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			Praise for THE SCIENTISTS

			“In many ways The Scientists also serves as a handy reference work. Each scientist’s story, succinct and entertaining, can be perused and appreciated individually. Historians may quibble over a particular detail or analysis, but no matter. Gribbin’s work offers general audiences an engaging and informative view of modern science’s prodigious accomplishments since the Renaissance.”

			—The Washington Post

			“Beginning with Copernicus and the shift from mysticism to reason, Gribbin tracks 500 years of Western-science history through the life stories of the people who charted the course. The text is enlivened by anecdotes that define the characters and their achievements….All fields of science are included. Gribbin carefully illustrates how each…accomplishment, rather than being an isolated advance, has been part of a burgeoning scientific revolution that continues today.”

			—Science News

			“The Scientists is best read for its insights into scientific personalities and how science builds on itself. The author, an astrophysicist but better known as a science historian, takes pains to record contributions of relatively unknown scientists whose discoveries led to the insights of science’s stars.”

			—The Columbus Dispatch

			“The prolific Gribbin has written the human history of the physical sciences. From the Renaissance to today, the cast of major scientific characters includes the exalted and the obscure, and their personal stories make this comprehensive history a page-turner.”

			—Library Journal, Best Science-Technology Books 2003

			“Populated by [colorful] characters and replete with scientific clarity, Gribbin’s work is the epitome of what a general-interest history of science should be.”

			—Booklist (starred, boxed review)

			“A thoroughly readable survey of scientific history, spiced by a brilliant and memorable cast of characters.”

			—Kirkus Reviews

			“As expansive (and as massive) as a textbook, this remarkably readable popular history explores the development of modern science through the individual stories of philosophers and scientists both renowned and overlooked….The real joy in the book can be found in the way Gribbin…revels not just in the development of science but also in the human details of his subjects’ lives.”

			—Publishers Weekly

			“Science buffs will love this book for the nuggets of hard-to-find information….But the book also serves tyros as an excellent introduction to science.”

			—The News & Observer (Raleigh, NC)

			“A terrific read…Tell[s] the story of science as a sequence of witty, information-packed tales…complete with humanizing asides, glimpses of the scientist’s personal life and amusing anecdotes.”

			—The Sunday Times (London), Books of the Year

			“Excels at making complex science intelligible to the general reader…If you’re looking for a book that captures the personal drama and achievement of science, then look no further.”

			—The Guardian
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				1. A mythical meeting of minds – Aristotle, Hevelius and Kepler arguing about the orbits of comets. From Hevelius’s Cometographia, 1668.
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			Introduction

			The most important thing that science has taught us about our place in the Universe is that we are not special. The process began with the work of Nicolaus Copernicus in the sixteenth century, which suggested that the Earth is not at the centre of the Universe, and gained momentum after Galileo, early in the seventeenth century, used a telescope to obtain the crucial evidence that the Earth is indeed a planet orbiting the Sun. In successive waves of astronomical discovery in the centuries that followed, astronomers found that just as the Earth is an ordinary planet, the Sun is an ordinary star (one of several hundred billion stars in our Milky Way galaxy) and the Milky Way itself is just an ordinary galaxy (one of several hundred billion in the visible Universe). They even suggested, at the end of the twentieth century, that the Universe itself may not be unique.

			While all this was going on, biologists tried and failed to find any evidence for a special ‘life force’ that distinguishes living matter from non-living matter, concluding that life is just a rather complicated form of chemistry. By a happy coincidence for the historian, one of the landmark events at the start of the biological investigation of the human body was the publication of De Humani Corporis Fabrica (On the Structure of the Human Body) by Andreas Vesalius in 1543, the same year that Copernicus eventually published De Revolutionibus Orbium Coelestium (On the Revolutions of Celestial Bodies). This coincidence makes 1543 a convenient marker for the start of the scientific revolution that would transform first Europe and then the world.

			Of course, any choice of a starting date for the history of science is arbitrary, and my own account is restricted geographically, as well as in the time span it covers. My aim is to outline the development of Western science, from the Renaissance to (roughly) the end of the twentieth century. This means leaving to one side the achievements of the Ancient Greeks, the Chinese, and the Islamic scientists and philosophers who did so much to keep the search for knowledge about our world alive during the period that Europeans refer to as the Dark and Middle Ages. But it also means telling a coherent story, with a clear beginning in both space and time, of the development of the world view that lies at the heart of our understanding of the Universe, and our place in it today. For human life turned out to be no different from any other kind of life on Earth. As the work of Charles Darwin and Alfred Wallace established in the nineteenth century, all you need to make human beings out of amoebas is the process of evolution by natural selection, and plenty of time.
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			All the examples I have mentioned here highlight another feature of the story-telling process. It is natural to describe key events in terms of the work of individuals who made a mark in science – Copernicus, Vesalius, Darwin, Wallace and the rest. But this does not mean that science has progressed as a result of the work of a string of irreplaceable geniuses possessed of a special insight into how the world works. Geniuses maybe (though not always); but irreplaceable certainly not. Scientific progress builds step by step, and as the example of Darwin and Wallace shows, when the time is ripe, two or more individuals may make the next step independently of one another. It is the luck of the draw, or historical accident, whose name gets remembered as the discoverer of a new phenomenon. What is much more important than human genius is the development of technology, and it is no surprise that the start of the scientific revolution ‘coincides’ with the development of the telescope and the microscope.

