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Introduction



Astronomy is one of the oldest and most profound of the sciences. Since our ancestors tracked the motions of the Sun and stars, what we have learned has radically altered our view of the place of humans in the universe. Each breakthrough has had social repercussions: Galileo was arrested in the 17th century for teaching the controversy that the Earth goes round the Sun. Demonstrations that our solar system is displaced from the heart of the Milky Way caused similar gasps of disbelief. And Edwin Hubble in the 1920s silenced the debaters when he discovered that the Milky Way is one of billions of galaxies scattered throughout a vast and swelling universe, 14 billion years old.


During the 20th century technologies upped the pace of discovery. The century opened with gains in our understanding of stars and their fusion engines, paralleling our knowledge of nuclear power, radiation and the building of the atomic bomb. The years during and after the Second World War brought the development of radio astronomy, and the identification of pulsars, quasars and black holes. New windows on the universe were thrown open, from the cosmic microwave background radiation to the X-ray and gamma-ray sky, each frequency bringing its own discoveries.


This book takes a tour of astrophysics from a modern research perspective. The first chapters describe the great philosophical leaps in our understanding of the scale of the universe, while introducing the basics, from gravity to how a telescope works. The next set asks what we have learned about cosmology, the study of the universe as a whole – its constituent parts, history and evolution. Theoretical aspects of the universe, including relativity theory, black holes and multiverses, are then introduced. The last sections dissect in detail what we know about galaxies, stars and the solar system, from quasars and galaxy evolution to exoplanets and astrobiology. The pace of discovery is still high: perhaps in the next decades we will witness the next great paradigm shift – the detection of life beyond the Earth.





01 Planets



How many planets are there? A few years ago it was an easy question that anyone could answer – nine. Today, it is contentious. Astronomers have thrown a spanner in the works by discovering rocky bodies in the deep freeze of the outer solar system that rival Pluto, and by finding hundreds of planets around distant stars. Forced to rethink the definition of a planet, they now suggest there are eight bona fide planets in our solar system, plus a few dwarf planets like Pluto.








Definition of planet


A ‘planet’ is a celestial body that: (a) is in orbit around the Sun, (b) has sufficient mass for its self-gravity to overcome rigid body forces so that it assumes a round shape, and (c) has cleared the neighbourhood around its orbit.









Since pre-history we’ve known that planets differ from stars. Planets, named after the Greek word for ‘wanderer’, migrate across the night sky through the unchanging backdrop of stars. From night to night the stars form the same patterns. Their constellations all slowly spin together about the north and south poles, each star etching a circle daily on the sky. But planets’ positions shift a little relative to the stars each day, following a tilted path across the sky that is called the plane of the ecliptic. All the planets move within the same plane as they orbit the Sun, which is projected as a line on the sky.


The major planets other than Earth – Mercury, Venus, Mars, Jupiter and Saturn – have been known for millennia. They are easily visible to the naked eye, often outshining their stellar neighbours, and their contrary motions lent them mythical status. The arrival of telescopes in the 17th century generated more awe: Saturn was skirted by beautiful rings; Jupiter boasted a coterie of moons and Mars’s surface was flecked by dark channels.


Planet X This heavenly certainty was shaken by the discovery of the planet Uranus in 1781 by the British astronomer William Herschel. Fainter and slower-moving than the other known planets, Uranus was originally thought to be a rogue star. It was Herschel’s careful tracking that proved conclusively that it orbited the Sun, thus bestowing its planetary status. Herschel basked in fame because of his discovery, even courting King George III’s favour by briefly naming it for the English monarch.








WILLIAM HERSCHEL (1738–1822)


Born in Hanover, Germany, in 1738, Frederick William Herschel emigrated to England in 1757 and earned a living as a musician. He developed a keen interest in astronomy, which he shared with his sister Caroline, whom he brought to England in 1772. The Herschels built a telescope to survey the night sky, cataloguing hundreds of double stars and thousands of nebulae. Herschel discovered Uranus and named it ‘Georgium Sidum’ in honour of King George III, who appointed him court astronomer. Herschel’s other discoveries include the binary nature of many double stars, the seasonal variation of Mars’s polar caps and the moons of Uranus and Saturn.









