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INTRODUCTION



Eureka! charts the lives and work of 300 scientists who have made a significant, often dramatic, impact on the world. Some of them have benefitted society in direct and obvious ways, like developing live-saving drugs or world-changing technologies. Others have had remarkable insights about the basic laws of nature or the Earth’s restless past.


From the 1600s, modern scientific thinking emerged with an emphasis on thorough experimentation and evidence. Scientists were spurred on by the brand new tools of the trade – the telescope, revealing vast new worlds and galaxies, and the compound microscope, making the invisible visible.


The concise biographies in this book show what this change looked like, with woolly ancient speculations, often framed by religious dogma or mysticism, giving way to more rational argument. Each entry is organized chronologically according to when the scientist produced their most significant work; each concentrates on a specific contribution and its impact, rather than an exhaustive list of prizes and honorary degrees.


My selection focuses mainly on natural science (biology, physics and chemistry and their related fields), as well as mathematics, social science and archaeology. Selecting living scientists proved especially tough. Many great achievements of the modern era have been made by large teams of people, and it’s neither possible, nor fair, to credit one or two individuals. There are also many scientists currently doing exciting work on complex problems, but it’s not clear, even to them, where their work will lead. This makes it difficult to assess their future impact.


Even in science, fame doesn’t rest solely on academic or technical achievement. Scientists can be renowned for their vigorous campaigning on ethical issues, their communication skills or their eccentricity, as well as their scientific work. And they’re not immune to disrepute – Trofim Lysenko’s chief claim to fame, for example, was fraudulent work on agriculture and a ruthless persecution of his peers.


Other people have become famous for things they didn’t set out to do. Who would have heard of Charles Messier, had his name not been linked to the most stunning objects in the night sky? Messier unwittingly catalogued beautiful exploded stars and magnificent galaxies – but to him they were just annoying fuzzy patches that got in the way of his comet hunting.


The lasting fame of many other scientists rests partly on having their name immortalized, for example in some unit of measurement. Many of these are included too, as well as some who are simply interesting and unusual.


Eureka! doesn’t claim to represent a definitive selection of the people who have made the most important contributions to science, and my apologies if any of the big names have slipped the net. But hopefully, the selection makes for a good read, and conveys the awesome ingenuity of which humanity is capable.


Hazel Muir, 2012





PYTHAGORAS



c.570 – c.495 BC


Ancient Greek philosopher and mathematician who founded the Pythagorean religious sect


‘Number is the ruler of forms and ideas, and the cause of gods and daemons’


Pythagoras quoted in Life of Pythagoras (c.300 AD)
by Assyrian philosopher Iamblichus of Chalcis
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Born on the island of Samos, Pythagoras was a Greek philosopher and mathematician best known for the theorem that bears his name. As with many philosophers of his era, little is known about his life except for fragmentary information passed on by later philosophers, who say that Pythagoras moved to the Greek colony of Croton (now Crotone in southern Italy) around 530 BC. He founded a religious cult there, but eventually fled the city when the sect attracted hostility from outsiders. Many members of the cult died when their Pythagorean meeting place was torched.


The 3rd-century Greek anthologist Diogenes Laërtius suggested Pythagoras travelled in search of knowledge as far and wide as Egypt, Babylon and India. He discovered Pythagoras’s theorem, which states that the square of the length of the hypotenuse (longest side) of a right-angled triangle is equal to the sum of the squares of lengths of the two other sides. The Babylonians knew the theorem as much as 1,000 years earlier, but Pythagoras may have been the first person to prove it. He or one of his followers is said to have discovered irrational numbers – numbers such as the square root of 2 that can’t be expressed as a fraction of two whole numbers (such as 5/2).


The Pythagorean sect was profoundly secretive and members treated certain symbols with mystical significance, swearing oaths by the ‘tetractys’ (a triangular shape with four rows of dots, adding up to the ‘perfect number’ ten). Some accounts suggest the cult promoted vegetarianism and forbade members from eating beans or drinking wine, but it’s largely impossible to distinguish legend from reality.





ANAXIMANDER



c.610 – c.546 BC


Ancient Greek early proponent of science who questioned the origins of life and the Universe and believed that nature is ruled by laws


‘Anaximander of Miletus conceived that there arose from heated water and earth either fish or creatures very like fish’


How the 3rd-century Roman writer Censorinus described Anaximander’s view of evolution


Anaximander was born in Miletus, an ancient Greek city on the west coast of Anatolia (now western Turkey). Very little is known about his life. He wrote several works but only a fragment of one, On Nature, survives. What we know of him comes largely from snippets of information passed on by later philosophers.


On Nature was a philosophical poem in which Anaximander speculates on the origins of the Earth as well as plants and animals. He was aware of the existence of fossils and might be viewed as the earliest proponent of evolution. He believed life evolved from fish-like creatures that inhabited a watery world in ancient days before the Sun dried the land.


Anaximander suggested the first humans evolved inside fish-like animals ‘held prisoners until puberty’, according to the 3rd-century Roman writer Censorinus. ‘Only then, after these animals burst open, could men and women come out, now able to feed themselves.’ Although these speculations sound bizarre, they nonetheless represent a scientific attempt to explain human origins in a way that was rational rather than resorting to mysticism or religion.


He is also credited with developing the first mechanical model of the world. He speculated that the Earth’s surface is curved, although he envisioned its shape as a cylinder rather than a sphere, the flat top possibly representing the inhabited world. The stars circled around the Earth, with the Moon farther away and the Sun most distant of all. He believed there might be an infinite number of inhabited worlds, all undergoing cycles of dissolution and renewal.





DEMOCRITUS



c.460 – c.370 BC


Ancient Greek philosopher famous for his atomic theory of the cosmos


‘Nothing exists except atoms and empty space; everything else is opinion’


Democritus quoted in Diogenes Laërtius’s Lives and Opinions of Eminent Philosophers, 3rd century AD
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Democritus was born into a wealthy family in the city of Abdera, Thrace. He travelled widely in search of knowledge, possibly visiting Egypt, Ethiopia, Persia and India. Diogenes Laërtius, a 3rd-century biographer of the Greek philosophers, reported that he had a cheerful and modest personality, and devoted all his time to studying.


Democritus was said to be a prolific writer on ethics, politics, maths, biology and cosmology, but only fragments of his works survive; most of his ideas were passed on by later philosophers. They say he had a rationalist philosophy and believed everything is the result of natural laws. He held that matter is composed of indivisible ‘atoms’ with empty space in between. Although that sounds like a modern scientific concept, there was no solid experimental evidence for this during Democritus’s lifetime – that only emerged more than 2,000 years later.


The world consisted of an infinite number of indestructible particles, according to Democritus. Everything is already in the world (‘nothing is created out of nothing’) – change results only from combination and recombination of eternal particles that can combine using various connections like hooks and barbs.


Democritus perceived the Earth was round and suggested that the Universe began as a churning mass of tiny atoms that gradually clumped together to form worlds like the Earth. He was open to the idea that there are many worlds that grow and decay in an endless repeating cycle. In maths, Democritus was the first to determine that the volume of a cone is one-third the volume of a cylinder with the same base size and height.





HIPPOCRATES



c.460 – c.370 BC


Greek physician who is considered the father of rational medicine


‘As to diseases, make a habit of two things – to help, or at least to do no harm’


From Hippocrates’s Epidemics (vol 1)
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Born on the Greek island of Kos, Hippocrates was probably taught by his father and grandfather, both physicians. He later founded a medical school on the island. He travelled widely to examine patients and was very famous in his own lifetime, but little else is known about him. Some accounts suggest that he clashed with Greek authorities over his theories and approaches, and was sentenced to two decades in prison as a result.


