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The ancient fascination with the heavens is as strong as ever today as advances in science and engineering create new methods for space exploration. We now routinely use satellites in such things as GPS navigational systems and orbiting telescopes, which give us results with remarkable resolution. We plan trajectories to visit Mars and to search for Planet Nine in the outer reaches of our solar system, and space tourism is about to become a reality. The detection of gravitational waves tells us about the very far reaches of the universe while exoplanets have been located orbiting the stars nearest to Earth.


The tools we use to examine those possibilities and plan our exploration of space were first developed by Isaac Newton in his Philosophiae Naturalis Principia Mathematica (the Principia).


However, even more than that, Newton introduced and showed how to use the scientific way of thinking that underpins so much in our modern way of life. The Principia is the first comprehensive book on science as we know it today. This work remains as relevant now as it was three hundred years ago, for as Einstein put it, Newton's “clear and wide ideas will forever retain their significance as the foundation on which our modern conceptions of physics have been built.”1


As an example of those ideas, Newton suggested that we can understand the properties of matter on the large or macroscopic scale in terms of the interactions of its microscopic or atomic constituents. His demonstration of this approach for gases and liquids anticipated a vast amount of modern science.


The Principia must be included in any “Great Books” list. It is one of the treasures of our civilization and should be ranked alongside Homer's The Odyssey, Shakespeare's Macbeth, and Dickens's Great Expectations. Sadly, despite its supreme importance, in comparison to those other works the Principia tends to be ignored. The book you now hold aims to change all of that. It provides a step-by-step guide to the Principia, its background, contents, and implications. You too can appreciate why Newton's Principia is seen as an unrivaled breakthrough moment on the road to our modern world.


I am delighted that this new edition of Magnificent Principia will allow even more people to explore Newton's masterpiece and learn about the origins of modern science.


Colin Pask


December 2018
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In a 1987 book celebrating the three hundredth anniversary of the first publication of Isaac Newton's masterpiece, Stephen Hawking writes:


The Philosophiae Naturalis Principia Mathematica by Isaac Newton, first published in Latin in 1687, is probably the most important single work ever published in the physical sciences.1


The impact of the Principia, as it is usually called, can be summed up in Alexander Pope's immortal words marking Newton's death:


Nature and Nature's laws lay hid in night:


God said, Let Newton be! and all was light.


In case you think time has changed things, here, two hundred years after Pope, is Albert Einstein:


The whole evolution of our ideas about the processes of nature, with which we have been concerned so far, might be regarded as an organic development of Newton's ideas.2


Yet very few people, including professional scientists and mathematicians who would readily agree with Pope and Einstein, have ever looked in the Principia or have a good idea of its actual contents. I suspect that most people have little idea beyond “Newton's Laws of Motion and Gravitational Theory of the Solar System.” If so, that is a tragedy, not just for professionals, but for everyone who is curious about exactly how science has developed and the nature of Newton's seminal contributions.


The literature on Newton's life and work is vast. One reason is that he was such a wonderfully complex and intriguing character. Another is that, in addition to his major books Principia and Opticks, Newton churned out a very large number of notes, letters, papers, and draft documents, and he hoarded all of them. It is possible therefore to follow his thought processes and map out the various routes, stages, and controversies in his scientific (and other) endeavors. All of this makes fascinating reading, but it can mean that Newton's actual final products seem to get less attention than their history!


My aim here is simpler: I take the third and final edition of Newton's Principia and explain how it sets out his (and now our) approach to science; how the framework of classical mechanics is established; how terrestrial phenomena like the tides and projectile motion are explained; and how we can understand the dynamics of the solar system and the paths of comets. In this way I concentrate on the results themselves (with just a little of their historical context as appropriate). In each case, I explain the ideas behind and the conceptual importance of the result and how it fits into the scheme of mechanics that Newton is building. I also briefly elaborate on particular results that have interesting modern applications, or those through which Newton identified problems and puzzles that have shaped later developments of science.


Newton's mathematical methods are notoriously difficult to follow. A famous story tells of the comment made by a student as Newton himself passed by:


There goes the man that writ the book that neither he nor anyone else understands.3


I will present details for a few examples in order to illustrate Newton's approach, but mostly I will avoid his more complicated mathematical arguments. That way I can concentrate on the concepts and ideas as Newton introduces them. It must be remembered that in science, it is the underlying concepts and ideas that are most important, rather than the type of mathematical formalism used to represent them. In addition, I will give the modern formulation in separate sections so a reader wishing to do so can appreciate in more detail that Newton's mechanics is essentially the same as that which we use today. For some readers, that may represent an introduction to mechanics or a review of the subject, probably emphasizing some ideas and methods that you had previously glossed over.


I have given references to the extensive literature so that interested readers may further explore particular topics, their history, and Newton's detailed working. It will be apparent that I rely on a range of wonderful Newtonian scholars, both past and present: Bruce Brackenbridge, S. Chandrasekhar, I. Bernard Cohen, Dana Densmore, Niccolo Guicciardini, A. R. Hall, Robert Iliffe, Michael Nauenberg, Bruce Pourciau, George E. Smith, Richard Westfall, Tom Whiteside, Curtis Wilson, and many others. In particular, if you are interested in how the Principia evolved over its earlier editions, or in relevant work that Newton completed and might have put into the Principia, then you should consult their impressive scholarly writings. Parts of the Principia are intricate and subtle, and for in-depth analysis you should consult their interpretations.


We shall also come to appreciate the originality of Newton's overall approach. He shows us how to develop a mathematical formalism, and how the theorist can explore the properties and predictions of that formalism using a selection of examples and mathematical manipulations. With that basis established, Newton shows us how experimental and observational data should be used to select the most appropriate theory. Few people realize that Principia itself contains details of experiments and Newton's attempts at data analysis. The situation is beautifully summarized by the great Newtonian scholar I. Bernard Cohen:


Newton's Principia is a book of mathematical principles applied to nature insofar as nature is revealed by experiments and observation. As such, it is a treatise based on evidence. Never before had a treatise on natural philosophy so depended on an examination of numerical predictions and numerical evidence.4




Most people do not realize that Newton saw his approach of using a mathematical theory of dynamics, suitable forces, and experimental verifications as the one to use more generally in physics, and not as one restricted to the motion of projectiles, pendulums, planets, and comets. Indeed, in Book II of the Principia he attempts to apply his methods to liquids and gases, to understand their behavior, how they resist motion of bodies through them, and how they support sound and other waves. He set the challenges and gave us the directions. According to Nobel laureate Steven Weinberg:


Newton's hope, “I wish we could derive the rest of the phenomena of nature…” has not been fulfilled, but we are working on it, very much in the Newtonian tradition: the formulation of increasingly comprehensive quantitative laws. From this high viewpoint, all that has happened since 1687 is a gloss on the Principia.5


We recognize that the Principia is a work of monumental importance, far too significant to allow us to be frightened off by stories of mathematical complexities.


Before embarking on my tour through the Principia, there are three introductory chapters. It is impossible to read the Principia without considering just who was (in Einstein's words) “this brilliant genius, who determined the course of western thought, research and practice like no one else before or since.”6 So the first chapter is a short description of Newton the man and his life. To fully appreciate the steps made by Newton, it is necessary to know the state of science as he began his work. The second chapter briefly reviews the situation as Newton found it. The third chapter gives a general introduction to the Principia, its publishing history, its form, and its major objectives and achievements. After the tour, I will present some conclusions and tell you how the Principia was received and how it influenced Enlightenment thinking.


One final point: it is true that in extreme situations, like the processes at atomic and subatomic levels or the cases where speeds approach the speed of light, Newton's mechanics must be modified. However, Newton's mechanics remains the theory we use in everyday life and beyond, as when we send people to the Moon or plan missions to Mars. It is worth noting Einstein's comment when writing about his theory of relativity:


No one must think that Newton's creation can be overthrown in any real sense by this or any other theory. His clear and wide ideas will forever retain their significance as the foundation on which our modern conceptions of physics have been built.7


Each time I delve into the Principia, I find myself more and more amazed at the extent, level, and sophistication of the results that Newton produced. Over and over, I find myself asking how any one man could have taken such a leap forward and produced such innovative and groundbreaking work. I understand why the Marquis de l'Hôpital asked, “Does he eat and drink and sleep? Is he like other men?”8 I invite you to share my sense of wonder and understand Newton's supreme achievement.


Finally, I recognize that this is an ambitious book and readers will find errors, significant omissions, or points that I should have developed more carefully. Let me end with Newton's concluding words from his preface to the first edition of the Principia: “I heartily beg that what I have here done be read with candour; and that the defects in a subject so difficult be not so much reprehended as kindly supplied, and investigated by new endeavours of my readers.”
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This book began life in material used for public lunchtime lectures and in undergraduate lecture courses. I thank everyone who discussed the subject with me and made useful suggestions. I am greatly indebted to Peter McIntyre and Ravi Sood for their careful reading of the manuscript and giving me many corrections and suggestions for improving the text. Of course, the remaining errors are entirely my own. Other colleagues supplied advice and ideas and, most importantly, encouragement to continue when I was struggling. Great thanks are due to the wonderful Annabelle Boag for turning my rough sketches into beautiful figures. (Unless otherwise indicated, the figures in this book have been created by her.) Much must be done to turn a manuscript into a polished book, and I wish to thank Mariel Bard for her meticulous editorial work and for her patience in dealing with an inexperienced author. Many scholars have studied Newton and his work, and I have made great use of their writings, as explained in my preface.


