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if they list to try
conjecture, He his Fabric of the Heavens
has left to their disputes, perhaps to move
His laughter at their quaint Opinions wide
hereafter, when they come to model Heaven,
and calculate the Stars, how they will wield
the mighty frame, how build, unbuild, contrive
to save appearances…
Milton, Paradise Lost I do not deal in conjectures.

Isaac Newton, 1724
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Preface

Stories about Albert Einstein range widely: countless writers claim that he was a genius while others claim that he had a learning disability; some portray him as a saintly sufferer for humanity who wanted to read the mind of God, while others portray him as a bohemian opportunist or an atheist. In 1949, Einstein complained: “There have already been published by the bucketsful such brazen lies and utter fictions about me that I would have gone to my grave long ago if I had let myself pay attention to them.”1

We tend to imagine scientists as gifted prodigies, lonesome heroes or martyrs, saints or sinners. Their stories acquire the shapes of myths. Giordano Bruno and Galileo appear as noble martyrs. Copernicus, Kepler, and Newton loom as marble giants in a pantheon. Some biologists invoke Darwin as a patron saint, quoting him word for word. Scientists working on eugenics appear to be a deadly sect. Many posters portray the old Einstein as an inspirational holy man.

In the newest bestselling biography of Einstein (#1 New York Times Best Seller), by Walter Isaacson, I find the following words in the first seven pages: tidings, halo, brilliance, genius, faith, testament, genius, miraculous, miracle, glory, reverential, faith, God, cult, genius, canonized, secular saint, halo, genius, aura, priest-like, glories, inspiring, brilliance, guardian angel, reverence, and “usher in the modern age.”2 Such language is typical, it helps to win readers, but is it necessary? Hype is not distinctive of science, it is the common ancient currency by which we tell stories of heroes and miracles. I don't want to insinuate that I dislike Isaacson's book, that's not what I mean; it's a rich biography, well worth reading. But even great writers portray the history of science with mythical tones, as if success were a matter of destiny, such as in claims that Newton was born the year Galileo died or that the young Einstein “would become” one of the greatest physicists of all time. Many writers  echo traditional stories rather than dig up documentary facts, interpreting bits of evidence to match conjectures rather than to test them. Consciously or not, writers inflate tales to sell books. As rightly noted by Jürgen Neffe, another good biographer of Einstein, “speculations evolve into anecdotes that are then proliferated in book-length studies.”3 Can we write history without mythical exaggerations? Einstein did not want to be worshipped; he repudiated how people exaggerated his contributions. Likewise, Darwin felt mortified by overblown praise, and I think Pythagoras would be stunned by what writers have made of him.

A tension exists between the need to fairly describe the past and the craving to bridge gaps, to conjecture. It is not exclusive to popular books, it also appears in academic writing. Some historians portray speculations as secure findings. Other historians later deny such conjectures as unwarranted. But often they replace the old guesswork with new speculations, presented again as solid findings. Moreover, the ground that each historian tries to cover is often broad, so errors creep in wherever one relies on common knowledge and trusts other writers' words. It takes much work to authenticate some common hearsay; it takes more work to falsify, and some conjectures are too seductive to resist.4

Lately, some good writers of popular science have sought help from historians to check their claims. For example, while editing his Short History of Nearly Everything, the acclaimed author Bill Bryson, having received corrections and comments from historians, increasingly surmised the extent to which “inky embarrassments” might lurk in the pages of his book.5 It became a best seller nonetheless, and to Bryson's credit, some critics were frustrated to not find many inaccuracies in his book. Still, many teachers and writers ignore the findings of historians. It is comparable to the degree to which most professional historians, in turn, print no comment on how some authors misrepresent history. Why do exaggerations and guesswork circulate more than any fair accounting of evidence? Is truth less interesting? No, the problem is that most specialists aim their work at a small group of peers. Yet truths are so much more attractive than myths that specialists spend thousands of hours absorbed in efforts to illuminate the past. But some of us should challenge misconceptions  in order to delineate legends from substantive findings that are also fascinating.

This book analyzes several famous topics in the history of science: the lore of Pythagoras, the Copernican revolution, the alchemical quest for the Philosophers' Stone, Darwin's path to evolution, the mysteries of electricity, Einstein's relativity, and the rise of eugenics. Each topic involves great stories that we tell and tell again, as we should. And then we change the stories, they evolve. But they sometimes lose genuine aspects and gain an opaque gloss. Again we feel compelled to analyze them, so I too have now tried to untangle hearsay. Of course, I'm not immune to mistakes either; for each error addressed in this book, I too have made many others, but I've struggled to keep mine out, to not clutter these pages. Mistakes are more interesting when issued by prominent sources, so I discuss few of my own. But again and again I rewrote; what I had somewhere first read crumbled later on close inspection. Some of what I had taught for years turned out to be baseless, plausible fictions.

Layers of conjecture have caked stories about dead scientists like plaster, paint, and acrylic gloss. Yet there are some sparkling facts underneath. Precious, neglected gems of history compensate for the loss of the surface sheen. So we will do plenty of nitpicking. Much of it will be tacit, hidden in the struggle to fairly represent evidence; but in other instances, we must explicitly pinpoint the nits to be picked—because nits, the tiny eggs of parasitic insects such as lice, are not as harmless as they seem. They hatch and they feed and they grow and they breed. How much illusory history would we have been spared if writers centuries ago had nitpicked seemingly harmless infidelities before they spread?

Besides, nitpicking can be fun. There is a long tradition of writers who have written corrections to popular myths in science and math. Most recently, I have enjoyed books by Tony Rothman and John Waller.6 As those authors did, I now cover an idiosyncratic selection of topics. In this regard, Rothman frankly noted: “The contents of this book are entirely arbitrary, having been determined by accident.”7 In my case, the present topics are connected by the theme of how stories evolve, and to various degrees, by Pythagoras and Einstein: legendary heroes from ancient  and more recent times. Pythagoras is particularly noteworthy because his name strangely recurs in many fields. We still learn about him in early school courses on math, music, and astronomy. He led a religion in the sixth century BCE and allegedly he made many contributions to philosophy, society, the sciences, and supposedly he performed miracles, did not eat beans, and he never laughed. But actually, all or nearly all of the mathematical discoveries that are often attributed to Pythagoras are fiction, the result of writers' guesswork. In the present book, I trace his mythical influence in the sciences. As in math, it is again striking to see how often scientists attributed discoveries to Pythagoras, so he will again and again show up in these pages. Pythagoras emerges as the patron saint of the urge to conjecture, to pretend to know the past.

So we pit stories against evidence. Stories powerfully influence the public conception of science; true or false, they leave a deep impression on the imagination. Therefore, those issues and others will arise in the pages that follow, some will be briefly addressed by pointing to the appropriate evidence while others will be disentangled in detail. Every chapter relies on primary sources and new translations.

I'm impressed by an excellent recent book where the authors frankly state that although the word myth has a sophisticated academic meaning, they yet use it “as done in everyday conversation—to designate a claim that is false.”8 I too will tend to follow this common usage, though I will also refer to myths as valuable fiction. Myths disguise our ignorance, but they also link powerful notions.

Yet the present book is not essentially about debunking myths; that's a secondary goal. It is more an effort to retell history, to squint at it through plausible myths. Instead of just collecting errors, we must try again to tell the past fairly. And to do so, I will follow the structure of successful stories, true or false. Myths become pervasive because they work, they function or satisfy. Despite being historically untrue, they convey deep truths about human psychology. We enjoy some stories more than others partly because they are tales of individuals: touching vignettes of often solitary explorers struggling to overcome difficulties to win unlikely success. So we can reconstruct remarkable happenings in  the moving frames of individuals and their struggles. This book studies how stories evolve, and it contributes to that process.

Above all, this book shows why opinions that were once secret and seemingly impossible became scientifically compelling. Ink that might go to the usual hero-worship or to academic spin will instead be used to clearly explain. For it is unfair for historians to demand that scientists include more proper history in their teaching if by contrast historians do not include science when writing history. Specialists have carved deep divisions among their fields, disconnecting disciplines from their past. Even famous scientists leave a wake of confusions. Darwin acknowledged that the plan of his argument in Origin of Species could be improved. Einstein was plagued by a barrage of curious inquirers who did not understand relativity, and he blamed himself for initiating many of the confusions that arose.

Incidentally, I once heard the following phrase on television: “it's magic—and like science you don't have to actually understand it, you just have to believe it.”9 There it was, right there, the problem. Some people give up on understanding. Despite the efforts of many writers, there remain many readers who, having fairly tried to understand the reasonings of dead scientists, remain quite unconvinced that reason was there at all. They conclude that science constitutes just another blind cult.

My concern is not that they remain unconvinced. People may well study something such as Einstein's relativity and rightly remain skeptical, as did Einstein, that it constitutes a satisfactory solution. Instead, I'm concerned that often writers don't explain the order of the arguments and the historical conditions that give meaning to scientific knowledge. Contrary to common impressions, science books do not all say the same things. For example, in some physics books the constancy of the speed of light shows up as a fundamental assumption, while in others it is an experimental fact. Which is it? In some books, Darwin was crucially inspired to evolution thanks to finches, while in others he was most influenced by giant tortoises, and in others by pigeons or by mockingbirds. Which is it?

In his lively book on historical myths, physicist Tony Rothman repeatedly  admitted: “I have few illusions that this little book can make a dent in just-so history…. I have few illusions that this book will make the slightest puncture in the status quo.”10 But in the end, to the contrary, I find it inspiring that despite our failings, writers do jointly struggle to capture and convey truth, to advance our understanding. Stories change, and it is wonderful to contribute to the process.

Contrary to the common phobia against science and math, many people are immensely attracted to pseudoscience. We should therefore decipher how the secrets and specifics of history can meet the cravings that pull readers to the realms of conjectures. As brilliantly suggested by Karl Popper: “science must begin with myths, and with the criticism of myths; neither with the collection of observations, nor with the invention of experiments, but with the critical discussion of myths.”11 Alongside the precious findings of inquiry, there are also neglected dimensions of stories—trinkets and skeletons in the backroom closets of science and math, not entirely the sort of thing that some teachers would like you to see, but nevertheless just as seductive as good myths.
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1

Galileo and the Leaning Tower of Pisa

ALTHOUGH many writers dismiss this tall tale as apocryphal, some writers, teachers, and physicists still claim that Galileo Galilei carried out experiments on gravity by dropping objects from the Leaning Tower of Pisa. Here is an old and dramatic version of the story:

 
Members of the University of Pisa, and other onlookers, are assembled in the space at the foot of the wonderful leaning tower of white marble in that city one morning in the year 1591. A young professor [Galileo] climbs the spiral staircase until he reaches the gallery surmounting the seventh tier of arches. The people below watch him as he balances two balls on the edge of the gallery, one weighing a hundred times more than the other. The balls are released at the same instant, and are seen to keep together as they fall through the air until they are heard to strike the ground at the same moment. Nature has spoken with no uncertain sound, and has given an immediate answer to a question debated for two thousand years.
“This meddlesome man Galileo must be suppressed,” murmured the University fathers as they left the square. “Does he think that by showing us that a heavy and a light ball fall to the ground together he can shake our belief in the philosophy which teaches that a ball weighing one hundred pounds would fall one hundred times faster than one weighing a single pound? Such disregard of authority is dangerous and we will see that  it goes no further.” So they returned to their books to explain away the evidence of their senses; and they hated the man who had disturbed their philosophic serenity. For putting belief to the test of experiment, and founding conclusions upon observation, Galileo's reward in his old age was imprisonment by the Inquisition, and a broken heart. That is how a new scientific method is regarded by guardians of traditional doctrine.1
 

A different writer claimed, “Galileo's older colleagues knew nothing of experiments. The very idea implied to them a sort of hideous witchcraft—a profanation of the sanctity of the Aristotelian doctrine.”2 Likewise, another account stated, “The Aristotelians ridiculed such ‘blasphemy,’ but Galileo determined to make his adversaries see the fact with their own eyes.”3

Most recent historians do not believe this elaborate, dramatic story because it is not based on any evidence; it is mainly the product of writers' lively imaginations. Still, plenty of books and teachers still echo its basic elements.4 Therefore, fair questions remain: What fragments of the story are true? How did this story grow?



In a book of 1935, Aristotle, Galileo, and the Tower of Pisa, Professor Lane Cooper boldly denounced the story as false: he argued that Galileo did not drop objects from the tower. Nevertheless, some later historians have disagreed. For example, an expert scholar on Galileo, Stillman Drake, argued that the core of the story might be true, although Drake had no contemporary accounts stating that Galileo ever dropped anything from the tower of the cathedral at Pisa.5

The story about Galileo and the Leaning  Tower first appeared in a biography of Galileo written by Vincenzio Viviani, the young secretary who served him in his final years of blindness and home imprisonment, from 1639 until Galileo's death in 1642. Viviani, who apparently drafted his account sometime between 1654 and 1657 (although it was not published until 1717), described events that allegedly happened six decades earlier, but which he did not witness:

 
At this time [ca. 1590] it seemed to him [Galileo], that the investigation of natural effects necessarily require a true cognition of the nature of motion, there being a philosophical and popular axiom: ignorance of motion, ignorance of nature, he gave himself entirely to contemplate it: and then with great discord from all the philosophers, by means of experiences and good demonstrations and discourses he convinced them of the falsehood of many conclusions of Aristotle himself on the topic of motion, which up to that time were held as most clear, and indubitable, as among others, that the speeds of unequal weights of the same material, moving through the same medium, did not at all keep the proportion of their heaviness, assigned by Aristotle, but instead, these all moved with the same speed, he demonstrated this by repeated experiments made from the height of the Bell-Tower of Pisa, in the presence of all the Lecturers and Philosophers, and of all the Students.6
 

Stillman Drake argued that in this account: “Viviani was repeating his recollection of what Galileo himself had told him.” But this kind of wording makes me doubt Drake. Really, we don't know what Galileo told Viviani, nor whether Viviani faithfully repeated it fifteen years later. Regardless, to make his case, Drake used more speculative words that make me part company with him: “would have been,” “probably meant,” “presumably argued,” “it would then be natural,” “more probably,” and so forth.7 I think that there are no probabilities in the past; events either happened or they did not. In history, we either have enough evidence to claim that an event transpired, or we do not. Faced with uncertainty, one might choose to imagine whatever sounds most plausible, but it seems preferable to build our accounts of the past on the basis of evidence over conjecture.

 



By neglecting chronology, and presenting selected pieces of evidence in a contrived order, writers often convey whatever impressions they wish. As with other evolving stories in the history of science, this story benefits from establishing a chronology of events.

In 1544, the Florentine historian Benedetto Varchi alluded to experimental tests showing that traditional views on falling objects were wrong, in that heavier objects do not actually fall faster in proportion to their weight:

 

 
the custom of modern philosophers is to believe always, and never to test all that which is found written by the good authors, and above all in Aristotle, but that does not mean that it would not be more certain, and more delightful to do otherwise, and to sometimes descend to experience in some things, as for example, in the motion of heavy objects, about which Aristotle, and all other Philosophers, without ever doubting it, have believed and affirmed that as a body is more heavy, so much more quickly it descends, which evidence demonstrates is not true.8
 

Varchi opposed the claim that the heavier a body is, the faster it falls. So, long before Galileo was even born, Aristotle's claims on motion had already been challenged by experiments on falling objects.

Later, Giuseppe Moletti, a professor of mathematics at the University of Padua, carried out experiments on falling objects, and in 1576 he reported that falling objects composed of the same material but having different weights reach the ground together.

 
Aristotle…[seems to argue that] if from the top of a tower we release two balls, one of lead of twenty pounds and the other equally of lead but of one pound, the motion of the larger will be twenty times greater than that of the smaller…. My dear sir, you would err; they both arrive at the same time and I have made the test of it not once but many times. And there is more: a ball of wood more or less the same size as a lead one, and released from the same height, descends and reaches the ground soil in the same moment of time.9
 

Moletti thus claimed that objects of roughly the same volume but of different materials and weights reach the ground simultaneously. However, more recent experimenters have shown that this is not necessarily the case. If they are released by hands [palms down], the lighter ball is usually released slightly prior to the heavier ball, and thus the two do not fall quite side by side, the lighter ball moves ahead initially.10

During his time at the University of Pisa (1589–1592), Galileo began  to write On Motion, a book that was published long after his death. In that work, he included a question about hurling objects from a tower:

 
How ridiculous is this opinion [Aristotle's] is clearer than daylight: Because who would ever believe, for example, that if two lead balls were dropped from the orb of the moon, one a hundred times larger than the other, if the larger reached Earth in one hour, the smaller would take a hundred hours in its motion? Or also, if from a high tower two stones, one stone twice the size of the other, were flung simultaneously, that when the smaller was halfway down the tower, the larger would have already reached the ground?11
 

In this manuscript, Galileo repeatedly referred to objects falling from a tower, but he did not specify the Leaning Tower of Pisa, and he did not describe any experiments in detail. Moreover, Galileo there argued explicitly that objects of different weights fall at different speeds! He claimed that he dropped two objects, one of wood and one of lead from the top of a high tower, and that “the lead one moves far out in front. This is something I have often tested.”12 Galileo then believed that the speed of falling objects is proportional to their density (instead of their weight, as Aristotle seemed to argue).

Sometime in the late 1500s, Simon Stevin, a Flemish mathematician and engineer, apparently became convinced that falling objects of different weights hit the ground at the same time. He claimed to let two balls of lead, one ten times heavier than the other, “from a point about 30 feet high” to a plank below, and that “the lighter one falls not ten times later than the heavier, but that both seem to hit the plank in a single thump.”13 In 1605, Stevin published a book in which he claimed that he had carried out this experiment “long ago” with his friend John Grotius, with the aim of showing that Aristotle was mistaken in his Physics and On the Heavens.

In 1597, Jacopo Mazzoni, a friend of Galileo, published a book in which he advocated Galileo's early ideas on motion, against Aristotle's; but he did not mention any experiments at any tower.14

 

In 1604, Galileo sent a letter to Paolo Sarpi, in which he stated that different objects fall at the same rate.15 At the time, Galileo mistakenly thought that speed is proportional to distance of fall (instead of time).

In 1612, Giorgio Coresio, a professor of Greek, attacked Mazzoni's claims by complaining that Mazzoni had experimented with falling objects from an insufficient height. Coresio then briefly noted that by dropping objects from the top of the Tower of Pisa, Coresio himself had shown Aristotle to be correct: a whole body falling faster than a separate piece of it:

 
Mazzoni commits anew two other errors of no slight importance. First, he denies a matter of experiment, that, with one and the same material, the whole moves more swiftly than the part. Herein his mistake arose because, perhaps, he made his experiment from his window, and because the window was low all his heavy substances went down evenly. But we did it from the top of the cathedral tower of Pisa, actually testing the statement of Aristotle that the whole of the same material in a figure proportional to the part descends more quickly than the part. The place, in truth, was very suitable, since, if there were wind, it could by its impulse alter the result; but in that place there could be no danger. And thus was confirmed the statement of Aristotle, in the first book of On the Heavens, that the larger body of the same material moves more swiftly than the smaller, and in proportion as the weight increases so does the velocity.16
 

Coresio did not attribute any experiments at the Tower of Pisa to Galileo.

Decades later, in March 1641, Vincenzo Renieri, professor of mathematics at Pisa, sent a letter to Galileo stating that he (Renieri) had carried out experiments by dropping objects from the Leaning Tower of Pisa, and he asked Galileo to interpret them. Renieri wrote:

 
We have had occasion here to make an experiment of two weights falling from a height, of diverse material, namely one of wood and one of lead, but of the same size; because a certain  Jesuit [Niccolò Cabeo] writes that they descend at the same time, and with equal velocity reach the earth; and a certain Englishman affirms that Liceti here set a problem, and gave the explanation of it. But finally we have found the fact in the contrary, because from the summit of the Campanile of the Cathedral [at Pisa], between the ball of lead and the ball of wood there occur at least three cubits of difference. Experiments also were made with two balls of lead, one of a bigness equal to a cannon-ball and the other to a musket-ball, and there was observed the biggest and the smallest, from the height of the same Campanile, to be a good palm's difference by which the biggest preceded the smallest.17
 

Not all the letters in the correspondence between Renieri and Galileo still exist, but those that exist show no evidence that Galileo ever conducted any such experiments himself.

At that very time, when Renieri wrote to the old, blind Galileo about experiments from the Leaning Tower, Viviani was Galileo's secretary. A year later, Galileo died. Fifteen years later, Viviani claimed that Galileo dropped objects from the Tower of Pisa. In two drafts, Viviani followed his claim about Galileo's experiments from the Leaning Tower by noting that Galileo discussed the subject in his work on the Two New Sciences. But really, Galileo there did not refer to any specific tower and he discussed only thought-experiments.18

None of the many letters and manuscripts that Galileo wrote over decades claim that he dropped anything from the Leaning Tower. And none of his contemporaries who would have witnessed that event reported any such thing. None of Viviani's alleged lecturers, philosophers, or the many students at Pisa seem to have left any clue that they were aware of such an experiment carried out by anyone in the 1590s.

Historians have found that Viviani was not entirely credible. For example, in accord with the Pythagorean idea of the transmigration of souls, Viviani misrepresented the date of Galileo's birth, as being not on  February 15, 1564, but four days later—so that it would seem to follow the death of the great artist Michelangelo, on February 18, 1564.19

Regardless, some prominent historians chose to believe Viviani's account about the tower. In particular, Antonio Favaro, the prestigious editor of the collected works of Galileo, claimed that Viviani “must have heard it from the lips of Galileo himself, affirmed in a manner so certain and explicit that it cannot be called into question.”20

Must have? And, it cannot be questioned?

Lane Cooper traced how various versions of the tale added details that were not even present in Viviani's story. Some writers claimed that the demonstration happened “in the morning.”21 Why in the morning? Was it the dawn of a new era? Others claimed that Galileo dropped one ball that weighed a pound and another that weighed a hundred pounds. Another writer claimed that Galileo placed different materials in “exactly similar boxes,” before dropping them. Fiction. And yet another writer claimed that the results were “epoch-making.”22 Cooper rightly complained: “Why ‘epoch-making’? I have yet to learn what communal scientific advance arose out of Galileo's alleged experimentation from the tower of Pisa; there was no mention of it that can be traced before 1654; and if indeed the thing took place, it seems to have been overlooked by the world at large for sixty years and more.”23 Even at Pisa, Galileo's own admirer, Renieri, made claims quite contrary to Galileo's.

Lane Cooper was not a historian, nor a physicist. He was a professor of English. Hence, when he published his book showing that the story about the tower is not supported by evidence, many historians just dismissed it. For decades they belittled him and ignored his book. But Cooper used evidence to make his argument. It is encouraging that outsiders can contribute to a professional field such as history, especially by focusing on documentary facts rather than speculations. Legends about Galileo have propagated partly because people were willing to parrot the claims of specialists, believing authority, rather than evidence. Thus, the irony of this myth is that whereas it purports to criticize philosophers who blindly believed in the authority of Aristotle, in actuality it instead 
 exhibits the gullibility of persons who repeat the tale, their readiness to believe on the basis of authority.



