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Introduction


It is May 1964. Two American physicists stand beside a scientific instrument the size of a truck. The device, shaped like a giant ear trumpet, tops a low hillside above the small township of Holmdel in New Jersey. Both men are in their mid-thirties. Arno Penzias, born to a Bavarian Jewish family who fled to the Bronx in 1939, is tall and bespectacled with receding hair. Robert Woodrow Wilson from Houston, Texas, also tall, is dark-bearded and bald. The pair met at a conference only two years earlier. Penzias endlessly talkative, Wilson shy and tentative, hit it off. They joined forces at the world-famous Bell Laboratories to work on a project to map the stars with microwaves. Both stare at the sky. Both are baffled.
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FIGURE 1: Bell Telephone Laboratories’ horn antenna in Holmdel, New Jersey, with Arno Penzias and Robert Wilson.


Microwaves, radiation with wavelengths anywhere between a millimetre and a metre, had been discovered nearly a century earlier and became a hot topic when Second World War military scientists attempted to harness them for radar, and tried to make rayguns capable of shooting down enemy missiles. After the war, telecommunications companies took an interest after the physicist Robert H. Dicke, working at the world-famous Massachusetts Institute of Technology (MIT), designed an efficient receiver capable of detecting microwaves. With both emitter and detector technology available, a new means of wireless communication was on the cards. 


In 1959, Bell Laboratories built the Holmdel horn antenna to detect microwaves bounced off satellites. However, interest waned and shifted to alternative wireless communication technologies so Bell took to lending out the antenna to scientists who could make good use of a giant microwave trumpet. Penzias and Wilson planned to map the sky. On 20 May 1964 they climbed into the control room, a kind of elevated garden shed connected to the rear end of the trumpet, and pointed the antenna at the sky. Yet, wherever they looked, even when they aimed the giant antenna at dark regions of the night sky with very few stars, they detected only a low background noise, a static or hiss.1 The two men were baffled.


Their first guess was that it was some kind of interference from a local source of microwaves. They checked out, and eliminated, New York City, nuclear tests, a nearby military facility and atmospheric disturbances. Crawling inside their antenna, they even discovered a pair of roosting pigeons and suspected that their droppings might be the culprit. They set traps and cleaned up their droppings but, when the birds kept returning, the scientists resorted to shooting them. Even after the avian cull, wherever they pointed their instrument in the dark night sky, it continued to hiss, uniformly, back at them. 


Princeton University is about an hour’s drive from Holmdel. After the war, Robert Dicke had moved there to teach and lead a research group focused on particle physics, lasers and cosmology. His lab specialised in developing sensitive instruments to test cosmological predictions of Einstein’s general theory of relativity. Cosmology was then being contested by two rival groups of theorists who vied to account for Edwin Hubble’s astonishing discovery, several decades earlier, that the universe is expanding. One camp favoured the steady-state theory, which claimed that the universe had always been expanding, balanced by a continuous creation of new matter into its spaces. The rival theorists, a group that included Dicke, took the expansion at its face value and ran it backwards in time to propose that, about 14 billion years ago, the universe must have burst into existence in a cataclysmic explosion from a very tiny point. 


The problem was that it wasn’t easy to distinguish the rival theories as both made very similar predictions. Nevertheless, Dicke realised that an exploding universe should have left a kind of smoking cosmic gun as a uniform cloud of low energy microwave radiation. He recognised that the kind of radar detectors he had developed at MIT could be adapted to detect the cosmic energy cloud. The microwave radiation would however be very faint, far dimmer than any known radio or radar signal. Its detection would require a new generation of highly sensitive microwave detectors. Dicke and his Princeton group set out to build one. 


Over the months and years, members of the group presented research talks describing their steady progress. A colleague of Penzias and Wilson attended one of these meetings and passed on news about the Princeton team’s efforts to the pair. Could the horn antenna’s persistent microwave hiss be the signal that Dicke was looking for? Penzias decided to give Robert Dicke a call. It came through when Dicke was having a ‘brown bag lunch’ meeting in his office at Princeton. His colleagues remember Dicke picking up the call and listening intently, occasionally repeating phrases such as ‘horn antenna’ or ‘excess noise’ and nodding. Finally, putting down the receiver, he turned to his group and said, ‘Well, boys, we’ve been scooped.’ Dicke realised that Penzias and Wilson had discovered the Big Bang.


The next day, Dicke and his team drove to the Bell laboratories, to admire the horn antenna and take a closer look at the data. They returned convinced that Penzias and Wilson had indeed discovered the microwave remnant of the Big Bang. What most impressed both teams was the smoothness of the cosmic microwave background (CMB), as it was later called. It had, as far as they could tell, exactly the same intensity wherever they looked in the sky. Their discovery earned Penzias and Wilson the Nobel Prize in 1978. About a decade later, NASA launched their Cosmic Background Explorer (COBE) satellite to provide more precise measurements and discovered faint ripples, with variations in radiation intensity of less than one part in 100 thousand, in the CMB. That is a lot less than the variation in whiteness you would see in the cleanest, whitest sheet of paper that you have ever seen. A decade later, in 1998, the European Space Agency (ESA) launched their own microwave detector into space, the Planck Space Observatory, and confirmed both the faint ripples and the extraordinary uniformity of the CMB. 
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FIGURE 2: Cosmic microwave background.


The CMB is a kind of photograph taken of the universe when it was less than the size of the Milky Way. Its uniformity tells us that, at that moment, when the first blast of light emerged from its trillions of atoms, our universe was simple. In fact, the CMB remains the simplest object that we know of today; simpler even than a single atom. It can be described by just a single number, 0.00001, which refers to the degree of variation in its ripple intensity. As Neil Turok, director emeritus of the Perimeter Institute for Theoretical Physics in Ontario, Canada, recently commented, the CMB tells us that ‘the universe turns out to be stunningly simple … [so much so that] we don’t know how nature got away with it.’2


The universe remembers its simple beginnings so that, 14 billion years after the Big Bang, its bones remain simple. This book is about uncovering those bones – the simple building blocks of our universe – with a tool known as Occam’s razor, named after a Franciscan friar called William of Occam, who lived seven centuries before Penzias and Wilson.


My own interest in simplicity began at a biology research meeting held at my workplace at the University of Surrey in the UK, around the time that ESA launched their Planck mission to measure the CMB. There I listened to a talk with the provocative title of ‘Occam’s razor has no place in biology’ delivered by my friend and colleague Hans Westerhoff. The crux of Hans’s argument was that life is too complex, even ‘irreducibly complex’ as Hans put it, for Occam’s razor to be of any use. At that time, more than two decades ago, I knew nothing about Occam and hardly more about his razor; but I did remember that I drove past a road sign to the village of Ockham on my way to work every day. The coincidence was sufficient to pique my interest and persuade me to trawl through the internet that evening to see if I could find any information that might save the reputation of our locally inspired razor.


My search soon revealed that the razor was indeed named after William of Occam, born in the nearby Surrey village in the late thirteenth century. After joining the Franciscans he studied theology in Oxford where he developed his preference for the simplest solutions. This idea was not entirely new but Occam’s ruthless application of the principle to dismantle much of medieval philosophy became so notorious that, three centuries after his death, the French theologian Libert Froidmont coined the term ‘Occam’s razor’ to refer to William’s preference for shaving away excess complexity.3


Today, the razor is mostly known in the form ‘entities should not be multiplied beyond necessity’. ‘Entities’ refers to the parts of an hypothesis, explanation or model of any particular system. So, if you unexpectedly detect microwaves in your horn antenna, look for familiar entities to explain the phenomenon, such as radar facilities or pigeons, before inventing new ones, like Big Bangs. As far as we know, William never expressed his preference for parsimony in the exact form above but did express the same sentiment in phrases such as ‘plurality should not be posited without necessity’ or ‘it is futile to do with more what can be done with less’. 


