower bound to the absolute value of the expansion parameter. So, we know caustics will develop for every generator before a uniform bound in the affine parameter has elapsed. As a result, has to be compact. Either we have closed timelike curves, or we can construct a congruence by timelike curves, and every single one of them has to intersect the noncompact Cauchy surface exactly once. Consider all such timelike curves passing through and look at their image on the Cauchy surface. Being a continuous map, the image also has to be compact. Being a timelike congruence[image: External link], the timelike curves can't intersect, and so, the map is injective[image: External link]. If the Cauchy surface were noncompact, then the image has a boundary. We're assuming spacetime comes in one connected piece. But is compact and boundariless because the boundary of a boundary is empty. A continuous injective map can't create a boundary, giving us our contradiction.




	
Loopholes: If closed timelike curves exist, then timelike curves don't have to intersect the partial Cauchy surface. If the Cauchy surface were compact, i.e. space is compact, the null geodesic generators of the boundary can intersect everywhere because they can intersect on the other side of space.



Other versions of the theorem involving the weak or strong energy condition also exist.
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Hawking Energy






The Hawking energy or Hawking mass is one of the possible definitions of mass in general relativity[image: External link]. It is a measure of the bending of ingoing and outgoing rays of light[image: External link] that are orthogonal[image: External link] to a 2- sphere[image: External link] surrounding the region of space whose mass is to be defined.
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 Definition




Let be a 3-dimensional sub-manifold of a relativistic spacetime, and let be a closed 2-surface. Then the Hawking mass of is defined[1] to be


	



where is the mean curvature[image: External link] of .
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 Properties




In the Schwarzschild metric[image: External link], the Hawking mass of any sphere about the central mass is equal to the value of the central mass.

A result of Geroch[2] implies that Hawking mass satisfies an important monotonicity condition. Namely, if has nonnegative scalar curvature, then the Hawking mass of is non-decreasing as the surface flows outward at a speed equal to the inverse of the mean curvature. In particular, if is a family of connected surfaces evolving according to


	



where is the mean curvature of and is the unit vector opposite of the mean curvature direction, then


	



Said otherwise, Hawking mass is increasing for the inverse mean curvature flow[image: External link].[3]

Hawking mass is not necessarily positive. However, it is asymptotic to the ADM[image: External link][4] or the Bondi[image: External link] mass, depending on whether the surface is asymptotic to spatial infinity or null infinity.[5]
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	Inverse mean curvature flow[image: External link]
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Gibbons–Hawking Ansatz






In mathematics, the Gibbons–Hawking ansatz is a method of constructing gravitational instantons[image: External link] introduced by Gary Gibbons and Stephen Hawking (1978, 1979). It gives examples of hyperkähler manifolds[image: External link] in dimension 4 that are invariant under a circle action[image: External link].

See also


	Gibbons–Hawking space
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Gibbons–Hawking Effect






The Gibbons–Hawking effect is the statement that a temperature[image: External link] can be associated to each solution of the Einstein field equations[image: External link] that contains a causal horizon. It is named after Gary Gibbons and Stephen William Hawking[image: External link].

The term "causal horizon" does not necessarily refer to event horizons[image: External link] only, but could also stand for the horizon of the visible universe, for instance.

For example, Schwarzschild spacetime[image: External link] contains an event horizon and so can be associated a temperature. In the case of Schwarzschild spacetime this is the temperature of a black hole of mass , satisfying (see also Hawking radiation).

A second example is de Sitter space[image: External link] which contains an event horizon[image: External link]. In this case the temperature is proportional to the Hubble parameter[image: External link] , i.e. .

See also


	Hawking radiation
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Gibbons–Hawking Space






In mathematical physics[image: External link], a Gibbons–Hawking space, named after Gary Gibbons and Stephen Hawking, is essentially a hyperkähler manifold[image: External link] with an extra U(1)[image: External link] symmetry.[1] (In general, Gibbons–Hawking metrics are a subclass of hyperkähler metrics[image: External link].[2]) Gibbons–Hawking spaces, especially ambipolar ones,[3] find an application in the study of black hole microstate geometries.[1][4]

See also


	Gibbons–Hawking effect
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Gibbons–Hawking–York boundary Term






In general relativity, the Gibbons–Hawking–York boundary term is a term that needs to be added to the Einstein–Hilbert action[image: External link] when the underlying spacetime manifold[image: External link] has a boundary.

The Einstein–Hilbert action is the basis for the most elementary variational principle[image: External link] from which the field equations of general relativity[image: External link] can be defined. However, the use of the Einstein–Hilbert action is appropriate only when the underlying spacetime manifold is closed[image: External link], i.e., a manifold which is both compact[image: External link] and without boundary. In the event that the manifold has a boundary , the action should be supplemented by a boundary term so that the variational principle is well-defined.

The necessity of such a boundary term was first realised by York[image: External link] and later refined in a minor way by Gibbons and Hawking.

For a manifold that is not closed, the appropriate action is


	



where is the Einstein–Hilbert action, is the Gibbons–Hawking–York boundary term, is the induced metric[image: External link] (see section below on definitions) on the boundary, its determinant, is the trace of the second fundamental form[image: External link], is equal to where is timelike and where is spacelike, and are the coordinates on the boundary. Varying the action with respect to the metric , subject to the condition

gives the Einstein equations[image: External link]; the addition of the boundary term means that in performing the variation, the geometry of the boundary encoded in the transverse metric is fixed (see section below). There remains ambiguity in the action up to an arbitrary functional of the induced metric .

That a boundary term is needed in the gravitational case is because , the gravitational Lagrangian density, contains second derivatives of the metric tensor. This is a non-typical feature of field theories, which are usually formulated in terms of Lagrangians that involve first derivatives of fields to be varied over only.

The GHY term is desirable, as it possesses a number of other key features. When passing to the Hamiltonian formalism, it is necessary to include the GHY term in order to reproduce the correct Arnowitt–Deser–Misner energy (ADM energy[image: External link]). The term is required to ensure the path integral (a la Hawking) for quantum gravity has the correct composition properties. When calculating black hole entropy using the Euclidean semiclassical approach, the entire contribution comes from the GHY term. This term has had more recent applications in loop quantum gravity[image: External link] in calculating transition amplitudes and background-independent scattering amplitudes.

In order to determine a finite value for the action, one may have to subtract off a surface term for flat spacetime:

where is the extrinsic curvature of the boundary imbedded flat spacetime. As is invariant under variations of , this addition term does not affect the field equations; as such, this is referred to as the non-dynamical term.
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 Defining hyper-surfaces




In a four-dimensional spacetime manifold, a hypersurface is a three-dimensional submanifold[image: External link] that can be either timelike, spacelike, or null.

A particular hyper-surface can be selected either by imposing a constraint on the coordinates

or by giving parametric equations,

where () are coordinates intrinsic to the hyper-surface.

For example, a two-sphere in three-dimensional Euclidean space can be described either by

where is the radius of the sphere, or by

where and are intrinsic coordinates.
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 Hyper-surface orthogonal vector fields




We start with the family of hyper-surfaces given by

where different members of the family correspond to different values of the constant . Consider two neighbouring points and with coordinates and , respectively, lying in the same hyper-surface. We then have to first order

Subtracting off from this equation gives

at . This implies that is normal to the hyper-surface. A unit normal can be introduced in the case where the hyper-surface is not null. This is defined by


	



and we require that point in the direction of increasing . It can then easily be checked that is given by

if the hyper-surface either spacelike or timelke.
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 Induced and transverse metric




The three vectors

are tangential to the hyper-surface.

The induced metric is the three-tensor defined by

This acts as a metric tensor on the hyper-surface in the coordinates. For displacements confined to the hyper-surface (so that )


	



Because the three vectors are tangential to the hyper-surface,

where is the unit vector () normal to the hyper-surface.

We introduce what is called the transverse metric

It isolates the part of the metric that is transverse to the normal .

It is easily seen that this four-tensor

projects out the part of a four-vector transverse to the normal as

We have

If we define to be the inverse of , it is easy to check

where

Note that variation subject to the condition

implies that , the induced metric on , is held fixed during the variation.
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 On Proving the main result




In the following subsections we will first compute the variation of the Einstein-Hilbert term and then the variation of the boundary term, and show that their sum results in

where is the Einstein tensor[image: External link], which produces the correct left-hand side to the Einstein field equations[image: External link], without the cosmological term[image: External link], which however is trivial to include by replacing with

where is the cosmological constant[image: External link].

In the third subsection we elaborate on the meaning of the non-dynamical term.
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 Variation of the Einstein-Hilbert term




We will use the identity

and the Palatini identity[image: External link]:


	



which are both obtained in the article Einstein-Hilbert action[image: External link].

We consider the variation of the Einstein-Hilbert term:


	



The first term gives us what we need for the left-hand side of the Einstein field equations. We must account for the second term.

By the Palatini identity

We will need Stokes theorem[image: External link] in the form:

where is the unit normal to and , and are coordinates on the boundary. And where where , is an invariant three-dimensional volume element on the hyper-surface. In our particular case we take .

We now evaluate on the boundary , keeping in mind that on , . Taking this into account we have

It is useful to note that

where in the second line we have swapped around and and used that the metric is symmetric. It is then not difficult to work out .

So now

where in the second line we used the identity , and in the third line we have used the anti-symmetry in and . As vanishes everywhere on the boundary, , its tangential derivatives must also vanish: . It follows that . So finally we have

Gathering the results we obtain

We next show that the above boundary term will be cancelled by the variation of .
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 Variation of the boundary term




We now turn to the variation of the term. Because the induced metric is fixed on , the only quantity to be varied is is the trace of the extrinsic curvature[image: External link].

We have

where we have used that implies . So the variation of is

where we have use the fact that the tangential derivatives of vanish on . We have obtained

which cancels the second integral on the right-hand side of . The total variation of the gravitational action is:

This produces the correct left-hand side of the Einstein equations. This proves the main result.

This result was generalized to fourth order theories of gravity on manifolds with boundaries in 1983[1] and published in 1985[2]
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 The non-dynamical term




We elaborate on the role of

in the gravitational action. As already mentioned above, because this term only depends on , its variation with respect to gives zero and so does not effect the field equations, its purpose is to change the numerical value of the action. As such we will refer to it as the non-dynamical term.

Let us assume that is a solution of the vacuum field equations, in which case the Ricci scalar vanishes. The numerical value of the gravitational action is then

where we are ignoring the non-dynamical term for the moment. Let us evaluate this for flat spacetime. Choose the boundary to consist of two hyper-surfaces of constant time value and a large three-cylinder at (that is, the product of a finite interval and a three-sphere of radius ). We have on the hyper-surfaces of constant time. On the three cylinder, in coordinates intrinsic to the hyper-surface, the line element is


	



meaning the induced metric is


	



so that . The unit normal is , so . Then

and diverges as , that is, when the spatial boundary is pushed to infinity, even when the is bounded by two hyper-surfaces of constant time. One would expect the same problem for curved spacetimes that are asymptotically flat[image: External link] (there is no problem if the spacetime is compact). This problem is remedied by the non-dynamical term. The difference will be well defined in the limit .


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Variation of modified gravity terms




Main article: Alternatives to general relativity[image: External link]


There are many theories which attempt to modify General Relativity in different ways, for example f(R) gravity[image: External link] replaces R, the Ricci scalar in the Einstein-Hilbert action with a function f(R). Guarnizo et al. found the boundary term for a general f(R) theory.[3] They found that "the modified action in the metric formalism of f(R) gravity plus a Gibbons- York-Hawking like boundary term must be written as:


	



where .

By using the ADM decomposition[image: External link] and introducing extra auxiliary fields, in 2009 Deruelle et al. found a method to find the boundary term for "gravity theories whose Lagrangian is an arbitrary function of the Riemann tensor."[4]
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 Arnowitt–Deser–Misner (ADM) energy
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 A path integral approach to quantum gravity




As mentioned at the beginning, the GHY term is required to ensure the path integral (a la Hawking et al.) for quantum gravity has the correct composition properties.

This older approach to path-integral quantum gravity had a number of difficulties and unsolved problems. The starting point in this approach is Feynman's idea that one can represent the amplitude

to go from the state with metric and matter fields on a surface to a state with metric and matter fields on a surface , as a sum over all field configurations and which take the boundary values of the fields on the surfaces and . We write

where is a measure on the space of all field configurations and , is the action of the fields, and the integral is taken over all fields which have the given values on and .

It is argued that one need only specify the three-dimensional induced metric on the boundary.

Now consider the situation where one makes the transition from metric , on a surface , to a metric , on a surface and then on to a metric on a later surface

One would like to have the usual composition rule

expressing that the amplitude to go from the initial to final state to be obtained by summing over all states on the intermediate surface .

Let be the metric between and and be the metric between and . Although the induced metric of and will agree on , the normal derivative of at will not in general be equal to that of at . Taking the implications of this into account, it can then be shown that the composition rule will hold if and only if we include the GHY boundary term.[5]

In the next section it is demonstrated how this path integral approach to quantum gravity leads to the concept of black hole temperature and intrinsic quantum mechanical entropy.
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 Calculating black hole entropy using the euclidean semiclassical approach




Main article: Euclidean quantum gravity
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 Application in loop quantum gravity




Main article: Loop quantum gravity[image: External link]
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 Transition amplitudes and the Hamilton's principal function




In the quantum theory, the object that corresponds to the Hamilton's principal function[image: External link] is the transition amplitude[image: External link]. Consider gravity defined on a compact region of spacetime, with the topology of a four dimensional ball. The boundary of this region is a three-dimensional space with the topology of a three-sphere, which we call . In pure gravity without cosmological constant, since the Ricci scalar vanishes on solutions of Einstein's equations, the bulk action vanishes and the Hamilton's principal function is given entirely in terms of the boundary term,

where is the extrinsic curvature of the boundary, is the three-metric induced on the boundary, and are coordinates on the boundary.

The functional is a highly non-trivial functional to compute; this is because the extrinsic curvature is determined by the bulk solution singled out by the boundary intrinsic geometry. As such is non-local. Knowing the general dependence of from is equivalent to knowing the general solution of the Einstein equations.
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 Background-independent scattering amplitudes




Loop quantum gravity[image: External link] is formulated in a background-independent language. No spacetime is assumed a priori, but rather it is built up by the states of theory themselves - however scattering amplitudes are derived from -point functions (Correlation function (quantum field theory)[image: External link]) and these, formulated in conventional quantum field theory, are functions of points of a background space-time. The relation between the background-independent formalism and the conventional formalism of quantum field theory on a given spacetime is far from obvious, and it is far from obvious how to recover low-energy quantities from the full background-independent theory. One would like to derive the -point functions of the theory from the background-independent formalism, in order to compare them with the standard perturbative expansion of quantum general relativity and therefore check that loop quantum gravity yields the correct low-energy limit.

A strategy for addressing this problem has been suggested;[6] the idea is to study the boundary amplitude, or transition amplitude of a compact region of spacetime, namely a path integral over a finite space-time region, seen as a function of the boundary value of the field.[7] In conventional quantum field theory, this boundary amplitude is well–defined[8][9] and codes the physical information of the theory; it does so in quantum gravity as well, but in a fully background–independent manner.[10] A generally covariant definition of -point functions can then be based on the idea that the distance between physical points –arguments of the -point function is determined by the state of the gravitational field on the boundary of the spacetime region considered.

The key observation is that in gravity the boundary data include the gravitational field, hence the geometry of the boundary, hence all relevant relative distances and time separations. In other words, the boundary formulation realizes very elegantly in the quantum context the complete identification between spacetime geometry and dynamical fields.
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Thorne–Hawking–Preskill Bet






The Thorne–Hawking–Preskill bet was a public bet on the outcome of the black hole information paradox made in 1997 by physics theorists Kip Thorne and Stephen Hawking on the one side, and John Preskill on the other.
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Thorne and Hawking argued that since general relativity made it impossible for black holes to radiate, and lose information, the mass-energy and information carried by Hawking radiation must be "new", and must not originate from inside the black hole event horizon[image: External link]. Since this contradicted the idea under quantum mechanics of microcausality, quantum mechanics would need to be rewritten. Preskill argued the opposite, that since quantum mechanics suggests that the information emitted by a black hole relates to information that fell in at an earlier time, the view of black holes given by general relativity must be modified in some way. The winning side of the bet would receive an encyclopedia of their choice, "from which information can be retrieved at will".[1]

In 2004, Hawking announced that he was conceding the bet, and that he now believed that black hole horizons should fluctuate and leak information, in doing so providing Preskill with a copy of Total Baseball, The Ultimate Baseball Encyclopedia.[2] Comparing the useless information obtainable from a black hole to "burning an encyclopedia", Hawking later joked, "I gave John an encyclopedia of baseball, but maybe I should just have given him the ashes."[3] Thorne, however, remained unconvinced of Hawking's proof and declined to contribute to the award.[4] As of 2008, Hawking's argument that he has solved the paradox has not yet been accepted by the community, and a consensus has not yet been reached that Hawking has provided a strong enough argument that this is in fact what happens.

Hawking had earlier speculated that the singularity[image: External link] at the centre of a black hole could form a bridge to a "baby universe", into which the lost information could pass; such theories have been very popular in science fiction. But according to Hawking's new idea, presented at the 17th International Conference on General Relativity[image: External link] and Gravitation[image: External link], on 21 July 2004 in Dublin[image: External link], black holes eventually transmit, in a garbled form, information about all matter they swallow:


The Euclidean[image: External link] path integral[image: External link] over all topologically trivial metrics[image: External link] can be done by time slicing[image: External link] and so is unitary[image: External link] when analytically continued[image: External link] to the Lorentzian[image: External link]. On the other hand, the path integral over all topologically non-trivial metrics is asymptotically[image: External link] independent of the initial state. Thus the total path integral is unitary and information is not lost in the formation and evaporation of black holes. The way the information gets out seems to be that a true event horizon never forms, just an apparent horizon.[5]
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 Earlier Thorne–Hawking bet




Another older bet – about the existence of black holes – was described by Hawking as an "insurance policy" of sorts:


This was a form of insurance policy for me. I have done a lot of work on black holes, and it would all be wasted if it turned out that black holes do not exist. But in that case, I would have the consolation of winning my bet, which would win me four years of the magazine Private Eye[image: External link]. If black holes do exist, Kip will get one year of Penthouse[image: External link]. When we made the bet in 1975, we were 80% certain that Cygnus X-1 was a black hole. By now, I would say that we are about 95% certain, but the bet has yet to be settled.

— Stephen Hawking, A Brief History of Time (1988)[6]



In the updated and expanded edition of A Brief History of Time, Hawking states that "Although the situation with Cygnus X-1 has not changed much since we made the bet in 1975, there is now so much other observational evidence in favour of black holes that I have conceded the bet. I paid the specified penalty, which was a one year subscription to Penthouse[image: External link], to the outrage of Kip's liberated[image: External link] wife."
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Adams Prize






For other uses, see Adams Prize (disambiguation)[image: External link].

The Adams Prize is one of the most prestigious prizes awarded by the University of Cambridge.[1] The Adams Prize is awarded each year by the Faculty of Mathematics at the University of Cambridge and St John's College[image: External link] to a UK based mathematician for distinguished research in the Mathematical Sciences.

The prize is named after the mathematician John Couch Adams[image: External link]. It was endowed by members of St John's College and was approved by the senate of the university in 1848 to commemorate Adams' controversial role[image: External link] in the discovery of the planet Neptune[image: External link]. Originally open only to Cambridge graduates, the current stipulation is that the mathematician must reside in the UK and must be under forty years of age. Each year applications are invited from mathematicians who have worked in a specific area of mathematics. As of 2012 the Adams Prize is worth approximately £14,000.[2] The prize is awarded in three parts. The first third is paid directly to the candidate; another third is paid to the candidate's institution to fund research expenses; and the final third is paid on publication of a survey paper in the winner's field in a major mathematics journal.

The prize has been awarded to many well known mathematicians, including James Clerk Maxwell[image: External link] and Sir William Hodge[image: External link]. The first time it was awarded to a female mathematician was in 2002 when it was awarded to Susan Howson[image: External link], then a lecturer at the University of Nottingham[image: External link] for her work on number theory[image: External link] and elliptic curves[image: External link].

The subject area for the 2014-15 prize was "Algebraic Geometry".

The subject area for the 2015-16 prize was "Applied Analysis".[3]

The subject area for the 2016-17 prize was "Statistical Analysis of Big Data".[4]

List of prizewinners

There does not currently seem to be an official list of prize winners, and the following partial list is compiled from internet sources:



	1850 Robert Peirson


	1857 James Clerk Maxwell[image: External link], on the stability of the motion of Saturn's rings[5]


	1865 Edward Walker


	1882 J. J. Thomson[image: External link]


	1871 Isaac Todhunter[image: External link]


	1877 Edward Routh[image: External link]


	1893 John Henry Poynting[image: External link]


	1899 Joseph Larmor and Gilbert Walker[image: External link]


	1901 Hector Munro MacDonald[image: External link]


	1907 Ernest William Brown[image: External link]


	1909 George Adolphus Schott[image: External link]


	1911 A. E. H. Love[image: External link], on some problems of Geodynamics [6]


	1913 Samuel McLaren[image: External link] and John William Nicholson

	1915 Geoffrey Ingram Taylor[image: External link]


	1917 James Hopwood Jeans[image: External link], on the course of configurations possible for a rotating and gravitating fluid mass [7]


	1919 John William Nicholson[image: External link]


	1920 William Mitchinson Hicks[image: External link]


	1922 Joseph Proudman[image: External link]


	1924 Ralph H. Fowler[image: External link]


	1926 Harold Jeffreys[image: External link]


	1928 Sydney Chapman[image: External link]


	1930 Abram Samoilovitch Besicovitch[image: External link]


	1932 Alan Herries Wilson[image: External link]


	1934 Sydney Goldstein[image: External link]


	1936 W. V. D. Hodge[image: External link]


	1940 Harold Davenport[image: External link]


	1942 Homi J. Bhabha[image: External link]


	1947 Desmond B. Sawyer[8]


	1948 John Charles Burkill[image: External link], Subrahmanyan Chandresekhar[image: External link], Walter Hayman[image: External link] and John MacNaughton Whittake


	1950 George Batchelor[image: External link], William Reginald Dean[image: External link] and Leslie Howarth[image: External link]


	1952 Bernhard Neumann[image: External link]


	1955 Harold Gordon Eggleston


	1958 Paul Taunton Matthews[image: External link], Abdus Salam[image: External link] and John G. Taylor[image: External link]


	1960 V. S. Huzurbazar[image: External link] and Walter L. Smith[image: External link]


	1962 John Robert Ringrose[image: External link]


	1964 James G. Oldroyd[image: External link] and Owen Martin Phillips[image: External link][9]


	1966 Stephen Hawking and Roger Penrose[10]


	1967 Jayant Narlikar[11]


	1970 Robert Burridge, Leslie John Walpole and John Raymond Willis


	1972 Alan Baker[image: External link], Christopher Hooley[image: External link], Hugh Lowell Montgomery[image: External link]


	1974 John Fitch[image: External link] and David Barton


	1976 Tim Pedley[image: External link]


	1978 AI Mees


	1980 Michael E. McIntyre and Brian Leslie Norman Kennett[12]


	1982 Dan Segal[image: External link], Martin J. Taylor[image: External link], Gordon James, Steve Donkin and Aidan Schofield


	1984 Bernard J. Carr[image: External link] [13]


	1986 Brian D. Ripley[image: External link]


	1992 Paul Glendinning[image: External link]


	2001 Sandu Popescu[image: External link][14]


	2002 Susan Howson[image: External link], for her research on number theory and elliptic curves[15]


	2003 David Hobson[16]


	2004 Dominic Joyce[image: External link][17]


	2005 Mihalis Dafermos[image: External link] and David Stuart


	2006 Jonathan Sherratt[18]


	2007 Paul Fearnhead[image: External link]


	2008 Tom Bridgeland[image: External link] and David Tong[image: External link][19]


	2009 Raphaël Rouquier[image: External link] for contributions to representation theory[image: External link][20]


	2010 Jacques Vanneste[image: External link][21]


	2011 Harald Helfgott[image: External link] and Tom Sanders[image: External link][22]


	2012 Sheehan Olver and Françoise Tisseur[image: External link] for contributions to computational mathematics[image: External link][23]


	2013 Ivan Smith

	2014 not awarded


	2015 Arend Bayer and Thomas Coates[24]


	2016 Clément Mouhot[image: External link][25]


	2017 Graham Cormode and Richard Samworth[image: External link][26]
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Eddington Medal






The Eddington Medal is awarded by the Royal Astronomical Society[image: External link] for investigations of outstanding merit in theoretical astrophysics[image: External link]. It is named after Sir Arthur Eddington[image: External link]. First awarded in 1953, the frequency of the prize has varied over the years, at times being every one, two or three years. Since 2013 it has been awarded annually.
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	1953 Georges Lemaître[2]


	1955 Hendrik C. van de Hulst[image: External link][3]


	1958 Horace W. Babcock[image: External link][4]


	1959 James Stanley Hey[image: External link][5]


	1960 Robert d'Escourt Atkinson[image: External link][6]


	1961 Hans Albrecht Bethe[image: External link][7]


	1962 André Lallemand[image: External link][8]


	1963 J. A. R. Sandage[image: External link], Martin Schwarzschild[image: External link][9]


	1964 Herbert Friedman, Richard Tousey[image: External link][10]


	1965 Robert Pound[image: External link], Glen A. Rebka[image: External link][11]


	1966 Rupert Wildt[image: External link][12]


	1967 Robert F. Christy[image: External link][13]


	1968 Robert Hanbury Brown[image: External link], Richard Q. Twiss[image: External link][14]


	1969 Antony Hewish[image: External link][15]


	1970 Chūshirō Hayashi[image: External link][16]


	1971 Desmond George King-Hele[image: External link][17]


	1972 Paul Ledoux[image: External link][18]


	1975 Stephen Hawking, Roger Penrose[19]


	1978 William A. Fowler[image: External link][20]


	1981 Philip James Edwin Peebles[image: External link][21]


	1984 Donald Lynden-Bell[image: External link][22]


	1987 Bohdan Paczyński[image: External link][23]


	1990 Icko Iben[image: External link][24]


	1993 Leon Mestel[image: External link][25]


	1996 Alan Guth[image: External link]


	1999 Roger Blandford[image: External link]


	2002 Douglas O. Gough[image: External link][26]


	2005 Rudolph Kippenhahn[image: External link][27]


	2007 Igor D. Novikov[image: External link][28]


	2009 Jim Pringle[image: External link][29]


	2011 Gilles Chabrier[image: External link][30]


	2013 James Binney[image: External link][31]


	2014 Andrew King[image: External link][32]


	2015 Rashid Sunyaev[33]


	2016 Anthony Bell[image: External link][34]


	2017 Cathie Clarke[35]
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Maxwell Medal and Prize






The Maxwell Medal and Prize is one of the principal awards made annually by the Institute of Physics[image: External link]. The award is made for outstanding contributions to theoretical physics and is intended to recognize theoretical physicists early in their careers. Named after James Clerk Maxwell[image: External link], the medal is made of bronze and accompanied by a prize of £1000. [1]

Maxwell Medalists

Source: Institute of Physics[image: External link]



	2016 Alexandra Olaya-Castro[image: External link] - University College London[image: External link]


	2015 Clare Burrage - University of Nottingham[image: External link]


	2014 Igor Lesanovsky - University of Nottingham[image: External link]


	2013 Jo Dunkley - University of Oxford


	2012 Meera Parish - University College London[image: External link]


	2011 Andrei Starinets - University of Oxford (St Johns College)[image: External link]


	2010 Peter Haynes - Imperial College[image: External link]


	2009 Dmitry Skryabin - University of Bath[image: External link]


	2008 Sougato Bose - University College London[image: External link]


	2007 Nigel Cooper - University of Cambridge


	2006 Ruth Gregory[image: External link] - University of Durham[image: External link]


	2005 Clifford Victor Johnson[image: External link] - University of Southern California[image: External link]


	2004 Martin Bodo Plenio[image: External link] - Imperial College[image: External link]


	2003 Tchavdar Nikolov Todorov - Queen's University Belfast[image: External link]


	2002 Andrew John Schofield[image: External link] - University of Birmingham[image: External link]


	2001 Benjamin Simons[image: External link] - University of Cambridge


	2000 Andrew Martin Steane[image: External link]


	1999 Jeffrey Robert Forshaw[image: External link]


	1998 Andrew James Fisher


	1997 Michael Wilkinson - Open University[image: External link]


	1996 Michael Christopher Payne


	1995 Artur Ekert[image: External link]


	1994 Stephen Mark Barnett


	1993 John Feather Wheater


	1992 Neil Turok


	1991 Michael E Cates


	1990 George Petros Efstathiou[image: External link]


	1989 Mark Warner


	1988 Robin C Ball


	1987 Michael Boris Green[image: External link]


	1986 James Binney[image: External link]


	1985 Alan John Bray and Allan Peter Young


	1984 David William Bullett


	1983 Alastair Douglas Bruce


	1982 Jonathan Richard Ellis[image: External link] - King's College London[image: External link]


	1981 John M. Kosterlitz[image: External link]


	1980 David Wallace[image: External link]


	1979 Christopher Hubert Llewellyn Smith[image: External link]


	1978 Michael Berry


	1977 Eric Jakeman


	1976 Stephen William Hawking[image: External link]


	1975 Anthony James Leggett


	1974 Samuel Frederick Edwards[image: External link]


	1973 David J. Thouless


	1972 Volker Heine[image: External link]


	1971 John Bryan Taylor[image: External link]


	1970 Richard John Eden


	1968 Roger James Elliott[image: External link] and Kenneth William Harry Stevens


	1966 Richard Henry Dalitz[image: External link]


	1964 Walter Charles Marshall[image: External link]


	1962 Abdus Salam[image: External link]
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	List of prizes, medals and awards[image: External link]

	List of prizes named after people[image: External link]
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Dannie Heineman Prize for Mathematical Physics






Dannie Heineman Prize for Mathematical Physics is an award given each year since 1959 jointly by the American Physical Society and American Institute of Physics[image: External link]. It is established by the Heineman Foundation in honour of Dannie Heineman[image: External link]. As of 2010, the prize consists of US$ 10,000 and a certificate citing the contributions made by the recipient plus travel expenses to attend the meeting at which the prize is bestowed.