The story of the Leaning Tower of Pisa captured people's imagination, I think, because it conveyed the dramatic illusion that in a single moment, one young man publicly dared to challenge an arbitrary tradition that had dominated for over a thousand years, and supposedly, his successful experiment abruptly and clearly revealed the truth. Allegedly, this simple, dramatic event constituted a turning point in the history of science; nature had spoken, delivering the death-blow to an arbitrary traditional belief. This epic mythical image was conveyed well in the early 1900s:

 
As Galileo's statement was flouted by the body of professors, he determined to put it to a public test. So he invited the whole University to witness the experiment which he was about to perform from the leaning tower. On the morning of the day fixed, Galileo, in the presence of the assembled University and townsfolk, mounted to the top of the tower, carrying with him two balls, one weighing one hundred pounds and the other weighing one pound. Balancing the balls carefully on the edge of the parapet, he rolled them over together; they were seen to fall evenly, and the next instant, with a loud clang, they struck the ground together. The old tradition was false, and modern science, in the person of the young discoverer, had vindicated her position.24
 

In the 1990s, experimental physicist Leon Lederman wrote a section of a book titled “The Truth of the Tower.” Lederman embraced the story, and described it as a media happening, the first great scientific publicity stunt: “Galileo knew in advance how it was going to come out. I can see him climbing the tower in total darkness at three in the morning and tossing a couple of lead balls down at his postdoc assistants.”25

Sixty years prior to Lederman's narrative, Lane Cooper, perplexed by the widespread currency of the Leaning Tower story, commented on people's willingness to believe across the centuries:

 

 
Again, there are many who as aforesaid believe the story about Galileo and the tower of Pisa, and have no better ground for accepting the story than hearsay. They have read or vaguely heard that it was so just as they believe that Aristotle said a certain thing about falling bodies of different weights, and that every one down to Galileo believed the same thing on the authority of Aristotle. As casual readers accept some modern authority for an opinion about the speed of bodies heavy and light in falling, so they accept upon authority, however vague, the tale about Galileo at Pisa.26
 






2

Galileo's Pythagorean Heresy

EVEN without evidence, most people believe in Earth's motion. When asked why Earth moves, some college students reply: “because of the seasons” or “because astronauts see it from spaceships.” But seen from Earth, the spaceships seem to move instead, so who's right? And for thousands of years, it seemed that the seasons change just because the sun rises at different places on the horizon, taking different paths; so why not say that seasons are caused by the sun's motions? Centuries ago, teachers taught that the sun circles Earth, and it seemed obvious; now they teach the contrary, and it seems obvious. It's easy to accept basic scientific knowledge without knowing why scientists believe it, but that would make science seem like just another doctrine.

Many myths are associated with the Copernican revolution. I'll now recount the dramatic struggles by which people changed their minds about Earth's motion, while also pointing out several myths. But mainly, I will trace the many connections to legends about Pythagoras and his followers. For centuries, writers have often associated the idea of Earth's motion with Pythagoras of Samos, a philosopher who lived in southern Italy in the sixth century BCE. But is there truth to such claims? Strangely, I find not a single historical account that systematically connects the diverse legends about Pythagoras and his followers to the Copernican revolution. Making that connection reveals a surprising dimension of Galileo's famous heresy.

According to Aristotle, the philosopher with the aquiline nose, the so-called Pythagoreans believed that Earth moves in circles around the center of space: “they say that fire is at the center and that Earth is one of the stars, and that moving in a circle about the center it produces  night and day.”1 But their arguments did not convince Aristotle, who had many good arguments to the contrary. For example, he proposed, if Earth moves across the heavens, then we should observe certain changes in the background of stars. Specifically, we should see apparent changes in the gaps between the stars. Consider a few objects in a row, as seen by someone running along. There's a line of sight to each object. The objects closest to the person will seem to be farther apart from one another, the two objects farthest away will seem to be closest together. But once the person has reached those farthest objects, the effect will be reversed.2

Likewise, if Earth moves across the heavens, we would expect that the relative distances between the stars should change. Ancient astronomers could expect to see such effects, and more, if Earth were moving. But no such effects were observed. So Aristotle fairly argued that Earth does not move at all.



Still, decades after Aristotle's death (in 322 BCE), the astronomer Aristarchus of Samos advocated that Earth travels in circles around a center, the sun. No treatise by Aristarchus (who died around 230 BCE) on this matter seems to have survived, but there are brief, indirect accounts. In particular, Archimedes mentioned the theories of Aristarchus in this address:

 

 
You, King Gelon, know that ‘universe’ is the name given by most astronomers to the sphere the center of which is the center of the Earth, while its radius is equal to the straight line between the center of the Sun and the center of the Earth. This is the common account as you have heard from astronomers. But Aristarchus brought out a book consisting of certain hypotheses, wherein it appears, as a consequence of the assumptions made, that the universe is many times greater than the ‘universe‘ just mentioned. His hypotheses are that the fixed stars and the Sun remain unmoved, that the Earth revolves about the Sun in the circumference of a circle, the Sun lying in the middle of the orbit, and that the sphere of fixed stars, situated about the same center as the Sun, is so great that the circle in which he supposes the Earth to revolve bears such a proportion to the distance of the fixed stars as the center of the sphere bears to its surface.3
 

Archimedes rejected Aristarchus's theory, as did most mathematicians and astronomers. One problem was that it seemed to require a ridiculously immense universe. In order for there to be no visible shifting of the distances between the stars, such distances had to be almost unimaginably huge compared to the orbit of Earth around the sun. The last line of the quotation states that Aristarchus apparently claimed that the stars were virtually infinitely far away from Earth.

By contrast, Pliny the Elder claimed by 77 CE that “the penetrating genius of Pythagoras” had inferred that the distance from the sun to the zodiac stars is merely three times the distance between Earth and the moon.4 If Pythagoras ever made such a claim, it was grossly incompatible with the later, allegedly Pythagorean, claim that Earth moves, because its motion would then cause apparent changes in the distances between the stars. In any case, Pliny ridiculed Pythagoras for “occasionally” drawing on music theory to describe the distances between Earth and the heavenly bodies as tones and half-tones, producing “a universal harmony” of seven tones, “a refinement more entertaining than convincing.”5 I do not know what credibility Pliny had, but to undermine our reflex to respect and believe ancient authorities, it is useful to bear in mind any of the charming  bits of nonsense that some readily proclaimed. For example, Pliny claimed that the saliva of a fasting human was the best safeguard against serpents and he praised the various magical and medicinal properties of spitting: on epileptics, on leprous sores, on insects in an ear, and upon your right shoe.6 Nonetheless, Pliny was a careful compiler of knowledge that he found in many books. The main problem is that he wrote more than five hundred years after Pythagoras died. The accuracy of Pliny's unspecified source on Pythagoras as an astronomer is called into question by the fact that the many prior scholarly commentators on astronomy, such as Aristotle, seem to have made no such claims about Pythagoras.

Aristotle formulated the conception of the heavens that became widespread for centuries, and it was revised systematically around 150 CE by the Roman citizen Ptolemy, in Alexandria, Egypt. Earth was said to remain stationary at the center of the universe while the moon, the sun, the planets, and the stars all moved in circles around Earth.7 Everything below the moon was said to be in the terrestrial sphere, where things change and decay and violent motions, death, and rot take place. By contrast, the moon and everything above it was said to be perfect, unchanging, eternal.8 All heavenly motions seemed unforced and circular. Like rain and clouds, comets were assumed to happen not above the moon, but in Earth's atmosphere, since they too were fleeting, temporary phenomena.

Every night the stars and planets cross the sky in a seemingly circular, westward path. But the planets lag slightly eastward, week after week, and when we track the positions of a planet such as Mars against the background of stars, we find that sometimes, instead of moving uniformly eastward in a circular path, Mars seems to slow down and pause, then go back. It loops backward and then again it continues eastward. This is called retrograde motion, and the ancient astronomers wanted to explain it.

Apparently it was disturbing to think that heavenly things start and stop. In the first century BCE, the Greek writer Geminos noted:

 
The Pythagoreans, who first approached such investigations, hypothesized that the movements of the Sun, Moon, and the  5 wandering stars are circular and uniform. For they did not accept, in things divine and eternal, such disorder as moving sometimes more quickly, sometimes more slowly, and sometimes standing still…. One would not accept such an anomaly of movement in the goings of an orderly and well-mannered man. This business of life is often the cause of slowness or of swiftness for men. But in the case of the incorruptible nature of the stars, it is not possible to adduce any cause of swiftness or slowness. For this reason, they put forward the question: how would the phenomena be accounted for by means of uniform and circular motions?9
 

Later, Ptolemy also tried to explain retrograde motion. He argued that a planet such as Mars is carried along not in one circular motion alone but by two. Imagine that there is a great sphere that rotates around Earth and it traces a path as large as the orbit of Mars. And on this sphere there is a wheel, centered on a point on the sphere's surface, and Mars is attached to this wheel, as the wheel spins slowly around its center. Thus Mars traces a small loop on the sky as it moves carried by the sphere and wheel (epicycle).



Additional geometric devices were also used to account for variations in the paths and speeds of the heavenly bodies. Centuries later, a legend  developed: that whenever astronomers found that two circles did not suffice to account for the motion of a particular planet, they added more epicycles. By 1969 the Encyclopedia Britannica claimed that in Ptolemy's system, each planet required forty to sixty epicycles. Yet historian Owen Gingerich has shown that there's no evidence that anyone used more than one epicycle per planet.10 The story was a myth that grew, making it seem as though Ptolemy's scheme was ridiculously complicated and had collapsed under its encumbrances.11



We tend to imagine that obsolete scientific theories were ridiculously complicated whereas contemporary theories are elegant and reasonable. Yet Ptolemy's geocentric account was extremely useful and successful. It was used for over 1,400 years. But there were growing problems. Based on Ptolemy's geometric system, astronomers devised numerical tables  that helped to predict astronomical events, such as eclipses, alignment of planets, and equinoxes.12 By the 1500s, these tables didn't agree with the calendar that had been established by Julius Caesar (in 45 BCE). In the year 325 CE, for example, the spring equinox happened on 21 March, its official date according to the calendar—but over the centuries the spring equinox arrived progressively earlier, and by 1500 it fell instead on 11 March. This was a problem because the astronomical observations no longer matched the calendar. Yet people set the date of some important events, such as Easter, by reference to both. The Catholic Church was disturbed by the mismatch between the seasons and the calendar. And so, in 1514, Pope Leo X requested the help of astronomers.

The Polish astronomer, Nicolaus Copernik, was one of the experts who provided advice on the problem. “Copernicus” was unsatisfied with the structure of Ptolemy's account and its limited precision. He disliked that some of Ptolemy's circular motions were not uniform relative to their centers. Therefore, Copernicus had studied ancient writings to find an alternative. In the works of Cicero and those attributed to Plutarch, he found reference to various Pythagoreans, including Philolaus, who claimed that Earth spins or moves.13 Thus Copernicus came to privately formulate a theory similar to that of Aristarchus, reasoning that it would be preferable to assume that Earth was not at the center of the universe, but that it moved like a planet, and that the planets orbited the sun. Remarkably, by centering the sun, it turns out that the orbital speeds of the planets, including Earth, fall in an ordered sequence: the speed of each planet varies according to its distance from the sun, the closer the planet is to the sun, the faster it moves. Copernicus realized that if indeed Earth circles the sun, then we would observe the apparent retrograde motions of the planets, since Earth sometimes overtakes them as it moves around the sun.

The heavenly bodies circled the sun, the moon circled Earth. All moved in circular paths, as in Ptolemy's account. Earlier, Plato had claimed that God “made the universe a circle moving in a circle, one and solitary,” with its parts moving in circles.14 Copernicus argued that the planets move because “it is in the nature of perfect circles to rotate forever.” Also, he admitted epicycles into his system to account for deviations  in the paths of the planets.15 Yet, his theory departed from tradition, in part, by breaking the barrier between the terrestrial and the celestial, by placing Earth in the heavens.



Present methods of education lead us to see Copernicus's scheme as natural, simple, and reasonable. However, it had features that seemed utterly repulsive to Copernicus's contemporaries. For example, if Earth is a heavenly body, then why does it spin? None of the others seemed to spin. And if Earth is spinning, why aren't things flung off? Furthermore, if Earth is moving, why don't we feel it? Shouldn't physics and astronomy be based on our experiences? Also, if Earth were truly a planet, then would planets also be worlds like Earth? Would there be humans  in other planets? Why would God create many worlds? Did Jesus Christ visit them too? Any such questions would be unsettling.



Also, Copernicus's system was hardly geometrically simpler than Ptolemy's, partly because it too had epicycles. The small epicycles of Copernicus did not entail retrograde motions; instead, they served to account for irregularities in the changing velocities of each planet.

Moreover, the motion of Earth entailed that there should be apparent changes in the separations between the stars throughout the year, but since no such changes were observed, Copernicus argued, like Aristarchus, that the distance between the planets and the stars was spectacularly  immense. That means that the gap between Saturn and the stars should not be similar to the gap between two planets' orbit but much, much greater. That gap between Saturn and the stars should be at least around thirty thousand times greater than the distance between the sun and Saturn. Try to draw that. Why would there be such a huge and horrifyingly empty void between the planets and the stars? Why would God create such extraordinarily large emptiness? As later remarked by Blaise Pascal: “The eternal silence of these infinite spaces frightens me.”16

Copernicus anticipated that his theory would be severely criticized, partly because the Catholic Church embraced the Aristotelian account. He also followed the reputed practice of the Pythagoreans to keep honest opinions private and reveal them only to friends.17 Therefore, he kept his work relatively secret for decades. Still, for Copernicus, the sun-centered system was elegant proof of God's plan and the divine order of things. In his manuscript On the Revolutions, he noted, “what better place could be found for this lamp in this exquisite temple than where it can simultaneously illuminate everything?”18 Yet his astronomical calculations led him also to acknowledge that the center of the sun is not located exactly at the center of the planetary orbits.

Copernicus delayed publication of his work for many years, though he circulated a few manuscripts. Some of his friends, including the cardinal of Capua and the bishop of Culm, encouraged him to publish, but he resisted. By 1539, the “evangelical” leader Martin Luther had heard of Copernicus's theory. There is a story that Luther complained, “The fool will overturn the whole art of astronomy.”19 But that claim was made by someone who did not hear Luther's words. Someone who did hear Luther firsthand reported instead that Luther said “the new astrologer” wished to turn astronomy upside down, while “I believe the Holy Scriptures, for Joshua commanded the Sun to stand still, and not the Earth.”20

In 1541, the sixty-eight-year-old Copernicus finally agreed to publish his book, the labor of three decades. He dedicated it to Pope Paul III, expressing his prior fears of scorn and slander from “idle talkers wholly ignorant of mathematics,” those whose “inherent stupidity among philosophers holds as drones among bees.”21 Late in 1542, Copernicus suffered a stroke that paralyzed his right side. While he was convalescing,  a Lutheran theologian who helped to oversee the printing of his book added an anonymous disclaimer, a foreword arguing that there is no certainty in astronomy and that hence the work consisted essentially of“hypotheses” convenient for mathematical calculations.22 Ill and confined to his bed, Copernicus finally received a copy of his book on 24 May 1543. He died a few hours later.

The idea of Earth's motion was generally unwelcome. The “Reformed” Christian leader, John Calvin, denounced those who “pervert the order of nature. We shall see some who are so deranged, not only in religion but who show in all that they have a monstrous nature, that they say the sun does not move, and that it is the earth that moves and turns. When we see such persons, it must be said that the devil has possessed them.”23 Calvin was not necessarily referring to Copernicus, whom he might not have read, but to anyone who made such claims.

The bestselling writer Arthur Koestler famously described On the Revolutions as “the book that nobody read,” but historian Owen Gingerich spent decades tracking copies of the book and concluded that Copernicus's work found plenty of readers. One was the prominent astronomer Erasmus Reinhold, who used it to calculate tables giving the positions of the heavenly bodies in time, which later served to revise the calendar. In his heavily annotated copy of Copernicus's book, Reinhold exulted, “Celestial motions are circular and uniform or composed of circular and uniform parts.”24

Another who came to believe in the theory was the English mathematician Thomas Digges. In 1572, a bright new light was seen in the heavens. Digges inferred that it was a star, and he concluded that for ages astronomers had been wrong: the heavens were not unchanging. The region beneath the moon remained “the Empire of Death,” in his words, but there was change in the heavens, too. He thus thought it prudent to consider alternative accounts of the heavens, and so he adopted the “perfect description of the celestial orbs” which he attributed to the ancient Pythagoreans and to Copernicus.25

Also in 1572, a Danish astronomer, Tycho Brahe, was likewise impressed by the bright new light in the heavens. Brahe was a wealthy nobleman who wore a lump of silver and gold in a hole in the center  of his face, since a chunk of his nose, the bridge, had been cut off in a duel.26 This man with a golden nose devised instruments for measuring the positions of the stars and planets with great accuracy. And he found that the new bright light did not shift relative to the other stars, so it wasn't an atmospheric effect beneath the moon. It was indeed another star. Again, this meant that Aristotle had been wrong about the nature of the heavens.

Since there was change in the heavens, as in Earth, then Earth might conceivably be in the heavens. Thomas Digges published a summary of the Copernican scheme in English, and he added the notion that the stars are not embedded in a sphere, but instead are spread throughout an infinite space beyond the planets. For Digges, the spherical and infinite orb of the stars was “the very court of coelestiall angels devoid of greefe and replenished with perfite endlesse joye the habitacle of the elect.”27

If Earth were truly moving, astronomers expected to see some observable proof of this. So, throughout the years, Digges expected that the new star would become periodically brighter or dimmer as Earth presumably moved toward it or away from it. But no such effect was observed.

Meanwhile, Catholic astronomers reformulated the calendar to fix the dates of religious events, such as Easter. In 1582, Pope Gregory XIII decreed that 4 October be followed immediately by 15 October, to bring the calendar into accord with the astronomical phenomena. Ten days were zapped out of existence. What happened on 5 October 1582? Nothing happened: that day did not exist (that is, in the few Catholic countries that immediately adopted the calendar, such as Italy and Spain). Tycho Brahe, a Lutheran, appreciated the value of the new Gregorian calendar.

Like Copernicus, Brahe disliked some of Ptolemy's geometrical devices. Brahe appreciated the work of Copernicus, but only as a mathematical contrivance, he did not believe that Earth moves. Astronomers expected that if Earth moves, we should be able to observe some relative shifting of the stars: parallax. Copernicus knew that his hypothesis would entail parallax, but since no such effect was known, he had argued, like Aristarchus, that the stars were extraordinarily far away and  far apart from one another. Apparently Brahe did not look for stellar parallax as a way to test Copernicus, but in 1583 he did try to detect parallax in the orbit of Mars, to test whether Mars is ever closer to Earth than Ptolemy expected.28 He found no such effect, so he rejected Earth's motion, which he also ridiculed as contrary to Scripture.

But a few clergymen appreciated the idea of Earth's motion. In 1584, the Spanish theologian Diego de Zuñiga published a commentary on the book of Job, in which he noted that the characterization of God in Job 9:6 as “He who moves the Earth from its place, and its pillars are shaken,” seemed to say that Earth moves.29 Zuñiga claimed that this passage could be explained by “the opinion of the Pythagoreans” and of Copernicus. Seemingly contrary passages, such as Ecclesiastes 1:4, “Generations will come, and generations will pass away, but the Earth remains forever,” argued Zuñiga, referred not to any motion of Earth but to its durability.

Meanwhile, Tycho Brahe also observed comets. According to Aristotle and Ptolemy, comets were not celestial phenomena, because comets exhibited change: they appeared and disappeared, and they did not travel in circles. So, astronomers and philosophers said that comets transpire beneath the orbit of the moon, as just another effect of Earth's atmosphere. But in 1577, Brahe observed a comet and carefully measured its parallax relative to the stars. He found that it exhibited too little parallax to lie beneath the orbit of the moon. He concluded that the comet was far above. This meant that Aristotle was mistaken: comets were not atmospheric phenomena. The ancient accounts turned out to be wrong—there could be change in the heavens along with noncircular motions.

Some writers—who were not astronomers—had misconstrued Aristotle and Ptolemy, as if the ancient accounts claimed that the planets are embedded in crystalline material orbs, harder than diamond, “absolutely solid.”30 Brahe believed such misinterpretations. But by analyzing a comet in 1585, Christopher Rothman found that it traveled across the orbits of the planets, proving that no solid orbs separate them. In letters to Rothman, Brahe later appropriated this discovery to himself. He claimed to have refuted the common opinion of Pythagoras, Aristotle, and even Copernicus. Actually, there is no evidence that any of them  ever held such an opinion about celestial orbs. Unfortunately, Brahe had little historical acumen, he “would not spare the time to scrutinize the writings of his predecessors to inquire who said what or when.”31 Accordingly, later historians wrongly echoed that the crystalline spheres were an ancient belief, propagating grandiose generalizations, reiterating mistakes.

Since Brahe found inaccuracies in Ptolemy's theory, he formulated his own account of the heavens. The man with the golden nose argued that experience compels us to accept that Earth stays at the center of the universe while the moon, the sun, and the stars circle around it. And, he claimed, the planets circle the sun. Brahe's system made sense: it matched physical perceptions and it echoed some of the mathematical convenience of Copernicus's system. Brahe's system required the same phenomena entailed by the Copernican scheme, including a slight parallax for Mars. In 1587, Brahe detected that parallax and interpreted it as evidence in favor of his own system.

In 1599, Brahe was appointed imperial mathematician to Emperor Rudolph II, in Prague, then-capital of the Holy Roman Empire. But Brahe died two years later, partly due to courtesy and gluttony. His assistant, Johannes Kepler, recounted Brahe's last days:

 
On 13 October, Tycho Brahe dined with the illustrious Master Mincowitz, in the company of Mater Rosenberch. Holding his urine longer than usual, Brahe remained seated. He drank too much and felt pressure on his bladder but he valued civility. When he returned home, he could still barely urinate with the greatest pain, and nevertheless obstructed. The insomnia continued, with intense fever and gradually leading to delirium, and the food he ate, which could not be kept from him, exacerbated the evil…. On his last night, in his delirium, which was completely gentle, he repeated these words, like someone composing a verse: Not to seem to have lived in vain.32
 

The man with the golden nose died on 24 October 1601. Thus ended the painstaking observations that he carried out and recorded for about thirty-eight years. Four centuries later, forensic analyses of hairs from  Brahe's corpse showed that he had ingested toxic amounts of mercury, which caused or accelerated his illness and death.33

Then, Brahe's collaborator, Kepler, became imperial mathematician, inheriting the planetary data. He was a German mathematician who was deeply religious. In the work of Copernicus, Kepler had found what he regarded as God's true design of the heavens.

Years before Brahe's death, seeking to find the mathematical ordering  of the universe, Kepler had investigated why there were only six planets, including Earth. He also wondered why the distances between the six planets had various definite sizes. Kepler had studied old writings that showed how Plato, and supposedly the early Pythagoreans, ascribed great importance to the five regular solids in the order of the universe. The regular solids are figures that are each made of only identical sides and each side has identical side-lengths: pyramid (four sides), cube (six sides), octahedron (eight sides), dodecahedron (twelve sides), and icosahedron (twenty sides). According to Proclus, Pythagoras had discovered “the structure of the cosmic figures,” though we have no evidence to support this.34 Impressed by such ideas, Kepler believed that he could explain the quantity of planets and their relative separations by inferring that their orbits were interspaced by the five regular solids.