More discoveries were to come. Slight imperfections in Uranus’s orbit led to predictions that it was being disturbed by another celestial body that lay beyond it. Several astronomers scoured the expected location, looking for a wandering interloper, and in 1846 Neptune was discovered by the Frenchman Urbain Jean Joseph Le Verrier, narrowly beating British astronomer John Couch Adams to establish the find.


Then, in 1930, Pluto was confirmed. As was the case with Neptune, slight deviations in the expected movements of the outer planets suggested the presence of a further body – at the time called Planet X. Clyde Tombaugh at Lowell Observatory in the US spotted the object when comparing photographs of the sky taken at different times: the planet had given itself away by its motion. But it fell to a schoolgirl to name it. Venetia Burney from Oxford, in the UK, won a naming competition with her classics-inspired suggestion for Pluto, god of the underworld. Planet Pluto inspired a host of popular culture at the time, from the cartoon dog to the newly discovered element plutonium.


‘Like continents, planets are defined more by how we think of them than by someone’s after-the-fact pronouncement.’


Michael Brown, 2006


Pluto dethroned Our nine-planet solar system stood for another 75 years – until Michael Brown of Caltech and his collaborators discovered that Pluto was not alone. Having found a handful of sizeable objects not far from Pluto’s orbit at the cold edge of the solar system, they happened upon one that was even larger than Pluto itself. They called it Eris. The astronomical community had a conundrum. Should Brown’s discovery be recognised as a tenth planet?


And what about the other icy bodies near Pluto and Eris? Pluto’s status as a planet was called into question. The outer reaches of the solar system were littered with ice-smothered objects, of which Pluto and Eris were simply the largest. Moreover, rocky asteroids of similar size were known elsewhere, including Ceres, a 950-km-diameter asteroid that was found in 1801 between Mars and Jupiter during the search for Neptune.
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In 2005 a committee of the International Astronomical Union, the professional organization of astronomers, met to decide Pluto’s fate. Brown and some others wanted to protect the status of Pluto as culturally defined. In their view, Eris should also be considered a planet. Others felt that all the icy bodies beyond Neptune were not real planets. It came to a vote at a conference in 2006. What was decided was a new definition of a planet. Until then the concept was not pinned down. Some were bemused, saying that this was like asking for the precise definition of, say, a continent: if Australia is a continent, then what about Greenland? Where does Europe end and Asia begin? But the astrophysicists agreed a set of rules.


A planet is defined as a celestial body that orbits the Sun, is massive enough that its own gravity makes it round in shape, and has cleared the region around it. According to these rules, Pluto was not a planet, for it hadn’t cleared other bodies from its orbit. Pluto and Eris were named dwarf planets, as was Ceres. Smaller bodies, apart from moons, remained unspecified.


‘Maybe this world is another planet’s hell.’


Aldous Huxley


Beyond the Sun This planetary definition was made for our own solar system. But it may be applied well beyond it. Today, several hundred planets are known to orbit stars other than the Sun. They were identified mainly by the subtle pulls they impart on their host stars. Most of these planets are massive gas giants, like Jupiter. But new spacecraft such as Kepler, launched in 2009, are vying to detect smaller planets around other stars that might be like Earth.


Another definition that has been called into question lately is that of a star. Stars are balls of gas, like the Sun, that are big enough to have ignited nuclear fusion in their cores. This energy makes the star shine. But it isn’t obvious where the division is between planetary-sized balls of gas like Jupiter, and the smallest, dimmest stars, like brown dwarfs. Un-ignited stars and even free-floating planets may litter space.


the condensed idea


Planets stand out from the crowd






	timeline






	350 BC


	Aristotle determines Earth is round






	1543

	Copernicus publishes his heliocentric theory






	1610

	Galileo Galilei discovers Jupiter’s moons through telescope






	1781

	William Herschel discovers Uranus






	1843–6

	Neptune predicted and found by Adams and Le Verrier






	1930

	Clyde Tombaugh discovers Pluto






	1962

	First Mariner 2 images of Venus – surface of another planet






	1992

	First extrasolar planet discovered






	2005

	Brown discovers Eris










02 Heliocentrism



Although we now know the Earth and planets go round the Sun, this was not accepted until clues were amassed in the 17th century. It shattered our worldview: humans were not centrally placed in the universe, counter to the prevailing philosophy and religion at the time. Similar arguments about man’s place in the cosmos rumble on, from creationist dogma to rational aspects of cosmology.