			I can think of only one partial exception to this situation, and even there I would qualify the exception more than most historians of science do. Isaac Newton was clearly something of a special case, both because of the breadth of his scientific achievements and in particular because of the clear way in which he laid down the ground rules on which science ought to operate. Even Newton, though, relied on his immediate predecessors, in particular Galileo Galilei and René Descartes, and in that sense his contributions followed naturally from what went before. If Newton had never lived, scientific progress might have been held back by a few decades. But only by a few decades. Edmond Halley or Robert Hooke might well have come up with the famous inverse square law of gravity; Gottfried Leibniz actually did invent calculus independently of Newton (and made a better job of it); and Christiaan Huygens’s superior wave theory of light was held back by Newton’s espousal of the rival particle theory.

			None of this will stop me from telling much of my version of the history of science in terms of the people involved, including Newton. My choice of individuals to highlight in this way is not intended to be comprehensive; nor are my discussions of their individual lives and work intended to be complete. I have chosen stories that represent the development of science in its historical context. Some of those stories, and the characters involved, may be familiar; others (I hope) less so. But the importance of the people and their lives is that they reflect the society in which they lived, and by discussing, for example, the way the work of one specific scientist followed from that of another, I mean to indicate the way in which one generation of scientists influenced the next. This might seem to beg the question of how the ball got rolling in the first place – the ‘first cause’. But in this case it is easy to find the first cause – Western science got started because the Renaissance happened. And once it got started, by giving a boost to technology it ensured that it would keep on rolling, with new scientific ideas leading to improved technology, and improved technology providing the scientists with the means to test new ideas to greater and greater accuracy. Technology came first, because it is possible to make machines by trial and error without fully understanding the principles on which they operate. But once science and technology got together, progress really took off.

			I will leave the debate about why the Renaissance happened when and where it did to the historians. If you want a definite date to mark the beginning of the revival of Western Europe, a convenient one is 1453, the year the Turks captured Constantinople (on 29 May). By then, many Greek-speaking scholars, seeing which way the wind was blowing, had already fled westwards (initially to Italy), taking their archives of documents with them. There, the study of those documents was taken up by the Italian humanist movement, who were interested in using the teaching found in classical literature to re-establish civilization along the lines that had existed before the Dark Ages. This does rather neatly tie the rise of modern Europe to the death of the last vestige of the old Roman Empire. But an equally important factor, as many people have argued, was the depopulation of Europe by the Black Death in the fourteenth century, which led the survivors to question the whole basis of society, made labour expensive and encouraged the invention of technological devices to replace manpower. Even this is not the whole story. Johann Gutenberg’s development of moveable type in the mid-fifteenth century had an obvious impact on what was to become science, and discoveries brought back to Europe by another technological development, sailing ships capable of crossing the oceans, transformed society.

			Dating the end of the Renaissance is no easier than dating the beginning – you could say that it is still going on. A convenient round number is 1700; but from the present perspective an even better choice of date might be 1687, the year Isaac Newton published his great work Philosophiae Naturalis Principia Mathematica (The Mathematical Principles of Natural Philosophy) and, in the words of Alexander Pope, ‘all was light’.

			The point I want to make is that the scientific revolution did not happen in isolation, and certainly did not start out as the mainspring of change, although in many ways science (through its influence on technology and on our world view) became the driving force of Western civilization. I want to show how science developed, but I don’t have space to do justice to the full historical background, any more than most history books have space to do justice to the story of science. I don’t even have space to do justice to all of the science here, so if you want the in-depth story of such key concepts as quantum theory, evolution by natural selection or plate tectonics, you will have to look in other books (including my own). My choice of events to highlight is necessarily incomplete, and therefore to some extent subjective, but my aim is to give a feel for the full sweep of science, which has taken us from the realization that the Earth is not at the centre of the Universe and that human beings are ‘only’ animals, to the theory of the Big Bang and a complete map of the human genome in just over 450 years.

			In his New Guide to Science (a very different kind of book from anything I could ever hope to write), Isaac Asimov said that the reason for trying to explain the story of science to non-scientists is that:

			No one can really feel at home in the modern world and judge the nature of its problems – and the possible solutions to those problems – unless one has some intelligent notion of what science is up to. Furthermore, initiation into the magnificent world of science brings great esthetic satisfaction, inspiration to youth, fulfillment of the desire to know, and a deeper appreciation of the wonderful potentialities and achievements of the human mind.1

			I couldn’t put it better myself. Science is one of the greatest achievements (arguably the greatest achievement) of the human mind, and the fact that progress has actually been made, in the most part, by ordinarily clever people building step by step from the work of their predecessors makes the story more remarkable, not less. Almost any of the readers of this book, had they been in the right place at the right time, could have made the great discoveries described here. And since the progress of science has by no means come to a halt, some of you may yet be involved in the next step in the story.