He may have been a prolific writer – the Corpus Hippocraticum (the Hippocratic Collection) numbers around 70 works, although as they were written over a period longer than his lifespan, clearly other people contributed to them. His Epidemics gave clear and rational descriptions of the causes, development and prognosis of illnesses with any discussion of therapies tending to focus on diet, cleanliness and exercise.


Hippocrates is thought to be the first influential person who promoted the idea that disease does not arise from mystical causes, such as being inflicted by gods – instead, he recognized that it arises naturally, with diet, lifestyle and environmental factors such as the weather playing a role. He also made extremely detailed observations of diseases of the respiratory tract.


However, Hippocrates did subscribe to some erroneous contemporary notions, such as ‘humourism’. It was popular to believe that the human body is filled with four humours (black bile, yellow bile, phlegm and blood) and that good health requires them to have the right relative amounts. He or one of his contemporaries wrote an early version of the ‘Hippocratic oath’, a vow often taken by doctors to practise medicine ethically, to treat patients with respect and honour their privacy.





ARISTOTLE



384 – 322 BC


Greek philosopher whose cosmological ideas dominated for 18 centuries


‘Those who assert that the mathematical sciences say nothing of the beautiful or the good are in error … The chief forms of beauty are order and symmetry and definiteness, which the mathematical sciences demonstrate in a special degree.’


From Aristotle’s Metaphysics, book XIII
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Born in Stageira, northern Greece, Aristotle was a major figure in Greek philosophy. His father was court physician to the Macedonian royal family, and he trained in medicine before moving to Athens to study philosophy with Plato. He later spent time travelling and possibly studying biology in Asia Minor (now Turkey).


Around 343 BC, Aristotle was invited by Philip II of Macedon to become tutor to his son, Alexander the Great. He was also head of the royal academy of Macedon and tutored two other future Macedonian kings, Ptolemy I Soter and Cassander. After Alexander became king of Macedonia in 336 BC, Aristotle returned to Athens to found his own school, the Lyceum. When Alexander died, however, anti-Macedonian sentiment flared in Athens and Aristotle was accused of impiety. He fled to the island of Euboea where he died soon after.


Aristotle wrote around 150 philosophical treatises, some of which may have been sets of lecture notes. About 30 survive, and they span a huge range of philosophical topics, from biology and physics to ethics and politics. He was an excellent naturalist. His work in zoology, although flawed, constituted the most ambitious biological survey of its time. He wrote in detail about around 500 different animals, including 120 types of fish and 60 kinds of insect.


Aristotle distinguished whales and dolphins from fish and studied the social organization of bees, as well as the embryological development of chickens and the chambered stomachs of ruminants. He described the anatomy of many marine invertebrates including octopuses and cuttlefish. The detail suggests he personally carried out dissection on his specimens and his texts remained influential for many centuries after his death.


In a treatise called Meteorology, Aristotle discussed a vast range of natural phenomena, from weather patterns to the nature of the Earth, rainbows, thunder and lightning, comets, shooting stars and the Milky Way. He challenged earlier theories that suggested the repeated wetting and drying of land triggers earthquakes, which he instead put down to strong winds inside the Earth.


His Meteorology reveals that he grasped our planet’s basic water cycle: ‘Now the Earth remains but the moisture surrounding it is made to evaporate by the Sun’s rays and the other heat from above, and rises. But when the heat which was raising it leaves it, in part dispersing to the higher region, in part quenched through rising so far into the upper air, then the vapour cools because its heat is gone and because the place is cold, and condenses again and turns from air into water. And after the water has formed it falls down again to the Earth.’


Aristotle developed a theory of motion, defining concepts of ‘force’ and ‘natural motion’. His main astronomical work was On the Heavens. His world view was that the Earth is the centre of the Universe and motions on it are linear and finite, while the heavenly bodies endlessly travel in perfect circles. His views on matter were somewhat backward compared to those of the atomists such as Democritus. A body’s motion was a consequence of its composition; the stars and planets were made of a perfect element Aristotle called ‘ether’, while objects on the Earth contained various mixtures of the four ancient elements, earth, air, fire and water.


Despite his erroneous beliefs, Aristotle is considered one of the fathers of modern science because in all his works he emphasized objectivity, reason and rational argument. However, ironically, his legacy was to inhibit the pace of science for many centuries to come. His many works were translated into Arabic and Latin, and even some of his deeply flawed assumptions went largely unquestioned for nearly 2,000 years. His views of the physical Universe served as the key guide for natural philosophers until the 16th and 17th centuries, when Copernicus, Galileo, Newton and others revolutionized science.





EUCLID OF ALEXANDRIA



c.325 BC – UNKNOWN


One of the most prominent mathematicians in antiquity, often called the father of geometry


‘Someone who had begun to read geometry with Euclid, when he had learnt the first theorem, asked Euclid, “But what shall I get by learning these things?” Euclid called his slave and said “Give him threepence, for he must make gain out of what he learns.”’


Tale recounted by 5th-century Greek anthologist Joannes Stobaeus
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Little is known about Euclid, except that he taught in Alexandria, where he appears to have founded a school of mathematics. It’s likely that among other works, he wrote the entire 13-volume work the Elements. However, it’s possible that other mathematicians contributed to the treatise, or even that Euclid didn’t exist and was simply a pen-name other mathematicians used when they wrote the work.


Whatever the answer, the Elements is the earliest substantial mathematical treatise to survive and altered editions of it were still used as school textbooks in the early 20th century. Subjects covered include Pythagoras’s theorem as well as the geometry of lines in a plane, stating that only one parallel line can be drawn through a given point parallel to another straight line. That statement underpins ‘Euclidean geometry’, the only type of geometry considered until the early 19th century when mathematicians started to explore the more complex geometry of curved spaces.


The Elements also discusses older number theory, including the proof that there must be an infinitely large number of prime numbers, numbers that have no whole-number factors except themselves and one. Euclid also wrote surviving books on optics and astronomy. The sarcastic quote at the top of this page, if genuine, suggests he was passionate about the value of knowledge for its own sake.





ARISTARCHOS OF SAMOS



c.310 – c.230 BC


Greek mathematician and astronomer who proposed a Sun-centred Universe and made pioneering attempts to determine the distances of the Sun and Moon


‘His hypotheses are that the fixed stars and the Sun remain unmoved, that the Earth revolves about the Sun on the circumference of a circle, the Sun lying in the middle of the floor’


Archimedes describes the heliocentric system of Aristarchos in his brief work The Sand Reckoner


Aristarchos was born on the Greek island of Samos. He developed the earliest known heliocentric cosmology that placed the Sun, rather than the Earth, at the centre of the Universe. But this idea did not gain acceptance until around 18 centuries after his death. Only one of Aristarchos’s works survives, On the Sizes and Distances of the Sun and Moon. This describes his experiments to estimate the distances to the Sun and Moon by assuming (correctly) that a half Moon appears half lit because it approximately forms a right angle with the Sun and the Earth.


He concluded from his measurements that the Sun is about 18 to 20 times more distant than the Moon, which was wildly inaccurate (the real answer is about 390 times farther), but nonetheless this represented the first reasoned attempt to measure astronomical distances. He also noted that the Sun and Moon have the same angular size in the sky. So if the Sun were 18 to 20 times more distant than the Moon, the Sun must also be 18 to 20 times wider than the Moon. The argument was correct, even though the numbers were wrong.