Early societies literally wanted the universe to revolve around them. In antiquity, models of the cosmos placed the Earth at the centre. Everything else radiated out from that. All the heavenly bodies, they imagined, were affixed to crystal spheres that spun about the Earth – causing the stars pinned upon them, or revealed through tiny holes within them, to circle the north and south celestial poles each night. The place of humans as key to the universe’s machinations was assured.


Yet there were clues that this comforting model was incorrect; and they have puzzled natural philosophers for generations. The idea that the heavens revolve about the Sun rather than the Earth – a heliocentric model, after the Greek word helios for the Sun – was suggested by ancient Greek philosophers as early as 270 BC. Aristarchus of Samos was one who conveyed such ideas in his writings. After calculating the relative sizes of the Earth and the Sun, Aristarchus realized that the Sun was much the larger. It made more sense for the smaller Earth to move, rather than the bigger Sun.


Ptolemy in the second century used mathematics to predict the motions of the stars and planets. He did so reasonably well, but there were obvious patterns that his equations could not match. The most puzzling behaviour is that planets occasionally reverse direction – retrograde motion. Ptolemy, who imagined like those before him that the planets turned on vast circular wheels in the sky, invented an explanation by adding extra cogs to their orbits. He suggested that the planets rolled around smaller rings as they travelled along their main track, like a giant clockwork contraption. These superimposed ‘epicycles’ gave the appearance of the planets’ occasional backward looping motions.


This idea of epicycles stuck, and was refined in later years. Philosophers were attracted to the idea that nature favoured perfect geometries. Nevertheless, as astronomers measured the planets’ movements more accurately, their clockwork mathematical prescriptions increasingly failed to explain them. As their data improved, the discrepancies only grew.








NICOLAUS COPERNICUS (1473–1543)


Born in Torun, Poland, Copernicus trained to become a canon, taking classes in law, medicine, astronomy and astrology. He was fascinated by, but critical of, Ptolemy’s ideas about the order of the universe, and instead worked out his own system where the Earth and planets rotate about the Sun.


Copernicus’s work De Revolutionibus Orbium Coelestium (On the Revolutions of the Heavenly Spheres), published in March 1543 – just two months before he died – was groundbreaking in the establishment of the Sun-centred universe. Yet it is still far from the ideas of modern astronomy.









Copernicus’s model Heliocentric ideas were occasionally mooted over the centuries, but they were not taken seriously. The Earth-centred view prevailed by instinct, and alternative theories were thought arbitrary mind play. So it was not until the 16th century that the consequences of the Sun-centred model were fully developed. In his 1543 book De Revolutionibus, Polish astronomer Nicolaus Copernicus wrote down a mathematically detailed heliocentric model, explaining the planets’ backwards motions as a projection of their movement around the Sun as viewed from a similarly circling Earth.
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‘Finally we shall place the Sun himself at the centre of the Universe.’


Nicolaus Copernicus


By challenging the universal pre-eminence of humans, Copernicus’s model had consequences. The established Church and society favoured Ptolemy’s Earth-centred view. Copernicus was cautious and delayed publication of his work until the year of his death. His posthumous argument was received and quietly put to one side. It fell to a more strident figure to carry the baton.


Galileo’s conviction Italian astronomer Galileo Galilei notoriously challenged the Roman Catholic Church by championing heliocentrism. His audacity was backed up by observations he made through the then newly developed telescope. Peering into the heavens with greater clarity than his predecessors, Galileo found evidence that the Earth was not central to all. Jupiter had moons orbiting it and Venus had phases like the Moon. He published these discoveries in his 1610 book Sidereus Nuncius, or Starry Messenger.


Confident in his Sun-centred view, Galileo defended his argument in a letter to the Grand Duchess Christina. Having claimed that it was the Earth’s rotation that gave the appearance of the Sun moving across the sky, he found himself summoned to Rome. The Vatican conceded that his observations were true, because Jesuit astronomers saw the same things through their telescopes. But the Church refused to accept Galileo’s theory, stating that it was just a hypothesis and could not be taken literally, however appealing it was in its simplicity. In 1616 the Church banned Galileo from teaching heliocentrism, and precluded that he ‘hold or defend’ that contentious idea.


‘It is surely harmful to souls to make it a heresy to believe what is proved.’