Past Recipients



	2017 Carl M. Bender[image: External link]


	2016 Andrew Strominger[image: External link] and Cumrun Vafa


	2015 Pierre Ramond[image: External link]


	2014 Gregory W. Moore[image: External link]


	2013 Michio Jimbo[image: External link] and Tetsuji Miwa ( de[image: External link])


	2012 Giovanni Jona-Lasinio[image: External link]


	2011 Herbert Spohn[image: External link]


	2010 Michael Aizenman[image: External link]


	2009 Carlo Becchi[image: External link], Alain Rouet ( de[image: External link]), Raymond Stora[image: External link] and Igor Tyutin[image: External link]


	2008 Mitchell Feigenbaum


	2007 Juan Maldacena[image: External link] and Joseph Polchinski


	2006 Sergio Ferrara[image: External link], Daniel Z. Freedman[image: External link] and Peter van Nieuwenhuizen[image: External link]


	2005 Giorgio Parisi[image: External link]


	2004 Gabriele Veneziano[image: External link]


	2003 Yvonne Choquet-Bruhat[image: External link] and James W. York[image: External link]


	2002 Michael B. Green[image: External link] and John Henry Schwarz


	2001 Vladimir Igorevich Arnold[image: External link]


	2000 Sidney R. Coleman[image: External link]


	1999 Barry M. McCoy[image: External link], Tai Tsun Wu[image: External link] and Alexander B. Zamolodchikov[image: External link]


	1998 Nathan Seiberg and Edward Witten


	1997 Harry W. Lehmann[image: External link]


	1996 Roy J. Glauber[image: External link]


	1995 Roman W. Jackiw[image: External link]


	1994 Richard Arnowitt[image: External link], Stanley Deser[image: External link] and Charles W. Misner[image: External link]


	1993 Martin C. Gutzwiller[image: External link]


	1992 Stanley Mandelstam[image: External link]


	1991 Thomas C.Spencer[image: External link] and Jürg Fröhlich[image: External link]


	1990 Yakov Sinai[image: External link]


	1989 John S. Bell[image: External link]


	1988 Julius Wess[image: External link] and Bruno Zumino[image: External link]


	1987 Rodney Baxter[image: External link]


	1986 Alexander M. Polyakov[image: External link]


	1985 David P. Ruelle[image: External link]


	1984 Robert B. Griffiths[image: External link]


	1983 Martin D. Kruskal[image: External link]


	1982 John Clive Ward[image: External link]


	1981 Jeffrey Goldstone[image: External link]


	1980 James Glimm[image: External link] and Arthur Jaffe[image: External link]


	1979 Gerard 't Hooft


	1978 Elliott Lieb[image: External link]


	1977 Steven Weinberg[image: External link]


	1976 Stephen Hawking


	1975 Ludwig D. Faddeev[image: External link]


	1974 Subrahmanyan Chandrasekhar[image: External link]


	1973 Kenneth G. Wilson


	1972 James D. Bjorken[image: External link]


	1971 Roger Penrose


	1970 Yoichiro Nambu


	1969 Arthur S. Wightman[image: External link]


	1968 Sergio Fubini[image: External link]


	1967 Gian Carlo Wick[image: External link]


	1966 Nikolai N. Bogoliubov[image: External link]


	1965 Freeman J. Dyson[image: External link]


	1964 Tullio Regge[image: External link]


	1963 Keith A. Brueckner[image: External link]


	1962 Léon Van Hove[image: External link]


	1961 Marvin Leonard Goldberger[image: External link]


	1960 Aage Bohr[image: External link]


	1959 Murray Gell-Mann[image: External link]
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Hughes Medal






The Hughes Medal is awarded by the Royal Society of London[image: External link] "in recognition of an original discovery in the physical sciences, particularly electricity and magnetism or their applications".[1] Named after David E. Hughes[image: External link], the medal is awarded with a gift of £1000. The medal was first awarded in 1902 to J. J. Thomson[image: External link] "for his numerous contributions to electric science, especially in reference to the phenomena of electric discharge in gases", and has since been awarded over one-hundred times. Unlike other Royal Society medals[image: External link], the Hughes Medal has never been awarded to the same individual more than once. A recent recipient was Michele Dougherty[image: External link], who was awarded the medal "for innovative use of magnetic field data that led to discovery of an atmosphere around one of Saturn[image: External link]'s moons and the way it revolutionised our view of the role of planetary moons in the Solar System".[1]

The medal has on occasion been awarded to multiple people at a time; in 1938 it was won by John Cockcroft[image: External link] and Ernest Walton[image: External link] "for their discovery that nuclei could be disintegrated by artificially produced bombarding particles",[2] in 1981 by Peter Higgs and Tom Kibble[image: External link] "for their international contributions about the spontaneous breaking of fundamental symmetries in elementary-particle theory",[2] in 1982 by Drummond Matthews[image: External link] and Frederick Vine[image: External link] "for their elucidation of the magnetic properties of the ocean floors which subsequently led to the plate tectonic hypothesis" and in 1988 by Archibald Howie[image: External link] and M. J. Whelan[image: External link] "for their contributions to the theory of electron diffraction and microscopy, and its application to the study of lattice defects in crystals".[2]



List of recipients

Source: Royal Society[image: External link]



	Year
	Name
	Rationale
	Notes



	1902
	Thomson, Joseph JohnJoseph John Thomson[image: External link]
	"for his numerous contributions to electric science, especially in reference to the phenomena of electric discharge in gases"
	[3]



	1903
	Hittorf, Johann WilhelmJohann Wilhelm Hittorf[image: External link]
	"for his long continued experimental researches on the electric discharge in liquids and gases"
	[4]



	1904
	Swan, JosephJoseph Swan[image: External link]
	"for his invention of the incandescent lamp, and his other inventions and improvements in the practical applications of electricity"
	[5]



	1905
	Righi, AugustoAugusto Righi[image: External link]
	"for his experimental researches in electrical science, including electric vibrations"
	[6]



	1906
	Ayrton, HerthaHertha Ayrton[image: External link]
	"for her experimental investigations on the electric arc, and also on sand ripples"
	[7]



	1907
	Griffiths, Ernest HowardErnest Howard Griffiths[image: External link]
	"for his contributions to exact physical measurement"
	[8]



	1908
	Goldstein, EugenEugen Goldstein[image: External link]
	"for his discoveries on the nature of electric discharge in rarefied gasses"
	[9]



	1909
	Glazebrook, RichardRichard Glazebrook[image: External link]
	"for his researches on electrical standards"
	[10][11]



	1910
	Fleming, John AmbroseJohn Ambrose Fleming[image: External link]
	"for his researches in electricity and electrical measurements"
	[12]



	1911
	Wilson, CharlesCharles Wilson[image: External link]
	"for his work on nuclei in dust-free air, and his work on ions in gases and atmospheric electricity"
	[13]



	1912
	Duddell, WilliamWilliam Duddell[image: External link]
	"for his investigations in technical electricity"
	[14]



	1913
	Bell, Alexander GrahamAlexander Graham Bell[image: External link]
	"for his share in the invention of the telephone, and more especially the construction of the telephone receiver"
	[15]



	1914
	Townsend, John SealyJohn Sealy Townsend[image: External link]
	"for his researches on electric induction in gases"
	[16]



	1915
	Langevin, PaulPaul Langevin[image: External link]
	"for his important contributions to, and pre-eminent position in, electrical science"
	[17]



	1916
	Thomson, ElihuElihu Thomson[image: External link]
	"for his researches in experimental electricity"
	[18]



	1917
	Barkla, CharlesCharles Barkla[image: External link]
	"for his researches in connexion with X-ray radiation"
	[19]



	1918
	Langmuir, IrvingIrving Langmuir[image: External link]
	"for his researches in molecular physics"
	[20]



	1919
	Chree, CharlesCharles Chree[image: External link]
	"for his researches in terrestrial magnetism"
	[21]



	1920
	Richardson, OwenOwen Richardson[image: External link]
	"for his work in experimental physics, and especially thermionics"
	[22]



	1921
	Bohr, NielsNiels Bohr[image: External link]
	"for his research in theoretical physics"
	[23]



	1922
	, Francis William AstonFrancis William Aston[image: External link]
	"for his discovery of isotopes of a large number of the elements by the method of positive rays"
	[24]



	1923
	Millikan, RobertRobert Millikan[image: External link]
	"for his determination of the electronic charge and of other physical constants"
	[25]



	1924
	not awarded
	 —
	—



	1925
	Smith, Frank EdwardFrank Edward Smith[image: External link]
	"for his determination of fundamental electrical units and for researches in technical electricity"
	[26]



	1926
	Jackson, HenryHenry Jackson[image: External link]
	"for his pioneer work in the scientific investigations of radiotelegraphy and its application to navigation"
	[27]



	1927
	Coolidge, WilliamWilliam Coolidge[image: External link]
	"for his work on the X-rays and the development of highly efficient apparatus for their production"
	[28]



	1928
	Broglie, Maurice deMaurice de Broglie[image: External link]
	"for his work on X-ray spectra"
	[29]



	1929
	Geiger, HansHans Geiger[image: External link]
	"for his invention and development of methods of counting alpha and beta particles"
	[30]



	1930
	Raman, Chandrasekhara V.Chandrasekhara V. Raman[image: External link]
	"for his studies on the abnormal scattering of light"
	[31]



	1931
	Bragg, William LawrenceWilliam Lawrence Bragg[image: External link]
	"for his pioneer work on the elucidation of crystal structure by X-ray analysis"
	[32]



	1932
	Chadwick, JamesJames Chadwick[image: External link]
	"for his researches on radioactivity"
	[33]



	1933
	Appleton, Edward VictorEdward Victor Appleton[image: External link]
	"for his researches into the effect of the Heaviside layer upon the transmission of wireless signals"
	[34]



	1934
	Siegbahn, ManneManne Siegbahn[image: External link]
	"for his work as a physicist and technician on long-wave X-rays"
	[35]



	1935
	Davisson, ClintonClinton Davisson[image: External link]
	"for his research that resulted in the discovery of the physical existence of electron waves through long-continued investigations on the reflection of electrons from the crystal planes of nickel and other metals"
	[36]



	1936
	Schottky, Walter H.Walter H. Schottky[image: External link]
	"for his discovery of the Schrot Effect in thermionic emission and his invention of the screen-grid tetrode and a superheterodyne method of receiving wireless signals"
	[37]



	1937
	Lawrence, ErnestErnest Lawrence[image: External link]
	"for his work on the development of the cyclotron and its application to investigations of nuclear disintegration"
	[38]



	1938
	Cockcroft, JohnJohn Cockcroft[image: External link] and Walton, ErnestErnest Walton[image: External link]
	"for their discovery that nuclei could be disintegrated by artificially produced bombarding particles"
	[39]



	1939
	Thomson, George PagetGeorge Paget Thomson[image: External link]
	"for his important discoveries in connexion with the diffraction of electrons by matter"
	[40]



	1940
	Compton, ArthurArthur Compton[image: External link]
	"for his discovery of the Compton Effect; and for his work on cosmic rays"
	[41]



	1941
	Mott, NevillNevill Mott[image: External link]
	"for his fertile application of the principles of quantum theory to many branches of physics, especially in the fields of nuclear and collision theory, in the theory of metals and in the theory of photographic emulsions"
	[42]



	1942
	Fermi, EnricoEnrico Fermi[image: External link]
	"for his outstanding contributions to the knowledge of the electrical structure of matter, his work in quantum theory, and his experimental studies of the neutron"
	—



	1943
	Oliphant, MarcusMarcus Oliphant[image: External link]
	"for his distinguished work in nuclear physics and mastery of methods of generating and applying high potentials"
	[43]



	1944
	Finch, GeorgeGeorge Finch[image: External link]
	"for his fundamental contributions to the study of the structure and properties of surfaces, and for his important work on the electrical ignition of gases"
	[44]



	1945
	Schonland, BasilBasil Schonland[image: External link]
	"for his work on atmospheric electricity and of other physical researches"
	[45]



	1946
	Randall, JohnJohn Randall[image: External link]
	"for his distinguished researches into fluorescent materials and into the production of high frequency electro-magnetic radiation"
	—



	1947
	Joliot-Curie, FrédéricFrédéric Joliot-Curie[image: External link]
	"for his distinguished contributions to nuclear physics, particularly the discovery of artificial radioactivity and of neutron emission in the fission process"
	[46]



	1948
	Watson-Watt, RobertRobert Watson-Watt[image: External link]
	"for his distinguished contributions to atmospheric physics and to the development of radar"



	1949
	Powell, CecilCecil Powell[image: External link]
	"for his distinguished work on the photography of particle tracks, and in connexion with the discovery of mesons and their transformation"
	[47]



	1950
	Born, MaxMax Born[image: External link]
	"for his contributions to theoretical physics in general and to the development of quantum mechanics in particular"
	[48]



	1951
	Kramers, HendrikHendrik Kramers[image: External link]
	"for his distinguished work on the quantum theory, particularly its application to the optical and magnetic properties of matter"
	—



	1952
	Dee, PhilipPhilip Dee[image: External link]
	"particularly for his distinguished studies on the disintegration of atomic nuclei, particularly those using the Wilson cloud chamber technique"
	—



	1953
	Bullard, EdwardEdward Bullard[image: External link]
	"for his important contributions to the development, both theoretical and experimental, of the physics of the Earth"
	[49]



	1954
	Ryle, MartinMartin Ryle[image: External link]
	"for his distinguished and original experimental researches in radio astronomy"
	[50]



	1955
	Massey, HarrieHarrie Massey[image: External link]
	"for his distinguished contributions to atomic and molecular physics, particularly in regard to collisions involving the production and recombination of ions"
	—



	1956
	Lindemann, FrederickFrederick Lindemann[image: External link]
	"for his distinguished work in many fields: the melting point formula and theory of specific heats; ionisation of stars; meteors and temperature inversion in the stratosphere"
	[51]



	1957
	Proudman, JosephJoseph Proudman[image: External link]
	"for his distinguished work on dynamical oceanography"
	[52]



	1958
	da Costa Andrade, EdwardEdward da Costa Andrade[image: External link]
	"for his distinguished contributions to many branches of classical physics"
	—



	1959
	Pippard, BrianBrian Pippard[image: External link]
	"for his distinguished contributions in the field of low temperature physics"
	—



	1960
	Pawsey, JosephJoseph Pawsey[image: External link]
	"for his distinguished contributions to radio astronomy both in the study of solar and of cosmic ray emission"
	—



	1961
	Cottrell, AlanAlan Cottrell[image: External link]
	"for his distinguished work on the physical properties of metals, particularly in relation to mechanical deformation and to the effects of irradiation"
	[53]



	1962
	Bleaney, BrebisBrebis Bleaney[image: External link]
	"for his distinguished studies of electrical and magnetic phenomena and their correlation with atomic and molecular properties"
	[54]



	1963
	Williams, FredericFrederic Williams[image: External link]
	"for distinguished work on early computers"
	—



	1964
	Salam, AbdusAbdus Salam[image: External link]
	"for his distinguished contributions to quantum mechanics and the theory of fundamental particles"
	[55]



	1965
	Wilkinson, DenysDenys Wilkinson[image: External link]
	"for his distinguished experimental and theoretical investigation in nuclear structure and high energy physics"
	—



	1966
	Kemmer, NicholasNicholas Kemmer[image: External link]
	"for his numerous discoveries of major importance in theoretical nuclear physics which he has made"
	[56]



	1967
	Mendelssohn, KurtKurt Mendelssohn[image: External link]
	"for his distinguished contributions to cryophysics, especially his discoveries in superconductivity and superfluidity"
	[57]



	1968
	Dyson, FreemanFreeman Dyson
	"for his distinguished fundamental work in theoretical physics, and especially on quantum electrodynamics"
	[58]



	1969
	Kurti, NicholasNicholas Kurti[image: External link]
	"for his distinguished work in low-temperature physics and in thermodynamics"
	[59]



	1970
	Bates, DavidDavid Bates[image: External link]
	"for his distinguished contributions to theoretical atomic and molecular physics and its applications to atmospheric physics, plasma physics and astrophysics"
	[60]



	1971
	Brown, Robert HanburyRobert Hanbury Brown[image: External link]
	"Robert Hanbury Brown, for his distinguished work in developing a new form of stellar interfrometer [ sic[image: External link]], culminating in his observations of alpha virginis"
	[61]



	1972
	Josephson, Brian DavidBrian David Josephson[image: External link]
	"particularly for his discovery of the remarkable properties of junctions between superconducting materials"
	[62]



	1973
	Hirsch, PeterPeter Hirsch
	"for his distinguished contributions to the development of the electron microscope thin film technique for the study of crystal defects and its application to a very wide range of problems in materials science and metallurgy"
	[63]



	1974
	Fowler, PeterPeter Fowler[image: External link]
	"for his outstanding contributions to cosmic ray and elementary particle physics"
	[64]



	1975
	Dalitz, RichardRichard Dalitz[image: External link]
	"for his distinguished contributions to the theory of the basic particles of matter"
	[65]



	1976
	Hawking, StephenStephen Hawking
	"for his distinguished contributions to the application of general relativity to astrophysics, especially to the behaviour of highly condensed matter"
	[66]



	1977
	Hewish, AntonyAntony Hewish[image: External link]
	"for his outstanding contributions to radioastronomy, including the discovery and identification of pulsars"
	[67]



	1978
	Cochran, WilliamWilliam Cochran[image: External link]
	"for his pioneering contributions to the science of X-ray crystallography, in which his work has made a profound impact on its development and application, and for his original contributions to lattice dynamics and its relation to phase transitions, which stimulated a new and fruitful field of results"
	[68]



	1979
	Williams, Robert J. P.Robert J. P. Williams[image: External link]
	"for his distinguished studies of the conformations of computer molecules in solution by the use of nuclear magnetic resonance"
	[69]



	1980
	Farley, FrancisFrancis Farley[image: External link]
	"for his ultra-precise measurements of the muon magnetic moment, a severe test of quantum electrodynamics and of the nature of the muon"
	—



	1981
	Higgs, PeterPeter Higgs and Kibble, TomTom Kibble[image: External link]
	"for their international contributions about the spontaneous breaking of fundamental symmetries in elementary-particle theory"
	[70]



	1982
	Matthews, DrummondDrummond Matthews[image: External link] and Vine, FrederickFrederick Vine[image: External link]
	"for their elucidation of the magnetic properties of the ocean floors which subsequently led to the plate tectonic hypothesis"
	[71]



	1983
	Ward, JohnJohn Ward[image: External link]
	"for his highly influential and original contributions to quantum field theory, particularly the Ward identity and the Salam-Ward theory of weak interactions"
	[72]



	1984
	Kerr, RoyRoy Kerr[image: External link]
	"for his distinguished work on relativity, especially for his discovery of the so-called Kerr Black Hole, which has been very influential"
	[73]



	1985
	Skyrme, TonyTony Skyrme[image: External link]
	"for his contributions to theoretical particle and nuclear physics, and his discovery that particle-like entities simulating the properties of baryons can occur in non-linear meson field theories"
	—



	1986
	Woolfson, MichaelMichael Woolfson[image: External link]
	"for the creation of algorithms including MULTAN and SAYTAN which are used world-wide to solve the majority of reported crystal structures"
	—



	1987
	Pepper, MichaelMichael Pepper[image: External link]
	"for his many important experimental investigations into the fundamental properties of semiconductors especially low-dimensional systems, where he has elucidated some of their unusual properties like electron localization and the Quantum Hall effects"
	—



	1988
	Howie, ArchibaldArchibald Howie[image: External link] and Whelan, M. J.M. J. Whelan[image: External link]
	"for their contributions to the theory of electron diffraction and microscopy, and its application to the study of lattice defects in crystals"
	—



	1989
	Bell, John StewartJohn Stewart Bell[image: External link]
	"for his outstanding contributions to our understanding of the structure and interpretation of quantum theory, in particular demonstrating the unique nature of its predictions"
	[74]



	1990
	Cowling, Thomas GeorgeThomas George Cowling[image: External link]
	"for his fundamental contributions to theoretical astrophysics including seminal theoretical studies of the role of electromagnetic induction in cosmic systems"
	[75]



	1991
	Moon, PhilipPhilip Moon[image: External link]
	"for his contributions in three main areas of science — nuclear physics, the discovery of gamma-ray resonances, and the use of colliding molecular beams to study chemical reactions"
	[76]



	1992
	Seaton, MichaelMichael Seaton[image: External link]
	"for his theoretical research in atomic physics and leadership of the Opacity Project"
	[72]



	1993
	Isaak, GeorgeGeorge Isaak[image: External link]
	"for his pioneering use of resonant scattering techniques to make extremely precise measures of Doppler velocity shifts in the solar photosphere"
	[77]



	1994
	Chambers, Robert G.Robert G. Chambers[image: External link]
	"for his many contributions to solid-state physics, in particular his ingenious and technically demanding experiment which verified the Ahoronov-Bohm effect concerning the behaviour of charged particles in magnetic fields"
	—



	1995
	Shoenberg, DavidDavid Shoenberg[image: External link]
	"for his work on the electronic structure of solids, in particular by exploiting low temperature techniques, particularly the De Haas Van Alphen effect, defining the Fermi surface of many metals"
	—



	1996
	Buckingham, AmyandAmyand Buckingham[image: External link]
	"for his contributions to chemical physics, in particular to long-range intermolecular forces, non-linear optics, problems related to the polarizability of the helium atom, the interpretation of NMR spectra, and the applications of ab initio computations"
	[78]



	1997
	Lang, AndrewAndrew Lang[image: External link]
	"for his fundamental work on X-ray diffraction physics and for his developments of the techniques of X-ray topography, in particular in studying defects in crystal structures"
	[79]



	1998
	Hide, RaymondRaymond Hide[image: External link]
	"for his distinguished experimental and theoretical investigations of the hydrodynamics of rotating fluids and the application of such basic studies to the understanding of motions in the atmosphere and interiors of the major planets"
	[80]



	1999
	Boksenberg, AlexanderAlexander Boksenberg[image: External link]
	"for his landmark discoveries concerning the nature of active galactic nuclei, the physics of the intergalactic medium and of the interstellar gas in primordial galaxies. He is noted also for his exceptional contributions to the development of astronomical instrumentation including the Image Photon Counting System, a revolutionary electronic area detector for the detection of faint sources, which gave a major impetus to optical astronomy in the United Kingdom"
	[81]



	2000
	Rao, ChintamaniChintamani Rao[image: External link]
	"for his contributions to the field of materials chemistry, in particular, in relation to studies of the electronic and magnetic properties of transition metal oxides and high temperature superconductors. His work has been an inspiration to a generation of Indian scientists"
	[82]



	2001
	Pethica, JohnJohn Pethica[image: External link]
	"for his contributions to the field of nanometre and atomic scale mechanics. He invented and developed the technique of nanoindentation thereby revolutionising the mechanical characterisation of ultra-small volumes of materials. This has had a major influence on those industries concerned with thin film and coating technologies"
	[83]



	2002
	Dalgarno, AlexanderAlexander Dalgarno[image: External link]
	"for his contributions to the theory of atomic and molecular process, and in particular its application to astrophysics. His studies of energy depositions provide the key to understanding emissions from terrestrial aurorae, planetary atmospheres and comets"
	—



	2003
	Edwards, PeterPeter Edwards[image: External link]
	"for his distinguished work as a solid state chemist. He has made seminal contributions to fields including superconductivity and the behaviour of metal nanoparticles, and has greatly advanced our understanding of the phenomenology of the metal-insulator transition"
	[84]



	2004
	Clarke, JohnJohn Clarke[image: External link]
	"for his outstanding research, leading the world in the invention, building and development of innovative new Superconducting QUantum Interference Devices (SQUID), in their theory and in their application to a plethora of fundamental problems and their investigative tools"
	—



	2005
	Moffatt, KeithKeith Moffatt[image: External link]
	"for his contributions to the understanding of magnetohydrodynamics, especially to the mechanisms determining how magnetic fields can develop from a low background level to substantial amplitude"
	[85]



	2006
	Kelly, MichaelMichael Kelly[image: External link]
	"for his work in the fundamental physics of electron transport and the creation of practical electronic devices which can be deployed in advanced systems"
	—



	2007
	Ekert, ArturArtur Ekert[image: External link]
	"for his pioneering work on quantum cryptography and his many important contributions to the theory of quantum computation and other branches of quantum physics"
	[86]



	2008
	Dougherty, MicheleMichele Dougherty[image: External link]
	"for her innovative use of magnetic field data that led to discovery of an atmosphere around one of Saturn's moons and the way it revolutionised our view of the role of planetary moons in the Solar System"
	—



	2009
	not awarded?
	 —
	—



	2010
	Geim, AndreAndre Geim
	"for his revolutionary discovery of graphene, and elucidation of its remarkable properties"
	[87]



	2011
	Rosseinsky, MatthewMatthew Rosseinsky[image: External link]
	"for his influential discoveries in the synthetic chemistry of solid state electronic materials and novel microporous structures"
	[88]



	2013
	Sirringhaus, HenningHenning Sirringhaus[image: External link]
	"for his pioneering development of inkjet printing processes for organic semiconductor devices, and dramatic improvement of their functioning and efficiency"
	[89]



	2015
	Efstathiou, GeorgeGeorge Efstathiou[image: External link]
	"for many outstanding contributions to our understanding of the early Universe"
	[90]




Note. As of 2011, the Hughes Medal has been awarded biennially (on odd years).
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Albert Einstein Award






The Albert Einstein Award (sometimes mistakenly called the Albert Einstein Medal because it was accompanied with a gold medal) was an award in theoretical physics that was established to recognize high achievement in the natural sciences[image: External link]. It was endowed by the Lewis and Rosa Strauss Memorial Fund in honor of Albert Einstein's 70th birthday. It was first awarded in 1951 and in addition to a gold medal of Einstein by sculptor Gilroy Roberts[image: External link],[1] it also included a prize money of $15,000,[2][3] which was later reduced to $5,000.[4][5] The winner was selected by a committee (the first of which consisted of Einstein, Oppenheimer[image: External link], von Neumann[image: External link] and Weyl[image: External link][6]) of the Institute for Advanced Study[image: External link], which administered the award.[3] Lewis L. Strauss[image: External link] used to be one of the trustees of the institute.[7]

This award should not be confused with many others named after the famous physicist, such as the Albert Einstein World Award of Science[image: External link] given by the World Cultural Council[image: External link] (since 1984), the Albert Einstein Medal given by the Albert Einstein Society[image: External link] (since 1979), nor with the Hans Albert Einstein[image: External link] Award, named after his son and given by the American Society of Civil Engineers[image: External link] (since 1988).[8] It was established much earlier than these, when Einstein was still alive and was a professor at the Institute for Advanced Study. It has been called "the highest of its kind in the United States" by The New York Times.[9] Some considered it as "the prestigious equivalent of a Nobel Prize[image: External link]".[10]

Recipients



	Year
	Name
	Reference



	1951
	
Gödel, KurtKurt Gödel[image: External link] and Julian Schwinger[image: External link]

	
[2][11]




	1954
	
Feynman, RichardRichard Feynman[image: External link]

	[3]



	1958
	
Teller, EdwardEdward Teller[image: External link]

	[12]



	1959
	
Libby, WillardWillard Libby[image: External link]

	[13]



	1960
	
Szilárd, LeóLeó Szilárd[image: External link]

	[14]



	1961
	
Alvarez, LuisLuis Alvarez[image: External link]

	[4]



	1965
	
Wheeler, JohnJohn Wheeler

	[15]



	1967
	
Rosenbluth, MarshallMarshall Rosenbluth[image: External link]

	[5]



	1970
	
Ne'eman, YuvalYuval Ne'eman[image: External link]

	[16]



	1972
	
Wigner, EugeneEugene Wigner[image: External link]

	[17]



	1978
	
Hawking, StephenStephen Hawking

	[10]



	1979
	
Regge, TullioTullio Regge[image: External link]

	[18]
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Gold Medal of the Royal Astronomical Society






The Gold Medal of the Royal Astronomical Society[image: External link] (RAS) is the highest award given by the RAS. The RAS Council have "complete freedom as to the grounds on which it is awarded"[3] and as such it can be awarded for any reason.[4] Past awards have been given for "outstanding personal researches in the fields of astronomy and geophysics" as well as general contributions to astronomy and geophysics "that may be made through leadership in research programmes, through education and through scientific administration". It has been awarded both for research that has taken a lifetime[image: External link][3] (it has most frequently been given to recognise an extraordinary lifetime achievement)[4] and for specific pieces of research.[3]

History

The first Gold Medals were awarded in 1824. Silver medals were also awarded in 1824 and 1827,[1] but that practice was quickly abandoned, instead the RAS established other awards[image: External link].

In the early years, more than one medal was often awarded in a year, but by 1833 only one medal was being awarded per year. This caused a problem when Neptune[image: External link] was discovered in 1846, because many felt an award should jointly be made to John Couch Adams[image: External link] and Urbain Le Verrier[image: External link]. A controversy arose and no award was made in 1847. The controversy was resolved by giving 12 "testimonial" awards in 1848 to various people including Adams and Le Verrier, and in 1849 awards resumed, with a limit of one per year. Adams and Le Verrier did not get their gold medals until 1866 and 1868, respectively. Adams, as President, presented Le Verrier with the medal.

In some years, particularly early on, the RAS sometimes decided that there were no suitable nominations and so did not award the Gold Medal. There are therefore 17 years without an award, the most recent being 1942 (on that occasion due to the disruption of World War Two[image: External link]). One medal per year was the usual practise, although two medals were awarded in both 1867 and 1886. To ensure balance in research areas, in 1964 the award was expanded to two medals per year, one in astronomy[image: External link] (including astrophysics[image: External link], cosmology[image: External link] etc.) and one in geophysics[image: External link] (including planetary science[image: External link], tectonics[image: External link] etc.), which remains the current system.[4] All recipients are listed below, along with the years when no award was made.

The first woman to receive the Gold Medal was Caroline Herschel in 1828. No other woman received the award until Vera Rubin in 1996. Margaret and Geoffrey Burbidge were jointly awarded the 2005 Gold Medal in astronomy, the first joint award since 1886.

The medal features an image of the 40-foot telescope[image: External link] that was constructed by astronomer Sir William Herschel[image: External link], who was the first President of the RAS[image: External link].

