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Title page of Francis Bacon, Novum organum (1620), which shows a ship sailing in through the Pillars of Hercules (identified with the strait between Gibraltar and North Africa – the opening from the Mediterranean to the Atlantic) after exploring an unknown world.






For Alison


Hanc ego de caelo ducentem sidera vidi 
(I have seen her draw down the stars from the sky)

– Tibullus, Elegies, I.ii







‘Eureka!’

– Archimedes (287–212 BCE)
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Archimedes in his bath, a woodcut by Peter Flötner (1490–1546) from the first German translation of Vitruvius (Vitruvius Teutsch), published by Johannes Petreius in Nuremberg in 1548. Hiero’s crown is on the right in the foreground.
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Introduction


This is the Age wherein (me-thinks) Philosophy comes in with a Spring-tide; and the Peripateticks may as well hope to stop the Current of the Tide, or (with Xerxes) to fetter the Ocean, as hinder the overflowing of free Philosophy: Me-thinks, I see how all the old Rubbish must be thrown away, and the rotten Buildings be overthrown, and carried away with so powerful an Inundation. These are the days that must lay a new Foundation of a more magnificent Philosophy, never to be overthrown: that will Empirically and Sensibly canvass the Phaenomena of Nature, deducing the Causes of things from such Originals in Nature, as we observe are producible by Art, and the infallible demonstration of Mechanicks: and certainly, this is the way, and no other, to build a true and permanent Philosophy …

– Henry Power, Experimental Philosophy (1664)



Modern science was invented between 1572, when Tycho Brahe saw a nova, or new star, and 1704, when Newton published his Opticks, which demonstrated that white light is made up of light of all the colours of the rainbow, that you can split it into its component colours with a prism, and that colour inheres in light, not in objects.1 There were systems of knowledge we call ‘sciences’ before 1572, but the only one which functioned remotely like a modern science, in that it had sophisticated theories based on a substantial body of evidence and could make reliable predictions, was astronomy, and it was astronomy that was transformed in the years after 1572 into the first true science. What made astronomy in the years after 1572 a science? It had a research programme, a community of experts, and it was prepared to question every long-established certainty (that there can be no change in the heavens, that all movement in the heavens is circular, that the heavens consist of crystalline spheres) in the light of new evidence. Where astronomy led, other new sciences followed.

To establish this claim it is necessary to look not only at what happened between 1572 and 1704 but also to look backwards, at the world before 1572, and forwards, at the world after 1704; it is also necessary to address some methodological debates. Chapters 6 to 12, which deal with the core period 1572 to 1704, constitute the main body of this book; Chapters 3, 4 and 5 look primarily at the world before 1572, and Chapters 13 and 14 at the world both somewhat before and somewhat after 1704. Chapters 2, 15, 16 and 17 deal with historiography, methodology and philosophy.

The two chapters of the Introduction lay the foundations for everything that follows. The first chapter briefly suggests what the book is about. The second explains where the idea of ‘the Scientific Revolution’ comes from, why some think there was no such thing, and why it is a sound category for historical analysis.




1

Modern Minds


Bacon, of course, had a more modern mind than Shakespeare: Bacon had a sense of history; he felt that his era, the seventeenth century, was the beginning of a scientific age, and he wanted the veneration of the texts of Aristotle to be replaced by a direct investigation of nature.

– Jorge Luis Borges, ‘The Enigma of Shakespeare’ (1964)1



§ 1

The world we live in is much younger than you might expect. There have been tool-making ‘humans’ on Earthii for around 2 million years. Our species, Homo sapiens, appeared 200,000 years ago, and pottery dates back to around 25,000 years ago. But the most important transformation in human history before the invention of science, the Neolithic Revolution, took place comparatively recently, between 12,000 and 7,000 years ago.2 It was then that animals were domesticated, agriculture began, and stone tools began to be replaced by metal ones. There have been roughly 600 generations since human beings first ceased to be hunter-gatherers. The first sailing vessel dates back to 7,000 years or so ago, and so does the origin of writing. Those who accept Darwin’s theory of evolution can have no patience with a Biblical chronology which places the creation of the world 6,000 years ago, but what we may term historical humankind (humans who have left written records behind them), as opposed to archaeological humankind (humans who have left only artefacts behind them), has existed only for about that length of time, some 300 generations. Add the word ‘great’ in front of ‘grandparent’ 300 times: it will fill just over half a page of print. This is the true length of human history; before that there were two million years of prehistory.

Gertrude Stein (1874–1946) said of Oakland, California, that there was ‘no there there’ – it was all new, a place without history.3 She preferred Paris. She was wrong about Oakland: human beings have lived there for 20,000 years or so. But she was also right: the living there was so easy that there was no need to develop agriculture, let alone writing. Domesticated plants, horses, metal tools (including guns) and writing arrived only with the Spanish after 1535. (California is exceptional – elsewhere in the Americas the domestication of maize goes back 10,000 years, as far as any other plant anywhere in the world, and writing goes back 3,000 years).