It is over fifty years since I first met Johanna, and she remains my greatest love and inspiration. Quite simply, without her, this book would not exist.
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This is a large book, so to help you understand its structure, I have divided it into seven parts. Before the relevant chapters for each part, you will find a short introduction and some advice about which chapters to read to suit your particular interests. Below is a list of the parts. You may wish to read their brief introductions in order to formulate a reading plan if the idea of reading the whole book seems a little daunting! Also, remember that most chapters have introductory sections and concluding remarks that can be easily read to get an idea of the material being covered.


PART 1. INTRODUCTORY MATERIAL


Newton the man, the scientific scene, a first look at the Principia


PART 2. HOW THE PRINCIPIA BEGINS


approach to science, conceptual matters, definitions, the laws of motion


PART 3. DEVELOPING THE BASICS OF DYNAMICS


describing how a force determines the motion of a body, the theory of orbits


PART 4. ON TO MORE COMPLEX SITUATIONS


motion with constraints and two or more interacting bodies, large bodies


PART 5. ABOUT PRINCIPIA BOOK II


theory, measurement and origin of resistance forces, motion and waves in fluids


PART 6. THE MAJESTIC PRINCIPIA BOOK III


gravity and the solar system, terrestrial phenomena and comets, conclusions




PART 7. RECEPTION AND INFLUENCE OF PRINCIPIA


how the Principia was received and used, how mechanics evolved


A very basic plan would be to read chapter 1, chapters 3 through 8, and all of part 6; then return to other chapters later. Experts might appreciate the wonders in chapters 12 to 17. Part 5 may be a surprise and of interest to everyone, experts or not.
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Most people are curious to learn at least a little about Newton the man (chapter 1). The magnitude of Newton's achievement is clearer when we know something about the development of science leading up to the situation as it was when he began work at Cambridge University (chapter 2). The third chapter gives a few details about how Newton came to write the Principia, its basic structure, and its major themes. As such, it is a useful chapter to read before coming to grips with the book's details.


Chapter 1. INTRODUCING OUR HERO


Chapter 2. SETTING THE SCENE


Chapter 3. A FIRST LOOK AT THE PRINCIPIA


Reading plans: Though it is not essential to read the first two chapters, I think they help us to appreciate the achievement of Newton the man and the scientist. Chapter 2 is long and can be left out if you are keen to get directly to the Principia. Chapter 3 is important for appreciating the Principia as a whole.
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It is virtually impossible to read the Principia without thinking about just what sort of man could have written it. Furthermore, there are places where knowing something of the nature of the author makes it easier to understand why certain topics and approaches are discussed. So a brief introduction is in order. It would be impossible to cover Newton and his life in detail here; therefore, this sketch is more in the nature of scene setting, with suggestions for further reading at the end.


In 1927, on the two hundredth anniversary of the death of Isaac Newton, Einstein wrote that “we feel impelled at such a moment to remember this brilliant genius, who determined the course of western thought, research, and practice like no one else before or since.”1


What sort of a man could have gained such a reputation? Was he a boy genius, like Mozart, taught and encouraged by a talented father? No; there was nothing in Newton's origins to indicate that he would become the man who changed our view of the world and set us on the pathway to modern science.


1.1. ORIGINS


Hannah Newton gave birth to son Isaac on Christmas Day 1642. (A table of important dates in Newton's life is given at the end of the chapter.) The birthplace was a manor house at Woolsthorpe, about seven miles south of the midlands town of Grantham in Lincolnshire (see figure 1.1). Isaac was named after his father, an illiterate but prosperous yeomen farmer who had died three months earlier. The baby was premature, tiny and sickly. An unlikely start for the man who was to die eighty-four years later revered as the greatest man of his times.


Three years later, Hannah married the reverend Barnabas Smith and moved to the rectory in nearby North Witham. Isaac was left with his maternal grandmother, Margery Ayscough, until 1653, when Barnabas Smith died and Hannah moved back to Woolsthorpe with her three Smith children. The young Isaac did not have a fond relationship with his grandmother, and grandfather Ayscough left him out of his will. Between the Newtons, Ayscoughs, and Smiths, there was a rising level of prosperity, so Isaac grew up in relatively well-off circumstances.


It seems that Isaac was destined to take over the family farming business, but there were educated members on the Ayscough side of the family and, after a little time in a nearby village school, Isaac was sent to the Free Grammar School of King Edward VI (also called the King's School) in Grantham. Isaac was now twelve and lodged with Joseph Clark, an apothecary. Latin was a major subject, which was lucky for Isaac, as Latin was something of a universal language of science at the time. It is possible that the school's headmaster, Mr. Stokes, may have been interested in mathematics and helped Isaac along that road too. There is evidence of Isaac's skills at making models of all kinds and at drawing.


In 1659, as he was approaching seventeen, Isaac was taken home by his mother to learn how to run the estate and gain some farming experience. By all accounts, this was not a success and Isaac neglected his duties in favor of things like model building and reading. The situation must have been summed up by his uncle Reverend William Ayscough, who urged that Isaac be sent back to school to prepare for university studies. Headmaster Stokes also told Newton's mother that such talents should not be buried under various rural pursuits. It worked, and in 1660, Isaac returned to school in Grantham, although none could have guessed what a critical and momentous step that was.
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Figure 1.1. The author seeks inspiration at Newton's birthplace. (Photograph by Johanna Pask.)


1.2. A LIFE AT CAMBRIDGE


Isaac Newton finally escaped rural life in June 1661 when he entered the University of Cambridge. He would remain at Cambridge first as a student, then as a fellow and as a professor for the next thirty-five years. Newton was exposed to a variety of subjects as a student, but most importantly he studied mathematics and science with great intensity and was largely self-taught in many important areas. He graduated with a bachelor of arts degree in early 1665.


An outbreak of the plague caused a closure of the university, and Newton spent most of 1665 to 1668 back in the quiet of farms in Lincolnshire. Here came the famous anni mirabiles when Newton developed so many of his early, brilliant ideas in mathematics, optics, and mechanics. As the plague subsided, Cambridge University reopened in spring 1667 and Newton returned to be made a fellow of Trinity College. Two years later, at the age of just twenty-six, he was appointed as the Lucasian Professor of Mathematics. This gave Newton security in his position and the chance to devote his life to study and research. The chair came with an income of one hundred pounds per annum and, on top of that, he had income from his fellowship and from the Lincolnshire estate. His required duties were comparatively light, with one lecture per week to be given for three terms. Ten lectures had to be deposited in the university library each year. Newton does not seem to have been an inspiring lecturer, and it is said that sometimes he gave the lectures to an empty room. (What would you or I give now to have heard a lecture by Isaac Newton!)


Newton continued his mathematical studies and teaching, although little was published. He was also working on optics, and his invention of the reflecting telescope was an early triumph. It was presented to the Royal Society in late 1671, and Newton was made a fellow in 1672 with seven of his papers published by the society that year. In 1672 he published Light and Colours, which described his theories on those subjects, and his Hypothesis Explaining the Properties of Light was published in 1675. But it was not until 1704 that the comprehensive treatise Opticks appeared. Newton now had the opportunity to mix and interact with major figures like Robert Boyle, but around this period, he also spent much time in secret work in alchemy and religious studies, interpreting the various versions of the Bible and evaluating chronological studies of ancient kingdoms.


The year 1679 marked important changes in Newton's life. He returned to Woolsthorpe to nurse his dying mother and spent much of the year attending to family affairs after her funeral in June. Later in the year, correspondence began between Robert Hooke and Newton on questions about planetary motion. In the years 1681–1682 Newton observed comets (that in 1682 being the famous Halley's comet), and his interest in dynamics was increasing. All of this was to culminate in the publication of the first edition of the Principia in 1687 after urging on by Edmond Halley, who actually funded the publication. With this event, Newton's reputation was ensured.


Despite his retiring nature, Newton did play a part in university affairs. In 1688 he was elected Member of Parliament for Cambridge University (not that he seems to have made many great contributions in that line). He also made a notable friend in John Locke, the famous thinker and philosopher, and Newton is most kindly mentioned in Locke's major work An Essay concerning Human Understanding.


Newton was now deep into his chemical and religious studies, and 1692 saw important events in this area. Newton had interacted with Robert Boyle about chemical matters, and he attended Boyle's funeral in 1692. In his will, Boyle left money for annual lectures supporting the Christian religion and defending it against “infidels” and others. Richard Bentley was chosen as the first Boyle lecturer. Bentley had been in earlier contact with Newton, and now he sought Newton's help in the preparation of his lecture material. The result was a series of letters in which Newton discussed issues in science and religion. These private letters also reveal some of Newton's most important concerns about his system of dynamics.


In 1693 Newton had what today we would probably call a mental breakdown. The reasons are not completely clear, but someone with Newton's self-imposed, almost-manic workload, while at the same time playing with strange chemicals and dealing with numerous personal disputes and problems, would be a candidate for physical and mental problems. He recovered and continued his various activities, but clearly his greatest inventive days were over. His friends persuaded him to move on and, in 1696, he left Cambridge for London to assume the position of warden of the Royal Mint.


1.3. THE FINAL PHASE


Newton was now changing from retiring scholar to public figure, and he was exerting power and influence in a number of ways. He took his mint position very seriously, supervising the recoinage that was necessary to deal with a monetary crisis and taking steps to deal severely with “coiners” who debased the coins in circulation. In 1700 his title changed to master of the Royal Mint.




Newton continued with his scientific and mathematical work, and during this phase of his life, the second and third editions of the Principia were published, along with Opticks and Arithmetica Universalis (based on his earlier lectures on algebra) and other mathematical works. He also befriended and promoted a number of younger scholars who spread the Newtonian doctrine and supported Newton in his various intellectual struggles.