Consider a sphere, standing for the orbit of Saturn, and inside of it posit a cube, inside of which there would be another sphere, as large as can fit in the cube. That second sphere would be the orbit of Jupiter, and in turn, if a tetrahedron (a four-sided pyramid) were inscribed in that sphere, and another sphere were inscribed in the tetrahedron, the latter would give the orbit of Mars. Inside, there would be a dodecahedron, then the orbit of Earth, followed by an icosahedron, then the orbit of Venus, and finally an octahedron and in it the orbit of Mercury.

Interspaced between the orbits of the six planets, the five regular solids in the sequence of six, four, twelve, twenty, eight, actually gave the relative separations between the planets. Kepler thought he had found evidence of God's divine plan of the universe.

This geometrical scheme may seem ridiculous now. But it is remarkable in hindsight because it does replicate pretty closely the distances between the planets. Kepler published his Cosmographical Mystery in 1596. He had wanted to include an introductory chapter explaining the consistency of Copernicus's theory with the Bible, but the senate of the University of Tübingen requested that he omit that part. So Kepler quietly acquiesced: “We shall imitate the Pythagoreans also in their customs. If someone asks us for our opinion in private, then we wish to analyze our theory clearly for him. In public, though, we wish to be silent.”35

Echoing some ancient writers, Kepler also alluded to the claim that  Pythagoras could hear a universal harmony, a “music of the spheres” emitted by the motions of the planets.36 And if anything did not quite work in the supposed numerical and geometrical harmony of the universe, Kepler hoped that Pythagoras might perhaps rise from the dead to help him—which did not happen, he wrote, “unless perhaps his soul has transmigrated into me.”37



In the meantime, Copernicus's conception had drawn the attention of a few other eccentrics. In particular, an Italian philosopher and priest, Giordano Bruno, shared similar views; he adopted and expanded the theory. Bruno despised the theory of epicycles, considering them mere crutches for Aristotle's erroneous theory.38 He claimed that no body is entirely spherical and that all natural motions deviate considerably from  uniform circular motion around a center.39 Bruno denied the perfect circularity of celestial motions, claiming instead that planetary paths were more like spirals. He further reasoned that the stars are suns, that the universe is infinite, and that there exist other worlds like Earth. Centuries earlier, some Pythagoreans had allegedly claimed that the stars were worlds in the infinite space.40 Bruno studied texts that had been prohibited by the Catholic Church and attacked Aristotle's physics and his finite universe.

Like the Pythagoreans, Bruno claimed that souls are repeatedly reborn, even into animals. Moreover, he entertained unorthodox ideas about Jesus Christ, whom he viewed as a clever magician: he doubted that Jesus was born from a virgin; he denied that Jesus was actually God. Bruno also behaved as if knowledge found by reason is superior to knowledge attained by faith. Because of such opinions, the Catholic Church prepared to put him on trial and excommunicate him. Bruno fled the Church and was excommunicated in absentia. He then befriended the Calvinists, but they too felt antagonized by him, and proceeded to arrest and excommunicate him. Bruno then approached the Lutheran Church, but since he argued that the various churches should coexist peacefully, the Lutherans excommunicated him in 1589. In 1592, he was taken out of his bed in the night by the Catholic Inquisition, who imprisoned him and put him on trial for years. Ultimately he refused to recant his theological and philosophical views, so they declared him guilty of heresy and sentenced him to death. On February 17, 1601, the officers of the Inquisition tied Bruno and conveyed him to the Campo dei Fiori, or Field of Flowers, where they silenced him with a gag on his tongue. Then they tied Bruno to a wooden stake, before onlookers, and burned him alive.

Writers often claim that Bruno was executed because of his belief in Copernicus and in the infinity of worlds.41 Was Bruno a martyr for science? Actually, historians do not know for certain, because much of Bruno's file is missing from the records of the Inquisition. At least he was a martyr for the freedom of expression.

Galileo Galilei was another Italian who adopted the Copernican scheme. In 1592 he became a professor of mathematics at the university  of Padua, a position that Bruno had sought unsuccessfully. In 1609, Galileo learned that a Dutchman devised a spyglass to see distant things. So Galileo figured out how to construct and improve a telescope for seeing even farther, by grinding lenses designed according to the principles of optics. At the end of 1609, Galileo used his innovative telescope to observe several astonishing astronomical phenomena. In the words of one historian, “In about two months, December and January, he made more discoveries that changed the world than anyone has ever made before or since.”42

In May 1610, Galileo published his observations in a book titled Message from the Stars. He described mountains on the moon and stated that the Milky Way consists of stars and that four shiny bodies orbit Jupiter. These findings were spectacular and lent support to the Copernican theory, which Galileo also believed had been the theory of Pythagoras.43 Copernicus had credited only the Pythagoreans; Galileo arbitrarily took an extra step.

Galileo saw mountains and valleys on the moon, which showed that, contrary to the beliefs of the Aristotelians, Ptolemy, and so many others, the moon was not a sphere. Therefore, the objects in the heavens were not all perfect. The moon resembled Earth—apparently it was another world. Since at least some heavenly bodies were like Earth, Earth too might be a heavenly body, as Copernicus seemed to require. Likewise, if the Milky Way indeed consisted of distant stars, then the universe would be much larger than most astronomers imagined.

Galileo also saw that there were four lights wandering around Jupiter; hence, Jupiter was a center of heavenly motions. The bodies around it could be like the moon. Therefore Earth and Jupiter were alike, so Earth might be a planet. Moreover, Ptolemy's system was now wrong or incomplete: not all motion centered on Earth. If there were multiple centers of motion, then Earth might imaginably orbit the Sun. And further, Jupiter might well be another world.

Earlier tradition alleged that some Pythagoreans believed that the moon was a world, like Earth, inhabited by large animals and beautiful plants.44 For years, Kepler had been drafting a story in which he dreamed of a journey to the moon. In the story, an old mother revealed to her  son that she could converse with the moon and she showed him the secret art of conjuring spirits. Then an alien daemon quickly conveyed the boy and his mother on a dangerous voyage up to the moon to meet its inhabitants (who hid in caves), discuss their astronomy, and witness monstrous snakelike creatures that shun the sun and others who daily die by daylight and return to life at night.45

Now Kepler heard of Galileo's findings. He immediately saw that they supported the Copernican outlook. Having learned that the moon really had mountains, Kepler inferred that, indeed, there were beings living on the moon! He speculated that they were large and spent their time building barriers with clay to protect themselves from the insufferable heat from the sun.46 But fascination was mixed with dread. At first,  Kepler feared that the lights near Jupiter might actually be planets moving not around Jupiter but around a distant star. Kepler imagined life on Jupiter, but it seemed horrifying that the sun might not be the center of creation, that the countless stars might be other suns with many other worlds around them. He dreaded the views of Bruno.



In December 1610, Galileo announced a startling new discovery. Venus exhibited phases, like the moon. He presented this finding as strong evidence in favor of Copernicus.

Astronomers since antiquity knew that Venus always stayed close to the sun. Supposedly Pythagoras had discovered that what appeared to be two separate stars—the morning and evening stars, each appearing near the sun—were actually one planet: Venus.47 Even if Venus were traveling  on an epicycle, it would never be on the side of the heavens opposite to the sun. Therefore, in Ptolemy's system, Venus should never seem to reflect a fully sunny face onto Earth. By the 1600s, Ptolemy's system had been construed in various versions: in some, the orbit of Venus was beneath the orbit of the sun; in other versions, its orbit was above the orbit of the sun, and in others, Venus did not travel on any epicycle. In none of these geocentric accounts could Venus exhibit the sequence of phases that Galileo observed through his telescope. Instead, he saw phases corresponding to the motion of Venus around the sun. He concluded that the phases of Venus showed the truth of the Copernican system.



Galileo's findings were startling and quickly gained public attention, yet there was plenty of skepticism, and most people remained unconvinced. Some professors did not believe in the images produced by Galileo's telescope. Some even refused to look into his instrument. Thus he complained to Kepler, in a letter: “My dear Kepler, I wish we could laugh at the extraordinary stupidity of the mob. What say you about the foremost philosophers of this University, who with the obstinacy of a stuffed snake, and despite my attempts and invitations a thousand times they have refused to look at the planets, or the Moon, or my telescope?”48 Still Galileo continued to refine his instrument and to make new observations. He used it to project images of the sun and found, surprisingly, that the sun had spots. It was not a perfectly uniform body as people thought. Plus, the spots were moving! He found that the spots moved all around the sun in about twenty-seven days and concluded that the sun must be spinning on its axis. Therefore, he inferred, this proved that at least some heavenly bodies do spin; thus, that Earth also spins, just as Copernicus had claimed. Again Galileo's claims were criticized. For example, Christoph Scheiner, a Jesuit, hypothesized that the spots were not on the sun itself, but consisted instead of swarms of moons.

Despite such disparagement, Galileo's refined image of the universe took shape. It was basically the account advanced by Copernicus, but Galileo added four moons onto Jupiter and also advanced the notion that the sun spins at the center of the universe. To some people, the Copernican account seemed to clash with the Bible, which includes passages that refer to the motion of the sun. Kepler and Galileo did not consider  this a problem, because they argued that Holy Scripture was written in the language of human perceptions, just as today we still say that the sun rises in the morning. According to Kepler and Galileo, the Bible was not meant to teach about astronomy, and astronomy could be pursued in the service of Christianity, to better understand Scripture.

A problem, however, was that the various churches were fighting over how to properly interpret Scripture. Since 1546, in the Council of Trent, the Catholic Church had attributed to itself alone the right to interpret Scripture, contrary to the church reformers' claim that the Bible could be comprehended by individuals who read it literally. The “heretics” claimed the right to read God's book; Galileo, in 1613, claimed the right to read the book of nature, “this great book of the world,” against the interpretations of Aristotle.49 And Galileo's opinions were disrespectful to the Jesuits. Galileo was a devout Catholic, but he implied that astronomers and mathematicians could understand God's creation independently of the decrees of theologians.

Meanwhile, in Naples, a Father of the Carmelite Order wrote a defense of “the opinion of Pythagoras and of Copernicus.” Father Paolo Antonio Foscarini admitted that their opinion that the Earth moves seemed to be “sheer madness” and “one of the oddest and most monstrous paradoxes”—but, that it was denied mainly by habit rather than reason and that new astronomical evidence might well show, again, that “the majestic white beards of the ancients were wrong; they have been believed too easily and their false imaginations solemnized.”50 Foscarini argued at length that the Pythagorean opinion could be reconciled with the various Biblical passages that seem to say that Earth does not move and so forth. He denounced the patchwork of spheres and circles: “epicycles, equants, deferents, eccentrics, and a thousand other fantasies and chimeras, which are more like beings of reason than real things.”

Despite explicitly submitting his argument reverently to the judgment of the Holy Church, Foscarini quoted a line from the Epistles of Horace: “I am not bound to swear as any master dictates,” because he argued that whereas the Church could not possibly err in matters of faith and salvation, it could err in practical and philosophical judgments.51 Foscarini explained that the Bible includes various metaphors and common ways  of speaking, such as when it refers to God as walking, having a face, eyes, anger, and similar images, or to death as eating, moving, having a voice, and having a shadow. He defended the “monstrous and extravagant” notion that hell, at Earth's center, revolves through heaven around the sun by insisting that the heavens of the planets are distinct from the spiritual heaven, which is above everything. In light of the findings of Copernicus, Kepler, and Galileo, Foscarini concluded that the opinion of Pythagoras was quite probable and not necessarily in conflict with Scripture.

Responding to accusations against Foscarini and Galileo, the Catholic Church intervened. The Inquisition met in 1616 to discuss the Copernican theory. Cardinal Roberto Bellarmino, who had been the inquisitor in the deadly trial against Giordano Bruno, participated. There is a recurring myth to the effect that the Catholic theologians were mainly annoyed by the notion that humanity was not literally the center of God's creation—but historical research shows no evidence of that.52 The center of the universe, inside Earth, was not a particularly privileged place to Catholics such as Bellarmino, who believed it to be the actual location of hell.53 The Copernican scheme seemed offensive because Galileo advocated it as a source of authority for interpreting Scripture, against the interpretations of the Church leaders. Cardinal Bellarmino noted that, although the subject matter of Earth's motion was indeed not a subject of faith, it was yet a matter of faith on the speakers: the apostles, prophets, and commentators, who had all agreed that the sun is in the heavens and moves around Earth. Bellarmino argued that, there being yet no proof, no demonstration of Earth's motion, it was inappropriate to abandon the traditional interpretation of Scripture or to depart from the Council of Trent.54

In 1616, the Holy Congregation denounced “the false Pythagorean doctrine, altogether contrary to Holy Scripture.”55 The cardinals concluded that the proposition of a stationary sun is “foolish and absurd in philosophy, and formally heretical since it explicitly contradicts in many places the sense of Holy Scripture, according to the literal interpretation of the words.”56 Therefore, the sun-centered theory could not be defended or held. The Holy Congregation promptly banned the books of Copernicus and Zuñiga until each could be corrected. More forcefully,  to defend Catholic dogma, the Holy Congregation “completely prohibited and condemned” Foscarini's Pythagorean booklet and all future works like it.57 Similarly, inquisitors banned Galileo from believing in Copernican ideas, and Cardinal Bellarmino gave Galileo a certificate forbidding him from believing or defending the idea that Earth moves. But Galileo surmised that he could at least entertain and teach the theory as a speculative hypothesis. After all, the clergymen acknowledged that the scheme of Copernicus had certain mathematical advantages: it simplified calculations of the positions of the planets.

Meanwhile, Kepler faced other troubles. His wife suffered from Hungarian spotted fever and epileptic seizures. Three of his children had died, and later his wife died too. He remarried, but then three more newborns died. He also had religious problems. Kepler was a Lutheran but he wanted a reconciliation among the divisions of Christianity: “It makes me heartsick that the three big factions have so miserably torn up the truth among themselves.”58 Kepler refused to sign the Formula of Concord, the orthodox beliefs that were allegedly required of all Lutherans. (In fact, some Lutherans did not accept it, almost half of the ministers who prepared the document did not sign it.) He mainly disagreed with their claim that the physical body and blood of Jesus Christ actually combines with the bread and wine in the ceremony of the Eucharist. The Lutherans had denied the Catholics' idea of transubstantiation: that bread and wine literally become the body and blood of Christ. The Lutherans asserted instead the so-called “sacramental union” (or consubstantiation): that four substances combine during the ceremony: bread with the body of Christ, and wine with His blood. Kepler disagreed and sympathized instead with the Calvinist idea that the Eucharist was essentially a symbolic commemoration infused by the spiritual presence of Christ. Kepler still wanted to take communion; he argued that this was a minor disagreement. But the Lutheran ministers disagreed. In 1619, they excommunicated him from their Church, to his chagrin.59

That same year, the Catholics banned Kepler's Copernican writings. Not only had Kepler affirmed the reality of the Copernican system, he openly pondered numerology and voiced his theological opinions. He argued that mathematics contains hidden divine knowledge: “Plato  teaches us many remarkable things about the nature of the gods through the appearance of mathematical things; and the Pythagorean philosophy disguises its teaching on divine matters with these, so to speak, veils.”60 Kepler conjectured that the ancient Pythagoreans had known and hidden the connection between five regular solids and the order of the planets.61 He also argued against Aristotle and Cicero for having denied that the heavens generate inaudible harmonies: “These preconceived opinions are a considerable obstacle to readers who are striving towards the inner secrets of Nature, and could frighten off many who have great powers of judgment and are seekers after truth, to such an extent that they would disdain those Pythagorean pipedreams, scarcely recognized at arm's length, and throw away the book unread.”62

At the same time, Kepler had to deal with legal attacks upon his mother, who was accused of being a witch. His great-aunt had earlier been burned at the stake for witchcraft. And for seven years, superstitious townspeople and neighbors spread gossip and suspicions against Kepler's wrinkled old mother. “The lies had been repeated so many times by so many people that they had begun to be accepted as truth.”63 His mother—allegedly—had poisoned people with potions, she rode a calf to death, she terrorized livestock, and she had injured and killed children by touching them. Gossip became admitted into prosecution records. Actually, she had at least done a few odd acts, such as asking a gravedigger for her father's skull, which was illegal, to make a goblet for her son. For years, Kepler defended his mother against forty-nine articles that could have led to her execution. Still, she was sentenced to be verbally terrorized by the executioner showing his instruments of torture so that she would confess to witchcraft. But she did not. Finally they exonerated her of the charges. But then promptly she died in 1622. And in 1623, another newborn son of Kepler died.

Meanwhile, Galileo continued to pursue the Copernican theory as if it were true, despite having said that he would accept the decrees of the Inquisition. He also continued to argue as if there were paths to truth independent of the authority of the Catholic Church. In 1623, he wrote:

 
Philosophy is written in this grand book, the universe, which stands continually open to our gaze, but the book cannot be  understood unless one first learns to comprehend the language and read the letters in which it is composed. It is written in the language of mathematics, and its characters are triangles, circles, and other geometric figures without which it is humanly impossible to understand a single word of it; without these, one wanders about in a dark labyrinth.64
 

Again, he seemed to be saying that mathematicians such as himself had a special skill for understanding nature, the work of God.

At the same time, a friend of Galileo, Maffeo Barberini, was elected as the new leader of the Catholic Church, becoming Pope Urban VIII in 1623. Galileo subsequently was kindly invited to papal audiences on six occasions. Thus, he seems to have grown bolder in his confidence that the Copernican account might eventually be favored. Meanwhile, Kepler, though ill, planned to finally publish his belated but much expanded “dream” about the moon. But he died in 1630, survived by his second wife and six children.

In 1632, the sixty-eight-year-old Galileo published his Dialogue on the Two Chief Systems of the World—Ptolemaic and Copernican. In it, Galileo portrayed a discussion among three characters, one of whom argued persuasively in favor of the Copernican theory. The character who defended the Aristotelian views appeared as an idiot. Promptly thereafter, Galileo was summoned by the Inquisition to a trial in Rome to determine whether he had violated the conditions of its 1616 decrees.

Pope Urban VIII became bitterly enraged that Galileo had deceived him, that Galileo “dared entering where he should not have, into the most serious and dangerous subjects which could be stirred up at this time…. matters, involving great harm to religion (indeed the worst ever conceived),…. the most perverse subject that one could ever come across.”65 Likewise, representatives of the Society of Jesus said that Galileo's vile book was “more harmful to the Holy Church than the writings of Luther and Calvin.”66
But why? How could anyone say that? Were they just exaggerating? The Catholic Church had lost half of Europe because of the influence of Luther and Calvin. How could a scientific question such as Earth's motion seem in any way more dangerous than the transgressions  of the heretics? Having studied this issue for years, I still could not understand why. Finally I realized that one particular word has some neglected significance. Pythagorean.

Consider again the Decree of the Inquisition of 1616, which banned “the false Pythagorean doctrine, altogether contrary to Holy Scripture.” Historians and scientists have read this as an allusion to an ancient tradition of mathematicians, scientists and astronomers.67 As usual, writers give no evidence that Pythagoras really ever claimed that the Earth moves; as there is none. But what about the religious connotations? If instead the sentence read, “the false Lutheran doctrine, altogether contrary to Holy Scripture,” it would be evident that there was some religious issue here. But since the Pythagorean profile has been reinterpreted over centuries, this religious dimension seems to have become invisible.

Nowadays, Pythagoras is mostly portrayed as an ancient Greek mathematician. But that is a fame that he did not clearly deserve. Instead, in ancient times, and for many centuries, he was known primarily as the leader of a secretive religious cult that believed in multiple lives after death. They praised Pythagoras as a demigod.

Perhaps the Catholic theologians who disparaged Galileo's heliocentric ideas as “Pythagorean” surmised a repulsive threat. Pythagoras was an alien pagan influence: he worshipped Greek gods, especially the sun god, Apollo.68 One ancient poem claimed that Pythagoras was the son of Apollo, who visited his mother: “Pythagoras, whom Pythias bore for Apollo, dear to Zeus, she who was the loveliest of the Samians.”69 Iamblichus claimed that Pythagoras was “the most handsome and godlike of those ever recorded in history.”70 Above all, Pythagoras was a superhuman sent from the domain of Apollo to enlighten mortals to live properly. Early Christian Church fathers vigorously criticized Pythagorean philosophy as heresy and lies, in which “the Creator of all alleged existence is the Great Geometrician and Calculator a Sun; and that this one has been fixed in the whole world”—and they denounced various heretics as “disciples not of Christ but of Pythagoras.”71 Whereas Christians believed that Jesus and only Jesus had reincarnated, supposedly Pythagoras had been reborn several times. And Pythagoras taught that other human souls are also reborn repeatedly, even in animals. Allegedly  he taught that human souls come from the Milky Way, where the infernal regions begin, and that animal souls come from the stars.72 And he apparently taught that we should not eat flesh, but the Bible told believers to eat meat, and at Mass Christians ate the body of Christ. Allegedly  Pythagoras had performed many miracles too.73 His supposed teachings and divine revelations were featured, for instance, in Ovid's pagan poem Metamorphoses.74 Diogenes Laertius noted that Pythagoras theorized that “the Sun, and the Moon, and the stars were all Gods” and echoed that Pythagoras “was actually the god Apollo, and that he had spent two hundred and seven years in the underworld, had there seen all the men who ever died (“he saw the soul of Hesiod bound to a brazen pillar, and gnashing its teeth; and that of Homer suspended from a tree, and snakes around it, as a punishment”), that he remembered his sufferings in hell—and that Pluto, god of the dead, ate only with the Pythagoreans.75



Porphyry too, a staunch advocate of polytheism, celebrated Pythagoras as a moral and divine superhuman, more eminent than anyone.76 In one of his earliest works, Porphyry claimed that the god “Apollo exposed the incurable corruption of the Christians, saying that the Jews, rather than the Christians, recognized God.”77 Porphyry's notorious fifteen-volume work Against the Christians was banned by the first Christian Roman emperor; nearly all copies were destroyed by the Christians, burned, only fragments remain.78 Because of his extensive, historical-critical attacks, Porphyry became known as one of the greatest early enemies of Christianity; his name became synonymous with blasphemy. When Pope Leo X condemned the writings of Martin Luther as “blinded in mind by the father of lies,” the Devil, he denounced Luther as “a new Porphyry.”79 Saint Augustine, in his widely read City of God Against the Pagans, had criticized Pythagoras for being a necromancer, one who tried to divine the future by communicating with inhabitants of the netherworld: the dead, or demons pretending to be gods.80

Allegedly Pythagoras used numbers to divine the future.81 A Christian satirist ridiculed Pythagoras for claiming that souls are made of “number in motion.”82 One of the most famous professed followers of Pythagoras, Apollonius of Tyana, a reputed prognosticator and exorcist, had been repeatedly denounced as practicing demonic magic to imitate Christ's miracles.83 In the late 1500s, the Vatican launched an attack on the occult arts. At the time, various books on magic discussed the powers of Pythagoras.84 Fortune-tellers used the so-called “Wheel of Pythagoras”  for divination.85 They also used “Pythagorean” numerology that related the letters of the alphabet to the planets, the days of the week, and the signs of the zodiac.86

These extensive, esoteric connotations could scarcely be avoided by simplistically referring to Pythagoras as a geometer. Even the word mathematician, so proudly used by Galileo and Kepler, still involved implications of astrology, occult numerology, and divination. Saint Augustine had cautioned: “The good Christian should beware of mathematicians and anyone who practices unholy divination, most especially if they speak truly, lest the soul be ensnared by consorting with demons.”87

Hence, for centuries, some Catholic theologians construed the Pythagorean outlook as overtly anti-Christian. In 1616, the Inquisition “completely prohibited and condemned” Father Foscarini's scriptural defense of the “New Pythagorean System of the World,” a rejection more forceful and damning than the injunctions against Copernicus and Galileo. Likewise, in 1622, a book on Pythagorean symbols was banned by the Index of the Inquisition for religious reasons.88 Thus it is understandable that some Jesuits denounced Galileo's book as more vile and harmful than the writings of the heretical reformers. At least the Protestants did not defend a pagan system of the world.89

Contrary to the certificate that Galileo had received from Cardinal Bellarmino, the Inquisition now claimed that Galileo had been granted no implicit permission to teach and discuss the Copernican theory. They professed a document to that effect, though it lacked the signature of Bellarmino, who had died in the meantime. Then, in the trial depositions, Galileo lied: he pretended that in his Dialogue he was “refuting” the theory of Copernicus, showing that it was “invalid and inconclusive,” with only the “purest intention.”90 Officials of the Inquisition then showed, to the contrary, that his book vigorously defended and taught the theory that he actually seemed to believe. The Inquisition ruled that Galileo indeed had trespassed against the Church.