So the world we live in is almost brand new – older in some places than others but, in comparison to the 2 million years of tool-making history, box-fresh. After the Neolithic Revolution the rate of change slowed almost to a crawl. During the next 6,500 years there were remarkable technological advances – the invention of the water-wheel and the windmill, for example – but until 400 years ago technological change was slow, and it was frequently reversed. The Romans were amazed by stories of what Archimedes (287–212 BCE) had been able to do; and fifteenth-century Italian architects explored the ruined buildings of ancient Rome convinced that they were studying a far more advanced civilization than their own. No one imagined a day when the history of humanity could be conceived as a history of progress, yet barely three centuries later, in the middle of the eighteenth century, progress had come to seem so inevitable that it was read backwards into the whole of previous history.4 Something extraordinary had happened in the meantime. What exactly was it that enabled seventeenth- and eighteenth-century science to make progress in a way that previous systems of knowledge could not? What is it that we now have that the Romans and their Renaissance admirers did not?iiii

When William Shakespeare (1564–1616) wrote Julius Caesar (1599) he made the small error of referring to a clock striking – there were no mechanical clocks in ancient Rome.5 In Coriolanus (1608) there is a reference to the points of the compass – but the Romans did not have the nautical compass.6 These errors reflect the fact that when Shakespeare and his contemporaries read Roman authors they encountered constant reminders that the Romans were pagans, not Christians, but few reminders of any technological gap between Rome and the Renaissance. The Romans did not have the printing press, but they had plenty of books, and slaves to copy them. They did not have gunpowder, but they had artillery in the form of the ballista. They did not have mechanical clocks, but they had sundials and water clocks. They did not have large sailing vessels that could sail into the wind, but in Shakespeare’s day warfare in the Mediterranean was still conducted by galleys (rowed boats). And, of course, in many practical ways, the Romans were much more advanced than the Elizabethans – better roads, central heating, proper baths. Shakespeare, perfectly sensibly, imagined ancient Rome as just like contemporary London but with sunshine and togas.7 He and his contemporaries had no reason to believe in progress. ‘For Shakespeare,’ says Jorge Luis Borges (1899–1986), ‘all characters, whether they are Danish, like Hamlet, Scottish, like Macbeth, Greek, Roman, or Italian, all the characters in all the many works are treated as if they were Shakespeare’s contemporaries. Shakespeare felt the variety of men, but not the variety of historical eras. History did not exist for him.’8 Borges’ notion of history is a modern one; Shakespeare knew plenty of history, but (unlike his contemporary Francis Bacon, who had grasped what a Scientific Revolution might accomplish) he had no notion of irreversible historical change.

We might think that gunpowder, the printing press and the discovery of America in 1492 should have obliged the Renaissance to acquire a sense of the past as lost and gone for ever, but the educated only slowly became aware of the irreversible consequences that flowed from these crucial innovations. It was only with hindsight that they came to symbolize a new era; and it was the Scientific Revolution itself which was chiefly responsible for the Enlightenment’s conviction that progress had become unstoppable. By the middle of the eighteenth century Shakespeare’s sense of time had been replaced by our own. This book stops there, not because that is when the Revolution ends, but because by that time it had become clear that an unstoppable process of transformation had begun. The triumph of Newtonianism marks the end of the beginning.

§ 2

In order to grasp the scale of this Revolution, let us take for a moment a typical well-educated European in 1600 – we will take someone from England, but it would make no significant difference if it were someone from any other European country as, in 1600, they all share the same intellectual culture. He believes in witchcraft and has perhaps read the Daemonologie (1597) by James VI of Scotland, the future James I of England, which paints an alarming and credulous picture of the threat posed by the devil’s agents.iiiiii He believes witches can summon up storms that sink ships at sea – James had almost lost his life in such a storm. He believes in werewolves, although there happen not to be any in England – he knows they are to be found in Belgium (Jean Bodin, the great sixteenth-century French philosopher, was the accepted authority on such matters). He believes Circe really did turn Odysseus’s crew into pigs. He believes mice are spontaneously generated in piles of straw. He believes in contemporary magicians: he has heard of John Dee, and perhaps of Agrippa of Nettesheim (1486–1535), whose black dog, Monsieur, was thought to have been a demon in disguise. If he lives in London he may know people who have consulted the medical practitioner and astrologer Simon Forman, who uses magic to help them recover stolen goods.9 He has seen a unicorn’s horn, but not a unicorn.

He believes that a murdered body will bleed in the presence of the murderer. He believes that there is an ointment which, if rubbed on a dagger which has caused a wound, will cure the wound. He believes that the shape, colour and texture of a plant can be a clue to how it will work as a medicine because God designed nature to be interpreted by mankind. He believes that it is possible to turn base metal into gold, although he doubts that anyone knows how to do it. He believes that nature abhors a vacuum. He believes the rainbow is a sign from God and that comets portend evil. He believes that dreams predict the future, if we know how to interpret them. He believes, of course, that the earth stands still and the sun and stars turn around the earth once every twenty-four hours – he has heard mention of Copernicus, but he does not imagine that he intended his sun-centred model of the cosmos to be taken literally. He believes in astrology, but as he does not know the exact time of his own birth he thinks that even the most expert astrologer would be able to tell him little that he could not find in books. He believes that Aristotle (fourth century BCE) is the greatest philosopher who has ever lived, and that Pliny (first century CE), Galen and Ptolemy (both second century CE) are the best authorities on natural history, medicine and astronomy. He knows that there are Jesuit missionaries in the country who are said to be performing miracles, but he suspects they are frauds. He owns a couple of dozen books.

Within a few years change was in the air. In 1611 John Donne, referring to Galileo’s discoveries with his telescope made the previous year, declared that ‘new philosophy calls all in doubt’. ‘New philosophy’ was a catchphrase of William Gilbert, who had published the first major work of experimental science for 600 years in 1600;iviv for Donne, the ‘new philosophy’ was the new science of Gilbert and Galileo.10 His lines bring together many of the key elements which made up the new science of the day: the search for new worlds in the firmament, the destruction of the Aristotelian distinction between the heavens and the earth, Lucretian atomism:


And new Philosophy cals all in doubt,

The Element of fire is quite put out;

The Sunne is lost, and th’earth, and no mans wit

Can well direct him, where to looke for it.