In 1703 Newton was elected as president of the Royal Society. The Royal Society (of London) is one of the oldest such organizations, having been founded in 1662. It had become a little run-down in the years before Newton took on the presidency, but his prestige and ever-present drive and organizational skills meant that it again began to flourish. Between 1703 and 1726 there were 175 society council meetings, of which Newton attended 161 (compared with his predecessor, who had attended none during the previous five years). He also attended most ordinary meetings ensuring that the society, and with it science, flourished. He presided over his last Royal Society meeting in 1727, just weeks before he died.


Newton was now at the height of his public esteem, and Queen Anne made him Sir Isaac Newton in 1705. Newton died in 1727 on the twentieth of March. He was buried in Westminster Abbey on the fourth of April. On his tomb is written:


Let Mortals rejoice That there has existed


such and so great an Ornament to the Human Race


1.4. NEWTON'S INTERESTS


Isaac Newton was the Lucasian Professor of Mathematics, and his work in many areas of mathematics has had a profound effect on the development of the subject. However, Newton's interests ranged far beyond mathematics. His works on dynamics and astronomy (culminating in the Principia) and in optics (expounded in Opticks, first in English rather than scientific Latin) were also fundamental and set the course of science for future generations. To have written even just a part of any of those works would have been a claim to fame and immortality, so it will come as a surprise to many people to learn that Newton was equally, if not more so, involved in even more areas.


During his adult life, Newton had a deep interest in religion and theological questions. He made incredibly detailed and thorough studies of the Bible and the writings of the early founders of the Christian church. His writings were voluminous but remained secret during his lifetime, and only now is the full extent of his work in this area becoming evident as more manuscripts are edited and published. Newton was particularly interested in chronological matters and prophesies that had been set out in the Bible and ancient writings. The Chronology of Ancient Kingdoms Amended was published in 1728. However, Newton's 323-page book, Observations upon the Prophecies of Daniel and the Apocalypse of St. John, was not published until 1733. It was not until 1756 that the Four Letters from Sir Isaac Newton to Dr. Bentley was published. (I return to these religious matters shortly.)


When Newton left Cambridge for London, his papers were packed into a large box and were untouched until Bishop Horsley in 1779 and the physicist Sir David Brewster in 1855 took a look at them. It is generally said that they soon closed the box in horror, and it was many years later that the documents were finally revealed. It was bad enough that there were extreme religious writings, but it was also apparent that Newton had been an alchemist. In fact, he had explored chemical and alchemical matters over a long period with the same energy, thoroughness, and zeal (and secrecy) that characterized his more conventional scientific and mathematical studies. Newton had his own chemical laboratory and spent large amounts of time there. He interacted with Robert Boyle and owned twenty-three of his works.


Some idea of the spread of Newton's interests can be gained by looking at the books in his personal library. (He also had access to the Trinity College library of course.) For example, Newton owned thirty Bibles, almost as many as books on astronomy. Table 1.1 gives some details.


What should we make of all of this? One striking opinion was offered by John Maynard Keynes, the great economist. Mathematical works from the box of Newton's papers went to the Cambridge University library in 1888, and the remainder finally came up for auction in 1936. Lord Keynes was responsible for buying and preserving as many of those papers as he could, and he became involved in their analysis. (A Jewish scholar bought many other documents, which are now in Israel—they too are now available on a National Library of Israel website. For details about these manuscripts, see the section in this chapter titled “Further Reading.”) Keynes wrote an article called “Newton, the Man” for a meeting planned to celebrate the three hundredth anniversary of Newton's birth, but World War II intervened. The paper was finally presented at the postponed meeting in 1946 by Geoffrey Keynes, brother of the then deceased Lord Keynes. After poring over the contents of the box, Keynes was moved to write:


Newton was not the first of the age of reason. He was the last of the magicians, the last of the Babylonians and Sumerians, the last great mind that looked out on the visible and intellectual world with the same eyes as those who began to build our intellectual inheritance rather less than 10,0000 years ago.2


Later in the article, he explains:


Why do I call him a magician? Because he looked on the whole universe and all that is in it as a riddle, as a secret which could be read by applying pure thought to certain evidence, certain mystic clues which God had laid about the world to allow a sort of philosopher's treasure hunt to the esoteric brotherhood…. By pure thought, by concentration of the mind, the riddle, he believed, would be revealed to the initiate.3


Whether or not we see this as an extreme viewpoint, clearly the genius of Isaac Newton was amazingly diverse and complex. It would be unfair to classify all of Newton's work in alchemy and chemistry as strange and magical, since in that work would also be his thinking about matter and interactions, thinking that led to some of his greatest ideas.
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Figure 1.2. Books in Newton's personal library




1.5 THE ROLE OF RELIGION IN NEWTON'S LIFE


We must remember that religion played a large part in most people's lives in Newton's time, and he was certainly a very religious person. Early in his time at Cambridge, on Whit Sunday 1662, he recorded forty-nine sins that he had committed, ranging from actions (“eating an apple at Thy house, making pies on Sunday night”) to thoughts (“having uncleane thoughts words actions and dreamese”). However, he soon began his theological studies, and they took him down his own individual religious road.


Newton's studies led him to a Unitarian religious viewpoint, so that he recognized one God the Father rather than the Trinity of conventional religion as set out in the Nicene Creed. In particular, Newton did not accept Jesus as God but as an agent and creation of God. Among his documents is Twelve Articles on Religion in which he makes his position very clear:


1. There is one God the Father everliving, omnipresent, omniscient, almighty, the maker of heaven and earth, and one Mediator between God and Man the Man Christ Jesus.


…


12. To us there is but one God the Father…we are to worship the father alone as God Almighty and Jesus alone as the Lord the Messiah.4


Newton decided from his biblical studies that such things formed the old position until the Council of Nicaea in 325, after which the doctrine of the Trinity became official Church teaching. One of the great figures in establishing this position was Athanasius, a deacon at the Council of Nicaea and later the bishop of Alexandria. Newton researched these events with great intensity and wrote large numbers of documents about this change, conspiracies, and the evil ways of Athanasius. Today I suppose we might label it as an obsession.


If such religious questions were purely personal matters, Newton would have had no difficulties. However, the 1688 Act of Toleration specifically excluded from protection those who were against “the Blessed Trinity.” A following act in 1689 barred such people from holding public office. Newton kept his views secret to avoid such problems. At Cambridge, it was a requirement for continuation in a fellowship that the holder become ordained, something that Newton's personal religious beliefs could never allow. It appeared that he would leave Cambridge, but powerful supporters organized a royal mandate that excused the Lucasian Professor from this requirement. (In fact, Newton's successor in the Lucasian Professorship, William Whiston, came to views much like Newton's, which he made public with the result that in 1710 he lost his position and was banished from the university.) Newton maintained his religious stance to the very end and even on his deathbed refused the sacrament of the Anglican Church.


Newton appears to have kept religion and science separate to a large degree in his official writings, as we will learn when reading the Principia. In fact, he begins his Seven Statements on Religion as follows:


1. That religion and Philosophy are to be preserved distinct. We are not to introduce divine revelations into Philosophy, nor philosophical opinions into religion.5


There are some references to God in Newton's scientific work, and no doubt his deep religious views did both motivate and influence his scientific thinking. The idea that studying the natural world was like reading “God's other book” (other than the Bible, that is) was a widespread one, and Newton began his first letter to Richard Bentley with:


When I wrote my treatise [meaning the Principia] about our system, I had an eye upon such principles as might work with considering men, for the belief of a deity, and nothing can rejoice me more than to find it useful for that purpose.6


These matters are further discussed in chapters 26 and 27.




1.6. NEWTON'S CHARACTER


In recent years much has been discovered and written about Newton the man and his character. The picture that has emerged is not a particularly attractive one. Today some would say that his disrupted and emotionally disturbing early childhood set the tone for his development and character formation.


There was conflict in Newton's early life, with the young Isaac's separation from his mother and her wishing for a farmer and manager while he had interest only in mechanisms, models, and studies. His absentminded and shoddy approach to his duties would not have endeared him to the servants who had to cover for him. In his 1662 list of sins, we find:


12. Refusing to go to the close at my mother's command


13. Threatening my father and mother Smith to burne them and the house over them


…


24. Punching my sister


…


30. Falling out with the servants.


At school and in his free time, Isaac was happy making models and dolls’ furniture for girls, but he seems to have spent little time with other boys.


The move to Cambridge did not change Newton's way of life. He met a similarly solitary and dejected figure in Nicholas Wickins, and they shared rooms for twenty years. Newton did have a few select friends, but it says much about him that even after twenty years there appears to have been no lasting, deep friendship between Newton and Wickins. Newton appears to have been the fabled intense, driven, eccentric, and absentminded scholar and professor, as these irresistible recollections of his assistant Humphrey Newton (no relation) indicate:


I never knew him to take any recreation or Pastime, either in riding out to take the air, Walking, bowling, or any other exercise whatever, Thinking all Hours lost, that was not spent in his Studyes, to which he kept so close, that he seldom left his Chamber….


So intent, so serious upon his Studies, that he eat very sparingly, nay, oftimes he has forget to eat at all, so that going into his Chamber, I have found his Mess untouch'd, of which when I reminded him, would reply, have I; and then making to the Table would eat a bit or two standing….


He very rarely went to Bed, till 2 or 3 of the clock, sometimes not till 5 or 6….