The Holy Roman Inquisition then declared Galileo guilty of heresy—punishable with torture, prison, or death. They forced him to kneel and recant his claims. He then spoke: “with a sincere heart and unfeigned faith I abjure, curse and detest the above-mentioned errors and heresies  [the Copernican account], and in general each and every other error, heresy, and sect contrary to the Holy Church.”91

Yet according to legend, as he finally stood up Galileo also muttered “Still it moves.” But there is no historical evidence supporting that, which would have been an utterly brash and dangerous act. Apparently, the story of Galileo's defiant words first appeared in print in 1757, in English, by a native of Turin, Giuseppe Baretti, who wrote: “The moment he was set at liberty, he looked up at the sky and down to the ground, and, stamping with his foot, in a contemplative mood, said Eppur si move.”92 There is no evidence of this, but a painting from the 1640s portrays an old Galileo in a dark dungeon holding a nail with which he has scratched a few figures on the wall, Earth circling the sun, and the words: E pur si muove.93

The cardinals condemned Galileo to lifelong imprisonment. They also banned his book. He was not imprisoned in a dungeon, although that myth, like the painting above, has prevailed.94 He was allowed to serve his sentence by staying confined to his house in Florence, watched by guards. In the summer of 1633, Melchior Inchofer, a Jesuit theologian who had testified against Galileo published a book justifying the Catholic opposition to the heliocentric theory, “to rally everyone as soldiers of religion.” Among various objections, Inchofer complained that “since the Pythagoreans have gradually come to oppose the faith, it must be shown that the truth is found in the Scriptures, and as our major authors knew, is opposed to them.” He required that “the Copernican theory and its related Pythagorean philosophy should not be taught at all.” The Commissary General of the Roman Curia promptly approved the book for publication, noting, “This theologian has given a Christian refutation of these Pythagoreans. And he shows rightly that mathematics and the human sciences should be subordinated to the rule of Sacred Scripture.”95

The traditional story about Galileo says that in ancient times, Pythagoras argued that Earth and the planets orbit the sun; his theory was later adopted and refined by Copernicus, and it led Galileo to clash with the Catholic Church. This story is defective because half of it is fictitious. Instead, we can replace it with the following: Galileo attributed the heliocentric theory to Pythagoras, but this association entailed pagan  connotations that could hardly help its acceptance among Catholics. This sentence does not summarize the main aspects of the Galileo affair, but it is the sort of thing we can fairly say if we wish to remark on its connection to a Pythagorean context.

Three and a half centuries later, the Catholic Church admitted that theologians had made some errors in the trial of Galileo.96

In any case, we have seen that in the phases of Venus, for example, Galileo found convincing evidence against the accounts of Aristotle and Ptolemy. Given that, plus all his other findings and arguments, had he actually proven the truth of the Copernican scheme? Not at all. Tycho Brahe's account explained the phases of Venus equally well. Galileo's strategy in his Dialogue had been essentially to ignore Brahe's account. Yet Jesuit astronomers were well aware of it, and they knew that it served well enough to accommodate Galileo's findings. By the 1620s, the Jesuit astronomers had adopted Brahe's system. While despising the “Pythagorean” scheme, these Catholics had adopted a worldview contrived by—a Lutheran.

As for the moons of Jupiter, Ptolemy had not predicted them, but neither had Copernicus. They could be added onto any account, though ruining the Aristotelian claim that there is only one center of motion in the universe. Moreover, some of Galileo's favorite mathematical and physical arguments that purportedly showed Earth's motion were wrong. In particular, his Dialogue argued as though the most compelling proof of Earth's motion were the oceans' tides. Galileo reasoned that if Earth were perfectly still, the waters would also be still, and that, like any vessel carrying water, its motion affects the water. He knew that Kepler argued that the changing tides were correlated to the motion of the moon. But Galileo denied it. Kepler was right, yet Galileo dismissed those arguments as if Kepler were childishly speculating about occult astrological influences of the heavenly bodies on terrestrial phenomena. Thus Galileo's main “evidence,” supposedly showing Earth's motion, was wrong.

Hence, astronomers and the Catholic Church were not irrational in criticizing Galileo, for he advocated more than was certain at the time. Again, if Earth spins constantly to the east, then why is it that when things are thrown up into the sky they do not deviate from a straight  downward path? Galileo had no good answer. We now know that, actually, things do deviate as they fall, only very slightly so. This effect was demonstrated beautifully in Paris in 1851 by Jean Bernard Léon Foucault. He showed that as a pendulum swings repeatedly, its direction changes gradually throughout the day, just as if Earth indeed spins to the east. An example is that if you were in a moving car, and you tossed something straight forward toward the windshield, just as the driver turned the steering wheel to the left, you would see that the object you tossed would not hit the spot where you aimed it, but would tend instead to the right. Likewise, as a pendulum swings, its direction seems to change very slightly, which we attribute to Earth's spin. Lacking such results, Galileo had no clear proof of Earth's motion, just many interesting findings and analogies, along with some bad ones. Just as Aristotle and Ptolemy were wrong about many things, so were Copernicus and Galileo. The sun is not immobile, it is not at the center of the universe. Contrary to their expectations, the sun is a star. The stars are not immobile, either; they are not embedded in a sphere. And importantly, the orbits of the planets are not circular.

Returning to the start, Aristotle had explained that if Earth moves we should be able to detect some shifts in the relative positions of the stars. Like Brahe, Galileo saw no such shift. Such effects do exist, but Galileo's telescopes were far too weak to detect them. Thanks to the use of improved instruments, Friedrich Bessel, a school-dropout largely self-trained in astronomy and math, successfully detected and measured stellar parallax in 1838.97 Aristotle was right! If Earth really moves, the stars should seem to shift—and they do.
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Newton's Apple and the Tree of Knowledge

LET'S dispel another widespread myth: that Newton was born in the same year Galileo died. This mistake continues to appear in recent literature, such as in this example: “He died in 1642, within a few days of Isaac Newton's birth.”1 Writers often claim that both events happened in 1642, which, by the way, would fit nicely with the Pythagorean idea of the transmigration of souls. I have even found some writers who claimed that Newton “was born on the very day on which Galileo died.”2 As other writers know, the mistake stems from using the Gregorian calendar to date the death of Galileo while using the old Julian calendar to date the birth of Newton. Actually, there transpired almost a year's difference. In the Gregorian calendar, Galileo died on 8 January 1642 and Newton was born on 4 January 1643. In the old Julian calendar, Galileo died on 29 December 1641 whereas Newton was born on Christmas Day, 25 December 1642.

It's actually necessary to write the exact dates, as otherwise, we meet additional confusions. For example, bestselling physicist Stephen W. Hawking wrote the following: “Galileo died on 8 January 1642, exactly three hundred years before the day I was born. Isaac Newton was born on Christmas Day of that year in the English industrial town of Woolsthorpe, Lincolnshire. He would later become Lucasian Professor of Mathematics at Cambridge University, the chair I now hold.”3 This wonderful passage has several mythic dimensions. The coincidences of space and time seem to imply a connection between Galileo, Newton, and Hawking. But Hawking was confused about Newton's birth; using the Gregorian calendar it was not on Christmas Day and it was not  the same year as when Galileo died. Woolsthorpe was not an “industrial town,” it's a small village. Note also the use of the phrase “He would later become,” as if Newton was destined at birth to become great. Other writers echo the mistake about dates, and some even do it on purpose. One textbook, using the same dates given by Hawking, adds this footnote: “Because England had not yet reformed its calendar, 25 December 1642, in England was 4 January 1643, in Europe. It is only a small deception to use the English date.”4 Instead of just fixing the factual mistake, the editors preferred to keep it.

Anyhow, let's talk about the apple. For more than two centuries, hundreds of commentators have written thousands of words about the story of Newton's apple. But most of these are based on very little evidence. Even good biographers who cite evidence tend to just allude to documents, rather than quote them, and they ignore or omit various sources. Since there exists no comprehensive account of the historical evidence and its early interpretations, I will now give one.5

By comprehensive, I do not mean exhaustive, I merely mean that I've assembled more evidence on the matter than is available in any other source. To do so, I have abstained from any of the many psychological, speculative, and literary themes that many writers develop when referring to this topic. While I find many of those commentaries to be engaging and insightful, I will focus on a plain accounting of documentary evidence. I hope that the following material helps to facilitate the systematic study of myths in science and how they grow.

In 1662, the nineteen-year-old Isaac was experiencing intense religious concerns. To confess his sins in a private, hidden way, he wrote them in a brief, cryptic code. He listed sins that, across the years, he had occasionally committed against God. First on Newton's list was “Using the word ‘God’ openly”; he also included, “Not loving Thee for Thy self,” “Not desiring Thy ordinances,” “Fearing man above Thee,” and “Caring for worldly things more than God.”6 Newton also listed various acts that he should not have done on God's day: twisting a cord, making a mousetrap, making pies, idle chatting, squirting water, swimming, and, second on his list: “Eating an apple at Thy house.” He also included graver sins: lying, stealing, robbing his mother's box of plums and sugar, putting a  pin in someone's hat to prick him, punching his sister, “Striking many” people, wishing death to some, and threatening to set his stepfather and mother on fire: “Threatening my father and mother Smith to burne them and the house over them.”

The fiery threat dates from more than ten years earlier. His actual father had died shortly before his birth, and the boy despised his mother's second husband: the Reverend Barnabas Smith, who, anyhow, died before the boy's eleventh birthday. The fiery threat was the thirteenth sin on his list; eating an apple in Church was, again, second.

In the summer of 1665, at twenty-two years of age, Isaac kept away from his college, Trinity at Cambridge, to escape from the spreading crisis: the bubonic plague that was killing thousands of people throughout England. He subsequently spent about two years in relative isolation. While living at his family farm in Woolsthorpe at Lincolnshire, he spent time thinking and working on problems in physics and mathematics.



One of the most famous stories in the history of science is that Newton was inspired to think about universal gravitation by seeing an apple fall in his garden at Woolsthorpe in 1666. Some writers, for various reasons, accept this story. Other writers dismiss it as mere legend. Yet there is evidence that Newton himself told it. In a manuscript, Newton's friend William Stukeley reported that on 15 April 1726, he dined with the then-very-old Newton and that:

 
after dinner, the weather being warm, we went into the garden, & drank tea under the shade of some appletrees; only he & my self. amidst other discourse, he told me, he was just in the same situation, as when formerly, the notion of gravitation came into his mind. “why should that apple always descend perpendicularly to the ground,” thought he to himself; occasioned by the fall of an apple, as he sat in a contemplative mood. “why should it not go sideways, or upwards? but constantly to the earth's center? assuredly, the reason is, that the earth draws it. there must be a drawing power in matter. & the sum of the drawing power in the matter of the earth must be in the earth's center, not in any side of the earth. therefore dos this apple fall perpendicularly  or toward the center. if matter thus draws mater; it must be in proportion of its quantity. therefore the apple draws the earth, as well as the earth draws the apple.” that there is a power like that we here call gravity, wch extends its self thro' the universe.7
 

 

Newton died in 1727, aged eighty-four. That same year, Robert Greene reported in print, in Latin, that his friend Martin Folkes (vice president of the Royal Society when Newton was president) had told him that Newton's idea of universal gravity was inspired by an apple: “which famous proposition, all things considered, originates, as disclosed to our knowledge, from an apple; that which I learned from a most ingenious & most learned man, and also the finest, and friendliest to me, Martin Folkes Esquire, truly meritorious Fellow of the Royal Society.”8 Similarly, a memo drafted by Newton's friend John Conduitt in 1727 or 1728 reported, “& in the year 1665 when he retired to his own estate on account of the Plague he first thought of his system of gravity which he hit upon by observing an apple fall from a tree—.”9 In another draft of the same, Conduitt wrote “he discovered his system of gravity / he took the first hint of it from seeing an apple fall from a tree.”10 And in yet another manuscript, Conduitt wrote (crossing out some words, as noted, and inserting others, noted here between slashes):

 
In the year 1666 he retired  again from Cambridge on acct of the plague to his mother at Boothby in Lincolnshire & whilst he was musing in a garden it came into his thought that the same power of gravity (wch
brought made an apple fall from the tree to the ground) was not limited to a certain distance from the earth but that this power must extend much farther than was usually thought—Why not as high as the Moon said he to himself & if so that must influence her motion must be influenced by it & perhaps retain her in her orbit,…11
 

One more writer recorded the story at this early time. And in a way, it is the most epic, dramatic version. When Newton died, Voltaire was visiting England. He spent time with a group of individuals who were more or less close to the famous old physicist, including his niece. And Voltaire promptly reported what he heard about Newton. Like Greene, he first published it 1727, writing in English. Voltaire was praising the great skills of the poet John Milton when he inserted one sentence about Newton. Voltaire wrote that Milton, in his youth, was traveling in Italy  and saw a dreadful play. It was a comedy about “the Fall of Man; the Actors, God, the Devils, the Angels, Adam, Eve, the Serpent, Death, and the seven mortal Sins.”12 Voltaire recounted that the play began with an extravagant chorus of angels discoursing about the rainbow, planets, time, and winds, all making music, rising in a “Profusion of Impertinence.” He wrote that Milton then saw through the absurdity of that show, and sensed the great, hidden Majesty of the subject, which years later, led to his epic poem, Paradise Lost. Right then, Voltaire mentioned Newton and the apple, as he discussed Milton's response to the extravagant play:

 
He [Milton] took from that ridiculous Trifle the first Hint of the noblest Work, which human Imagination hath ever attempted, and which he executed more than twenty Years after.
In the like manner, Pythagoras ow'd the Invention of Musick to the Noise of the Hammer of a Blacksmith. And thus in our Days, Sir Isaac Newton walking in his Gardens, had the first Thought of his System of Gravitation, upon seeing an Apple falling from a Tree.
If the Difference of Genius between Nation and Nation, ever appear'd in its full Light, ‘tis in Milton's Paradise Lost.
The French answer with a scornful Smile, when they are told there is in England an Epick Poem, the Subject whereof is the Devil fighting against God, and Adam and Eve eating an Apple at the Persuasion of a Snake.13
 

Thus the story about Newton and the apple appeared in print, layered between Milton, Pythagoras, the Devil, God, Adam, Eve, and the snake. One could hardly wish for a more wonderful public birth for this scientific tale! A few years later, without writing about Adam or Eve, Voltaire elaborated his account of Newton's creative moment:

 
He retreated in 1666, because of the plague, to the countryside near Cambridge, one day he was walking in his garden, & he saw fruits fall from a tree, he let himself go into a deep meditation about such Gravity about which all the philosophers have  sought the cause for so long a time in vain, & in which the common people do not even sense the mystery; he said to himself, from any height in our hemisphere that these bodies fall, their descent will certainly be at the rate discovered by Galilei; & the spaces covered by them will be as the squares of the time. This power which makes heavy bodies descend, is it the same without any sensible diminution to any depth that one be in the Earth, & atop the highest mountain; why might not that power extend right up to the Moon? And if it is true that it reaches that far, is there no great likelihood that this power holds her in orbit & determines her motion?14
 

Here, Voltaire just wrote about “fruits,” rather than specifying an apple. He noted that he had learned of this event from Newton's niece, Catherine Barton, wife of John Conduitt (the couple lived with Newton in his house in London, until he died).15

One more report is worth mentioning. Henry Pemberton had interviewed Newton about the thoughts that led him to his theory of gravity. And Pemberton too reported:

 
As he sat alone in the garden, he fell into a speculation on the power of gravity: that, as this power is not found sensibly diminished at the remotest distance from the center of the earth, to which we can rise, neither at the tops of the loftiest buildings, nor even on the summits of the highest mountains; it appeared to him reasonable to conclude, that this power must extend much farther then was usually thought; why not as high as the moon, said he to himself? And if so, her motion must be influenced by it; perhaps she is retained in her orbit thereby.16
 

Pemberton did not mention an apple, but he reported that Newton had inspirational thoughts while alone in the garden.

An important aspect of the apple story is that, over time, in contrast to other questionable stories, evidence for it has increased. In 1831, David Brewster published a biography of Newton, and he noted, “The anecdote of the falling apple is mentioned neither by Dr Stukely nor by Mr Conduit,  and, as I have not been able to find any authority for it whatever, I did not feel myself at liberty to use it.”17 Later, Brewster did find one account by Conduitt; and others later found Stukeley's detailed, handwritten account.

Henry Pemberton, William Stukeley, John Conduitt, Catherine Barton, and Martin Folkes all apparently claimed that Newton said that he was inspired at the garden in 1665 or 1666, and apparently four of them referred to a fruit or apple. If we had a document by Newton himself, we would regard it as a firsthand account; hence, two of our sources are at least secondhand (Stukeley and Conduitt), and two others (Voltaire and Greene) are at best thirdhand accounts. Still, the nine manuscripts and published accounts converge on one conclusion: the story came from Newton.

It might seem as if I just asserted that really Newton was inspired by a falling apple in the year of the plague, 1666. But note that I did not actually claim that. We have no good reason to assume that Voltaire and others accurately described the sequence of thoughts, the chain of reasoning, that apparently was triggered by an apple, sixty years earlier. Instead, there are plenty of manuscripts that historians have used to fairly trace Newton's gradual progress. And in any case, it took Newton many years of work to formulate his mathematical theory of universal gravitation.

Another problem is that in order to gauge Newton's honesty, we need to question his originality. It is inspiring to imagine that the young lad, sitting alone in his garden, was the first person to imagine that the force of gravity extends all the way up to the moon. But actually, such arguments were relatively common in astronomy at the time. For example, in 1609, Kepler published a work in which he explained gravity and the tides as follows:

 
If the Earth should cease to attract its waters to itself, all the sea waters would be raised, and would gush up to the body of the Moon…. The sphere of influence of the attractive virtue in the Moon extends out onto the Earth, and it lifts up the waters in the torrid zone…. Therefore, if the Moon's attractive  virtue extends as far as the Earth, it follows with greater reason that the Earth's attractive virtue extends to the Moon, and far beyond; and thus, nothing that consists of earthly material whichever, though lifted up to any height, can ever escape the powerful action of this attractive virtue.18
 

There it was, already—the idea that gravity extends beyond the height of mountains, up to the moon, and that there is a mutual attraction between Earth and the moon. Following William Gilbert, Kepler had tried to explain gravity as caused by a magnetic power within bodies. Kepler's work was one of the most widely circulated texts in astronomy. Kepler did not claim that the planets attract one another, only kindred bodies such as Earth and the Moon. Kepler did not have a notion of universal gravity, but Newton's reportedly initial reflections about the apple were quite consonant with previous astronomers' works.19

Another problem is that Newton was secretive, paranoid, and quite capable of making up stories to backdate his discoveries and to claim priority over someone else. For example, his law of gravity was so impressive that there were debates and speculations about its origins.

Independently of Newton's work, Robert Hooke guessed that the force of gravity decreases inversely as the square of the distance.20 He inferred and complained, wrongly, that Newton had plagiarized his account.21 Deeply annoyed, Newton proceeded to delete his previous acknowledgments to Hooke from his Principia and look instead for an older, more prestigious pedigree for his discovery. To Newton, the inverse square law seemed reminiscent of the brilliant accomplishments of the ancient philosophers. He surmised that Thales and Pythagoras knew well that some bodies exhibit magnetism, electricity, and gravity—acting at a distance upon one another—because they are all infused by the animating soul of God.22

Newton began to associate his notion of universal gravity with Pythagorean legends. Tradition claimed that the Pythagoreans had found that the same tension on a string half as long acts four times as powerfully. Newton conjectured that the Pythagoreans had hidden their knowledge about gravity and the solar system in such statements.23 Newton  knew of the old claim that Pythagoras experimented with intestines of sheep and sinews of oxen stretched by hanging weights, and conjectured that Pythagoras had discovered a musical proportion which Pythagoras: “applied to the heavens and consequently by comparing those weights with the weights of the Planets and the lengths of the strings with the distances of the Planets, he [Pythagoras] understood by means of the harmony of the heavens that the weights of the Planets towards Sun were reciprocally as the squares of their distances from the Sun.”24 Newton based his conjectures on claims by Macrobius: that “Pythagoras was the first of all the Greeks” to grasp that the rotations of the heavenly spheres emit harmonious sounds, and, that Pythagoras discovered “the great secret” of the numerical ratios of the fundamental musical concords by experimenting with hammers, stringed instruments, and intestines and sinews stretched by weights.25

It is merely fiction that Pythagoras knew the law of gravity. The accounts of how he allegedly discovered the musical ratios are also false because, contrary to the claims by ancient writers, replications of the described experiments do not reveal the effects sought. For example, the vibrations of strings are not proportional to the number of units of weight on the strings, but to the square roots of the units of weight. (Accordingly, Newton improved his version of what Pythagoras allegedly found in music.) Likewise, hammers of different weights do not necessarily produce a different tone or pitch. For example, it is difficult to distinguish the sound of a one-pound hammer striking iron on an anvil in contrast to a two-pound hammer.

Nevertheless, Newton credited Pythagoras. Accordingly, his friend Fatio de Duillier noted that Newton believed that Pythagoras, Plato, and others were well aware of the inverse square law of gravity, and had anticipated all of Newton's demonstrations.26 John Conduitt noted in a manuscript that “Sir I. admired Pythagoras [and] thought his Musick was gravity.”27 Another confidant, David Gregory, went even further by attributing the law of gravity to Pythagoras by the same speculative conjectures, without evidence—in a textbook.28

This example illustrates how the authority of a successful scientist, Newton, enabled his arbitrary historical conjecture infiltrate a science  textbook, a common happening in the history of physics. Fortunately in this particular case, other authors did not copy Gregory's account, so Pythagoras did not become the widely acknowledged author of the inverse square law.