Recipients



	Year
	Astronomy
	Geophysics
	Notes
	References



	1824
	Charles Babbage

Johann Franz Encke[image: External link]
	[note 1]
	[1]



	1825
	No award
	
	



	1826
	John Herschel[image: External link]

James South[image: External link]

Wilhelm Struve[image: External link]
	
	[1]



	1827
	Francis Baily[image: External link]
	[note 2]
	[1]



	1828
	Thomas Makdougall Brisbane[image: External link]

James Dunlop[image: External link]

Caroline Herschel[image: External link]
	[note 3]
	[1]



	1829
	Friedrich Wilhelm Bessel[image: External link]

William Pearson[image: External link]

Heinrich Christian Schumacher[image: External link]
	
	[1]



	1830
	Johann Franz Encke[image: External link]

William Richardson
	
	[1]



	1831
	Marie-Charles Damoiseau[image: External link]

Henry Kater[image: External link]
	
	[1]



	1832
	No award
	
	



	1833
	George Biddell Airy
	
	[1]



	1834
	No award
	
	



	1835
	Manuel J. Johnson[image: External link]
	
	[1]



	1836
	John Herschel[image: External link]
	
	[1]



	1837
	Otto A. Rosenberger[image: External link]
	
	[1]



	1838
	No award
	
	



	1839
	John Wrottesley[image: External link]
	
	[1]



	1840
	Jean Plana[image: External link]
	
	[1]



	1841
	Friedrich Wilhelm Bessel[image: External link]
	
	[1]



	1842
	Peter Andreas Hansen[image: External link]
	
	[1]



	1843
	Francis Baily[image: External link]
	
	[1]



	1844
	No award
	
	



	1845
	William Henry Smyth[image: External link]
	
	[1]



	1846
	George Biddell Airy
	
	[1]



	1847
	No award
	
	



	1848
	No award
	[note 4]
	[1]



	1849
	William Lassell[image: External link]
	
	[1]



	1850
	Otto Wilhelm Struve[image: External link]
	
	[1]



	1851
	Annibale de Gasparis[image: External link]
	
	[1]



	1852
	Christian August Friedrich Peters[image: External link]
	
	[1]



	1853
	John Russell Hind[image: External link]
	
	[1]



	1854
	Charles Rümker[image: External link]
	
	[1]



	1855
	William Rutter Dawes[image: External link]
	
	[1]



	1856
	Robert Grant[image: External link]
	
	[1]



	1857
	Heinrich Schwabe[image: External link]
	
	[1]



	1858
	Robert Main[image: External link]
	
	[1]



	1859
	Richard Christopher Carrington[image: External link]
	
	[1]



	1860
	Peter Andreas Hansen[image: External link]
	
	[1]



	1861
	Hermann Goldschmidt[image: External link]
	
	[1]



	1862
	Warren de la Rue[image: External link]
	
	[1]



	1863
	Friedrich Wilhelm Argelander[image: External link]
	
	[1]



	1864
	No award



	1865
	George Phillips Bond[image: External link]
	
	[1]



	1866
	John Couch Adams[image: External link]
	
	[1]



	1867
	William Huggins[image: External link]

William Allen Miller[image: External link]
	
	[1]



	1868
	Urbain Le Verrier[image: External link]
	
	[1]



	1869
	Edward James Stone[image: External link]
	
	[1]



	1870
	Charles-Eugène Delaunay[image: External link]
	
	[1]



	1871
	No award



	1872
	Giovanni Schiaparelli[image: External link]
	
	[1]



	1873
	No award



	1874
	Simon Newcomb[image: External link]
	
	[1]



	1875
	Heinrich d'Arrest[image: External link]
	
	[1]



	1876
	Urbain Le Verrier[image: External link]
	
	[1]



	1877
	No award



	1878
	Ercole Dembowski[image: External link]
	
	[1]



	1879
	Asaph Hall[image: External link]
	
	[1]



	1880
	No award



	1881
	Axel Möller[image: External link]
	
	[1]



	1882
	David Gill[image: External link]
	
	[1]



	1883
	Benjamin A. Gould[image: External link]
	
	[1]



	1884
	Andrew Ainslie Common[image: External link]
	
	[1]



	1885
	William Huggins[image: External link]
	
	[1]



	1886
	Edward Charles Pickering[image: External link]

Charles Pritchard[image: External link]
	
	[1]



	1887
	George William Hill[image: External link]
	
	[1]



	1888
	Arthur Auwers[image: External link]
	
	[1]



	1889
	Maurice Loewy[image: External link]
	
	[1]



	1890
	No award



	1891
	No award



	1892
	George Howard Darwin[image: External link]
	
	[1]



	1893
	Hermann Carl Vogel[image: External link]
	
	[1]



	1894
	S. W. Burnham[image: External link]
	
	[1]



	1895
	Isaac Roberts[image: External link]
	
	[1]



	1896
	Seth Carlo Chandler[image: External link]
	
	[1]



	1897
	Edward Emerson Barnard[image: External link]
	
	[1]



	1898
	William Frederick Denning[image: External link]
	
	[1]



	1899
	Frank McClean[image: External link]
	
	[1]



	1900
	Henri Poincaré[image: External link]
	
	[1]



	1901
	Edward Charles Pickering[image: External link]
	
	[1]



	1902
	Jacobus Kapteyn[image: External link]
	
	[1]



	1903
	
	Hermann Struve[image: External link]
	
	[1]



	1904
	
	George Ellery Hale[image: External link]
	
	[1]



	1905
	Lewis Boss[image: External link]
	
	
	[1]



	1906
	William Wallace Campbell[image: External link]
	
	
	[1]



	1907
	
	Ernest William Brown[image: External link]
	
	[1]



	1908
	
	David Gill[image: External link]
	
	[1]



	1909
	Oskar Backlund[image: External link]
	
	
	[1]



	1910
	
	Friedrich Küstner[image: External link]
	
	[1]



	1911
	Philip Herbert Cowell[image: External link]
	
	
	[1]



	1912
	Arthur Robert Hinks[image: External link]
	
	[1]



	1913
	
	Henri-Alexandre Deslandres[image: External link]
	
	[1]



	1914
	Max Wolf[image: External link]
	
	
	[1]



	1915
	
	Alfred Fowler[image: External link]
	
	[1]



	1916
	John L. E. Dreyer[image: External link]
	
	
	[1]



	1917
	Walter Sydney Adams[image: External link]
	
	
	[1]



	1918
	
	John Evershed[image: External link]
	
	[1]



	1919
	Guillaume Bigourdan[image: External link]
	
	
	[1]



	1920
	No award



	1921
	Henry Norris Russell[image: External link]
	
	
	[1]



	1922
	James Hopwood Jeans[image: External link]
	
	
	[1]



	1923
	Albert A. Michelson[image: External link]
	
	
	[1]



	1924
	Arthur Eddington[image: External link]
	
	
	[1]



	1925
	
	Frank Watson Dyson[image: External link]
	
	[1]



	1926
	Albert Einstein
	
	
	[1]



	1927
	Frank Schlesinger[image: External link]
	
	
	[1]



	1928
	
	Ralph Allen Sampson[image: External link]
	
	[1]



	1929
	Ejnar Hertzsprung[image: External link]
	
	
	[1]



	1930
	John Stanley Plaskett[image: External link]
	
	
	[1]



	1931
	Willem de Sitter
	
	
	[1]



	1932
	Robert Grant Aitken[image: External link]
	
	
	[1]



	1933
	Vesto Slipher[image: External link]
	
	
	[1]



	1934
	Harlow Shapley[image: External link]
	
	
	[1]



	1935
	E. Arthur Milne[image: External link]
	
	
	[1]



	1936
	
	Hisashi Kimura[image: External link]
	
	[1]



	1937
	
	Harold Jeffreys[image: External link]
	
	[1]



	1938
	William Hammond Wright[image: External link]
	
	
	[1]



	1939
	
	Bernard Lyot[image: External link]
	
	[1]



	1940
	Edwin Hubble
	
	
	[1]



	1941
	No award



	1942
	No award



	1943
	
	Harold Spencer Jones[image: External link]
	
	[1]



	1944
	Otto Struve[image: External link]
	
	
	[1]



	1945
	
	Bengt Edlén[image: External link]
	
	[1]



	1946
	Jan Oort[image: External link]
	
	
	[1]



	1947
	
	Marcel Minnaert[image: External link]
	
	[1]



	1948
	Bertil Lindblad[image: External link]
	
	
	[1]



	1949
	
	Sydney Chapman[image: External link]
	
	[1]



	1950
	Joel Stebbins[image: External link]
	
	
	[1]



	1951
	Anton Pannekoek[image: External link]
	
	
	[1]



	1952
	John Jackson[image: External link]
	
	
	[1]



	1953
	Subrahmanyan Chandrasekhar[image: External link]
	
	
	[1]



	1954
	Walter Baade[image: External link]
	
	
	[1]



	1955
	Dirk Brouwer[image: External link]
	
	
	[1]



	1956
	
	Thomas George Cowling[image: External link]
	
	[1]



	1957
	Albrecht Unsöld[image: External link]
	
	
	[1]



	1958
	
	André Danjon[image: External link]
	
	[1]



	1959
	Raymond Arthur Lyttleton[image: External link]
	
	
	[1]



	1960
	Viktor Ambartsumian[image: External link]
	
	
	[1]



	1961
	Herman Zanstra[image: External link]
	
	
	[1]



	1962
	Bengt Strömgren[image: External link]
	
	
	[1]



	1963
	
	H. H. Plaskett[image: External link]
	
	[1]



	1964
	Martin Ryle[image: External link]
	Maurice Ewing[image: External link]
	
	[1]



	1965
	Gerald Maurice Clemence[image: External link]
	Edward Bullard[image: External link]
	
	[1]



	1966
	Ira Sprague Bowen[image: External link]
	Harold Clayton Urey[image: External link]
	
	[1]



	1967
	Allan Sandage[image: External link]
	Hannes Alfven[image: External link]
	
	[1]



	1968
	Fred Hoyle
	Walter Munk[image: External link]
	
	[1]



	1969
	Martin Schwarzschild[image: External link]
	Albert Thomas Price[image: External link]
	
	[1]



	1970
	Horace W. Babcock[image: External link]
	
	
	[1]



	1971
	Richard van der Riet Woolley[image: External link]
	Frank Press[image: External link]
	
	[1]



	1972
	Fritz Zwicky[image: External link]
	H. I. S. Thirlaway[image: External link]
	
	[1]



	1973
	Edwin Salpeter[image: External link]
	Francis Birch[image: External link]
	
	[1]



	1974
	Ludwig Biermann[image: External link]
	K. E. Bullen[image: External link]
	
	[1]



	1975
	Jesse Greenstein[image: External link]
	Ernst Öpik[image: External link]
	
	[1]



	1976
	William H. McCrea[image: External link]
	J. A. Ratcliffe[image: External link]
	
	[1]



	1977
	John G. Bolton[image: External link]
	David R. Bates[image: External link]
	
	[1]



	1978
	Lyman Spitzer[image: External link]
	James Van Allen[image: External link]
	
	[1]



	1979
	C. G. Wynne[image: External link]
	Leon Knopoff[image: External link]
	
	[1]



	1980
	Maarten Schmidt[image: External link]
	Chaim L. Pekeris[image: External link]
	
	[1]



	1981
	Bernard Lovell[image: External link]
	J. Freeman Gilbert[image: External link]
	
	[1]



	1982
	Riccardo Giacconi[image: External link]
	Harrie Massey[image: External link]
	
	[1]



	1983
	M. J. Seaton[image: External link]
	Fred Whipple[image: External link]
	
	[1]



	1984
	Yakov Borisovich Zel'dovich
	S. K. Runcorn[image: External link]
	
	[1]



	1985
	Stephen Hawking
	Thomas Gold[image: External link]
	
	[1]



	1986
	Alexander Dalgarno[image: External link]
	George E. Backus[image: External link]
	
	[1]



	1987
	Martin Rees[image: External link]
	Takesi Nagata[image: External link]
	
	[1]



	1988
	Cornelis de Jager[image: External link]
	Don L. Anderson[image: External link]
	
	[1]



	1989
	Ken Pounds[image: External link]
	Raymond Hide[image: External link]
	
	[1]



	1990
	B. E. J. Pagel[image: External link]
	James W. Dungey
	
	[1]



	1991
	Vitaly Ginzburg
	G. J. Wasserburg[image: External link]
	
	[1]



	1992
	Eugene N. Parker[image: External link]
	Dan P. McKenzie[image: External link]
	
	[1]



	1993
	Donald Lynden-Bell[image: External link]
	Peter Goldreich[image: External link]
	
	[1]



	1994
	James E. Gunn[image: External link]
	Thomas R. Kaiser
	
	[1]



	1995
	Rashid Sunyaev
	John T. Houghton[image: External link]
	
	[1]



	1996
	Vera Rubin
	Kenneth Creer
	[note 3]
	[1]



	1997
	Donald Osterbrock[image: External link]
	Donald Farley
	
	[1]



	1998
	James Peebles[image: External link]
	Robert L. Parker[image: External link]
	
	[1]



	1999
	Bohdan Paczyński[image: External link]
	Kenneth Budden
	
	[1]



	2000
	Leon Lucy
	Robert Hutchison
	
	[1][5]



	2001
	Hermann Bondi[image: External link]
	Henry Rishbeth
	
	[1]



	2002
	Leon Mestel[image: External link]
	J. A. Jacobs
	
	[1]



	2003
	John Bahcall[image: External link]
	David Gubbins
	
	[1]



	2004
	Jeremiah P. Ostriker[image: External link]
	Grenville Turner[image: External link]
	
	[1]



	2005
	Margaret Burbidge[image: External link]

Geoffrey Burbidge[image: External link]
	Carole Jordan[image: External link]
	[note 5]
	[1]



	2006
	Simon White[image: External link]
	Stan Cowley
	
	[1]



	2007
	John L. Culhane[image: External link]
	Nigel O. Weiss[image: External link]
	
	[1]



	2008
	Joseph Silk[image: External link]
	Brian Kennett
	
	[1]



	2009
	David A. Williams
	Eric Priest[image: External link]
	
	[1][6]



	2010
	Douglas Gough[image: External link]
	John Woodhouse
	
	[1][7]



	2011
	Richard Ellis[image: External link]
	Eberhard Grün[image: External link]
	
	[1][8]



	2012
	Andy Fabian[image: External link]
	John Brown[image: External link]
	
	[1][9]



	2013
	Roger Blandford[image: External link]
	Chris Chapman[image: External link]
	
	[1][10]



	2014
	Carlos Frenk[image: External link]
	John Zarnecki[image: External link]
	
	[1][11]



	2015
	Michel Mayor
	Mike Lockwood[image: External link]
	
	[4]



	2016
	John D. Barrow[image: External link]
	Philip England[image: External link]
	
	[12]



	2017
	Nick Kaiser
	Michele Dougherty[image: External link]
	
	[2]






	
^ Silver medalists: Jean-Louis Pons[image: External link], Charles Rümker[image: External link]


	
^ Silver medalists: Mark Beaufoy[image: External link], William Samuel Stratford[image: External link]


	
^ a b The first woman to receive the Gold Medal was Caroline Herschel in 1828. No other woman did so until Vera Rubin in 1996.


	
^ Replaced by testimonial medals, awarded to John Couch Adams[image: External link], George Biddell Airy, Friedrich Wilhelm Argelander[image: External link], George Bishop[image: External link], George Everest[image: External link], Peter Andreas Hansen[image: External link], Karl Ludwig Hencke[image: External link], John Herschel[image: External link], John Russell Hind[image: External link], John William Lubbock[image: External link], Urbain Le Verrier[image: External link] & Maxmilian Weisse


	
^ Margaret and Geoffrey Burbidge received the first joint award since 1886
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Wolf Prize






The Wolf Prize is an international award[image: External link] granted in Israel[image: External link], that has been presented most years since 1978 to living scientists and artists for "achievements in the interest of mankind and friendly relations among people ... irrespective of nationality, race, colour, religion, sex or political views."
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The prize is awarded in Israel[image: External link] by the Wolf Foundation[image: External link], founded by Dr Ricardo Wolf[image: External link], a German-born inventor and former Cuban[image: External link] ambassador to Israel. It is awarded in six fields: Agriculture[image: External link], Chemistry[image: External link], Mathematics[image: External link], Medicine[image: External link], Physics[image: External link], and an Arts[image: External link] prize that rotates between architecture, music, painting, and sculpture. Each prize consists of a diploma and US$100,000. The prize is described by the Foundation as being "awarded annually", but is not in fact awarded every year: only six prizes were awarded between 2000–2010 in most fields, and four in Physics only.

The Wolf Prizes in Physics and Chemistry are often considered the most prestigious awards in those fields after the Nobel Prize.[1][2][3] The prize in physics has gained a reputation for identifying future winners of the Nobel Prize – from the 26 prizes awarded between 1978 and 2010, fourteen winners have gone on to win the Nobel Prize, five of those in the following year.[2]

In medicine, the prize is probably the third most prestigious, after the Nobel Prize and the Lasker Award[image: External link]. Until the establishment of the Abel Prize[image: External link], the Wolf Prize was probably the closest equivalent of a "Nobel Prize in Mathematics", since the more prestigious Fields Medal[image: External link] was only awarded every four years to mathematicians under forty years old. The Prize in Agriculture has likewise been equated to a "Nobel Prize in Agriculture".[4]
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Andrew Gemant Award






The Andrew Gemant Award is a prize awarded by the American Institute of Physics[image: External link] to a person who has made substantial cultural, artistic, or humanistic contributions to physics.[1] The award is named after Andrew Gemant[image: External link].

Award winners

Source: American Institute of Physics[image: External link]



	Year
	Name



	1987
	Philip Morrison[image: External link]



	1988
	Freeman Dyson



	1989
	Gerald Holton[image: External link]



	1990
	Jeremy Bernstein[image: External link]



	1991
	Cyril Stanley Smith[image: External link]



	1992
	Martin Aitken[image: External link]



	1993
	Abraham Pais[image: External link]



	1994
	Spencer Weart[image: External link]



	1995
	Robert R. Wilson[image: External link]



	1996
	Alan Lightman



	1997
	Steven Weinberg[image: External link]



	1998
	Stephen Hawking



	1999
	Paula Apsell[image: External link]



	2000
	James Trefil[image: External link]



	2001
	Lawrence Krauss[image: External link]



	2002
	Michael Riordan[image: External link]



	2003
	Brian Greene[image: External link]



	2004
	Alan Friedman



	2005
	Hans Christian von Baeyer[image: External link]



	2006
	Marcia Bartusiak[image: External link]



	2007
	Andrew Fraknoi[image: External link]



	2008
	John S. Rigden[image: External link]



	2009
	Brian Schwartz



	2010
	Daniel R. Altschuler



	2011
	Stephen P. Maran[image: External link]



	2012
	Lisa Randall[image: External link]



	2013
	Edwin C. Krupp[image: External link]



	2014
	Sean M. Carroll[image: External link]



	2015
	Ainissa Ramirez[image: External link]



	2016
	James Kakalios[image: External link]
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Naylor Prize and Lectureship






The Naylor Prize and lectureship in Applied Mathematics is a prize of the London Mathematical Society[image: External link] awarded every two years in memory of Dr V.D. Naylor. Only those resident in the United Kingdom are eligible for the prize. The "grounds for award can include work in, and influence on, and contributions to applied mathematics and/or the applications of mathematics, and lecturing gifts."[1]

Prize winners[2]


	1977 James Lighthill


	1979 Basil John Mason[image: External link]


	1981 H. Christopher Longuet-Higgins[image: External link]


	1983 Michael J. D. Powell[image: External link]


	1985 I C Percival[image: External link]


	1987 D S Jones


	1989 J D Murray


	1991 Roger Penrose


	1993 Michael Berry


	1995 John Ball[image: External link]


	1997 Frank Kelly[image: External link]


	1999 Stephen Hawking


	2000 Athanassios S. Fokas[image: External link]


	2002 Mark H. A. Davis[image: External link]


	2004 Richard Jozsa[image: External link]


	2007 Michael Green


	2009 Philip Maini[image: External link]


	2011 John Bryce McLeod[image: External link]


	2013 Nick Trefethen[image: External link]


	2015 S. Jonathan Chapman




See also


	Whitehead Prize[image: External link]

	Senior Whitehead Prize[image: External link]

	Fröhlich Prize[image: External link]

	Berwick Prize[image: External link]

	Pólya Prize (LMS)[image: External link]

	De Morgan Medal[image: External link]
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Lilienfeld Prize






The Julius Edgar Lilienfeld Prize of the American Physical Society, to remember Julius Edgar Lilienfeld[image: External link], has been awarded annually, since 1989. (It was not awarded in 2002). The purpose of the Prize is to recognize outstanding contributions to physics.

Recipients

Source: American Physical Society[image: External link]



	1989: N. David Mermin[image: External link]


	1990: Michael V. Berry[image: External link]


	1991: Daniel Kleppner[image: External link]


	1992: Alan H. Guth[image: External link] and Claude Cohen-Tannoudji[image: External link]


	1993: David N. Schramm[image: External link]


	1994: Marvin L. Cohen[image: External link]


	1995: Valentine A. Telegdi[image: External link]


	1996: Kip Stephen Thorne[image: External link]


	1997: Michael S. Turner[image: External link]


	1998: Douglas James Scalapino[image: External link]


	1999: Stephen William Hawking[image: External link]


	2000: Robert J. Birgeneau[image: External link]


	2001: Lawrence M. Krauss[image: External link]


	2002: Not awarded


	2003: Frank A. Wilczek[image: External link]


	2004: H. Jeff Kimble[image: External link]


	2005: Robert Hamilton Austin[image: External link]


	2006: Mikhail Shifman[image: External link]


	2007: Lisa Randall[image: External link]


	2008: H. Eugene Stanley[image: External link]


	2009: Ramamurti Shankar[image: External link]


	2010: David Campbell & Shlomo Havlin[image: External link]


	2011: Gerald Gabrielse[image: External link]


	2012: Gordon Kane[image: External link]


	2013: Margaret Geller[image: External link]


	2014: Edward Ott[image: External link]


	2015: David Awschalom[image: External link]


	2016: David Pines[image: External link]






External links


	
J. E. Lilienfeld Prize for Theoretical Particle Physics[image: External link] APS





TOP




Categories[image: External link]:

	Awards established in 1988[image: External link]

	Physics awards[image: External link]

	American awards[image: External link]
















This page was last edited on 4 April 2017, at 20:43.




	This text is based on the Wikipedia article Lilienfeld Prize: https://en.wikipedia.org/wiki/Lilienfeld_Prize [image: External link] which is released under the Creative Commons Attribution-ShareAlike 3.0 Unported License available online at: http://creativecommons.org/licenses/by-sa/3.0/legalcode [image: External link]

List of authors: https://tools.wmflabs.org/xtools/wikihistory/wh.php?page_title=Lilienfeld_Prize [image: External link]












Back to main article 

Albert Medal (Royal Society of Arts)






The Albert Medal of the Royal Society of Arts (RSA) was instituted in 1864 as a memorial to Prince Albert[image: External link], who had been President of the Society for 18 years.[1] It was first awarded in 1864 for "distinguished merit in promoting Arts, Manufactures[image: External link] and Commerce". In presenting the Medal, the Society now looks to acknowledge individuals, organisation and groups that lead progress and create positive change within contemporary society in areas that are linked closely to the Society's broad agenda.

Through the Albert Medal, the Society acknowledges the profound creativity and innovation of those that work to tackle some of the world's intractable problems. Each year, the RSA identifies topical issues that confront modern society by asking the Society's Fellowship to suggest problems/subjects linked to the Society's programme. These proposals are reviewed and recommendations made to the Trustees and Council who are responsible for selecting one upon which the Fellowship will be asked to nominate worthy recipients.

Full list of medalists


	1864: Sir Rowland Hill[image: External link] KCB FRS 'for his great services to Arts, Manufactures and Commerce, in the creation of the penny postage, and for his other reforms in the postal system of this country, the benefits of which have, however, not been confined to this country, but have extended over the civilised world’

	1865: His Imperial Majesty The Emperor of the French (Napoleon III[image: External link]) 'for distinguished merit in promoting, in many ways, by his personal exertions, the international progress of Arts, Manufactures and Commerce, the proofs of which are afforded by his judicious patronage of Art, his enlightened commercial policy, and especially by the abolition of passports in favour of British subjects’

	1866: Michael Faraday[image: External link] DCL FRS 'for his discoveries in electricity, magnetism, and chemistry, which in their relation to the industries of the world have so largely promoted Arts, Manufactures, and Commerce’

	1867: William Fothergill Cooke[image: External link] and Charles Wheatstone[image: External link] FRS 'in recognition of their joint labours in establishing the first electric telegraphy’

	1868: Joseph Whitworth[image: External link] LLD FRS 'for the invention and manufacture of instruments of measurement and uniform standards by which the production of machinery has been brought to a state of perfection hitherto unapproached to the great advancement of Arts, Manufactures and Commerce’

	1869: Baron Justus von Liebig[image: External link] Associate of the Institute of France ForMembRS Chevalier of the Legion of Honour etc. 'for his numerous valuable researchers and writings, which have contributed most importantly to the development of food economy and agriculture, to the advancement of chemical science, and to the benefits derived from that science by Arts, Manufactures and Commerce’

	1870: Ferdinand, Viscount de Lesseps[image: External link] Member of Institute of France HonGCSI 'for services rendered to Arts, Manufactures and Commerce, by the realisation of Suez Canal'.

	1871: Henry Cole[image: External link] 'for his important services in promoting Arts, Manufactures and Commerce, especially in aiding the establishment and development of International Exhibitions, the Department of Science and Art, and the South Kensington Museum’

	1872: Henry Bessemer[image: External link] FRS 'for the eminent services rendered by him to Arts, Manufactures and Commerce, in developing the manufacture of steel

	1873: Michel Eugène Chevreul[image: External link] ForMembRS Member of the Institute of France 'for his chemical researches, especially in reference to saponifciation, dyeing, agriculture, and natural history, which for more than half a century have exercised a wide influence on the industrial arts of the world’

	1874: Carl Wilhelm Siemens[image: External link] DCL FRS 'for his researches in connection with the laws of heat, and the practical applications of them to furnaces used in the Arts; and for his improvements in the manufacture of iron; and generally for the services rendered by him in connection with the economisation of fuel in its various applications to Manufactures and the Arts’

	1875: Michel Chevalier[image: External link] 'the distinguished French statesman, who, by his writings and persistent exertions, extending over many years, has rendered essential services in promoting Arts, Manufactures and Commerce’

	1876: Sir George Biddell Airy KCB FRS, Astronomer Royal 'for eminent services rendered to Commerce by his researches in nautical astronomy and in magnetism, and by his improvements in the application of the mariner's compass to the navigation of iron ships

	1877: Jean-Baptiste Dumas[image: External link] ForMembRS Member of the Institute of France 'the distinguished chemist, whose researchers have excised a very material influence on the advancement of the Industrial Arts’

	1878: William Armstrong[image: External link] (later The Lord Armstrong) CB DCL FRS 'because of his distinction as an engineer and as a scientific man, and because by the development of the transmission of power – hydraulically – due to his constant efforts, extending over many years, the manufactures of this country have been greatly aided, and mechanical power beneficially substituted for most laborious and injurious manual labour’

	1879: William Thomson[image: External link] (later The Lord Kelvin) OM LLD DCL FRS 'on account of the signal service rendered to Arts, Manufactures and Commerce, by his electrical researches, especially with reference to the transmission of telegraphic messages over ocean cables’

	1880: James Prescott Joule[image: External link] LLD DCL FRS 'for having established, after most laborious research, the true relation between heat, electricity and mechanical work, thus affording to the engineer a sure guide in the application of science to industrial pursuits’

	1881: August Wilhelm von Hofmann[image: External link] MD LLD FRS, Professor of Chemistry in the University of Berlin 'for eminent services rendered to the Industrial Arts by his investigations in organic chemistry, and for his successful labour in promoting the cultivation of chemical education and research in England’

	1882: Louis Pasteur[image: External link] Member of the Institute of France ForMembRS 'for his researches in connection with fermentation, the preservation of wines, and the propagation of zymotic diseases in silkworms and domestic animals, whereby the arts of wine making, silk production and agriculture have been greatly benefited’

	1883: Sir Joseph Dalton Hooker[image: External link] KCSI CB MD DCL LLD FRS 'for the eminent services which, as a botanist and scientific traveller, and as Director of the National Botanical Department, he has rendered to the Arts, Manufactures and Commerce by promoting an accurate knowledge of the floras and economic vegetable products of our several colonies and dependencies of the Empire’

	1884: Captain James Buchanan Eads[image: External link] 'the distinguished American engineer, whose works have been of such great service in improving the water communications of North America, and have thereby rendered valuable aid to the commerce of the world’

	1885: Henry Doulton[image: External link] 'in recognition of the impulse given by him to the production of artistic pottery in this country’

	1886: Samuel Lister[image: External link] (later The Lord Masham) 'for the services he has rendered to the textile industries, especially by the substitution of mechanical wool combing for hand combing, and by the introduction and development of a new industry – the utilisation of waste silk’

	1887: Her Majesty The Queen (Queen Victoria[image: External link]) 'in commemoration of the progress of Arts, Manufactures and Commerce throughout the Empire during the fifty years of her reign’

	1888: Professor Hermann von Helmholtz[image: External link] ForMembRS 'in recognition of the value of his researches in various branches of science and of their practical results upon music, painting and the useful arts’

	1889: John Percy[image: External link] LLD FRS 'for his achievements in promoting the Arts, Manufactures and Commerce, though the world wide influence which his researches and writings have had upon the progress of the science and practice of metallurgy’

	1890: William Henry Perkin[image: External link] FRS 'for his discovery of the method of obtaining colouring matter from coal tar, a discovery which led to the establishment of a new and important industry, and to the utilisation of large quantities of a previously worthless material’

	1891: Sir Frederick Abel[image: External link] Kt KCB DCL DSc FRS 'in recognition of the manner in which he has promoted several important classes of the Arts and Manufactures by the application of Chemical Science, and especially by his researches in the manufacture of iron and of steel, and also in acknowledgement of the great services he has rendered to the State in the provision of improved war material, and as Chemist to the War Department’

	1892: Thomas Edison[image: External link] 'in recognition of the merits of his numerous and valuable inventions, especially his improvements in telegraphy, in telephony, and in electric lighting, and for his discovery of a means of reproducing vocal sounds by the phonograph’

	1893: Sir John Bennet Lawes[image: External link] Bt FRS and Sir Henry Gilbert[image: External link] PhD FRS 'for their joint services to scientific agriculture, and notably for the researches which, throughout a period of fifty years, have been carried on by them at the Experimental Farm, Rothamsted’

	1894: Sir Joseph Lister[image: External link] Bt FRS 'for the discovery and establishment of the antiseptic method of treating wounds and injuries by which not only has the art of surgery been greatly promoted, and human life saved in all parts of the world, but extensive industries have been created for the supply of materials required for carrying the treatment into effect.’

	1895: Sir Lowthian Bell[image: External link] Bt FRS 'in recognition of the services he has rendered to Arts, Manufactures and Commerce, by his metallurgical researches and the resulting development of the iron and steel industries’

	1896: Professor David Edward Hughes[image: External link] FRS 'in recognition of the services he has rendered to Arts, Manufactures and Commerce, by his numerous inventions in electricity and magnetism, especially the printing telegraph and the microphone’

	1897: George James Symons[image: External link] FRS 'for the services he has rendered to the United Kingdom by affording to engineers engaged in the water supply and the sewage of towns, a trustworthy basis for their work, by establishing and carrying on during nearly forty years systematic observations (now at over 3000 stations) of the rainfall of the British Isles, and by recording, tabulating and graphically indicating the results of these observations in the annual volumes published by himself’

	1898: Professor Robert Bunsen[image: External link] MD ForMembRS 'in recognition of his numerous and most valuable applications of Chemistry and Physics to the Arts and Manufactures’

	1899: Sir William Crookes[image: External link] FRS 'for his extensive and laborious researches in chemistry and in physics, researches which have in many instances developed into useful practical applications in the Arts and Manufactures’

	1900: Henry Wilde[image: External link] FRS 'for the discovery and practical demonstration of the indefinite increase of the magnetic and electric forces from quantities indefinitely small, a discovery now used in all dynamo machines; and for its application to the production of the electric search-light, and to the electro-deposition of metals from their solutions’

	1901: His Majesty The King (Edward VII[image: External link]) 'in recognition of the aid rendered by His Majesty to Arts, Manufactures and Commerce, during thirty-eight years' Presidency of the Society of Arts, by undertaking the direction of important exhibitions in this country and the executive control of British representation at International Exhibitions abroad, and also by many other services to the cause of British Industry’

	1902: Professor Alexander Graham Bell[image: External link] 'for his invention of the Telephone’

	1903: Sir Charles Augustus Hartley[image: External link] Kt KCMG 'in recognition of his services, extending over forty-four years, as Engineer to the International Commission of the Danube, which have resulted in the opening up of the navigation of that river to ships of all nations, and of his similar services, extending over twenty years, as British Commissioner on the International Technical Commission of the Suez Canal’

	1904: Walter Crane[image: External link] 'in recognition of the services he has rendered to Art and Industry by awakening popular interest in Decorative Art and Craftsmanship, and by promoting the recognition of English Art in the form most material to the commercial prosperity of the country’

	1905: The Lord Rayleigh[image: External link] OM DCL ScD FRS 'in recognition of the influence which his researches, directed to the increase of scientific knowledge, have had upon industrial progress, by facilitating amongst other scientific applications, the provision of accurate electrical standards, the production of improved lenses and the development of apparatus for Sound Signaling at Sea’

	1906: Sir Joseph Swan[image: External link] MA DSc FRS 'for the important part he took in the invention of the incandescent electric lamp, and for his invention of the carbon process of photographic printing’

	1907: The Earl of Cromer[image: External link] GCB OM GCMG KCSI CIE PC FRS 'in recognition of his pre-eminent public services in Egypt, where he has 'imparted security to the relations of this country with the East, has established justice, restored order and prosperity, and, by the initiation of great works, has opened up new fields for enterprise’

	1908: Sir James Dewar[image: External link] MA DSc LLD FRS 'for his investigations into the liquefaction of gases and the properties of matter at low temperatures, investigations which have resulted in the production of the lowest temperatures yet reached, the use of vacuum vessels for thermal isolation, and the application of cooled charcoal to the separation of gaseous mixtures and to the production of high vacua’

	1909: Sir Andrew Noble[image: External link] Bt KCB DSc DCL FRS 'in recognition of his long-continued and valuable researches into the nature and action of explosives, which have resulted in the greater development and improvement of modern ordnance’

	1910: Marie Curie[image: External link] 'for the discovery of Radium’

	1911: The Hon Sir Charles Algernon Parsons[image: External link] KCB LLD DSc FRS 'for his experimental researches into the laws governing the efficient action of steam in engines of the turbine type, and for his invention of the reaction type of steam turbine, and its practical application to the generation of electricity and other purposes’

	1912: The Lord Strathcona and Mount Royal[image: External link] GCMG GCVO LLD DCL FRS 'for his services in improving the railway communications, developing the resources, and promoting the commerce and industry of Canada and other parts of the British Empire’

	1913: His Majesty The King (George V[image: External link]) 'for nine years President, and now Patron of the Society, in respectful recognition of His Majesty's untiring efforts to make himself personally acquainted with the social and economic condition of the various parts of his Dominions, and to promote the progress of Arts, Manufactures and Commerce in the United Kingdom and throughout the British Empire’

	1914: Chevalier Guglielmo Marconi[image: External link] LLD DSc 'for his services in the development and practical application of wireless telegraphy’

	1915: Professor Sir J. J. Thomson[image: External link] OM DSc LLD FRS 'for his researches in physics and chemistry, and their application to the advancement of Arts, Manufactures and Commerce’

	1916: Professor Élie Metchnikoff[image: External link] ForMemRS 'in recognition of the value of his investigations into the causes of immunity in infective diseases, which have led to important changes in medical practice, and to the establishment of principles certain to have a most beneficial influence on the improvement of public health’

	1917: Orville Wright[image: External link] 'in recognition of the value of the contributions of Wilbur and Orville Wright to the solution of the problem of mechanical flight’

	1918: Sir Richard Glazebrook[image: External link] CB ScD FRS 'for his services in the application of science to the industries of peace and war, by his work as Director of the National Physical Laboratory[image: External link] since 1899, and as Chairman of the Advisory Committee for Aeronautics’

	1919: Sir Oliver Lodge[image: External link] DSc LLD FRS 'in recognition of his work as the pioneer of wireless telegraphy’