He very rarely went to dine in the Hall unless upon some Publick Dayes, and then if he has not been minded, would go very carelessly, with shoes down at the Heels, stockins unty'd, surplice on, & his head scarcely comb'd….


At some seldom Times when he design'd to dine in the Hall, would turn to the left hand, & go out into the street, where making a stop, when he found his mistake, would hastily turn back, & then sometimes instead of going into the Hall, would return to his chamber again.7


However, adjectives such as kindly, jolly, or entertaining that so often go along with the absentminded-professor image do not seem to be applicable in Newton's case. Over five years, Humphrey Newton saw Isaac Newton laugh but once. There was a darker side to Newton, and the picture of a secretive, fearful, lone scholar with his hidden interests in alchemy and religious issues is not an attractive one.


Newton was reluctant to publish his findings, although he seems to have craved recognition and respect. His infamous disputes with many people are revealing. Robert Hooke managed to upset Newton in several ways, and there were bitter disputes about Hooke's contributions to optics and mechanics (and one cannot help believing that Hooke was a little hard-done-by). There are suggestions that Newton's famous conciliatory statement in a letter to Hooke (“if I have seen further it is by standing on ye shoulders of Giants”) contained a veiled insult, because Hooke was short and somewhat deformed. Newton was certainly dissuaded from publishing by disputes, and perhaps that is why Opticks did not appear until 1704, the year after Hooke's death.


Newton had great arguments over data availability with the Astronomer Royal, John Flamsteed, a similarly strong-willed and bad-tempered man. Flamsteed once described Newton as “insidious, ambitious, excessively covetous of praise and impatient of contradiction.”8 After Newton's knighthood, Flamsteed referred to Sir Isaac Newton by his initials, SIN. Newton's best-known disputes were with Leibnitz, particularly over the invention of calculus. The Royal Society set up a committee to investigate the various claims, and it appears that Newton strongly influenced both the choosing of a subservient group of people and the writing of their report. The extent of Newton's deviousness can be judged by the fact that he then wrote an anonymous review of that report for publication in the Royal Society's journal Philosophical Transactions.


In later life, there is evidence of Newton's kindness and generosity to his friends, but clearly he was selective and careful. Newton recommended that William Whiston be his successor as the Lucasian Professor, but then Newton did nothing to come to Whiston's aid when religious matters led to his dismissal. Whiston described Newton as having a “prodigiously fearful, cautious, and suspicious temper.”9 It was Whiston who finally publicly revealed Newton's secret religious attitudes, but not until 1727–1728, after Newton's death.


Newton makes a good hero for the mathematician or scientist, but as a man there is a mass of contradictions and flaws. Perhaps William Whiston accurately summarizes the matter in his 1749 Memoirs:


So did I then enjoy a large portion of his favour for twenty years together. But, he then perceiving that I could not do as his other darling friends did, that is, learn of him without contradicting him, when I differed in opinion from him, he could not in old age bear such contradiction, and so he was afraid of me the last thirteen years of his Life.10


Two hundred years later, the playwright George Bernard Shaw gave this pithy summary: “Newton was able to combine prodigious mental faculty with credulities and delusions that would disgrace a rabbit.”11


In terms of his achievements and influence on the future course of science, Newton certainly warrants the label of “hero.” However, when we consider Newton the man as well as Newton the mathematician and scientist, we are left with the impression of hero, yes, but a flawed hero.
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Figure 1.3. Portrait of Newton from the studio of Enoch Seeman, circa 1726. He holds a copy of the Principia, the third edition of which was published that year. (Image from the National Portrait Gallery, London.)




1.7. CHRONOLOGY
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Figure 1.4. Some important dates in Newton's life.


1.8. FURTHER READING


The literature on Newton and his work is vast, so the following represents a very limited personal choice. The definitive biography comes from Richard S. Westfall and is now in three forms as follows:




Isaac Newton. Oxford: Oxford University Press, in the VIP series, 2007. [small-format book, 113 pages, a good and quick read]


The Life of Isaac Newton. Cambridge: Cambridge University Press, 1993. [the abridged version, 328 pages]


Never at Rest: A Biography of Isaac Newton. Cambridge: Cambridge University Press, 1980. [magnificent, 908 pages]


Other works include:


Fauvel, J., R. Flood, M. Shortland, and R. Wilson, eds. Let Newton Be! Oxford: Oxford University Press, 1988. [excellent collection of chapters by experts in fields related to this and later chapters of this book]


Gjertsen, Derek. The Newton Handbook. London: Routledge and Kegan Paul, 1986. [an invaluable reference for all things Newtonian]


Iliffe, Rob. Newton: A Very Short Introduction. Oxford: Oxford University Press, in the VSI series, 2007. [small-format book, 141 pages, but still manages to be quite comprehensive, ch. 6 is a good introduction to Newton's work on religion and prophecies]


Janiak, Andrew, ed. Isaac Newton: Philosophical Writings. Cambridge: Cambridge University Press, 2004. [gives a selection of Newton's writings, including the four letters to Bentley and his review of the report on the conflict with Leibnitz]


Keynes, John Maynard. Newton, the Man. Available (in part) in The World of Mathematics. Vol. 1. Edited by James R. Newman. London: Allen and Unwin, 1956.


Manuel, Frank E. A Portrait of Isaac Newton. Cambridge, MA: Harvard University Press, 1968. [concentrates on Newton's personality and sometimes referred to as psychological study]


Westfall, Richard. Science and Religion in Seventeenth-Century England. Ann Arbor: University of Michigan Press, 1973. [includes a chapter called “Isaac Newton: A Summation”]


White, Michael. The Last Sorcerer. New York: Basic Books, 1997. [a “popular” biography of Newton with emphasis on his personality and his alchemical studies and how they influenced his other work; refers to the relevant “scholarly works” of Betty Jo Dobbs]




The Newton Project (http://www.newtonproject.sussex.ac.uk) is a website directed by Professor Rob Iliffe with the goal of compiling Newton's known works into one electronic edition. [this is a wonderful website where you can read original writings by Newton (and others, like William Whiston and Humphrey Newton) including many of the “Keynes documents” that came out of the famous leaving-Cambridge box]


Many of the other documents from the famous box are now available on a Newton-manuscripts website at the National Library of Israel: web.nli.org.il/sites/NLI/English/collections/Humanities/pages/newton.aspx.


The story of Newton's papers and their sale is given in the following source:


Spargo, P. E. “Sotheby's, Keynes and Yahuda—the 1936 Sale of Newton's Manuscripts.” In The Investigation of Difficult Things: Essays on Newton and the History of the Exact Sciences, in Honour of D. T. Whiteside. Edited by P. M. Harman and Alan E. Shapiro. Cambridge: Cambridge University Press, 1992.


Finally, the seventeenth century was a period of enormous change and significance for the development of England; to gain an impression of Newton's times, one much-acclaimed reference is the following:


Hill, Christopher. The Century of Revolution. London: Routledge, 2006.
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This is a long chapter and is not essential for reading the rest of the book. However, it is also not very demanding and will help to give added meaning to many things that follow. Understanding what the scientific scene was like when Newton began work also lets us appreciate further the immensity of the advances he made.


Newton's Principia was first published toward the end of the seventeenth century, and many people view it as the culmination of the Scientific Revolution. This book discusses the revolutionary ideas that we find in the Principia, but before doing that we should try to understand what was being overthrown in the Scientific Revolution. Only then will we be able to appreciate fully the steps made in the Principia.


The great questions driving the Principia are:


How do we understand and describe motion?


How do we use those ideas to discuss motion on Earth, motion in the heavens, and the connections between them?


When tackling those questions, it is necessary to involve a third question:


How do we do science?


Those questions did not originate with Newton, as they are at the heart of science, stretching back to the very earliest attempts of mankind to come to terms with the world and how we live in it. Thus, Newton had to contend with many centuries of work by earlier mathematicians and scientists; some of that work was extremely helpful, and some led to confusion and errors that hindered progress. This is the context in which Newton began his education and research, and it is necessary to understand that context in order to appreciate the greatness of Newton's achievements and the importance of the Principia. The aim of this chapter is to briefly introduce that context. A long time period is involved, so only a few of the most salient points can be mentioned here. The interested reader is referred to the literature cited in the “Further Reading” section at the end of the chapter.


2.1. ANCIENT BEGINNINGS


Civilizations like those in Babylon and Egypt were skilled in technology, building, surveying, practical astronomy and calendar making, using mathematics, and developing writing systems for keeping records. For example, the Egyptians used information about the rising of the star Sirius to design an accurate calendar. However, we have no evidence of a widespread search to understand the natural world and to explain why things happen. Those initial stirrings in science appear to belong to the ancient Greeks, who absorbed and built on knowledge from those earlier civilizations. The Greeks also had an alphabetical system of writing, so that even today we can read the books they created. A key step involved looking beyond myths, gods, and supernatural beliefs to consider the cosmos as a natural place and, thereby, as a comprehensible one. This applied equally in medicine, as the Hippocratics wrote around 400 BCE: “Every disease has a natural cause, and no event occurs without a natural cause.”1


An indication of the timing of these developments is given by the (often approximate) lifetime dates for some of the major contributors: Thales (624–546 BCE), Pythagoras (582–497 BCE), Empedocles (492–432 BCE), Democritus (470–390 BCE), Hippocrates (460–370 BCE), Socrates (469–399 BCE), Plato (427–348 BCE), Aristotle (384–322 BCE), Eudoxus (408–355 BCE), Euclid (325 BCE–unknown), Archimedes (287–212 BCE), Eratosthenes (276–195 BCE), Apollonius (262–190 BCE), and Ptolemy (100–170 CE). These men (for they were all men) and many others contributed to the beginnings of the science, mathematics, and philosophy that has come down to us today. Five of them are particularly important for this book.