Galileo Galilei


Kepler’s reason Meanwhile, a German astronomer was also working on the mathematics of planetary motions. Johannes Kepler published his analysis of the path of Mars in the book Astronomia nova (1609), in the same year that Galileo took up his telescope. Kepler found that an ellipse rather than a circle gave a better description of the red planet’s orbit about the Sun. In freeing himself from perfect circles, he moved beyond Copernicus’s model and improved the predictions for planetary motions. Although now considered a basic law of physics, Kepler’s vision was advanced for its time and took a long time to be accepted. Galileo, for one, took no notice.


Although restricted, Galileo remained certain that his Sun-centred explanation was true. Asked by Pope Urban VIII to write a balanced account of both sides, in Dialogue of the two world systems Galileo upset the pontiff by expressing a bias for his own view over that of the Church. The Vatican again summoned him to Rome and put him on trial in 1633 for breaking his ban. Galileo was placed under house arrest for the rest of his life, dying in 1642. A formal apology from the Vatican was only made four centuries later, in the run-up to the publication anniversary of his contentious book.


Gradual acceptance Evidence that the heliocentric view of the solar system was correct accumulated steadily over the centuries. Kepler’s mechanics of orbits was found to hold and also influenced Newton’s theory of gravity. As further planets were discovered, the fact that they orbited the Sun was obvious. Man’s place at the centre of things is no longer tenable.


the condensed idea


The Sun’s in the centre






	timeline






	270 BC


	Ancient Greeks propose heliocentric model






	2nd century

	Ptolemy adds epicycles to explain retrograde motions






	1543

	Copernicus publishes heliocentric model






	1609

	Galileo discovers Jupiter’s moons; Kepler models orbits as ellipses






	1633

	Galileo put on trial for teaching heliocentrism










03 Kepler’s laws



Johannes Kepler’s three laws of planetary motion are a cornerstone of modern physics. They describe the elliptical paths taken by planets around the Sun, the time it takes to complete one orbit, and how distant planets circle the Sun more slowly than ones nearby. While Kepler was a man ahead of his time, he can hardly have imagined that his laws would be applied today to planets around distant stars and in detecting the presence of dark matter.


Modern astronomy began in 1609, when Kepler published his great work Astronomia Nova. The German mathematician had derived equations to describe the orbits of the planets, based on careful records of the motions of Mars taken by the aristocratic Danish astronomer Tycho Brahe, for whom Kepler worked as an assistant. Tycho was a talented instrument builder, and his measurements of the motions of the red planet were much more accurate than had been achieved before. But Kepler pulled all the data together by wrapping them in a new theory.








Kepler’s Laws


First law: planetary orbits are elliptical, with the Sun at one focus.


Second law: a planet sweeps out equal areas in equal times as it orbits the Sun.


Third law: the orbital periods scale with ellipse size, such that the period squared is proportional to the major axis length cubed.









Orbital ellipses Kepler’s treatise heralded two laws of orbits; the third was published in 1619. Kepler’s first law states that planets trace out elliptical paths, with the Sun at one focus of the ellipse. This realization was more radical than it sounds, for until then astronomers had believed that orbits must be perfect circles. Since the time of the ancient Greeks, the circle, the square, the tetrahedron and other simple geometric shapes were revered. It was thought that nature loved perfection and abhorred deviation from it. Kepler inherited this belief, imagining at first that planets were arranged about the Sun in a nested series of crystal spheres, spaced according to mathematical ratios derived from polygons. But Tycho’s data caused him to change his mind.


The clue came in the motions of Mars. Its orbit is more elongated than that of any planet in our solar system apart from Mercury, so its track across the sky is more uneven. Viewed from Earth, Mars’s speed varies a lot, and it sometimes takes big backward steps, drawing out loops in the sky. Astronomers before Kepler had tried to explain these weird ‘retrograde’ motions by tagging on small extra circles, known as ‘epicycles’, to large circular orbits. Kepler spotted that an ellipse did a much better job at explaining Mars’s peculiar motions. It is because we are viewing the solar system from a moving platform that the other planets sometimes seem to backtrack. Thus Kepler solved a problem that had puzzled astronomers for centuries.
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In his second law, Kepler described how quickly a planet moves around its orbit: as it progresses along its elliptical path, it sweeps out a segment of equal area in an equal time. The segment, like a slice of pie, is measured by drawing a line from the planet to the Sun at the start and again at the end of a given period (between A and B or C and D). When the planet is close to the Sun, it moves quickly and draws out a broad pie slice; when further from the Sun, it travels more slowly, subtending a smaller angle in the same amount of time. But, states Kepler’s second law, the area of this long thin pie slice is the same as that of the short fat one. Kepler figured this out by noting how fast Mars moved at different points in its orbit.