	1920: Professor Albert Abraham Michelson[image: External link] 'whose optical inventions have rendered possible the reproduction of accurate metric standards, and have provided the means of carrying out measurements with a minute precision hitherto unobtainable’

	1921: Professor John Ambrose Fleming[image: External link] FRS 'in recognition of his many valuable contributions to electrical science and its applications, and specially of his original invention of the thermionic valve, now so largely employed in wireless telegraphy and for other purposes’

	1922: Sir Dugald Clerk[image: External link] KBE DSc LLD FRS 'in recognition of his important contributions, both theoretical and practical to the development of the internal combustion engine, who in its latter forms has rendered aerial navigation possible, and is also extensively employed in the motor car, and in the submarine and for many other purposes’

	1923: Major-General Sir David Bruce[image: External link] Kt KCB DSc LLD FRCP FRS and Colonel Sir Ronald Ross[image: External link] KCB KCMG DSc LLD MD FRS FRCS 'in recognition of the eminent services they have rendered to the Economic Development of the World by their achievements in Biological Research and the Study of Tropical Diseases’

	1924: HRH The Prince of Wales (later Edward VIII[image: External link]) 'in recognition of Services rendered to the Arts, Manufactures and Commerce as President of the British Empire Exhibition, and by his visits to the Dominions and Colonies’

	1925: Lieut-Colonel Sir David Prain[image: External link] CMG CIE ME LLD FRS 'for the application of Botany to the development of raw materials of the Empire’

	1926: Professor Paul Sabatier[image: External link] Member of the Institute of France ForMembRS 'in recognition of his distinguished work in science and of the eminent services to industry rendered by his renowned researches in Physics and Chemistry, which laid the foundation of important industrial processes’

	1927: Sir Aston Webb[image: External link] Kt GCVO CB PRA PRIBA FSA LLD 'for distinguished services to Architecture’

	1928: Sir Ernest Rutherford[image: External link] OM LLD DSc FRS 'for his pioneer researches into the structure of matter’

	1929: Sir James Alfred Ewing[image: External link] KCB LLD FRS 'for his work in magnetism and his services to technical education’

	1930: Professor Henry Edward Armstrong[image: External link] LLD DSc FRS 'for his discoveries in Chemistry and his services to Education’

	1931: HRH The Duke of Connaught and Strathearn[image: External link] 'in grateful appreciation of his Presidency of the Society since 1911’

	1932: Frank Brangwyn[image: External link] RA 'for his services to decorative and commercial art’

	1933: Sir William Llewellyn[image: External link] GCVO PRA 'for his encouragement of Art in Industry’

	1934: Sir Frederick Gowland Hopkins[image: External link] LLD DSc PRS 'for his researches in Biochemistry and the Constituents of Foods’

	1935: Sir Robert Hadfield[image: External link] Bt Kt DSc FRS 'for his researches in Metallurgy and his services to the Steel Industry’

	1936: The Earl of Derby[image: External link] Bt KG GCB GCVO PC 'for the advancement of Commerce and Arts, especially in Lancashire’

	1937: William Nuffield[image: External link] OBE 'for services to industry, transport and medical science’

	1938: Her Majesty Queen Mary[image: External link] 'in recognition of Her Majesty's unremitting interest in arts and manufactures, to the great benefit of British industry and commerce’

	1939: Sir Thomas Henry Holland[image: External link] KCSI KCIE DSc LLD FRS 'for services to the mineral industries’

	1940: John Alexander Milne CBE 'for services to Industrial Art’

	1941: President Franklin D. Roosevelt[image: External link] 'in recognition of his pre-eminent services to humanity as the fearless and resolute champion of the ideals of freedom and individual liberty’

	1942: Field Marshal Rt Hon Jan Smuts[image: External link] OM CH FRS 'Statesman. Soldier. Scientist. Philosopher’

	1943: Sir John Russell[image: External link] OBE DSc FRS 'for his researches and leadership in agricultural science and his services to husbandry in many lands’

	1944: Sir Henry Tizard[image: External link] KCB DCL FRS 'for his achievements in applying scientific principles to aeronautics and his services to advanced Technical Education’

	1945: Rt Hon Winston Churchill[image: External link] CH FRS MP 'whose foresight, faith and fortitude led free men to victory’

	1946: Sir Alexander Fleming[image: External link] FRS and Sir Howard Florey[image: External link] FRS

	1947: Sir Robert Robinson[image: External link] MA DSc LLD FRS 'for his outstanding contributions to the advancement of organic chemistry’

	1948: Sir William Reid Dick[image: External link] KCVO RA 'for National Memories in Living Stone’

	1949: Sir Giles Gilbert Scott[image: External link] OM 'Builder of a lasting heritage for Britain’

	1950: Sir Edward Victor Appleton[image: External link] GBE KCB MA DSc ScD LLD FRS 'for outstanding services to science and industrial research’

	1951: His Majesty The King (George VI[image: External link]) 'in respectful recognition of His Majesty's lifelong concern for the progress of industry and for industrial welfare’

	1952: Air Commodore Sir Frank Whittle[image: External link] KBE CB FRS 'for his development of the continuous-combustion gas turbine and jet propulsion’

	1953: Dr Edgar Adrian[image: External link] OM MD PRS 'for his outstanding contribution to neuro-physiology’

	1954: Sir Ambrose Heal[image: External link] 'for his services to industrial design’

	1955: Dr Ralph Vaughan Williams[image: External link] OM 'for his eminent service to music’

	1956: Sir Henry Hallett Dale[image: External link] OM GBE MD FRS 'for eminent service to science, particularly physiology’

	1957: Sir Christopher Hinton[image: External link] Kt KBE FRS 'for his outstanding leadership in nuclear power development’

	1958: Her Majesty The Queen (Elizabeth II[image: External link]) 'to mark Her Majesty's personal service to arts, manufactures and commerce, at home and abroad’

	1959: Rt Hon Vincent Massey[image: External link] CH 'for his distinguished encouragement of the arts and sciences’

	1960: Sir Frederick Handley Page[image: External link] CBE

	1961: Professor Walter Gropius[image: External link] DrIng FIAA HonRDI 'for his contributions to architectural and industrial design’

	1962: Sir Sydney Gordon Russell[image: External link] CBE MC RDI FSIA 'for his services to industrial design’

	1963: HRH The Duke of Edinburgh[image: External link] 'for distinguished merit in promoting arts, manufactures and commerce’

	1964: Dame Ninette de Valois[image: External link] DBE 'for her services to the art of ballet’

	1965: Sir Leon Bagrit[image: External link] 'for his work in the application of automation to industry’

	1966: Christopher Cockerell[image: External link] CBE 'for his work in the invention and technical development of the hovercraft’

	1967: Sir Edward Lewis[image: External link] 'for his contribution to the electronics industry’

	1968: Sir Barnes Wallis[image: External link] 'in recognition of his contributions to the development of aeronautical science and engineering’

	1969: Sir Allen Lane[image: External link] 'for his contribution to publishing and education’

	1970: Peter Scott[image: External link] CBE 'for his work in the conservation of wild life’

	1971: Sir William Glock[image: External link] CBE 'for his outstanding services to music’

	1972: Sir George Edwards[image: External link] OM CBE FRS 'for services to aeronautical science and aviation’

	1973: Sir John Betjeman[image: External link] CBE 'for his contribution to poetry and the appreciation of architecture’

	1974: Her Majesty Queen Elizabeth The Queen Mother[image: External link] 'in recognition for Her Majesty's outstanding support and patronage of the arts, manufactures & commerce’

	1975: Sir Nikolaus Pevsner[image: External link] CBE 'for his distinguished services to Britain's industrial heritage’

	1976: The Lord Olivier (the actor Laurence Olivier[image: External link]) 'for his service to the Drama and the British Theatre’

	1977: The Lord Robens of Woldingham[image: External link] PC 'for his contribution to industrial progress in Britain’

	1978: Sir John Charnley[image: External link] 'for his contributions to orthopaedic surgery’

	1979: Sir Robert Mayer[image: External link] CH 'for his services to music, and in particular his generous and practical encouragement of young musicians and of young people learning to appreciate music’

	1980: The Baroness Jackson of Lodsworth (the economist Barbara Ward[image: External link]) 'for her work in the field of international co-operation in economic development’

	1981: Yehudi Menuhin[image: External link] KBE 'for his contribution to music’

	1982: Akio Morita[image: External link] 'for his contributions to technological and industrial innovation and management’

	1983: Sir Arnold Alexander Hall[image: External link] 'for his outstanding contributions to the aeronautical industry, and in particular to aeronautical engineering’

	1984: Sir Hugh Casson[image: External link] KCVO RIBA RDI 'for his contributions to art and design’

	1985: HRH The Prince of Wales[image: External link] 'for increasing recognition of the need for new – and often young – enterprise in industry, and for multiplying support, both corporate and private, for the arts’

	1986: Sir Alastair Pilkington[image: External link] 'for his outstanding contribution to industrial innovation’

	1987: Dr Francis Crick[image: External link] FRS 'for his contributions to molecular and cell biology’

	1988: Sir Shridath Ramphal[image: External link] CMG QC 'for his outstanding contributions towards accord within the Commonwealth, and his promotion of the worldwide concept of or inseparable humanity’

	1989: The Lord Sainsbury of Preston Candover[image: External link] 'for his outstanding contributions in the fields of business and the arts’

	1990: Dr Jonathan Miller[image: External link] 'for his outstanding contribution he has made to both the arts and science and the way he has brought both to a larger audience’

	1991: The Baroness Seear[image: External link] PC 'for her distinguished contribution to public life in the spheres of industrial relations and the development of the principles of human resources management in industry’

	1992: The Lord Young of Dartington[image: External link] 'for his impact and achievement in a multiplicity of fields, especially education, consumer affairs and social services’

	1993: Paul Hamlyn[image: External link] CBE 'for his contribution to the arts, manufactures and commerce as a businessman, publisher and philanthropist’

	1994: Sir Ernest Hall OBE 'for his charitable enterprise founded on his achievements as a financial analyst’

	1995: Sir Adrian Cadbury[image: External link] 'for his outstanding contribution to business and to corporate governance’

	1996: Sir Claus Moser[image: External link] KCB CBE FBA 'for his contribution to social sciences and commitment to education, music and the arts’

	1997: Sir Simon Rattle[image: External link] CBE 'for his outstanding contribution as a leading conductor and champion or orchestral involvement in a broad programme of education and community activity’

	1998: The Baroness Warnock[image: External link] DBE 'in recognition of her national and international influence on the fields of education, ethics, human fertility, environmental issues and philosophy’

	1999: Professor Stephen Hawking CH CBE FRS 'for making physics more accessible, understandable and exciting and opening the subject to a wider audience through his books and television programmes’

	2000: HRH The Princess Royal[image: External link] 'for her many years of enthusiastically promoting and encouraging arts, manufactures and commerce in her visit programme and her dedicated work for charities.

	2001: Mary Robinson[image: External link] 'for her work as the main architect of the Global Compact on Corporate Social Responsibility.’

	2002: Tim Berners-Lee[image: External link] OBE 'for his outstanding contribution to the World Wide Web.’

	2003: Tim Smit[image: External link] CBE 'for developing the Eden Project[image: External link] which has broken new boundaries in tourism, ecology, education, enterprise and development partnership.’

	2004: Karan Bilimoria[image: External link] CBE 'for meeting the RSA manifesto challenge to encourage enterprise’

	2005: Dr Gro Harlem Brundtland[image: External link] 'for awaking the world to the environmental challenge’

	2008: Dr Simon Duffy[image: External link] for social innovation

	2009: Zarine Kharas[image: External link], CEO of Justgiving[image: External link] 'for democratising fundraising’

	2010: Jeremy Deller[image: External link], contemporary visual artist 'for creating art that encourages public responses and creativity'.

	2011: Albina Ruiz[image: External link], of Ciudad Saludable, a sustainable development organisation based in Peru.

	2013: Selwyn Image, of Emmaus UK[image: External link], 'for setting up the UK branch of the international movement that gives homeless people a place to live and work.'

	2014: Jos de Blok of Buurtzorg Nederland[image: External link], for "a transformational new model of community health care."
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Copley Medal






The Copley Medal is a scientific award given by the Royal Society, London, for "outstanding achievements in research in any branch of science." It alternates between the physical and the biological sciences.[1] Given every year, the medal is the oldest Royal Society medal still awarded, and probably the oldest surviving scientific award in the world,[2] having first been given in 1731 to Stephen Gray[image: External link], for "his new Electrical Experiments: – as an encouragement to him for the readiness he has always shown in obliging the Society with his discoveries and improvements in this part of Natural Knowledge".[3]
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 History




The medal was created following a donation of £[image: External link]100 to be used for carrying out experiments by Sir Godfrey Copley[image: External link], for which the interest on the amount was used for several years.[4] The conditions for the medal have been changed several times; in 1736, it was suggested that "a medal or other honorary prize should be bestowed on the person whose experiment should be best approved", and this remained the rule until 1831, when the conditions were changed so that the medal would be awarded to the researcher that the Royal Society Council decided most deserved it.[4] A second donation of £1666 13 s[image: External link]. 4 d[image: External link]. was made by Sir Joseph William Copley in 1881, and the interest from that amount is used to pay for the medal.[4] The medal in its current format is made of silver gilt and awarded with a £5000 prize.[1]

Since its inception, it has been awarded to many notable scientists, including 52 winners of the Nobel Prize[image: External link]: 17 in Physics, 21 in Physiology or Medicine[image: External link], and 14 in Chemistry[image: External link]. John Theophilus Desaguliers[image: External link] has won the medal the most often, winning in 1734, 1736 and 1741. In 1976, Dorothy Hodgkin[image: External link] became the first and as of 2015 the only female recipient.
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 Medal Recipients






	Year
	Image
	Name
	Rationale
	Notes



	1731
	Gray, StephenStephen Gray[image: External link]
	"For his new Electrical Experiments: – as an encouragement to him for the readiness he has always shown in obliging the Society with his discoveries and improvements in this part of Natural Knowledge"
	[5]



	1732
	Gray, StephenStephen Gray[image: External link]
	"For the Experiments he made for the year 1732"
	[5]



	1733
	No Award
	—
	—



	1734
	Desaguliers, John TheophilusJohn Theophilus Desaguliers[image: External link]
	"In consideration of his several Experiments performed before the Society"
	[6]



	1735
	No Award
	—
	—



	1736
	Desaguliers, John TheophilusJohn Theophilus Desaguliers[image: External link]
	"For his experiments made during the year"
	[6]



	1737
	Belchier, JohnJohn Belchier[image: External link]
	"For his Experiment to show the property of a Diet of Madder Root in dyeing the Bones of living animals of a red colour"
	[7]



	1738
	Valoue, JamesJames Valoue[image: External link]
	"For his invention of an Engine for driving the Piles to make a Foundation for the Bridge to be erected at Westminster, the Model whereof had been shown to the Society"
	—



	1739
	Hales, StephenStephen Hales[image: External link]
	"For his Experiments towards the Discovery of Medicines for dissolving the Stone; and Preservatives for keeping Meat in long voyages at Sea"
	[8]



	1740
	Stuart, AlexanderAlexander Stuart[image: External link]
	"For his Lectures on Muscular Motion. As a further addition for his services to the Society in the care and pains he has taken therein"
	[9]



	1741
	Desaguliers, John TheophilusJohn Theophilus Desaguliers[image: External link]
	"For his Experiments towards the discovery of the properties of Electricity. As an addition to his allowance (as Curator) for the present year."
	[6]



	1742
	Middleton, ChristopherChristopher Middleton[image: External link]
	"For the communication of his Observations in the attempt of discovering a North-West passage to the East Indies through Hudsons Bay"
	[10]



	1743
	Trembley, AbrahamAbraham Trembley[image: External link]
	"For his Experiments on the Polypus"
	—



	1744
	Baker, HenryHenry Baker[image: External link]
	"For his curious Experiments relating to the Crystallization or Configuration of the minute particles of Saline Bodies dissolved in a menstruum"
	[11]



	1745
	Watson, WilliamWilliam Watson[image: External link]
	"On account of the surprising discoveries in the phenomena of Electricity, exhibited in his late Experiments"
	[12]



	1746
	Robins, BenjaminBenjamin Robins[image: External link]
	"On account of his curious Experiments for showing the resistance of the Air, and his rules for establishing his doctrine thereon for the motion of Projectiles"
	[13]



	1747
	Knight, GowinGowin Knight[image: External link]
	"On account of several very curious Experiments exhibited by him, both with Natural and Artificial Magnets"
	[14]



	1748
	Bradley, JamesJames Bradley[image: External link]
	"On account of his very curious and wonderful discoveries in the apparent motion of the Fixed Stars, and the causes of such apparent motion"
	[15]



	1749
	Harrison, JohnJohn Harrison[image: External link]
	"On account of those very curious Instruments, invented and made by him, for the exact mensuration of Time"
	[16]



	1750
	Edwards, GeorgeGeorge Edwards[image: External link]
	"On account of a very curious Book lately published by him, and intiyled, A Natural History of Birds, &c. – containing the Figures elegantly drawn, and illuminated in their proper colours, of 209 different Birds, and about 20 very rare Quadrupeds, Serpents, Fishes, and Insects."
	[17]



	1751
	Canton, JohnJohn Canton[image: External link]
	"On account of his communicating to the Society, and exhibiting before them, his curious method of making Artificial Magnets without the use of Natural ones"
	[18]



	1752
	Pringle, JohnJohn Pringle[image: External link]
	"On account of his very curious and useful Experiments and Observations on Septic and Anti-septic Substances, communicated to the Society"
	[19]



	1753
	Franklin, BenjaminBenjamin Franklin[image: External link]
	"On account of his curious Experiments and Observations on Electricity[image: External link]"
	[20]



	1754
	Lewis, WilliamWilliam Lewis[image: External link]
	"For the many Experiments made by him on Platina, which tend to the discovery of the sophistication of gold: – which he would have entirely completed, but was obliged to put a stop to his further enquiries for want of materials"
	[21]



	1755
	Huxham, JohnJohn Huxham[image: External link]
	"For his many useful Experiments on Antimony, of which an account had been read to the Society"
	[22]



	1756
	No Award
	—
	—



	1757
	Cavendish, Lord CharlesLord Charles Cavendish[image: External link]
	"On account of his very curious and useful invention of making Thermometers, showing respectively the greatest degrees of heat and cold which have happened at any time during the absence of the observer"
	[14]



	1758
	Dollond, JohnJohn Dollond[image: External link]
	"On account of his curious Experiments and Discoveries concerning the different refrangibility of the Rays of Light, communicated to the Society"
	[23]



	1759
	Smeaton, JohnJohn Smeaton[image: External link]
	"On account of his curious Experiments concerning Water-wheels and Wind-mill Sails, communicated to the Society. For his experimental enquiry concerning the powers of water and wind in the moving of Mills"
	[24]



	1760
	Wilson, BenjaminBenjamin Wilson[image: External link]
	"For his many curious Experiments in Electricity, communicated to the Society within the year"
	[25]



	1761
	No Award
	—
	—



	1762
	No Award
	—
	—



	1763
	No Award
	—
	—



	1764
	Canton, JohnJohn Canton[image: External link]
	"For his very ingenious and elegant Experiments in the Air Pump and Condensing Engine, to prove the Compressibility of Water, and some other Fluids"
	[18]



	1765
	No Award
	—
	—



	1766
	
Brownrigg, WilliamWilliam Brownrigg[image: External link],
Edward Delaval[image: External link] and

Henry Cavendish[image: External link]


	
"For an experimental enquiry into the Mineral Elastic Spirit, or Air, contained in Spa-Water; as well as into the Mephitic qualities of this Spirit. (Brownrigg)"
"For his Experiments and Observations on the agreement between the specific gravities of the several Metals, and their colours when united to glass, as well as those of their other preparations. (Delaval)"

"For his Paper communicated this present year, containing his Experiments relating to Fixed Air. (Cavendish)"


	[26]



	1767
	Ellis, JohnJohn Ellis[image: External link]
	"For his Papers of the year 1767, On the animal nature of the Genus of Zoophytes called Corallina, and the Actinia Sociata, or Clustered Animal Flower, lately found on the sea coasts of the new-ceded Islands"
	[27]



	1768
	Woulfe, PeterPeter Woulfe[image: External link]
	"For his Experiments on the Distillation of Acids, Volatile Alkalies, and other substances"
	[28]



	1769
	Hewson, WilliamWilliam Hewson[image: External link]
	"For his Two Papers, entitled, An Account of the Lymphatic System in Amphibious Animals, – and An Account of the Lymphatic System in Fish"
	—



	1770
	Hamilton, WilliamWilliam Hamilton[image: External link]
	"For his Paper, entitled, An Account of a Journey to Mount Etna"
	[29]



	1771
	Raper, MatthewMatthew Raper[image: External link]
	"For his paper entitled, An Enquiry into the value of ancient Greek and Roman Money"
	—



	1772
	Priestley, JosephJoseph Priestley[image: External link]
	"On account of the many curious and useful Experiments contained in his observations"
	



	1773
	Walsh, JohnJohn Walsh[image: External link]
	"For his Paper on the Torpedo"
	[30]



	1774
	No Award
	—
	—



	1775
	Maskelyne, NevilNevil Maskelyne[image: External link]
	"In consideration of his curious and laborious Observations on the Attraction of Mountains, made in Scotland, – on Schehallien"
	[31]



	1776
	Cook, JamesJames Cook[image: External link]
	"For his Paper, giving an account of the method he had taken to preserve the health of the crew of H.M. Ship the Resolution, during her late voyage round the world. Whose communication to the Society was of such importance to the public"
	[32]



	1777
	Mudge, JohnJohn Mudge[image: External link]
	"On account of his valuable Paper containing directions for making the best Composition for the metals of Reflecting Telescopes; together with a description of the process for grinding, polishing, and giving the best speculum the true parabolic form"
	—



	1778
	Hutton, CharlesCharles Hutton[image: External link]
	"For his paper, entitled, The force of Fired Gunpowder, and the initial velocity of Cannon Balls, determined by Experiments"
	[33]



	1779
	No Award
	—
	—



	1780
	Vince, SamuelSamuel Vince[image: External link]
	"For his paper, entitled, An investigation of the Principles of Progressive and Rotatory Motion, printed in the Philosophical Transactions"
	[34]



	1781
	Herschel, WilliamWilliam Herschel[image: External link]
	"For the Communication of his Discovery of a new and singular Star; a discovery which does him particular honour, as, in all probability, this star has been for many years, perhaps ages, within the bounds of astronomic vision, and yet till now, eluded the most diligent researches of other observers"
	[35]



	1782
	Kirwan, RichardRichard Kirwan[image: External link]
	"As a reward for the merit of his labours in the science of Chemistry. For his chemical analyses of Salts"
	[34]



	1783
	Goodricke, JohnJohn Goodricke[image: External link] and Thomas Hutchins[image: External link]
	
"For his discovery of the Period of the Variation of Light in the Star Algol. (Goodricke)"
"For his Experiments to ascertain the point of Mercurial Congelation. (Hutchins)"


	[34]



	1784
	Waring, EdwardEdward Waring
	"For his Mathematical Communications to the Society. For his Paper On the Summation of Series, whose general term is a determinate function of z the distance from the first term of the series"
	[36]



	1785
	Roy, WilliamWilliam Roy[image: External link]
	"For his Measurement of a Base on Hounslow Heath"
	[37]



	1786
	No Award
	—
	—



	1787
	Hunter, JohnJohn Hunter[image: External link]
	"For his three Papers, – On the Ovaria, On the identity of the dog, wolf, and jackall species, and On the anatomy of Whales, printed in the Philosophical Transactions for 1787"
	[38]



	1788
	Blagden, CharlesCharles Blagden[image: External link]
	"For his two Papers on Congelation, printed in the last (78th) volume of the Philosophical transactions"
	[39]



	1789
	Morgan, WilliamWilliam Morgan[image: External link]
	"For his two Papers on the values of Reversions and Survivorships, printed in the two last volumes of the Philosophical Transactions"
	[40]



	1790
	No Award
	—
	—



	1791
	
Rennell, JamesJames Rennell[image: External link] and
Jean-André Deluc[image: External link]


	
"For his Paper on the Rate of Travelling as performed by Camels, printed in the last (81st) volume of the Philosophical Transactions. (Rennell)"
"For his Improvements in Hygrometry. (De Luc)"


	[41]



	1792
	Thompson, BenjaminBenjamin Thompson[image: External link]
	"For his various Papers on the Properties and Communication of Heat"
	[42]



	1793
	No Award
	—
	—



	1794
	Volta, AlessandroAlessandro Volta[image: External link]
	"For his several Communications explanatory of certain Experiments published by Professor Galvani"
	[41]



	1795
	Ramsden, JesseJesse Ramsden[image: External link]
	"For his various inventions and improvements in the construction of the Instruments for the Trigonometrical measurements carried on by the late Major General Roy, and by Lieut. Col. Williams and his associates"
	[43]



	1796
	Atwood, GeorgeGeorge Atwood[image: External link]
	"For his Paper on the construction and analysis of geometrical propositions determining the positions assumed by homogeneal bodies which float freely, and at rest; and also determining the Stability of Ships and other floating bodies"
	[44]



	1797
	No Award
	—
	—



	1798
	
Shuckburgh-Evelyn, GeorgeGeorge Shuckburgh-Evelyn[image: External link] and
Charles Hatchett[image: External link]


	
"For his various Communications printed in the Philosophical Transactions. (Evelyn)"
"For his Chemical Communications printed in the Philosophical Transactions. (Hatchett)"


	[45]



	1799
	Hellins, JohnJohn Hellins[image: External link]
	"For his improved Solution of a problem in Physical Astronomy, &c. printed in the Philosophical Transactions for the year 1798; and his other Mathematical Papers"
	[46]



	1800
	
	Howard, Edward CharlesEdward Charles Howard[image: External link]
	"For his Paper on a New Fulminating Mercury"
	[47]



	1801
	Cooper, AstleyAstley Cooper[image: External link]
	"For his Papers – on the effects which take place from the destruction of the Membrana Tympani of the Ear; with an account of an operation for the removal of a particular species of Deafness"
	[48]



	1802
	Wollaston, William HydeWilliam Hyde Wollaston[image: External link]
	"For his various Papers printed in the Philosophical Transactions"
	[49]



	1803
	Chenevix, RichardRichard Chenevix[image: External link]
	"For his various Chemical Papers printed in the Philosophical Transactions"
	[50]



	1804
	Tennant, SmithsonSmithson Tennant[image: External link]
	"For his various Chemical Discoveries communicated to the Society, and printed in several volumes of the Philosophical Transactions"
	[51]



	1805
	Davy, HumphryHumphry Davy[image: External link]
	"For his various Communications published in the Philosophical Transactions"
	[52]



	1806
	Knight, Thomas AndrewThomas Andrew Knight[image: External link]
	"For his various Papers on Vegetation, printed in the Philosophical Transactions"
	[53]



	1807
	Home, EverardEverard Home[image: External link]
	"For his various Papers on Anatomy and Physiology, printed in the Philosophical Transactions"
	—



	1808
	Henry, WilliamWilliam Henry[image: External link]
	"For his various papers communicated to the society, and printed in the Philosophical Transactions"
	—



	1809
	Troughton, EdwardEdward Troughton[image: External link]
	"For the Account of his Method of dividing Astronomical Instruments, printed in the last volume of the Philosophical Transactions"
	[54]



	1810
	No Award
	—
	—



	1811
	Brodie, Benjamin CollinsBenjamin Collins Brodie[image: External link]
	"For his Papers printed in the Philosophical Transactions. On the influence of the Brain on the action of the Heart, and the generation of Animal Heat; and on the different modes in which death is brought on by certain Vegetable Poisons"
	[55]



	1812
	No Award
	—
	—



	1813
	Brande, William ThomasWilliam Thomas Brande[image: External link]
	"For his Communications concerning the Alcohol contained in Fermented Liquors and other Papers, printed in the Philosophical Transactions"
	—



	1814
	Ivory, JamesJames Ivory[image: External link]
	"For his various Mathematical Contributions printed in the Philosophical Transactions"
	[56]



	1815
	Brewster, DavidDavid Brewster[image: External link]
	"For his Paper on the Polarization of Light by Reflection from Transparent Bodies"
	[57]



	1816
	No Award
	—
	—



	1817
	Kater, HenryHenry Kater[image: External link]
	"For his Experiments on the Pendulum"
	[58]



	1818
	Seppings, RobertRobert Seppings[image: External link]
	"For his Papers on the construction of Ships of War, printed in the Philosophical Transactions"
	—



	1819
	No Award
	—
	—



	1820
	Hans Christian Ørsted[image: External link]
	"For his Electro-magnetic Discoveries"
	[59]



	1821
	
Sabine, EdwardEdward Sabine[image: External link] and
John Herschel[image: External link]


	
"For his various Communications to the Royal Society relating to his researches made in the late Expedition to the Arctic Regions. (Sabine)"
"For his Papers printed in the Philosophical Transactions. (Herschel)"


	[60]



	1822
	Buckland, WilliamWilliam Buckland[image: External link]
	"For his Paper on the Fossil Teeth and Bones discovered in a Cave at Kirkdale"
	[61]



	1823
	Pond, JohnJohn Pond[image: External link]
	"For his various Communications to the Royal Society"
	—



	1824
	Brinkley, JohnJohn Brinkley[image: External link]
	"For his various Communications to the Royal Society"
	[62]



	1825
	Arago, FrançoisFrançois Arago[image: External link] and Peter Barlow[image: External link]
	
"For the Discovery of the Magnetic Properties of substances not containing Iron. For the Discovery of the power of various bodies, principally metallic, to receive magnetic impressions, in the same, though in a more evanescent manner than malleable Iron, and in an infinitely less intense degree. (Arago)"
"For his various Communications on the subject of Magnetism. (Barlow)"


	[63]



	1826
	South, JamesJames South[image: External link]
	"For his observations of Double Stars, and his Paper on the Discordances between the Suns observed and computed Right Ascensions, published in the Transactions of the Society. For his Paper of Observations of the Apparent Distances and Positions of Four Hundred and Fifty-eight Double and Triple Stars, published in the present volume (1826, Part 1.) of the Transactions"
	[64]



	1827
	
Prout, WilliamWilliam Prout[image: External link] and
Henry Foster[image: External link]


	
"For his Paper entitled, On the ultimate Composition of simple alimentary substances, with some preliminary remarks on the analysis of organized bodies in general. (Prout)"
"For his magnetic and other observations made during the Arctic expedition to Port Bowen. (Foster)"


	[65]



	1828
	No Award
	—
	—



	1829
	No Award
	—
	—



	1830
	No Award
	—
	—



	1831
	Airy, George BiddellGeorge Biddell Airy
	"For his Papers, On the principle of the construction of the Achromatic Eye-pieces of Telescopes, – On the Spherical Aberration of the Eye-pieces of Telescopes, and for other Papers on Optical Subjects in the Transactions of the Cambridge Philosophical Society"
	[66]



	1832
	Faraday, MichaelMichael Faraday[image: External link] and Siméon Denis Poisson[image: External link]
	
"For his discovery of Magneto-Electricity as detailed in his Experimental Researches in Electricity, published in the Philosophical Transactions for the present year. (Faraday)"
"For his work entitled, Nouvelle Theorie de lAction Capillaire. (Poisson)"


	[67]



	1833
	No Award
	—
	—



	1834
	Plana, Giovanni Antonio AmedeoGiovanni Antonio Amedeo Plana[image: External link]
	"For his work entitled, Theorie du Mouvement de la Lune"
	[68]



	1835
	Harris, William SnowWilliam Snow Harris[image: External link]
	"For his experimental investigations of the force of electricity of high intensity contained in the Philosophical Transactions of 1834"
	[52]



	1836
	Berzelius, Jöns JacobJöns Jacob Berzelius[image: External link] and Francis Kiernan[image: External link]
	
"For his systematic application of the doctrine of definite proportions to the analysis of mineral bodies, as contained in his Nouveau Systeme de Mineralogie, and in other of his works. (Berzelius)"
"For his discoveries relating to the structure of the liver, as detailed in his paper communicated to the Royal Society, and published in the Philosophical Transactions for 1833. (Kiernan)"


	—



	1837
	
Becquerel, Antoine CésarAntoine César Becquerel[image: External link] and
John Frederic Daniell[image: External link]