In his short text The Sand Reckoner, Archimedes records that Aristarchos suggested the Earth moves around the Sun and the stars are very far away. He also put the planets known at the time in the correct order of distance from the Sun.





ARCHIMEDES



287 – 212 BC


Greek scientist, mathematician and engineer who formulated Archimedes’s Principle


‘Eureka!’


Legend says Archimedes shouted this as he ran down the street naked
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Archimedes was surely the greatest mathematician and scientist of ancient times, inspired to learn science by his father, an astronomer. He was born in Syracuse (now Sicily), where he studied in Alexandria under the mathematician Conon, who had earlier been a pupil of Euclid.


Archimedes is most famous for formulating Archimedes’s Principle, which states that the buoyant force on an object submerged in a fluid (liquid or gas) is equal to the weight of the fluid that the object has displaced. It implies that an object will sink in a fluid if its average density is greater than that of the fluid. The principle explains why ships float and why hot air balloons rise, the warm air inside a balloon being less dense than the cooler air outside.


Archimedes was a very hands-on experimenter in mechanics who loved to put his discoveries to practical use. He devised a theory of levers, and, amazed by their power to move heavy weights, he remarked, ‘Give me a place to stand on, and I will move the Earth’, according to the mathematician Pappus of Alexandria. One story suggests that Archimedes rigged up a set of compound levers to impress Hieron II, king of Syracuse from 270 to 215 BC. He then used it to pull a fully laden ship out of a harbour and onto dry land, if the story is to be believed.


Archimedes’s many inventions included the Archimedes screw, a screw-shaped blade inside a cylinder that could be hand-turned to remove water from ships, or raise water from low-lying reserves into irrigation channels. In mathematics, he calculated the value of π (pi) with unprecedented accuracy. To do this, he calculated the sizes of polygons with ever increasing numbers of sides, recognizing that with more sides a polygon will approach a circle in shape and area. In concept, this anticipated the methods of calculus developed by Newton and Leibniz nearly 2,000 years later, and some experts believe Archimedes would have developed calculus if the decimal number system had been in use at the time.


In his short manuscript The Sand Reckoner, Archimedes attempted to calculate the number of grains of sand that the Universe could contain, making some guesses about how big the Universe was. His main purpose was to challenge the notion that the number of grains of sand could ever be too large to be counted – in other words, a finite Universe cannot contain an infinite, immeasurable amount of anything.


But Archimedes is most famous for an anecdote recounted by later historians about how he formulated the principle named after him. Their accounts suggest that Hieron II tasked him with determining whether a crown crafted supposedly from pure gold also contained some cheaper silver. He was strictly warned not to damage the precious crown in the process.


While taking a bath, Archimedes noticed that the water level rose when he got in. It made him realize that by placing the crown in water and measuring the displaced water volume, he could establish the volume of the crown and then calculate its density and purity compared to pieces of pure gold. Legend has it that Archimedes then excitedly ran down the street naked shouting ‘Eureka!’, Greek for ‘I have found it!’. Supposedly, the crown turned out to be partly silver and the goldsmith responsible was executed.


During the Siege of Syracuse in 214–212 BC, weapons developed by Archimedes, including powerful catapults, were used to protect the city against the Romans and at least delayed their attack. One weapon he is said to have constructed is the ‘claw of Archimedes’ or ‘ship shaker’, a big metal grappling hook hanging from a crane that could lift attacking ships out of the water then sink them. But Archimedes himself was killed by a Roman soldier, despite orders from the Roman general Marcellus to spare his life.





HIPPARCHOS



(SOMETIMES HIPPARCHUS)


c.190 – c.120 BC


Greek astronomer who founded trigonometry and turned Greek astronomy into a practical, predictive science


‘It is a vulgar belief that our astronomical knowledge dates only from the recent century when it was rescued from the monks who imprisoned Galileo; but Hipparchus … who among other achievements discovered the precession of the eqinoxes, ranks with the Newtons and the Keplers’


Written by Benjamin Disraeli in Lothair (1879)


Born in Nicaea (now Íznik in Turkey), Hipparchos seems to have made astronomical observations from the ancient province of Bithynia (corresponding roughly to north and central Turkey), Rhodes and Alexandria. Little of this work has survived; most of what we know about him comes from later writers, particularly Ptolemy, who frequently refers to him with admiration in his Almagest.


Hipparchos created the first known star catalogue by measuring the positions of around 850 stars with unprecedented accuracy. Scientists were still making use of his catalogue as late as the 1600s. He also developed an early form of trigonometry by tabulating the length of a ‘chord’ joining two points on a circle depending on the angle the chord subtends at the circle’s centre. Effectively, he compiled a sine table.


Probably his best-known discovery is the precession of the equinoxes. His accurate measurements of the positions of the stars alerted him to the fact that the Earth’s axis of rotation gradually shifts like a wobbling top, tracing out a complete circle over time. This cycle repeats every 26,000 years. Hipparchos is also thought to have been the first person to devise a Sun-centred model of the solar system, although he discarded it because it was mathematically incompatible with circular orbits, assumed to be essential at the time. He calculated the length of the year to within 6.5 minutes and also introduced the division of a circle into 360 degrees into Greece.





LUCRETIUS



(TITUS LUCRETIUS CARUS)


c.95 BC – c.55 BC


Roman philosopher and poet who opposed religion and advocated scientific thinking


‘Then be it ours with steady mind to clasp
The purport of the skies – the law behind
The wandering courses of the Sun and Moon;
To scan the powers that speed all life below;
But most to see with reasonable eyes
Of what the mind, of what the soul is made.’


From Lucretius’s On the Nature of Things (c.56 BC)
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Little is known about Lucretius’s life. His only known work is an epic poem De Rerum Natura (translated into English as On the Nature of Things) intended to relay to a Roman audience the ideas of the Greek philosopher Epicurus who lived from 341 to 270 BC. Epicurus was a prolific writer but practically none of his works survived; Lucretius was an ardent follower whose epic poem survived intact. One copy is kept at the Laurentian Library in Florence, Italy.


In line with Democritus, Lucretius believed that all matter was composed of atoms. In his view, even immaterial things like the soul were made up of atoms, although these atoms were finer than those in material objects. Lucretius argued that the Universe is infinite and contains an infinite number of atoms, and that in all probability, there must be other worlds like the Earth, and such worlds must evolve then disappear. Both these concepts ran counter to religious views of the Earth being the product of divine creation.


Lucretius did not believe in the concept of the afterlife, and like Epicurus, he hoped his work would relieve people from the burden of religious fear.





CLAUDIUS PTOLEMY



c.90 – c.168 AD


Greek or Egyptian mathematician, astronomer and philosopher whose cosmological views dominated for centuries


‘In general we have to state that the heavens are spherical and move spherically; that the Earth, in figure, is sensibly spherical also when taken as a whole; in position, lies right in the middle of the heavens, like a geometrical centre; and in magnitude and distance has the ratio of a point with respect to the sphere of the fixed stars, having no local motion itself.’


From Ptolemy’s Almagest (c.150 AD)
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Very little is known about Ptolemy’s life. He was probably of Greek ethnicity and lived in Egypt under Roman rule. His Almagest was one of the most influential scientific works in history and served as a basic astronomical textbook for more than a thousand years. Although there are indications that he made astronomical observations from Alexandria during the period 127 to 141 AD, Ptolemy is largely seen to have gathered earlier work by other philosophers and amended or improved it.