‘The lessons of science should be experimental also. The sight of a planet through a telescope is worth all the course on astronomy; the shock of the electric spark in the elbow outvalues all theories; the taste of the nitrous oxide, the firing of an artificial volcano, are better than volumes of chemistry.’


Ralph Waldo Emerson


Kepler’s third law goes one step further and tells us how the orbital periods scale up for different-sized ellipses at a range of distances from the Sun. It states that the squares of the orbital periods are proportional to the cube power of the longest axis of the elliptical orbit. The larger the elliptical orbit, the slower the period of time taken to complete an orbit. So, planets further from the Sun orbit more slowly than nearby planets. Mars takes nearly two Earth years to go around the Sun, Saturn 29 years and Neptune 165 years. Mercury circles the Sun in just 80 Earth days. If Jupiter travelled at the same speed, it would take about 3.5 Earth years to complete an orbit when in fact it takes 12.


‘I measured the skies, now the shadows I measure, Sky-bound was the mind, earth-bound the body rests.’


Kepler’s epitaph


Modern man Four centuries later, Kepler’s laws have stood the test of time. They apply equally to any body in orbit around another, from comets, asteroids and moons in our solar system to planets around other stars and even artificial satellites whizzing around the Earth. Moreover Kepler was one of the first to use the scientific methods that we use today – making and analysing observations to test theories about the universe.


Kepler succeeded in unifying the principles into geometric laws, but he did not know why these laws held. He believed that they arose from the underlying geometric patterns of nature. It took Newton to unify these laws into a universal theory of gravity.


‘The system beneath the whole thing is simple. This is common to all our laws; they all turn out to be simple things, although complex in their actual actions.’


Richard P. Feynman








JOHANNES KEPLER 1571–1630


Johannes Kepler grew up in Germany with his mother, living in his grandfather’s inn. He became interested in astronomy as a child, recording in his diary a comet and a lunar eclipse before he was ten. After studying at the University of Tübingen, he taught mathematics at Graz. Kepler was a religious man, who thought that God had created the universe according to a mathematical plan. His theory of cosmology was published in the Mysterium Cosmographicum (The Sacred Mystery of the Cosmos). He later assistedTycho Brahe at his observatory outside Prague, inheriting his position as Imperial Mathematician in 1601. There Kepler prepared horoscopes for the emperor and analysed Tycho’s astronomical tables, publishing his theories of noncircular orbits and the first and second laws of planetary motion in Astronomia Nova (New Astronomy). The third law of planetary motion was published in Harmonices Mundi (Harmony of the Worlds).









the condensed idea


Law of the worlds






	timeline






	
c.580 BC


	Pythagoras suggests that planets orbit on the surface of perfect spheres






	
c.150 AD


	Ptolemy explains retrograde motion with epicycles






	1543

	Copernicus proposes that planets orbit the Sun






	1576

	Tycho Brahe maps planets’ positions






	1609

	Kepler publishes first and second laws






	1619

	Kepler publishes third law






	1687

	Newton proposes theory of gravity






	2009

	Kepler satellite launched by NASA to find planets around distant stars










04 Newton’s law of gravitation



Isaac Newton argued that all bodies attract each other through the force of gravity, and that the strength of that force drops off with distance squared. His idea linked heaven and Earth, explaining the orbits of the planets as well as why things fall to the ground. Although superseded by general relativity, the law of gravitation remains one of the most powerful ideas in physics, explaining motions both in our world and across the universe.