	
"For his various memoirs on the subject of electricity, published in the Memoires deacademie Royale des Sciences de lInstitut de France, and particularly for those on the production of crystals of metallic sulphurets and of sulphur, by the long-continued action of electricity of very low tension, and published in the tenth volume of those Memoires. (Becquerel)"
"For his two papers on voltaic combinations published in the Philosophical Transactions for 1836. (Daniell)"


	[69]



	1838
	
Gauss, Carl FriedrichCarl Friedrich Gauss[image: External link]
and Michael Faraday[image: External link]


	
"For his inventions and mathematical researches in magnetism. (Gauss)"
"For his researches in specific electrical induction. (Faraday)"


	[70]



	1839
	Brown, RobertRobert Brown[image: External link]
	"For his discoveries during a series of years, on the subject of vegetable impregnation"
	[71]



	1840
	
von Liebig, JustusJustus von Liebig[image: External link] and
Jacques Charles François Sturm[image: External link]


	
"For his discoveries in organic chemistry, and particularly for his development of the composition and theory of organic radicals. (Liebig)"
"For his "Memoire sur la Resolution des Equations Numeriques," published in the Memoires des Savans Etrangers for 1835. (Sturm)"


	[72][73]



	1841
	Ohm, GeorgGeorg Ohm[image: External link]
	"For his researches into the laws of electric currents contained in various memoirs published in Schweiggers Journal, Poggendorffs Annalen and in a separate work entitled Die galvanische Kette mathematisch bearbeitet"
	[74]



	1842
	MacCullagh, JamesJames MacCullagh[image: External link]
	"For his researches connected with the wave theory of light, contained in the Transactions of the Royal Irish Academy"
	[75]



	1843
	Dumas, Jean-BaptisteJean-Baptiste Dumas[image: External link]
	"For his late valuable researches in organic chemistry, particularly those contained in a series of memoirs on chemical types and the doctrine of substitution, and also for his elaborate investigations of the atomic weights of carbon, oxygen, hydrogen, nitrogen and other elements"
	—



	1844
	Matteucci, CarloCarlo Matteucci[image: External link]
	"For his various researches in animal electricity"
	[76]



	1845
	Schwann, TheodorTheodor Schwann[image: External link]
	"For his physiological researches on the development of animal & vegetable textures, published in his work entitled Mikroskopische Untersuchungen uber die Uebereinstimmung in der Struktur u. dem Wachsthun der Thiese u. Bflanzen"
	—



	1846
	Le Verrier, UrbainUrbain Le Verrier[image: External link]
	"For his investigations relative to the disturbances of Uranus by which he proved the existence and predicted the place of the new Planet; the Council considering such prediction confirmed as it was by the immediate discovery of the Planet to be one of the proudest triumphs of modern analysis applied to the Newtonian Theory of Gravitation"
	[77]



	1847
	Herschel, JohnJohn Herschel[image: External link]
	"For his work entitled Results of Astronomical Observations made during the years 1834, 1835, 1836, 1837 and 1838, at the Cape of Good Hope; being a completion of a telescopic survey of the whole surface of the visible heavens, commenced in 1825"
	[60]



	1848
	Adams, John CouchJohn Couch Adams[image: External link]
	"For his investigations relative to the disturbances of Uranus, and for his application of the inverse problem of perturbations thereto"
	[78]



	1849
	Murchison, RoderickRoderick Murchison[image: External link]
	"For the eminent services he has rendered to geological science during many years of active observation in several parts of Europe; and especially for the establishment of that classification of the older Palaeozoic deposits designated the Silurian System, as set forth in the two works entitled The Silurian System founded on Geological Researches in England, and The Geology of Russia in Europe and the Ural Mountains"
	—



	1850
	Hansen, Peter AndreasPeter Andreas Hansen[image: External link]
	"For his researches in physical astronomy"
	[52]



	1851
	Owen, RichardRichard Owen[image: External link]
	"On account of his important discoveries in comparative anatomy & palaeontology, contained in the Philosophical Transactions and numerous other works"
	[79]



	1852
	von Humboldt, AlexanderAlexander von Humboldt[image: External link]
	"For his eminent services in terrestrial physics, during a series of years"
	[80]



	1853
	Dove, Heinrich WilhelmHeinrich Wilhelm Dove[image: External link]
	"For his work on the distribution of heat over the surface of the Earth"
	—



	1854
	Müller, Johannes PeterJohannes Peter Müller[image: External link]
	"For his important contributions to different branches of physiology and comparative anatomy, and particularly for his researches on the embryology of the Echinodermata, contained in a series of memoirs published in the Transactions of the Royal Academy of Sciences of Berlin"
	[81]



	1855
	Foucault, LéonLéon Foucault[image: External link]
	"For his various researches in experimental physics"
	[52]



	1856
	Milne-Edwards, HenriHenri Milne-Edwards[image: External link]
	"For his researches in comparative anatomy and zoology"
	—



	1857
	Chevreul, Michel EugèneMichel Eugène Chevreul[image: External link]
	"For his researches in organic chemistry, particularly on the composition of the fats, and for his researches on the contrast of coulours"
	[52]



	1858
	Lyell, CharlesCharles Lyell[image: External link]
	"For his various researches and writings by which he has contributed to the advance of geology"
	[52]



	1859
	Weber, Wilhelm EduardWilhelm Eduard Weber[image: External link]
	"For the investigations contained in his Maasbestimmungen and other researches in electricity, magnetism, acoustics"
	[82]



	1860
	Bunsen, RobertRobert Bunsen[image: External link]
	"For his researches on cacodyls, gaseous analysis, the Voltaire phenomena of Iceland; and other researches"
	[52]



	1861
	Agassiz, LouisLouis Agassiz[image: External link]
	"For his eminent researches in palaeontology and other branches of science, and particularly for his great works the Poissons Fossiles, and his Poissons du Vieux Gres Rouge dEcosse"
	[52]



	1862
	Graham, ThomasThomas Graham[image: External link]
	"For three memoirs of the diffusion of liquids, published in the Philosophical Transactions for 1850 and 1851; for a memoir on osmotic force in the Philosophical Transactions for 1854; and particularly for a paper on liquid diffusion applied to analysis, including a distinction of compounds into colloids & crystalloids published in the Philosophical Transactions for 1861"
	[83]



	1863
	Sedgwick, AdamAdam Sedgwick[image: External link]
	"For his original observations and discoveries in the geology of the Palaeozoic Series of rocks, and more especially for his determination of the characters of the Devonian System, by observations of the order of superposition of the Killas rocks & their fossils in Devonshire"
	[84]



	1864
	Darwin, CharlesCharles Darwin[image: External link]
	"For his important researches in geology, zoology, and botanical physiology"
	[52]



	1865
	Chasles, MichelMichel Chasles[image: External link]
	"For his historical and original researches in pure geometry"
	[85]



	1866
	Plücker, JuliusJulius Plücker[image: External link]
	"For his researches in analytical geometry, magnetism, & spectral analysis"
	[86]



	1867
	von Baer, Karl ErnstKarl Ernst von Baer[image: External link]
	"For his discoveries in embryology and comparative anatomy, and for his contributions to the philosophy of zoology"
	[52]



	1868
	Wheatstone, CharlesCharles Wheatstone[image: External link]
	"For his researches in acoustics, optics, electricity and magnetism"
	[52]



	1869
	Regnault, Henri VictorHenri Victor Regnault[image: External link]
	"For the second volume of his Relation des Experiences pour determiner les lois et les donnees physiques necessaries au calcul des machines a feu, including his elaborate investigations on the specific heat of gases and vapours, and various papers on the elastic force of vapours"
	[52]



	1870
	Joule, James PrescottJames Prescott Joule[image: External link]
	"For his experimental researches on the dynamical theory of heat"
	[52]



	1871
	von Mayer, JuliusJulius von Mayer[image: External link]
	"For his researches on the mechanics of heat; including essays on: – 1. The force of inorganic nature. 2. Organic motion in connection with nutrition. 3. Fever. 4. Celestial dynamics. 5. The mechanical equivalent of heat"
	[52]



	1872
	Wöhler, FriedrichFriedrich Wöhler[image: External link]
	"For his numerous contributions to the science of chemistry, and more especially for his researches on the products of the decomposition of cyanogens by ammonia; on the derivatives of uric acid; on the benzoyl series; on boron, silicon, & their compounds; and on meteoric stones"
	[52]



	1873
	von Helmholtz, HermannHermann von Helmholtz[image: External link]
	"For his researches in physics and physiology"
	[87]



	1874
	Pasteur, LouisLouis Pasteur[image: External link]
	"For his researches on fermentation and on pelerine"
	[52]



	1875
	von Hofmann, August WilhelmAugust Wilhelm von Hofmann[image: External link]
	"For his numerous contributions to the science of chemistry, and especially for his researches on the derivatives of ammonia"
	[88]



	1876
	Bernard, ClaudeClaude Bernard[image: External link]
	"For his numerous contributions to the science of physiology"
	[52]



	1877
	Dana, James DwightJames Dwight Dana[image: External link]
	"For his biological, geological, and mineralogical investigations, carried on through half a century, and for the valuable works in which his conclusions and discoveries have been published"
	[52]



	1878
	Boussingault, Jean-BaptisteJean-Baptiste Boussingault[image: External link]
	"For his long-continued and important researches and discoveries in agricultural chemistry"
	[89]



	1879
	Clausius, RudolfRudolf Clausius[image: External link]
	"For his well-known researches upon heat"
	[90]



	1880
	Sylvester, James JosephJames Joseph Sylvester[image: External link]
	"For his long continued investigations & discoveries in mathematics"
	[91]



	1881
	Wurtz, Charles-AdolpheCharles-Adolphe Wurtz[image: External link]
	"For his discovery of the organic ammonias, the glycols, and other investigations which have exercised considerable influence on the progress of chemistry"
	—



	1882
	Cayley, ArthurArthur Cayley[image: External link]
	"For his numerous profound and comprehensive researches in pure mathematics"
	[92]



	1883
	Thomson, WilliamWilliam Thomson[image: External link]
	"For (1) his discovery of the law of the universal dissipation of energy; (2) his researches and eminent services in physics, both experimental & mathematical, especially in the theory of electricity and thermodynamics"
	[93]



	1884
	Ludwig, CarlCarl Ludwig[image: External link]
	"For his investigations in physiology, and the great services which he has rendered to physiological science"
	—



	1885
	Kekulé, AugustAugust Kekulé[image: External link]
	"For his researches in organic chemistry"
	[52]



	1886
	Neumann, Franz ErnstFranz Ernst Neumann[image: External link]
	"For his researches in theoretical optics and electro-dynamics"
	[94]



	1887
	Hooker, Joseph DaltonJoseph Dalton Hooker[image: External link]
	"For his services to botanical science as an investigator, author, and traveller"
	[52]



	1888
	Huxley, Thomas HenryThomas Henry Huxley[image: External link]
	"For his investigations on the morphology and histology of vertebrate and invertebrate animals, and for his services to biological science in general during many past years"
	[52]



	1889
	Salmon, GeorgeGeorge Salmon[image: External link]
	"For his various papers on subjects of pure mathematics, and for the valuable mathematical treatises of which he is the author"
	[95]



	1890
	Newcomb, SimonSimon Newcomb[image: External link]
	"For his contributions to the progress of gravitational astronomy"
	[96]



	1891
	Cannizzaro, StanislaoStanislao Cannizzaro[image: External link]
	"For his contributions to chemical philosophy especially for his application of Avogadros theory"
	[52]



	1892
	Virchow, RudolfRudolf Virchow[image: External link]
	"For his investigations in pathology, pathological anatomy, and prehistoric archaeology"
	[52]



	1893
	Stokes, GeorgeGeorge Stokes
	"For his researches and discoveries in physical science"
	[97]



	1894
	Frankland, EdwardEdward Frankland[image: External link]
	"For his eminent services to theoretical & applied chemistry"
	[98]



	1895
	Weierstrass, KarlKarl Weierstrass[image: External link]
	"For his investigations in pure mathematics"
	[99]



	1896
	Gegenbaur, KarlKarl Gegenbaur[image: External link]
	"For his life-long researches in comparative anatomy in all branches of the animal kingdom. etc., etc"
	—



	1897
	von Kölliker, AlbertAlbert von Kölliker[image: External link]
	"In recognition of his important work in embryology, comparative anatomy, and physiology, and especially for his eminence as a histologist"
	—



	1898
	Huggins, WilliamWilliam Huggins[image: External link]
	"For his researches in spectrum analysis applied to the heavenly bodies"
	[52]



	1899
	Rayleigh, LordLord Rayleigh[image: External link]
	"In recognition of his contributions to physical science"
	[100]



	1900
	Berthelot, MarcellinMarcellin Berthelot[image: External link]
	"For his brilliant services to chemical science"
	[52]



	1901
	Gibbs, Josiah WillardJosiah Willard Gibbs[image: External link]
	"For his contributions to mathematical physics"
	[101]



	1902
	Lister, JosephJoseph Lister[image: External link]
	"In recognition of the value of his physiological and pathological researches in regard to their influence on the modern practice of surgery"
	[102]



	1903
	Suess, EduardEduard Suess[image: External link]
	"For his eminent geological services, & especially for the original researches & conclusions published in his great work 'Das Antlitz der Erde'"
	[102]



	1904
	Crookes, WilliamWilliam Crookes[image: External link]
	"For his long-continued researches in spectroscopic chemistry, on electrical & mechanical phenomena in highly-rarefied gases, on radio-active phenomena, and other subjects"
	[102]



	1905
	Mendeleev, DmitriDmitri Mendeleev[image: External link]
	"For his contributions to chemical and physical science"
	[102]



	1906
	Metchnikoff, ÉlieÉlie Metchnikoff[image: External link]
	"On the ground of the importance of his work in zoology and in pathology"
	[102]



	1907
	Michelson, Albert AbrahamAlbert Abraham Michelson[image: External link]
	"On the ground of his investigations in optics"
	[102]



	1908
	Wallace, Alfred RusselAlfred Russel Wallace[image: External link]
	"On the ground of the great value of his numerous contributions to natural history, and of the part he took in working out the theory of the origin of species by natural selection"
	[102]



	1909
	Hill, George WilliamGeorge William Hill[image: External link]
	"On the ground of his researches in mathematical astronomy"
	[102]



	1910
	Galton, FrancisFrancis Galton[image: External link]
	"On the ground of his researches in heredity"
	[102]



	1911
	Darwin, GeorgeGeorge Darwin[image: External link]
	"On the ground of his researches on tidal theory, the figures of the planets, and allied subjects"
	[102]



	1912
	Klein, FelixFelix Klein[image: External link]
	"On the ground of his researches in mathematics"
	[103]



	1913
	Lankester, RayRay Lankester[image: External link]
	"On the ground of the high scientific value of the researches in zoology carried out by him"
	[104]



	1914
	Thomson, Joseph JohnJoseph John Thomson[image: External link]
	"On the ground of his discoveries in physical science"
	[102]



	1915
	Pavlov, IvanIvan Pavlov[image: External link]
	"On the ground of his investigations in the physiology of digestion and of the higher centres of the nervous system"
	[102]



	1916
	Dewar, JamesJames Dewar[image: External link]
	"For his important investigations in physical chemistry, more especially his researches on the liquefaction of gases"
	[102]



	1917
	Roux, Pierre Paul ÉmilePierre Paul Émile Roux[image: External link]
	"On the ground of his eminence as a bacteriologist, and as a pioneer in serum therapy"
	[105]



	1918
	Lorentz, HendrikHendrik Lorentz[image: External link]
	"On the ground of his distinguished researches in mathematical physics"
	[102]



	1919
	Bayliss, WilliamWilliam Bayliss[image: External link]
	"On the ground of his researches in general physiology & biophysics"
	[102]



	1920
	Brown, Horace TabbererHorace Tabberer Brown[image: External link]
	"On the ground of his work on the chemistry of carbohydrates, &c"
	[106]



	1921
	Larmor, JosephJoseph Larmor
	"For his researches in mathematical physics"
	[107]



	1922
	Rutherford, ErnestErnest Rutherford[image: External link]
	"For his researches in radio activity & atomic structure"
	[102]



	1923
	Lamb, HoraceHorace Lamb[image: External link]
	"For his researches in mathematical physics"
	[108]



	1924
	Sharpey-Schafer, Edward AlbertEdward Albert Sharpey-Schafer[image: External link]
	"For the valuable work he has done in physiology and histology and the position he now occupies as a leader in these sciences"
	—



	1925
	Einstein, AlbertAlbert Einstein
	"For his theory of relativity and his contributions to the quantum theory"
	[102]



	1926
	Hopkins, Frederick GowlandFrederick Gowland Hopkins[image: External link]
	"For his distinguished and fruitful work in biochemistry"
	[109]



	1927
	Sherrington, Charles ScottCharles Scott Sherrington[image: External link]
	"For his distinguished work on neurology"
	[110]



	1928
	Parsons, Charles AlgernonCharles Algernon Parsons[image: External link]
	"For his contributions to engineering science"
	—



	1929
	Planck, MaxMax Planck[image: External link]
	"For his contributions to theoretical physics and especially as the originator of the quantum theory"
	[111]



	1930
	Bragg, William HenryWilliam Henry Bragg[image: External link]
	"For his distinguished contributions to crystallography and radioactivity"
	[112]



	1931
	Schuster, ArthurArthur Schuster[image: External link]
	"For his distinguished researches in optics and terrestrial magnetism"
	[113]



	1932
	Hale, George ElleryGeorge Ellery Hale[image: External link]
	"For his distinguished work on the solar magnetic phenomena and for his eminence as a scientific engineer, especially in connexion with Mount Wilson Observatory"
	[114]



	1933
	Smith, TheobaldTheobald Smith[image: External link]
	"For his original research and observation on diseases of animals and man"
	[115]



	1934
	Haldane, John ScottJohn Scott Haldane[image: External link]
	"In recognition of his discoveries in human physiology and of their application to medicine, mining, diving and engineering"
	[116]



	1935
	Wilson, Charles Thomson ReesCharles Thomson Rees Wilson[image: External link]
	"For his work on the use of clouds in advancing our knowledge of atoms and their properties"
	[117]



	1936
	Evans, ArthurArthur Evans[image: External link]
	"In recognition of his pioneer work in Crete, particularly his contributions to the history and civilization of its Minoan age"
	[118]



	1937
	Dale, HenryHenry Dale[image: External link]
	"In recognition of his important contributions to physiology and pharmacology, particularly in relation to the nervous and neuro-muscular systems"
	[119]



	1938
	Bohr, NielsNiels Bohr[image: External link]
	"In recognition of his distinguished work in the development of the quantum theory of atomic structure"
	[120]



	1939
	Morgan, Thomas HuntThomas Hunt Morgan[image: External link]
	"For his establishment of the modern science of genetics which had revolutionized our understanding, not only of heredity, but of the mechanism and nature of evolution"
	[121]



	1940
	Langevin, PaulPaul Langevin[image: External link]
	"For his pioneer work on the electron theory of magnetism, his fundamental contributions to discharge of electricity in gases, and his important work in many branches of theoretical physics"
	[122]



	1941
	Lewis, ThomasThomas Lewis[image: External link]
	"For his clinical and experimental investigations upon the mammalian heart"
	[123]



	1942
	Robinson, RobertRobert Robinson[image: External link]
	"For his research work of outstanding originality and brilliance which has influenced the whole field of organic chemistry"
	[124]



	1943
	Barcroft, JosephJoseph Barcroft[image: External link]
	"For his distinguished work on respiration and the respiratory function of the blood"
	[125]



	1944
	
	Taylor, G. I.G. I. Taylor[image: External link]
	"For his many contributions to aerodynamics, hydrodynamics, and the structure of metals, which have had a profound influence on the advance of physical science and its applications"
	[126]



	1945
	Avery, OswaldOswald Avery[image: External link]
	"For his success in introducing chemical methods in the study of immunity against infective diseases"
	[127]



	1946
	Adrian, EdgarEdgar Adrian[image: External link]
	"For his distinguished researches on the fundamental nature of nervous activity, and recently on the localization of certain nervous functions"
	[128]



	1947
	Hardy, G. H.G. H. Hardy[image: External link]
	"For his distinguished part in the development of mathematical analysis in England during the last thirty years"
	[129]



	1948
	Hill, ArchibaldArchibald Hill[image: External link]
	"For his distinguished researches on myothermal problems and on biophysical phenomena in nerve and other tissues"
	[130]



	1949
	de Hevesy, GeorgeGeorge de Hevesy[image: External link]
	"For his distinguished work on the chemistry of radioactive elements and especially for his development of the radioactive tracer techniques in the investigation of biological processes"
	[131]



	1950
	Chadwick, JamesJames Chadwick[image: External link]
	"For his outstanding work in nuclear physics and in the development of atomic energy, especially for his discovery of the neutron"
	[132]



	1951
	Keilin, DavidDavid Keilin[image: External link]
	"For his fundamental researches in the fields of protozoology, entomology and the biochemistry of enzymes"
	[133]



	1952
	Dirac, PaulPaul Dirac
	"In recognition of his remarkable contributions to relativistic dynamics of a particle in quantum mechanics"
	[134]



	1953
	Kluyver, AlbertAlbert Kluyver[image: External link]
	"For his distinguished contributions of a fundamental character to the science of microbiology"
	—



	1954
	
	Whittaker, E. T.E. T. Whittaker[image: External link]
	"For his distinguished contributions to both pure and applied mathematics and to theoretical physics"
	[135]



	1955
	Fisher, RonaldRonald Fisher[image: External link]
	"In recognition of his numerous and distinguished contributions to developing the theory and application of statistics for making quantitative a vast field of biology"
	[136]



	1956
	Blackett, PatrickPatrick Blackett[image: External link]
	"In recognition of his outstanding studies of cosmic ray showers and heavy mesons and in the field of palaeomagnetism"
	—



	1957
	Florey, HowardHoward Florey[image: External link]
	"In recognition of his distinguished contributions to experimental pathology and medicine"
	[137]



	1958
	Littlewood, John EdensorJohn Edensor Littlewood[image: External link]
	"In recognition of his distinguished contributions to many branches of analysis, including Tauberian theory, the Riemann zeta function, and non-linear differential equations"
	[138]



	1959
	Burnet, Frank MacfarlaneFrank Macfarlane Burnet[image: External link]
	"In recognition of his distinguished contributions to knowledge of viruses and of immunology"
	[139]



	1960
	
	Jeffreys, HaroldHarold Jeffreys[image: External link]
	"In recognition of his distinguished work in many branches of geophysics, and also in the theory of probability and astronomy"
	[140]



	1961
	Krebs, Hans AdolfHans Adolf Krebs[image: External link]
	"In recognition of his distinguished contributions to biochemistry, in particular his work on the ornithine, tricarboxylic acid and glyoxylate cycles"
	[141]



	1962
	Hinshelwood, Cyril NormanCyril Norman Hinshelwood[image: External link]
	"In recognition of his distinguished researches in the field of chemical kinetics, including the study of biological reaction mechanisms, and of his outstanding contributions to natural philosophy"
	[142]



	1963
	Fildes, PaulPaul Fildes[image: External link]
	"In recognition of his pioneering contributions to bacteriology."
	—



	1964
	Chapman, SydneySydney Chapman[image: External link]
	"In recognition of his theoretical contributions to terrestrial and interplanetary magnetism, the ionosphere and the aurora borealis"
	[143]



	1965
	Hodgkin, Alan LloydAlan Lloyd Hodgkin[image: External link]
	"In recognition of his discovery of the mechanism of excitation and impulse conduction in nerve, and his outstanding leadership in the development of neurophysiology"
	—



	1966
	Bragg, William LawrenceWilliam Lawrence Bragg[image: External link]
	"In recognition of his distinguished contributions to the development of methods of structural determination by X-ray diffraction"
	[102]



	1967
	Katz, BernardBernard Katz[image: External link]
	"In recognition of his distinguished contributions to knowledge of the fundamental processes involved in transmission across the neuromuscular junction"
	—



	1968
	Reichstein, TadeuszTadeusz Reichstein[image: External link]
	"In recognition of his distinguished work on the chemistry of vitamin C and his authoritative studies of the cortico-steroids"
	—



	1969
	Medawar, PeterPeter Medawar[image: External link]
	"In recognition of his distinguished studies of tissue transplantation and immunological tolerance"
	[102]



	1970
	Todd, Alexander R.Alexander R. Todd[image: External link]
	"In recognition of his outstanding contributions to both the analytical and synthetic chemistry of natural products of diverse types"
	[102]



	1971
	Pirie, NormanNorman Pirie[image: External link]
	"In recognition of his distinguished contributions to biochemistry and especially for his elucidation of the nature of plant viruses"
	—



	1972
	
	Mott, Nevill FrancisNevill Francis Mott[image: External link]
	"In recognition of his original contributions over a long period to atomic and solid state physics"
	[102]



	1973
	Huxley, AndrewAndrew Huxley[image: External link]
	"In recognition of his outstanding studies on the mechanisms of the nerve impulse and of activation of muscular contraction"
	—



	1974
	Hodge, W. V. D.W. V. D. Hodge[image: External link]
	"In recognition of his pioneering work in algebraic geometry, notably in his theory of harmonic integrals"
	[144]



	1975
	Crick, FrancisFrancis Crick[image: External link]
	"In recognition of his elucidation of the structure of DNA and his continuing contribution to molecular biology"
	[102]



	1976
	Hodgkin, DorothyDorothy Hodgkin[image: External link]
	"In recognition of her outstanding work on the structures of complex molecules, particularly Penicillin, vitamin B12 and insulin"
	[102]



	1977
	Sanger, FrederickFrederick Sanger[image: External link]
	"In recognition of his distinguished work on the chemical structure of proteins and his studies on the sequences of nucleic acids"
	[102]



	1978
	Woodward, Robert BurnsRobert Burns Woodward[image: External link]
	"In recognition of his masterly contributions to the synthesis of complex natural products and his discovery of the importance of orbital symmetry"
	[102]



	1979
	Perutz, MaxMax Perutz[image: External link]
	"In recognition of his distinguished contributions to molecular biology through his own studies of the structure and biological activity of haemoglobin and his leadership in the development of the subject"
	[102]



	1980
	Barton, DerekDerek Barton[image: External link]
	"In recognition of his distinguished contributions to a wide range of problems in structural and synthetic organic chemistry and , in particular, his introduction of conformational analysis into stereochemistry"
	[102]



	1981
	
	Mitchell, Peter D.Peter D. Mitchell[image: External link]
	"In recognition of his distinguished contribution to biology in his formulation and development of the chemiosmotic theory of energy transduction"
	[102]



	1982
	
	Cornforth, JohnJohn Cornforth[image: External link]
	"In recognition of his distinguished research on the stereochemically-controlled synthesis and biosynthesis of biologically important molecules"
	[145]



	1983
	Porter, Rodney RobertRodney Robert Porter[image: External link]
	"In recognition of his elucidation of the structure of immunoglobulins and of the reactions involved in activating the complement system of proteins"
	—



	1984
	
	Chandrasekhar, SubrahmanyanSubrahmanyan Chandrasekhar[image: External link]
	"In recognition of his distinguished work on theoretical physics, including stellar structure, theory of radiation, hydrodynamic stability and relativity"
	[146]



	1985
	Klug, AaronAaron Klug[image: External link]
	"In recognition of his outstanding contributions to our understanding of complex biological structures and the methods used for determining them"
	—



	1986
	
	Peierls, RudolfRudolf Peierls[image: External link]
	"In recognition of his fundamental contributions to a very wide range of theoretical physics, and signal advances in proposing the probable existence of nuclear chain reactions in fissile materials"
	—



	1987
	
	Hill, RobinRobin Hill[image: External link]
	"In recognition of his pioneering contributions to the understanding of the nature and mechanism of the main pathway of electron transport in photosynthesis"
	—



	1988
	Atiyah, MichaelMichael Atiyah[image: External link]
	"In recognition of his fundamental contributions to a wide range of topics in geometry, topology, analysis and theoretical physics"
	[147]



	1989
	Milstein, CésarCésar Milstein[image: External link]
	"In recognition of his outstanding contributions to immunology, in particular to the discovery of monoclonal antibodies and to the understanding of the role of somatic mutations in the maturation of the immune response"
	—



	1990
	Salam, AbdusAbdus Salam[image: External link]
	"In recognition of his work on the symmetries of the laws of nature, and especially the unification of the electromagnetic and weak forces"
	[148]



	1991
	Brenner, SydneySydney Brenner[image: External link]
	"In recognition of his many contributions to molecular genetics and developmental biology, and his recent role in the Human Genome mapping project"
	—



	1992
	Porter, GeorgeGeorge Porter[image: External link]
	"In recognition of his contributions to fundamental understanding of fast photochemical and photophysical processes and their role in chemistry and biology"
	[149]



	1993
	Watson, JamesJames Watson[image: External link]
	"In recognition of his tireless pursuit of DNA, from the elucidation of its structure to the social and medical implications of the sequencing of the human genome"
	[150]



	1994
	Frank, Frederick CharlesFrederick Charles Frank[image: External link]
	"In recognition of his fundamental contribution to the theory of crystal morphology, in particular to the source of dislocations and their consequences in interfaces and crystal growth; to fundamental understanding of liquid crystals and the concept of disclination; and to the extension of crystallinity concepts to aperiodic crystals. He has also contributed through a variety of remarkable insights into a great number of physical problems"
	—



	1995
	
	Fenner, FrankFrank Fenner[image: External link]
	"In recognition of his contribution to animal virology with special emphasis on the pox and myxomatosis viruses and their relationship with the host in causing disease"
	—



	1996
	Cottrell, AlanAlan Cottrell[image: External link]
	"In recognition of his contribution to the understanding of mechanical properties of materials and related topics through his pioneering studies on crystal plasticity, dislocation impurity interactions, fracture and irradiation effects"
	[151]



	1997
	Huxley, HughHugh Huxley[image: External link]
	"In recognition of his pioneering work on the structure of muscle and on the molecular mechanisms of muscle contraction, providing solutions to one of the great problems in physiology"
	—



	1998
	
	Lighthill, JamesJames Lighthill
	"In recognition of his profound contributions to many fields within fluid mechanics including important aspects of the interaction of sound and fluid flow and numerous other contributions which have had practical applications in aircraft engine design. He is noted also for his ground-breaking work on both external bio-fluid-dynamics – analysis of mechanisms of swimming and flying – and internal bio-fluid-dynamics, including flow in the cardiovascular system and the airways, and cochlear mechanics and other aspects of hearing"
	[152]



	1999
	Smith, John MaynardJohn Maynard Smith[image: External link]
	"In recognition of his seminal contributions to evolutionary biology, including his experimental work on sexual selection, his important contributions to our understanding of ageing, his introduction of game theoretical methods for the analysis of complex evolutionary scenarios and his research into molecular evolution, both through his classic work on genetic hitchhiking, and with his more recent, ongoing work on bacterial population growth"
	[153]



	2000
	Battersby, Alan R.Alan R. Battersby[image: External link]
	"In recognition of his pioneering work in elucidating the detailed biosynthetic pathways to all the major families of plant alkaloids. His approach, which stands as a paradigm for future biosynthetic studies on complex molecules, combines isolation work, structure determination, synthesis, isotopic labelling and spectroscopy, especially advanced NMR, as well as genetics and molecular biology. This spectacular research revealed the entire pathway to vitamin B12"
	—



	2001
	Miller, JacquesJacques Miller
	"For his work on the immunological function of the thymus and of T cells, which has revolutionised the science of immunology. Professor Millers work is paving the way for designing new methods to improve resistance to infections, producing new vaccines, enhancing graft survival, dealing with autoimmunity and even persuading the immune system to reject cancer cells"
	—



	2002
	Pople, JohnJohn Pople
	"For his development of computational methods in quantum chemistry. His work transformed density functional theory into a powerful theoretical tool for chemistry, chemical physics and biology"
	[154]



	2003
	Gurdon, JohnJohn Gurdon
	"For his unique range of groundbreaking discoveries in the fields of cell and developmental biology. He pioneered the concept that specialised cells are genetically equivalent and that they differ only in the genes they express not the genes they contain, a concept fundamental to modern biology"
	—



	2004
	Kroto, HarryHarry Kroto
	"in recognition of his seminal contributions to understanding the fundamental dynamics of carbon chain molecules, leading to the detection of these species (polyynes) in the interstellar medium by radioastronomy, and thence to the genesis of a new era in carbon science"
	[155]



	2005
	Nurse, PaulPaul Nurse
	"for his contributions to cell biology in general, and to the elucidation of the control of cell division."
	—



	2006
	Hawking, StephenStephen Hawking
	"For his outstanding contribution to theoretical physics and theoretical cosmology. "
	[32]



	2007
	May, RobertRobert May
	"for his seminal studies of interactions within and among biological populations that have reshaped our understanding of how species, communities and entire ecosystems respond to natural or human created disturbance."
	—



	2008
	Penrose, RogerRoger Penrose
	"for his beautiful and original insights into many areas of mathematics and mathematical physics. Sir Roger has made outstanding contributions to general relativity theory and cosmology, most notably for his work on black holes and the Big Bang."
	—



	2009
	Evans, MartinMartin Evans
	"for his seminal work on embryonic stem cells in mice, which revolutionised the field of genetics."
	—



	2010
	Cox, DavidDavid Cox
	"for his seminal contributions to the theory and applications of statistics."
	[156]



	Lindahl, TomasTomas Lindahl
	"for his seminal contributions to the understanding of the biochemistry of DNA repair."
	[156]



	2011
	McKenzie, DanDan McKenzie
	"For his seminal contributions to the understanding of geological and geophysical phenomena including tectonic plates."
	—



	2012
	Walker, JohnJohn Walker
	"For his ground-breaking work on bioenergetics, discovering the mechanism of ATP synthesis in the mitochondrion."
	[157]



	2013
	Geim, AndreAndre Geim
	"For his numerous scientific contributions and, in particular, for initiating research on two‐dimensional atomic crystals and their artificial heterostructures."
	—



	2014
	Jeffreys, AlecAlec Jeffreys
	"For his pioneering work on variation and mutation in the human genome."
	[158]



	2015
	Higgs, PeterPeter Higgs
	"For his fundamental contribution to particle physics with his theory explaining the origin of mass in elementary particles, confirmed by the experiments at the Large Hadron Collider."
	[159]



	2016
	Henderson, RichardRichard Henderson
	"In recognition of his fundamental and revolutionary contributions to the development of electron microscopy of biological materials, enabling their atomic structures to be deduced."
	[160]



	2017
	Wiles, AndrewAndrew Wiles[image: External link]
	"For his beautiful and unexpected proof of Fermat's Last Theorem which is one of the most important mathematical achievements of the 20th century."
	[161]
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Presidential Medal of Freedom






The Presidential Medal of Freedom is an award bestowed by the President of the United States[image: External link] and is—along with the comparable Congressional Gold Medal[image: External link]—the highest civilian award[image: External link] of the United States[image: External link]. It recognizes those people who have made "an especially meritorious contribution to the security or national interests of the United States, world peace, cultural or other significant public or private endeavors".[2] The award is not limited to U.S. citizens[image: External link] and, while it is a civilian[image: External link] award, it can also be awarded to military[image: External link] personnel and worn on the uniform[image: External link].