			John Gribbin

			
				1. Details of books mentioned in the text can be found in the bibliography.
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		Emerging from the dark

		
			The Renaissance was the time when Western Europeans lost their awe of the Ancients and realized that they had as much to contribute to civilization and society as the Greeks and Romans had contributed. To modern eyes, the puzzle is not that this should have occurred, but that it should have taken so long for people to lose their inferiority complex. The detailed reasons for the hiatus are outside the scope of this book. But anyone who has visited the sites of classical civilization around the Mediterranean can get a glimpse of why the people of the Dark Ages (in round terms, roughly from AD 400 to 900) and even those of the Middle Ages (roughly from AD 900 to 1400) felt that way. Structures such as the Pantheon and the Colosseum in Rome still inspire awe today, and at a time when all knowledge of how to build such structures had been lost, it must have seemed that they were the work almost of a different species – or of gods. With so much physical evidence of the seemingly god-like prowess of the Ancients around, and with newly discovered texts demonstrating the intellectual prowess of the Ancients emerging from Byzantium, it would have been natural to accept that they were intellectually far superior to the ordinary people who had followed them, and to accept the teaching of ancient philosophers such as Aristotle and Euclid as a kind of Holy Writ, which could not be questioned. This was, indeed, the way things were at the start of the Renaissance. Since the Romans contributed very little to the discussion of what might now be called a scientific view of the world, this meant that by the time of the Renaissance the received wisdom about the nature of the Universe had been essentially unchanged since the great days of Ancient Greece, some 1500 years before Copernicus came on the scene. Yet, once those ideas were challenged, progress was breathtakingly rapid – after fifteen centuries of stagnation, there have been fewer than another five centuries from the time of Copernicus to the present day. It is something of a cliché, but nonetheless true, that a typical Italian from the tenth century would have felt pretty much at home in the fifteenth century, but a typical Italian from the fifteenth century would find the twenty-first century more unfamiliar than he or she would have found the Italy of the Caesars.

		The elegance of Copernicus

		Copernicus himself was an intermediate figure in the scientific revolution, and in one important way he resembled the Ancient Greek philosophers rather than the modern scientist. He did not carry out experiments, or even make his own observations of the heavens (at least, not to any significant degree), and did not expect anyone else to try to test his ideas. His great idea was purely that – an idea, or what is today sometimes called a ‘thought experiment’, which presented a new and simpler way of explaining the same pattern of behaviour of heavenly bodies that was explained by the more complicated system devised (or publicized) by Ptolemy. If a modern scientist has a bright idea about the way the Universe works, his or her first objective is to find a way to test the idea by experiment or observation, to find out how good it is as a description of the world. But this key step in developing the scientific method had not been taken in the fifteenth century, and it never occurred to Copernicus to test his idea – his mental model of how the Universe works – by making new observations himself, or by encouraging others to make new observations. To Copernicus, his model was better than that of Ptolemy because it was, in modern parlance, more elegant. Elegance is often a reliable guide to the usefulness of a model, but not an infallible one. In this case, though, it eventually turned out that Copernicus’s intuition was right.

		Certainly, the Ptolemaic system lacked elegance. Ptolemy (sometimes known as Ptolemy of Alexandria) lived in the second century AD, and was brought up in an Egypt that had long since come under the cultural influence of Greece (as the very name of the city he lived in records). Very little is known about his life, but among the works he left for posterity there was a great summary of astronomy, based on 500 years of Greek astronomical and cosmological thinking. The book is usually known by its Arabic title, the Almagest, which means ‘the Greatest’, and gives you some idea of how it was regarded in the centuries that followed; its original Greek title simply describes it as ‘The Mathematical Compilation’. The astronomical system it described was far from being Ptolemy’s own idea, although he seems to have tweaked and developed the ideas of the Ancient Greeks. Unlike Copernicus, however, Ptolemy does seem to have carried out his own major observations of the movements of the planets, as well as drawing on those of his predecessors (he also compiled important star maps).
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				3. The Earth-centred Ptolemaic model of the Universe. From Reisch’s Margarita Philosophica, 1503.

			
		
		The basis of the Ptolemaic system was the notion that heavenly objects must move in perfect circles, simply because circles are perfect (this is an example of how elegance does not necessarily lead to truth!). At that time, there were five known planets to worry about (Mercury, Venus, Mars, Saturn and Jupiter), plus the Sun and Moon, and the stars. In order to make the observed movements of these objects fit the requirement of always involving perfect circles, Ptolemy had to make two major adjustments to the basic notion that the Earth lay at the centre of the Universe and everything else revolved around it. The first (which had been thought of long before) was that the motion of a particular planet could be described by saying that it revolved in a perfect little circle around a point which itself revolved in a perfect big circle around the Earth. The little circle (a ‘wheel within a wheel’, in a sense) is called an epicycle. The second adjustment, which Ptolemy seems to have refined himself, was that the large crystal spheres, as they became known (‘crystal’ just means ‘invisible’ in this context), which carry the heavenly bodies round in circles, didn’t actually revolve around the Earth, but around a set of points slightly offset from the Earth, called ‘equant points’ (around different equant points, to explain details of the motion of each individual object). The Earth was still regarded as the central object in the Universe, but everything else revolved around the equant points, not around the Earth itself. The big circle centred on the equant point is called a deferent.

		The model worked, in the sense that you could use it to describe the way the Sun, Moon and planets seem to move against the background of fixed stars (fixed in the sense that they all kept the same pattern while moving together around the Earth), which were themselves thought to be attached to a crystal sphere just outside the set of nested crystal spheres that carried the other objects around the relevant equant points. But there was no attempt to explain the physical processes that kept everything moving in this way, nor to explain the nature of the crystal spheres. Furthermore, the system was often criticized as being unduly complicated, while the need for equant points made many thinkers uneasy – it raised doubts about whether the Earth ought really to be regarded as the centre of the Universe. There was even speculation (going right back to Aristarchus, in the third century BC, and revived occasionally in the centuries after Ptolemy) that the Sun might be at the centre of the Universe, with the Earth moving around it. But such ideas failed to find favour, largely because they flew in the face of ‘common sense’. Obviously, the solid Earth could not be moving! This is one of the prime examples of the need to avoid acting on the basis of common sense if you want to know how the world works.