In the evening that followed Hans’s seminar, I pulled on the threads of William’s story and, the more I pulled, the more fascinating his story became. When his ideas, including his dismantling of all the established ‘proofs’ of God, began to leak out of Oxford, they provoked a charge of teaching heresy and a summons to Avignon to face trial before the Pope. Yet, in Avignon, he became embroiled in an even deadlier conflict between the Pope and the Franciscans, one that provoked William to accuse the Pope of heresy and led to his flight from the city chased by a posse of papal soldiers. 


This was gripping stuff but already I had sufficient ammunition to defend our local hero. In my own talk the next day, I pointed out that the razor, in its most familiar formulation, insists only that ‘entities should not be multiplied beyond necessity’. The ‘beyond necessity’ clause is generous. If all the simpler explanations for a phenomenon fail then the razor gives you full licence to invent as many preposterous notions as you need, such as the claim that the universe popped out of an infinitesimal point of nothing 14 billion years ago, to account for your data. As Sherlock Holmes put it, ‘Once you eliminate the impossible, whatever remains, no matter how improbable, must be the truth.’4 So, to Hans’s objection that the razor is too blunt an instrument to handle the delicate sinews of biology, I countered that the ‘beyond necessity’ clause allows us to invent as many entities as we need so long as we stop there.


The debate rumbles on between us but now runs alongside my wider fascination with William, his work and the role of his razor in science. My research has led me from the cloisters of Oxford and the palaces of Avignon to the first sparks of modern science in the medieval world. From there I followed its track as it was picked up by the giants of modern science from Copernicus to Kepler, Newton, Einstein or Darwin, who all expressed a preference for simple solutions. The journey has persuaded me that simplicity is not just a tool of science alongside experimentation, it is as central to science as numbers are to mathematics or notes to music. Indeed, in the final analysis, simplicity is, I believe, what separates science from the countless other ways of making sense of the world. In 1934, Albert Einstein insisted that ‘The grand aim of all science [is] to cover the greatest number of empirical facts by logical deduction from the smallest possible number of hypotheses or axioms.’5 Occam’s razor helps us find ‘the smallest number of hypotheses or axioms’. 


Nor is the work of Occam’s razor done. As physics inches its way towards the simplest possible theories, biologists struggle to extract simple theories from the accelerating stream of data pouring out of genomics and other ‘omics’ technologies. It also remains as controversial today as it was in Occam’s time. Statisticians constantly debate its value and significance. Recently a group of French scientists published a paper arguing that simple models, honed by the razor, make better sense of the Covid-19 pandemic sweeping their country than the bulky cumbersome models used by most epidemiologists. At the cutting edge of science, simplicity continues to present us with the most profound, enigmatic and sometimes unsettling insights. 


Perhaps most surprisingly, it is increasingly clear that the value of Occam’s razor is not limited to science. William Shakespeare insisted that ‘brevity is the soul of wit’ and modernity has taken that principle to heart. From the minimalist music of John Cage, to the clean architectural lines of Le Corbusier, the lean prose of Samuel Beckett or the smooth lines of the iPad, modern culture is steeped in simplicity. Occam’s razor finds expression in the advice of the architect Mies van der Rohe that ‘Less is more’; the computer scientist Bjarne Stroustrup’s instruction to ‘Make simple tasks simple’, or the writer and aviator Antoine de Saint-Exupéry’s observation that ‘It seems that perfection is reached not when there is nothing left to add but when there is nothing left to take away.’ In engineering the principle is best known under the acronym KISS, or ‘Keep it simple, stupid’, a design principle adopted by the US Navy in the 1960s but now universally acknowledged as fundamental to sound engineering. Occam’s razor underpins the modern world.


I also want to be clear about what I am not attempting in this book. It is not my aim to provide an exhaustive history of science. Instead, I hope to convince you of the unappreciated value of Occam’s razor through a selective account of key ideas and innovations that exemplify its importance and illustrate its use. This inevitably means that many significant advances made by the greatest scientists have been completely omitted. To those interested readers who might wish to fill in the gaps, I refer them to just a few of many excellent books.6


Moreover, and perhaps even more importantly, this book isn’t so much a history of science as an account and exploration of the biggest ideas, within and outside of science, that have been inspired by Occam’s razor. It begins in a world where science was essentially a branch of theology. This may seem odd to us today but, throughout most periods of human history, it has been the predominant perspective. William of Occam and his razor helped to cut science free from its theological tethers, a feat that, I believe, was crucial to the subsequent course of human history. Yet even today, science remains a prisoner of its cultural context and nowhere is this more apparent than when considering its origins and development. Accordingly, Life is Simple also probes the wider world where Occam’s razor operates. 


Lastly, there is only one science, but it has many branches and spreading roots that stretched to ancient Mesopotamia, where the first astronomers plotted the movement of the stars, and to ancient India where the system we now call Arabic numerals was invented. Those roots also reached to ancient China where many technologies such as block printing originated, to Aegean shores where ancient Greeks first used mathematics to make sense of the world, and back into the Middle East and North Africa where Islamic scholars both preserved and extended Greek science into new areas such as optics and chemistry. Hundreds of places, countless times and millions of people have contributed to that remarkable system of thought that we now call modern science. Sadly, most of the scientists whose work I have used to illustrate the role of Occam’s razor are wealthy white Western men. There is no doubt that people of all genders and races have contributed to modern science, but lack of opportunity, prejudice and social barriers have largely left their contributions undocumented. I have tried to redress this deficit in the later chapters of this book to illustrate my own conviction that science has been, and will continue to be, humankind’s most cooperative endeavour.


Our journey begins with a voyage.







   


PART I


Discovery








   


1


Of Scholars and Heretics


I found a great many things that were heretical, erroneous, silly, ridiculous, fantastic, insane and defamatory, contrary and likewise plainly adverse to orthodox faith, good morals, natural reason, certain experience, and fraternal charity. I have decided that some of them should be inserted here.


William of Occam, ‘A Letter to the Friars Minor’, 13341


Escape


On the night of 26 May 1328, three friars, tonsured and dressed in the grey robes of the Franciscans, slipped out of the papal city of Avignon and rode south to the Crusader riverside port of Aigues-Mortes, about sixty miles north-west of Marseilles. The first was Michael of Cesena, minister general of the Franciscan order and keeper of its seal of office. The second was the Franciscans’ chief lawyer, Bonagratia of Bergamo. Both were well known to princes and popes, having travelled widely between European courts as representatives of their order. The third fugitive, who was around forty and slight of build, was the English scholar William of Occam. Although more than a decade younger than his Franciscan brothers, William’s dangerous ideas had already brought him notoriety and a charge of heresy. The three were fleeing papal justice after having accused the Pope of being a heretic. If captured, they would face excommunication, imprisonment or even a slow and cruel death on a burning pyre. 


The group travelled with a guard of ‘well-armed servants’.fn1 At Aigues-Mortes, they were met by ‘Giovanni Gentile, citizen of Savona, the captain of a galley’2 moored in the harbour. Such ships, long and low in the water and similar in construction to a Venetian gondola but bigger and equipped with both sails and rows of oars, were able to navigate shallow seas and rivers and so were widely used to trade goods between the northern Mediterranean ports. The friars would surely have been relieved to board the galley and must have been keen to set off, but bad weather and contrary tides foiled their escape. 