The Almagest (originally named The Mathematical Collection) is a synthesis of earlier Greek astronomical work and a key information source about the work of Hipparchos. Ptolemy extended Hipparchos’s star catalogue from 850 stars to more than 1,020, and named 48 constellations visible from Egypt – their names are still used today. Ptolemy viewed the Universe as a set of nested spheres with a static Earth close to the centre, followed by the Moon, Mercury, Venus, the Sun, Mars, Jupiter and Saturn, then finally the sphere of the fixed stars. He estimated that the diameter of the sphere of the fixed stars was 20,000 times the diameter of the Earth.


His Almagest describes complicated mathematical constructions that accounted for the observed motion of each heavenly body fairly successfully. Although complex, it was reasonably accurate enough to explain naked-eye astronomical observations until Tycho Brahe made much more accurate astronomical observations 14 centuries later. To account for apparent backwards or ‘retrograde’ motion of the planets, due in reality to the Earth’s motion around the Sun, Ptolemy made the planets move in ‘eccentrics’, little circles superimposed on their large circular orbits. This Ptolemaic system was dominant and widely taught for another 13 centuries until it was overthrown by the Sun-centred model of Copernicus.


Ptolemy’s other major work was the Geography, an account of the geographical knowledge of the Greco-Roman world; he explained the mathematical concepts behind lines of latitude and longitude, and was aware that he only had information for about a quarter of the globe. A Latin translation of this work 13 centuries later is said to have been instrumental in persuading an Italian map-maker that Asia lay 3,000 miles west of Europe. This suggestion inspired Christopher Columbus’s optimism that he could reach Asia by sailing westwards from Europe, leading to his discovery of the Americas.


Ptolemy also wrote about optics, musical intervals and astrology. His work on optics explains the principles of reflection and gives tables for the refraction angles of light rays passing from air into water. His astrological treatise, the Tetrabiblos, suggests a mechanism for astrological influence in terms of some kind of physical radiation from the heavens that can affect people.





GALEN



(CLAUDIUS GALENUS)


129 – c.210 AD


Roman anatomist and philosopher whose anatomical works became the dominant authority for centuries


‘The fact is that those who are enslaved to their sects are not merely devoid of all sound knowledge, but they will not even stop to learn! … Instead of admiring Nature’s artistic skill – they refuse to learn; they even go so far as to scoff, and maintain that the kidneys, as well as many other things, have been made by Nature for no purpose!’


From Galen’s On the Natural Faculties (1916)


Galen was born into a wealthy Greek family in Pergamon (now Bergama, Turkey). He travelled widely throughout the Roman empire studying medicine and he visited the medical school in Alexandria before settling in Rome around 164 AD. In Rome, he was personal physician to several emperors including Marcus Aurelius.


Galen became famous for his anatomical discoveries, made during dissection of animals including monkeys and pigs. He was the first to recognize the differences between dark blood in the veins and blood in the arteries, and he identified many muscles in the body for the first time. He also investigated the role of the spinal cord by severing it at different points in animals and recording the consequent extent of paralysis.


He realized that fluid must pass between chambers of the heart, but falsely assumed that it does so through tiny pores between them, rather than an active pumping motion by heart muscle. He thought all organs of the body consumed venous blood generated in the liver, while arterial blood came from the heart. Although many of Galen’s ideas were flawed, his works were popular with Christians. He became the dominant medical authority in Europe and the Middle East for around 15 centuries, until Harvey and Vesalius radically changed the standard pictures of anatomy and physiology.





GEBER



(LATINIZED FROM ABU MUSA JĀBIR IBN HAYYĀN)


c.721 – c.815 AD


Arabic physician and alchemist who pioneered early chemical methods


‘The first essential in chemistry is that thou shouldest perform practical work and conduct experiments, for he who performs not practical work nor makes experiments will never attain to the least degree of mastery. But thou, O my son, do thou experiment so that thou mayest acquire knowledge.’


Geber quoted in Makers of Chemistry by Eric John Holmyard (1931)
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Geber was seemingly a polymath who dabbled in everything from geology and physics to medicine and alchemy. But few concrete facts are known about him. He was born in Tus, Persia (now Iran) and nearly 3,000 writings have been attributed to him, although it is unclear how many of the works were written or added to later by followers. Later writers often sought respect by attributing their works to Geber.


Geber revised the ancient Greek notion of the four elements (earth, water, fire and air) and suggested they combined to form sulphur and mercury. He believed these two could be combined in different proportions to create any metal. Iron, for instance, could be split into sulphur and mercury then recombined in different proportions to create a precious metal like gold.


Much of his writing is obtuse and mystical, but Geber’s works reveal that he had mastered some chemical methods that were advanced for the time. He experimented with distillation techniques, for instance to strengthen acids, and described skilful chemical experiments in great detail. He experimented with ammonium chloride, arsenic, dyes and varnishes, and described ways to refine metals.





AL-KHWARIZMI, ABU JA’FAR MUHAMMAD IBN MUSA



c.780 – c.850 AD


Persian mathematician who introduced the modern decimal number system to the western world


‘When I consider what people generally want in calculating, I found that it always is a number’


From Algebra by Muhammad ibn Musa Al-Khwarizmi


Al-Khwarizmi was born into a Persian family in Chorasmia, which today belongs partly to Uzbekistan and partly to Turkmenistan. Very little is known about his life, except that he studied science and maths in Baghdad. Translated into Latin, his work played a vital role in promoting the use of the Hindu-Arabic numerals (0 to 9) and the decimal number system in Europe.


The word ‘algebra’ comes from the title of his chief work, Al-jabr wa’l muqabalah, in which he used geometric proofs to solve quadratic equations (which have the general form ax2 + bx + c = 0). The word ‘algorithm’ also comes from the Latin form of his name. In De numero indorum (On the Hindu Art of Reckoning), Al-Khwarizmi gave a detailed account of the Hindu number system with decimal places that had been developed between the 1st and 5th centuries by mathematicians in India.


Al-Khwarizmi’s work on decimal numbers had a profound effect on the pace of mathematics when Latin translations spread in the 12th century to Europe, where cumbersome Roman numerals were still the norm. As the new, more convenient decimal system was gradually adopted, it spurred progress in science, accounting and book keeping. Key to this was the use of the number zero, a concept previously unknown in the west.


Al-Khwarizmi wrote on astronomy as well as maths, compiling tables for the movement of the Sun, Moon and the five planets known at the time. He also wrote a major geographical work detailing latitudes and longitudes for 2,402 cities and landmarks.





ALHAZEN



(IBN AL-HAYTHAM)


c.965 – c.1040 AD


Persian or Arab founder of experimental optics and an early proponent of scientific rationalism


‘The seeker after truth is not one who studies the writings of the ancients and, following his natural disposition, puts his trust in them, but rather the one who suspects his faith in them and questions what he gathers’


From Alhazen’s Aporias against Ptolemy (c.1025)


Al-Haytham, known in the West as Alhazen, was born in Basra in present-day Iraq and educated there and in Baghdad. He wrote at least 100 books, the most famous being translated into Latin and eventually published in 1572 as Opticae Thesaurus (Treasury of Optics).


Alhazen made detailed studies of reflection of light as well as refraction (bending) of light rays when they pass from one medium, such as air, to one of a different density, such as water. He also came up with geometric explanations for how curved mirrors create images and carried out early experiments on how white light can disperse into colours.


He argued against Ptolemy’s notion that our eyes send out rays to objects that we see; he recognized that the objects we look at emit light, not the eye. His research covered the eye’s anatomy and rainbows, as well as the camera obscura (pin-hole camera), and he also wrote on astronomy and maths.