		There were two specific triggers that encouraged Copernicus to come up with something better than the Ptolemaic model. First, that each planet, plus the Sun and Moon, had to be treated separately in the model, with its own offset from the Earth and its own epicycles. There was no coherent overall description of things to explain what was going on. Second, there was a specific problem which people had long been aware of but which was usually brushed under the carpet. The offset of the Moon’s orbit from the Earth, required to account for changes in the speed with which the Moon seems to move across the sky, was so big that the Moon ought to be significantly closer to the Earth at some times of the month than at others – so its apparent size ought to change noticeably (and by a calculable amount), which it clearly did not. In a sense, the Ptolemaic system does make a prediction that can be tested by observation. It fails that test, so it is not a good description of the Universe. Copernicus didn’t think quite like that, but the problem of the Moon certainly made him uneasy about the Ptolemaic model.

		Nicolaus Copernicus came on the scene at the end of the fifteenth century. He was born in Torun, a Polish town on the Vistula, on 19 February 1473, and was originally known as Mikolaj Kopernik, but later Latinized his name (a common practice at the time, particularly among the Renaissance humanists). His father, a wealthy merchant, died in 1483 or 1484, and Nicolaus was brought up in the household of his mother’s brother, Lucas Waczenrode, who became the bishop of Ermeland. In 1491 (just a year before Christopher Columbus set off on his first voyage to the Americas), Nicolaus began his studies at the University of Krakow, where he seems to have first become seriously interested in astronomy. In 1496, he moved on to Italy, where he studied law and medicine, as well as the usual classics and mathematics, in Bologna and Padua, before receiving a doctorate in canon law from the University of Ferrara in 1503. Very much a man of his time, Copernicus was strongly influenced by the humanist movement in Italy and studied the classics associated with that movement. Indeed, in 1519, he published a collection of poetic letters by the writer Theophylus Simokatta (a seventh-century Byzantine), which he had translated from the original Greek into Latin.

		By the time he completed his doctorate, Copernicus had already been appointed as canon at Frombork Cathedral in Poland by his uncle Lucas – a literal case of nepotism that gave him a post amounting to a sinecure, which he held for the rest of his life. But it was not until 1506 that he returned permanently to Poland (giving you some idea of just how undemanding the post was), where he worked as his uncle’s physician and secretary until Lucas died in 1512. After his uncle’s death, Copernicus gave more attention to his duties as a canon, practised medicine and held various minor civil offices, all of which gave him plenty of time to maintain his interest in astronomy. But his revolutionary ideas about the place of the Earth in the Universe had already been formulated by the end of the first decade of the sixteenth century.

		The Earth moves!

		These ideas did not appear out of thin air, and even in his major contribution to scientific thought (sometimes regarded as the major contribution to scientific thought) Copernicus was still a man of his time. The continuity of science (and the arbitrariness of starting dates for histories) is clearly highlighted by the fact that Copernicus was strongly influenced by a book published in 1496, the exact time when the 23-year-old student was becoming interested in astronomy. The book had been written by the German Johannes Mueller (born in Königsberg in 1436, and also known as Regiomontanus, a Latinized version of the name of his birthplace), and it developed the ideas of his older colleague and teacher Georg Peuerbach (born in 1423), who had (of course) been influenced by other people, and so on back into the mists of time. Peuerbach had set out to produce a modern (that is, fifteenth-century) abridgement of Ptolemy’s Almagest. The most up-to-date version available was a Latin translation made in the twelfth century by Gerard of Cremona, which was translated from an Arabic text which had itself been translated from the Greek long before. Peuerbach’s dream was to update this work by going back to the earliest available Greek texts (some of which were now in Italy following the fall of Constantinople). Unfortunately, he died in 1461, before he could carry out the task, although he had begun a preliminary book summarizing the edition of the Almagest that was available. On his deathbed, Peuerbach made Regiomontanus promise to complete the work, which he did, although the new translation of Ptolemy was not carried out. But Regiomontanus did something that was in many ways even better, producing his book the Epitome, which not only summarized the contents of the Almagest, but added details of later observations of the heavens, revised some of the calculations Ptolemy had carried out and included some critical commentary in the text (in itself a sign of the confidence of Renaissance man in his own place as an equal of the Ancients). This commentary included a passage drawing attention to a key point that we have already mentioned, the fact that the apparent size of the Moon on the sky does not change in the way that the Ptolemaic system requires. Although Regiomontanus died in 1476, the Epitome was not published for another twenty years, when it set the young Copernicus thinking. Had it appeared before Regiomontanus died, there is every likelihood that someone else, rather than Copernicus (who was only three in 1476), would have picked up the baton.