Meanwhile, back in Avignon, their flight had been discovered and a posse of papal soldiers had been dispatched to capture them. Led by the Lord of Arrabley and ‘accompanied by a large number of papal and royal retainers’, the arrest party arrived in the dead of night with the Franciscans aboard Gentile’s galley still moored in the harbour unable to launch. Arrabley demanded that the ship’s captain hand over the fugitives. Gentile initially appeared cooperative, inviting Lord Arrabley on board. The papal envoy formally arrested the Franciscans and threatened ‘the gravest penalties’ if Gentile refused to hand them over. The two men agreed a deal in which the Franciscans would be surrendered to the papal authorities. Yet after Arrabley had disembarked, and still under the cover of night, ‘the captain unfurled his sails and secretly sailed away’.


Watching the angry papal soldiers recede into darkness must have delighted the terrified Franciscans. However, their glee was short-lived because, after they had ‘navigated for a good thirty leagues downriver’ (at this time the port was many miles from the sea), ‘Divine providence created a contrary wind’ that blew them back upstream, compelling Gentile to seek refuge once again within reach of the papal posse. Negotiations resumed for delivery of the Franciscans, who remained on board for several days ‘in extreme fear’. However, it seems that the wily captain was playing for time because, when the weather turned, he launched his boat into the river once again, this time reaching the open sea where it was met by ‘a large Savonan war galley captained by a “Li Pelez”’, allied to the newly elected Holy Roman Emperor Louis of Bavaria. Gentile arranged for the fugitives to transfer to the bigger ship and on Friday 3 June, the war galley and its Franciscan passengers sailed beyond the reach of the furious Pope. William lived to see another day but, as far as we know, he never returned to France or home to England.


The historical account of the Franciscans’ escape breaks off after their flight from Aigues-Mortes. Yet a flavour of the kind of voyage that William and his friends would have experienced can be obtained from the near contemporary account of a departure from the same port by Jean de Joinville, who accompanied Louis IX on the seventh crusade in 1248. 


When the horses were on ship, our master mariner called to his seamen who stood on the prow and said, ‘Are you ready?’ and they answered, ‘Aye Sir’. ‘Then let the clerks and priests come forward.’ As soon as they had come forward he called to them, ‘Sing for God’s sake!’ and they all with one voice chanted, ‘Veni Creator Spiritus’. Then he cried to his seamen, ‘Unfurl the sails for God’s sake!’ and they did so. In a short space the wind had borne us out of sight of land, so that we saw nought but sky and water … And these things I tell you, that you may understand how foolhardy is the man who dares … to place himself in mortal peril, seeing that you lie down to sleep at night on shipboard, you lie down not knowing whether in the morning you may find yourself at the bottom of the sea.3


So, why were William’s ideas so dangerous that the Pope went to so much trouble to try to catch him? To understand, we need to enter the archaic mindset of the medieval world. 


William was born around 1288 in Ockham, a small Surrey village about a day’s ride south-west of London. There are no contemporary accounts except the village’s entry in the Domesday Book written in 1086, twenty years after England’s conquest by the Normans and two hundred years before William was born. This may seem a long time but, after the immediate turmoil of the Conquest, the pace of change in medieval England was much slower than today and, as far as we can tell, Ockham remained the same insignificant hamlet or village as the settlement described under its Anglo-Saxon name as Bocheham. It provided pasture for 26 cows, woodland yielding acorns to feed about 40 pigs, fields to support about 20 families and a mill. Probably the most archaic feature of the Domesday account is how the book describes the village’s human inhabitants as ‘thirty two villeins and four bordars … three bondmen’. These are all categories of serfs, who were little more than slaves required to work for their lord for no pay and were bought and sold along with the manor. None are named but one freeman with the Anglo-Saxon name of Gundrid is mentioned. The whole manor was valued at 15 pounds, which is roughly equivalent to eight times what a labourer could earn in a year.


The first concrete fact we know about William is that he was given to the Franciscan order, probably aged around eleven. This was relatively common in noble families, but several facts argue against William being of noble birth. First, there is the absence of any record of his family, suggesting that they were humble. Secondly, there are no nobles listed in Domesday’s Ockham nor in later accounts. Monasteries also acted as unofficial orphanages for unwanted children left on their steps, so a more likely beginning to William’s life is as an orphaned, illegitimate or abandoned child.


There were several small Franciscan friaries in towns near Ockham, for example, in Guildford and Chertsey. It is likely that William spent his early years in one of them. After arriving as a young boy, he would have been tonsured and clad in the grey hooded habit of the Franciscans.fn2 As an oblate, a kind of apprentice friar, he would have been subjected to the highly regimented order of friary life. Each day would begin at about 6 a.m. with lauds, then there would be services and singing of psalms, followed by classes. The aim of his primary education was to ensure that he grew up able to fulfil his primary duty as a friar to read prayers and sing psalms. The standard teaching method was rote-learning and chanting or singing of passages. At this stage of their education, the boys would not necessarily be expected to understand the Latin of their songs and prayers. As the boy in Chaucer’s ‘The Prioress’s Tale’ confesses, ‘I learn song; I know little grammar.’


During his early years at the friary, William would have been instructed in basic arithmetic, reading the Bible and the lives of the saints. Books were very precious so teaching mostly involved rote dictation of passages read by the master and then copied onto waxed tablets with a stylus. Discipline was strictly enforced in a regime probably not too dissimilar from that advocated by St Benignus of Dijon who decreed that ‘if the boys commit any fault … let there be no sort of delay, but let them be stripped forthwith of frock and cowl and be beaten in their shirt only.’4 William not only survived but sufficiently impressed his superiors, so that around 1305, when he was about twenty, they sent him to the closest Franciscan school, or studium generale, Greyfriars near Newgate in the City of London, to receive his secondary education.


Newgate was an area in the south-east corner of the old City of London adjacent to one of the seven gates in the city walls. It lies about a day’s ride north of Ockham or Guildford; or, more likely, several days’ hike. The friary, the oldest and largest in England, housed over a hundred friars and was close to Newgate’s busy meat market. We can imagine the novice friar elbowing his way through the noisy, slippery, stinking and bustling narrow alleys and lanes with names such as Bladder Street or the Shambles (a contraction of the ‘Flesh Ambles’), dodging men and boys carrying blood-dripping carcases of cows, pigs, sheep and steaming buckets of congealed blood to make the blood pudding sold on nearby Pudding Lane. It was probably with a great deal of relief that he passed through the wooden doors to arrive at the relative seclusion and quiet of the friary.


As a studium generale, Greyfriars was something between a school and university where an academically inclined friar would study for three years for a bachelor’s degree or six years for a master’s degree before, if he were clever enough, going on to study for a doctorate in theology. It was here that William’s education would have broadened to encompass the medieval university liberal arts trivium comprising grammar, logic and rhetoric before advancing to the quadrivium, which included music as well as subjects that would today be part of a science curriculum – arithmetic, geometry and astronomy. 


However, when William sat down in the stone-walled lecture room alongside his grey-robed and tonsured fellow students to listen to one of his masters lecture on logic, arithmetic, geometry or astronomy, the experience would have been wholly different from that of any modern student. For a start, most of the key texts were hundreds, even thousands, of years old. 


The crowded cosmos before the razor


It seemed a cloud enclosed us, shining, dense, with polished surface firm that, diamond-bright, was dazzling in the sun’s reflected light. We passed within the eternal pearl, as sinks a ray of sunlight in the stream, which drinks the light … If I were body or unsubstanced soul I know not … Faint as a white pearl on as white a brow, so there were many faces round me now eager for speech.