Some accounts of Alhazen’s life claim that the sixth Fatimid caliph who ruled much of north Africa between 996 and 1021 summoned him to control flooding of the Nile. But after investigating this, Alhazen realized there was no practical solution. Fearing that the caliph would order his execution, he feigned madness and was held under house arrest for about ten years until the caliph died. He later spent many years in Islamic Spain.





NICOLAUS COPERNICUS



19 FEBRUARY 1473 – 24 MAY 1543


Polish astronomer who proposed that the Sun, rather than the Earth, lies at the centre of the Universe


‘Lastly, it will be realized that the Sun occupies the middle of the Universe. All these facts are disclosed to us by the principle governing the order in which the planets follow one another, and by the harmony of the entire Universe, if only we look at the matter, as the saying goes, with both eyes.’


From Copernicus’s De Revolutionibus Orbium Coelestium (1543)
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Copernicus was born in Torun, Poland, and from 1491 studied at the University of Kracow, where he developed an interest in maths, astrology and astronomy. He held an administrative position in the church before studying canon law at the University of Bologna in Italy from 1496. In Bologna, he lived with an astronomy professor and made his first astronomical observations. He later studied medicine, probably including the use of astrology in diagnosing and treating disease, at the University of Padua.


Copernicus continued his astronomical observations while also working as a physician and in church politics. Eventually in 1510 he settled in Frombork, Poland, where he remained for the rest of his life. He wrote a short manuscript called the Commentariolus that introduced his heliocentric theory between 1510 and 1514. The Commentariolus indicates that Copernicus was troubled by flaws in traditional cosmological models. At the time, astronomy still followed principles established more than 1,800 years earlier by Aristotle, who held that the Earth sat at the centre of the Universe with concentric ‘orbs’ around it carrying the heavenly bodies in the following order: the Moon, Mercury, Venus, the Sun, Mars and Jupiter, with the most distant sphere being that of the fixed stars.


However, observers including Ptolemy recognized problems with this simple picture. In particular, the outer planets exhibit ‘retrograde’ motion – they seem sometimes to stop, move backwards and then continue forwards again. To explain that, Ptolemy introduced the concept of epicycles; as the planets orbited the Earth, they also transcribed smaller circles, which would make them appear to move backwards and forwards. The Earth was also off-centre. Ancient astronomers who subscribed to Ptolemy’s theory often used it for planetary predictions without concern for whether it truly reflected the motions of the planets. Although it was complex and lacking any mechanistic explanation, it did a fairly good job of plotting the courses of the heavenly bodies.


But in the Commentariolus, Copernicus argued that apparent retrograde motion of the planets is much better explained by the Earth’s motion around the Sun. He placed the Sun in the middle of the Universe and arranged the six planets known at the time in their correct order from the Sun. He recognized that the Moon orbits the Earth and worked out the relative scale of their orbits fairly accurately. He also showed that the seasons occur because the Earth’s axis is tilted.


Over decades, Copernicus developed his theory in much greater detail in a long work, De Revolutionibus Orbium Coelestium (On the Revolutions of the Heavenly Spheres), which comprised six books. In 1539, a mathematician called Georg Joachim Rheticus (1514 – 1574) from the University of Wittenberg came to study with Copernicus and after showing him the quality of printing available in German-speaking cities, convinced Copernicus to publish De Revolutionibus. Rheticus oversaw the printing and a copy of the book was given to Copernicus on his deathbed.


A Lutheran minister, Andrew Osiander, also supervised the printing and added a preface to the book, which claimed that Copernicus was offering a method of calculation of planetary motions, not necessarily a realistic description of them. Possibly, he was attempting to make the work, which was dedicated to Pope Paul III, more palatable to religious opponents who believed a heliocentric system went against the Bible.


De Revolutionibus was widely read, but for about 150 years, the Copernican system was not widely accepted. Aside from religious objections, Copernicus’s model did not predict planetary motions particularly well because he clung to the notion that the orbits must all be circular. This problem was not resolved until Kepler suggested the orbits are elliptical, an idea bolstered by Newton’s inverse square law of gravitation. Likewise, the invention of the telescope was a key factor in the theory’s acceptance. Galileo used it to discover the four largest moons of Jupiter – proof that not all bodies in the solar system orbit the Earth.





ANDREAS VESALIUS



31 DECEMBER 1514 – 15 OCTOBER 1564


Flemish anatomist who is considered the founder of modern anatomy


‘Not long ago I would not have dared to turn even a hair’s breadth from Galen. But it seems to me that the septum of the heart is as thick, dense and compact as the rest of the heart. I do not see, therefore, how even the smallest particle can be transferred from the right to the left ventricle through the septum.’


From Vesalius’s De Humani Corporis Fabrica (1555 edition)
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Vesalius was born in Brussels (then in the Habsburg Netherlands) to a family with a long tradition in medical careers. He studied medicine at the universities of Louvain, Paris and Padua, where he received his doctorate in 1537. He became professor of surgery and anatomy at Padua when he was only in his mid-twenties.


Vesalius was renowned for his questioning scientific method. He broke from tradition in his teaching style, carrying out dissections himself with students clustered around him rather than reading from a text book while directing an assistant to dissect an animal. He also taught using detailed drawings by himself and commissioned artists, encouraging students to check and question their findings, and even question his own.


He had access to the bodies of executed criminals for human dissection, which was starting to become acceptable practice in Italy. In doing this he realized that Galen, whose anatomical ideas had dominated for more than 13 centuries, had never actually dissected a human being – instead, he came to false conclusions about human anatomy after dissecting only animals, including monkeys.


In 1543, Vesalius published De Humani Corporis Fabrica (On the Structure of the Human Body), a human anatomy text with unprecedented accuracy and clarity. It described and illustrated some new structures for the first time, including the thalamus that sits between the cerebral cortex and the midbrain. In the same year, he conducted a public dissection of the body of Jakob Karrer von Gebweiler, a notorious criminal from Basel, Switzerland. With the help of a surgeon, he assembled the bones and the skeleton – the oldest anatomical specimen in the world – is still on display at an anatomy and pathology museum in Basel.


The publication of De Humani Corporis Fabrica triggered a wave of controversy because Vesalius so radically revised the conventional wisdom laid down by Galen and Aristotle. He challenged Galen’s view that blood can pass between the right and left chambers of the heart through tiny pores, although he stuck with the view that some sort of holes must connect the ventricles.


The human breastbone has three segments, Vesalius noted; Galen had said seven. Overall, Vesalius corrected around 200 of Galen’s anatomical mistakes, including the notion that the lower human jaw has two bones rather than one. In his book, Vesalius also pointed out that both men and women have 24 ribs. Bizarrely, it was still common for people to believe that men have one less rib than women because of the Biblical tale that God took a rib from Adam to make Eve. After the book’s publication, Vesalius largely gave up his research, possibly irritated by vitriolic opposition to it.


He instead became physician to the Holy Roman Emperor Charles V, and then to his son, King Philip II of Spain. Some reports suggest Vesalius was accused of heresy and was ordered to go on a holy pilgrimage to Jerusalem and Mount Sinai, or possibly he went of his own accord. In any case, during the pilgrimage, he died when his ship was wrecked off the island of Zante (often now called Zakynthos) west of Greece.