2.1.1. Euclid


Euclid's Elements is the first great mathematics book. It is an enduring masterpiece, going through more editions than any book except the Bible. The development of geometry that it presents remains valid today. There are three reasons for the enormous influence of the Elements. First, it shows us how a subject may be developed on the basis of definitions, axioms, and logical rules for working. Euclid provided a model for use in other fields. Second, it gave us the first systematic approach to a branch of mathematics—geometry in a plane and in three dimensions—as well as certain aspects of number theory.


The third thing Euclid gave us is an accurate and consistent piece of theoretical physics, the first such work, according to Einstein. There was debate about the nature of Euclid's diagrams, but clearly they can be (and were) interpreted in a practical sense. They can also be used to describe the physical world either as direct properties of objects or as paths traced out by moving particles.


2.1.2. Plato and Aristotle


The philosopher-mathematician A. N. Whitehead famously wrote in 1929 that the European philosophical tradition “consists of a series of footnotes to Plato.” His influence on science also lingers today. Plato championed the importance of mathematics in science (with “let no one ignorant of geometry enter here” allegedly written over the entrance to his academy), suggesting a path for scientists and philosophers ever since. Plato held that the most perfect shapes, like the circle and the five regular or perfect solids (the “Platonic solids”), should be at the heart of the forms underlying the most basic elements of the world. In his Timaeus, he identified the four basic constituents—earth, water, air, and fire—with perfect solids, and, hence, to two basic triangles used in their formation. The idea of elementary particles fitting into a mathematical scheme related to symmetry remains with us today.


Aristotle was a pupil of Plato, but he set out to create his own universal picture and procedures. Aristotle was a towering figure whose ideas and writings dominated intellectual life for many centuries. His output was truly amazing, with works ranging from Physics to On the Soul, from Prior Analytics to Nicomachean Ethics, from On the Heavens to On Length and Shortness of Life, from Meteorology to Poetics. Aristotle's biological books (such as History of Animals, Parts of Animals, On Respiration, Movement of Animals and Generation of Animals, with his emphasis on observing, recording, and interpreting) has led many to see him as the founder of biology. His Analytics books gave us the basics of logic and the exploration of the form of arguments such as syllogisms.


In contrast to his “modern” approach to biology, Aristotle approached physics in a more philosophical manner, perhaps believing that observation and experimentation could not help with some of his key philosophical questions such as: What is change? What is place? What is time? He was less mathematically inclined than Plato, although he did retain Plato's ideas about things like the perfection of the circle. The result is that much of Aristotle's work in physics is now seen as wrong (and maybe even irrelevant and bizarre). But that does not mean we can ignore it. Such was Aristotle's reputation that his work was accepted as the final word for many people over hundreds of years and right up to Newton's time. Four facets of Aristotle's most influential thinking are particularly important for our story.


(i) Causes


In his Physics, Aristotle sets out a principle that dominates much of his work: “A prerequisite for knowing anything is understanding why it is as it is—in other words, grasping its primary cause.”2 He then goes on to define four kinds of cause that he will use to explain events in the physical world.




One way in which the word “cause” is used is for that from which a thing is made…for example, the bronze of a statue.


A second way in which the word is used is for the form or pattern (i.e., the formula for what a thing is,…for example, the ratio 2:1 and number in general, cause the octave).


A third way in which the word is used is for the original source of change or rest. For example, a deviser of a plan is a cause, a father causes a child….


A fourth way in which the word is used is for the end.3


In a remarkably modern-sounding example, Aristotle writes “if asked, ‘why is he walking?’ we reply, ‘to get healthy’, and in saying this we mean to explain the cause of his walking.”4


These causes embody Aristotle's idea of teleology; and, as it had to be used in all cases, there came a problem that was answered by his famous first-agent proposal:


There cannot be an infinite regress of movements caused by other movements…since everything that changes must be changed by something.


There is a first agent of change which is eternal, and is not changed even coincidentally.


The eternal first agent of change has no magnitude, and is located at the outer edge of the universe.5


(ii) Motion


Aristotle had to reconcile his need for causes with the idea of motion, and this led to: “Proof that there is no void separate from bodies,” which involves the argument that “if each of the simple bodies naturally has its own proper motion (as fire moves upwards and earth moves downwards and towards the centre of the world), it is easy to see that void is not responsible for their motion.”6 For Aristotle, there is no vacuum possible.


A little later he makes the points: “What about the fact that when things are thrown they continue to move when the thrower is no longer touching them?…. It would be impossible to explain why something which has been set in motion should stop anywhere: why should it stop here rather than there?”7


Here we have Aristotle wrestling with the problem of how motion actually “works,” and, using his causes approach, he concludes that “the agent of change and the object changed must be in contact.”8 This conceptual difficulty remained up to and beyond Newton's time.


Notice that Aristotle is also introducing the concept of natural motion, and it is a distinguishing motion, “for if the natural motion is upward, it will be fire or air, and if downward, water or earth.” There is also the link to weight and which bodies fall fastest: “A given weight moves a given distance in a given time; a weight which is as great and more moves the same distance in a less time, the times being in inverse proportion to the weights. For instance, if one weight is twice another, it will take half as long over a given movement.”9


(iii) Circular Motion


Aristotle followed Plato and thus imposed ideas about perfect circles on future generations trying to understand motion. There can be no doubting his viewpoint:


Circular movement is the primary kind of movement.


As for the fact that circular movement is the primary kind of movement, this is obvious. Every movement is either circular or rectilinear or a combination of the two…. Also, the higher degree of simplicity and completeness possessed by circular movement means that it has priority over rectilinear movement.10


Aristotle is led directly to the most vital property of circular motion:


Only circular motion can be continuous and eternal.&. We now go on to claim that it is possible for there to be an infinite change, which is single and continuous, and that this is circular movement.11




(iv) Earth and the Heavens


Aristotle believed there was a sublunar region that was changing and made up of earth, water, fire, and air; he also believed there was a heavenly region that was perfect, unchanging, and materially different.


On all these grounds, therefore, we may infer with confidence that there is something beyond the bodies that are about us on this earth, different and separate from them; and that the superior glory of its nature is proportionate to its distance from this world of ours.


These premises clearly give the conclusion that there is in nature some bodily substance other than the formations we know, prior to all of them and more divine than they.


The shape of the heaven is of necessity spherical; for that is the shape most appropriate to its substance and also by nature primary.12


2.1.3. Archimedes


Archimedes was the great mathematician and applied mathematician of the ancient Greek era. His reputation is undiminished today. He built on Euclid's Elements, and Archimedes's On the Sphere and the Cylinder, Measurement of a Circle, On Conoids and Spheroids, On Spirals, and Quadrature of the Parabola are masterpieces of geometry and contain early versions of aspects of calculus. His books On the Equilibrium of Planes or the Centre of Gravity of Planes and On Floating Bodies are the founding works in statics. They established what we might call a scientific approach by following Euclid in setting out definitions, postulates, and propositions to be established using logical development of the subject. This was the example for Galileo and others to follow.


2.1.4. Ptolemy


There were various views about how the Earth, Sun, planets, and stars were arranged (including some with the Sun at the center), but the authoritative description was produced by Ptolemy working in Alexandria toward the end of the ancient Greek era. Ptolemy maintained the ideas of Plato and Aristotle, but in his Almagest, he showed how detailed mathematical models could be constructed to describe the motion of the planets and to fit and predict a large variety of astronomical results. Even today, the Almagest impresses by its size and comprehensive approach.


Ptolemy followed the rule that heavenly motions are perfect and so must be circular. However, he knew that the simple model of Sun and planets moving on circular paths centered on the Earth could never give accurate results. The solution was a combination of circles. A planet moves around a circle, the epicycle, whose center moves around another circle, the deferent, whose center is a little displaced from the Earth. Adjusting these parameters gave Ptolemy an accurate astronomical model. The time taken for motion around the deferent gave the zodiacal period and the epicycle fine-tuned, orbital-shape details and could account for retrograde motion of the planets. Motion around the deferent was uniform with respect to a point called the equant, which did not coincide with the deferent center, and this allowed for speeds to differ for different parts of an orbit. The diagram in figure 2.1 shows the Ptolemaic model. This brilliant piece of what today we might call “mathematical modeling” was to be the dominant picture for over a thousand years.


Those various works contained big ideas that the Greeks passed on to future scientists and philosophers. It should not be assumed that they represent the sum of Greek science, for there were many other contributors over those early centuries and not all of them agreed with the views expressed by Aristotle and Ptolemy, for example. There were those who believed in an atomic theory and others who suggested different astronomical models, including those with a moving Earth in them. Nevertheless, those works by the likes of Plato, Aristotle, Archimedes, and Ptolemy were the ones that had the greatest influence for future generations of thinkers.
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Figure 2.1. Ptolemy's model of the solar system. (From C. M. Linton, From Eudoxus to Einstein: A History of Mathematical Astronomy [Cambridge: Cambridge University Press, 2004], reprinted with the permission of Cambridge University Press.)


2.2. BEYOND THE GREEKS


The decline of the Greek world and the fall of the Roman Empire saw Europe move into a low period sometimes called the Dark Ages, although that term is not favored today. For our story, the important trend is the shift of activity to the Arab world and the development of Islamic science. The years from 400 CE onward saw Greek works translated into Arabic, and the influence of Indian and Chinese science and mathematics also absorbed into a new intellectual tradition. Places like Baghdad and Cordoba became the new intellectual centers.