Dante, The Divine Comedy, ‘The sphere of the moon’


I should first point out that science, as the term is understood today, did not really exist in the medieval world. The word derives from the Latin scientia meaning knowledge. However, medieval scholars identified scientia with knowledge that could be known with certainty, such as the roundness of the moon or that the square on the hypotenuse is equal to the sum of the squares on the other two sides of a right-angled triangle. This contrasted with matters of opinion, such as whether Dante or Chaucer were the greater poet or whether theft or adultery the greater sin. Yet, in contrast to today’s science, scientia also included ‘theological truths’ that were considered to be certain, such as the existence of Heaven and Hell. 


With this clarification in mind, the first scientific (in the modern sense) scientia that William studied at Greyfriars would have been various commentaries by Greek scholars such as Euclid (mathematics) and Aristotle (mostly everything else) from the third and fourth centuries BCE and Roman scholars, such as Boethius, from the fifth–sixth century CE. By this time, Aristotle was the principal authority and William would probably have studied his Physics, De Animalibus (On Animals), De Caelo et Mundo (Heaven and the World), De Generatione et Corruptione (On Generation and Corruption) and Meteorologica (Meteorology, Books I and IV). Among the commentaries would have been Tractatus de Sphaera (The Sphere of the World) written around 1230 by Johannes de Sacrobosco, which provided a readable summary of the astronomy found in Aristotle and later Greek philosophers, such as Ptolemy. Sacrobosco’s book profoundly influenced medieval art and literature, including probably the greatest poem of the Middle Ages, Dante’s The Divine Comedy.


Dante wrote The Divine Comedy between 1308 and 1320, while William was studying in London. It is filled with elements drawn from Tractatus de Sphaera together with components from other medieval scholars, such as Roger Bacon and Robert Grosseteste,5 texts that William would also have studied; plus a good deal from the poet’s fecund imagination. Although it is largely fanciful, it illustrates how entangled theology and scientia were in medieval philosophy6 and is therefore a great place to begin our exploration of the role of Occam’s razor in the progress of science. 


In his epic poem, Dante takes us on a tour of regions of the medieval universe. He begins his journey on earth from where he descends into hell and from there visits purgatory.fm3 He finally ascends into heaven, accompanied by the spirit of Beatrice, his childhood sweetheart. Beatrice then takes Dante on a tour of ten heavens where they visit the orbs of the sun, the moon (quoted at the start of this section) and the planets Mercury, Venus, Mars, Jupiter and Saturn. The ‘diamond-bright’ material in the passage is a rotating sphere made of transparent crystal on which the moon (the ‘eternal pearl’) was thought to be moored. The rotations of the lunar sphere transported the moon around the earth on its monthly circuit. The sun, and each of the planets, were similarly propelled through their geocentric orbits by crystal spheres. It is on the lowest, lunar sphere, where Dante first encounters some of the supernatural inhabitants of the heavens, the ‘faces’ of the souls of the blessed. 
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FIGURE 3: The medieval cosmos.


Dante’s heaven is clearly a physical space; but is it science or theology? It is both. Souls and angels are there in abundance, but then so are questions that we would describe today as scientific. For example, during their tour, Dante and Beatrice embark on a lengthy discussion of the possible causes of the dark spots on the moon. This was a hotly debated topic among scholars in the ancient and medieval world because the moon, being an inhabitant of heaven, was expected to be unblemished. Some claimed that the spots were the stains of mankind’s sins; whereas Beatrice discusses and dismisses another possibility, that the moon might have transparent regions. Science and theology are both inhabitants of the scientia of the medieval cosmos.


Dante continued his ascent, travelling through the five planetary spheres before visiting the celestial sphere that carried the fixed stars on their daily orbit. There was considerable discussion on the nature of the stars, whether they were, for example, spherical bodies attached to their sphere, or perhaps pinpricks in the heavenly sphere through which divine starlight shines. Beyond the celestial sphere was the highest heaven or primum mobile whose purpose, Beatrice explains, is solely to provide propulsion for the inner spheres carrying the stars and orbs. Beyond it is the dwelling place of God and the saints. 


I should point out that Sacrobosco’s astronomy text does not include angels or mention any other explicit theology, as it was based on much of Aristotle’s almost secular astronomy. Nevertheless, the majority of people who studied Aristotle in the medieval world were theologians who sought ways to incorporate his astronomy into their notion of a Christian heaven, as reflected in their commentaries. Dante’s poem thereby provides a glimpse of the heaven that William studied but also what educated men and women thought they were looking at when they glanced up at the night sky. Very far from our modern notion of a night sky filled with spheres of rock or fiery gas separated by vast voids, the medieval person saw the walls of heaven decorated with the sun, moon and stars. If they could, like Dante, rise into its heights and peel back the starry firmament, then they would have expected to see, along with the angels and saints, the face of God. 


The medieval universe was thereby a peculiar amalgam of Greek astronomy and Christian theology. The theological components had been cobbled together from the Hebrew Bible and the writings of Christian theologians. To discover the origins of its scientific parts, we need to head both east from Newgate and backwards in time to ancient Mesopotamia.


The orbs


Look up at the night sky on a clear night and you will see about two thousand stars. You may also see the moon and up to five visible planets. The moon is easy to spot. But which of the two thousand or so stars are planets?


An ancient Babylonian (1800–600 BCE) could have provided you with an answer. Their hot summer nights spent sleeping on cool rooftops made them very familiar with the movements visible in the night sky. They grew up recognising the constellations of two thousand or so fixed stars that twinkle as well as rotate in perfect circles around a point in the night sky marked by the Pole Star. But they also spotted five stars that didn’t twinkle, nor follow circular paths, preferring instead to wander through a broad swathe of constellations known as the Zodiac. Their roaming habits earned them the name of wandering stars, or planetes in Greek.


The feature that most intrigued the ancient astronomers was the motion of the planets. Like most ancient people they drew a distinction between inanimate and animate objects. They believed that the inanimate kind tend to lie stationary unless given a push; whereas animate objects possessed the power of autonomous motion conferred by a supernatural soul that animated flesh. Since the heavenly bodies moved erratically across the sky without any visible mover, the Babylonians, along with nearly all ancient people, believed that they, like us, are animated by supernatural agents or souls. The planet we call Mercury was pulled around the sky by the chariot of the god Nabu. Similarly, Ishtar, Nergal, Marduk and Ninurta steered the planets we know today as Venus, Mars, Jupiter and Saturn. To provide the moon and the sun with their own independent motive forces, the Babylonians had them harnessed to the chariots of the sun god Sin and moon god Shamash.fm4 The five visible planets plus the sun and the moon gave them, and us, the seven days of the week. Pinning a god to each fixed star would have been expensive in deities so the Babylonians opted for a simpler solution by attaching them to the inner surface of a hemispherical cosmological oyster shell that rotated from east to west around the Pole Star every day. 


This deity-filled cosmos sounds quaint today but, in the absence of any understanding of gravity, the gods did the job in the heavens. As we shall discover, science is not about finding any kind of ultimate truth, it is about building hypotheses or models that we use to make useful predictions. The Babylonians’ god-filled model of the heavens worked sufficiently well for its principal purpose of providing them with a calendar that their astronomers and astrologers used to predict the best time to plant, harvest, marry or make war. 