It was established in 1963 by President John F. Kennedy[image: External link], superseding the Medal of Freedom[image: External link] that was established by President Harry S. Truman[image: External link] in 1945 to honor civilian service during World War II.
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 History of the award




Similar in name to the Medal of Freedom[image: External link],[2] but much closer in meaning and precedence to the Medal for Merit[image: External link]: the Presidential Medal of Freedom is currently the supreme civilian decoration in precedence, whereas the Medal of Freedom was inferior in precedence to the Medal for Merit; the Medal of Freedom was awarded by any of three Cabinet[image: External link] secretaries, whereas the Medal for Merit was awarded by the president, as is the Presidential Medal of Freedom.[3]

President John F. Kennedy[image: External link] established the current decoration in 1963 through Executive Order[image: External link] 11085[image: External link], with unique and distinctive insignia[image: External link], vastly expanded purpose, and far higher prestige.[1] It was the first U.S. civilian neck decoration[image: External link] and, in the grade of Awarded With Distinction, is the only U.S. sash and star decoration (the Chief Commander degree of the Legion of Merit[image: External link] – which may only be awarded to foreign heads of state – is a star decoration, but without a sash). The Executive Order calls for the medal to be awarded annually on or around July 4, and at other convenient times as chosen by the president,[3] but it has not been awarded every year (e.g., 2001, 2010). Recipients are selected by the president, either on his own initiative or based on recommendations. The order establishing the medal also expanded the size and the responsibilities of the Distinguished Civilian Service Awards Board[image: External link] so it could serve as a major source of such recommendations.

The medal may be awarded to an individual more than once; Colin Powell[image: External link] received two awards, his second being With Distinction;[4] Ellsworth Bunker[image: External link] received both of his awards With Distinction. It may also be awarded posthumously; examples (in chronological order) include John F. Kennedy[image: External link], Pope John XXIII[image: External link], Lyndon Johnson[image: External link], Paul "Bear" Bryant[image: External link], Thurgood Marshall[image: External link], Cesar Chavez[image: External link], Roberto Clemente[image: External link], Jack Kemp[image: External link], James Chaney[image: External link], Andrew Goodman[image: External link], Michael Schwerner[image: External link], Elouise Cobell[image: External link], and Grace Hopper[image: External link][5] (Chaney, Goodman and Schwerner, civil rights workers murdered in 1964, were awarded their medals in 2014, 50 years later.)
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 Insignia




The badge of the Presidential Medal of Freedom is in the form of a golden star with white enamel[image: External link], with a red enamel pentagon[image: External link] behind it; the central disc bears thirteen gold stars on a blue enamel background (taken from the Great Seal of the United States[image: External link]) within a golden ring. Golden American bald eagles[image: External link] with spread wings stand between the points of the star. It is worn around the neck on a blue ribbon with white edge stripes.

A special, rarely given grade of the medal, known as the Presidential Medal of Freedom with Distinction,[6] has a larger execution of the same medal design worn as a star on the left chest along with a sash over the right shoulder (similar to how the insignia of a Grand Cross[image: External link] is worn), with its rosette[image: External link] (blue with white edge, bearing the central disc of the medal at its center) resting on the left hip. When the medal With Distinction is awarded, the star may be presented descending from a neck ribbon and can be identified by its larger size than the standard medal (compare size of medals in pictures below). The sash and medal of the Presidential Medal of Freedom with distinction has never been worn in public since its inception.[citation needed[image: External link]]

Both medals may also be worn in miniature form on a ribbon on the left chest, with a silver American bald eagle with spread wings on the ribbon, or a golden American bald eagle for a medal awarded With Distinction. In addition, the medal is accompanied by a service ribbon[image: External link] for wear on military service uniform, a miniature medal pendant for wear on mess dress[image: External link] or civilian formal wear[image: External link], and a lapel badge[image: External link] for wear on civilian clothes (all shown in the accompanying photograph of the full presentation set).
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 Recipients




See also: List of Presidential Medal of Freedom recipients[image: External link]
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	Awards and decorations of the United States government[image: External link]

	Awards and decorations of the United States military[image: External link]

	
Bharat Ratna[image: External link] (India)

	
Federal Cross of Merit[image: External link] (Germany)
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Order of Merit[image: External link] (United Kingdom and Commonwealth)

	Order of Australia[image: External link]
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Royal Society of Arts






This article is about the culture and arts-related institution. For other uses, see RSA (disambiguation)[image: External link].

The Royal Society for the Encouragement of Arts, Manufactures and Commerce (RSA) is a London[image: External link]-based, British organisation committed to finding practical solutions to social challenges.[1] Founded in 1754 by William Shipley[image: External link] as the Society for the Encouragement of Arts, Manufacture and Commerce, it was granted a Royal Charter[image: External link] in 1847,[2] and the right to use the term Royal in its name by King Edward VII[image: External link] in 1908.[3] The shorter version, The Royal Society of Arts and the related RSA acronym, are used more frequently than the full name.

Charles Dickens[image: External link], Adam Smith[image: External link], Benjamin Franklin[image: External link], Karl Marx[image: External link], William Hogarth[image: External link], John Diefenbaker[image: External link], Stephen Hawking, Benson Taylor[image: External link] and Tim Berners-Lee[image: External link] are some of the notable past and present Fellows, and today it has Fellows[image: External link] elected from 80 countries worldwide.

The RSA award three medals, the Albert Medal[image: External link], the Benjamin Franklin Medal[image: External link] (following a decision by the Board in 2013, the Benjamin Franklin Medal is now overseen by the RSA US, although the final nomination is ratified by the UK Board) and the Bicentenary Medal. Medal winners include Nelson Mandela[image: External link], Sir Frank Whittle[image: External link], and Professor Stephen Hawking. The RSA members are innovative contributors to the human knowledge, as shown by the Oxford English Dictionary[image: External link] which records the first use of the term " sustainability[image: External link]" in an environmental sense of the word in the RSA's Journal in 1980.
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 Name and mission




On the RSA building's frieze The Royal Society of Arts words (see photograph) are engraved, although its full name is Royal Society for the encouragement of Arts, Manufactures and Commerce. The short name and the related R(oyal) S(ociety) of A(rts) abbreviation is used more frequently than the full name.

The RSA's mission expressed in the founding charter was to "embolden enterprise, enlarge science, refine art, improve our manufacturers and extend our commerce", but also of the need to alleviate poverty and secure full employment[image: External link]. On its website, the RSA characterises itself as "an enlightenment organisation committed to finding innovative practical solutions to today’s social challenges".
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 Leadership




The RSA's Patron is currently HM Elizabeth II[image: External link], the RSA's President is HRH The Princess Royal[image: External link] (who replaced her father, HRH The Duke of Edinburgh[image: External link] in 2011), its Chairman is Vikki Heywood[image: External link],[4] and its Chief Executive is Matthew Taylor[image: External link].
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 List of presidents of the RSA





	1755–1761: The Viscount Folkestone[image: External link]


	1761–1793: The Lord Romney[image: External link]


	1794–1815: The Duke of Norfolk[image: External link]


	1816–1843: HRH The Duke of Sussex[image: External link]


	1843–1861: HRH The Prince Consort[image: External link]


	1862–1862: William Tooke[image: External link]


	1863–1901: HRH The Prince of Wales[image: External link]


	1901–1901: Sir Frederick Bramwell[image: External link]


	1901–1910: HRH The Prince of Wales[image: External link]


	1910–1910: The Lord Alverstone[image: External link]


	1911–1942: HRH The Duke of Connaught[image: External link]


	1942–1943: Sir Edward Crowe[image: External link]


	1943–1945: E. F. Armstrong

	1945–1947: The Viscount Bennett[image: External link]


	1947–1952: The Princess Elizabeth, Duchess of Edinburgh[image: External link]


	1952–2011: HRH The Duke of Edinburgh[image: External link][5]


	2011–present: HRH The Princess Royal[image: External link]
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 Fellows of the RSA




Main articles: Fellow of the Royal Society of Arts and List of Fellows of the Royal Society of Arts[image: External link]


Prospective fellows can apply for membership (which is reviewed by a formal admissions panel),[6] others are recommended to the Fellowship.[7][8][9]There are currently about 28,000 Fellows. [10] Fellows must have demonstrated a high level of achievement related to the arts, manufactures and commerce and more recently, "share the values" [11] of the RSA and be "committed to supporting the mission of the RSA"[12]. This change coincided with a rebranding of the RSA mission [13] as a '21 Century Enlightenment' and its approach as 'The Power to Create' which aims at broadening the RSA impact through increasing its Fellowship. Life Fellows must have demonstrated exceptionally high achievement. The RSA says, "The RSA Fellowship is an international community [of] achievers and influencers from a wide array of backgrounds and professions, distinguished by the title "FRSA". Fellows are social entrepreneurs to scientists, community leaders to commercial innovators, artists and journalists to architects and engineers, and many more."[14] Fellowship is widely regarded as an honour and privilege. [15][16][17]
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 Prizes




Originally modelled on the Dublin Society for improving Husbandry, Manufacturers and other Useful Arts[image: External link], the RSA, from its foundation, offered prizes through a Premium Award Scheme that continued for 100 years. Medals and, in some cases, money were awarded to individuals who achieved success in published challenges within the categories of Agriculture, Polite Arts, Manufacture, Colonies and Trade, Chemistry and Mechanics. Successful submission included agricultural improvements in the cultivation of crops and reforestation, devising new forms of machinery, including an extendable ladder to aid firefighting that has remained in use relatively unchanged, and artistic skill, through submissions by young students, many of whom developed into famous artists i.e. Edwin Landseer[image: External link] who at the age of 10 was awarded a silver medal for his drawing of a dog.

The RSA originally specifically precluded premiums for patented[image: External link] solutions.[18] Today the RSA continues to offer premiums.[19]

In 1936, the RSA awarded the first distinctions of Royal Designers for Industry[image: External link] (RDI or HonRDI), reserved for "those very few who in the judgment of their peers have achieved 'sustained excellence in aesthetic and efficient design for industry'".

In 1937 "The Faculty of Royal Designers for Industry" was established as an association with the object of "furthering excellence in design and its application to industrial purposes": membership of the Faculty is automatic for (and exclusive to) all RDIs and HonRDIs. The Faculty currently has 120 Royal Designers (RDI) and 45 Honorary Royal Designers (non-UK citizens who are awarded the accolade of HonRDI): the number of designers who may hold the distinction of RDI at any one time is strictly limited.

The Faculty consists of the world’s leading practitioners from fields as disparate as engineering, furniture, fashion and textiles, graphics, theater and film design. Early members include Eric Gill[image: External link], Enid Marx[image: External link], Sir Frank Whittle[image: External link] and numerous other household names.


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 The RSA Building




The RSA moved to its current home in 1774. The House, situated in John Adam Street, near the Strand[image: External link] in central London, had been purpose-designed by the Adam Brothers (James Adam[image: External link] and Robert Adam[image: External link]) as part of their innovative Adelphi scheme. The original building (6-8 John Adam Street) includes the Great Room, which features a magnificent sequence of paintings by Irish artist James Barry[image: External link] titled The progress of human knowledge and culture and portraits of the Society's first and second presidents, painted by Thomas Gainsborough and Joshua Reynolds respectively.

The RSA has expanded into adjacent buildings, and now includes 2 and 4 John Adam Street and 18 Adam Street.The first occupant of 18 Adam Street was the Adelphi Tavern, which is mentioned in Dickens's The Pickwick Papers[image: External link]. The former private dining room of the Tavern contains a magnificent Adam ceiling with painted roundels by the school of Kauffman and Zucchi.

A major refurbishment in 2012 by Matthew Lloyd Architects won a RIBA London Award in 2013, and a RIBA English Heritage Award for Sustaining the Historic Environment, also in 2013.[20]

The RSA devised a scheme for commemorating the links between famous people and buildings, by placing plaques on the walls — these continue today as "blue plaques[image: External link]" which have been administered by a range of government bodies. The first of these plaques was, in fact, of red terracotta erected outside a former residence of Lord Byron[image: External link] (since demolished). The Society erected 36 plaques until, in 1901, responsibility for them was transferred to the London County Council[image: External link] (which changed the colour of the plaques to the current blue) and, later, the Greater London Council[image: External link] (the G.L.C.) and, most recently, English Heritage[image: External link]. Similar schemes are now operated in all the constituent countries[image: External link] of the United Kingdom.
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 The RSA's spin-off organisations




The origin of London's Royal Academy of Arts[image: External link] lies in an attempt in 1755 by members of the RSA (then simply known as the Society for the Encouragement of Arts, Manufactures and Commerce), principally the sculptor Henry Cheere[image: External link], to found an autonomous academy of arts to teach painting and sculpture. Prior to this a number of artists were members of the RSA, including Cheere and William Hogarth[image: External link], or were involved in small-scale private art academies, such as the St Martin's Lane Academy[image: External link]. Although Cheere's attempt failed, the eventual charter[image: External link], called an 'Instrument', used to establish the Royal Academy of Arts over a decade later was almost identical to that drawn up by Cheere and the RSA in 1755.[21] The RSA also hosted the first exhibition of contemporary art in 1760. Thomas Gainsborough[image: External link] and Sir Joshua Reynolds[image: External link] were amongst those who exhibited at this first exhibition, and were subsequently founder members of The Royal Academy of Arts[image: External link] in 1768.

The Society was a pioneer in examinations, offering the first national public examinations in 1882 that led to the formation of the RSA Examinations Board now included in the (Oxford, Cambridge and RSA Examinations Board[image: External link]).

In 1876, a predecessor of the Royal College of Music[image: External link], the National Training School for Music, was founded by the RSA.

In 1929 The Society purchased the entire village of West Wycombe[image: External link]. After extensive repairs, the village was legally conveyed by deed to the National Trust[image: External link].

In 1936, the RSA awarded the first distinctions of Royal Designers for Industry[image: External link] (RDI or HonRDI), reserved for "those very few who in the judgment of their peers have achieved 'sustained excellence in aesthetic and efficient design for industry'".
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 Activities




In Great Britain and Ireland, the RSA offers regional activities to encourage Fellows to address local topics of interest and to connect with other Fellows in their locality. The UK Regions are: London, Central, North, Scotland, South East, South West, Wales and, Ireland. The RSA has a presence around the world under its RSA Global scheme with a notable presence in Australia, New Zealand and the USA.[22]
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 Events




The RSA's public events programme is a key part of its charitable mission to make world-changing ideas and debate freely available to all.[23] Over 100 keynote lectures, panel discussions, debates, and documentary screenings are held each year, many of which are live-streamed over the web.[24] Events are free and open to the public, and mp3 audio files [25] and videos [26] are made available on the RSA's website and YouTube page.[27]

Renowned thinkers and doers have been invited to present their ideas on the RSA's stage ever since the society was founded in the 18th century "age of enlightenment". More recent speakers have included Sir Ken Robinson[image: External link], Al Gore, Sir David Attenborough[image: External link], Alain de Botton[image: External link], Michael Sandel[image: External link], Nassim Nicholas Taleb[image: External link], Martha Nussbaum[image: External link], Desmond Tutu[image: External link], Steven Pinker[image: External link], Susan Cain[image: External link], Dan Pink[image: External link], Dan Ariely[image: External link], Brene Brown[image: External link], Slavoj Zizek[image: External link], David Cameron[image: External link], and Dambisa Moyo[image: External link].[28]

The choice of speaker for the recent annual Presidential lecture has been a matter of interest in the press.[29] Danish professor Björn Lomborg, was chosen; his latest book, Cool It, suggests that the imminent demise of polar bears is a myth. As president of the RSA, Prince Philip's first choice of speaker was Ian Plimer, professor of mineral geology at Adelaide University, but this was rejected as too controversial, as Plimer argues that the theory of Anthropogenic Global Warming is unproven.

On 14 January 2010, the RSA in partnership with Arts Council England hosted a one-day conference in London called "State of the Arts".[30] A number of speakers from various disciplines from art to government gathered to talk about the state of the arts industry in the United Kingdom. Notable speakers included Jeremy Hunt[image: External link] MP, Secretary of State for Culture, Media & Sport and his counterpart Ben Bradshaw[image: External link] MP, who was then the Secretary of State for Culture, Media & Sport. Notably, Jeremy Hunt stated that if the Conservative party[image: External link] won the next elections then government funding for the arts would be cut.[31]
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 RSA Animate (animation series)




Excerpts from the events programme form the basis for the 10-minute whiteboard animations[image: External link] as shown on the theRSAorg YouTube channel.[32] The series was created as a way of making important, socially-beneficial ideas as accessible, clear, engaging and universal as possible.[33] The series is produced and audio-edited at the RSA, and the animations are created by RSA Fellow Andrew Park[image: External link] at Cognitive Media.[34]

The first 14 of these had gained 46 million views as of 2011,[35] making it the no.1 nonprofit YouTube channel worldwide. The first animation in the RSA Animate series was based on Renata Salecl[image: External link]'s speech delivered for RSA on her book about choice.

A number of celebrity fans have tweeted about RSA Animates, including Yoko Ono[image: External link], Eric Schmidt[image: External link] and Milla Jovovich[image: External link].[36]
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 Projects




During the 1980s, the RSA worked with the Comino Foundation[image: External link] and established a Comino Fellowship Committee 'to change the cultural attitude to industry from one of lack of interest or dislike to one of concern and esteem'. This eventually led to a joint government/industry initiative to promote 1986 as "Industry Year",[37][38] with the RSA and the Comino Foundation providing core funding of £250,000 - which persuaded the Confederation of British Industry[image: External link] to raise £1 million and government departments to provide £3 million.[39]

In July 2008, the RSA became a sponsor of an academy[image: External link] in Tipton[image: External link], The RSA Academy[image: External link], which opened in September 2008. New buildings are currently under construction to designs by John McAslan and Partners[image: External link]. Current projects include Arts and Ecology, Citizen Power, Connected Communities, Design and Society, Education, Public Services, Social Brain, and Technology in a Cold Climate.[40]

Past projects include delivering fresh drinking water to the developing world, rethinking intellectual property from first principles to produce a Charter (published as the Adelphi Charter[image: External link]), investigating schemes to manage international migration and exploring the feasibility of a UK-wide personal carbon trading[image: External link] system. It still promotes the practice of inclusive design, and is working with artists to communicate ideas about environmental sustainability (for example, through one of the RSA's past projects, WEEE Man[image: External link], and currently through the Arts and Ecology project).
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 See also





	Royal Society

	
Aid on the Edge of Chaos[image: External link], the subject of a public lecture in 2013.
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Jane Hawking






Jane Beryl Wilde Hawking Jones, Ph.D. ( née[image: External link] Wilde, born 29 March 1944, known publicly as Jane Hawking) is an English author and educator. She is the author of the autobiography Travelling to Infinity: My Life with Stephen, to whom she was married.
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 Early life and education




Jane Hawking ( née[image: External link] Wilde) was born to Beryl (née Eagleton) and George Wilde. She grew up in St Albans, Hertfordshire and later studied languages at the University of London's Westfield College[image: External link].[1]

Jane and Stephen Hawking met through mutual college friends at a party in the early 1960s. Even in the face of her fiance's diagnosis of amyotrophic lateral sclerosis (ALS, also known as Lou Gehrig's disease) and consequent shortened life expectancy, the couple married in 1965 in their shared hometown of St. Albans.[2] Together, the couple had three children: Robert, born in 1967, Lucy born in 1970, and Timothy born in 1979.[citation needed[image: External link]]

After years of working on her doctoral thesis through Westfield College, Hawking received her PhD in medieval Spanish poetry in April 1981.[3] Hawking was compelled to do a PhD, so that she would have an academic identity of her own within Cambridge.[4] Hawking and her husband separated in 1990, and divorced five years later. In 1996, she married musician Jonathan Hellyer Jones.[5] However, Hawking continued to support her ex-husband through his health problems as he continued to work.[6]

During her marriage to her first husband while dealing with the progression of his illness, Hawking suffered from depression. In a 2004 interview, she cited her Christian faith as giving her hope during her marriage and the depression she experienced as a result of being her then-husband's caregiver. In the same interview, Hawking noted an "irony" in her faith-based strength to support her ex-husband in light of his well-known atheist.[7]
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 Later life




In 1999 she wrote an autobiography about her first marriage, Music to Move the Stars: A Life with Stephen. She and her first husband established a working relationship following his separation and divorce from his second wife. In 2007, an updated version of the autobiography was re-published under the title Travelling to Infinity: My Life with Stephen.[1] and was subsequently made into the award-winning film The Theory of Everything.

Hawking resides with her second husband in England.
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 Portrayal in media




Jane Hawking was portrayed on television by Lisa Dillon[image: External link] in 2004's Hawking. She was portrayed on film by Felicity Jones[image: External link] in the 2014 film The Theory of Everything (for which Jones received a nomination for the Academy Award for Best Actress[image: External link]) which was adapted from her memoir Travelling to Infinity: My Life with Stephen.[8]
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Lucy Hawking






Lucy Hawking (born 2 November 1970)[1] is an English journalist[image: External link], novelist[image: External link], educator, and philanthropist[image: External link].[2] She is the daughter of theoretical physicist Stephen Hawking and writer Jane Wilde Hawking. She lives in London,[3] and is widely known as a children's novelist and science educator, though her career has spanned a variety of areas.
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 Early life and education




Lucy Hawking was born in England to scientist Stephen Hawking and author Jane Wilde Hawking. She has two brothers, Robert and Timothy Hawking, and was raised in Cambridge[image: External link] after a few years spent in Pasadena[image: External link], California as a child. As a young adult, she played a significant role in tending to her father's deteriorating health due to his diagnosis of motor neurone disease.[4]

Hawking studied French[image: External link] and Russian[image: External link] at the University of Oxford. During university, she spent time in Moscow to focus on her Russian studies; after completing her degree, she went on to study international journalism at City, University of London[image: External link]. There, she realized that she did not want to make a career out of journalism, though found it to be good writing practice as well as also a practical way to get into the writing industry.[5]
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 Career




After pursuing an education in journalism, Hawking spent a bit of time working as a journalist before publishing novels.[6] She has written for New York[image: External link] magazine, the Daily Mail[image: External link], The Telegraph, The Times[image: External link], the London Evening Standard[image: External link],[7] and The Guardian.[8] She also worked as a radio journalist.[3]

However, Hawking aspired to become an author. Her first two novels were Jaded (2004) and Run for Your Life (2005) (also published as The Accidental Marathon). A few years after she published these novels, her writing style transitioned to children's books, and in 2007, she published George's Secret Key to the Universe, an adventure story about a small boy called George who finds a way to slip through a computer generated portal and travel around the solar system[image: External link]. This book was written with her father, Stephen Hawking, and his former Ph.D. student, Christophe Galfard, and has been translated into 38 languages and published in 43 countries. A second book in the series was published just two years later and is titled George's Cosmic Treasure Hunt. Two other books have been published in the series: George and the Big Bang in 2011[9] and George and the Unbreakable Code in 2014.[10]
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 Awards and recognition




Lucy Hawking has been widely recognized as an educator about the importance of science. In April 2008, Hawking participated in NASA’s 50th birthday lecture series, contributing a talk on children and science education. Based on her experiences in touring worldwide with George's Secret Key, giving talks on physics and astronomy to children, the lecture highlighted the need to engage children in science at an early age.[11] A few months later, she was a recipient of a Sapio Prize—an Italian award dedicated to innovative researchers—for popularizing science worldwide.[12]

In 2010, Arizona State University[image: External link] appointed Hawking writer-in-residence of its 2011 Origins Project.[13]

In 2013, Hawking spoke at the BrainSTEM: Your Future is Now festival at the Perimeter Institute for Theoretical Physics in Waterloo, Ontario[image: External link], Canada.[14]

In addition to the above awards, Lucy Hawking's recognition has placed her as a Fellow of the Royal Society of Arts[image: External link].
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 Philanthropy




Lucy Hawking dedicates a significant amount of time to philanthropic endeavors for various organizations pertaining to disability research, awareness, and support, in addition to participating in organizations and events related to science education. She is vice president of the National Star College[image: External link], an institution dedicated to allowing people with disabilities to realize their potential through personalized learning, transition and lifestyle services,[15] a foundation which provides care and education for young adults with complex and multiple disabilities. She is also a trustee of the Autism Research Trust[image: External link].[16]
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 Personal life




Lucy Hawking was married to Alex Mackenzie Smith in 1998,[4] but the couple divorced in 2004.[17] She has a son named William. Diagnosed with autism[image: External link], he has been an inspiration to her in her support for people on the autistic spectrum[image: External link].[8]
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Theoretical Physics






Theoretical physics is a branch of physics[image: External link] that employs mathematical models[image: External link] and abstractions[image: External link] of physical objects and systems to rationalize, explain and predict natural phenomena[image: External link]. This is in contrast to experimental physics[image: External link], which uses experimental tools to probe these phenomena.

The advancement of science[image: External link] depends in general on the interplay between experimental[image: External link] studies and theory[image: External link]. In some cases, theoretical physics adheres to standards of mathematical rigor[image: External link] while giving little weight to experiments and observations.[a] For example, while developing special relativity[image: External link], Albert Einstein was concerned with the Lorentz transformation[image: External link] which left Maxwell's equations[image: External link] invariant, but was apparently uninterested in the Michelson–Morley experiment[image: External link] on Earth[image: External link]'s drift through a luminiferous ether[image: External link].[citation needed[image: External link]] Conversely, Einstein was awarded the Nobel Prize[image: External link] for explaining the photoelectric effect[image: External link], previously an experimental result lacking a theoretical formulation.[1]
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A physical theory is a model of physical events. It is judged by the extent to which its predictions agree with empirical observations. The quality of a physical theory is also judged on its ability to make new predictions which can be verified by new observations. A physical theory differs from a mathematical theorem[image: External link] in that while both are based on some form of axioms[image: External link], judgment of mathematical applicability is not based on agreement with any experimental results.[2][3] A physical theory similarly differs from a mathematical theory[image: External link], in the sense that the word "theory" has a different meaning in mathematical terms.[b]



	“
	
The equations for an Einstein manifold[image: External link], used in general relativity to describe the curvature of spacetime


	”



	




A physical theory involves one or more relationships between various measurable quantities. Archimedes[image: External link] realized that a ship floats by displacing its mass of water, Pythagoras[image: External link] understood the relation between the length of a vibrating[image: External link] string and the musical tone it produces.[4][5] Other examples include entropy[image: External link] as a measure of the uncertainty regarding the positions and motions[image: External link] of unseen particles[image: External link] and the quantum mechanical idea that ( action[image: External link] and) energy[image: External link] are not continuously variable.

Theoretical physics consists of several different approaches. In this regard, theoretical particle physics[image: External link] forms a good example. For instance: " phenomenologists[image: External link]" might employ ( semi-[image: External link]) empirical[image: External link] formulas to agree with experimental results, often without deep physical understanding.[c] "Modelers" (also called "model-builders") often appear much like phenomenologists, but try to model speculative theories that have certain desirable features (rather than on experimental data), or apply the techniques of mathematical modeling[image: External link] to physics problems.[d] Some attempt to create approximate theories, called effective theories[image: External link], because fully developed theories may be regarded as unsolvable or too complicated[image: External link]. Other theorists may try to unify[image: External link], formalise, reinterpret or generalise extant theories, or create completely new ones altogether.[e] Sometimes the vision provided by pure mathematical systems can provide clues to how a physical system might be modeled;[f] e.g., the notion, due to Riemann[image: External link] and others, that space[image: External link] itself might be curved. Theoretical problems that need computational investigation are often the concern of computational physics[image: External link].

Theoretical advances may consist in setting aside old, incorrect paradigms[image: External link] (e.g., aether theory[image: External link] of light propagation, caloric theory[image: External link] of heat, burning consisting of evolving phlogiston[image: External link], or astronomical bodies revolving around the Earth[image: External link]) or may be an alternative model that provides answers that are more accurate or that can be more widely applied. In the latter case, a correspondence principle[image: External link] will be required to recover the previously known result[image: External link].[6][7] Sometimes though, advances may proceed along different paths. For example, an essentially correct theory may need some conceptual or factual revisions; atomic theory[image: External link], first postulated millennia ago (by several thinkers in Greece and India[image: External link]) and the two-fluid theory[image: External link] of electricity[8] are two cases in this point. However, an exception to all the above is the wave–particle duality[image: External link], a theory combining aspects of different, opposing models via the Bohr complementarity principle[image: External link].

Physical theories become accepted if they are able to make correct predictions and no (or few) incorrect ones. The theory should have, at least as a secondary objective, a certain economy and elegance (compare to mathematical beauty[image: External link]), a notion sometimes called "Occam's razor[image: External link]" after the 13th-century English philosopher William of Occam[image: External link] (or Ockham), in which the simpler of two theories that describe the same matter just as adequately is preferred (but conceptual simplicity may mean mathematical complexity).[9] They are also more likely to be accepted if they connect a wide range of phenomena. Testing the consequences of a theory is part of the scientific method[image: External link].

Physical theories can be grouped into three categories: mainstream theories[image: External link], proposed theories[image: External link] and fringe theories[image: External link].
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 History




For more details on this topic, see History of physics[image: External link].