ISAAC NEWTON 1643–1727


Isaac Newton was the first scientist to be honoured with a knighthood in Britain. Despite being ‘idle’ and ‘inattentive’ at school, and an unremarkable student at Cambridge University, he flourished suddenly when plague closed the university in the summer of 1665. Returning to his home in Lincolnshire, he devoted himself to mathematics, physics and astronomy, and even laid the foundations for calculus. There he produced early versions of his three laws of motion and deduced the inverse square law of gravity. After this remarkable outburst of ideas, Newton was elected to the Lucasian Chair of Mathematics in 1669 at just 27 years old. Turning his attention to optics, he discovered with a prism that white light was made up of rainbow colours, quarrelling famously with Robert Hooke and Christiaan Huygens over the matter. Newton wrote two major works, Philosophiae naturalis principia mathematica, or Principia, and Opticks. Late in his career, he became politically active. He defended academic freedom when King James II tried to interfere in university appointments, and entered Parliament in 1689. A contrary character, on the one hand desiring attention and on the other being withdrawn and trying to avoid criticism, Newton used his powerful position to fight bitterly against his scientific enemies and remained a contentious figure until his death.









Newton supposedly came upon the idea of gravity – or rather it fell upon him – while musing on why an apple drops from a tree. In his 1728 book A treatise of the system of the world, he describes a different thought experiment: a cannon on a high mountain. If the cannonball was fired at a slow speed, it would fall to the ground quickly. If ejected faster, it would travel further. At some critical velocity it would curl towards the Earth but never reach the ground, circumscribing an orbit. At a greater rate it would fly off into space.


Central pull From his earlier laws of motion, which describe how objects behave when pushed or pulled, Newton knew that if the cannon were fired in the absence of any interfering forces, its projectile should travel in a straight line. When a force tugs upon a mass, it changes an object’s direction or speed, giving an acceleration that is proportionate to the size of the force. So, to produce the curved trajectory of the cannonball, a force must be acting. That force, directed towards the centre of the Earth, is gravity. Any object that falls acquires an acceleration of 9.81 metres per second each second.


Just as Olympic hammer-throwers must pull hard on the string to keep the hammer spinning in a circle, the Earth’s gravity is a strong but invisible tie. When the sportsperson releases the string, and stops applying the force, the hammer flies off in a straight line. It’s the same with Newton’s cannonball – or anything else. Newton reasoned that gravity is also the reason why the Moon must hang in the sky. The Earth and all the planets are held in orbits around the Sun in a similar way. What applied to a mere apple extends to the entire cosmos.


‘Gravity is only the bark of wisdom’s tree, but it preserves it.’


Confucius


Working out the details, Newton derived his law of universal gravitation. The pull of gravity scales with the mass of an object, he found. The vast size of the Earth ensures that its central tug is much stronger than the reverse pull towards anything on its surface, such as ants or humans. Both exert a pull, but the massive Earth dominates because it is so much bigger. The Moon has a noticeable effect on the Earth’s seas, stretching its oceans to generate tides. And Jupiter is big enough to wobble all the planets a little and draw in comets to crash into its stormy clouds.
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Weight It is gravity that gives meaning to weight. When we stand on a set of bathroom scales, it registers the force with which we are pressing down. But this would change if we were on the Moon or Mars, smaller bodies whose gravity is weaker. Your weight on the Moon would be a sixth of that on Earth; which is why astronauts enjoyed making giant leaps and playing golf. On Mars you’d still be lighter – around 40 per cent of your normal weight. But on Jupiter you’d feel more than twice as heavy. Because of this variation, physicists use the idea of mass, the bulk of something, which corresponds roughly to how many atoms it contains or how much energy it takes to move it. Whereas weight depends on where you are, mass is independent of locale.


Newton also noted that gravity operates across distance. The Moon feels the effect of the Earth even though it is not touching it. He worked out that gravity follows an inverse square law – the strength of gravity drops by the square of the distance from a body. If the Moon was twice as far from Earth, it would feel a quarter of its pull; if three times as far, it would feel a ninth of its force.


‘Every object in the universe attracts every other object along a line of the centres of the objects, proportional to each object’s mass, and inversely proportional to the square of the distance between the objects.’


Isaac Newton


Newton’s law of gravity explained in one equation what Johannes Kepler had described in his three laws (see Kepler’s laws). The planets travel more quickly near the Sun as they follow their elliptical paths because they feel a stronger gravitational force. The speeding planet is thrown away from the Sun, gradually slowing back down before it loops inward again.


Newton poured all his ideas on gravitation into one book, Philosophiae naturalis principia mathematica, known as the Principia. Published in 1687, it is still revered as a scientific milestone. Newton’s universal gravity explained the motions not only of planets and moons but also of projectiles, pendulums and apples. He described the orbits of comets, the formation of tides and the wobbling of the Earth’s axis. This work cemented his reputation as one of the great scientists of all time.