The spheres


Babylon fell to the Achaemenid Persian Empire in 539 BCE, but its astronomy survived and crossed the Aegean to be picked up by ancient Greek astronomers. There, the heavenly pantheon of Babylonian gods was supplanted by Greek deities, such as Aphrodite or Ares. However, the more philosophically minded Greeks, such as Anaximenes (585–528 BCE) of Miletus (a Greek town on the Anatolian coast), made the gods redundant, at least in the heavens, by replacing their divine drive with a concentric series of mechanical spheres whose rotations propelled the moon, sun, planets and stars around the earth and across the sky. To account for the obvious problem that no one could see the spheres, Anaximenes adopted the approach that bedevilled pre-modern science: he invented an entity to fill the explanatory gap. He proposed that the heavenly spheres were made of a perfectly transparent, crystal-like heavenly element known as aether, or the fifth element, quintessence, from which we obtain the modern English word, quintessential. 


There was, of course, no evidence for either spheres or aether; but, in the ancient world, they were an economic means of accounting for the heavenly motions as they replaced a pantheon of gods with just two entities. However, their presumed existence inspired mystics, philosophers, astrologers and astronomers to invent additional entities for millennia. Pythagoras (c.570–c.495 BCE), who was born on the island of Samos, claimed that the rotation of the spheres created a heavenly music audible only to highly tuned ears. A thousand years after Anaximenes, alchemists were claiming to extract pure quintessence from their potions, while two thousand years after Pythagoras, composers were still writing music of the spheres. Entities may become superfluous but they are often remarkably durable. 
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FIGURE 4: Position of Mars against background stars on consecutive nights.


Yet, although crystal spheres worked well for the sun, moon or fixed stars that moved in perfect circles across the sky every day, they hit a major obstacle when attempting to account for the motion of those wandering planets. Not only were their paths non-circular but, as well as wheeling from east to west along with the fixed stars, they frequently changed course, in what we call today retrograde motion, to move from west to east. This had not been a problem for the ancient Babylonian planets driven by capricious gods, but how do you make an object on the surface of a rotating sphere wander? 


The greatest philosopher of the ancient world thought he knew the answer. Plato was born around 428 BCE to a wealthy Athenian family. He became a pupil of Socrates and, after the elder philosopher’s execution, founded the world’s first school of philosophy, the famous Academy in Athens. There he lectured and wrote extensively on philosophy, the arts, politics, ethics and science, particularly Pythagorean mathematics and astronomy. His most influential idea, and one that was to profoundly shape the course of Western culture, was his concept of Formsfm5 and the accompanying philosophical tradition known as philosophical realism. 


Plato’s realism encompasses all aspects of experience but is most easily explained by considering the nature of mathematical and geometrical objects such as circles. He asked the question, what is a circle? You might indicate a particular example etched into stone or drawn in the sand, but Plato would point out that, if you looked closely enough, you would see that neither it, nor indeed any physical circle, was perfect. They all possessed kinks or other imperfections, and all were subject to change and decayed with time. So how can we talk about circles if they do not actually exist? 


The problem is not restricted to geometrical objects but is apparent in every word we give to a class of objects or concepts, for example, rocks, sand, cats, fish, love, justice, law, nobility, and so on. Individual examples or instances are different from each other and none corresponds to the idealised cat, rock or noble; yet we have no trouble in recognising and talking about them. So what are we comparing them against to identify them as circles, rocks, fish or cats? 


Plato’s extraordinary answer was that the world we see is a pale reflection of a deeper reality of Forms, or universals, where perfect cats chase perfect mice in perfect circles around perfect rocks watched over by perfect nobles. Plato believed that the Forms or universals are the true reality that exists in an invisible but perfect realm beyond our senses. His system is often known as philosophical realism to denote that Plato, and his followers, believed that Forms or universals are not only real but are the ultimate reality that give rise to our sensory perceptions.fn6 


Plato graphically illustrated his model in his famous Allegory of the Cave in which he compared the human experience to that of people chained facing the wall of a cave lit by a fire. Real objects (analogous to his Forms) pass between them and the fire but the inhabitants of the cave can only perceive their own shadows projected onto the cave wall. They are convinced that these shadows are the real world and are completely unaware that there is another, more vibrant reality, if they could only turn around to face it. Plato similarly insisted the real world of the Forms cannot be perceived by our senses but only our minds. He advised that the philosopher’s mind, ‘along with the whole soul, must be wheeled round from that which is subject to becoming [the visible world of our experience] until it is able to endure the contemplation of that which is, and the most resplendent part thereof: and this we declare is the Good.’7


Nobody is sure where Plato located his realm of perfect Forms but, in his Phaedrus, they are in a ‘place beyond heaven’. As co-habitants of the heavenly realm, the planets must be perfect in every way, including travelling along geometrically perfect circular paths and at uniform speed. That this claim was plainly contradicted by his senses must, Plato insisted, be a consequence of the inferior vantage point available to humanity from within the terrestrial cave of our senses. He urged his followers to ignore the distorted lens of their senses and instead use their intellect to discover the ‘circular motions, uniform [speed across the sky] and perfectly regular, [that] are to be admitted as hypotheses so that it might be possible to save the appearance presented by the planets’.8 Thus, saving the appearance of the planets, as this quest came to be called, became the primary mission of astronomers for more than two thousand years.


The first to take up the challenge of saving the appearance of the heavens was Plato’s pupil, Eudoxus of Cnidus (410–347 BCE) who, in a pattern that will become familiar, added more spheres. Imagine you are standing in Plato’s cave, which lies at the centre of a simplified version of Eudoxus’s model consisting of just a single sphere, which we will represent in Figure 5 as a band-like section of the crystal sphere (though remembering that Eudoxus imagined an entire sphere). Attached somewhere on the inside of the band’s circumference is a bright light, which we will call the ‘Planet’. Now imagine watching only the light as the band rotates, and what you will see is that the Planet follows a perfectly circular path. Further imagine fitting a complete crystal sphere to the inside of the band so that the band and sphere are concentric. The band now runs on rollers so that it rotates smoothly along a fixed track over the surface of the crystal sphere. From your perspective at the centre of both band and sphere, the planet again follows a circular path. But now, as the band rotates, we allow the inner sphere to also rotate on yet another axis. The planet’s motion remains perfectly circular, seen from its own perspective, yet from your perspective in the cave, it now appears to follow a more complex path, which is the superposition of two circular motions. It moves like the planets in the sky.
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FIGURE 5: View of the planetary motions in Eudoxus’s model.


Eudoxus’s model worked well enough but it needed twenty-seven spheres. Plato’s mechanically minded pupil Aristotle added more spheres to act rather like modern ball-bearings to prevent motion from one sphere being transmitted to adjacent spheres. The number of celestial spheres jumped to fifty-six. Still, a problem remained. No number of rigid rotating spheres could accommodate another feature of planetary motion – that the planets regularly wax and wane in luminosity. To maintain their constancy of illumination, they would have had to, alternately, move closer (wax) and further away (wane) from the earth. How could they perform this manoeuvre on the surface of a rigid sphere?


A solution was devised by the last great astronomer of antiquity, Claudius Ptolemaeus (Ptolemy, around 90–168 CE) who lived in the Graeco-Roman city of Alexandria famous for its Great Library. His first move was to incorporate an idea from the third-century BCE Greek astronomer Apollonius.fn7 Imagine that instead of pinning the imaginary planet in Figure 5 to the outer band, we hang it instead from a small rotating wheel, rather like a seat hanging from a Ferris wheel, whose hub is attached to the band. The sphere and ring rotate the planet exactly as before but now the Ferris wheel’s rotation delivers an additional epicycle that moves the planet alternately nearer and further from your vantage point. The addition of the wheel now accounted for the waxing and waning of the planets but how can any kind of wheel swing a planet through a supposedly rock-solid crystal sphere? Ptolemy did not attempt to explain. 