Theoretical physics began at least 2,300 years ago, under the Pre-socratic philosophy[image: External link], and continued by Plato[image: External link] and Aristotle[image: External link], whose views held sway for a millennium. During the rise of medieval universities[image: External link], the only acknowledged intellectual disciplines[image: External link] were the seven liberal arts[image: External link] of the Trivium[image: External link] like grammar[image: External link], logic[image: External link], and rhetoric[image: External link] and of the Quadrivium[image: External link] like arithmetic[image: External link], geometry[image: External link], music[image: External link] and astronomy[image: External link]. During the Middle Ages[image: External link] and Renaissance[image: External link], the concept of experimental[image: External link] science, the counterpoint[image: External link] to theory, began with scholars such as Ibn al-Haytham[image: External link] and Francis Bacon[image: External link]. As the Scientific Revolution[image: External link] gathered pace, the concepts of matter[image: External link], energy, space, time and causality[image: External link] slowly began to acquire the form we know today, and other sciences spun off from the rubric of natural philosophy[image: External link]. Thus began the modern era of theory with the Copernican paradigm shift in astronomy, soon followed by Johannes Kepler[image: External link]'s expressions for planetary orbits, which summarized the meticulous observations of Tycho Brahe[image: External link]; the works of these men (alongside Galileo's) can perhaps be considered to constitute the Scientific Revolution.

The great push toward the modern concept of explanation started with Galileo, one of the few physicists[image: External link] who was both a consummate theoretician and a great experimentalist[image: External link]. The analytic geometry[image: External link] and mechanics of Descartes[image: External link] were incorporated into the calculus[image: External link] and mechanics[image: External link] of Isaac Newton, another theoretician/experimentalist of the highest order, writing Principia Mathematica[image: External link].[10] In it contained a grand synthesis of the work of Copernicus, Galileo and Kepler; as well as Newton's theories of mechanics and gravitation, which held sway as worldviews until the early 20th century. Simultaneously, progress was also made in optics (in particular colour theory and the ancient science of geometrical optics[image: External link]), courtesy of Newton, Descartes and the Dutchmen Snell and Huygens. In the 18th and 19th centuries Joseph-Louis Lagrange[image: External link], Leonhard Euler[image: External link] and William Rowan Hamilton[image: External link] would extend the theory of classical mechanics considerably.[11] They picked up the interactive intertwining of mathematics[image: External link] and physics[image: External link] begun two millennia earlier by Pythagoras.

Among the great conceptual achievements of the 19th and 20th centuries were the consolidation of the idea of energy[image: External link] (as well as its global conservation) by the inclusion of heat[image: External link], electricity and magnetism[image: External link], and then light[image: External link]. The laws of thermodynamics[image: External link], and most importantly the introduction of the singular concept of entropy[image: External link] began to provide a macroscopic explanation for the properties of matter. Statistical mechanics (followed by statistical physics) emerged as an offshoot of thermodynamics late in the 19th century. Another important event in the 19th century was the discovery of electromagnetic theory[image: External link], unifying the previously separate phenomena of electricity, magnetism and light.

The pillars of modern physics[image: External link], and perhaps the most revolutionary theories in the history of physics, have been relativity theory[image: External link] and quantum mechanics. Newtonian mechanics was subsumed under special relativity and Newton's gravity[image: External link] was given a kinematic[image: External link] explanation by general relativity. Quantum mechanics led to an understanding of blackbody[image: External link] radiation[image: External link] (which indeed, was an original motivation for the theory) and of anomalies in the specific heats[image: External link] of solids[image: External link] — and finally to an understanding of the internal structures of atoms[image: External link] and molecules[image: External link]. Quantum mechanics soon gave way to the formulation of quantum field theory[image: External link] (QFT), begun in the late 1920s. In the aftermath of World War 2, more progress brought much renewed interest in QFT, which had since the early efforts, stagnated. The same period also saw fresh attacks on the problems of superconductivity and phase transitions, as well as the first applications of QFT in the area of theoretical condensed matter. The 1960s and 70s saw the formulation of the Standard model of particle physics[image: External link] using QFT and progress in condensed matter physics (theoretical foundation of superconductivity[image: External link] and critical phenomena, among others), in parallel to the applications of relativity to problems in astronomy[image: External link] and cosmology respectively[image: External link].

All of these achievements depended on the theoretical physics as a moving force both to suggest experiments and to consolidate results — often by ingenious application of existing mathematics, or, as in the case of Descartes and Newton (with Leibniz[image: External link]), by inventing new mathematics. Fourier's[image: External link] studies of heat conduction led to a new branch of mathematics: infinite, orthogonal series[image: External link].[12]

Modern theoretical physics attempts to unify theories and explain phenomena in further attempts to understand the Universe[image: External link], from the cosmological[image: External link] to the elementary particle[image: External link] scale. Where experimentation cannot be done, theoretical physics still tries to advance through the use of mathematical models.
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 Mainstream theories




Mainstream theories (sometimes referred to as central theories) are the body of knowledge of both factual and scientific views and possess a usual scientific quality of the tests of repeatability, consistency with existing well-established science and experimentation. There do exist mainstream theories that are generally accepted theories based solely upon their effects explaining a wide variety of data, although the detection, explanation, and possible composition are subjects of debate.
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 Examples






	Classical mechanics[image: External link]

	
Condensed matter physics[image: External link] (including solid state physics[image: External link] and the electronic structure of materials[image: External link])

	Conservation of energy[image: External link]

	Dynamics[image: External link]

	Electromagnetism[image: External link]

	Field theory[image: External link]

	Fluid dynamics[image: External link]

	General relativity

	Particle physics[image: External link]

	Physical cosmology[image: External link]

	Quantum chromodynamics[image: External link]

	Quantum computers[image: External link]

	Quantum electrochemistry[image: External link]

	Quantum electrodynamics[image: External link]

	Quantum field theory[image: External link]

	Quantum information theory[image: External link]

	Quantum mechanics

	Solid mechanics[image: External link]

	Special relativity[image: External link]

	Standard Model[image: External link]

	Statistical mechanics[image: External link]

	Thermodynamics[image: External link]
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 Proposed theories




The proposed theories of physics are usually relatively new theories which deal with the study of physics which include scientific approaches, means for determining the validity of models and new types of reasoning used to arrive at the theory. However, some proposed theories include theories that have been around for decades and have eluded methods of discovery and testing. Proposed theories can include fringe theories in the process of becoming established (and, sometimes, gaining wider acceptance). Proposed theories usually have not been tested.
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	Black hole thermodynamics

	Causal Sets[image: External link]

	
Dark energy[image: External link] or Einstein's Cosmological Constant[image: External link]


	Dark matter[image: External link]

	Einstein–Rosen Bridge[image: External link]

	Emergence[image: External link]

	Grand unification theory[image: External link]

	Loop quantum gravity[image: External link]

	M-theory[image: External link]

	Quantum gravity

	Scale relativity[image: External link]

	String theory[image: External link]

	Supersymmetry[image: External link]

	Theory of everything[image: External link]

	Unparticle physics[image: External link]
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 Fringe theories




Fringe theories include any new area of scientific endeavor in the process of becoming established and some proposed theories. It can include speculative sciences. This includes physics fields and physical theories presented in accordance with known evidence, and a body of associated predictions have been made according to that theory.

Some fringe theories go on to become a widely accepted part of physics. Other fringe theories end up being disproven. Some fringe theories are a form of protoscience[image: External link] and others are a form of pseudoscience[image: External link]. The falsification of the original theory sometimes leads to reformulation of the theory.
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	Electrogravitics[image: External link]

	Tesla's dynamic theory of gravity[image: External link]

	Luminiferous aether[image: External link]

	Orgone[image: External link]
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 Thought experiments vs real experiments




Main article: Thought experiment[image: External link]


"Thought" experiments are situations created in one's mind, asking a question akin to "suppose you are in this situation, assuming such is true, what would follow?". They are usually created to investigate phenomena that are not readily experienced in every-day situations. Famous examples of such thought experiments are Schrödinger's cat[image: External link], the EPR thought experiment[image: External link], simple illustrations of time dilation[image: External link], and so on. These usually lead to real experiments designed to verify that the conclusion (and therefore the assumptions) of the thought experiments are correct. The EPR thought experiment led to the Bell inequalities[image: External link], which were then tested to various degrees of rigor[image: External link], leading to the acceptance of the current formulation of quantum mechanics and probabilism[image: External link] as a working hypothesis[image: External link].
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 See also





	List of theoretical physicists[image: External link]

	Symmetry in quantum mechanics[image: External link]

	Timeline of developments in theoretical physics[image: External link]




[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Notes






	
^ There is some debate as to whether or not theoretical physics uses mathematics to build intuition and illustrativeness to extract physical insight (especially when normal experience[image: External link] fails), rather than as a tool in formalizing theories. This links to the question of it using mathematics in a less formally rigorous, and more intuitive or heuristic[image: External link] way than, say, mathematical physics[image: External link].


	
^ Sometimes the word "theory" can be used ambiguously in this sense, not to describe scientific theories, but research (sub)fields and programmes. Examples: relativity theory, quantum field theory, string theory.


	
^ The work of Johann Balmer[image: External link] and Johannes Rydberg[image: External link] in spectroscopy, and the semi-empirical mass formula[image: External link] of nuclear physics are good candidates for examples of this approach.


	
^ The Ptolemaic[image: External link] and Copernican[image: External link] models of the Solar system, the Bohr model of hydrogen atoms and nuclear shell model[image: External link] are good candidates for examples of this approach.


	
^ Arguably these are the most celebrated theories in physics: Newton's theory of gravitation, Einstein's theory of relativity and Maxwell's theory of electromagnetism share some of these attributes.


	
^ This approach is often favoured by (pure) mathematicians and mathematical physicists.
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Centre for Theoretical Cosmology






Coordinates[image: External link]: 52.21043°N 0.10188°E[image: External link] The Centre for Theoretical Cosmology is a department within the Centre for Mathematical Sciences[image: External link] at the University of Cambridge. Founded by Stephen Hawking in 2007, it encourages new thinking on some of the most challenging problems in science, with an aim to advance the scientific understanding of the Universe[image: External link].[1]
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University of Cambridge






The University of Cambridge (informally Cambridge University)[note 1] is a collegiate[image: External link] public[image: External link] research university[image: External link] in Cambridge[image: External link], England. Founded in 1209 and granted a royal charter[image: External link] by King Henry III[image: External link] in 1231, Cambridge is the second-oldest university in the English-speaking world[image: External link] and the world's third-oldest surviving university[image: External link].[8] The university grew out of an association of scholars who left the University of Oxford after a dispute with the townspeople.[9] The two ancient universities share many common features and are often referred to jointly as " Oxbridge[image: External link]".

Cambridge is formed from a variety of institutions which include 31 constituent colleges[image: External link] and over 100 academic departments organised into six schools. Cambridge University Press[image: External link], a department of the university, is the world's oldest publishing house and the second-largest university press in the world. The university also operates eight cultural and scientific museums, including the Fitzwilliam Museum[image: External link], and a botanic garden[image: External link]. Cambridge's libraries[image: External link] hold a total of around 15 million books, eight million of which are in Cambridge University Library[image: External link], a legal deposit library[image: External link].

In the year ended 31 July 2016, the university had a total income of £1.64 billion, of which £462 million was from research grants and contracts.[2] The central university and colleges have a combined endowment of around £5.89 billion, the largest of any university[image: External link] outside the United States.[10] The university is closely linked with the development of the high-tech business cluster[image: External link] known as "Silicon Fen[image: External link]". It is a member of numerous associations and forms part of the "golden triangle[image: External link]" of leading English universities and Cambridge University Health Partners[image: External link], an academic health science centre[image: External link].

As of 2017, Cambridge is ranked the world's fourth best university by three ranking tables and no other institution in the world ranks in the top 10 for as many subjects.[11][12] Cambridge is consistently ranked as the top university in the United Kingdom.[13][12][14] The university has educated many notable alumni[image: External link], including eminent mathematicians, scientists, politicians, lawyers, philosophers, writers, actors, and foreign Heads of State. Ninety-five Nobel laureates[image: External link], fifteen British prime ministers[image: External link] and ten Fields medalists[image: External link] have been affiliated with Cambridge as students, faculty, or alumni.[15]
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 History




See also: Timeline of Cambridge[image: External link]


By the late 12th century, the Cambridge region already had a scholarly and ecclesiastical reputation, due to monks from the nearby bishopric church of Ely[image: External link]. However, it was an incident at Oxford which is most likely to have formed the establishment of the university: two Oxford scholars were hanged by the town authorities for the death of a woman, without consulting the ecclesiastical authorities, who would normally take precedence (and pardon the scholars) in such a case, but were at that time in conflict with King John[image: External link]. The University of Oxford went into suspension in protest, and most scholars moved to cities such as Paris, Reading, and Cambridge. After the University of Oxford reformed several years later, enough scholars remained in Cambridge to form the nucleus of the new university.[16] In order to claim precedence, it is common for Cambridge to trace its founding to the 1231 charter from King Henry III[image: External link] granting it the right to discipline its own members (ius non-trahi extra) and an exemption from some taxes. (Oxford would not receive a similar enhancement until 1248.)[17]

A bull[image: External link] in 1233 from Pope Gregory IX[image: External link] gave graduates from Cambridge the right to teach "everywhere in Christendom".[18] After Cambridge was described as a studium generale[image: External link] in a letter by Pope Nicholas IV[image: External link] in 1290,[19] and confirmed as such in a bull by Pope John XXII[image: External link] in 1318,[20] it became common for researchers from other European medieval universities[image: External link] to visit Cambridge to study or to give lecture courses.[19]
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 Foundation of the colleges




The colleges at the University of Cambridge were originally an incidental feature of the system. No college is as old as the university itself. The colleges were endowed fellowships of scholars. There were also institutions without endowments, called hostels. The hostels were gradually absorbed by the colleges over the centuries, but they have left some indications of their existence, such as the name of Garret Hostel Lane.[21]

Hugh Balsham[image: External link], Bishop of Ely[image: External link], founded Peterhouse[image: External link], Cambridge's first college, in 1284. Many colleges were founded during the 14th and 15th centuries, but colleges continued to be established until modern times, although there was a gap of 204 years between the founding of Sidney Sussex[image: External link] in 1596 and that of Downing[image: External link] in 1800. The most recently established college is Robinson[image: External link], built in the late 1970s. However, Homerton College[image: External link] only achieved full university college status in March 2010, making it the newest full college (it was previously an "Approved Society" affiliated with the university).

In medieval[image: External link] times, many colleges were founded so that their members would pray[image: External link] for the souls[image: External link] of the founders, and were often associated with chapels or abbeys[image: External link]. A change in the colleges' focus occurred in 1536 with the Dissolution of the Monasteries[image: External link]. King Henry VIII[image: External link] ordered the university to disband its Faculty of Canon Law[22] and to stop teaching "scholastic philosophy[image: External link]". In response, colleges changed their curricula away from canon law, and towards the classics[image: External link], the Bible, and mathematics.

Nearly a century later, the university was at the centre of a Protestant schism. Many nobles, intellectuals and even commoners saw the ways of the Church of England[image: External link] as being too similar to the Catholic Church and felt that it was used by the Crown to usurp the rightful powers of the counties. East Anglia[image: External link] was the centre of what became the Puritan[image: External link] movement. At Cambridge, it was particularly strong at Emmanuel, St Catharine's Hall, Sidney Sussex and Christ's College[image: External link].[23] They produced many "non-conformist" graduates who greatly influenced, by social position or pulpit, the approximately 20,000 Puritans who left for New England and especially the Massachusetts Bay Colony[image: External link] during the Great Migration[image: External link] decade of the 1630s. Oliver Cromwell[image: External link], Parliamentary commander during the English Civil War and head of the English Commonwealth (1649–1660), attended Sidney Sussex[image: External link].
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 Mathematics and mathematical physics




Examination in mathematics[image: External link] was once compulsory for all undergraduates studying for the Bachelor of Arts degree, the main first degree at Cambridge in both arts and sciences. From the time of Isaac Newton in the later 17th century until the mid-19th century, the university maintained an especially strong emphasis on applied mathematics[image: External link], particularly mathematical physics[image: External link]. The exam is known as a Tripos[image: External link].[24] Students awarded first-class honours after completing the mathematics Tripos are termed wranglers[image: External link], and the top student among them is the Senior Wrangler[image: External link]. The Cambridge Mathematical Tripos[image: External link] is competitive and has helped produce some of the most famous names in British science, including James Clerk Maxwell[image: External link], Lord Kelvin[image: External link] and Lord Rayleigh[image: External link].[25] However, some famous students, such as G. H. Hardy[image: External link], disliked the system, feeling that people were too interested in accumulating marks in exams and not interested in the subject itself.

Pure mathematics at Cambridge in the 19th century had great achievements but also missed out on substantial developments in French and German mathematics. Pure mathematical research at Cambridge finally reached the highest international standard in the early 20th century, thanks above all to G. H. Hardy[image: External link] and his collaborator, J. E. Littlewood[image: External link]. In geometry, W. V. D. Hodge[image: External link] brought Cambridge into the international mainstream in the 1930s.

Although diversified in its research and teaching interests, Cambridge today maintains its strength in mathematics. Cambridge alumni have won six Fields Medals[image: External link] and one Abel Prize[image: External link] for mathematics, while individuals representing Cambridge have won four Fields Medals.[26]


[image: TOC] TOC [image: Previous chapter] Previous Next [image: Next chapter] 
 Modern period




After the Cambridge University Act formalised the organizational structure of the university, the study of many new subjects was introduced, such as theology, history and modern languages[image: External link].[27] Resources necessary for new courses in the arts, architecture and archaeology[image: External link] were donated by Richard Fitzwilliam of Trinity College[image: External link].[28] Between 1896 and 1902, Downing College[image: External link] sold part of its land to build the Downing Site[image: External link], comprising new scientific laboratories for anatomy[image: External link], genetics[image: External link] and Earth sciences[image: External link].[29] During the same period, the New Museums Site[image: External link] was erected, including the Cavendish Laboratory[image: External link], which has since moved to the West Cambridge Site[image: External link], and other departments for chemistry[image: External link] and medicine.[30]

The University of Cambridge began to award doctorates in the first third of the 20th century. The first Cambridge PhD in mathematics was awarded in 1924.[31]

In the First World War[image: External link], 13,878 members of the university served and 2,470 were killed. Teaching, and the fees it earned, came almost to a stop and severe financial difficulties followed. As a consequence the university first received systematic state support in 1919, and a Royal Commission[image: External link] appointed in 1920 recommended that the university (but not the colleges) should receive an annual grant.[32] Following the Second World War[image: External link], the university saw a rapid expansion of student numbers and available places; this was partly due to the success and popularity gained by many Cambridge scientists.[33]
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 Parliamentary representation




Main article: University of Cambridge (UK Parliament constituency)[image: External link]


The university was one of only eight UK universities to hold a parliamentary seat in the Parliament of the United Kingdom[image: External link]. The constituency was created by a Royal Charter[image: External link] of 1603 and returned two members of parliament. It was abolished in 1950 by the Representation of the People Act 1948[image: External link].

The constituency was not a geographical area. Its electorate consisted of the graduates of the university. Before 1918 the franchise was restricted to male graduates with a doctorate or MA[image: External link] degree.
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 Women's education




For many years only male students were enrolled into the university. The first colleges for women were Girton College[image: External link] (founded by Emily Davies[image: External link]) in 1869 and Newnham College[image: External link] in 1872 (founded by Anne Clough[image: External link] and Henry Sidgwick[image: External link]), followed by Hughes Hall[image: External link] in 1885 (founded by Elizabeth Phillips Hughes[image: External link] as the Cambridge Teaching College for Women), Murray Edwards College[image: External link] (founded by Rosemary Murray[image: External link] as New Hall[image: External link]) in 1954, and Lucy Cavendish College[image: External link] in 1965. The first women students were examined in 1882 but attempts to make women full members of the university did not succeed until 1948.[34] Women were allowed to study courses, sit examinations, and have their results recorded from 1881; for a brief period after the turn of the twentieth century, this allowed the "steamboat ladies[image: External link]" to receive ad eundem[image: External link] degrees from the University of Dublin[image: External link].[35]

From 1921 women were awarded diplomas which "conferred the Title of the Degree of Bachelor of Arts". As they were not "admitted to the Degree of Bachelor of Arts" they were excluded from the governing of the university. Since students must belong to a college, and since established colleges remained closed to women, women found admissions restricted to colleges established only for women. Darwin College, the first wholly graduate college of the university, matriculated both men and women students from its inception in 1964 – and elected a mixed fellowship. Of the undergraduate colleges, starting with Churchill, Clare and King's Colleges, the former men's colleges began to admit women between 1972 and 1988. One of the female-only colleges, Girton, also began to admit male students from 1979, but the other female-only colleges did not do likewise. As a result of St Hilda's College, Oxford[image: External link], ending its ban on male students in 2008, Cambridge is now the only remaining United Kingdom university with female-only colleges (Newnham, Murray Edwards and Lucy Cavendish).[36][37] In the academic year 2004–5, the university's student sex ratio, including post-graduates, was male 52%: female 48%.[38]
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 Myths, legends and traditions




Main article: University of Cambridge legends[image: External link]


See also: Category:Terminology of the University of Cambridge[image: External link]


As an institution with such a long history, the university has developed a large number of myths and legends. The vast majority of these are untrue, but have been propagated nonetheless by generations of students and tour guides.

A discontinued tradition is that of the wooden spoon[image: External link], the 'prize' awarded to the student with the lowest passing honours grade in the final examinations of the Mathematical Tripos. The last of these spoons was awarded in 1909 to Cuthbert Lempriere Holthouse, an oarsman of the Lady Margaret Boat Club of St John's College[image: External link]. It was over one metre in length and had an oar blade for a handle. It can now be seen outside the Senior Combination Room of St John's. Since 1908, examination results have been published alphabetically within class rather than in strict order of merit. This made it harder to ascertain who was "entitled" to the spoon (unless there was only one person in the third class), and so the practice was abandoned.

Each Christmas Eve, BBC radio and television broadcasts The Festival of Nine Lessons and Carols[image: External link] sung by the Choir of King's College, Cambridge[image: External link]. The radio broadcast has been a national Christmas tradition since it was first transmitted in 1928 (though the festival has existed since 1918). The radio broadcast is carried worldwide by the BBC World Service[image: External link] and is also syndicated to hundreds of radio stations in the USA. The first television broadcast of the festival was in 1954.[39][40]
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 Locations and buildings
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 Buildings




The university occupies a central location within the city of Cambridge[image: External link], with the students taking up a significant proportion (nearly 20%) of the town's population and heavily affecting the age structure.[41] Most of the older colleges are situated nearby the city centre and river Cam[image: External link], along which it is traditional to punt[image: External link] to appreciate the buildings and surroundings.[42]

Examples of notable buildings include King's College Chapel[image: External link],[43] the history faculty building[44] designed by James Stirling[image: External link]; and the Cripps Building at St John's College[image: External link].[45] The brickwork[image: External link] of several of the colleges is also notable: Queens' College[image: External link] contains "some of the earliest patterned brickwork in the country"[46] and the brick walls of St John's College provide examples of English bond[image: External link], Flemish bond[image: External link] and Running bond[image: External link].[47]
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 Sites




The university is divided into several sites where the different departments are placed. The main ones are:[48]



	Addenbrooke's

	Downing Site[image: External link]

	Madingley/Girton

	New Museums Site[image: External link]

	Old Addenbroke's

	Old Schools

	Silver Street/Mill Lane

	Sidgwick Site[image: External link]

	West Cambridge[image: External link]





The university's School of Clinical Medicine is based in Addenbrooke's Hospital[image: External link] where students in medicine undergo their three-year clinical placement period after obtaining their BA degree,[49] while the West Cambridge site is undergoing a major expansion and will host a new sports development.[50] In addition, the Judge Business School[image: External link], situated on Trumpington Street, provides management education courses since 1990 and is consistently ranked within the top 20 business schools globally by the Financial Times[image: External link].[51]

Given that the sites are in relative close proximity to each other and the area around Cambridge is reasonably flat, one of the favourite modes of transport for students is the bicycle: a fifth of the journeys in the city are made by bike, a figure enhanced by the fact that students are not permitted to hold car park permits, except under special circumstances.[52]
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 "Town and Gown"




The relationship between the university and the city has not always been positive. The phrase Town and Gown is employed to differentiate inhabitants of Cambridge from students at the university, who historically wore academical dress[image: External link]. There are many stories of ferocious rivalry between the two categories: in 1381, strong clashes brought about attacks and looting[image: External link] of university properties while locals contested the privileges granted by the government to the academic staff. Following these events, the Chancellor was given special powers allowing him to prosecute the criminals and re-establish order in the city. Attempts to reconcile the two groups followed over time, and in the 16th century agreements were signed to improve the quality of streets and student accommodation around the city. However, this was followed by new confrontations when the plague[image: External link] hit Cambridge in 1630 and colleges refused to help those affected by the disease by locking their sites.[53]

Nowadays, these conflicts have somewhat subsided and the university has become an opportunity for employment among the population, providing an increased level of wealth in the area.[54] The enormous growth in the number of high-tech[image: External link], biotech[image: External link], providers of services and related firms situated near Cambridge has been termed the Cambridge Phenomenon: the addition of 1,500 new, registered companies and as many as 40,000 jobs between 1960 and 2010 has been directly related to the presence and importance of the educational institution.[55]
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 Organisation and administration




Cambridge is a collegiate university[image: External link], meaning that it is made up of self-governing and independent colleges, each with its own property and income. Most colleges bring together academics and students from a broad range of disciplines, and within each faculty, school or department within the university, academics from many different colleges will be found.

The faculties are responsible for ensuring that lectures are given, arranging seminars, performing research and determining the syllabi for teaching, overseen by the General Board. Together with the central administration headed by the Vice-Chancellor[image: External link], they make up the entire Cambridge University. Facilities such as libraries are provided on all these levels: by the university (the Cambridge University Library[image: External link]), by the Faculties (Faculty libraries such as the Squire Law Library), and by the individual colleges (all of which maintain a multi-discipline library, generally aimed mainly at their undergraduates).
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 Colleges




Main article: Colleges of the University of Cambridge[image: External link]


The colleges are self-governing institutions with their own endowments and property, founded as integral parts of the university. All students and most academics are attached to a college. Their importance lies in the housing, welfare, social functions, and undergraduate teaching they provide. All faculties, departments, research centres, and laboratories belong to the university, which arranges lectures and awards degrees, but undergraduates receive their supervisions—small-group teaching sessions, often with just one student—within the colleges. Each college appoints its own teaching staff and fellows[image: External link], who are also members of a university department. The colleges also decide which undergraduates to admit to the university, in accordance with university regulations.

Cambridge has 31 colleges, of which three, Murray Edwards[image: External link], Newnham[image: External link] and Lucy Cavendish[image: External link], admit women only. The other colleges are mixed[image: External link], though most were originally all-male. Darwin[image: External link] was the first college to admit both men and women, while Churchill[image: External link], Clare, and King's[image: External link] were the first previously all-male colleges to admit female undergraduates, in 1972. Magdalene College[image: External link] became the last all-male college to accept women, in 1988.[56] Clare Hall[image: External link] and Darwin[image: External link] admit only postgraduates, and Hughes Hall[image: External link], Lucy Cavendish[image: External link], St Edmund's[image: External link] and Wolfson[image: External link] admit only mature[image: External link] (i.e. 21 years or older on date of matriculation[image: External link]) students, encompassing both undergraduate and graduate students. All other colleges admit both undergraduate and postgraduate students with no age restrictions.

Colleges are not required to admit students in all subjects, with some colleges choosing not to offer subjects such as architecture, history of art or theology, but most offer close to the complete range. Some colleges maintain a bias towards certain subjects, for example with Churchill leaning towards the sciences and engineering,[57] while others such as St Catharine's[image: External link] aim for a balanced intake.[58] Others maintain much more informal reputations, such as for the students of King's College to hold left-wing political views,[59] or Robinson College[image: External link] and Churchill College[image: External link]'s attempts to minimise their environmental impact.[60]

Costs to students (accommodation and food prices) vary considerably from college to college.[61][62] Similarly, college expenditure on student education also varies widely between individual colleges.[63]

There are also several theological colleges in Cambridge, separate from Cambridge University, including Westcott House[image: External link], Westminster College[image: External link] and Ridley Hall Theological College[image: External link], that are, to a lesser degree, affiliated to the university and are members of the Cambridge Theological Federation[image: External link].[64]

The 31 colleges are:[65]
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 Schools, faculties and departments




In addition to the 31 colleges, the university is made up of over 150 departments, faculties, schools, syndicates and other institutions.[66] Members of these are usually also members of one of the colleges and responsibility for running the entire academic programme of the university is divided amongst them. The university also houses the Institute of Continuing Education[image: External link], a centre for part-time study.

A "School" in the University of Cambridge is a broad administrative grouping of related faculties and other units. Each has an elected supervisory body—the "Council" of the school—comprising representatives of the constituent bodies. There are six schools:[67]



	Arts and Humanities

	Biological Sciences

	Clinical Medicine

	Humanities and Social Sciences

	Physical Sciences

	Technology





Teaching and research in Cambridge is organised by faculties. The faculties have different organisational sub-structures which partly reflect their history and partly their operational needs, which may include a number of departments and other institutions. In addition, a small number of bodies entitled 'Syndicates' have responsibilities for teaching and research, e.g. Cambridge Assessment[image: External link], the University Press[image: External link], and the University Library[image: External link].
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 Central administration
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 Chancellor and Vice-Chancellor




See also: List of Vice-Chancellors of the University of Cambridge[image: External link] and List of Chancellors of the University of Cambridge[image: External link]


The office of Chancellor[image: External link] of the university, for which there are no term limits, is mainly ceremonial and is held by David Sainsbury, Baron Sainsbury of Turville[image: External link], following the retirement of the Duke of Edinburgh[image: External link] on his 90th birthday in June 2011. Lord Sainsbury was nominated by the official Nomination Board to succeed him,[68] and Abdul Arain, owner of a local grocery store, Brian Blessed[image: External link] and Michael Mansfield[image: External link] were also nominated.[69][70][71] The election[image: External link] took place on 14 and 15 October 2011.[71] David Sainsbury won the election taking 2,893 of the 5,888 votes cast, winning on the first count.

The current Vice-Chancellor[image: External link] is Leszek Borysiewicz[image: External link].[3] While the Chancellor's office is ceremonial, the Vice-Chancellor is the de facto principal administrative officer of the university. The university's internal governance is carried out almost entirely by its own members,[72] with very little external representation on its governing body, the Regent House (though there is external representation on the Audit Committee, and there are four external members on the University's Council[image: External link], who are the only external members of the Regent House).[73]
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 Senate and the Regent House




The Senate consists of all holders of the MA[image: External link] degree or higher degrees. It elects the Chancellor and the High Steward, and elected two members of the House of Commons[image: External link] until the Cambridge University constituency[image: External link] was abolished in 1950. Prior to 1926, it was the university's governing body, fulfilling the functions that the Regent House[image: External link] fulfils today.[74] The Regent House is the university's governing body, a direct democracy comprising all resident senior members of the University and the Colleges, together with the Chancellor, the High Steward[image: External link], the Deputy High Steward, and the Commissary.[75] The public representatives of the Regent House are the two Proctors[image: External link], elected to serve for one year, on the nomination of the Colleges.
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 Council and the General Board




Although the University Council[image: External link] is the principal executive and policy-making body of the university, it must report and be accountable to the Regent House[image: External link] through a variety of checks and balances. It has the right of reporting to the university, and is obliged to advise the Regent House on matters of general concern to the university. It does both of these by causing notices to be published by authority in the Cambridge University Reporter[image: External link], the official journal of the university. Since January 2005, the membership of the Council has included two external members,[76] and the Regent House voted for an increase from two to four in the number of external members in March 2008,[77][78] and this was approved by Her Majesty the Queen in July 2008.[79]

The General Board of the Faculties is responsible for the academic and educational policy of the university,[80] and is accountable to the Council for its management of these affairs.

Faculty Boards are responsible to the General Board; other Boards and Syndicates are responsible either to the General Board (if primarily for academic purposes) or to the Council. In this way, the various arms of the university are kept under the supervision of the central administration, and thus the Regent House.
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 Finances




Cambridge is by far the wealthiest university in the UK and in the whole of Europe, with an endowment of £5.89 billion in 2014. This is made up of around £2.3 billion tied directly to the university and £3.6 billion to the colleges. As of 2014, the next wealthiest, the University of Oxford, had an endowment valued at around £4.4 billion. Each college is an independent charitable institution with its own endowment, separate from that of the central university endowment. If ranked on a US university endowment table on most recent figures, Cambridge would rank fifth compared with the eight Ivy League[image: External link] institutions (subject to market fluctuations) and in the top 10 with all US universities[image: External link] (excluding aggregated system-wide endowments in Texas).