		Copernicus himself did not exactly rush into print with his ideas. We know that his model of the Universe was essentially complete by 1510, because not long after that he circulated a summary of those ideas to a few close friends, in a manuscript called the Commentariolus (Little Commentary). There is no evidence that Copernicus was greatly concerned about the risk of persecution by the Church if he published his ideas more formally – indeed, the Commentariolus was described in a lecture at the Vatican attended by Pope Clement VII and several cardinals, given by the papal secretary Johan Widmanstadt. One of the cardinals, Nicholas von Schönberg, wrote to Copernicus urging him to publish, and the letter was included at the beginning of his masterwork, De Revolutionibus Orbium Coelestium (On the Revolution of the Celestial Spheres), when Copernicus did eventually publish his ideas, in 1543.

		So why did he delay? There were two factors. First, Copernicus was rather busy. Reference to his post as canon as a sinecure may be accurate, but it doesn’t mean that he was willing to sit back and enjoy the income, dabble in astronomy and let the world outside go by. As a doctor, Copernicus worked both for the religious community around Frombork Cathedral and (unpaid, of course) for the poor. As a mathematician, he worked on a plan for the reform of the currency (not the last time a famous scientist would take on such a role), and his training in law was put to good use by the diocese. He was also pressed into unexpected service when the Teutonic Knights (a religious-military order, akin to the Crusaders, who controlled the eastern Baltic states and Prussia) invaded the region in 1520. Copernicus was given command of a castle at Allenstein, and held the town against the invaders for several months. He was, indeed, a busy man.
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				4. An early version of a Sun-centred Universe, from Rheticus’s Narratio Prima, 1596

			
		
		But there was a second reason for his reluctance to publish. Copernicus knew that his model of the Universe raised new questions, even if it did answer old puzzles – and he knew that it didn’t answer all of the old puzzles. As we have said, Copernicus didn’t do much observing (although he did oversee the construction of a roofless tower to use as an observatory). He was a thinker and philosopher more in the style of the Ancient Greeks than a modern scientist. The thing that most worried him about the Ptolemaic system, typified by the puzzle of the Moon, was the business of equants. He couldn’t accept the idea, not least because it needed different equants for different planets. Where, in that case, was the true centre of the Universe? He wanted a model in which everything moved around a single centre at an unvarying rate, and he wanted this for aesthetic reasons as much as anything else. His model was intended as a way of achieving that and, on its own terms, it failed. Putting the Sun at the centre of the Universe was a big step. But you still had to have the Moon orbiting around the Earth, and you still needed epicycles to explain why the planets seem to slow down and speed up in their orbits.

		Epicycles were a way of having deviations from perfectly circular motion while pretending that there were no deviations from perfectly circular motion. But the biggest problem with the Copernican world view was the stars. If the Earth were orbiting around the Sun and the stars were fixed to a crystal sphere just outside the sphere carrying the most distant planet, then the motion of the Earth should cause an apparent motion in the stars themselves – a phenomenon known as parallax. If you sit in a car travelling down a road, you seem to see the world outside moving past you. If you sit on a moving Earth, why don’t you see the stars move? The only explanation seemed to be that the stars must be very much further away than the planets, at least hundreds of times further away, so that the parallax effect is too small to see. But why should God leave a huge empty space, at least hundreds of times bigger than the gaps between the planets, between the outermost planet and the stars?

		There were other troubling problems with a moving Earth. If the Earth moves, why isn’t there a constant gale of wind blowing past, like the wind in your hair that rushes past if you are in an open-topped car travelling on a motorway? Why doesn’t the motion cause the oceans to slop about, producing great tidal waves? Indeed, why doesn’t the motion shake the Earth to bits? Remember that in the sixteenth century, motion meant riding on a galloping horse or in a carriage being pulled over rutted roads. The notion of smooth motion (even as smooth as a car on a motorway) must have been very difficult to grasp without any direct experience of it – as late as the nineteenth century there were serious concerns that travelling at the speed of a railway train, maybe as high as 15 miles per hour, might be damaging to human health. Copernicus was no physicist and didn’t even attempt to answer these questions, but he knew they cast doubts (from the perspective of the sixteenth century) on his ideas.

		There was another problem, which lay completely outside the scope of sixteenth-century knowledge. If the Sun lay at the centre of the Universe, why didn’t everything fall into it? All Copernicus could say was that ‘Earthy’ things tended to fall to Earth, solar things tended to fall to the Sun, things with an affinity for Mars would fall to Mars, and so on. What he really meant was, ‘we don’t know’. But one of the most important lessons learned in the centuries since Copernicus is that a scientific model doesn’t have to explain everything to be a good model.

		After the arrival of Georg Joachim von Lauchen (also known as Rheticus) in Frombork in the spring of 1539, Copernicus, despite his doubts and his busy life, was persuaded to put his thoughts into a form that could be published. Rheticus, who was the professor of mathematics at the University of Wittenberg, knew of Copernicus’s work, and had come to Frombork specifically to learn more about it; he realized its importance, and was determined to get the master to publish it. They got on well together, and in 1540, Rheticus published a pamphlet Narratio Prima de Libtus Revolutionum Copernici (The First Account of the Revolutionary Book by Copernicus, usually referred to simply as the First Account) summarizing the key feature of the Copernican model, the motion of the Earth around the Sun. At last, Copernicus agreed to publish his great book, although (or perhaps because) he was now an old man. Rheticus undertook to oversee the printing of the book in Nuremberg, where he was based, but (as has often been told) things didn’t quite work out as intended. Rheticus had to leave to take up a new post in Leipzig before the book was completely ready to go to press and deputed the task to Andreas Osiander, a Lutheran minister, who took it upon himself to add an unsigned preface explaining that the model described in the book was not intended as a description of the way the Universe really is, but as a mathematical device to simplify calculations involving the movements of the planets. As a Lutheran, Osiander had every reason to fear that the book might not be well received, because even before it was published Martin Luther himself (an almost exact contemporary of Copernicus–he lived from 1483 to 1546) had objected to the Copernican model, thundering that the Bible tells us that it was the Sun, not the Earth, that Joshua commanded to stand still.