Now, Voltaire mentioned Newton while discussing Paradise Lost.  Milton's poem includes science: it refers to Galileo, it ponders whether the sun is the center, whether Earth has three motions, as Copernicus argued. It refers to the sun's magnetic “attractive virtue,” like Kepler. In Milton's Garden of Eden, the serpent claimed to have eaten apples from the tree of knowledge of good and evil.29 It gained speech and reasoned about “things visible in Heav'n or Earth.” Leading curious Eve to the prohibited “root of all woe,” the serpent praised this tree, “Mother of Science,” which gave knowledge of causes. Eating, Eve became inebriated by the “sciential sap.”30 Let's summarize similarities between stories:

 
Risking death, young Eve wandered in her Father's garden. She conversed with the serpent by the apple tree. Eve ate an apple and began to think differently about heaven and Earth. She shared this new knowledge; she proceeded to sin. Affected by a natural trifle, Eve ruined the harmony of the world.
 
Avoiding the plague, young Isaac retreated to his mother's garden. He sat alone in contemplation, near an apple tree. An apple fell, Isaac began to think differently about heaven and Earth. Keeping this new knowledge secret, he proceeded to science. Affected by a natural trifle, Isaac found the harmony of the world.
 

In both stories, a God-fearing youth discovers extraordinary truth about the world thanks to an ordinary thing.

Shortly before dying, Newton apparently said: “I don't know what I may seem to the world; but as to myself, I seem to have been only like a boy playing on the sea-shore, and diverting myself in now and then finding a smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered before me.”31 He seemed to echo Milton:

 
Deep versed in books, and shallow in himself,
Crude or intoxicate, collecting toys
And trifles for choice matters, with a spunge,
As children gathering pebbles on the shore.32
 

 

By 1827, an amusing claim arose: “When Newton read ‘Paradise Lost,’ he calmly remarked, ‘It is a fine poem, but what does it prove?’”33



It is very plausible that Newton saw an apple fall; for there were apple trees in his farm. Regardless of whether the event happened, it effectively has the shape of a myth: the simple start of a great development, a major transformation. It therefore resonated and gained currency. Consider now some traces of how the original account evolved.

In 1760, the mathematician Leonhard Euler wrote many letters explaining science to the Princess of Anhalt Dessau, niece of the King of Prussia. In one such letter, Euler conveyed a version of this story that later became common:

 
This great English philosopher & mathematician, one day was laid down in a garden, under an appletree, an apple fell on his head, & gave him occasion to have several thoughts. He knew well that heaviness had made the apple fall, after it detached from the branch, maybe by the wind or by another cause. This idea seemed very natural, & maybe any peasant would have had the same thought, but the English philosopher went much further…. If Newton had not laid down in a garden under an appletree, & if by chance an apple had not fallen on his head, maybe we would still find ourselves in the same ignorance about the motion of heavenly bodies, & about an infinity of other phenomena that depend on that.34
 

Thus by 1760, it seemed that the apple had actually hit Newton on the head! Euler's letters were published and translated into several languages.

In 1791, a work was published anonymously, titled Curiosities of Literature.  The author argued, “Accident has frequently occasioned the most eminent geniuses to display their powers.”35 He claimed that great poets, philosophers, and artists alike are made by sudden incidents:

 
It is also well known, that we owe the labours of the immortal Newton to a very trivial accident. “When, in his younger days, he was a student at Cambridge, he had retired during the time of the plague into the country. As he was reading under an appletree, one of the fruit fell, and struck him a smart blow on the head. When he observed the smallness of the apple, he was surprised at the force of the stroke. This led him to consider the accelerating motion of falling bodies; from whence he deduced the principles of gravity, and laid the foundation of his philosophy.”36
 

The anonymous author was Isaac D'Israeli, a Doctor in Civil Law at the University of Oxford. As an essayist, he became very popular, and was celebrated by George Byron (later Lord Byron), Sir Walter Scott, and other eminent men. Regarding his comments on Newton, apparently D'Israeli was quoting a prior account; it was not his own invention. Still, his Curiosities became widely reprinted and reissued.

Afterward, the poet Baron Byron composed several lines about Newton and the apple. The lines are part of his poem Don Juan, published in 1823. A beautiful thing about these lines, in hindsight, is that they foretell of journeys in spaceships to the moon:

 
When Newton saw an apple fall, he found
In that slight startle from his contemplation—
’Tis said (for I'll not answer above ground
For any sage's creed or calculation—)
A mode of proving that the earth turned round
In a most natural whirl, called “Gravitation;”
And this is the sole mortal who could grapple,
Since Adam, with a fall, or with an apple.
 
Man fell with apples, and with apples rose,
If this be true; for we must deem the mode

 

In which Sir Isaac Newton could disclose
Through the then unpaved stars the turnpike road,
A thing to counterbalance human woes:
For ever since immortal man hath glowed
With all kinds of mechanics, and full soon
Steam-engines will conduct him to the Moon.37
 

Meanwhile, a few writers became annoyed by D'Israeli's account of Newton and of other historical figures. One writer suggested that D'Israeli should write about “the Inconsistencies of authors” and include himself as an example.38 Another, the literary critic Bolton Corney, sought to refute D'Israeli's distortions of many topics. Corney had first read Curiosities at a young age and had greatly enjoyed it, but he was perplexed by its many errors when he again read it in its ninth edition of 1834. To rebut D'Israeli's account of Newton, Corney quoted the writings of Conduitt, Voltaire, Pemberton, and a few later writers. Corney complained against men who accept, value, and echo hearsay of hearsay. He said that it's important to correct the errors of popular works and that “it may also be expedient to unveil the deception and conceit of its author.” He estimated the propagation of errors in this particular book's many editions: “we must conclude that D'Israeli, in this instance alone, had misled more than twenty thousand of his readers!”39

Instead of simply admitting his mistakes, the famous D'Israeli defended himself in a pamphlet.40 He belittled Corney as incompetent without giving any evidence to ground his old claims. Corney replied: “I am not apt to be reckless when the truth is at stake; nor was I reckless on this occasion…. If I may now be permitted to hint to the man of ideas, that ideas unsupported by facts are mere day-dreams…. I have built my sixth-rate bark of the best materials within reach; have equipped her to the best of my humble skill for the service required; and she shall float on the stream of time in spite of the broad-sides of the write-with-ease school.”41 In this seemingly trivial and irrelevant corner of knowledge, someone fought seriously for a little bit of truth. In short, the famous man had argued by authority, and just shrugged off the critique. But Corney was right, his humble vessel has remained afloat, even in relative  darkness, while D'Israeli's account is now known as mere fiction.42

The mathematician Augustus De Morgan also commented fairly about the apple story, and he too criticized D'Israeli: “I cannot imagine whence D'Israeli got the rap on the head, I mean got it for Newton: this is very unlike his usual accounts of things. The story is pleasant and possible: its only defect is that various writings, well known to Newton, a very learned mathematician, had given more suggestion than a whole sack of apples could have done, if they had tumbled on that mighty head all at once.”43 Some writers viewed Newton's insight as caused by the accident; others denied that great discoveries are triggered by accidents, and instead insisted, like De Morgan, that Newton's discoveries stemmed from his extraordinary studies; and still other writers attributed such breakthroughs to the innate quality of men. One anonymous writer argued: “these discoveries are not due to the accident of this or that occurrence taking place at this or that time, but almost entirely to their taking place before the eyes of some fit observer—some one of those spirits which are ever looking from the watch-towers of science into the dark fields of the unknown before them—that a Newton was in the garden when the apple fell—applies with great force.”44 At the time, many people were interested in the would-be science of phrenology, the study of how the shape of a person's head is correlated to intelligence and behavior. Phrenologists generally disagreed with D'Israeli's account: it was not that the apple had hit Newton's head and caused his mental development; it was that his innate mental features enabled him to extract knowledge from the falling apple.

One phrenologist argued that a specific part of the brain handles weight, and that the corresponding facial bump, along the eyebrows, mapped the individual's ability to analyze mechanical forces. He commented: “It is particularly large in the mask of Sir Isaac Newton: the falling of the apple attracted the attention of this organ, and led the philosopher into a train of thought, which resulted in developing the true theory of gravitation. If the organ had been small in his head, the falling of the apple would never have excited in his mind such a train of thought.”45 Allegedly, the apple could not inspire anyone who did not already have an acute physical propensity for the analysis of weights.

 

In 1870, an article in the Phrenological Journal remarked on the “happy moment” when Newton observed an apple fall, and conceived the law of gravitation; and, the “happy moment” when Ben Franklin sent up his kite to bring down electricity; comparing these to the “happy moment” when Franz Joseph Gall, as a schoolboy, noticed that boys with big eyes were better at memorization than him, and that actors too had the same trait, and thus he realized that features of heads correspond to abilities—founding later the science of phrenology.46 In 1897, the Phrenological Journal duly quoted D'Israeli's account about Newton, perhaps with humor.47 Soon, another writer joked that a phrenologist might well say that the apple, guided by the goddess Minerva, had struck Newton exactly on the right bump.48

Was Newton really inspired by a falling apple? Because the evidence is inconclusive, various writers choose whichever stance on the story seems preferable to them: true, partly true, or false. For example, the mathematician Carl Friedrich Gauss dismissed it: “The story of the apple is too simple,” he said, “one can believe whether the apple fell or remained, that thereby such a discovery was delayed or accelerated, but the business is really as follows: a stupid, pushy man once came to Newton, to ask him, how he had arrived at his great discoveries. But then Newton realized that he faced a childish mind, and wanting to get rid of the man, he answered: that an apple fell on his nose, whatever, the man left satisfied by that, completely enlightened.”49 Notice that Gauss, too, freely proceeded to invent additional details and to presume some certain knowledge. Such variations of the story of Newton's apple are worthwhile because although they do not portray the past, they enable us to glimpse aspects of the person who tells the tale.

The story has evolved in various directions. In a 1997 book, Isaac Newton: The Last Sorcerer, Michael White argued that Newton, working in physics in general and gravity in particular, was greatly influenced by alchemy. Accordingly, White said that the story of the apple “was almost certainly fabricated by Newton to disguise the truth,” he argued that the apple story is “at least an exaggeration designed for a specific purpose—almost certainly to suppress the fact that much of the inspiration for the theory of gravity came from his subsequent alchemical work.”50

 It suits White's narrative to interpret Newton's story as a cover-up, a disguise for the alleged narrative that White seeks to support. Notice the repeated expression “almost certainly,” an exaggeration to camouflage what there would be much more appropriate: with no certainty. Another writer, renowned historian A. Rupert Hall, claimed that Conduitt had learned the story about the apple from his wife, Catherine, Newton's niece.51 But there is no evidence to that either. And there are other similar examples.



I do not know whether Newton's original apple story is true. But at least we have it from the old man himself. Plus, there is much more evidence in support of the apple story than other stories that are widely repeated, such as that Pythagoras discovered the arithmetic of music, that Galileo dropped objects from the tower of Pisa, or that Darwin was inspired by finches. Regardless of its truth, the story became an attractive hook that moved many people to meditate about scientific creativity; not a bad thing at all.

Whatever happened to Newton's apple tree? Legends produce relics. After Newton died, his estate and possessions were divided among his four half-nephews and four half-nieces, the grandchildren of his mother and of Reverend Smith. Before dying, Newton gave some lands to members of the Conduitt family, and he bequeathed his estates at Woolsthorpe and Sustern to John Newton, whose great-grandfather was Isaac's uncle. Just five years later, in 1732, John Newton sold the manor house and grounds at Woolsthorpe to Thomas Alcock who next sold it to Edmund Turnor the following year. Subsequently, generations of the Turnor family kept the property. Almost a century later, in a biography of Isaac Newton published in 1831, David Brewster reported what happened to a tree in the Woolsthorpe property: “The celebrated apple tree, the fall of one of the apples of which is said to have turned the attention of Newton to the subject of gravity, was destroyed by wind about four years ago; but Mr Turnor has preserved it in the form of a chair.”52

The square chair is now in a private collection. Later, in Brewster's more extensive biography of Newton, published in 1855, he omitted mentioning the chair and instead added a footnote that relayed a different  account: “We saw the apple tree in 1814, and brought away a portion of one of its roots. The tree was so much decayed that it was taken down in 1820, and the wood of it carefully preserved by Mr. Turnor.”53

Two accounts by Brewster: in one the tree was knocked down by wind in 1827, and turned into a chair; and in the other, the old tree decayed and was taken down in 1820, the wood carefully preserved.

In any case, Augustus De Morgan wryly commented: “One particular tree at Woolsthorpe has been selected as the gallows of the apple-shaped goddess: it died in 1820, and Mr. Turnor kept the wood; but Sir D. Brewster bought away a bit of root in 1814, and must have had it in his conscience for 43 years that he may have killed the tree.”54

Additional details in the history of Newton's apple tree have been painstakingly traced for decades by Richard Keesing.55 Before Brewster wrote about the tree, another Edmund Turnor published a single footnote line about it, in 1806. He merely noted that “The apple tree is now remaining and is showed to strangers.”56 That was eighty years after Newton's death. Some years later, a boy who went to school at Lincolnshire reportedly saw the apple tree after it was knocked down by a storm. This account was written by William Walker, who wrote about his father, the boy Richard Walker (born in 1807):

 
My father told me that while he was at school there, there was a very severe storm of wind one night, and that in the morning news came that Sir Isaac Newton's apple tree had blown down at Woolsthorpe. The school master, Mr. Pearson and several of the boys at once set off for Woolsthorpe, where Sir Isaac's house was, and which is not far from Stoke, and just on the Lincolnshire side of Belvoir Castle. When they arrived there they saw the old apple tree lying on the ground. It had been propped up all round for many years, and every effort had been made to preserve it. My father said it lay there, having by the force of the wind, blown over its props. He said that he did not know by what authority Mr. Pearson acted, but that he obtained a saw from somewhere and sawed a good many logs of wood from the branches. My father got one of these pieces,  which he always kept as being a most interesting relic. Various friends and other people often tried to induce my father to part with this, but he always refused, as he prized it very much indeed.57
 

In 1912, William Walker gifted this account, along with his father's small log, to the Royal Astronomical Society in London.

Researching the history of the tree, Keesing notes that he has found some drawings of the broken-down tree, one apparently from 1816, another dated 1820, and a third with no date. Keesing conjectures that there was only one apple tree in Newton's garden (whereas there were many in the orchard), and that therefore that was the famous tree. However, a drawing of Newton's manor house, by William Stukeley, sketched in 1721, shows no tree where a later drawing shows an apple tree.

Meanwhile, Brewster's pieces of wood were apparently lost. Reportedly, he gave a few pieces of the tree to J. D. Forbes, professor of natural philosophy at the University of Edinburgh. Forbes passed the relics to his son, George Forbes, who later recounted:

 
The writer inherited from his father (Professor J. D. Forbes) a small box containing a bit of wood and a slip of paper, which had been presented to him by Sir David Brewster. On the paper Sir David had written these words: “If there be any truth in the story that Newton was led to the theory of gravitation by the fall of an apple, this bit of wood is probably a piece of the apple tree from which Newton saw the apple fall. When I was on a pilgrimage to the house in which Newton was born, I cut it off an ancient apple tree growing in his garden.” When lecturing in Glasgow, about 1875, the writer showed it to his audience. The next morning, when removing his property from the lecture table, he found that his precious relic had been stolen. It would be interesting to know who has it now!58
 

Keesing found that in 1840, a Charles Turnor claimed that he had taken some grafts from Newton's apple tree (but had it not died almost a century earlier?) and had cultivated “two thriving apple trees” from it. It is  not known what happened to those trees, but by 1937, a Christopher Turnor (then owner of Woolsthorpe Manor) claimed that there was a scion of Newton's apple tree at Belton Park. Keesing writes: “Subsequently a scion of this tree was grafted at the Fruit Research Station at East Malling and it is from this material that most of Newton apple trees planted worldwide come.”

In 1977, in his quest to find what happened to the tree, Richard Keesing visited Woolsthorpe, hoping to take a photograph of the manor house that would resemble an old drawing that showed the apple tree: “I was walking backwards composing the scene from the Turnor drawing through the viewfinder of a camera when I found myself lying upon my back. Regaining my feet I looking round and was amazed to find that I had fallen over what appeared to be the tree illustrated in the drawing. Even now the memory of the event is disorienting for I recall the confusion of not knowing whether I was in the year 1820 or 1977.”59

Comparing his photograph with Charles Turnor's drawing of 1820, Keesing concluded that the images were so similar that the present tree is none other than an outgrowth from a piece of the 1820 trunk that had fallen after the storm. In 1997, Keesing conjectured: “I would like to suggest that the prone hollow trunk which is rooted at each end and is today still growing at Woolsthorpe Manor is the prone branch of the tree drawn by Charles Turnor in 1820, and is one and the same tree which was identified from which Newton saw an apple fall in the year 1665/6. If this is the case, the apple tree must now be about 350 years old.”

While this account contains uncertainty, Keesing's doubts seemed to have diminished by 2010. Without citing any new evidence, he claims in a website of the Department of Physics of the University of York: “Despite all their efforts to prop the aged tree up, it blew down in a storm in 1816. Some branches were removed but the major portion of the tree was left and re-rooted. The surprising fact is that this tree is still growing at Woolsthorpe Manor today and now must be over 350 years old.”60

It must be? Some apple trees become very decrepit after 60 years. Some others have been reported to live 100 or even 200 years. But 360-plus? Despite Keesing's sympathy for his favorite tree at Woolsthorpe, there is no evidence that that was the tree. Like many other people, he  sought to find something, for decades, and to his satisfaction at least, he found it. The tree that is absent from a drawing of 1721, the same old tree that had badly decayed and was torn down in 1820, the same old tree that was “destroyed” by storm winds in 1827 (or perhaps eariler), miraculously is now alive, and is more than 350 years old.

First it ended up as a chair, then pieces of its roots were allegedly preserved, then pieces of its branches, then living grafts, and today, there are descendants of Newton's tree in many places: There's one on the lawn to the right of Great Gate of Trinity College Cambridge, there's another at the University of York, and another by the Babson College Library in Massachusetts, and so forth. The apples produced by these trees are of a rare variety known as “Flower of Kent,” they are somewhat pear shaped, flavorless, and colored red with streaks of yellow and green.

The latest destination for the tree is beyond planet Earth, outer space. The Royal Society archives granted permission to British-born astronaut Piers Sellers to take a valuable piece of their collections on a space mission. A news article by the Royal Society reported that “The section of wood, taken from the original tree that inspired Newton to formulate his theory of gravitation” would be taken on a NASA mission to space; and Sellers commented: “We're delighted to take this piece of Sir Isaac Newton's apple tree to orbit. While it's up there, it will be experiencing no gravity, so if it had an apple on it, the apple wouldn't fall.”61 Another astronaut, described the space shuttle Atlantis as “the single most incredible machine humanity has ever built.”62 And in May 2010, it took a piece of old wood into space.






4

The Stone of the Ancients

IN 1657, Oswald Crollie referred to alchemy as follows: “This visible and invisible fellowship of Nature is that golden chaine so much commended, this is the marriage of heaven and riches, these are Plato's rings, this is that dark and close Phylosophy so hard to be known in the most inward and secret parts of Nature, for the gaining whereof Democritus, Pythagoras, Apollonius, &c. have travelled to the Brachmans and Gymnosophists in the Indies, and to Hermes his Pillars in Æegypt.”1 By contrast, chemists later viewed alchemy in the same way that astronomers viewed astrology—as an irrational, ancestral fraud. Galileo and Kepler used astrology to gain money from wealthy patrons, though they both had secret reservations against it. It had more validity than Galileo imagined, as Kepler rightly reasoned that some things in the heavens do affect life on Earth: the moon does cause the tides. Alchemists believed that metals, too, were linked to the heavenly bodies. Some believed that dull metals were diseased but could be cured, perfected. They thought that metals live and grow in the depths of Earth, and they sought the elusive occult “seed,” the so-called Philosophers' Stone, that would allegedly transmute “diseased” dull metals into perfect gold.2 Alchemists sought this mysterious red powder in order to concoct a drinkable gold that would give health, extend life, and allow the alchemist a closer communion with God. They worked in basements and caves, with animal skeletons hanging overhead, stirring molten metals over fires and cooking smelly substances that would supposedly sweat and salivate and grow. They veiled their findings in secrecy, cloaked in mythical imagery.

Some alchemists honestly worked to unravel the secrets of nature, but they too wrote in cryptic, allegorical terms. For example, consider  the following lines: “The wind is the bath of the Sun and the Moon, and Mercurius, and the Dragon, and the Fire that succeeds in the third place as the governor of the work: and the earth is the nurse, Latona, washed and cleansed, whom the Egyptians assuredly had for the nurse of Diana and Apollo, that is, the white and red tinctures. This is the source of all the perfection of the whole world.”3 Such fancies seem to lie quite some distance away from science.

The main works of alchemy were said to be ancient, written by a mysterious author known as Hermes Trismegistus (“three times great”), a legendary mixture of the Greek god Hermes (Mercury) and the Egyptian god of wisdom. And alchemists were secretive, like the cult of Pythagoras. Hence, throughout the centuries, some seekers of alchemical knowledge increasingly suspected that Pythagoras, who allegedly visited Egypt, had been privy to such secrets. Since historians already have often written about alchemy by focusing on the figure of Hermes, I will now analyze the history of transmutation partly in regard instead to the legendary Pythagoras. For a long time, the transmutation of the elements seemed to be a secret or a myth.