Greek works were not only preserved but they were also given commentaries, corrected, and extended. Islamic science could build on the works of Euclid and Ptolemy, and it is only in recent times that this role of Islamic science has come to be appreciated. For example, the Arab mathematician al-Khwarizmi (circa 780–850) lived in Baghdad and produced work that brought the Hindu decimal system into use and gave us basic ideas in algebra. There was also progress in astronomy and optics.


Around the twelfth century, there was a major development: the works preserved in the Arab world were translated into Latin and introduced into Europe. For example, Gerard of Cremona (1114–1187) translated about seventy books of all kinds (including works by Aristotle, Ptolemy, Galen, and many Islamic writers), and William of Moerbeke (1215–1286) did similarly for about fifty such books.


There were challenges to Aristotle, and critical commentaries were written by people like John Philoponus, who was living in Alexandria around 550 CE. Of great interest is his statement about falling bodies:


Our view may be corroborated by actual observations more effectively than by any sort of verbal argument. For if you let fall from the same height two weights, one many times as heavy as the other, you will see that the ratio of the times required for the motion does not depend on the ratio of the weights, but that the difference in time is very small. And so, if the difference in the weights is not considerable, that is, if one is, let us say, double the other, there will be no difference, or else an imperceptible difference, in time.13


These views were both attacked and defended by Islamic scholars, and the Aristotelian tradition had its strong supporters, such as Averroes. Similarly, when the Greek and Islamic works reached Europe in translations, there were commentaries written about them and debates about their validity.


Two aspects of motion were contentious over the centuries: (1) how to understand the causal processes such as the way in which an arrow is maintained in its flight, and (2) how to describe the details of motion. The early challenges of people like Philoponus and Avicenna raised questions about motion in air or in voids and the role of a medium in maintaining or resisting motion. The Parisian professor Jean Buridan (1295–1358) introduced the term impetus to stand for an internal impressed force that maintained motion. Some see this as the first groping toward an idea of inertia and its role in motion. Others, such as Thomas Bradwardine (1290–1349), devised the Merton rule (uniformly accelerated motion can be related to the mean speed over the time of motion), and Nicole Oresme (1320–1382) gave it a geometrical picture and proof (which surfaced in much the same form in Galileo's writings). Contrary to the impression often created, there was scientific activity over this period, but what did not emerge was a comprehensive and consistent treatment of dynamics.


The debates about the validity of Aristotle's ideas were also tangled up with religious ideas and the power of the Church. As one of the Fathers of the Church, Saint Augustine (354–430) set the trend when he said that in matters where reason and faith collided, faith must win, “for if reason be found contradicting the authority of the Divine Scriptures, it only deceives by a semblance of truth, however acute it be, for its deduction cannot in that case be true.”14 When the translations of Aristotle reached the West, there were new challenges for the Church. But eventually Saint Thomas Aquinas (1225–1274) wrote a commentary that served to combine Church, Augustinian, and Aristotelian ideas in a satisfactory manner so that it became something of an official Church doctrine. (As late as 1879, Pope Leo XIII pronounced “Thomism” to be the official doctrine of the Roman Catholic Church.)


At various times, there were heated debates and bans on the discussion of Aristotle's works. However, their study in universities continued, and the “schoolmen” maintained a dominant influence in education right up to Newton's time.


2.3. TWO MAJOR STEPS


After many centuries of reliance on Greek texts and Islamic modifications, it was time for some new works that set out to be major and comprehensive and to suggest a new way forward. These came from the Pole Nicolaus Copernicus (1473–1543) and the German Johannes Kepler (1571–1630).




2.3.1. Copernicus


Although there were Greek and Islamic scientists who suggested models with the Earth at the center of the universe, and Nicole Oresme had given a careful analysis of the possibility of a rotating earth, it was Copernicus who finally gave the complete challenge to Ptolemy in the former's On the Revolutions of the Celestial Spheres. Copernicus put the Sun in the center and the Earth and other planets in orbits around the Sun. The Earth was also given a daily rotation. Although this was a major step, Copernicus still retained elements from Plato and Aristotle, as is evident when we read section headings such as “The World Is Spherical” and “The Movement of the Celestial Bodies Is Regular, Circular, and Everlasting—or else Compounded of Circular Movements.”


In fact, Copernicus used a scheme involving circles and epicycles much like Ptolemy, so his model was not much (if any) simpler to use. However, it had made that fundamental change in astronomical thinking, with the Earth now one of the planets orbiting the Sun. For some people, the year 1543—when Copernicus’ book was published—marks the start of the Scientific Revolution.


Copernicus had long delayed publication of his book. He might be seen as a perfectionist and he worried over data to support his heliocentric model. In his dedication to Pope Paul III, he expected some readers of his book to “immediately shout to have me and my opinions hooted off the stage.”15 There also had to be religious concerns. Martin Luther had described Copernicus as the “fool who wanted to turn the art of astronomy on its head.”16 Although the ideas in On the Revolutions were counter to Church and Bible teachings, there was no immediate adverse reaction and, in part, this is due to a foreword or introduction inserted by the Lutheran theologian Andreas Osiander, who was responsible for seeing the book finally printed and who gave Copernicus, laying on his deathbed, a first copy. In To the Reader concerning the Hypotheses of the Work, Osiander suggested that the book should be viewed as a calculational scheme, and he wrote, “for it is not necessary that these hypotheses should be true, or even probable; but it is enough if they provide a calculus which fits the observations.”17 It was over seventy years later, in 1616, that the Catholic Church formally suspended its approval of On the Revolutions until it should be corrected. Among Copernicus's “dangerous ideas” was work on the scale of planetary orbits and statements about the vast distances to the stars. It might be recalled that Giordano Bruno used those ideas to suggest that there could be other suns with orbiting planets such as ours; he was burned at the stake in 1600!


2.3.2. Kepler


Kepler was something of a mystic and originally planned to be a Lutheran clergyman. His long, rambling books show that he still maintained his religious bent as he sought the glory and methods in God's ways in his astronomical discoveries. For Kepler, there was to be no religious conflict. A letter reveals that “for a long time I wanted to become a theologian, for a long time I was restless. Now, however, behold how through my effort God is being celebrated through astronomy.”18


Kepler had available the extensive data of the great Danish astronomer Tycho Brahe, and he worked with staggering determination to fit planetary orbits to mathematical models. Despite his heroic efforts, he was defeated by Mars until he took the radical step of challenging the venerable domination of the circle. We now summarize Kepler's greatest achievements in his three laws:


Law 1: The orbit of each planet is in the shape of an ellipse with the Sun at one focus.


Law 2: In any equal time intervals, a line from the planet to the Sun will sweep out equal areas.


Law 3: The squares of times of revolution of any two planets around the Sun are proportional to the cubes of their mean distances from the Sun. (We now tend to say that, for a planet, the square of its period is proportional to the cube of its mean distance.)


By these discoveries, Kepler removed the requirement for orbits to be described in terms of circles. Furthermore, he removed the idea of uniform motion around circles since his second law tells us how the planet's speed varies around the orbit.


With these discoveries, Copernicus and Kepler made the great break from Greek ideas that had dominated thinking for almost two thousand years. What did remain, however, was the use of mathematics in science, as advocated by the Pythagoreans and Plato. The books of Copernicus and Kepler contain intensely mathematical chapters.


2.4. THE CHALLENGES


Even today we all naturally think of the Sun as rising and traveling across the sky rather than a fixed Sun only apparently moving as our Earth rotates. Similarly, it is not obvious that we are moving in an orbit around the Sun. The first great challenge of the new astronomy was to find evidence for the new scheme, something Copernicus was acutely aware of.


There was a second so-called common-sense argument against the new proposals. The description of motion and the underlying mechanisms needed for understanding the flight of projectiles and other such problems now became of even more importance as the work of Copernicus and Kepler became accepted. If the Earth really was rotating on its axis and also traveling around the Sun, then simple calculations showed that extremely large speeds are involved. This immediately raises a new problem: How is it that objects do not fly off the Earth, and why are cannonballs, clouds, and flying birds not left way behind? Copernicus had ideas about the air and objects somehow rotating with the Earth, but there was no coherent scheme of dynamics to understand how everything worked. Even comparatively slow motions, like galloping horses, could show how objects flew off and were left behind; to many people, such a rapidly moving Earth was incomprehensible.


There was also a new emphasis on what it was that controlled the motion of the Moon and the planets. Old Greek ideas of an ordered, perfect, unchanging heavens, crystalline spheres, and Aristotle's “causes” were now inadequate notions. Although Copernicus clearly wondered about the role of the Sun in the planetary orbits, it was Kepler who saw that astronomy had reached a turning point:


Astronomers should not be granted excessive licence to conceive anything they please without reason: on the contrary, it is also necessary for you to establish the probable causes of your Hypotheses which you recommend as the true causes of Appearances. Hence, you must first establish the principles of your Astronomy in a higher science, namely Physics or Metaphysics.19


He tried to discover how the Sun might have an extending influence that somehow swept the planets around in their orbits, and he considered the possibility that magnetic effects might be involved. Kepler had found an overall pattern into which all planetary motion fit, and he recognized that the next step was to find the corresponding unifying underlying mechanism, one that clearly involved the Sun. This was the great challenge to which Newton would find a response, and so it is interesting to read Kepler's wonderful statement:


My goal is to show that the heavenly machine is not a kind of divine living being but similar to a clockwork insofar as almost all the manifold motions are taken care of by one single absolutely simple magnetic bodily force, as in a clockwork all motion is taken care of by a simple weight. And indeed I also show how this physical representation can be presented by calculation and geometrically.20


This was a great step forward, and here was the move from what we might call “mathematical modeling” to astronomy as a branch of physics. Kepler failed to find the appropriate physics, but he was the one who pointed the way for those following him.