TYCHO BRAHE



(TYGE OTTESEN BRAHE)


14 DECEMBER 1546 – 24 OCTOBER 1601


Danish astronomer who became the greatest astronomical observer of the pre-telescopic age


‘This new star is not located in the upper regions of the air just under the lunar orb, nor in any place closer to Earth … but far above the sphere of the Moon in the very heavens’


Brahe’s conclusions about a supernova explosion
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Tycho Brahe was born into a wealthy and influential family at Knutstorp Castle (in Danish, Knudstrup borg) which is now in Sweden but was then under the Danish crown. He is usually known by his first name only (Tycho is a Latinized version of the Danish name Tyge). When he was about two years old, Tycho was effectively kidnapped by his uncle, a Danish nobleman called Jørgen Thygesen Brahe. Possibly, this was because Tycho’s parents had failed to honour a promise to surrender a baby boy to Jørgen and his wife, who were childless.


Aged just 13, Tycho began studying law at the University of Copenhagen but he also developed a passion for astronomy, especially inspired by a solar eclipse on 21 August 1560 that astronomers had managed to predict in advance. He was struck by contradictions between available charts of the planets and stars, and the methods used to produce them, and determined at roughly the age of 17 that he needed to carry out a long-term, rigorous sky survey from a single location.


Between around 1576 and 1580, he built an astronomical observatory called Uranienborg (‘Castle of the Sky’) on the island of Hven (now a small Swedish island in the Öresund Strait) and used it to make the most accurate astronomical observations of his time. Later he was invited by the holy Roman emperor Rudolph II to Prague in 1599, and he built a new observatory near the city. During the last year of his life, his assistant at this observatory was Kepler, whose work deriving the laws of planetary motion relied heavily on Tycho’s observations.


Tycho also dabbled with alchemy and had a life-long interest in astrology. But one of his key legacies was proving wrong Aristotle’s notion that the heavens are ‘perfect’ and unchanging. In early November 1572, he saw a ‘new star’ suddenly appear in the constellation Cassiopeia. (Today astronomers know that it was a very bright explosion of a white dwarf star roughly 9,000 light years away.) The following year, he published an account of it in De nova et nullius aevi memoria prius visa stella (Concerning the new star, never before seen in the life or memory of anyone). The supernova was visible to the naked eye until 1574.


Tycho’s measurements proved that the new star wasn’t something in the Earth’s atmosphere, but occurred well beyond the Moon. That clearly contradicted the classical idea that the heavens were immutable and unchanging. In 1577, he proved that a comet was also beyond the Moon, again dealing a blow to the notion of unchanging heavens.


Kepler tried to persuade Tycho to adopt a Sun-centred model of the solar system. However, Tycho believed that if the Earth orbited the Sun each year, there should be an observable ‘parallax’ of the stars over six months – the change in position of the Earth would mean a change in the angular orientation of a star. This parallax does exist, but because the stars are in reality so distant, the parallax is tiny and was not detected for even the nearest stars until the 1830s (see entry for Bessel).


Various accounts suggest Tycho was a quarrelsome, arrogant man who easily got into fights. In 1566, aged 20, he lost part of his nose in a duel against another Danish nobleman over a mathematical dispute, and he wore a false metal nose for the rest of his life. But he also enjoyed large parties in his castle and had eight children with his common-law wife. He contracted a bladder or kidney disease after going to a banquet in Prague and died within two weeks. His unprecedentedly accurate catalogue of nearly 800 stars was published after his death.





JOHANNES KEPLER



27 DECEMBER 1571 – 15 NOVEMBER 1630


German mathematician and astronomer whose laws of planetary motion revolutionized science


‘We do not ask for what useful purpose the birds do sing, for song is their pleasure since they were created for singing. Similarly, we ought not to ask why the human mind troubles to fathom the secrets of the heavens. The diversity of the phenomena of nature is so great and the treasures hidden in the heavens so rich precisely in order that the human mind shall never be lacking in fresh nourishment.’


From Kepler’s Mysterium Cosmographicum (1596)
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Kepler was born in Weil-der-Stadt, near Stuttgart. From 1589, he studied at the University of Tübingen and in 1593, he was appointed to a teaching post in Graz. He corresponded with the astronomer Tycho Brahe, who was then in Prague, and later became his assistant until the latter’s death in 1601. After that, Kepler was appointed as Tycho’s successor as Imperial Mathematician in Prague, the most prestigious appointment in mathematics in Europe. He later worked at Linz and at Sagan in Silesia.


Kepler developed a strong interest in astronomy in childhood. He was inspired by his mother taking him, aged just six, to see a bright comet in the night sky in 1577. Three years later, he recalled being taken outside to see an eclipse of the Moon and that the Moon’s colour turned a distinct red.


While working at Graz, Kepler published his famous work Mysterium Cosmographicum (The Cosmographic Mystery) in 1596. In it, he argued that the distances of the planets from the Sun in the Copernican system were determined by the five regular solids (with 4, 6, 8, 12 and 20 sides), if a planet’s orbit was circumscribed around one solid and inscribed in another. This reflected Kepler’s lifelong wish to establish a divine harmony in the Universe. It was also a surprisingly accurate model for some of the planetary orbits, given that it had no genuine physical basis.


In 1600, Kepler became an assistant to Tycho, who was then Imperial Mathematician in Prague. Tycho asked him to calculate new orbits for the planets from his unprecedentedly accurate observations, which Tycho left to Kepler following his death in 1601. Over several years, Kepler came to conclusions that would dramatically alter astronomers’ picture of the laws of nature. Since ancient times, dogma dictated that planetary orbits must be circular. Kepler showed convincingly that astronomical observations made much more sense if the planets followed ellipses in their course around the Sun (he had already accepted the heliocentric system of Copernicus).


Kepler formulated three key laws of planetary motion. The first law stated that the orbit of a planet around the Sun is an ellipse with the Sun’s centre of mass at one focus, and his second law pointed out that a line joining a planet and the Sun sweeps out equal areas in equal intervals of time (this reflects the fact that the Sun’s gravity accelerates a planet’s speed when it is close to the Sun). Kepler’s third law states that the squares of the periods of the planets are proportional to the cubes of their semi-major axes (effectively, the longest ‘radius’ of the ellipse).


In addition to these major breakthroughs, Kepler explained how the tides were influenced by the Moon. He showed, as Tycho had done previously, that a ‘new star’ in 1604 (now known to have been a supernova explosion) had features that indicated it must lie well beyond the solar system, again dealing a blow to the ancient idea of the unchanging distant sphere of the fixed stars. He also investigated optics and invented an improved design for the refracting telescope, and he wrote a description of a bright comet of 1607, later known as Halley’s Comet after Halley correctly predicted its future return date.


Kepler corresponded with Galileo following Galileo’s discovery of the four moons of Jupiter in 1610, and endorsed the discoveries with enthusiasm. His work is often seen as marking the transition point when scientific mysticism gave way to rigorous, rational science in the modern sense. But Kepler’s most important legacy was his laws of planetary motion, which felled erroneous views that had gone unquestioned for many centuries. They were instrumental in laying the foundations for Newton’s laws of gravity.





FRANCIS BACON



22 JANUARY 1561 – 9 APRIL 1626


English philosopher and statesman who pioneered the modern scientific method


‘If a man will begin with certainties, he shall end in doubts; but if he will be content to begin with doubts, he shall end in certainties’


From Bacon’s The Advancement of Learning (1605)
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Francis Bacon studied at Cambridge University and Gray’s Inn, London. He then began a political career, becoming a member of parliament in 1584. He was knighted in 1603 and later became Lord High Chancellor in 1618, but he was banished from office in disgrace in 1621 and imprisoned in the Tower of London for four days after admitting taking bribes. He was deep in debt when he died of pneumonia, supposedly contracted while conducting meat-freezing experiments.