		Copernicus had no chance to complain about the preface because he died in 1543, the year his great work was published. There is a touching, but probably apocryphal, tale that he received a copy on his deathbed, but whether he did or not, the book was left without a champion except for the indefatigable Rheticus (who died in 1576).

		The irony is that Osiander’s view is quite in keeping with the modern scientific world view. All of our ideas about the way the Universe works are now accepted as simply models which are put forward to explain observations and the results of experiments as best we can. There is a sense in which it is acceptable to describe the Earth as the centre of the Universe, and to make all measurements relative to the Earth. This works rather well, for example, when planning the flight of a rocket to the Moon. But such a model becomes increasingly complicated as we try to describe the behaviour of things further and further away from Earth, across the Solar System. When calculating the flight of a spaceprobe to, say, Saturn, NASA scientists in effect treat the Sun as being at the centre of the Universe, even though they know that the Sun itself is in orbit around the centre of our galaxy, the Milky Way. By and large, scientists use the simplest model they can which is consistent with all the facts relevant to a particular set of circumstances, and they don’t all use the same model all the time. To say that the idea of the Sun being at the centre of the Universe is just a model which aids calculations involving planetary orbits, is to say what any planetary scientist today would agree with. The difference is that Osiander was not expecting his readers (or rather, Copernicus’s readers) to accept the equally valid view that to say that the Earth is at the centre of the Universe is just a model which is useful when calculating the apparent motion of the Moon.

		It is impossible to tell whether Osiander’s preface soothed any ruffled feathers at the Vatican, but the evidence suggests that there were no ruffled feathers there to soothe. The publication of De Revolutionibus was accepted essentially without a murmur by the Catholic Church, and the book was largely ignored by Rome for the rest of the sixteenth century. Indeed, it was largely ignored by most people at first – the original edition of 400 copies didn’t even sell out. Osiander’s preface certainly didn’t soothe the Lutherans, and the book was roundly condemned by the European protestant movement. But there was one place where De Revolutionibus was well received and its full implications appreciated, at least by the cognoscenti – England, where Henry VIII married his last wife, Catherine Parr, the year the book was published.

		The orbits of the planets

		What was particularly impressive about the full Copernican model of the Universe was that by putting the Earth in orbit around the Sun it automatically put the planets into a logical sequence. Since ancient times, it had been a puzzle that Mercury and Venus could only be seen from Earth around dawn and dusk, while the other three known planets could be seen at any time of the night. Ptolemy’s explanation (rather, the established explanation that he summarized in the Almagest) was that Mercury and Venus ‘kept company’ with the Sun as the Sun travelled once around the Earth each year. But in the Copernican system, it was the Earth that travelled once around the Sun each year, and the explanation for the two kinds of planetary motion was simply that the orbits of Mercury and Venus lay inside the orbit of the Earth (closer to the Sun than we are), while the orbits of Mars, Jupiter and Saturn lay outside the orbit of the Earth (further from the Sun than we are). By making allowance for the Earth’s motion, Copernicus could work out the length of time it took each planet to orbit once around the Sun, and these periods formed a neat sequence from Mercury, with the shortest ‘year’, through Venus, Earth, Mars and Jupiter to Saturn, with the longest ‘year’.

		But this wasn’t all. The observed pattern of behaviour of the planets is also linked, in the Copernican model, to their distances from the Sun relative to the distance of the Earth from the Sun. Even without knowing any of the distances in absolute terms, he could place the planets in order of increasing distance from the Sun. The order was the same – Mercury, Venus, Earth, Mars, Jupiter and Saturn. This clearly indicated a deep truth about the nature of the Universe. There was much more to Copernican astronomy, for those with eyes to see, than the simple claim that the Earth orbits around the Sun.

		Leonard Digges and the telescope

		One of the few people whose eyes clearly saw the implications of the Copernican model soon after the publication of De Revolutionibus was the English astronomer Thomas Digges. Digges was not only a scientist, but one of the first popularizers of science – not quite the first, since he followed, to some extent, in the footsteps of his father, Leonard. Leonard Digges was born around 1520, but very little is known about his early life. He was educated at the University of Oxford and became well known as a mathematician and surveyor. He was also the author of several books, which were written in English – very unusual at the time. The first of his books, A General Prognostication, was published in 1553, ten years after De Revolutionibus, and partly thanks to its accessibility in the vernacular it became a best seller, even though in one crucial respect it was already out of date. Leonard Digges provided in his book a perpetual calendar, collections of weather lore and a wealth of astronomical material, including a description of the Ptolemaic model of the Universe – in some ways, the book was not unlike the kind of farmers’ almanacs that were popular in later centuries.