And freely men confesse, that this world’s spent,

When in the Planets, and the Firmament

They seeke so many new; they see that this

Is crumbled out againe to his Atomis.

’Tis all in pieces, all cohaerence gone;

All just supply, and all Relation:

Prince, Subject, Father, Sonne, are things forgot,

For every man alone thinkes he hath got

To be a Phoenix, and that then can bee

None of that kinde, of which he is, but hee.



Donne went on to mention the voyages of discovery and the new commerce that followed from them, the compass that made those voyages possible and, inseparable from the compass, magnetism, which was the subject of Gilbert’s experiments.

How did Donne know about the new philosophy? How did he know that it involved Lucretian atomism?vv Galileo had never mentioned atomism in print, although some who knew him claimed that, in private, he made clear his commitment to it; Gilbert had discussed atomism only to reject it. How did Donne know that the new philosophers were seeking new worlds, not only by thinking of the planets as worlds but also by looking for worlds elsewhere in the firmament?

In all likelihood Donne had met Galileo in Venice or Padua in 1605 or 1606.vivi In Venice he had stayed with the English ambassador Sir Henry Wotton, who was busy trying to obtain the release of a Scotsman, a friend of Galileo, who had been imprisoned for having sex with a nun (a crime that was supposed to carry the death sentence). Perhaps Donne met and talked with Galileo, or with Galileo’s English-speaking students; he certainly seems to have met Galileo’s close friend Paolo Sarpi.11 In England he may well have met Thomas Harriot, a great mathematician who was evidently attracted to atomism,viivii and Gilbert too.12 As well as, or instead of, Galileo’s Sidereus nuncius, or Starry Messenger (1610), he may have read Kepler’s Conversation with Galileo’s Starry Messenger (1610), which contained lots of radical ideas about other worlds that Galileo had carefully avoided discussing.

There is another answer. Donne owned a copy of Nicholas Hill’s Epicurean (which is to say Lucretian) Philosophy (1601).13 That copy – now in the library of the Middle Temple, one of the Inns of Court in London – had previously been owned by his friend and Shakespeare’s, Ben Jonson. It had originally been purchased by a fellow of Christ’s College, Cambridge – its binding bears the college badge.14 Its first owner had planned to study it with care, perhaps to write a refutation or a commentary, for it was bound with alternate blank pages on which notes could be made. The pages remained blank. Was it given to Jonson, or did he borrow it and keep it? Was it given to Donne in turn, or did he borrow it and fail to return it? We do not know. We know only that no one took Hill seriously. His book, it was said, was ‘full of mighty words and no great matter’. It was ‘humorous [i.e. whimsical] and obscure’.15 The early references to him (in, for example, a satirical verse by Jonson) have more to do with farting than philosophy.16 At some point before 1610 Donne composed a catalogue of a courtier’s library; this was an extended joke, listing imaginary, ridiculous books, such as a learned tome by Girolamo Cardano, On the Nothingness of a Fart.viiiviii The first entry is a book by Nicholas Hill on the sexing of atoms: how can one tell male from female? Are there hermaphrodite atoms?ixix

Donne would have learnt from Hill about the possibility of life on other planets, and of planets circling other stars; he would also have learnt that these strange ideas derived from Giordano Bruno.17 If he read Galileo’s Starry Messenger, with its account of the moon as having mountains and valleys, Donne would surely have responded exactly as the great German astronomer Johannes Kepler did that spring when he read one of the first copies to arrive in Germany – he saw a remarkable vindication of Bruno’s perverse theory that there might be life elsewhere in the universe. If Donne read Kepler’s Conversation he would have found the link with Bruno spelled out.18 Jokes about farts were now beside the point. The gathering recognition was too late for Bruno, who had been burnt alive by the Roman Inquisition in 1600; it was probably too late for Hill too, who, according to a later report, committed suicide in 1610, eating rat poison and dying blaspheming and cursing. He was in exile in Rotterdam: he had been caught up in a treasonous plot to prevent James VI of Scotland from succeeding Elizabeth I to the throne of England in 1603 and had fled abroad.19 Then the death of his son, Lawrence, to whom he was devoted, made further living seem pointless. In 1601 he had chosen to dedicate his only publication not to some great man (there was rather a shortage of great men who wished him well) but to his infant son: ‘At my age, I owe him something serious, since he, at his tender age, has delighted me with a thousand pretty tricks.’ Hill may not have lived to know it, but suddenly in 1610 Epicurean philosophy had become ‘something serious’. A revolution was beginning, and Donne, who only a few years before had mocked the new ideas, who had read Gilbert, Galileo and Hill and perhaps knew Harriot, was one of the first to understand that the world would never be the same again. So by 1611 the revolution was well under way, and Donne, unlike Shakespeare and most educated contemporaries, was fully aware of it.