Comparisons between Cambridge's endowment and those of other top US universities are, however, inaccurate because being a partially state-funded public university (although the status of Cambridge as a public university cannot be compared with US or European public universities as, for example, the state does not "own" the university and its colleges are private institutions), Cambridge receives a major portion of its income through education and research grants from the British Government. In 2006–7, it was reported that approximately one third of Cambridge's income comes from UK government funding for teaching and research, with another third coming from other research grants. Endowment income contributes around £130 million. The university also receives a significant income in annual transfers from the Cambridge University Press[image: External link].[81]
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 Benefactions and fundraising




In 2000, Bill Gates[image: External link] of Microsoft[image: External link] donated US$210 million through the Bill and Melinda Gates Foundation[image: External link] to endow the Gates Scholarships[image: External link] for students from outside the UK seeking postgraduate study at Cambridge.[82]

In the year ended 31 July 2013 the university had a total income of £1.44 billion, of which £332 million was from research grants and contracts.[83]
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 Bonds




The University of Cambridge borrowed 350 million pounds by issuing a 40-year security bond in October 2012.[84] Its interest rate is about 0.6 percent higher than a British government 40-year bond. Vice chancellor Leszek Borysiewicz[image: External link] hailed the success of the issue.[85] In a 2010 report, the Russell Group of 20 leading universities made a conclusion that higher education could be financed by issuing bonds.[84]
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 Affiliations and memberships




Cambridge is a member of the Russell Group[image: External link] of research-led British universities[image: External link], the G5[image: External link], the League of European Research Universities[image: External link], and the International Alliance of Research Universities[image: External link], and forms part of the "golden triangle[image: External link]" of highly research intensive and elite southern English universities.[86] It is also closely linked with the development of the high-tech business cluster known as "Silicon Fen[image: External link]", and as part of the Cambridge University Health Partners[image: External link], an academic health science centre[image: External link].
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 Academic profile
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 Admissions






	UCAS Admission Statistics



	
	2016
	2015
	2014
	2013
	2012



	Applications[87]
	16,795
	16,505
	16,970
	16,330
	15,795



	Offer Rate (%)[88]
	33.8
	33.5
	32.5
	32.2
	33.6



	Enrols[89]
	3,440
	3,430
	3,425
	3,355
	3,400



	Yield (%)[image: External link]
	60.6
	62.0
	62.1
	63.8
	64.1



	Applicant/Enrolled Ratio
	4.88
	4.81
	4.95
	4.87
	4.65



	Average Entry Tariff[image: External link][90]
	n/a
	592
	600
	601
	614
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 Procedure




Undergraduate applications to Cambridge must be made through UCAS[image: External link] in time for the early deadline, currently mid-October in the year before starting. Until the 1980s candidates for all subjects were required to sit special entrance examinations,[91] since replaced by additional tests for some subjects, such as the Thinking Skills Assessment and the Cambridge Law Test.[92] The university is considering reintroducing an admissions exam for all subjects with effect from 2016.[93] The university gives offers of admission to 33.5% of its applicants, the 2nd lowest amongst the Russell Group[image: External link].[94] The acceptance rate for students in the 2014–2015 cycle was 21.0%.[95]

Most applicants who are called for interview will have been predicted at least three A-grade A-level[image: External link] qualifications relevant to their chosen undergraduate course, or the equivalent in other qualifications, such as getting at least 7,7,6 for higher-level subjects at IB[image: External link]. The A* A-level grade (introduced in 2010) now plays a part in the acceptance of applications, with the university's standard offer for most courses being set at A*AA,[96][97] with A*A*A for sciences courses. Due to a very high proportion of applicants receiving the highest school grades, the interview process is crucial for distinguishing between the most able candidates. The interview is performed by College Fellows, who evaluate candidates on unexamined factors such as potential for original thinking and creativity.[98] For exceptional candidates, a Matriculation Offer is sometimes offered, requiring only two A-levels at grade E or above. In 2006, 5,228 students who were rejected went on to get 3 A levels or more at grade A, representing about 63% of all applicants rejected.[99]

Strong applicants who are not successful at their chosen college may be placed in the Winter Pool[image: External link], where they can be offered places by other colleges. This is in order to maintain consistency throughout the colleges, some of which receive more applicants than others.

Graduate admission is first decided by the faculty or department relating to the applicant's subject. This effectively guarantees admission to a college—though not necessarily the applicant's preferred choice.[100]
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 Access




Public debate in the United Kingdom continues over whether admissions processes at Oxford and Cambridge are entirely merit based and fair; whether enough students from state schools[image: External link] are encouraged to apply to Cambridge; and whether these students succeed in gaining entry. In 2007–08, 57% of all successful applicants were from state schools[image: External link][103] (roughly 93 percent of all students in the UK attend state schools). Critics have argued that the lack of state school applicants with the required grades applying to Cambridge and Oxford has had a negative impact on Oxbridge[image: External link]'s reputation for many years, and the university has encouraged pupils from state schools to apply for Cambridge to help redress the imbalance.[104] Others counter that government pressure to increase state school admissions constitutes inappropriate social engineering[image: External link].[105][106] The proportion of undergraduates drawn from independent schools has dropped over the years, and such applicants now form a (very large) minority (43%)[103][107] of the intake. In 2005, 32% of the 3599 applicants from independent schools were admitted to Cambridge, as opposed to 24% of the 6674 applications from state schools.[108] In 2008 the University of Cambridge received a gift of £4m to improve its accessibility to candidates from maintained schools.[109] Cambridge, together with Oxford and Durham[image: External link], is among those universities that have adopted formulae that gives a rating to the GCSE[image: External link] performance of every school in the country to "weight" the scores of university applicants.[110][not in citation given[image: External link]]

With the release of admissions figures, a 2013 article in The Guardian reported that ethnic minority candidates had lower success rates in individual subjects even when they had the same grades as white applicants. The university was hence criticised for what was seen as institutional discrimination against ethnic minority applicants in favour of white applicants. The university denied the claims of institutional discrimination by stating the figures did not take into account "other variables".[111] A following article stated that in the years 2010–2012 ethnic minority applicants to medicine with 3 A* grades or higher were 20% less likely to gain admission than white applicants with similar grades. The University refused to provide figures for a wider range of subjects claiming it would be too costly.[112]
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 Teaching




The academic year is divided into three academic terms, determined by the Statutes of the University.[113] Michaelmas term[image: External link] lasts from October to December; Lent term[image: External link] from January to March; and Easter term[image: External link] from April to June.

Within these terms undergraduate teaching takes place within eight-week periods called Full Terms[image: External link]. According to the university statutes, it is a requirement that during this period all students should live within 3 miles of the Church of St Mary the Great[image: External link]; this is defined as Keeping term. Students can graduate only if they fulfill this condition for nine terms (three years) when obtaining a Bachelor of Arts or twelve terms (four years) when studying for a Master[image: External link] of Science, Engineering or Mathematics.[114]

These terms are shorter than those of many other British universities.[115] Undergraduates are also expected to prepare heavily in the three holidays (known as the Christmas, Easter and Long Vacations).

Triposes[image: External link] involve a mixture of lectures (organised by the university departments), and supervisions[image: External link] (organised by the colleges). Science subjects also involve laboratory sessions, organised by the departments. The relative importance of these methods of teaching varies according to the needs of the subject. Supervisions are typically weekly hour-long sessions in which small groups of students (usually between one and three) meet with a member of the teaching staff or with a doctoral student. Students are normally required to complete an assignment in advance of the supervision, which they will discuss with the supervisor during the session, along with any concerns or difficulties they have had with the material presented in that week's lectures. The assignment is often an essay on a subject set by the supervisor, or a problem sheet set by the lecturer. Depending on the subject and college, students might receive between one and four supervisions per week.[116] This pedagogical system[image: External link] is often cited as being unique to Oxford (where "supervisions" are known as " tutorials[image: External link]")[117] and Cambridge.

A tutor named William Farish[image: External link] developed the concept of grading students' work quantitatively at the University of Cambridge in 1792.[118]
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 Research




See also: Category:Departments of the University of Cambridge[image: External link]


The University of Cambridge has research departments and teaching faculties in most academic disciplines. All research and lectures are conducted by university departments. The colleges are in charge of giving or arranging most supervisions, student accommodation, and funding most extracurricular activities. During the 1990s Cambridge added a substantial number of new specialist research laboratories on several sites around the city, and major expansion continues on a number of sites.[119]

Cambridge also has a research partnership with MIT[image: External link] in the United States: the Cambridge–MIT Institute[image: External link].
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 Graduation




At the University of Cambridge, each graduation is a separate act of the university's governing body, the Regent House[image: External link], and must be voted on as with any other act. A formal meeting of the Regent House, known as a Congregation[image: External link], is held for this purpose.[120] This is the common last act at which all the different university procedures (for: undergraduate and graduate students; and the different degrees) land. After degrees are approved, to have them conferred candidates must ask to their Colleges to be presented during a Congregation. This happened until the 2006, when, for the first time, a Graduate Student (Dr Luca Epis) refused the degree approved by the Board of Graduate Studies, creating a "leading case" on the matter.[121]

Graduates receiving an undergraduate degree wear the academic dress[image: External link] that they were entitled to before graduating: for example, most students becoming Bachelors of Arts wear undergraduate gowns and not BA gowns. Graduates receiving a postgraduate degree (e.g. PhD or Master's) wear the academic dress that they were entitled to before graduating, only if their first degree was also from the University of Cambridge; if their first degree is from another university, they wear the academic dress of the degree that they are about to receive, the BA gown without the strings if they are under 24 years of age, or the MA gown without strings if they are 24 and over.[122] Graduates are presented in the Senate House college by college, in order of foundation or recognition by the university, except for the royal colleges.

During the congregation, graduands are brought forth by the Praelector[image: External link] of their college, who takes them by the right hand, and presents them to the vice-chancellor for the degree they are about to take. The Praelector presents graduands with the following Latin[image: External link] statement (the following forms were used when the vice-chancellor was female), substituting "____" with the name of the degree:


"Dignissima domina, Domina Procancellaria et tota Academia praesento vobis hunc virum quem scio tam moribus quam doctrina esse idoneum ad gradum assequendum _____; idque tibi fide mea praesto totique Academiae.

(Most worthy Vice-Chancellor and the whole University, I present to you this man whom I know to be suitable as much by character as by learning to proceed to the degree of ____; for which I pledge my faith to you and to the whole University.)"

and female graduands with the following:

"Dignissima domina, Domina Procancellaria et tota Academia praesento vobis hanc mulierem quam scio tam moribus quam doctrina esse idoneam ad gradum assequendum ____; idque tibi fide mea praesto totique Academiae.

(Most worthy Vice-Chancellor and the whole University, I present to you this woman whom I know to be suitable as much by character as by learning to proceed to the degree of ____; for which I pledge my faith to you and to the whole University.)"

After presentation, the graduand is called by name and kneels before the vice-chancellor and proffers their hands to the vice-chancellor, who clasps them and then confers the degree through the following Latin statement—the Trinitarian formula[image: External link] (in nomine Patris...) may be omitted at the request of the graduand:

"Auctoritate mihi commissa admitto te ad gradum ____, in nomine Patris et Filii et Spiritus Sancti.

(By the authority committed to me, I admit you to the degree of ____, in the name of the Father and of the Son and of the Holy Spirit.)"



The now-graduate then rises, bows and leaves the Senate House through the Doctor's door, where he or she receives his or her certificate, into Senate House Passage[image: External link].[120]
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 Libraries and museums




Main article: Libraries of the University of Cambridge[image: External link]


See also: Category:Museums of the University of Cambridge[image: External link]


The university has 114 libraries[image: External link].[123] The Cambridge University Library[image: External link] is the central research library, which holds over 8 million volumes. It is a legal deposit[image: External link] library, therefore it is entitled to request a free copy of every book published in the UK and Ireland.[124] In addition to the University Library and its dependents, almost every faculty or department has a specialised library; for example, the History Faculty's Seeley Historical Library[image: External link] possesses more than 100,000 books. Furthermore, every college has a library as well, partially for the purposes of undergraduate teaching, and the older colleges often possess many early books and manuscripts in a separate library. For example, Trinity College's[image: External link] Wren Library[image: External link] has more than 200,000 books printed before 1800, while Corpus Christi College's[image: External link] Parker Library[image: External link] possesses one of the greatest collections of medieval manuscripts in the world, with over 600 manuscripts.

Cambridge University operates eight arts, cultural, and scientific museums, and a botanic garden.[125] The Fitzwilliam Museum[image: External link], is the art and antiquities museum, the Kettle's Yard[image: External link] is a contemporary art gallery, the Museum of Archaeology and Anthropology[image: External link] houses the university's collections of local antiquities, together with archaeological and ethnographic artefacts from around the world, the Cambridge University Museum of Zoology[image: External link] houses a wide range of zoological specimens from around the world and is known for its iconic finback whale[image: External link] skeleton that hangs outside. This Museum also has specimens collected by Charles Darwin[image: External link]. Other museums include, the Museum of Classical Archaeology[image: External link], the Whipple Museum of the History of Science[image: External link], the Sedgwick Museum of Earth Sciences[image: External link] which is the geology museum of the university, the Polar Museum[image: External link], part of the Scott Polar Research Institute[image: External link] which is dedicated to Captain Scott[image: External link] and his men, and focuses on the exploration of the Polar Regions.

The Cambridge University Botanic Garden[image: External link] is the botanic garden of the university, created in 1831.
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 Publishing and assessments




The university's publishing arm, the Cambridge University Press[image: External link], is the oldest printer and publisher in the world, and it is the second largest university press in the world.[126][127]

The university set up its Local Examination Syndicate in 1858. Today, the syndicate, which is known as Cambridge Assessment[image: External link], is Europe's largest assessment agency and it plays a leading role in researching, developing and delivering assessments across the globe.[128]
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 Reputation and rankings




According to the 2016 Complete University Guide, the University of Cambridge is ranked first amongst the UK’s universities; this ranking is based on a broad raft of criteria from entry standards and student satisfaction to quality of teaching in specific subjects and job prospects for graduates.[136] The University is ranked as the 2nd best university in the UK for the quality of graduates according to recruiters from the UK's major companies.[137]

In 2014–15, according to University Ranking by Academic Performance (URAP), Cambridge is ranked second in UK (coming second to Oxford) and ranked fifth in the world.[138]

In the 2001 and 2008 Government Research Assessment Exercises[image: External link], Cambridge was ranked first in the country.[139] In 2005, it was reported that Cambridge produces more PhDs per year than any other British university (over 30% more than second placed Oxford).[140] In 2006, a Thomson Scientific[image: External link] study showed that Cambridge has the highest research paper output of any British university, and is also the top research producer (as assessed by total paper citation count) in 10 out of 21 major British research fields analysed.[141] Another study published the same year by Evidence showed that Cambridge won a larger proportion (6.6%) of total British research grants and contracts than any other university (coming first in three out of four broad discipline fields).[142] The university is also closely linked with the development of the high-tech business cluster[image: External link] in and around Cambridge, which forms the area known as Silicon Fen[image: External link] or sometimes the "Cambridge Phenomenon". In 2004, it was reported that Silicon Fen was the second largest venture capital[image: External link] market in the world, after Silicon Valley[image: External link]. Estimates reported in February 2006 suggest that there were about 250 active startup companies[image: External link] directly linked with the university, worth around US$6 billion.[143]

Cambridge has been highly ranked by most international[image: External link] and UK[image: External link] league tables. In particular, it had topped the QS World University Rankings from 2010/11 to 2011/12.[144][145] A 2006 Newsweek overall ranking, which combined elements of the THES-QS and ARWU rankings with other factors that purportedly evaluated an institution's global "openness and diversity", suggested Cambridge was sixth around the globe.[146] In The Guardian newspaper's 2012 rankings, Cambridge had overtaken Oxford in philosophy, law, politics, theology, maths, classics, anthropology and modern languages.[147] In the 2009 Times Good University Guide Subject Rankings, it was ranked top (or joint top) in 34 out of the 42 subjects which it offers.[148] But Cambridge has been ranked only 30th in the world and 3rd in the UK by the Mines ParisTech: Professional Ranking of World Universities[image: External link] based on the number of alumni holding CEO position in Fortune Global 500[image: External link] companies.
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 Student life
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 Students' Union




Main article: Cambridge University Students' Union[image: External link]


The Cambridge University Students' Union (CUSU) serves to represent all the students within the University which automatically become members upon arrival.[149] It was founded in 1964 as the Students' Representative Council (SRC); the six most important positions in the Union are occupied by Sabbatical officers[image: External link].[150] However, turnout in recent elections has been low, with the 2014/15 president elected with votes in favour from only 7.5% of the whole student body.[151]
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 Sport




Rowing[image: External link] is a particularly popular sport at Cambridge, and there are competitions between colleges, notably the bumps races[image: External link], and against Oxford, the Boat Race[image: External link]. There are also Varsity matches[image: External link] against Oxford in many other sports, ranging from cricket[image: External link] and rugby[image: External link], to chess[image: External link] and tiddlywinks[image: External link]. Athletes representing the university in certain sports are entitled to apply for a Cambridge Blue[image: External link] at the discretion of the Blues Committee, consisting of the captains of the thirteen most prestigious sports. There is also the self-described "unashamedly elite" Hawks' Club[image: External link], which is for men only, whose membership is usually restricted to Cambridge Full Blues and Half Blues.[152] The Ospreys are the equivalent female club.

The University of Cambridge Sports Centre[image: External link] opened in August 2013. Phase 1 included a 37x34m Sports Hall, a Fitness Suite, a Strength and Conditioning Room, a Multi-Purpose Room and Eton[image: External link] and Rugby Fives[image: External link] courts. Phase 1b included 5 glass backed squash[image: External link] courts and a Team Training Room. Future phases include indoor and outdoor tennis courts and a swimming pool.[153]

The university also has an Athletics Track[image: External link] at Wilberforce Road, an Indoor Cricket School and Fenner's[image: External link] Cricket Ground.

See also: Cambridge University A.F.C.[image: External link], Cambridge University Combined Boat Clubs[image: External link], Cambridge University Boat Club[image: External link], Cambridge University Women's Boat Club[image: External link], Cambridge University Gliding Club[image: External link], and Cambridge University Handball Club[image: External link]
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 Societies




See also: List of social activities at the University of Cambridge[image: External link] and Category:Clubs and societies of the University of Cambridge[image: External link]


Numerous student-run societies exist in order to encourage people who share a common passion or interest to periodically meet or discuss. As of 2010, there were 751 registered societies.[154] In addition to these, individual colleges often promote their own societies and sports teams.

Although technically independent from the university, The Cambridge Union[image: External link] serves as a focus for debating and public speaking, as the oldest free speech society in the world, and the largest in Cambridge. Drama societies notably include the Amateur Dramatic Club (ADC)[image: External link] and the comedy club Footlights[image: External link], which are known for producing well-known show-business personalities. The Cambridge University Chamber Orchestra[image: External link] explores a range of programmes, from popular symphonies to lesser known works; membership of the orchestra is composed of students of the university.
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 Newspapers and radio




Student newspapers include the long-established Varsity[image: External link], its younger rival The Cambridge Student[image: External link], and news and culture magazine the Cambridge Globalist[image: External link].[155]

The Globalist covers politics, culture,[156] economics,[157][158] science and technology.[159] The Cambridge Globalist, subtitled 'An Undergraduate International Affairs Magazine', existed as an offshoot of the student newspaper Varsity[image: External link] for several years in the noughties[image: External link][160][161] and was in existence until 2007. At one point it had a print run of 11,000 and featured advertisers including the Financial Times[image: External link].[162] The Cambridge Globalist was refounded by Lucy Wark, Alasdair Phillips-Robins and Ravi Solanki in 2013.[163] The new publication bears limited resemblance to its previous iteration.

But the publication with by far the highest readership is The Tab[image: External link], Cambridge's student tabloid[image: External link]. Together with colleagues from Anglia Ruskin University[image: External link], students run a radio station, Cam FM[image: External link], which provides members with an opportunity to produce and host weekly radio shows and promotes broadcast journalism, sports coverage, comedy and drama.
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 JCR and MCR




In addition to university-wide representation, students can benefit from their own college student unions, which are known as JCR (Junior Combination Room[image: External link]) for undergraduates and MCR (Middle Combination Room) for postgraduates. These serve as a link between college staff and members and consists of officers elected annually between the fellow students; individual JCR and MCRs also report to CUSU, which offers training courses for some of the most delicate positions within the body.[164]
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 Formal Halls and May Balls




One privilege of student life at Cambridge is the opportunity to attend formal dinners at college. These are called Formal Hall[image: External link] and occur regularly during term time. Students sit down for a meal in their gowns[image: External link], while Fellows[image: External link] eat separately at High Table: the beginning and end of the function is usually marked with a grace. Special formal halls are organised for events such as Christmas and the Commemoration of Benefactors.[165]

After the exam period, May Week[image: External link] is held and it is customary to celebrate by attending May Balls[image: External link]. These are all-night long lavish parties held in the colleges where food and drinks are served and entertainment is provided. TIME magazine[image: External link] argues that some of the larger May Balls are among the best private parties in the world.[166] Suicide Sunday, the first day of May Week, is a popular date for organising garden parties[image: External link].[167]
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 Notable alumni and academics




See also: List of University of Cambridge members[image: External link], Alumni Cantabrigienses[image: External link], Category:Alumni of the University of Cambridge[image: External link], and Category:Academics of the University of Cambridge[image: External link]


Over the course of its history, a sizeable number of Cambridge University academics and alumni have become notable in their fields, both academic and in the wider world. Depending on criteria, affiliates of the University of Cambridge have won 90 Nobel prizes[image: External link]. Former undergraduates of the university have won a grand total of 61 Nobel prizes, 13 more than the undergraduates of any other university. Cambridge academics have also won 8 Fields Medals[image: External link] and 2 Abel Prizes[image: External link], since the Abel award was first distributed in 2003.
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 Mathematics and sciences




Perhaps most of all, the university is renowned for a long and distinguished tradition in mathematics and the sciences. Among the most famous of Cambridge natural philosophers is Sir Isaac Newton[image: External link], who spent the majority of his life at the university and conducted many of his now famous experiments within the grounds of Trinity College. Sir Francis Bacon[image: External link], responsible for the development of the scientific method[image: External link], entered the university when he was just twelve, and pioneering mathematicians John Dee[image: External link] and Brook Taylor[image: External link] soon followed.

Other ground-breaking mathematicians to have studied at the university include Srinivasa Ramanujan[image: External link], G. H. Hardy[image: External link], John Edensor Littlewood[image: External link] and Augustus De Morgan[image: External link], four of the most renowned pure mathematicians[image: External link] in modern history; Sir Michael Atiyah[image: External link], one of the most important mathematicians of the last half-century; Anil Kumar Gain[image: External link], founder of Vidyasagar University[image: External link] and a Fellow of the Royal Statistical Society[image: External link]; William Oughtred[image: External link], the inventor of the logarithmic scale[image: External link]; John Wallis[image: External link], first to state the law of acceleration; Srinivasa Ramanujan[image: External link], the self-taught genius who made incomparable contributions to mathematical analysis[image: External link], number theory[image: External link], infinite series[image: External link] and continued fractions[image: External link]; and, perhaps most importantly of all, James Clerk Maxwell[image: External link], who is considered to have brought about the second great unification of physics (the first being accredited to Newton) with his classical electromagnetic theory[image: External link]. Mathematician Philippa Fawcett[image: External link] gained worldwide media coverage in 1890 as the person with the highest score in the Cambridge Mathematical Tripos exams, but as a woman, was unable to take the title of 'Senior Wrangler'.

In biology, Charles Darwin[image: External link], famous for developing the theory of natural selection[image: External link], was an alumnus of Christ's College[image: External link], though his education at the university was intended to allow him to become a clergyman. Subsequent Cambridge biologists include Francis Crick[image: External link] and James Watson[image: External link], who worked out a model for the three-dimensional structure of DNA[image: External link] whilst working at the university's Cavendish Laboratory[image: External link]; fellow Cambridge graduates Maurice Wilkins[image: External link] and especially Rosalind Franklin[image: External link] produced key X-ray crystallography data, which was shared with Watson by Wilkins. Wilkins went on to help verify the proposed structure and win the Nobel Prize with Watson and Crick.

Despite Cambridge's delay in admitting women to full degrees, Cambridge women were at the heart of scientific research throughout the 20th century. Pioneering biochemist Marjory Stephenson[image: External link] studied at Cambridge, as did plant physiologist Gabrielle Howard[image: External link], social anthropologist Audrey Richards[image: External link]. Psycho-analyst Alix Strachey[image: External link], who with her husband translated the works of Sigmund Freud[image: External link], studied at Newnham College. Kavli Prize-winner Brenda Milner[image: External link], co-discovery of specialized brain networks for memory and cognition, was also a graduate of Newnham College. Veterinary epidemiologist Sarah Cleaveland[image: External link] has worked to eliminate rabies[image: External link] in the Serengeti[image: External link].[168]

More recently, Sir Ian Wilmut[image: External link], the man who was responsible for the first cloning of a mammal with Dolly the Sheep[image: External link] in 1996, was a graduate student at Darwin College. Famous naturalist and broadcaster David Attenborough graduated from the university, while the ethologist Jane Goodall[image: External link], the world's foremost expert on chimpanzees did a PhD in Ethology at Darwin College. Anthropologist Dame Alison Richard[image: External link], former vice-chancellor of the university, is also a Newnham College graduate.

The university can be considered the birthplace of the computer, with mathematician Charles Babbage having designed the world's first computing system as early as the mid-1800s. Alan Turing[image: External link] went on to devise what is essentially the basis for modern computing and Maurice Wilkes[image: External link] later created the first programmable computer. The webcam[image: External link] was also invented at Cambridge University, as a means for scientists to avoid interrupting their research and going all the way down to the laboratory dining room only to be disappointed by an empty coffee pot[image: External link].

Ernest Rutherford[image: External link], generally regarded as the father of nuclear physics[image: External link], spent much of his life at the university, where he worked closely with the likes of E. J. Williams[image: External link] and Niels Bohr[image: External link], a major contributor to the understanding of the structure and function of the atom[image: External link], J. J. Thomson[image: External link], discoverer of the electron[image: External link], Sir James Chadwick[image: External link], discoverer of the neutron[image: External link], and Sir John Cockcroft[image: External link] and Ernest Walton[image: External link], the partnership responsible for first splitting the atom. J. Robert Oppenheimer[image: External link], leader of the Manhattan Project[image: External link] that developed the atomic bomb[image: External link], also studied at Cambridge under Rutherford and Thomson. Joan Curran[image: External link] devised the 'chaff'[image: External link] technique during the Second World War to disrupt radar on enemy planes.

Astronomers Sir John Herschel[image: External link] and Sir Arthur Eddington[image: External link] both spent much of their careers at Cambridge, as did Paul Dirac, the discoverer of antimatter[image: External link] and one of the pioneers of Quantum Mechanics[image: External link]; Stephen Hawking, the founding father of the study of singularities[image: External link] and the university's long-serving Lucasian Professor of Mathematics[image: External link] until 2009; and Lord Martin Rees[image: External link], the current Astronomer Royal[image: External link] and Master of Trinity College. John Polkinghorne[image: External link], also a Cambridge mathematician prior to his entrance into the Anglican[image: External link] ministry[image: External link], was knighted[image: External link] and received the Templeton Prize[image: External link] for his work reconciling science and religion.

Other significant Cambridge scientists include Henry Cavendish[image: External link], the discoverer of hydrogen[image: External link]; Frank Whittle[image: External link], co-inventor of the jet engine; Lord Kelvin[image: External link], who formulated the original Laws of Thermodynamics[image: External link]; William Fox Talbot[image: External link], who invented the camera, Alfred North Whitehead[image: External link], Einstein's major opponent; Sir Jagadish Chandra Bose[image: External link], the man dubbed "the father of radio science"; Lord Rayleigh[image: External link], one of the most pre-eminent physicists of the 20th century; Georges Lemaître, who first proposed a Big Bang[image: External link] Theory; and Frederick Sanger[image: External link], the last man to win two Nobel prizes.
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 Humanities, music and art




In the humanities, Greek studies were inaugurated at Cambridge in the early sixteenth century by Desiderius Erasmus[image: External link] during the few years he held a professorship there; seminal contributions to the field were made by Richard Bentley[image: External link] and Richard Porson[image: External link]. John Chadwick[image: External link] was associated with Michael Ventris[image: External link] in the decipherment of Linear B[image: External link]. The eminent Latinist A. E. Housman[image: External link] taught at Cambridge but is more widely known as a poet. Simon Ockley[image: External link] made a significant contribution to Arabic Studies[image: External link].

Distinguished Cambridge academics in other fields include economists such as John Maynard Keynes[image: External link], Thomas Malthus[image: External link], Alfred Marshall[image: External link], Milton Friedman[image: External link], Joan Robinson[image: External link], Piero Sraffa[image: External link], and Amartya Sen[image: External link], a former Master of Trinity College. Philosophers Sir Francis Bacon[image: External link], Bertrand Russell[image: External link], Ludwig Wittgenstein[image: External link], Leo Strauss[image: External link], George Santayana[image: External link], G. E. M. Anscombe[image: External link], Sir Karl Popper[image: External link], Sir Bernard Williams[image: External link], Sir Allama Muhammad Iqbal[image: External link] and G. E. Moore[image: External link] were all Cambridge scholars, as were historians such as Thomas Babington Macaulay[image: External link], Frederic William Maitland[image: External link], Lord Acton[image: External link], Joseph Needham[image: External link], E. H. Carr[image: External link], Hugh Trevor-Roper[image: External link], E. P. Thompson[image: External link], Eric Hobsbawm[image: External link], Niall Ferguson[image: External link] and Arthur M. Schlesinger, Jr[image: External link], and famous lawyers such as Glanville Williams[image: External link], Sir James Fitzjames Stephen[image: External link], and Sir Edward Coke[image: External link].

Religious figures at the university have included Rowan Williams[image: External link], former Archbishop of Canterbury[image: External link] and many of his predecessors; William Tyndale[image: External link], the pioneer biblical translator; Thomas Cranmer[image: External link], Hugh Latimer[image: External link], and Nicholas Ridley[image: External link], all Cambridge men, known as the "Oxford martyrs" from the place of their execution; Benjamin Whichcote[image: External link] and the Cambridge Platonists[image: External link]; William Paley[image: External link], the Christian philosopher known primarily for formulating the teleological argument[image: External link] for the existence of God; William Wilberforce[image: External link] and Thomas Clarkson[image: External link], largely responsible for the abolition[image: External link] of the slave trade[image: External link]; leading Evangelical churchman Charles Simeon[image: External link]; John William Colenso[image: External link], the bishop of Natal who developed views on the interpretation of Scripture and relations with native peoples that seemed dangerously radical at the time; John Bainbridge Webster[image: External link] and David F. Ford[image: External link], theologians of significant repute; and six winners of the Templeton Prize[image: External link], the highest accolade for the study of religion since its foundation in 1972.

Composers Ralph Vaughan Williams[image: External link], Sir Charles Villiers Stanford[image: External link], William Sterndale Bennett[image: External link], Orlando Gibbons[image: External link] and, more recently, Alexander Goehr[image: External link], Thomas Adès[image: External link], John Rutter[image: External link], Julian Anderson[image: External link] and Judith Weir[image: External link] were all at Cambridge. The university has also produced some of today's leading instrumentalists and conductors, including Colin Davis[image: External link], John Eliot Gardiner[image: External link], Roger Norrington[image: External link], Trevor Pinnock[image: External link], Andrew Manze[image: External link], Richard Egarr[image: External link], Mark Elder[image: External link], Richard Hickox[image: External link], Christopher Hogwood[image: External link], Andrew Marriner[image: External link], David Munrow[image: External link], Simon Standage[image: External link], Endellion Quartet[image: External link] and Fitzwilliam Quartet[image: External link]. Although known primarily for its choral music[image: External link], the university has also produced members of contemporary bands such as Radiohead[image: External link], Hot Chip[image: External link], Procol Harum[image: External link], Clean Bandit[image: External link], songwriter and entertainer Jonathan King[image: External link], Henry Cow[image: External link], and the singer-songwriter Nick Drake[image: External link].

Artists Quentin Blake[image: External link], Roger Fry[image: External link] and Julian Trevelyan[image: External link] also attended as undergraduates, as did sculptors Antony Gormley[image: External link], Marc Quinn[image: External link] and Sir Anthony Caro[image: External link], and photographers Antony Armstrong-Jones[image: External link], Sir Cecil Beaton[image: External link] and Mick Rock[image: External link].
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