In the poem Metamorphoses (ca. 8 CE), Ovid told the story of Midas, King of Lydia, who received a drunken old satyr captured by peasants. Midas treated the satyr hospitably and entertained him for ten days and nights. On the eleventh day, King Midas returned the satyr to the young god Bacchus, the satyr's foster son, who in turn offered to grant Midas one wish, “which was pleasing, but futile, since he was doomed to make poor use of his reward. ‘Make it so that whatever I touch with my body, turns to yellow gold,’ he said. Bacchus accepted his choice, and gave him the harmful gift, sad that he had not asked for anything better.”4 King Midas was overjoyed by the gift, at first, turning twigs and stones to gold. But then he was horrified to find that his food also turned to gold, wine and water too. He fled in misery, hating his gift, thirsting and starving in despair. And “justly, he is tortured by the hateful gold. Lifting his shining hands and arms to heaven, he cries out: ‘Father, Bacchus, forgive me! I have sinned. But have pity on me, I beg you, and save me from this costly evil!’ The will of the gods is kindly. Bacchus, when he confessed his fault restored him,” by sending him to a foaming river to wash away his  sin. Hence, Midas came to hate wealth, and he stayed in the woods and caves. Yet he remained dull-witted and foolish, destined to hurt himself again.5

Allegedly not all men were as miserable with transmutation. Also in the Metamorphoses, Ovid portrayed Pythagoras as a master of change, and ascribed these words to him: “nothing in all the world remains unchanged. All things are in a state of flux, all shapes receive a changing nature.” Ovid's Pythagoras spoke of “the change of times from gold to iron,” and of various transmutations: a stream of water that turned the drinker's entrails to stone, other streams that “will turn the hair to something like clear amber or bright gold,” rotting horses generating hornets, dead humans' spine marrow mutating into snakes, and mud giving birth to green frogs.6 He claimed that even the elements can change. Yet Ovid's poem was grossly ahistorical: the character of Pythagoras, for example, described events that did not happen until centuries after his death. Pythagoras, proponent of the idea that souls are repeatedly reborn, had a unique connection to gold. In Lucian's stories (ca. 170 CE) Pythagoras appeared as having a golden thigh, which proved his relation to the sun god Apollo. In one place Lucian described Pythagoras, after seven transmigrations of the soul, this way: “the entire right half of him was gold.”7

The association of Pythagoras with alchemy was also plausible because some writers claimed that he had studied magic and mastered the medicinal properties of plants. Many alchemists claimed that minerals had vegetative qualities. Around 78 CE, Pliny the Elder claimed that Pythagoras had written an entire book on the medicinal and magical properties of bulbs and herbs, assigning his discoveries to Apollo.8 According to Pliny, Pythagoras celebrated the virtues of cabbage and mustard, declared that epileptic seizures cannot happen to one who holds anise in hand, and he claimed that squills hung on a doorway would keep out evil spirits.9 Apparently Pythagoras also claimed that when cabbage, wheat, hemlock, and violets are in bloom, certain diseases strangely attack the human body. Another ancient writer noted: “Pythagoras and the group of those who said of matter, that it is susceptible to change, asserted a becoming and dissolution in reality. For they believed, that the becoming happens because of the transmutation and motion of elements.”10

 

Moreover, according to Heraclides Ponticus, Pythagoras was reputed to be the son of Mercury. This god had granted him the gifts of “the perpetual transmigration of his soul, so that it was constantly transmigrating and passing into whatever plants or animals it pleased; and he had also received the gift of knowing and recollecting all that his soul had suffered in hell, and what sufferings too are endured by the rest of the souls.” Pythagoras seemed to be a master of the occult, because he had “requested that whether living or dead, he might preserve the memory of what had happened to him.”11

Hence, one of the earliest Latin texts on alchemy featured Pythagoras. It appeared in the thirteenth century, translated from Arabic, and tells of a gathering of nine philosophers convened by Pythagoras to clarify obscurities in ancient alchemical books. Pythagoras spoke of “the stone that is not a stone,” common but hidden, and known by many names: Spume of the Moon and Heart of the Sun. Then a fellow philosopher described the process of transmutation: “when first cooked it becomes water; then the longer it is cooked, the more it thickens until it becomes a stone, as the envious call it, but really it is an egg that tends to become a metal. Afterward it becomes saturated and breaks, when you must roast it in a fire even more intense, until it gains the color of blood, when it is placed on coins and changes them into gold, according to Divine desire.”12 Pythagoras argued that the philosophers used marvelously varied expressions to convey the same art and to keep hiding the precious art from the vulgar and foolish. The characters were historical, but the dialogue was fictitious—though it echoed viewpoints of pre-Socratic philosophers.

The growing legend of Pythagoras crept into the history of alchemy and chemistry.13 The association of Pythagoras with the secrets of the Egyptians illustrates the kind of syncretism of Greek and Egyptian myths that is often embodied by the legendary figure of Hermes Trismegistus. In the words of Johannes Kepler, “either Pythagoras hermeticizes, or Hermes pythagorizes.”14

For centuries, writers have claimed that Pythagoras traveled to Egypt and learned various secrets from the Egyptian priests.15 But which disciplines he supposedly studied there vary: geometry or astronomy, architecture or alchemy, religion or others. Actually, we do not even know  whether he really ever traveled to Egypt. The earliest extant account of such travels, written more than a century after his death (Isocrates, ca. 375 BCE), only states, with derision, that in Egypt Pythagoras studied religious rituals, not necessarily to impress the gods but to enhance his reputation.16 Earlier, Herodotus made several claims (ca. 430 BCE) that from Egypt some of the Greeks copied practices, ceremonies, and names of gods.17 And Herodotus, who traveled to Egypt, made a comparison between burial practices that were “Egyptian and Pythagorean: for it is impious, too, for one partaking of these rites to be buried in woolen wrappings. There is a sacred legend about this.”18

Herodotus did not mention whether Pythagoras traveled to Egypt or whether he studied alchemy—which does not mean that he did not do  those things. Isocrates later claimed that Pythagoras traveled to Egypt—which does not necessarily mean that he truly did. What matters to me is that in this connection a recent commentator on Isocrates, Niall Livingstone, neatly pinpointed a pattern by which stories grow, how associations give rise to legends. Livingstone suggests that Herodotus indirectly originated the story that Pythagoras visited Egypt “by taking the first two steps of the reasoning which leads to the idea of a visit (similar feature, therefore same feature; same feature, therefore borrowed feature).” Herodotus noted that the burial practices of the Pythagoreans and the Egyptians were similar, and hence he seems to imply that they were identical. Then our interpretive drift leads us to imagine a causal connection, that the Pythagoreans copied the Egyptians: “Someone, perhaps Isocrates, then followed Herodotus' hint and took the third step of asserting that Pythagoras visited Egypt, an idea which was eagerly accepted by later Pythagoreans and biographers of Pythagoras.”19



I do not mean to argue that Pythagoras did not visit Egypt, I simply do not know. What I do want to highlight is that this pattern—similar therefore same, same therefore borrowed—seems to recur in the growth of the legends about alchemy. Moreover, such tales serve to apparently give substance to the early roots of a discipline, as such stories about Pythagoras's imports from Egypt have propagated in fields as varied as mathematics, architecture, astronomy, religion, and alchemy. Regardless of whether Pythagoras actually traveled anywhere, writers added colorful and significant details to such tales over time. The most moving and inspirational version I have read is the following—in a book dedicated “To the Sacred Majesty of Truth.” Note how it connects to common notions of a hero's journey, a lost paradise, the noble struggle against deaf mediocrity:

 
Led by a desire of this, as by some guiding star, Pythagoras travelled into Egypt, and cheerfully encountered the greatest difficulties, and maintained the most obstinate perseverance, until at length he happily penetrated the depths of Egyptian wisdom, and brought into Greece a treasury of truth for future speculation. But these were happy days; this was the period  destined to the reign of true philosophy, and to the advancement of the human soul to the greatest perfection its union with the terrene body can admit. For in our times, the voice of wisdom is no longer heard in the silence of sacred solitude; but folly usurping her place, has filled every quarter with the barbarous and deafening clamours of despicable sectaries; while the brutal hand of commerce has blinded the liberal eye of divine contemplation. For unfortunately, the circle of time, as it produces continual variations, at length reverses the objects of pursuit; and hence, that which was once deservedly first, becomes at length, by a degraded revolution, the last in the general esteem.20
 

One of the legends that grew up around Pythagoras was that “Pythagoras and many others possessed in silence the Medicine of the Blessed Stone, and neither used it for evil purposes, nor revealed it to the wicked; just as God himself always has concealed this knowledge from the proud, the impure, and the presumptuous.” Allegedly some used it to extend their lives, including the Biblical figure of Adam (said to live five hundred years) and Noah (said to live nine hundred years), and others, such as Pythagoras himself.21

Alchemy became secretive partly because it was often a fraud. But it was also dangerous even if the alchemists truly believed that they were pursuing a noble art, because if someone were to discover how to manufacture gold, that person could then gain immense power and even undermine established rulers. If gold became increasingly available, the values of old riches would diminish; currencies could collapse.

The wealthiest rulers opposed the alchemists' enterprise. The Catholic Church condemned alchemy and denounced it as forgery. In 1404, King Henry IV enacted the Act against Multipliers, a law that prevented anyone from using alchemical crafts to produce silver or gold. Alternatively, other rulers also sought to command the secrets of alchemy. King Henry VI appointed royal commissions to investigate the alchemical arts to try to manufacture more wealth for the crown. He also asked the Catholic clergy to produce gold—after all, they routinely claimed to transubstantiate bread into the body of Christ. They refused, offended.  In several countries, accused alchemists who were not supported by a royal license were persecuted, indicted, exiled, excommunicated, imprisoned, hanged, burned at the stake, or immersed in boiling oil.22

Gold, what substance has caused more bloody theft, deception, and murder? Ironically, it is one of the most useless metals: too soft for tools and construction, inconveniently heavy, and chemically un-reactive. Yet gold not only looks good, it lasts; other metals such as iron and copper tarnish and rust, but not gold, as if somehow it holds onto youth, just as humans wish they could. Beauty, youth, and wealth were represented by gold.

In the Renaissance, Bernard Trevisan sought alchemists' secrets. One autobiographical text explains his struggles for the Philosophers' Stone. His family was wealthy, and Trevisan invested much money to study alchemy. He praised Hermes and Pythagoras, but complained that impostors deceived him. He worked with minerals, metals, vegetables, blood, hair, and excrement, praying for God's help. With a collaborator, he spent over a year trying to use salt to make the Stone. At age forty-six, he bought two thousand eggs, separated yolks and whites, putrefied them in horse manure (later distilled thirty times to extract a white liquid and red oil). He worked two years on those residues, then gave up and spent eight years on other experiments. Trevisan worked with silver, mercury, sulfur, olive oil—again with no results. Relatives ridiculed him. He stopped eating and drinking and became emaciated. He traveled, spent more money, sold properties. Poor by the age of sixty-two, he retired to the isle of Rhodes, still seeking men who claimed to know the Stone. Taking loans, he mixed gold, silver, mercury, horse manure, fire, and urine for months, but still saw no results. Sleepless, old Trevisan suspected that Nature cannot be altered, that those writing about transmutations were damnable cruel thieves.23

But apparently, not all alchemists were so unlucky. One intriguing alchemist wrote under the name Basil Valentine. Allegedly he was a Benedictine monk, but his identity and when precisely he lived remain a mystery. He wrote about various occult and alchemical topics, such as the use of certain poisons as medicine.24 One of his short treatises, first published in 1599, discussed secret powers and virtues which, he  claimed, God had put into metals and minerals. It became known as The Twelve Keys of Basil Valentine.

The author claimed to have spent years at a monastery, where through his devotion to God and by studying old texts he eventually progressed toward an earthly treasure. He claimed that one of the brothers in the convent suffered from a severe disease that physicians had failed to cure. To help him, Valentine worked with vegetable substances for six years. But he too failed, so he proceeded to labor with minerals and metals. He claimed to have managed finally to concoct a colorful mineral substance from which he extracted a “spiritual essence” that then served to completely cure the ailing brother. Allegedly, it was the Stone of the Ancients.

Valentine argued that to receive the knowledge of the Stone, one first had to show devotion and gratitude to God, help the needy and the poor, and truly repent of one's sins. Valentine added various other requirements involving discipline and dedication that would help one to attain the ancient secret knowledge of the Stone. He also explained that he was forbidden from plainly revealing some secrets by the law of God, whose wrath he feared. Yet he did express a desire to share his findings with other practitioners of the secretive art.

One example of Valentine's keys, the second, depicts two swordsmen lunging toward one another. On one sword clings a serpent, and on the other an eagle. Between the two stands a naked man, readily identifiable as the god Mercury, because the symbol for that god is over his head and because he has wings on his back and at his feet. In each hand, Mercury holds a caduceus, that is, a staff entwined by a pair of serpents facing each other. In the background landscape, the sun and moon appear near the ground. What did this image mean?



Valentine accompanied this image with several paragraphs alluding to a palace, the sea, and the marriage of the gods Apollo and Diana. He argued that although such divine bride and groom be gloriously adorned by their wedding garments, they must be naked and clean in the bridal night. He explained that the King Apollo should be cleansed by two “hostile” substances, and then wrote:

 

 
But if you cast the Eagle onto the icy Dragon who for a long time dwelled in the rocks and has crawled out from the caverns of the Earth, and you place both of them together on the infernal chair, then Pluto will blow wind, and, from the icy Dragon there will arise a volatile and fiery spirit, which by its great heat will consume the wings of the Eagle and produce a perspiring bath so extraordinary that the snow from the highest mountaintops will begin to melt and become a water, with which the invigorating mineral bath may be prepared, to thus give to the King fortune and health.25
 

Such cryptic expressions, simultaneously intriguing and silly, drew the attention of practicing alchemists for centuries. Were there really any alchemical secrets hiding in Valentine's keys?

In the early 1980s, an undergraduate student at the University of  Delaware named Lawrence Principe became fascinated by Valentine's keys. Principe spent a lot of time deciphering texts and reproducing alchemical processes in a laboratory. Proceeding to graduate school to study organic chemistry at Indiana University, he continued to painstakingly study the old emblems and language of alchemy and to recreate the experimental procedures that the alchemists obliquely described.

Looking at the words and image for the second key, Principe realized that the moon and the sun represent silver and gold. The sun was a traditional symbol for the god Apollo and the moon represented Diana. But what about the two fighters wielding swords with an eagle and a snake? And what about the winged figure of Mercury standing between them? In alchemical emblems, weaponry often designated a philosophical fire, a way to kill one substance to make it become another.26 Principe reasoned that the clash of the swordsmen represented the mixture of two substances, which in turn would yield something symbolized by the winged Mercury. The snake entwined on a sword recalls “serpentine powder,” an old kind of gunpowder that includes the substance saltpeter (crystals that grow like brushes in dank caves, produced by bat guano or urine and rotting manure). On the other sword, the eagle was the traditional symbol for a rare, volatile substance, sal ammoniac (also found in bat guano and volcanic vents).

Principe realized that these two substances, saltpeter and sal ammoniac, joined, produce a volatile acid, depicted by the winged figure of Mercury. This acid would serve to corrode silver and dissolve gold.27 In present-day terms, the second key describes a reaction between potassium nitrate and ammonium chloride:



Does that look more obvious than the image of the two fighters? In the right proportions, the two substances can make the potent acid that is actually a mixture of nitric acid and hydrochloric acid:



 

It's a dangerously corrosive yellow liquid that spews toxic fumes as it quickly expends its potency. This acid, which the alchemists called aqua regia (royal water), dissolves gold.

Through further analysis, Principe came to think that Valentine's third key discussed how to use the royal water and the fourth showed how to volatize gold. But that seemed unlikely: could alchemists possibly have known the subtle procedures by which gold actually can be made into gas? In his ensuing research, Principe found an article from the late 1800s that discussed the volatility of gold chloride, and that cited an old work by the famous chemist Robert Boyle.

Robert Boyle is famous for advancing chemistry into what we consider a science. His many experiments involved clever techniques and important instruments such as the air pump. In schoolbooks, he shows up for having formulated “Boyle's law,” PV = k. This law, that the product of the pressure and volume of a gas has a constant value k (if the temperature is kept constant), was confirmed by Boyle, but not discovered by him.28 Boyle devised useful classifications of substances, stressed the importance of securing experimental evidence that is repeatable and publicly witnessed, advanced the use of quantified analysis of chemical transformations, and advocated the value of mechanical explanations in order to make sense of puzzling phenomena. Boyle believed that material bodies are all composed of atoms in various arrangements.

In 1661, Boyle published a book titled The Sceptical Chymist, in which he critically analyzed and shattered old theories of matter, including the ancient theory that all was made of earth, water, air, and fire. Thus Boyle became famous for having separated science from nonsense by debunking the phony quackery of alchemy. He became known as “the father of modern chemistry.”29

Lawrence Principe found that Boyle had some definite knowledge of how to volatize gold. And when Principe read Boyle's notes, he found that the method that Boyle described for volatizing gold was the very same that Principe had deciphered from Basil Valentine's keys. Boyle called the acid “the Aqua pugilum, aenigmatically describ'd by Basilius.” Aqua pugilum was one of the names sometimes given to aqua regia, the royal  water that could dissolve the noble metals such as gold. Principe noted that aqua pugilum, or “water of the fighters,” referred to what Valentine called a “most precious water made cunningly from two fighters.”30 Thus Boyle alluded directly to Valentine's image of the two swordsmen. Why was the famously skeptical chemist citing the alchemical literature?

Digging through Boyle's private papers, Principe found multiple manuscripts, letters, and notes showing that Boyle was intensively reading the writings of alchemists, deciphering their symbols, and reproducing their experiments. Principe also found fragments of a manuscript by Boyle titled Dialogue on the Transmutation of Metals. Meanwhile, another researcher, Michael Hunter, found an interview of Boyle taken by his confidant Bishop Gilbert Burnet. These two documents converge on this odd story: that Boyle once visited a foreigner who introduced him to a stranger who claimed that he could convert lead into a material supple as butter. Boyle's own assistant provided the lead and the crucible on which to perform the conversion, so that there would be no fraud. By fire, the lead melted in the crucible, and then the stranger cast a small dash of a bright powder into the crucible. Soon they removed the crucible from the fire, waited for it to cool, and then Boyle, reportedly, saw that the lead had actually become true and fine gold.31

Impossible? Chemists now teach that it is impossible to make gold by any chemical procedure. Yet in the 1600s, Boyle supposedly witnessed a transmutation. Thus Boyle concluded in his Dialogue that, despite all reasons to the contrary, the production of gold might actually be possible.

Also, by 1666, Boyle became convinced, by his own experiments, that gold could be destroyed and even transmuted into silver, but he lacked the opportunity to repeat such experiments because he was driven out of his laboratory by the bubonic plague.32 Furthermore, Boyle believed that the Philosophers' Stone would facilitate communication “with good spirits.” It would demonstrate the existence of rational spirits, angels. Thus it might even prove the existence of God. The Philosophers' Stone would not only transmute metals into gold, it would transmute atheists into believers. At the time, some adepts eagerly searched for the power to communicate with God or gods, a skill that allegedly had been mastered by Pythagoras.33

 

Lawrence Principe further found that Boyle had many interactions with alchemists and that he took many steps to join a secret society of alchemists in France which soon dispersed when King Louis XIV allegedly managed to kill many of its members in an explosion at the castle where they hid.

Robert Boyle provided monies to fund the works of alchemists in England and Europe. And in 1689, Boyle and the Bishop of Salisbury testified to the Parliament to have actually seen the transmutation of metals into gold, which helped repeal the Act against Multipliers, the old law against the production of silver and gold in England. It became legal to perform such transmutations. But Boyle did not get an opportunity to try to benefit from that ruling—he died on 31 December 1691. To organize his stacks of manuscripts, he had appointed three friends, including the philosopher John Locke. Promptly after Boyle died, Locke received some odd letters from, of all people, Isaac Newton.

For over twenty years, Newton had privately studied alchemy, performing countless experiments and writing thousands of notes. It was he who wrote the lines quoted at the beginning of this chapter about the wind bathing the sun and moon, about Apollo and Diana and the perfection of the world. Like Boyle, Newton read Valentine and others and pursued the art of transmutations. Newton wrote to Locke that he knew that Boyle had a process involving a “red earth and mercury,” the process for which Boyle had repealed the Act against Multipliers. Newton asked for a sample of that red earth along with a copy of Boyle's written prescriptions.34

Locke complied by mailing the prescriptions along with a bit of the mysterious red earth. But afterward, Newton became dismissive, as if he had failed to make any gold, as if it were a sham. Chronically sleepless, in 1693 Newton suffered a nervous breakdown. Then in 1696, an anonymous “adept” visited him, claiming to produce a solvent for all metals. Again Newton pondered alchemy. That year he became warden of the Royal Mint at the Tower of London; for years he supervised the production of coins and ruthlessly persecuted forgers.

And what happened to the guy who supposedly demonstrated transmutation before Boyle's own eyes? According to a medical doctor  at Frankfurt am Main, writing in 1706, the alchemist who “while Boyle watched, converted lead into gold,” was traveling to France to take Boyle's letters to his master but then he fell off his horse and died.35



The secret of transmutation eluded Boyle and Newton, or maybe there never was any such secret. Chemists concluded that certain substances, the elements, are unalterable. During the next centuries, some individuals occasionally claimed to make gold, but few people believed them. Chemists rose in prominence while alchemists sank in disrepute. Alchemy as a whole drew disdain and ridicule. A chemist turned historian, Henry Carrington Bolton, remarked: “We imagine it will be hard to discover in the whole range of literature writings having scientific pretensions more senseless than the aphorisms of the disciples of Pythagoras, collected in the ‘Turba Philosophorum,’ so often quoted by the alchemists of the sixteenth and seventeenth centuries.”36 Distinguished historian Edward Gibbon had also complained that “these ancient books,  so liberally ascribed to Pythagoras, to Solomon, or to Hermes, were the pious frauds of more recent adepts.”37

Paracelsus, another alchemist, complained that the secret of transmutation had been hidden by enigmatic expressions: “But since the supercelestial operations lay more deeply hidden than their capacity could penetrate, they did not call this a supercelestial arcanum according to the institution of the Magi, but the arcanum of the Philosophers' Stone according to the counsel and judgment of Pythagoras. Whoever obtained this Stone overshadowed it with various enigmatical figures, deceptive resemblances, comparisons, and fictitious titles, so that its matter might remain occult. Very little or no knowledge of it therefore can be had from them.”38

In Ovid's Metamorphoses, the character of Pythagoras claimed that all is subject to change: “Even the things we call elements do not persist. Apply your concentration, and I will teach the changes they pass through.”39 But the red tincture and its medicinal powers remained elusive and occult, the talk of secretive groups.40 No such teachings were found in any ancient texts. Such exalted tales became myths, buried in the coffin of scientific impossibilities. But sometimes, the dead come back to life.

By the 1890s, some strange substances had emerged in chemistry. Henri Becquerel found that uranium, a heavy and puzzling metal, emitted invisible rays. Gold didn't emit rays, neither did silver. Yet uranium had the power to develop photographic film, even in total darkness. And its invisible rays also electrified the air around it. Metals can become electrified, of course, but uranium was itself a source of electric charge.

In 1898, a Polish student of chemistry, Maria Sklodowska, also known as Marie Curie, began studying uranium as part of her doctoral research in Paris. Her husband, Pierre Curie, had constructed a device to detect the invisible rays of uranium by measuring faint electrical charges in the air. Marie used that device to analyze the effects of various factors, such as light and moisture, on the radiation. She found that the rays remained unaffected, which led her to conclude that the “radioactivity” was an intrinsic property of uranium.

 

Marie also tested whether elements other than uranium also emitted invisible rays. At first, no other element seemed to have this property. Then she tried thorium and found that it too emitted invisible rays. Having searched for such rays in all the elements, she tested many compounds too. Uranium was commonly extracted from pitchblende, a heavy black ore from mines between Germany and Czechoslovakia. Marie found that even after the uranium had been extracted, the pitchblende residue continued to emit rays. Quite surprisingly, it emitted more rays than the pure uranium. A few other minerals also emitted rays. She also found that such rays were independent of conditions such as heating, light, and acid baths. In 1898, she announced that the invisible rays were “atomic properties” of yet undiscovered elements. After more months of grueling work, Marie Curie managed to identify two new elements that she named polonium and radium. She estimated that these elements were hundreds of times more radioactive than pure uranium.