Even with all this complexity, the motions of the planets did not entirely fit Ptolemy’s model. To fix the problem, he introduced two additional complications. First, he shifted the earth (Plato’s cave in the figure) from the precise centre of the sphere’s rotations to a point, just off-centre, which was called the eccentric. He also quietly dropped the Platonic principle of uniform motion by allowing each planet only to appear to rotate at uniform speed from an imaginary point in space termed the equant. 


Ptolemy described his final geometric model of the cosmos in his Almagest, written in about 150 CE. It was extremely complex, including around eighty circles, epicycles, eccentrics and equant points. It was also profoundly non-physical as it involved the planets, on their heavenly Ferris wheels, rotating clean through the supposedly solid crystal spheres. It was also geocentric, with the earth, rather than the sun, at its centre. Yet, astronomical predictions made using the Almagest model of the cosmos were pretty accurate, accounting for much of the observed motions in the heavens as well as the date of events, such as eclipses, so much so that it became the last word in astronomy for over a thousand years. It was widely studied in the Arabian world and most of the astronomy of Johannes de Sacrobosco, in Tractatus de Sphaera, which William of Occam probably studied at Oxford, came via the Arabic translations from the Almagest. 


How can a model that is so wrong get so much right? This is actually a very deep question that challenges the widespread notion that the mission of science is to peer beyond the limitations of our senses and unguided intellect to discover what the world is really like. If scientific models, such as Ptolemy’s, that are based on so many wrong assumptions, can still make accurate predictions, then how can we tell whether a particular theory or hypothesis is right or wrong? Perhaps today’s scientific models that similarly account for most of today’s data are just as flawed as Ptolemy’s? How then do we discover the truth? 


As you might guess, the answer to this conundrum involves Occam’s razor, but its adoption will entail abandoning what might be called the naive view of science as a quest for the truth in favour of a more nuanced and perhaps unsettling acceptance that the truth will always be beyond our grasp. Nevertheless, despite this limitation, and with Occam’s razor in hand, science can, and does, help us to make sense of our world such that we can fly rockets to remote planets or free billions from the yoke of disease or starvation. Science may not know where it’s going, but the journey is amazing.


The fall of the heavens


Ptolemy’s model was the last great achievement of classical science. His home city of Alexandria continued as a centre of learning well into the Christian era. Its great library was so famous that, in the first two centuries CE, Alexandria was regarded as the capital of learning throughout the ancient world. The Alexandrian Museum, established around 300 BCE, is arguably one of the world’s first universities that counted eminent scholars, such as Euclid, among its faculty. Its last director was a mathematician called Theon of Alexandria. Theon’s learned and beautiful daughter Hypatia had achieved great fame in her own right as a mathematician, philosopher and teacher, and as such epitomised the ideals of Hellenic culture. She is the first female mathematician of whom we have certain knowledge.9 She continued to teach and worship the pagan gods even after Emperor Theodosius’s edict against the old Greek religion. John, Bishop of Nikiû, takes up the story of her fate in 415 CE when ‘A multitude of believers in God … dragged her along till they brought her to the great church … And they tore off her clothing and dragged her through the streets of the city till she died … and they burned her body with fire.’10 St Jerome, the translator of the Vulgate Bible, wrote that ‘the stupid wisdom of the philosophers’ had been defeated. The crystal spheres that had provided ‘the course of the stars’ for the Greeks and Romans were shattered and the model of the cosmos reverted to a flat earth surrounded by a Hebrew tent to hold up the stars. Severian, Bishop of Gabala, in about 400 CE, wrote in his Six Orations on the Creation of the World, ‘The world is not a sphere but a tent or tabernacle.’11







      


2


The Physics of God


The period of Western European history that used to be known as the ‘Dark Ages’fn1 saw the population of the region plummet from about 9 million in 500 CE to about 5 million, four hundred years later. Literacy levels dropped dramatically and construction of monumental architecture almost ceased. The period saw massive migrations as successive waves of invaders rushed to fill the vacuum left by the collapse of the Roman Empire, and refugees sought to escape the subsequent chaos. 


Some learning did however survive in Europe, often on the fringes of the former Empire, such as in Northumbria and Ireland in the British Isles. Scholars from both these regions, such as Alcuin of York (735–804) and John Scotus (815–77), later travelled across Europe to contribute to the Carolingian Renaissance of the eighth and ninth centuries that eventually settled into what tends to be known today as the Early Middle Ages or Early Medieval period.1


The Carolingian Renaissance brought technological innovation that included the introduction of the heavy plough, the stirrup and the windmill. Yet, although these innovations led to some progress, it was against a background of stasis or only incremental change. We don’t have reliable productivity data for the whole of the Early Middle Ages but a pattern can be seen in, for example, the agricultural productivity of England from 1200 to 1500,2 which shows extremely shallow growth over three hundred years. This kind of virtual stagnation – what we might today call linear growth – had also been typical of earlier civilisations, such as those of ancient Babylon, Greece or Rome, as well as in pre-industrial China, India and Mesoamerica. In fact, this pattern of linear growth interrupted by occasional spurts of progress seems to have been characteristic of nearly all human history, except for the last few hundred years which have exhibited a pattern of exponential, or accelerating, growth until very recently. We will return to the question of how and why human progress shifted from a linear to an exponential gear in later chapters; but, as you might expect, I believe Occam’s razor played a key role. 


After the fall of Rome and the establishment of the eastern Byzantine Empire centred on Constantinople, western Europe nonetheless retained Roman Latin as its lingua franca. This allowed, for example, Roman law to be adopted throughout most of the West. Science and philosophy, however, were nearly always written in Greek, with the result that much of that learning was lost to the West. And while the Greek-speaking Byzantine Empire enjoyed continued access to the ancient Greek texts, for reasons that remain unclear, the Byzantines seemed to have taken little interest in Greek science. 


A handful of Greek texts had, however, been translated into Latin before the fall of Rome. One of the most famous was written by the Christian Roman aristocrat Boethius (around 475–525 CE). Entitled The Consolation of Philosophy, Boethius wrote it in his jail cell while awaiting a horrible execution on a charge of treason. It featured his imagined dialogue with Lady Philosophy about the merits of philosophy, particularly Plato’s. It became immensely popular in the Middle Ages and was read by nearly all the literate minority. It remains in print today.


Latin translations of fragments of Plato’s dialogues also made it into the West, including much of his Timaeus, which went on to profoundly influence the intellectual development of Augustine of Hippo (later sanctified and known as St Augustine). In his The City of God, which became extraordinarily influential in the Middle Ages, he describes how God ‘brought in my way … some books of the Platonists translated from Greek into Latin’. The effect was so overwhelming that, he tells us, ‘[I] entered into my own depth and was thus set on the road to conversion’. 


Despite its popularity, The City of God projected a bleak view of humanity. Augustine wrote it after the sack of Rome by the Visigoths in 410 CE, and the long list of barbaric cruelties perpetrated over three long days of murder, rape and looting probably coloured his view of humanity as ‘a heap of depravity’. The chaos may also have inspired Augustine’s adoption of philosophical realism as a means of reconciling the savagery with his vision of a benevolent Christian God. He co-opted Plato’s world of Forms to claim that worldly imperfections were a pale and distorted reflection of the invisible but perfect realm of heaven. 