Bacon’s key contribution to science was to promote rational, evidence-based argument. Many scientific ideas of the period still harkened back to Aristotle and his followers. Although Copernicus’s work had already discredited the notion of an Earth-centred Universe, many philosophers still believed that scientific truth could emerge from simple discussion of ideas.


In his Novum Organum Scientiarum (New Instrument of Science, 1620), Bacon argued that experimental evidence from the real world was required. His New Atlantis (1624) was an influential utopian novel, in which he described a scientific academy he called ‘Salomon’s House’ where trained scientists sought out data, conducted experiments, then applied the knowledge they gained for practical benefit to society – essentially the concept of today’s applied science universities.


Bacon stressed the importance of facts and experience, and that truth should not be passively accepted from authority. He criticized Renaissance alchemy and astrology for their lack of evidence base, and his views were influential on Hooke, Boyle and other scientists who later founded the Royal Society as a research institution in 1660.





WILLIAM HARVEY



1 APRIL 1578 – 3 JUNE 1657


English physician who gave the first complete description of the circulation of the blood


‘[The heart] is the household divinity which, discharging its function, nourishes, cherishes, quickens the whole body, and is indeed the foundation of life, the source of all action’


From Harvey’s Exercitatio Anatomica (1628)


Harvey was born in Folkestone, Kent. He was educated at King’s College in Canterbury and at Cambridge University before studying medicine at the University of Padua in Italy. He later became a fellow of the Royal College of Physicians and physician to St Bartholomew’s Hospital. He also served as physician to British kings James I and Charles I, who both encouraged Harvey’s research.


By 1616, Harvey had carried out dissection experiments on 80 species of animal. At the time, anatomical errors by Galen had remained virtually unchallenged for 1,400 years. Galen thought blood formed in the liver and passed between the chambers of the heart through tiny pores rather than being actively pumped. Harvey showed that in fact the heart is a muscle that pumps blood by contracting and that it pumps so much blood in an hour that the blood couldn’t possibly be formed and broken down quickly enough. Instead, he proposed that the same blood circulates from the heart through the arteries, then through veins back to the heart.


Harvey could see no visible connections between the arteries and the veins. But he knew they both subdivided into ever finer vessels and argued that connections between them must occur where they had become too small to see. Malpighi confirmed this in the early 1660s. Harvey also carried out early experiments on the development of chicks in eggs as well as deer embryos. His observations convinced him that embryos develop by ‘epigenesis’, the gradual addition of parts, as opposed to the popular notion of ‘preformationism’ – that animals develop from fully formed but miniature versions of themselves.





GALILEO GALILEI



15 FEBRUARY 1564 – 8 JANUARY 1642


Italian astronomer and natural philosopher who formulated principles of motion, backed the Sun-centred model of the solar system and pioneered early telescope observations


‘Eppur si muove’ (‘And yet it does move’)


Alleged comment uttered by Galileo after he was forced to renounce the notion that the Earth moves round the Sun
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Born in Pisa, Galileo studied medicine at the University of Pisa from 1581 to fulfil his father’s wishes, but he took the opportunity there to pursue his interests in maths and natural philosophy. Having worn his father down, he continued private studies of the works of famous natural philosophers including Euclid and Archimedes and gave up his medical course, leaving without completing his degree. After several teaching jobs, he was appointed professor of mathematics at the University of Pisa in 1589.


Following the death of his father, Galileo was keen to support his family and he successfully secured a more lucrative post as professor of mathematics at the University of Padua in 1592. He remained there for 18 years and taught Euclidean geometry and astronomy to medical students, so that they could apply astrology in their medical practice.


Early in his career, Galileo did not publicly support Copernicus’s Sun-centred view of the solar system. However, like Tycho Brahe, he did argue that a ‘new star’ in 1604 (now known to have been a supernova explosion) must lie well beyond the solar system. This dealt a blow to Aristotle’s still-prevalent theory that all changes in the heavens had to occur within the realm of the planets, the ‘sphere of the fixed stars’ being permanent.


By around 1604, Galileo had also formulated his theory of motion, showing that a projectile follows a parabolic path. In experiments with pendulums and balls rolling down inclined planes, he demonstrated that the speed of a falling body does not depend on its mass and that, falling from rest, the distance it travels is proportional to its acceleration and the square of the time elapsed. However, he did not publish these results until more than three decades later. He also clung incorrectly to the ancient notion that a body with no force acting on it would naturally follow a circular path.


Galileo is often credited with having invented the telescope, but he probably was not the first to build one. He did, however, skilfully construct a series of simple refracting telescopes, achieving a magnification of about a factor of nine by 1609. He was also the first person to enthusiastically throw himself into detailed telescopic observations of the night sky and made some dramatic discoveries that he outlined in his publication Siderius Nunicus (Starry Messenger) of 1610. In it, he claimed to have found evidence for mountains on the Moon and he argued that the Milky Way is brimming with countless stars.


Perhaps most sensationally of all, he had by now discovered four moons circling Jupiter (now known as the Galilean moons Io, Europa, Ganymede and Callisto). This established the telescope’s astonishing power to reveal objects invisible to the naked eye, and crucially provided incontrovertible evidence that celestial bodies can orbit a world other than the Earth. That left Ptolemy’s geocentric theory – in which all bodies orbited the Earth – in serious trouble.


Around the same time, Galileo’s observations of Venus showed that the planet undergoes phases, and that it therefore must orbit the Sun closer than the Earth. This was not solid proof for the Copernican heliocentric model exclusively, but Galileo found it a persuasive factor. Although he tried to avoid controversy with the Catholic Church, which viewed the heliocentric model as heretical, he eventually became drawn into the debate and argued that it was important to interpret the Bible in light of scientifically established fact, and that the heliocentric system reflected physical reality, rather than simply being a useful model for calculations. To quell the controversy, in 1616 Pope Paul V instructed Galileo to cease supporting Copernicus publically.


The fuss died down, however, and much later Galileo was granted permission to publish Dialogue Concerning the Two Chief Systems of the World (1632). This pitted the Aristotelian model against the Copernican one as a dialogue between two characters, but it portrayed the Aristotelian supporter as a simpleton, possibly even parodying the contemporary Pope himself, Urban VIII. Galileo was summoned to Rome and forced under threat of torture to renounce the heliocentric model. He escaped violent punishment but was confined under house arrest until his death.





RENÉ DESCARTES



31 MARCH 1596 – 11 FEBRUARY 1650


French philosopher and mathematician who introduced the Cartesian coordinate system


‘Cogito ergo sum’ (‘I think, therefore I am’)


From Descartes’s Principles of Philosophy (1644)
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Descartes was born in La Haye en Touraine (now named Descartes) in central France and studied law at the University of Poitiers. He signed up as a volunteer for the Dutch army and after travelling in Europe for about 11 years, he lived in the Netherlands for most of the rest of his life.


Descartes wrote extensively on philosophy. Suspicious of commonly accepted knowledge because of the subjective nature of the senses, he attempted to rebuild knowledge on a more objective footing. His best-known saying, ‘I think, therefore I am’, reflects his view that if someone is capable of wondering whether or not they really exist, that in itself is proof of their existence.


In mathematics, Descartes’s contributions were ground-breaking. In algebra, he was the first to use early letters of the alphabet for constants and late letters for variables, a convention that persists today. Most importantly, he invented the Cartesian coordinate system. Seeing a fly buzzing around his bedroom, he realized he could define its position precisely relative to three axes each at right angles to the other, with an ‘origin’ where they intersect.