But now let us jump far ahead. Let us take an educated Englishman a century and a quarter later, in 1733, the year of the publication of Voltaire’s Letters Concerning the English Nation (better known under the title they bore a year later when they appeared in French, Lettres philosophiques), the book which announced to a European audience some of the accomplishments of the new, and by now peculiarly English, science. The message of Voltaire’s book was that England had a distinctive scientific culture: what was true of an educated Englishman in 1733 would not be true of a Frenchman, an Italian, a German or even a Dutchman. Our Englishman has looked through a telescope and a microscope; he owns a pendulum clock and a stick barometer – and he knows there is a vacuum at the end of the tube. He does not know anyone (or at least not anyone educated and reasonably sophisticated) who believes in witches, werewolves, magic, alchemy or astrology; he thinks the Odyssey is fiction, not fact. He is confident that the unicorn is a mythical beast. He does not believe that the shape or colour of a plant has any significance for an understanding of its medical use. He believes that no creature large enough to be seen by the naked eye is generated spontaneously – not even a fly. He does not believe in the weapon salve or that murdered bodies bleed in the presence of the murderer.

Like all educated people in Protestant countries, he believes that the Earth goes round the sun. He knows that the rainbow is produced by refracted light and that comets have no significance for our lives on earth. He believes the future cannot be predicted. He knows that the heart is a pump. He has seen a steam engine at work. He believes that science is going to transform the world and that the moderns have outstripped the ancients in every possible respect. He has trouble believing in any miracles, even the ones in the Bible. He thinks that Locke is the greatest philosopher who has ever lived and Newton the greatest scientist. (He is encouraged to think this by the Letters Concerning the English Nation.) He owns a couple of hundred – perhaps even a couple of thousand – books.

Take, for example, the vast library (a modern catalogue runs to four volumes) of Jonathan Swift, the author of Gulliver’s Travels (1726). It contained all the obvious works of great literature and of history, but it also contained Newton, the Philosophical Transactions of the Royal Society for the Advancement of Natural Knowledge (the second scientific journal, the Journal des sçavans, began publication two months earlier), and Fontenelle’s Entretiens sur la pluralité des mondes (1686). Indeed, Swift, for all his antagonism towards contemporary science (to which we will return in Chapter 14), was sufficiently familiar with Kepler’s three laws of planetary motion to use them to calculate the orbits of imaginary moons around the planet Mars; his hostility was grounded in extensive scientific reading.xx20 His world was one in which the culture of the elite was much more sharply distinguished from the culture of the masses than it had been in the past but also one in which science was not yet too specialized to be part of the culture of every educated person. Even in 1801 we can still catch Coleridge resolving that ‘before my thirtieth year I will thoroughly understand the whole of Newton’s works.’21

Between 1600 and 1733 (or so – the process was more advanced in England than elsewhere) the intellectual world of the educated elite changed more rapidly than at any time in previous history, and perhaps than at any time before the twentieth century. Magic was replaced by science, myth by fact, the philosophy and science of ancient Greece by something that is still recognizably our philosophy and our science, with the result that my account of an imaginary person in 1600 is automatically couched in terms of ‘belief’, while I speak of such a person in 1733 in terms of ‘knowledge’. The transition was of course still incomplete. Chemistry barely existed. Bleeding, purges and emetics were still used to cure disease. Swallows were still thought to hibernate at the bottom of ponds.xixi But the changes of the next hundred years were to be far less remarkable than the changes of the previous hundred years. The only name we have for this great transformation is ‘the Scientific Revolution’.

§ 3

On the evening of 11 November 1572, soon after sunset, a young Danish nobleman called Tycho Brahe was looking at the night sky. Almost directly above his head he noticed a star brighter than any other, a star that ought not to have been there. Afraid his eyes were playing some sort of trick on him, he pointed out the star to other people and established that they too could see it. Yet no such object could exist: Brahe knew his way around the heavens, and it was a fundamental principle of Aristotelian philosophy that there could be no change in them. So if this was a new object it must be located not in the heavens but in the upper atmosphere – it could not be a star at all. If it was a star then it must be a miracle, some sort of mysterious divine sign whose meaning urgently needed to be deciphered. (Brahe was a Protestant, and Protestants maintained that miracles had long ceased, so this argument was unlikely to persuade him.)

In all history, as far as Brahe knew, only one person, Hipparchus of Nicaea (190–120 BCE), had ever claimed to have seen a new star; at least, Pliny (23–79 CE) had attributed such a claim to Hipparchus, but Pliny was notoriously unreliable, so it was easy to assume that either Hipparchus or Pliny had made some sort of elementary mistake.xiixii Now Brahe set about proving that the impossible had in fact occurred by showing, using elementary trigonometry, that the new star could not be in the upper atmosphere but must be in the heavens.xiiixiii Soon it became brighter than Venus, and was briefly visible even by daylight, and then it slowly faded away over the course of sixteen months. It left behind a flurry of books in which Brahe and his colleagues debated its location and significance.22 Also left behind was a research programme: Brahe’s claims had caught the attention of the king of Denmark, who supplied Brahe with an island, Hven, and what Brahe later described as a ton of gold to fund the building of an observatory for astronomical research. As a result of his sighting of the new star Brahe was convinced that, if the structure of the universe was to be understood, much more accurate measurements must be made.23 He designed new instruments, capable of an exquisite precision. When he realized that his observatory shook slightly in the wind, making his measurements imperfect, he moved his instruments into underground bunkers. Over the course of the next fifteen years (1576–91) Brahe’s researches at Hven turned astronomy into the first modern science.24 The nova of 1572 was not the cause of the Scientific Revolution, any more than the bullet which killed Archduke Franz Ferdinand on 28 June 1914 was the cause of the First World War. Nevertheless, the nova marks, quite precisely, the beginning of the Revolution, as the death of the archduke marks the beginning of the war. For the Aristotelian philosophy of nature could not be adapted to incorporate this peculiar anomaly; if there could be such a thing as a new star, then the whole system was founded on false premises.