While Pierre Curie studied the radioactivity of radium, Marie worked to isolate radium entirely from the pitchblende. Only then would she be able to definitely measure radium's chemical properties. Some chemists remained skeptical of the very existence of this element. Trying to work in a suitable laboratory, Pierre and Marie only obtained access to a large but cold and shabby wooden shed where medical students used to dissect corpses. The ceiling leaked, and the building looked like a stable. Still, Marie, Pierre, and several hired workers came to labor upon piles of pitchblende residue to slowly extract minute traces of radium. They boiled the residue and repeatedly washed it with acids, alkaline salts, and water. It was backbreaking work. Marie Curie recalled: “Sometimes I had to spend a whole day mixing a boiling mass with a heavy iron rod as large as myself. I would be broken with fatigue at the day's end.”41

After two years of work, the Curies and their assistants had processed eight tons of pitchblende, using four hundred tons of rinsing waters and thousands of chemical treatments and distillations.42 When Pierre and Marie entered the shed at night, they saw in the darkness that the distilled substances in various containers glowed, in her words, “like faint fairy light.” By 1902, Marie finally had a roughly pure sample of radium,  a few tiny metallic bits—about one-fiftieth of a teaspoon—painstakingly extracted from about ten tons of pitchblende.

Most people today hardly know why Marie Curie became an international celebrity. She found new elements, coined the word “radioactivity,” became the first woman professor at France's elite university the Sorbonne, and she was awarded two Nobel Prizes. Yet such achievements do not fully explain why journalists, photographers, and autograph-hounds came to stalk her.

To better understand why her contributions were extraordinary, one should list some of the astonishing properties of the elusive substances that she found and isolated. Tiny portions of radium affected glass and even diamonds by giving them colors. The substance also electrified the air around it, and its effects penetrated through solid objects. It became known as the most potent kind of poison. Radium did not need to be ingested or even touched to transmit its effects: it poisoned at a distance. A tube containing only a pinhead bit of radium placed over the spine of a mouse caused paralysis in just three hours, followed by convulsions, and then death. It killed even microbes, and its presence sterilized seeds. Moreover, the radium extract was self-luminous, it shone like electric blue light bulbs—but without requiring an influx of energy. It continually emitted heat, about 250,000 times more than the heat produced by burning an equal amount of coal. Calculations showed that one ton of radium would suffice to boil a thousand tons of water for an entire year. The energy output of radium was so great that it implied the possibility of unbelievably terrible new weapons. Frederick Soddy commented that radioactivity led one to envision the planet “as a storehouse stuffed with explosives, inconceivably more powerful than any we know of, and possibly only awaiting a suitable detonator to cause the earth to revert to chaos.”43 Likewise, Ernest Rutherford remarked that “some fool in a laboratory might blow up the universe unawares.”44 But radium also had positive effects: it cured skin cancer. Just years earlier, the mere idea of a metal having even just one of these properties would have been dismissed as a ridiculous alchemical dream.

Radium became a consumer sensation. In 1903, two patients in St.  Petersburg were actually cured from facial cancer. More were cured subsequently, giving rise to the myth that radium was the ultimate cure for cancer.45 Pierre Curie hoped that it would cure blindness and tuberculosis.



Moreover, the rare metal powder had an even stranger property. In 1898, Marie Curie had speculated that radioactivity might be a kind of “disintegration of the atom,”46 but Pierre had convinced her that it wasn't. Then, in 1902, at McGill University in Montreal, Ernest Rutherford and Frederick Soddy analyzed experimentally the emissions of radioactive elements. Soddy detected a strange gas emanating from thorium, so he stood there transfixed “stunned by the colossal import of the thing,” and he blurted in shock: “this is transmutation: the thorium is disintegrating and transmuting itself into argon gas”—but then Rutherford shouted: “For Mike's sake, Soddy, don't call it transmutation. They'll have our heads off as alchemists.”47

In hindsight, years later, Soddy remarked: “Nature can be a sardonic  jester at times, when you come to think of the hundreds of thousands of alchemists in the past few thousand years toiling and broiling over their furnaces, spending laborious days and sleepless nights trying to transmute one element into another, a base into a noble metal, and dying unrewarded in the quest, whilst we at McGill, by my first experiment, were privileged to see, in thorium, the process of transmutation going on spontaneously, irresistibly, incessantly, unalterably!”48



In 1902, Soddy inferred that radioactive elements emit helium (named after the mythical Greek name for the sun, Helios, because its distinctive light had been detected earlier around the sun), and in 1903, Soddy and William Ramsay proved that radium emits helium gas.49 Again, this meant that radioactive elements do change. Marie Curie acknowledged in 1904 that such findings would finally prove “that the transmutation of elements is possible.”50

Still, chemists believed that this sort of transmutation was distinct from the alchemists' dream. For one, it happened by itself. In 1903, Rutherford and Soddy noted that radioactivity was a process that lay “wholly outside the sphere of known controllable forces.”51 Likewise, in 1906, Pierre Curie argued that if Rutherford and Soddy were correct, theirs would be “a veritable theory of the transmutation of the elements, but not as the alchemists understood it. Organic matter would necessarily evolve across the ages, following immutable laws.”52

But one day in 1906, as he was rushing across a street in Paris, Pierre Curie was trampled by a horse-drawn wagon, he died. Marie mourned  his death and became increasingly reclusive. People increasingly realized that radium is extremely toxic; many were poisoned by it, including the Curies, and many dozens died. Still, it really did have some remarkable properties. Newspapers and advertisements hailed radium as a “miracle drug.” Entrepreneurs developed ways to mechanize the process of extracting the substance from pitchblende for commercial purposes, including it in products for arthritis, lupus, insanity, birthmarks, and various other conditions and diseases, as well as soaps, hair tonics, facial creams, tea, toothpaste and glow-in-the-dark paint.



Marie Curie became internationally famous. In 1921, one American interviewer and fundraiser hailed her as “The Greatest Woman in the World,” comparing her to Julius Caesar, Buddha, and Jesus Christ for having “reached into the bowels of the earth for one of the healing secrets of God.” The interviewer raved that radium was “the most priceless stuff in the world” and “the strongest force in the world. The power contained  in a gram is enough to raise a battle-ship of twenty-eight thousand tons one hundred feet in the air.”53



Meanwhile, speculators anticipated that the alchemists' dream was at hand: the manufacture of gold. In 1914, the novelist H. G. Wells wrote a fictional account, The World Set Free, pondering the consequences of atomic transmutation. He dedicated the book “To Frederick Soddy's Interpretation of Radium.” In the novel, scientists managed to convert bismuth into gold, causing the collapse of the world's economies and even a nuclear war. Wells speculated: “What chiefly impressed the alchemists of 1933 was the production of gold from bismuth and the realisation, albeit upon unprofitable lines, of the alchemist's dreams.”54 In reality, people were increasingly dreading the implications of transmutation. In the 1920s, financial experts discussed the possible impact of “modern alchemy.” Representatives of the U.S. federal government issued public comments in the New York Times trying to reassure the public that even if modern alchemists succeeded in making gold, the monetary standards would not collapse.55

Soon, chemists in various countries reported having synthesized gold. Repeated efforts showed such claims to be mistaken, yet the struggle continued for decades more. Part of the problem was that minute quantities of gold can be extracted from mercury by distilling it in a vacuum. Yet researchers at Berkeley, by bombarding platinum with neutrons, detected radioactive gold isotopes, at least.56 Also, scientists at the University of Michigan studied radioactivity induced artificially in gold.57
 In 1941, scientists at Harvard University used a cyclotron to achieve the “transmutation of mercury.”58 They shot fast neutrons at about 350 grams of mercury and found that it produced three kinds of radioactive gold (isotopes that decay in hours or a few days). Hence chemists and physicists were actually making gold, but unfortunately, a kind of gold that vanishes in a few days. And in fitting fulfillment of the alchemists' conjectures, they were producing it from, of all metals, mercury.

But the imminent possibility of artificial gold did not undermine the financial markets, as economists realized that it would be preferable not to ground money on metals anyhow. In 1971, the United States ruled that dollars would no longer be valued on the basis of convertibility into gold. This ruling reduced the recurring fears that the world's economies would be wrecked by transmutation.

Finally, in 1980, scientists in California at the Lawrence Berkeley Laboratory converted a tiny little bit of the rare pink metal, bismuth, into gold.59 They shot ions of carbon and neon at extraordinary speeds against the bismuth, knocking out minute fragments to produce gold, which in turn was extracted into ether, washed with hydrochloric acid, and plated thinly onto platinum. The entire procedure cost about $10,000. It produced a nearly negligibly small quantity of gold, equivalent then to less than a penny, about one billionth of one cent. Thus the alchemists' old dream was undermined by the discovery that it cost much more money to make gold than to dig it from the earth. Worse, making gold cost more than just buying it at a store.

Still, as chemists had anticipated decades earlier, the monetary value of the energy released in a transmutation is immensely greater than the value of gold.60 Of course, the “transmutation” of the chemists was not the same as the alleged transmutations of the alchemists. Similar, but not the same. Yet the early alchemists would have been pleased with what scientists did find: immensely valuable elements that glow and have spectacular properties that act at a distance to energize or destroy, and the ability to convert elements into one another. As in the writings of Basil Valentine, there are poisons that can be used as medicine. Reflecting on the nature of science, Marie Curie once wrote “A scientist in  his laboratory is not only a technician, he is also a child placed before natural phenomena, which impress him like a fairy tale.”61

Thus ends the story on transmutation which I set out to tell, from the legendary Pythagoras to the meticulous chemists. But let me add an afterthought. In the end, the alchemists' gold surprisingly was found not by a chemist but by a writer. As was hoped and desired, eventually the “Philosopher's Stone” did generate unimaginable wealth. But it was not from a glittering red powder or an actual piece of metal, it turned out to be the idea itself, the ink on paper. The key to wealth was not literally a stone, instead it was words, like on this page this ink: the Philosopher's Stone.

In 1995, an unknown writer in Edinburgh, Scotland, finished a manuscript titled Harry Potter and the Philosopher's Stone. After numerous rejections, it was published in 1997, and then it quickly made its author, Joanne Rowling, very, very rich. It began a series of books that became the fastest selling books in history. They earned their author hundreds of millions of dollars, far surpassing the wealth ever earned through writing by any author on Earth. It made her richer than the Queen of the United Kingdom. Anyone who has read such books can see that they're fun, good, but why the unprecedented scope of the success? Are Rowling's stories so immensely superior to most everything ever written in human history? I did not think so, so this puzzle stood in my mind for years. I called it “the Harry Potter problem.”

Was it just a coincidence that the original title of this book involved the Philosopher's Stone? (I say the original title just because in the United States it was re-titled Harry Potter and the Sorcerer's Stone, because of the publisher's belief that the title would not be as effective in America.) Many readers immediately liked it, but why so many millions? In 2009, someone emphasized to me that those stories borrow a lot of material, images, and myths from older stories. A lot, “it's all in there, everything.” Even the Stone. Then it hit me: that's it, by incorporating many of the most outstanding elements of good old stories, the author made a work that could well provide rich mythical images that were otherwise lacking in readers' lives. Maybe Rowling's books thoroughly conveyed the uplifting power of myths, secrets of the ancients, to readers who were practically  starved for myths. This idea seemed striking because it matched an issue that was raised years ago, by the inspirational scholar Joseph Campbell, who analyzed the value of myths. He complained that because classic myths are nowadays seldom taught and told, people are losing their way, losing their connection to meaningful epic experiences of the past. “Our society today is not giving us adequate mythic instruction of this kind, and so young people are finding it difficult to get their act together.”62 Storybooks that revive such myths are helpful. And the apparent and unnecessary rupture between sciences and myths is a related problem to solve. There, the study of chemistry should begin with alchemy, with myths.






5

Darwin's Missing Frogs

MANY old books claim that when Charles Darwin visited the Galápagos Islands, he was inspired to think about evolution by seeing variations in finches' beaks. Most people believed that species were as unchangeable as the chemical elements. Just as no metallurgist could ever make gold, fish or lizards could never become birds. As the story goes, Darwin changed all that when he theorized the “Transmutation of Species.” Allegedly, he found that each species of finch belonged to a particular island and had developed distinct feeding habits that matched their evolving beaks, for cracking small or big seeds or for  eating insects. That's what many people still think, and so, one of the most widely reproduced pictures in history is that of Darwin's finches.



However, in sterling historical studies, Frank J. Sulloway of Harvard University showed that, really, Darwin was hardly influenced by finches and scarcely observed their feeding habits.1 He did not correlate their diets and beaks; in fact, Darwin collected too few specimens to determine whether any finch species was unique to each island. He did not even keep track of where he picked up every specimen. Really, no finch species was unique to any one island. Unfortunately, some teachers and writers remain unaware of Sulloway's historical findings.2

The popular myth that the Galápagos finches crucially inspired Darwin to think about evolution arose because in the second edition of his Voyage of the Beagle he added one sentence about finches: “Seeing this gradation and diversity of structure in one small, intimately related group of birds, one might really fancy that from an original paucity of birds in this archipelago, one species had been taken and modified for different ends.”3 But that brief comment was foreign to Darwin's travel books and thousands of research notes; there is no evidence that it represented his thoughts during his voyage in 1835.4 When he added that comment, in 1845, he had already believed in evolution for eight years. Yet the finches acquired fame partly because editions of his Voyage include an illustration of finches that, together with the quoted sentence, created the illusion that Darwin construed the finches as compelling evidence for evolution. Actually, Darwin's observations of finches were so scant that his thoughts on them were inconclusive guesswork—so much that he did not refer to the Galápagos finches in his Notebooks on Transmutation or use them as evidence for evolution in his Origin of Species of 1859.

Still the legend spread, partly through the book Darwin's Finches by David Lack, published in 1947. In the Galápagos Islands, Lack extensively collected and analyzed data on the finches that showed that evolutionary processes could account for such species and varieties as well as their beaks, habits, and geographical locations. But along the way, Lack seemed to attribute some of those scientific findings to Darwin himself.5 Textbooks decorated by pictures of finches echoed such claims. Lack's brilliant insight, that the finches' beaks could be understood as evolutionary  adaptations, was substantiated by Robert Bowman in 1961.6 Thus the insight that is routinely attributed to Darwin in the 1830s was only established scientifically more than a century later.7



Why did the legend spread? Why did the story about the finches propagate so widely? Sulloway argued that perhaps the story about the finches spread because it matched the format of traditional hero myths: a man departs from home on a bold adventure, encounters and overcomes hardships, and returns with a deep truth. Another reason is that the picture of four species of finches often seemed attractive as the only illustration in Darwin's books that could be construed as a portrayal of evolution, and the story of discovery evolved as a fitting complement.

Nowadays, science textbooks continue to highlight the imagery of finches, and authors finesse the story by noting that Darwin saw the finches but that only later did they turn out to be great examples of evolution. Other writers speculate about factors that “may have been” of decisive importance. For example, Stephen Jay Gould argued that perhaps five years of arguing against his ship's authoritarian captain led Darwin to turn toward materialism and evolution: “Who knows what ‘silent alchemy’ might have worked upon Darwin's brain during five years of insistent  harangue.”8 The question is, what really led Darwin to evolution? We can tell the history fairly, if briefly, and explain it by highlighting a neglected story about reptiles and frogs in hell.



In his book of 1691, Wisdom of God Manifested in the Works of Creation, John Ray argued that the parts of all animals are perfectly fitted to their use because God is good. Thus natural science lent support to theology.  People believed that God had created the Garden of Eden as a beautiful and harmonious place where every being fit comfortably in its particular environment. Similarly, for cold places, God created furry animals, while in any desert, there were placed appropriate animals as well. Moreover, some plants and animals were perfectly suited for one another, showing clear evidence of the Designer's plan. For example, some plants have seeds bearing little hooks, and by snagging onto animals' fur, they get transported to distant places, thus disseminating beyond the spaces that are already crowded by other plants.

In the early 1800s, in Paris, Georges Cuvier studied vertebrates. Like most people, he believed that all species were created at the same time, all coexisting with one another. He too believed that species remained constant over time, unchanged. Yet some naturalists, such as Jean Lamarck, believed that all species evolved progressively over time. Many people ridiculed such ideas. Yet naturalists found increasingly various odd fossils that did not seem to correspond to any known creature. People dismissed such anomalies by assuming that such creatures were alive somewhere in the vast continents.

Yet Cuvier also pieced together some bizarre old bones that constituted what seemed to be monstrous kinds of elephants: the Siberian wooly mammoth and the American mastodon. Problem: if such huge animals lived somewhere, then travelers or hunters should have encountered them; yet nobody had reported any such sightings. Such bones and other bizarre fossils seemed to imply that the world used to have a different kind of population in the distant past. Therefore, Cuvier acknowledged that he had been wrong—not all animals coexisted at the same time. He conjectured that the ancient population of creatures was replaced at some point by a modern population of species.

But another problem arose: geologists increasingly found older layers of sedimentary rocks bearing distinct kinds of fossils. It seemed that each geological period had its own distinctive animal population. And the more ancient the layers, the more bizarre the fossils. Rather than two distinct populations in Earth's history, there seemed to be a varied sequence. Many species were no longer alive. What horrible disasters could kill all the animals of a kind?

 



Cuvier conjectured that major catastrophes had caused extinction. He argued: “Numberless living beings have been victims of these catastrophes; some have been destroyed by sudden floods, others have been laid dry in consequence of the bottom of the sea being instantaneously elevated. Their races even have become extinct, and have left no memorial of them except some small fragments which the naturalist can scarcely recognize.”9

There were more problems. Fossils found in Europe showed animals that presently did not live in Europe, while the older sedimentary rocks did not seem to contain fossils of species currently living in Europe. Accordingly, Cuvier conjectured that the past catastrophes, which had caused fossil deposits, were localized in particular continents. And so, animal species that survived, in Europe for example, had emigrated from the zones of upheaval. If animals currently in Europe had originated elsewhere, then we would expect to find fossils of European animals in other continents. But no such fossils were found.

 

Stranger things were buried in the rocks. Cuvier identified fossil remains of giant lizards, larger than elephants. William Buckland found the fossil remains of another monstrously large reptile, which he called “Megalosaurus” in 1824. Other large extinct reptiles emerged, and by 1841, Richard Owen proposed the term “Dinosauria” for such creatures. There seemed to be an age in the history of Earth when reptiles large and small dominated the land. Scarcely any mammals seemed to exist at that time, whereas in human history, mammals are the predominant predators on land. The age of mammals was preceded by an age of reptiles, and in deeper layers of rock, geologists found that previously there had been an age of fish and invertebrates, where there were no fossils of mammals or reptiles at all. Moreover, at even older layers of sedimentary rock, they found not even fossils of fish, but only of stranger, smaller beings. Why were there no human remains in the older layers of Earth? Naturalists speculated that maybe the temperatures and other conditions in the early Earth were not yet fit for humans.

In the late 1820s, the young Charles Darwin studied to become an Anglican clergyman. But he became increasingly interested in studying nature. At Cambridge, he studied William Paley's Natural Theology of 1802 and became impressed by how well the parts of animals suit their functions, showing God's benevolent and intelligent design.10 He had also learned, from his professor Adam Sedgwick, that major catastrophes had deformed and reshaped the surface of Earth, killing many past species.

In 1831, at the age of twenty-two, Darwin had the opportunity to travel in a voyage around the world on His Majesty's Ship, the Beagle. Its main mission was to survey the coasts of South America. He would be able to explore and study many exotic places and species, and he would provide company for the ship's young captain, Robert FitzRoy, since the captain was not supposed to socialize with his underlings. FitzRoy wanted company also because he feared that the isolation of a long voyage could drive him insane. He worried that he might have inherited the insanity of an uncle who had killed himself. FitzRoy was well educated in the sciences; he even followed the study of physiognomy, that a person's facial features correspond to their character. When he met Darwin,  they got along very well, although FitzRoy, whose nose was long, thin and aquiline, doubted whether Darwin's rather thick nose implied the necessary energy and determination for the long voyage.11 Still, he extended the offer, and Darwin accepted to join the journey.

The HMS Beagle sailed along the coast of South America, carrying out a detailed geographical survey of the coasts. Often the ship docked, and Darwin studied the animals in various regions. Traveling southward, he was impressed by how particular species of animals were replaced by similar but distinct variations and species. For example, a large species of flightless birds, the rhea, occupied much territory, and farther south, a distinct species of rhea shared the territory with the northern kind. Even farther south, the southern rhea were present, but there were none of the northern kind. Their territories overlapped, but why did one species of rhea give way to the other?

Later, traveling in the Pampas region, Darwin found the impressive fossil remnants of a huge armored animal. It resembled the small armadillos of South America. He also found the ancient skull of a toothy rodent as big as a hippopotamus. the bones of an “ant eater” as big as a horse, and bones that seemed to belong to a mastodon. He increasingly sensed how much extinction had obliterated species. How to explain it?

Darwin collected hundreds of samples of unusual and bizarre specimens and analyzed the soils and geological formations of the continent. For reading during the trip, FitzRoy had gifted him a copy of Principles of Geology by Charles Lyell, published in 1830. At Cambridge, Darwin had learned that ancient major catastrophes had shaped the world. But Lyell denied any such catastrophes and argued instead that ordinary environmental processes—rain, wind, rivers, erosion, earthquakes, and volcanoes—had gradually shaped all land. Lyell contended that progress in geology was made mainly by scientists who cited only known causes rather than speculating about hypothetical spectacular events. He praised the ancient Pythagoras, who according to the poet Ovid (ca. 8 CE) allegedly declared: “Nature, the renewer of all things, continually changes every form into some other shape…. I have seen what had been solid earth become salt waves, and I have seen dry land made from the deep; and, far away from ocean, seashells strewn.”12 Lyell claimed  that the Pythagorean doctrines confirmed “a principle of perpetual and gradual revolution inherent in the nature of our terrestrial system,” and he noted that Pythagoras, had he applied such ideas to geology, would be further admired—just as astronomers admire him as an ancient Copernicus.13 Lyell's theory was later construed as a key development that led to Darwin's evolution, and therefore, one writer gifted the credit to the ancient wise man: “By Pythagoras, who resided for more than twenty years in Egypt, these ideas were introduced to the Greek philosophers, and from that time ‘Catastrophism’ found a rival in the new doctrine which we shall see has been designated under the names of ‘Continuity,’ ‘Uniformitarianism’ or ‘Evolution.’”14

Lyell believed that the rate of all natural changes was absolutely uniform through time. To explain rock formations, even the most extraordinary mountains, canyons, and cliffs, he appealed only to observable intensities of natural processes. Therefore, he acknowledged, such processes must have acted for immense periods of time. Strangely, atop some of the Cordillera Mountains, Darwin found fossils of seashells and maritime beings. While some might have imagined that spectacular catastrophes had uplifted such soils out of the ocean, Lyell required that such matter had gradually risen over millions of years.

On 20 February 1835, Darwin and company were at the coastal city of Valdivia, Chile, when suddenly, a great earthquake struck the region. Darwin wrote: “An earthquake like this at once destroys the oldest associations; the world, the very emblem of all that is solid, moves beneath our feet like a crust over a fluid; one second of time conveys to the mind a strange idea of insecurity, which hours of reflection would never create.”15 Unsettling—remember the supposed words of Pythagoras, that “Earthquakes were nothing else but Conventions of the dead.”16 Houses were shaken violently, and people ran in terror; but the wooden constructions at Valdivia survived. Yet the port of Talcahuano, where the Beagle docked afterward, and the adjoining town of Concepción, were utterly destroyed by the earthquake. Nearly every house was shattered to rubble, dozens of villages were devastated, and the port and ruins were wiped out by three terrible tidal waves.