He used positive and negative numbers to denote distances from the origin in opposite directions along each axis and showed how curves could be represented in this geometry. For example, in a two-dimensional plane with an x and y axis, y = 3x2 – 5 represents a parabola. This fusion of algebra and geometry paved the way for Newton and Leibniz to develop calculus, the maths of changing quantities, which proved to be an excellent tool for describing nature’s basic laws.





OTTO VON GUERICKE



20 NOVEMBER 1602 – 11 MAY 1686


German scientist, inventor and politician who pioneered vacuum experiments


‘Since everything is in Space, and since it provides a place for things to be and to continue to be, what could Space itself possibly be? Is it perhaps some heavenly material of the nature of fire – solid (according to the Aristotelians) or fluid … Or is Space empty of all material? Is it indeed the perpetually denied vacuum?’


From a translation of Guericke’s works (Thinking About Nothing by Thomas Conlon, 2011)


Born in Magdeburg, von Guericke studied at the University of Leipzig from 1617 and later at the universities of Jena and Leiden, where he took courses on maths, physics and engineering. He then travelled in France and England. He returned to Magdeburg in 1627, and when the city was burned by Imperial forces in 1631, his family managed to escape but lost all their possessions. He later worked as an engineer during the regeneration of the town, where he served as mayor from 1646 for more than 30 years.


Von Guericke became interested in philosophical debates about the vacuum. Aristotle had reasoned that as air becomes less dense, objects can move through it more quickly and that in a vacuum, objects would move with infinite speed. Deciding that this was absurd, Aristotle concluded that a vacuum cannot exist.


To test this, von Guericke invented the first air pump in 1650 and embarked on a series of elaborate and expensive experiments with evacuated vessels, in which he showed that a ringing bell is silenced and candles can’t burn. He also demonstrated that air pressure prevented two teams of eight or more horses pulling apart two hemispheres with the air between them evacuated.





BLAISE PASCAL



19 JUNE 1623 – 19 AUGUST 1662


French mathematician, physicist and religious philosopher who developed probability theory


‘There are then two kinds of intellect: the one able to penetrate acutely and deeply into the conclusions of given premises, and this is the precise intellect; the other able to comprehend a great number of premises without confusing them, and this is the mathematical intellect. The one has force and exactness, the other comprehension.’


From Pascal’s Pensées (1669)
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Born in Clermont-Ferrand, Pascal was a child prodigy who was educated by his father, a mathematician and local administrator. While still a teenager, he designed some simple calculating machines hoping to assist his father’s laborious accounting work, and this led to him inventing the mechanical calculator. He eventually built 20 machines in total, continually improving their design.


Aged just 16, Pascal proved what’s today known as Pascal’s theorem, stating that if a hexagon is inscribed in any circle, or more generally any section of a cone, and pairs of opposite sides are extended until they meet, the three intersection points will lie on a straight line. (This is always true for an irregular hexagon with sides of varying length.) His work was so impressive that Descartes refused to acknowledge that it could be the work of a youth.


In 1653, Pascal published a work describing what’s now known as Pascal’s triangle, often written as a triangular array of numbers in which each number is the sum of the two numbers above it. The sequential rows of a simple Pascal triangle relate the number of coin tosses to the number of possible outcomes, for instance, and the concept proved useful in several aspects of probability theory, which Pascal developed in collaboration with the French mathematician Pierre de Fermat. Reading of their work, Huygens wrote the first book on probability theory, which was later built on by Laplace and others.


In physics, Pascal studied the principles of hydraulic fluids. His inventions include the hydraulic press, which uses hydraulic pressure to amplify force, and the syringe. He showed that pressure applied to a liquid in a confined space is exerted in all directions through the liquid, not just the direction in which it is applied.


By 1646, Pascal had heard about the experiments of Italian physicist and mathematician Evangelista Torricelli, who invented the barometer, and he was intrigued to replicate them. In one experiment, he placed a tube of mercury (then referred to as ‘quick silver’) in a bowl of mercury, the tube open at the bottom, and noted that some of the mercury nonetheless stayed in the tube with a gap above it. Pascal questioned what force kept some mercury up in the tube and what filled the gap above it.


At the time, it was still common to hold Aristotle’s view that it was impossible for a vacuum to exist. Aristotle had reasoned that as air becomes less dense, objects can move through it more quickly and that in a vacuum, objects would move with infinite speed – an absurd notion, he decided, which meant that a vacuum was impossible. But Pascal demonstrated the rules describing the support of various liquids by pressure and gave persuasive proof that a vacuum, or near vacuum, held up the column of liquid in a barometer tube. He also demonstrated that air pressure near the Earth’s surface decreases with altitude by carrying a barometer to the top of volcanic lava dome and a high church tower.


Following a religious experience in 1654, Pascal largely gave up maths and turned to writing. He was converted to a sect of Catholicism known as Jansenism and wrote prolifically on theology. Having suffered ill-health for most of his adult life, his condition dramatically worsened in 1662, and he died in Paris aged only 39 after suffering extreme convulsions. A post-mortem revealed that he had a disease of the abdomen and brain damage, although the cause of his condition in modern terms is not clear. The standard unit of pressure or stress is named the pascal in his honour, as is the Pascal computer programming language, developed from the late 1960s.





ROBERT HOOKE



18 JULY 1635 – 3 MARCH 1703


British experimental scientist whose wide interests spanned physics, astronomy, chemistry, biology, geology and technology


‘It is the great prerogative of Mankind above other Creatures, that we are not only able to behold the works of Nature, or barely to sustein our lives by them, but we have also the power of considering, comparing, altering, assisting, and improving them to various uses … The truth is, the Science of Nature has been already too long made only a work of the Brain and the Fancy: it is now high time that it should return to the plainness and soundness of Observations on material and obvious things.’


From Hooke’s Micrographia (1665)


[image: Images]


Hooke was born at Freshwater on the Isle of Wight. He went to Westminster School at the age of 13 and from there went to Oxford, where he impressed scientists with his talent for designing and building experiments. He was appointed as an assistant to Boyle before, in 1662, becoming curator of experiments at the newly formed Royal Society of London. He later became professor at Gresham College, London.


For his work on biology, Hooke designed the compound microscope – one of the best of its time – and used it for demonstrations at the Royal Society’s weekly meetings. With it he observed organisms as diverse as sponges, insects and bryozoans (tiny aquatic invertebrates). The Royal Society published descriptions of them in Hooke’s beautifully illustrated Micrographia (1665), often considered the first scientific bestseller. The diarist Samuel Pepys called it ‘the most ingenious book that I ever read in my life’.


In microscope studies of cork, Hooke noted structures that reminded him of the cells of a monastery, and this led him to coin the biological term ‘cell’. Through microscope examinations of fossils, he recognized that minerals from water can penetrate dead wood, fossilizing it into petrified wood. He also understood that inland and mountain fossil beds formed in much earlier times when the land was submerged in water, before the land rose up above the water’s surface.


Hooke noted that many fossils represented organisms no longer known to science: ‘There have been many other Species of Creatures in former Ages, of which we can find none at present; and that ’tis not unlikely also but that there may be divers new kinds now, which have not been from the beginning,’ he wrote in his Discourse of Earthquakes, published after his death in 1705, but probably outlined by Hooke in lectures to the Royal Society in the year 1668 or earlier. He had grasped, around 250 years before Darwin’s time, that fossils document species that have both appeared or disappeared during Earth’s history.


He was also a prolific inventor, designing the universal joint (which connects two sections of rigid rod and allows them to bend at any angle to each other) and the iris diaphragm used in cameras. He improved many meteorological instruments and following the Great Fire of London in 1666, he played a leading role in the rebuilding effort as chief surveyor.
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