In his Confessions, Augustine did ponder questions that today we would label as scientific, such as the nature of time; yet these were always framed within a theological context, such as how an unchanging God could do anything within time.3 Augustine was also suspicious of the tendency of human intellect to stray beyond theology, warning that 


I mention another form of temptation … a certain vain desire and curiosity, not of taking delight in the body, but of making experiments with the body’s aid and cloaked under the name of learning and knowledge … Certainly the theatres no longer attract me, nor do I care to know the course of the stars … What concern is it of mine whether heaven is like a sphere and the earth is enclosed by it and suspended in the middle of the universe, or whether heaven like a disk above the earth covers it over on one side?4


The consequence of Augustine’s disdain for ‘another form of temptation’ was that science, like the economy, stagnated in Europe’s Early Middle Ages.


The earth becomes round again 


Fortunately, St Augustine’s influence did not extend into the Middle East and most of the Christian zealots who had usurped the old Roman religion were driven out by the Arab conquests in the seventh century. The region’s Islamic rulers were far more tolerant of ancient learning than those in the West, and intellectual centres such as Baghdad’s House of Wisdom, founded by Caliph Al-Mansur in the eighth century, sprang up across the Islamic world. Fragments of Greek manuscripts rescued from ancient libraries such as that at Alexandria were highly prized. The rescued works of Plato, Aristotle, Pythagoras, Euclid, Galen and Ptolemy were eagerly translated into Arabic and commented on by Greek-reading Islamic scholars, such as Al-Kindi (born around 801) in Baghdad who wrote influential commentaries on Aristotelian logic. Born in what is now Aleppo in northern Syria, the tenth-century female astronomer Mariam al-Asturlabiyy was renowned for the making of astrolabes. Greek science was not only studied but expanded by many Arabic-speaking scholars, such as the Basra-born Ibn al-Haytham (965–1040 CE) whose seven-volume treatise on optics, Kitab al-Manazir (Book of Optics), described his ground-breaking experiments on reflection that demonstrated, for example, that light always travels in straight lines. He was also the first to recognise that sight requires light to enter the eye. Islamic dominance in mathematics through the Early Middle Ages is reflected in English words with Arabic roots, such as algebra and algorithms while words like alchemy, alcohol and alkali are witness to Islamic innovations in chemistry. Arabian technological innovations, for example windmills, distillation, pens and buttons, had been unknown in the ancient world.5


The West remained an intellectual backwater until the ascent to the papacy of Gerbert of Aurillac, a classical scholar, geometer, astronomer and philosopher, who became Pope Sylvester II in 999 CE. Gerbert had travelled widely before becoming Pope, including to Spain, where he encountered Arabic and Greek manuscripts. He encouraged a rediscovery of, and respect for, Greek and Arabian science as well as introducing Hindu-Arabic numerals. He even owned an armillary sphere, a model of the heavens built from concentric metal rings centred on a spherical, not flat, earth. Contrary to the myth, no educated person in the Middle Ages thought the earth to be flat.


This trickle of learning from the ancient world became a flood after the Moorish kingdoms of Iberia and Sicily fell to the Christian Reconquista in the late twelfth and thirteenth centuries. The crusading knights who broke open the doors of the great Islamic libraries of Toledo, Córdoba and Palermo found the most astonishing treasure of all: their own forgotten past. An intellectually starved Europe came to realise that Greek and Roman philosophy and science, a world of ideas that they had believed irrevocably lost, had instead been preserved, and extended, in the books of their enemy. It was one of the most ironic volte-faces in history. Islamic scholars, such as al-Kindi and the Persian polymath Ibn Sina (born 980 in Hamedan, Iran) known as Avicenna in the West, or Ibn Rushd (born 1126 in Córdoba, Spain and known in the West as Averroes), had laboured for centuries translating Greek works written by the greatest minds of ancient Europe into Arabic. European scholars who read Arabic consumed these works and translated them into Latin. 


These translations of philosophy and science ignited a blaze of intellectual activity to initiate an unprecedented period of learning in the West that is sometimes known as the twelfth-century Renaissance. Cathedral clerical schools that had been set up across Europe during the Carolingian era opened their classes to Greek and Arabic texts. When King Louis IX of France heard that a Saracen sultan had established a library with a vast collection of books, he decided to do the same for the Parisian college founded by Robert de Sorbon around 1150. The Sorbonne, as it came to be known, became the nucleus of the University of Paris, described by the scholar and poet Jean Gerson as ‘the Paradise of the world, where is the tree of knowledge of good and evil’. 


The rediscovered philosopher who had, by far, the biggest impact in the Late Middle Ages was Aristotle. When Latin translations of Arabic sources arrived in the West, scholars – or the scholastics, as the Aristotelian scholars came to be known – pounced on the works of Aristotle and his Arabic commentaries as if they were rediscovered treasure – which of course they were. Robert Grosseteste (1175–1253), who became Bishop of Lincoln, translated many of Aristotle’s works while studying at the University of Oxford, and between 1220 and 1235 wrote a host of scientific treatises on philosophy, astronomy, optics and mathematical reasoning. His fellow Oxford scholar, the Franciscan Roger Bacon (1219–92), translated Aristotle’s treatises on ‘The Science of Perspective’ and ‘On Experimental Knowledge’, helping to revive interest in experimentation. In Paris, another translator, Albert the Great (1200–80), wrote his Commentary on Aristotle’s Physics as well as his own De Mineralibus (Treatise on Minerals) in which he fused Aristotle’s theory of causes with his own observations and even experiments, essentially founding the modern science of mineralogy. In it, he insisted that ‘The aim of natural philosophy is not simply to accept the statements of others, but to investigate the causes that are at work in nature.’ 


European scholastics not only imported Greek and Arab learning into the West, but they also applied it to new areas of study. For example, in his De Colore published around 1225, Robert Grosseteste described a three-dimensional geometric colour space that isn’t so different from how we describe perceived colour today. He was also the first to point out that the rainbow is a result of refraction.6 In his Opus Majus written around 1266, Roger Bacon imported much of Aristotle’s natural science, grammar, philosophy, logic, mathematics, physics and optics but added a study of lenses that may have inspired the development of spectacles. 


While the revival of science in Europe was a huge breakthrough and involved some genuinely new ideas as described above, many of its advances simply brought European scholars up to speed with the ancient world and advances further east. Much of Robert Grosseteste’s work on optics was based on Al-Kindi’s Optics; whereas Bacon’s 840-page treatise Opus Majus was mostly drawn from Ibn al-Haytham’s Book of Optics. Even terms such as ‘experiment’ in Bacon’s works are misleading to modern ears, as the medieval term meant merely observations from experience, such as observing the colours of a rainbow, the boiling of water or the attraction of a magnet. Bacon also gave the first account of gunpowder and its use in fireworks in the West, but it probably originated in the Islamic world. However, the most important distinction between the medieval scientia that Grosseteste and Bacon studied and modern science was that they both considered they were investigating a branch of theology. For example, Grosseteste believed that all light was an emanation from God7 and both he and Bacon insisted that theology was the foundation of all sciences.8


Despite its subordination to theology, the importation of ‘pagan’ ideas into Christianity was not uniformly welcomed by theologians. Many traditionalists feared that reading Aristotle was leading young scholars into heresy. The matter came to a head on 7 March 1277, when the Bishop of Paris, Stephen Tempier, issued a series of prohibitions that banned the teaching of 219 philosophical and theological theses, mostly from Aristotle. Many prohibitions were addressed at theologians who dared to place Aristotle’s logic above God’s omnipotence, for example, arguing over whether God could make a vacuum given that Aristotle had insisted a vacuum was logically impossible. The 1277 prohibitions only strictly applied in Paris, yet their influence led to a more critical attitude to Aristotle across most of Europe’s leading universities.