		In connection with his surveying work, Leonard Digges invented the theodolite around 1551. About the same time, his interest in seeing accurately over long distances led him to invent the reflecting telescope (and almost certainly the refracting telescope as well), although no publicity was given to these inventions at the time. One reason for the lack of development of these ideas was that the elder Digges’s career was brought to an abrupt end in 1554, when he took part in the unsuccessful rebellion led by the Protestant Sir Thomas Wyatt against England’s new (Catholic) Queen Mary, who had come to the throne in 1553 on the death of her father, Henry VIII. Originally condemned to death for his part in the rebellion, Leonard Digges had his sentence commuted, but he forfeited all his estates and spent what was left of his life (he died in 1559) struggling unsuccessfully to regain them.

		When Leonard Digges died, his son Thomas was about 13 years old (we don’t know his exact date of birth), and was looked after by his guardian, John Dee. Dee was a typical Renaissance ‘natural philosopher’; a good mathematician, student of alchemy, philosopher and (not quite typical!) astrologer to Queen Elizabeth I (who came to the throne in 1558). He may, like Christopher Marlowe, have been a secret agent for the Crown. He was also, reputedly, an early enthusiast for the Copernican model, although he published nothing on the subject himself. Growing up in Dee’s household, Thomas Digges had access to a library containing more than a thousand manuscripts, which he devoured before publishing his own first mathematical work in 1571, the same year that he saw to publication a posthumous book by his father (Pantometria), which gave the first public discussion of Leonard Digges’s invention of the telescope. In the preface to the book, Thomas Digges describes how:

		My father, by his continuall painfull practises, assisted with demonstrations mathematicall, was able, and sundry times hath, by proportionall glasses duely situate in convenient angles, not onely discovered things farre off, read letters, numbred peeces of money with the very coyne and superscription thereof cast by some of his freends on purpose upon downes in open fields but also seven miles off declared what hath been doone at that instant in private places.

		Thomas also studied the heavens himself, and made observations of a supernova seen in 1572, some of which were used by Tycho Brahe in his analysis of that event.

		Thomas Digges and the infinite Universe

		Thomas Digges’s most important publication, though, appeared in 1576. It was a new and greatly revised edition of his father’s first book, now titled Prognostication Everlasting, and it included a detailed discussion of the Copernican model of the Universe – the first such description in English. But Digges went further than Copernicus. He stated in the book that the Universe is infinite, and included a diagram which showed the Sun at the centre, with the planets in orbit around it, and indicated a multitude of stars extending to infinity in all directions. This was an astonishing leap into the unknown. Digges gave no reason for this assertion, but it seems highly likely that he had been looking at the Milky Way with a telescope, and that the multitude of stars he saw there convinced him that the stars are other suns spread in profusion throughout an infinite Universe.

		But Digges did not devote his life to science any more than Copernicus did, and he didn’t follow up these ideas. With his background as the son of a prominent Protestant who had suffered at the hands of Queen Mary, and his links with the Dee household (under the protection of Queen Elizabeth), Thomas Digges became a Member of Parliament (serving on two separate occasions) and adviser to the government. He also served as Muster-Master General to the English forces in The Netherlands between 1586 and 1593, where they were helping the Protestant Dutch to free themselves from the rule of Catholic Spain. He died in 1595. By that time, Galileo Galilei was already an established professor of mathematics in Padua and the Catholic Church was turning against the Copernican model of the Universe because it had been taken up by the heretic Giordano Bruno, who was embroiled in a long trial which would end with him being burned at the stake in 1600.

		Bruno: a martyr for science?

		It’s worth mentioning Bruno here, before we go back to pick up the threads of the work of Tycho, Johannes Kepler and Galileo, which followed on from the work of Copernicus, because it is often thought that Bruno was burned because of his support for the Copernican model. The truth is that he really was a heretic and was burned for his religious beliefs; it was just unfortunate that the Copernican model got tangled up in the whole business.

		The principal reason that Bruno, who was born in 1548, came into conflict with the Church was because he was a follower of a movement known as Hermetism. This cult based its beliefs on their equivalent of holy scripture, documents which were thought in the fifteenth and sixteenth centuries to have originated in Egypt at the time of Moses, and were linked with the teaching of the Egyptian god Thoth (the god of learning). Hermes was the Greek equivalent of Thoth (hence Hermetism), and to followers of the cult he was Hermes Trismegistus, or Hermes the Thrice Great. The Sun, of course, was also a god to the Egyptians, and there have been suggestions that Copernicus himself may have been influenced by Hermetism in putting the Sun at the centre of the Universe, although there is no strong evidence for this.

		This is no place to go into the details of Hermetism (especially since the documents on which it was based later turned out not to originate from Ancient Egypt), but to fifteenth-century believers the documents were interpreted as, among other things, predicting the birth of Christ. In the 1460s, copies of the material on which Hermetism was based were brought to Italy from Macedonia and stirred great interest for well over a century, until it was established (in 1614) that they had been written long after the start of the Christian era and so their ‘prophecies’ were produced very much with the benefit of hindsight.