2.5. HOW TO RESPOND: GUIDING PRINCIPLES


There are three important methodological principles that guided scientists as the Scientific Revolution gradually unfolded (and it is that gradualness that makes some question the use of the word revolution with its implications of dramatic, rapid changes).


2.5.1. The Mathematization of Science


This takes us back to Pythagoras and Plato and is already apparent in the works of Archimedes and Ptolemy. Over the centuries, many people supported the views expressed, for example, by Roger Bacon (1219–1292) in his On the Importance of Studying Mathematics, which has chapter 3 headed “In which It Is Proved by Reason That Every Science Requires Mathematics.” Copernicus clearly used a mathematical approach, and in his book, we can see a good example of two different interpretations: Instrumentalists believed that mathematical models are used to facilitate calculations and to make predictions, whereas Realists believed that a successful mathematical treatment then actually reveals how things must be. The foreword slipped in by Osiander suggested an Instrumentalist approach, but Copernicus himself was a Realist. He believed that the accuracy of his mathematical description did reveal things about how the planets were arranged and why physically we observe retrograde motion for some of them. Kepler too believed that his work revealed physical facts about the solar system.


Perhaps the most famous—and certainly one of the most beautifully expressed—statements of this guiding idea came from Galileo:


Philosophy is written in that great book which ever lies before our eyes—I mean the Universe—but we cannot understand it if we do not first learn the language and grasp the symbols in which it is written. This book is written in the mathematical language, and the symbols are triangles, circles and other geometrical figures, without whose help it is humanly impossible to comprehend a single word of it, and without which one wanders in vain through a dark labyrinth.21




Mathematics provides the language or framework in which science should operate. On the religious side, nature obeys mathematical laws because God used those laws in creating Nature.


2.5.2. Experiment


Gradually, people began to challenge the authority of Aristotle and the idea that if something required identification or explanation, then the solution was to examine his writings on the subject. The philosopher Francis Bacon (1561–1626) wrote extensively on this, stating that “books must follow sciences and not sciences books.”22 The performing of experiments became a standard event at the early meetings of the Royal Society, and Albert Einstein wrote that one of the great developments of this period was “the discovery of the possibility to find out causal relationships by systematic experiment.”23


2.5.3. The Mechanical Philosophy


There was a clear move away from the approach of Aristotle and his ideas about causes and teleology. The new approach saw the universe in terms of matter and motion. This did not remove a role for God, but now man could understand God's works with a new philosophy. One of the great proponents of this new approach was Robert Boyle (1627–1691), and under the title About the Excellency and Grounds of the Mechanical Hypothesis, he wrote:


Thus the universe being once framed by God and the laws of motion settled and upheld by his perpetual concourse and general providence; the same philosophy teaches that the phenomena of the world are physically produced by the mechanical properties of the parts of matter, and, that they operate upon one another according to mechanical laws.24


Boyle supported the corpuscular view of matter, and so the ancient atomists were again of interest. Descartes, one of the most influential founders of the mechanical philosophy, did not see the need for the atomic hypothesis; however, he did set out clearly how a new analogy with machines might be invoked and used to see how we can delve deeper into the physical world:


Men who are experienced in dealing with machinery can take a particular machine whose function they know and, but looking at some of its parts, easily form a conjecture about the design of the other parts, which they cannot see. In the same way I have attempted to consider the observable effects and natural parts of bodies and track down the imperceptible causes and particles which produce them.25


2.6. TWO GREAT PIONEERS


There was great and widespread scientific activity in the sixteenth and seventeenth centuries, but for our story, two people—Galileo and Descartes—are worthy of particular attention.


2.6.1. Galileo Galilei (1564–1642)


The person who best marks the transition between the scientific era begun by Aristotle and the ancient Greeks and the start of the modern era is surely Galileo. Galileo was a follower of Archimedes in his mathematical approach. He presented some of his work in Dialogues in which the views of Aristotle were exposed, discussed, and discredited. Galileo believed in the experimental approach to science and also refused to be cowed by Church doctrine, boldly stating that “I think that in discussions of physical problems we ought to begin not from the authority of scriptural passages, but from sense-experiences and necessary demonstrations.”26


Galileo supplied observations that supported the astronomical revolution begun by Copernicus. In 1604, he observed a nova (as had Tycho Brahe in 1572) and that, together with records of comets, challenged the idea of a perfect and unchanging heavens beyond the Moon. Galileo provided more evidence when the telescope became available, and he observed features on the Moon, which he interpreted as mountains and craters, and spots on the Sun. He observed the phases of Venus, something that clearly demonstrated the superiority of Copernicus's heliocentric model. The astronomical realm was greatly extended as Galileo saw an enormous number of stars and observed the satellites around Jupiter.


In his Dialogue on the Two Great World Systems, the Ptolemaic and Copernican, Galileo set out the arguments that made the transition to the Copernican viewpoint inevitable (and caused his problems with the Catholic Church!). However, his book makes no mention whatsoever of Kepler's laws, and the planetary orbits are still taken as circles. (Drake has argued that this is all about ease of presentation; see the “Further Reading” section at the end of this chapter.) Galileo's diagram in the Dialogue is much like Copernicus's, except that four moons are now shown orbiting Jupiter. (Galileo knew nothing about the planets beyond Saturn.)


In his Two New Sciences, Galileo set out experimental and mathematical results that are often taken as the first coherent starting point for the science of mechanics. His experiments on motion down inclined planes and with pendulums, as well as his considerations of falling bodies, led him to two major results. First, in uniform motion, a body moves equal distances in equal times. Second, in uniformly accelerated motion, the distance moved depends on the square of the elapsed time. (How original some of Galileo's conclusions are is debatable, but he set out the results in a comprehensive and easily understandable form.) Galileo made a major step when he combined a uniform horizontal motion with a vertical motion under gravity to prove that the path of a projectile is a parabola (if, as he pointed out, we ignore air resistance).


In an important methodological step, Galileo used his parabolic-projectile theory to prove that maximum range occurs for a launch angle of forty-five degrees. He was obviously proud of this step and sets out the important underlying principle:


The knowledge of a single fact acquired through a knowledge of its causes prepares the mind to ascertain and understand other facts without need of recourse to experiments, precisely as in the present case, where by argument alone the Author proves with certainty that the maximum range occurs when the elevation is 45 degrees.27




[image: images]


Figure 2.2. Galileo's diagram for modeling the solar system. (Galileo Galilei Dialogo, engraving. Florence, 1632.)


Galileo was close to stating what today is often called the principle of inertia when he wrote:


Now it is evident from what has been said elsewhere at greater length that equitable [i.e., uniform] motion on this plane would be perpetual if the plane were of infinite extent.28




However, in practice Galileo saw such motion as occurring along a circular path:


Hence, along the horizontal by which we understand a surface, every point of which is equidistant from this common centre, the body will have no momentum [i.e., impetus to change] whatever.29


Galileo made enormous steps and set the scene for those like Newton who followed. We should note, however, that Galileo was giving results and a mathematical formulation of kinematics rather than dynamics. He left behind the causal notions of Aristotle, but he did not introduce the idea of force and dynamical equations. His work contains the words natural tendency in his discussions of motions of falling bodies and projectiles. He did not supply the Sun-centered mechanism that Kepler sought for control of the planets. However, in terms of the experimental and mathematical approaches, his work was of the greatest importance.


2.6.2. René Descartes (1596–1650)


Descartes, as a founder of the mechanical philosophy, was critical of Galileo's work, despite praising his break with the ancient doctrines and his use of mathematical methods. He wrote:


Without having considered the first causes of nature, he has merely sought reasons for certain particular effects; and thus he has built without a foundation&. As to what Galileo has written about balance and the lever, he explains very well what happens, but not why it happens, as I have done in my Principles.30


By “Principles,” Descartes is referring to his masterpiece Principia Philosophiae, or Principles of Philosophy, which was first published in Latin in 1644. If Galileo's work is a prime example of the experimental and mathematical approach, then Descartes represents the mechanical philosophy in action. Principia Philosophiae is an impressive attempt to build a new universal intellectual structure for understanding everything. Descartes was the first person since Aristotle to attempt such an ambitious project. The work of Descartes was highly regarded and, since we shall see how it influenced Newton and more so the reception of his work, it is useful to focus on some key points.


Principia Philosophiae is arranged in four parts. Part I, On the Principles of Human Knowledge, covers the way we think and gain knowledge and how God is involved. It includes the following sections (among others):


1. That whoever is searching after truth must, once in his life, doubt all things; insofar as this is possible.


…


9. What thought is


…


14. That from the fact that necessary existence is contained in our conception of God, it is properly concluded that God exists


…


20. That we were not created by ourselves, but by God, and that consequently He exists.


All of this leading to the final section of part I:


76. That divine authority is to be preferred to our perception: but that apart from divine authority, it does not become a philosopher to assent to things other than those which have been perceived.


Part II, On the Principles of Material Objects, sets out the fundamentals, with sections such as:


1. The reasons why we know with certainty that material objects exist.


…


4. That the nature of body does not consist in weight, hardness or colour, or similar properties; but in extension alone.