Today we know that this setback was only temporary. After a period of retrenchment, progress continued, the prohibitions were forgotten and Aristotle came once again to dominate the curriculum in Western universities. However, this happy outcome was not guaranteed. Two hundred years earlier a similar anti-Hellenistic and anti-rationalist backlash in the Islamic world, promoted by the Ash’ari theological school of Sunni Islam, had snuffed out the ‘Golden Age’ of Islamic science. Thereafter, Arab scholars restricted their studies to the ‘literal truth’ of the Koran.9 That medieval European science was not similarly strangled at birth owes much to the influence of the greatest theologian of the medieval age, who had arrived in Paris thirty years before the prohibitions, Thomas Aquinas (1225–74). 


The Dumb Ox


Born in 1225 into a wealthy Italian family in Roccasecca, central Italy, Aquinas was the ninth child of Theodora Carraciola, Countess of Teano. Thomas received his primary education at a studium generale in Naples where he first encountered the ideas of Aristotle and his Arab commentators, particularly Ibn Rushd (Averroes) and the Sephardic Jewish philosopher Moses ben Maimon (born in 1138 in Córdoba, Spain) known as Maimonides. 


Thomas’s family expected him to become a Benedictine abbot, a lucrative position that could earn the family new lands. Thomas had other ideas. He wanted instead to join the Dominicans who, like Occam’s Franciscans, were a mendicant religious order known for their respect of the new learning. To his family, this was the medieval equivalent of joining a cult, as the mendicants were considered hardly more respectable than wandering beggars. To prevent Thomas taking up this humble vocation, his family resorted to locking him up in the family castle. His brothers even smuggled in a prostitute in a ploy to tempt him away from the saintly life. Thomas is said to have chased her away with a burning stick. His sister eventually helped him to escape by lowering him in a basket from the castle tower into the waiting hands of Dominican co-conspirators. Aquinas escaped Italy and travelled to the centre of learning in medieval Europe, the University of Paris, arriving there about 1245. 


By this time, the most prolific and influential translator of Aristotle in the West, Albert the Great, had been teaching in Paris for five years. The novice friar came to the notice of the eminent theologian as a shy retiring new student constantly mocked by his fellows as the ‘dumb ox’ for his heavy build and premature baldness. Yet Albert recognised the brilliance of the young scholar and predicted that ‘the bellowing of this ox would be heard throughout the world’. He was right. 


When Albert moved to Cologne to teach at its studium generale, Aquinas followed him a few years later, then returned to Paris to study for his master’s in theology and write a commentary on The Four Books of Sentences.10 This text had been written in the previous century by the French scholar Peter Lombard as a collection of essays addressing thorny problems that theologians continue to ponder, such as ‘What is free will?’ as well as questions that are a kind of fusion between theology and science, such as ‘In what manner can waters be above the sky, and what kind are they?’ These questions reflect a key aspect of the medieval worldview, that is also apparent in Dante’s great poem, the belief in a single realm that includes both natural and supernatural elements. After outlining the question, each chapter included a collection of responses written by the Church Fathers. All theology students in the Middle Ages were required to write an extensive commentary on The Four Books of Sentences, rather like a modern doctoral thesis. 


In 1259 Aquinas moved back to Italy and, sometime between 1265 and 1274 (just before the Paris condemnation of Aristotle’s ideas), he wrote his most important work, Summa Theologica, which became so influential that it succeeded in almost canonising Aristotle within Western Christianity. Indeed, in The Divine Comedy, Dante and Beatrice meet Peter Lombard, Albert the Great and Thomas Aquinas in the sphere of the sun; but it is only Aristotle who is known as ‘The master of those who know’.


Aquinas’s aim was to build a new rational model of the cosmos based on Aristotle’s science but incorporating God as well as angels, saints and demons. However, to make the Christian God consistent with Aristotelian science, Aquinas first had to prove His existence. To accomplish this feat, Aquinas appropriated the Greek philosopher’s analysis of change and motion. Aristotle had written, ‘everything that is moved is moved by something’. However, in contrast to our modern tendency to look for single causes for events, such as a spark being the cause of a fire, Aristotle provided events with four different causes of change: material, formal, efficient and final. So, for example, bricks might be the material cause of a house, whereas its shape or plan would be its formal (as in ‘form’) cause, its builder would be its efficient cause, and its final cause or telos would be a place for human habitation. 


The first three causes still make sense, although we might quibble with whether they need to be distinguished at all; but Aristotle’s fourth cause, the telos, is very different from anything in modern science because it reverses the usual temporal order between agency and outcome. Whereas bricks, plan and builder precede the house, Aristotle’s final cause lies in the future. Yet, to Aristotle and Aquinas, the telos remained as much a cause of the house’s construction as its bricks. This makes some sense for human artefacts such as houses, but Aristotle believed that everything that happens does so for a final purpose. So, rocks fall to earth because the telos of a rock is to be as close as it can get to the centre of the earth; whereas the telos of the moon is to orbit the earth in perfect circles. Extended into the living world, the telos of lower beings, such as pigs, was to serve the higher ones, such as humans, by being eaten. The Roman philosopher Vero even went so far as to insist that the telos of life for a pig was to keep its meat fresh. 


But where do you stop? After all, such a hierarchy of teloi has the potential to lead to an infinite regress: the telos of a turnip is a hungry pig and the telos of a pig is a hungry human and so on. Aristotle avoided this problem by capping his hierarchical chains of causes with the prime mover, or God, who was the first and the final cause of everything. This, for Aquinas, clinched the deal he struck between theology and Aristotle’s philosophy. Although Aristotle’s prime mover was a rather remote impersonal entity, more an ‘it’ than a ‘him’ or a ‘her’, and quite unlike the personalised Christian God, Aquinas enthusiastically incorporated Him (God was always male to medieval theologians) into theology so that the God of the Bible became both the efficient and final cause of everything and everyone in the medieval world.


This importation of Aristotle’s four causes into Christian philosophy provided Aquinas with the huge windfall of four of his five scientific ‘proofs’ of God. Three of his Five Ways or proofs insisted that the Christian God must have been the material, formal and efficient first cause of all objects and events in the world. He applied the same logic to his fourth proof, arguing that ‘some intelligent being exists’, he wrote, ‘by whom all natural things are directed to their end; and this being we call God’. God was thereby the final cause, the telos, of everything that ever happened or ever will happen. Aquinas’s fifth proof, which is often known as the ‘argument from degree’, was a variant of the famous ontologicalfn2 argument put forward a century earlier by the French philosopher Anselm of Canterbury (1033–1109). Aquinas argued that any ascending order of existing things must be capped by the greatest being, which can only be God. 


By providing five proofs of God, Aquinas claimed to have successfully incorporated the Christian God into his model of the cosmos based on Aristotle’s science. He had, he claimed, proved that theology was a science, indeed the ‘Queen of Sciences’. Yet there was more. Aquinas next attempted to show that his theological scientia could explain even miracles. 


The taste of God


Aquinas’s final philosophical sleight of hand would, a generation later, earn William of Occam his charge of heresy and, a century or so later, spark the great schism of Western Christianity. It concerned the miracle of the Eucharist, or communion sacrament, that lies at the theological core of the Christian Mass. In it, the priest calls on God to, quite literally, transform bread and wine into the body and blood of Christ. Most theologians would have categorised this miracle of transubstantiation, as it is called, in the same class of events as Jesus turning water into wine or Moses parting the waters of the Red Sea. It involves intervention of the divine and was thereby not expected to conform to the usual rules that apply to normal life. Aquinas, however, was convinced that he could incorporate even miracles into his scientific model of the world. To do so, he reached for another gift from the ancient world, philosophical realism.
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