Brahe had no idea what he was starting as he fretted over the new star that is now named after him – ‘Tycho’s nova’ – and which can still be located in the constellation Cassiopeia, although only with a radio telescope. But since 1572 the world has been caught up in a vast Scientific Revolution that has transformed the nature of knowledge and the capacities of humankind. Without it there would have been no Industrial Revolution and none of the modern technologies on which we depend; human life would be drastically poorer and shorter and most of us would live lives of unremitting toil. How long it will last, and what its consequences will be, it is far too soon to say; it may end with nuclear war, or ecological catastrophe, or (though this seems much less likely) with happiness, peace and prosperity. Yet although we can now see that it is the greatest event in human history since the Neolithic Revolution, there is no general agreement on what the Scientific Revolution is, why it happened – or even whether there was such a thing. In this respect the Scientific Revolution is quite unlike, for example, the First World War, where there is general agreement on what it was and a fair amount of agreement on why it happened. An ongoing revolution is a nuisance for historians: they prefer to write about revolutions that happened in the past – when, in reality, this one is still continuing all around us. As we shall see, much of the disagreement on this subject is the result of elementary misconceptions and misunderstandings; once they are cleared out of the way it will become apparent that there really is such a thing as the Scientific Revolution.
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Star map of the constellation Cassiopeia, showing the position of the supernova of 1572 (the topmost star, labelled I); from Tycho Brahe’s The New Star (1573).






2

The Idea of the Scientific Revolution


With all its imperfections, modern science is a technique that is sufficiently well tuned to nature so that it works – it is a practice that allows us to learn reliable things about the world. In this sense it is a technique that was waiting for people to discover it.

– Steven Weinberg, To Explain the World (2015)1



§ 1

When Herbert Butterfield lectured on the Scientific Revolution at the University of Cambridge in 1948 it was the second year in which an historian at the university had given a series of lectures on the history of science: he had been preceded the year before by the Regius Professor of History, G. N. Clark, an expert on all things seventeenth century, and the medieval historian M. M. Postan had lectured immediately before Butterfield. It was in Cambridge that Isaac Newton (1643–1727) had written his Philosophiæ naturalis principia mathematica, or Mathematical Principles of Natural Philosophy (1687), and here that Ernest Rutherford (1871–1937) had split the atomic nucleus for the first time, in 1932. Here, the historians were acknowledging, they were under a particular obligation to study the history of science. They were also keen to insist that the history of science be done by historians, not by scientists.ii2

The historians and the scientists at Cambridge shared a common education: Latin was a compulsory entrance requirement. They met over lunch and dinner in their colleges, but they lived in separate mental worlds. Butterfield began the book based on his lectures, The Origins of Modern Science (1949), by expressing the hope that the history of science might serve as a long-needed bridge between the arts and the sciences. He hoped in vain. In 1959 (the year in which Latin was finally dropped as an entrance requirement) C. P. Snow, a Cambridge chemist and a successful novelist, delivered a lecture complaining that Cambridge dons from the sciences and the arts had now more or less stopped speaking to each other.iiii It was entitled ‘The Two Cultures and the Scientific Revolution’ – the revolution being Rutherford’s revolution, which had led to the creation of the atomic bomb.3

In adopting the term ‘the Scientific Revolution’ a decade before Snow, Butterfield was (it is always said) following the example of Alexandre Koyré (1892–1964).4 Publishing in French in 1935, Koyré (a German-educated Russian Jew who had been imprisoned in Tsarist Russia at the age of fifteen for revolutionary activity, had fought for France in the First World War, would join the Free French in the Second, and would later become a leading figure in American history of science) distinguished the Scientific Revolution of the seventeenth century, which ran from Galileo to Newton, from ‘the revolution of the last ten years’; Heisenberg’s classic paper on quantum mechanics had been published exactly ten years before.iiiiii For Koyré and Butterfield it was physics, the physics first of Newton and then of Albert Einstein (1879–1955), which symbolized modern science. Now we might give equal prominence to biology, but they were writing before the discovery of the structure of DNA by James Watson and Francis Crick in 1953. As Butterfield was giving his lectures the medical revolution represented by the first modern wonder drug, penicillin, was only just getting under way, and even in 1959 C. P. Snow still thought the important new science was being done by physicists, not biologists.

So at first there was not one Scientific Revolution but two, one exemplified by Newton’s classical physics, the other by Rutherford’s nuclear physics. It was only very slowly that the first won out over the second in the claim to the definite article.5 The idea that there is such a thing as ‘the Scientific Revolution’ and that it took place in the seventeenth century is thus a fairly recent one. As far as historians of science are concerned, it was Butterfield who popularized the term, which occurs over and over again in the course of The Origins of Modern Science; but the first time he introduces it he refers to it, awkwardly, as ‘the so-called “Scientific Revolution”, popularly associated with the sixteenth and seventeenth centuries.’ ‘So-called’ is apologetic; even stranger is his insistence that the term is already in popular use.6 Where did Butterfield find the term, other than in Koyré (whose work would have been totally unknown to his audience), used specifically about the sixteenth and seventeenth centuries? The phrase ‘the scientific revolution of the seventeenth century’ originates, it seems, with the American philosopher and educational reformer John Dewey, the founder of pragmatism, in 1915,iviv but it is unlikely that Butterfield ever read Dewey. Butterfield’s source, surely, is Harold J. Laski’s The Rise of European Liberalism (1936), an immensely successful book which had just been reissued in 1947.7 Laski was a prominent politician and the leading socialist intellectual of the day; he was enough of a Marxist to have a taste for the word ‘revolution’. It was his usage, then, not Koyré’s, that Butterfield adopted with some discomfort, believing that it would already be familiar to many of his listeners and readers.