Newtonian gravity works well for most objects we see and for the behaviour of planets, comets and asteroids in the solar system that are further from the Sun, where gravity is relatively weak. Newton’s law of gravitation was powerful enough to predict the position of the planet Neptune, discovered in 1846 at the expected location beyond Uranus. But it was the orbit of Mercury that required physics more advanced than that of Newton. Thus general relativity is needed to explain situations where gravity is very strong, such as close to the Sun, stars and black holes.








Changing gravities


On Earth, if we look closely, it is possible to see tiny variations in the local strength of gravity. Because massive mountains and rocks of differing density can raise or reduce the strength of gravity near them, it is possible to use a gravity meter to map out geographic terrains and to learn about the structure of the Earth’s crust. Archaeologists also sometimes use tiny gravity changes to spot buried settlements. Recently, scientists have used gravity-measuring space satellites to record the (decreasing) amount of ice covering the Earth’s poles, and also to detect changes in the Earth’s crust following large earthquakes.









the condensed idea


Mass attraction






	timeline






	350 BC


	Aristotle discusses why objects fall






	1609

	Kepler reveals the laws of planetary orbits






	1687

	Newton’s Principia is published






	1905

	Einstein publishes the special theory of relativity






	1915

	Einstein publishes the general theory of relativity










05 Newton’s theory of optics



Astronomers reveal many of the universe’s secrets by exploiting the physics of light. Isaac Newton was one of the first to try to understand its nature. Passing white light through a glass prism, he found that it split into rainbow hues and showed that the colours were embedded in the white light rather than imprinted by the prism. Today we know that visible light is one segment of a spectrum of electromagnetic waves, stretching from radio waves to gamma rays.


Shine a beam of white light through a prism and the emerging ray spreads out into a rainbow of colours. Rainbows in the sky appear in the same way: sunlight is split by water droplets into the familiar spectrum of hues: red, orange, yellow, green, blue, indigo and violet.


Experimenting with light beams and prisms in his rooms in the 1660s, Isaac Newton demonstrated that light’s many colours could be mixed together to form white light. Colours were the base units rather than being made by later mixing or by the prism glass itself, as had been thought. Newton separated beams of red and blue light and showed that these single colours were not split further if they were passed through more prisms.


‘Nature and nature’s laws lay hid in night; God said “Let Newton be” and all was light.’


Alexander Pope (Newton’s epitaph)


Light waves Experimenting further, he concluded that light behaves in many ways like water waves. Light bends around obstacles in a similar way to sea waves around a harbour wall. Light beams can also be added together to reinforce or cancel out their brightness, as overlapping water waves do.


In the same way that water waves are large-scale motions of invisible water molecules, Newton believed that light waves were ultimately ripples of minuscule light particles, or ‘corpuscles’, which were even smaller than atoms.


What Newton did not know, something that was not discovered until centuries later, is that light waves are electromagnetic waves – waves of coupled electric and magnetic fields – and not the reverberation of solid particles. When the electromagnetic wave behaviour of light was discovered, Newton’s corpuscle idea was put on ice. It was resurrected, however, in a new form when Albert Einstein showed that light may also behave sometimes like a stream of particles that can carry energy but have no mass.


‘Light brings us news of the Universe.’


Sir William Bragg


Across the spectrum The different colours of light reflect the different wavelengths of these electromagnetic waves. Wavelength is the measured distance between consecutive crests of a wave. As it passes through a prism, the white light separates into many hues because each hue is deflected to a different degree by the glass. The prism bends the light waves by an angle that depends on the wavelength of light, where red light is bent least and blue most, to produce the rainbow colour sequence. The spectrum of visible light appears in order of wavelength, from red with the longest through green to blue with the shortest.


What lies at either end of the rainbow? Visible light is just one part of the electromagnetic spectrum. It is important to us because our eyes have developed to use this sensitive part of the sequence. As the wavelengths of visible light are on roughly the same scale as atoms and molecules (hundreds of billionths of a metre), the interactions between light and atoms in a material are large. Our eyes have evolved to use visible light because it is very sensitive to atomic structure. Newton was fascinated by how the eye worked; he even stuck a darning needle round the back of his own eye to see how pressure affected his perception of colour.
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