…


11. That space does not in fact differ from material substance.


…




16. That it is contradictory for a vacuum, or a space in which there is absolutely nothing, to exist.


…


20. That this also shows that no atoms can exist.


Then come important sections in which Descartes sets out some significant steps in dynamics:


27. That movement and rest are merely diverse modes of the body in which they are found.


…


36. God is the primary cause of motion; and that He always maintains an equal quantity of it in the universe.


37. The first law of nature: that each thing as far as is in its power, always remains in the same state; and that consequently, when it is once moved, it always continues to move.


…


39. The second law of nature: that all movement is, of itself, along straight lines; and consequently, bodies which are moving in a circle always tend to move away from the centre of the circle which they are describing.


There is very little mathematics in the Principia Philosophiae, but part II ends with the following:


64. But I do not accept or desire in Physics any other principles than in Geometry or abstract Mathematics; because all the phenomena of nature are explained thereby, and certain demonstrations concerning them can be given.


Part III, On the Visible Universe, contains Descartes's mechanism for the solar system:


30. That all the Planets are carried around the Sun by the heaven.




Descartes postulates “that the matter of the heaven, in which the Planets are situated, unceasingly revolves, like a vortex having the Sun as its centre,”31 and it is by this motion that the planets are moved around the Sun. This was a universal mechanism that achieved great prominence, and Descartes gave diagrams showing how it is constructed (see figure 2.3).


[image: images]


Figure 2.3. Descartes's system of vortices. The Earth moves in the Sun's vortex (left), and a comet's path is controlled by the vortices it travels through (right). (From Descartes, Principia philosophiae, 1644.)


In part IV, Of the Earth, Descartes deals with a vast range of subjects including heat and fire, earthquakes, glass and steel, fluids and tides, and magnetism. In fact, he concludes: “199. That no phenomena of nature have been omitted in this treatise.” His very last section reveals again the power of religion in that time: “207. But that I submit all my opinions to the authority of the Church.”




It is easy to see why Principia Philosophiae was such a dominant force in the intellectual life of the times of Descartes and Newton, particularly in continental Europe. It provided what seemed like plausible explanations for the way the world works and how we can understand everything around us without offending those who revered the ancients and their ideas. (In part IV we find this section: “200. That I have used no principles in this treatise which are not accepted by all; and that this Philosophy is not new but extremely ancient and commonplace.” And there he states that he has used “no principle that was not accepted by Aristotle.”) There is virtually no mathematical modeling or analytical development of the ideas (for example, just how the vortex model of planetary motion works and leads to elliptical orbits). That certainly made it accessible to most readers, but it limited the rigor and technical scope of its achievements.


2.7. OTHER GIANTS AND THEIR SHOULDERS


Newton stated that one reason for his success was that he had “stood on the shoulders of giants,” and we have already met some of those people. It would be unjust not to at least mention others who were known to Newton and who made significant contributions to the development of seventeenth-century science.


Robert Boyle (1627–1691) was the son of the Earl of Cork, and he had the time and money to be a scientific virtuoso. Newton was much influenced by Boyle and had twenty-three of his works in his personal library. The two men interacted, and Newton presented Boyle with a first edition of the Principia and even attended his funeral. Boyle's support for the mechanical philosophy (a term he coined) and the experimental method were important in forming Newton's own approach to science.


Pierre Gassendi (1592–1655) was a continental philosopher, a scientist, and a religious figure who championed the old Greek atomic hypothesis of Epicurus. This set him apart from Descartes. Gassendi also espoused the experimental approach and influenced both Boyle and Newton. He had clear ideas about inertia, and it was Gassendi who had performed the experiment of dropping a stone from the mast of a moving ship to show that the stone fell at the foot of the mast and was not left behind. Gassendi believed that the composition of motions was a universal effect. In astronomy, he observed—and named—the aurora borealis. In 1631 he recorded the first transit of Venus within five hours of the time predicted by Kepler and in so doing added strong support to the theories of Copernicus and Kepler.


Edmond Halley (1656–1742) was a talented astronomer (at age sixteen he showed how three observations could be used to fix the main features of a planet's orbit) and mathematician (he published the first printed version of Appolonius's Conics in 1710). Halley was appointed Savilian Professor of Geometry at Oxford in 1704. It was Halley who ensured that Newton's Principia was published (see chapter 3) and who supplied the editorial skills. In some ways, it is surprising that Newton and Halley maintained their relationship throughout Newton's life since Halley had a reputation as a libertine and an atheist. Of course, Halley is now best known for his work on comets and his great prediction for the return of the 1682 comet (Halley's comet) in 1758. He became Astronomer Royal in 1720.


Robert Hooke (1635–1703) was a gifted man across a whole range of activities. He excelled as an experimentalist and invented or improved numerous instruments and mechanical devices. He began his career helping Boyle to develop the air pump that was so important in the study of gases and their properties. He was long associated with the Royal Society, serving as secretary from 1677 to 1683, and, from 1662 until his death, he was Curator of Experiments. Hooke is known now for his work on springs and elastic effects and for his beautiful book Micrographia in which his excellent draftsmanship allowed him to display the microscopic structure of such things as insects, feathers, and fish scales. Hooke had many ideas in optics and mechanics, and he clashed with many people (especially Newton) about the validity and precedence of his ideas. In particular, Hooke had key ideas about orbital motion and the roles played by inertia and a central force. His weakness was his lack of the mathematical background needed to show where these ideas led.


Christiaan Huygens (1629–1695) was one of the most brilliant men of the period, working in dynamics and optics with emphasis on mathematical methods. His work on centrifugal forces, gravity, regular and cycloidal pendulums, and the theory of collisions was groundbreaking. His ideas are set out in a clear, logical, and mathematical style in his very impressive 1673 work titled Horologium Oscillatorium. Therein he advances new ideas for accurate clock design. As an astronomer, Huygens described the rings around Saturn and discovered Titan, one of Saturn's satellites. Newton had great respect for the work of Huygens.


John Wallis (1616–1703) was Oxford's Savilian Professor of Geometry from 1649 until 1703. His most important work was published in1655 as Arithmetica infinitorum, the first British work on calculus. That and other works by Wallis had a major impact on Newton. Wallis tried hard to get Newton to publish more (a failure) and incorporated some of Newton's discoveries into his own books, such as the 1685 Algebra. Wallis is also famous for his work in cryptography and for his bitter clashes with the philosopher Thomas Hobbes over Hobbes's claim to have squared the circle.


Christopher Wren (1632–1723) is best known as the architect who rebuilt London after the great fire of 1666. (Robert Hooke was also involved.) However, Wren was a multitalented man who held professorships in astronomy and geometry at Oxford. Newton classed Wren with Wallis and Huygens as the leading geometers of the time. Wren helped to found the Royal Society, probably preparing its preamble, and became president in 1681. He did important work on collision theory and was also a meteorologist and a naturalist, using the new microscope to study the structure of insects.


2.8. NEWTON'S STARTING POINT




The influence of Aristotle remained in universities when Newton moved to Cambridge in 1661. People like Boyle and Galileo worked outside the university system and so were less hampered by constraints, often legally imposed, on their activities. Newton had to study the old curriculum with its emphasis on logic, rhetoric, and ethics going back to the ancient Greeks. Newton appreciated the value of some of this material but, by his famous notebook entry “Amicus Plato amicus Aristoteles magis amica veritas [Plato is my friend, Aristotle is my friend, truth is a greater friend],” he showed that he understood the limitations, and soon he had gone beyond the official curriculum.


Newton began to read very widely and tackled the works of Copernicus, Galileo, Kepler, Gassendi, Descartes, and others either directly or through translations and commentaries. It was then that he saw the breadth of Descartes's approach, but he also began to question its validity and thus began his long battle to establish a better world picture. Newton also read widely in mathematics, and his interest in history also began around this time.


2.9. FURTHER READING


There is an extensive literature covering the topic of this chapter; the following is a highly selective list of personal recommendations at different levels. To begin, there are three very readable books by leading experts in Newtonian studies:


Bertoloni Meli, Domenico. Thinking with Objects: The Transformation of Mechanics in the Seventeenth Century. Baltimore: Johns Hopkins University Press, 2006. [comprehensive work by a Newton expert]


Cohen, I. Bernard. The Birth of a New Physics. New York: Norton, 1985. [particularly good on evaluating Galileo's contributions]


Westfall, Richard. The Construction of Modern Science. Cambridge: Cambridge University Press, 1977.


A wonderful collection of relevant articles can be found in the following:


Park, Katherine, and Lorraine Daston, eds. The Cambridge History of Science, Volume 3: Early Modern Science. Cambridge: Cambridge University Press, 2006. [the article “Physics and Foundations” by Daniel Garber is particularly useful]


For study of the earlier periods, see:


Crombie, A. C. Augustine to Galileo. 2 vols. London: Penguin 1969. [first published in this revised version in 1959, so it's a little dated but still a great source; something of a classic]


Gregory, Andrew. Eureka! The Birth of Science. London: Icon Books, 2001. [a light once-over of ancient Greek science; easy and entertaining to read]


Hannam, James. God's Philosophers: How the Medieval World Laid the Foundations of Modern Science. London: Icon Books, 2009. [very readable “popular account”]


Lindberg, David C. The Beginnings of Western Science. 2nd ed. Chicago: University of Chicago Press, 2007. [a comprehensive account up to 1450; for the second edition, the chapter on the Islamic influence has been rewritten to better reflect recent findings]


Here are some examples of recent popular books dealing with the Arab influence:


Lyons, Jonathan. The House of Wisdom. London: Bloomsbury Publishing, 2009.


Masood, Ehsan. Science and Islam: A History. London: Icon Books, 2009.
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