Thus in this respect the Scientific Revolution is not like the American or French revolutions, which were called revolutions as they happened; it is a construction of intellectuals looking back from the twentieth century. The term is modelled on the term ‘Industrial Revolution’, which was already commonplace towards the end of the nineteenth century (and which originates, it seems, in 1848, with Horace Greeley – now famous for supposedly saying, ‘Go West, young man!’),8 but which is also an after-the-fact construction.vv And this of course means that some will always want to claim that we would be better off without such constructions – although it is worth remembering that historians constantly (and often unthinkingly) use them: ‘medieval’, for example, or the Thirty Years War (terms that could, necessarily, be introduced only after the fact); or, for any period before the Renaissance, ‘the state’, or, for any before the mid-eighteenth century, ‘class’ in the sense of social class.

Like the term ‘Industrial Revolution’, the idea of a scientific revolution brings with it problems of multiplication (how many scientific revolutions?) and periodization (Butterfield took as his period 1300 to 1800, so that he could discuss both the origins and consequences of the revolution of the seventeenth century). As time has gone on the idea that there is something that can sensibly be called the Scientific Revolution has come increasingly under attack. Some have argued for continuity – that modern science derives from medieval science, or indeed from Aristotle.vivi Others, beginning with Thomas Kuhn, who published a book on The Copernican Revolution in 1957, followed by The Structure of Scientific Revolutions (1962), have sought to multiply revolutions: the Darwinian revolution, the Quantum revolution, the DNA revolution, and so on.9 Others have claimed that the real Scientific Revolution came in the nineteenth century, in the marriage of science and technology.10 All these different revolutions have their utility in understanding the past, but they should not distract our attention from the main event: the invention of science.

It should be apparent that the word ‘revolution’ is being used in very different senses in some of the examples above, and it helps to distinguish three of them, exemplified by the French Revolution, the Industrial Revolution and the Copernican revolution. The French Revolution had a beginning and an ending; it was an enormous upheaval which, in one way or another, affected everyone alive in France at the time; when it began, nobody foresaw how it would end. The Industrial Revolution is rather different: it is rather difficult to say when it began and when it ended (conventionally, it runs from about 1760 to sometime between 1820 and 1840), and it affected some places and some people much more rapidly and extensively than it affected others, but everyone would agree that it began in England and depended on the steam engine and the factory system. Finally, the Copernican revolution is a conceptual mutation or transformation, which made the sun, not the earth, the centre of the universe, and placed the Earth in movement around the sun instead of the sun around the earth. For the first hundred years after the publication of Copernicus’s book On the Revolutions of the Heavenly Spheres in 1543 only a fairly limited number of specialists were familiar with the details of his arguments, which were only generally accepted in the second half of the seventeenth century.

A failure to distinguish these senses, and to ask which of them the first users of the term ‘the Scientific Revolution’ had in mind, has caused a tremendous amount of confusion. The source of this confusion is simple: from its first appearances, the term ‘the Scientific Revolution’ was being used in two quite different ways. For Dewey, Laski and Butterfield, the Scientific Revolution was a lengthy, complex, transformative process, to be compared with the Reformation (which Laski called a theological revolution) or the Industrial Revolution. For Koyré, it was, following on Gaston Bachelard’s concept of an ‘epistemological break’, identified with a single intellectual mutation: the replacement of the Aristotelian idea of place (in which there was always an up and a down, a left and a right) by a geometrical idea of space, a substitution which made possible, he argued, the invention of the idea of inertia, which was the foundation of modern physics.11 Koyré had a vast influence in America, and his Bachelardian conception of an intellectual mutation was adopted by Thomas Kuhn in The Structure of Scientific Revolutions. Laski and Butterfield had a comparable influence in England on works such as Rupert Hall’s The Scientific Revolution (1954), which denied any connection between the Scientific and Industrial revolutions, and J. D. Bernal’s Science in History, whose second volume, The Scientific and Industrial Revolutions (1965), insisted on the closeness of the connection.

There is a fundamental difference between these two conceptions of the Scientific Revolution. Copernicus, Galileo, Newton, Darwin, Heisenberg and others who have been responsible for particular intellectual reconfigurations, mutations or transformations in science had a very good grasp of what they were doing as they did it. They knew that if their ideas were adopted the consequences would be momentous. It is thus easy to think of scientific revolutions as deliberate acts, conducted by people who achieve what they set out to achieve. Butterfield’s Scientific Revolution was not that sort of revolution. Comparisons between the Scientific Revolution and political revolutions are not entirely misleading, for they were both transformative of the lives of all they touched; they both had identifiable beginnings and ends; they both involved struggles for influence and status (in the Scientific Revolution between the Aristotelian philosophers and the mathematicians who favoured the new science). Above all, both political revolutions and the Scientific Revolution have had unintended, not intended, outcomes. Marat aspired to liberty; the outcome was Napoleon. Lenin, when he published State and Revolution just two months before the October 1917 revolution, genuinely believed that a communist revolution would lead to the rapid withering away of the state. Even in the American Revolution, which came closest to realizing the ideals which first inspired it, there is a vast gap between Thomas Paine’s Common Sense (1776), which envisaged a democratic system in which a majority could do more or less whatever they chose, and the complex checks and balances of the American Constitution as analysed in The Federalist (1788), which were designed to keep radicals like Paine trussed and tied. In the Scientific Revolution, Bacon and Descartes were amongst those with plans for thoroughgoing intellectual change, but their plans were castles in the air, and neither of them imagined what Newton would achieve. The fact that the outcome of the Scientific Revolution as a whole was not foreseen or sought by any of the participants does not make it any the less a revolution – but it does mean it was not a neat epistemological break of the sort described by Koyré.viivii So, too, when first Thomas Newcomen (1711) and then James Watt (1769) invented powerful new steam engines, neither foresaw that the age of steam would see the construction of a great railway system girdling the Earth – the first public steam railway did not open until 1825. It is this sort of revolution, a revolution of unintended consequences and unforeseen outcomes, that Butterfield intended to evoke by the term ‘the Scientific Revolution’.