		The Catholic Church of the late sixteenth century was able to tolerate ancient texts that predicted the birth of Jesus, and such thoroughly respectable Catholics as Philip II of Spain (who reigned from 1556 to 1598, married England’s Queen Mary and was a staunch opponent of Protestantism) subscribed to these beliefs (as, incidentally, did John Dee, Thomas Digges’s guardian). But Bruno took the extreme view that the old Egyptian religion was the true faith and that the Catholic Church should find a way of returning to those old ways. This, needless to say, did not go down too well in Rome, and after a chequered career wandering around Europe (including a spell in England from 1583 to 1585) and stirring up trouble (he joined the Dominicans in 1565 but was expelled from the order in 1576, and while in England he made so many enemies he had to take refuge in the French Embassy), he made the mistake of visiting Venice in 1591, where he was arrested and handed over to the Inquisition. After a long imprisonment and trial, it seems that Bruno was finally condemned on the specific charges of Arianism (the belief that Christ had been created by God and was not God incarnate) and carrying out occult magical practices. We cannot be absolutely sure, because the records of the trial have been lost; but rather than being a martyr for science, as he is occasionally represented, Bruno was actually a martyr for magic.

		Copernican model banned by Catholic Church

		Although his fate may seem harsh by modern standards, like many martyrs, Bruno to some extent brought it on himself, since he was given every opportunity to recant (one reason why he was held for so long before being condemned). There is no evidence that his support for Copernicanism featured in the trial at all, but it is clear that Bruno was a keen supporter of the idea of a Sun-centred Universe (because it fitted with the Egyptian view of the world), and that he also enthusiastically espoused Thomas Digges’s idea that the Universe is filled with an infinite array of stars, each one like the Sun, and argued that there must be life elsewhere in the Universe. Because Bruno’s ideas made such a splash at the time, and because he was condemned by the Church, all these ideas got tarred with the same brush. Moving with its customary slowness, it still took the Church until 1616 to place De Revolutionibus on the Index of banned books (and until 1835 to take it off the Index again!). But after 1600 Copernicanism was distinctly frowned upon by the Church, and the fact that Bruno was a Copernican and had been burned as a heretic was hardly encouraging for anyone, like Galileo, who lived in Italy in the early 1600s and was interested in how the world worked. If it hadn’t been for Bruno, Copernicanism might never have received such adverse attention from the authorities, Galileo might not have been persecuted and scientific progress in Italy might have proceeded more smoothly.

		But Galileo’s story will have to wait, while we catch up with the other great development in science in the Renaissance, the study of the human body.

		Vesalius: surgeon, dissector and grave-robber

		Just as the work of Copernicus built on the rediscovery by Western Europeans of the work of Ptolemy, so the work of Andreas Vesalius of Brussels built on the rediscovery of the work of Galen (Claudius Galenus). Of course, neither of these great works from ancient times was ever really lost, and they were known to the Byzantine and Arabic civilizations even during the Dark Ages in Western Europe; but it was the resurgence of interest in all such writings (typified by the humanist movement in Italy and linked with the fall of Constantinople and the spread of original documents and translations westwards into Italy and beyond associated with the Renaissance) that helped to stir the beginnings of the scientific revolution. Not that this seemed like a revolution to those taking part in its early stages – Copernicus himself, and Vesalius, saw themselves as picking up the threads of ancient knowledge and building from it, rather than overturning the teaching of the Ancients and starting anew. The whole process was much more evolutionary than revolutionary, especially during the sixteenth century. The real revolution, as I have mentioned, lay in the change of mentality which saw Renaissance scholars regarding themselves as the equals of the Ancients, competent to move forward from the teachings of the likes of Ptolemy and Galen – the realization that the likes of Ptolemy and Galen were themselves only human. It was only with the work of Galileo and in particular Newton that, as we shall see, the whole process of investigation of the world really changed in a revolutionary sense from the ways of the ancient philosophers to the ways of modern science.

		Galen was a Greek physician born around AD 130 in Pergamum (now Bergama), in the part of Asia Minor that is now Turkey. He lived until the end of the second century AD, or possibly just into the beginning of the third century. As the son of a wealthy architect and farmer living in one of the richest cities in the Greek-speaking part of the Roman Empire, Galen had every advantage in life and received the finest education, which was steered towards medicine after his father had a dream when the boy was 16, foretelling his success in the field. He studied medicine at various centres of learning, including Corinth and Alexandria, was chief physician to the gladiators at Pergamum for five years from AD 157, then moved to Rome, where he eventually became both the personal physician and friend of the emperor Marcus Aurelius. He also served Commodus, who was the son of Marcus Aurelius and became emperor when his father died in AD 180. These were turbulent times for Rome, with more or less constant warfare on the borders of the Empire (Hadrian’s Wall was built a few years before Galen was born), but it was still long before the Empire went into serious decline (the Empire was not divided into Eastern and Western parts until AD 286, and Constantinople wasn’t founded until AD 330). Galen, secure at the heart of the Empire, whatever the troubles on its borders, was a prolific writer and, like Ptolemy, summed up the teachings of earlier men who he admired, notably Hippocrates (indeed, the modern idea of Hippocrates as the father of medicine is almost entirely a result of Galen’s writings). He was also an obnoxious self-publicist and plagiarist – one of the kindest things he says about his fellow physicians in Rome is to refer to them as ‘snotty-nosed individuals’.1 But his unpleasant personality shouldn’t be allowed to obscure his real achievements, and Galen’s greatest claim to fame lay in his skill at dissection and the books he wrote about the structure of the human body. Unfortunately (and bizarrely, given the attitude to slaves and gladiatorial games), human dissection was frowned upon at the time, and most of Galen’s work was carried out on dogs, pigs and monkeys (although there is evidence that he did dissect a few human subjects). So his conclusions about the human body were mostly based on studies of other animals and were incorrect
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