If we define the term ‘revolution’ narrowly as an abrupt transformation that affects everybody at the same time, there is no Scientific Revolution – and no Neolithic Revolution, or Military Revolution (following the invention of gunpowder), or Industrial Revolution (following the invention of the steam engine) either. But we need to acknowledge the existence of extended, patchy revolutions if we want to turn aside from politics and understand large-scale economic, social, intellectual and technological change. Who, for example, would object to the term ‘the digital revolution’ on the grounds that it is not a singular and discrete event, localized in time and space?

There is a certain irony in Butterfield’s adoption of the retrospective term ‘Scientific Revolution’, and an even greater one in his choice of The Origins of Modern Science for his title. In 1931 he had published The Whig Interpretation of History, which attacked historians who wrote as if English history led naturally and inevitably to the triumph of liberal values.13 Historians, Butterfield argued, must learn to see the past as if the future were unknown, as it was to people at the time. They must think their way into a world in which the values we now hold, the institutions we now admire, were not even imagined, let alone approved. It was not the historians’ job to praise those people in the past whose values and opinions they agreed with and criticize those with whom they disagreed; only God had the right to sit in judgement.viiiviii Butterfield’s attack on the liberal tradition of historical writing in England was salutary, although he soon grasped that the sort of history he was advocating would be unable to make sense of the past, since without hindsight it would be impossible to establish the significance of events; history would become like the Battle of Borodino as experienced by its participants – at least according to Tolstoy in War and Peace – and both the readers and the historians themselves would stumble about, unable to make sense of events. Tolstoy, of course, as an omniscient narrator, also provides a running commentary, establishing what it was that the combatants were all, willy-nilly, conspiring to bring about. But later historians have naturally turned the phrase ‘Whig history’ back against Butterfield himself, accusing him of taking for granted the superiority of modern science over all that went before. The very idea of a book about ‘origins’ seems to them contrary to the principles he established in The Whig Interpretation of History.ixix14 Indeed it is; but the fault lies with Butterfield’s early principles, not his later practice, for we really do need to understand the origins of modern science if we are to understand our own world.

§ 2

For the most part, scholars in recent years have been reluctant to adopt the term ‘the Scientific Revolution’, and many have explicitly rejected it. The opening sentence of Steven Shapin’s The Scientific Revolution (1996) is often quoted: ‘There is no such thing as the Scientific Revolution,’ he wrote, ‘and this is a book about it.’15 The main source of their discomfort (once one has cleared away confusions over the meaning of the word ‘revolution’) points to a feature of the study of history that Butterfield simply took for granted and saw no need to discuss: that language is ‘the principal working tool’ of the historian.16 The whole of Butterfield’s Whig Interpretation of History is a critique of anachronistic thinking in history, but Butterfield never discusses a fundamental source of anachronism: the language in which we write about the past is not the language of the people we are writing about.xx When Butterfield’s arguments were restated by Adrian Wilson and T. G. Ashplant in 1988, the central feature of the historian’s enterprise had become the fact that texts which survive from the past are written in what amounts to a foreign language.xixi Suddenly it seemed that there was a hitherto unacknowledged problem with the word ‘revolution’ and indeed with the word ‘science’, too, for these are our words, not theirs.xiixii

The word ‘science’ comes from the Latin scientia, which means ‘knowledge’. One view to take, a view that derives both from Butterfield’s rejection of Whig history and from Wittgenstein (to whom we will turn later in this chapter), is that truth or knowledge is what people think it is.xiiixiii On this view astrology was once a science, and so of course was theology. In medieval universities the core curriculum consisted of the seven liberal ‘arts’ and ‘sciences’: grammar, rhetoric and logic; mathematics, geometry, music and astronomy (including astrology).17 They are often now referred to as the seven liberal arts, but each one was originally called both an art (a practical skill) and a science (a theoretical system); astrology, for example, was the applied skill, astronomy the theoretical system.xivxiv These arts and sciences provided students with the foundations for the later study of philosophy and theology, or of medicine or law. These, too, were called sciences – but philosophy and theology were purely conceptual explorations that lacked an accompanying applied skill. They had practical implications and applications, of course – theology was applied in the art of preaching; and both ethics and politics, as studied by philosophers, had practical implications – but there were no university courses in applied theology or philosophy. They were not arts, and it would have been incomprehensible to claim then, as we do now, that philosophy belongs with the arts, not the sciences.xvxv

Moreover, these sciences were organized into a hierarchy: the theologians felt entitled to order the philosophers to demonstrate the rationality of belief in an immortal soul (despite the fact that Aristotle had not been of this view: philosophical arguments against the immortality of the soul were condemned by the theologians of Paris in 1270); the philosophers felt entitled to order the mathematicians to prove that all motion in the heavens is circular, because only circular movement can be uniform, permanent and unchanging, and to demonstrate that the earth is the centre of all these heavenly circles.xvixvi A basic description of the Scientific Revolution is to say that it represented a successful rebellion by the mathematicians against the authority of the philosophers, and of both against the authority of the theologians.18 A late example of this rebellion is apparent in Newton’s title Mathematical Principles of Natural Philosophy – a title which is a deliberate act of defiance.xviixvii An early example is provided by Leonardo da Vinci (d.1519), who in his posthumous Treatise on Paintingxviiixviii wrote: ‘No human investigation can be termed true science if it is not capable of mathematical demonstration. If you say that the sciences which begin and end in the mind are true, that is not to be conceded, but is denied for many reasons, and chiefly the fact that the test of experiencexixxix is absent from these exercises of the mind, and without it nothing can be certain.’ In saying this, Leonardo, who was an engineer as well as an artist, was rejecting the whole of Aristotelian natural philosophy (which is what he means by ‘the sciences which begin and end in the mind’) and confining true sciences to those forms of knowledge which were simultaneously mathematical and grounded in experience; arithmetic, geometry, perspective, astronomy (including cartography) and music are the ones he mentions. He realized that the mathematical sciences were often dismissed as ‘mechanical’ (that is, tainted by a close relationship to manual labour), but he insisted that they alone were capable of producing true knowledge. Later readers of Leonardo could not believe he had meant what he said, but he surely did.19 And, as a consequence of this rebellion of the mathematicians, philosophy in modern times has been demoted from pure science to mere art.

A key part of philosophy, as that discipline was inherited from Aristotle and taught in the universities, was the study of nature – ‘nature’ coming from the Latin word natura, for which the Greek equivalent is physis. For Aristotelians, the study of nature was about understanding the world, not changing it, so there was no art (or technology) associated with the science of nature. And because nature was the embodiment of reason it was, in principle, possible to deduce how things had to be. For Aristotle, the ideal science consisted of a chain of logical deductions from incontestable premises.xxxx

When an alternative to Aristotelian natural philosophy, an alternative calling itself at first the ‘new philosophy’ (a term we have seen John Donne taking up in 1611), developed in the course of the seventeenth century, there was an obvious need to find a vocabulary to describe the new knowledge.xxixxi The word that we use in modern English, ‘science’, was too vague: as we have seen, there were already lots of sciences. One option – the one most frequently adopted – was to continue to use the terms of Latin origin: ‘natural philosophy’ and ‘natural philosopher’.xxiixxii Since these were terms associated with higher status and bigger salaries, it was inevitable that the new philosophers tried to lay claim to them:20 Galileo, for example, who had been a professor of mathematics, became in 1610 philosopher to the Grand Duke of Tuscany.xxiiixxiii (Hobbes held that Galileo was the greatest philosopher of all time.)21 For some, the only real philosophy was natural philosophy: thus Robert Hooke, one of the first people to be paid to carry out experiments, states baldly, ‘The Business of Philosophy is to find out a perfect Knowledge of the Nature and Properties of Bodies’, and to work out how to put this knowledge to use. This was what he called ‘true science’.22 This usage of the terms ‘philosophy’ and ‘philosopher’ survived much longer than one might think. In 1889 Robert Henry Thurston published The Development of the Philosophy of the Steam Engine: by ‘philosophy’ he meant ‘science’.

But the term ‘natural philosophy’ was unsatisfactory because it implied the new philosophy was rather like the old, that it had no practical application. There was another option, which was to use an existing phrase that avoided the term ‘philosophy’ – ‘natural science’ – and this usage was common in the seventeenth century.xxivxxiv (It was only in the nineteenth century that ‘science’ came to be generally used as a shorthand for ‘natural science’.) An even more general term was available: ‘natural knowledge’. The student of nature needed a name, hence a new word appeared in the late sixteenth century, ‘naturalist’ – only later did ‘naturalist’ come to refer specifically to someone who studied living creatures (as late as 1755 Dr Johnson in his Dictionary defined a naturalist as ‘a person well versed in natural philosophy’). An alternative to ‘naturalist’ was ‘natural historian’, a term derived from Pliny’s Naturalis historia (78 CE): but Pliny’s reputation fell as a consequence of the new science, and unsophisticated natural histories were soon being replaced by more elaborate programmes of observation.

If Latin offered no perfect solution, what about Greek? The obvious solutions were ‘physic(s)’ (or ‘physiology’) and ‘physician’ (or ‘physiologist’).xxvxxv Both sets of terms, like their Greek originals, included the whole study of nature, animate and inanimate – thus Boyle’s Physiological Essays of 1661 are about natural science as a whole. But both had already been claimed by the doctors (medicine was for a long time the only ‘art’ based on a science of nature), which was a considerable inconvenience. Nevertheless, English intellectuals in the second half of the seventeenth century used ‘physicks’ to mean ‘knowledge of Nature’ or ‘natural philosophy’ (as opposed to ‘physick’, meaning medicine). For the Presbyterian minister Richard Baxter, ‘[T]rue Physicks is the Knowledge of the knowable works of God,’ and for John Harris, who was giving public lectures on the new science from 1698, ‘Physiology, Physicks, or Natural Philosophy, is
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