For Darwin, the most remarkable effect of the earthquake was that  the land had risen. The land at the Bay of Concepción was actually lifted by two or three feet; rocks that used to be underwater were now exposed. Moreover, FitzRoy noted that at the island of Santa María, one shore had risen by ten feet, such that beds of mussel shells for which the inhabitants used to dive underwater were beginning to rot in the sun. Darwin saw that hundreds of feet uphill, one could find the old remains of similar shells, and at the city of Valparaiso he had found seashells even at an elevation of 1,300 feet above sea level.

Such evidence, appearing in successive layers of differently weathered strata, showed that Lyell was right: major features of the landscape, such as the Andes Mountains, had not arisen abruptly in a single ancient catastrophe, but gradually, through many events such as the severe earthquake.

In 1835, the Beagle arrived at dark islands known to the British as “the Enchanted Islands,” just below the equator and about 550 miles west of South America. The Spaniards called them Galápagos. These towering volcanic islands were the last series of stops before completing the mission and then sailing around the world back to England. Far from anywhere, the foreboding shores of ugly black rocks, broken and jagged, swarming with red crabs and huge, hideous crested iguanas, reminded Captain Robert FitzRoy of the legendary capital of hell: Pandemonium.17

Since the Galápagos are volcanic islands, their geological makeup is thoroughly different from the continental coast. The jagged black rocks, arid soils, high elevations, and the unusually temperate climate, are all distinct. Darwin encountered many craters, including some more than three thousand feet high. The vegetation was ugly and nearly leafless, it smelled bad, the stunted trees seemed dead, and only some tall cacti were large enough to cast shade. Darwin agreed with FitzRoy that the deathly landscape seemed hellish, like “the cultivated parts of the Infernal regions.”18

The expedition members encountered massive tortoises and some odd birds. Only Charles Island was populated, mostly by people who had been banished there for political crimes. Chatham Island housed pigs and goats; the settlers had introduced them. There were mice at  Chatham Island and rats at James Island, these being the two islands most visited by sailors, and Darwin surmised that these mammals likely came from ships that sailed there for over a century. Darwin collected samples of plants, fish, seashells, and insects, many showing unusual traits. For example, although tropical regions usually have many insects, many of them colorful, the Galápagos had very few kinds, of very small sizes and dull colors.

The most striking native animals were reptiles: sea turtles, giant tortoises, countless ugly lizards, and several kinds of snakes. The massive tortoises were nearly deaf, and to Darwin they seemed like ancient survivors of the biblical flood: “they appeared most old-fashioned antediluvian animals; or rather inhabitants of some other planet.” One kind of hideous and strong lizard, “imps of darkness,” lived exclusively on the rocky sea-beaches, their claws admirably fitted for crawling about, and their flat tails suited for swimming. Remarkably, it was the only known lizard that subsists by eating marine vegetables. Another species of lizards was not aquatic at all, but remained inland, moving sluggishly and looking “singularly stupid.”19 Darwin recorded strange behaviors for all of these reptiles. For example, the large aquatic lizards entered the sea often to eat submarine seaweed, but when Darwin confronted one on them, as if threatening it, cornering it on the rocks, he found “one strangle anomaly,” namely, that:

 
when frightened it will not enter the water. From this cause, it is easy to drive these lizards down to any little point overhanging the sea, where they will sooner allow a person to catch hold of their tail than jump into the water. They do not seem to have any notion of biting; but when much frightened they squirt a drop of fluid from each nostril. One day I carried one to a deep pool left by the retiring tide, and threw it in several times as far as I was able. It invariably returned in a direct line to the spot where I stood. It swam near the bottom, with a very graceful and rapid movement, and occasionally aided itself over the uneven ground with its feet. As soon as it arrived near the margin, but still being under water, it either tried to conceal itself in  the tufts of seaweed, or it entered some crevice. As soon as it thought the danger was past, it crawled out on the dry rocks, and shuffled away as quickly as it could. I several times caught this same lizard, by driving it down to a point, and though possessed of such perfect powers of diving and swimming, nothing would induce it to enter the water; and as often as I threw it in, it returned in the manner above described. Perhaps this singular piece of apparent stupidity may be accounted for by the circumstance, that this reptile has no enemy whatever on shore, whereas at sea it must often fall a prey to the numerous sharks. Hence, probably urged by a fixed and hereditary instinct that the shore is its place of safety, whatever the emergency may be, it there takes refuge. 20
 

Overall, the Galápagos were unusual compared to other places visited by Darwin because instead of there being large quantities of herbivorous mammals, there were large quantities of herbivorous reptiles. As for birds, Darwin collected sixty-four specimens, including water-birds, unusual finches, mockingbirds, flycatchers, a weird hawk, and owls.

Despite such oddities, there were obvious major similarities among the animals of the Galápagos and those of South America. There were close resemblances in their appearance, voices, gestures, and habits. Darwin wrote: “almost every product of the land and water bears the unmistakable stamp of the American continent,” adding that the “naturalist feels as though he's standing on American land.”21

A common story about the birth of evolution is that Darwin based it on the unique giant tortoises of the Galápagos. The vice governor of the islands told Darwin that he could identify the origin of any giant tortoise by the shape of its shell. The story goes that Darwin then reflected on that statement, analyzed the tortoises' shells, and realized that those unique tortoises had adapted to distinct environments.

But this myth too was dispelled by Frank Sulloway.22 Actually, back then, Darwin did not heed that one might distinguish tortoise species based on their shells: dome or saddle shaped (galápago meant saddle). He assumed that the tortoises he saw in the Galápagos were of same  species found in islands in the Indian Ocean. Hence, he did not care to collect the shells of any tortoises to analyze them. FitzRoy did take some thirty giant tortoises as their ship departed the islands, but just as food. Darwin and company ate every one of those giant, tasty tortoises before they returned to England, and they threw out their huge shells and  bones in the oceanic waters. Darwin kept two young tortoises as pets, but all of the giant tortoises brought on board were destroyed.



On the way back to England, Darwin began to organize his notes. While writing about his four specimens of Galápagos mockingbirds, he noted that two of them were distinct kinds exclusive to two islands. At that point he noted that some Spaniards claimed to know from which island came any tortoise by looking at the animal's size, shell, and scales. He briefly remarked that such statements “undermine the Stability of species,” and should therefore be examined.23 This does not mean that he had a sudden conversion to transmutation, but rather, as he later recalled, that during the voyage he experienced some “vague doubts” about the immutability of species.24

What was so puzzling? The oddity was that Darwin had not expected that islands so close together, having the same rocks, climate, and elevations, could yet have different inhabitants. Species were supposed to match their environments, so why did different kinds inhabit equivalent environments? He had not pondered this question early enough to label and segregate all specimens by location. Therefore, he could hardly make any inferences about finches in particular, and about tortoises he only had hearsay. At least for the four specimens of mockingbirds, he had noted the four islands where he obtained them, and moreover, he had collected more mockingbirds on the continent—east, south, and west—in Uruguay, Patagonia, and Valparaiso.

Trying to identify specimens, Darwin was plagued by confusions. Were diverse specimens different species, genera, or merely different varieties? Where had he obtained some of them? Which animals were new species? He had not visited the northwestern coast of South America, above Lima, so he could not judge whether animals in the Galápagos were unique to the islands. He could hardly identify the large fossils from South America, either.

Finally, he delivered his specimens to specialists in London. Richard Owen analyzed the fascinating collection of mammal fossils. John Gould analyzed the collection of birds. Owen found that the mammal fossils resembled animals living presently in South America. Darwin's presumed mastodon was actually a kind of giant llama, big as a camel.  The apparent ant eater resembled also an armadillo, as did the huge fossil with the massive armor shell. Another giant skeleton, larger than a bear, resembled the sloth.

Other naturalists, too, were concerned with the puzzle of how new species replace old species. Did God repeatedly create new species whenever bad weather wiped out an entire species? In 1836, John Herschel had written to Charles Lyell, “Of course I allude to that mystery of mysteries, the replacement of extinct species by others. Many will doubtless think your speculations too bold, but it is as well to face the difficulty at once.”25 Did God operate instantaneously or through a series of intermediate causes? By abrupt sporadic miracles or by systematic laws?

Lyell became eagerly interested in Owen's findings on Darwin's specimens, because they confirmed a “continuity of types”: that animals presently living in South America resembled ancient extinct species. Darwin also was impressed. As for the birds, John Gould painstakingly realized that the specimens from the Galápagos were especially interesting, because most of them were absent on the continent. Darwin's inferences in attempting to classify his birds were mostly erroneous. Whereas he identified only one species of mockingbird in the Galápagos specimens, Gould distinguished three. Whereas Darwin presumed that his mockingbirds from the continent were all the same species, Gould concluded that they were not. Likewise, Gould organized the finches as species with various affinities, whereas Darwin had thought that they were more diverse. Gould also found that the weird hawk was an “intervening link” between rather disparate groups: common buzzards and the South American caracaras.26

By 1837, Darwin had privately inferred that species can change in time. In July he began a notebook on “Transmutation of Species.” He began to collect and organize facts about many species and their relations in places and times. By 1840, he was fully convinced that species were mutable.27 He had been struck by the overall character and distribution of the South American fossils and especially the Galápagos species. The distribution of animals in space and time, geography and fossils, suggested that species evolved. The differences and similarities between the ancient extinct animals and the living were stunning. There was a “continuity  of types.” But why would God replace species with similar but distinct species? Having designed all species to live in harmony and to fit in perfect balance with their environments, why would the benevolent Creator allow entire species to die?

The environment did not always suit all species. Thinking about what he had seen regarding the distinct species of rheas in southern regions, Darwin considered the possibilities: perhaps the climate favored the more southern species, but one could also infer that it hurt the more northern species. If each species was perfectly suited to its territory, Darwin thought, then neither was perfectly suited to the region in between. The two species might be competing to occupy territory. How would this match the theory that every creature fits perfectly in its environment? The assumption that ecology is perfectly balanced became doubtful.

Some animals did not seem to match their environment. Animals at the Galápagos resembled American animals, yet the soils and environment of the Galápagos were quite distinct from those of the continent. Darwin realized that geologically the Galápagos islands resemble instead the Cape de Verde Archipelago, volcanic islands off the coast of West Africa, near the equator. He exclaimed: “there is a considerable degree of resemblance in the volcanic nature of the soil, in climate, height, and size of the islands, between the Galapagos and Cape de Verde Archipelagos: but what an entire and absolute difference in their inhabitants!”28

Instead, the Galápagos animals resembled the American animals, and the animals of Cape de Verde resembled the African animals. Why? This seemed to be an “almost universal rule”: island populations resemble those of nearby continents. Darwin reasoned that “this grand fact” could not be explained by the usual theory of multiple independent creations.

As Darwin thought about transmutation, he reflected on the words of the Galápagos Spaniards and the vice governor about the tortoises. Darwin tried to compare his two pet tortoises to other specimens, but their shells only become distinctive when they grow big—so unfortunately, he could infer nothing. Darwin trusted the words of the Galápagos settlers, yet they had exaggerated; even experts on tortoises today can scarcely guess the island origin of a Galápagos tortoise by just examining it. There are gradations between the dome and saddleback shells. When  zoos returned fifty tortoises to the Galápagos in the 1970s to breed them with locals, specialists failed to identify the likely origin of any but one such tortoise. In short, Darwin just did not reach his theory of transmutation by inspecting tortoise shells.

Thus far I have mentioned various animals that Darwin encountered in the Galápagos. But what about those that he did not find? Those also had a puzzling significance. Presumably, God had placed the many unique species of birds and reptiles on the islands. But what about amphibians? Darwin knew that a French naturalist and cartographer, Bory de St. Vincent, had pointed out that on volcanic islands off the coast of Africa, strangely, there was a complete absence of Batrachians—the whole order of animals consisting of frogs, toads, newts, and the like.29 Yet some oceanic islands' conditions are ideally suited for such animals. In particular, certain areas of the Galápagos were appropriate. Therefore, Darwin painstakingly searched for such creatures. He concluded, “Of toads and frogs there are none. I was surprised at this, considering how well the temperate and damp woods in the elevated parts appeared adapted for their habits.”30

Likewise, he noted that there were no frogs in the Canary Islands near North Africa, none at the Sandwich Islands (Hawaii), none at St. Jago in the Cape de Verde, none at St. Helena Island (between Africa and South America).31 But why not? Why did God choose not to place any frogs in the oceanic islands? Darwin commented: “The absence of the frog family in the oceanic islands is the more remarkable, when contrasted with the case of lizards, which swarm on most of the smallest islands. May this difference not be caused, by the greater facility with which the eggs of lizards, protected by calcareous shells, might be transported through saltwater, than could the slimy spawn of frogs?”32 And Darwin was right. Frogs, similar animals, and their spawn have semipermeable skins that let their inner fluids seep out in saltwater, which kills them. Such animals cannot float across a stretch of salty oceanic waters without promptly dying. By contrast, the eggs of some lizards can well be transported by oceanic currents or in floating tufts of plants and dirt.

Darwin also contemplated the lack of native mammals in the Galápagos.  On land, only some kinds of rats seemed to be native, and Darwin imagined that they had somehow arrived by ships or otherwise. There were also seals and sea lions. And there was another distinctive kind of mammal on the Galápagos, one kind of mammal found in virtually all islands: bats. The Galápagos had two species, the hoary bat and the red bat. Many other islands, such as New Zealand, Norfolk Island, the Viti Archipelago, Hawaii, Mauritius, also possessed unique bats. Why would the Creator make unique bats but no terrestrial mammals or frogs on most islands? Darwin knew that bats fly across great bodies of water, and Darwin noted that some bats were seen wandering stranded over the ocean in daytime, and some bats were known to visit Bermuda, six hundred miles from the continent.

Darwin realized that all the various kinds of species on the Galápagos were only such as could have arrived there by water or air: birds, reptiles, insects, bats. He conjectured that the diverse inhabitants were not created in these islands—they were colonists. Their ancestors all originated somewhere else, such as in South America. In sum, the only kinds of native animals on the Galápagos were those kinds that could have gotten there by themselves or by accident without an independent miracle.

Yet many of these animals were distinct from those on the continent. So Darwin reasoned: they first arrived at the Galápagos and afterward they changed. They somehow adapted to their new environments. But how? Years later Darwin reflected that in the Galápagos, “both in space and time, we seem to be brought somewhat near to that great fact—that mystery of mysteries—the first appearance of new beings on this earth.”33

Darwin also tested his inferences. Was it possible that eggs and seeds could really float across hundreds of miles of saltwater and still come to life on land? Darwin found that timber drifting in the ocean, as well as icebergs can carry clusters of trapped soil and seeds in such a way that the seeds remain able to produce vegetation. Further, he tested whether a dead pigeon, floating on saltwater for thirty days, could bear seeds in its stomach that would afterward germinate. He found, “to my surprise,” that indeed such seeds could then germinate. Also, by studying pigeons' excrements he found that some kinds of seeds passed undigested and  could then germinate. Darwin also tested whether seeds can germinate after being immersed in saltwater for weeks. He found that out of 87 kinds, 64 did germinate after being immersed in water for 28 days. A few germinated even after being immersed for 137 days. Most seeds sink, but fruits float for a long time. Dried hazelnuts floated for 90 days, and when Darwin planted them later they did grow. He found that 18 of 94 plants with ripe fruit floated for more than 28 days. He estimated that 14 out of 100 plants from a given country might float for 28 days and retain the power to germinate.

One of the examples of the seemingly perfect match between plants and animals in their environments was that some plants have seeds with hooks that are useful because they snag onto the wool and fur of mammals to be carried to fertile soils. Yet Darwin knew that some such plants and seeds are also found on islands where there are no furry mammals.34 It hardly made sense in the theory of independent creations, but it made sense given the notion that seeds simply arrive at places by natural transport.

Such transport did not seem random because it followed definite oceanic currents. He also knew that the average speed of Atlantic currents was about thirty-three miles per day (some as high as sixty miles per day), and so he estimated that seeds might travel nine hundred miles in open ocean in a month. After similarly considering how the eggs of certain animals travel, Darwin's findings converged on this conclusion: life on the Galápagos was not created there, it arrived by natural processes.35

So organisms thus spread to environments to which they initially were not perfectly suited, and there they changed. But how? Being acquainted with the theory of Lamarck, Darwin believed, wrongly, that as individual organisms change their habits in response to their environments, they acquire traits that are subsequently inherited by their offspring. Still, this mechanism seemed insufficient to explain the great complexity of many species.

Elsewhere, back in 1755, worrisome observations about population growth had been published by an anonymous author in Pennsylvania. He had analyzed demographic data on births, deaths, and marriages,  and he concluded that owing to America's extensive resources and land, population there would continue to grow nearly unchecked, to thus double at least every twenty or twenty-five years. America seemed destined to eventually have more Englishmen than Great Britain, and someday, even all the land in America would not be enough to sustain the population. The article was widely reprinted, even in a book on electricity. The anonymous author was a printer and civic activist in Philadelphia: Benjamin Franklin.36 He further argued that Englishmen should therefore seize Canada for the sake of the future.37 This finding, that human populations growing unchecked would increase exponentially, became an issue of political concern.

In 1798, another anonymous author, in London, also published his concerns about population expansion. He included his name in the subsequent editions of his essay, it was Reverend Thomas Malthus, an Anglican clergyman who became a prominent political economist. In late September and October of 1838, Darwin was reading the 1826 edition of Malthus's Essay on the Principle of Population.38 Malthus had argued that because the sexual attraction among people is so strong, populations have a gross tendency to expand. In principle, the rate of expansion would be geometrical (he noted that in the United States the population had continued to double every twenty-five years), but expansion was limited by lack of resources to feed everyone, given a limited terrain. For Malthus, poverty and starvation were not results of the unfair distribution of wealth, they were natural and nearly inevitable. Although he earned the contempt of optimistic social reformers who claimed that society could flourish by redistributing wealth, Malthus contended that redistribution (as when the wealthy tried to help the poor) usually failed because people continued to breed too much, again creating poverty and starvation.39 Wars would ensue unless people exercised moral restraint to avoid giving birth to children they could not feed. Malthus believed that God allowed such apparently harsh conditions so that people would strive for a moral purpose. Misery, starvation, and war could teach humans the virtues of labor and moral behavior. He explained that population expansion exerts constant pressure against the local means of sustenance, thus acting to drive people to migrate to inhospitable lands, to  invade peaceful countries, and to fight against other restless tribes like barbarians in a “perpetual struggle for room and food.” He wrote: “And the frequent contests with tribes in the same circumstances with themselves, would be so many struggles for existence, and would be fought with a desperate courage, inspired by the reflection, that death would be the punishment of defeat, and life the prize of victory.”40

As Darwin read Malthus, he realized that such struggles for existence happen among animals, too. Lacking morals, animal populations expand until there are not enough resources to support them all. Darwin reasoned that animal populations could “increase at a geometrical ratio FAR SHORTER than 25 years,” and hence, that species compete for resources, and individuals compete against one another.41 Those less suited to obtain enough food and comforts die. Darwin realized that this pressure would effectively change a species by favoring particular traits.

But could it be, really, that species just were not in perpetual balance with their environments? Again, Darwin tested his conjectures, partly with experiments. In one plot of soil he planted native English weeds, from which there germinated 357 seedlings, and he found that, soon, 295 of them were killed, mainly by insects. He also found that in a small section of turf subject to mowing or grazing, 9 out of 20 species of plants perished; the more vigorous ones survived. Such experiments, plus many observations in the wild, led Darwin to conclude that plants and animals compete constantly against one another to survive. Plus, the climate affected all living things, chiefly by reducing the food supply. Darwin noted, for example, that just one winter season killed about four-fifths of all the birds on his grounds. Observing nature, he found that there are tremendous rates of death.

When we briefly walk in the woods, nature seems harmonious. But all beings, Darwin reasoned, are subject to severe competition. Some trees scatter thousands of seeds to subsist, as organisms feed on one another. He estimated that just one pair of elephants, apparently being the slowest breeding animals (by birthing only about six offspring in ninety years), would produce fifteen million living descendants in just five centuries.42 How many more would they produce in a thousand years or more? The absence of any such huge population of elephants showed that an immense
 number of offspring perish continuously. Darwin wrote: “The face of nature may be compared to a yielding surface, with ten thousand sharp wedges packed close together and driven inwards by incessant blows, sometimes one wedge being struck, and then another with greater force.”43 And he realized that the struggle is greatest among members of the same species, especially among siblings; the young suffer most.

All offspring exhibit certain variations compared to their parents. Some of those variations are advantageous whenever there are hazards or a lack of resources. Thus, individuals having even slight advantages tend to survive in greater numbers and thus to reproduce and transmit such traits in greater proportion. Over time, the population changes as disadvantageous traits diminish. Thus Darwin realized that nature affects species analogously to how breeders make “pure” varieties of pigeons, dogs, and cattle. By selecting which individuals mate, breeders or nature shape future animals. The continued selection of specific traits in an isolated population gives it a distinctive look. And if no barriers prevent intermixing among populations, there arise new mongrel varieties. Darwin carried out experiments that showed that, indeed, distinct types of plants mix with their neighbors; they do not keep their “purity” in the wild. The environment determines whether species evolve or become extinct. Darwin called this process natural selection: how environments shape species. He expected that it proceeds very gradually, requiring no sudden large changes, no major catastrophes. Species change would be retarded by intercrossing, but it would also be facilitated in places where populations are isolated for immense periods of time.

Thus, Darwin changed his mind. He had believed that species appear by miracles in their native lands, perfectly suited to live in constant harmony with the environment. But many species had ceased to exist, just as landscapes and climates had changed. Lacking permanent balance, nature is in flux, and some species survive in environments where they don't comfortably fit. Animals and plants struggle, and through that process, Darwin thought, many populations gradually evolved and adapted exquisitely to their dynamic environments.

Such thinking seemed to suggest that species had not been instantly created by God. Or had God made this very mechanism so that populations  adapt to changing conditions? Darwin dreaded religious controversies, so he kept his theory secret except to some close friends.

In 1844, an anonymous book was published, arguing that species evolve by a progressive law of development.44 Scientists rejected it, but it became a bestseller and generated much controversy. Darwin continued to work on his own theory in relative secrecy. Fifteen years later, he published Origin of Species. But all that is another story.

To return to the myth about finches, we can summarize that old story as follows: While visiting the Galápagos Islands, Charles Darwin noticed that various species of finches had beaks of different shapes and sizes. Observing their eating habits, he noticed that the shapes of their beaks corresponded to their diets. He also noticed that some species were distinct to some islands. Hence he inferred that the various species were related: they were descended from common ancestors that had populated the islands and had adapted variously to the distinct island conditions. Species evolved.

This short story works because it fits in the space allotted by a science textbook. And it works because, as Sulloway argued, it fits into the form of a classic journey of discovery: man departs from home on a bold adventure, encounters and overcomes hardships, and returns with a deep truth. But the story is false, so the challenge is how to replace it with something better. Selecting elements from the longer account above, I suggest that we can well write: Halfway around the world, the young traveler Charles Darwin arrived at foreboding towering volcanoes, the “Enchanted Islands.” Their dark jagged terrain held swarms of hideous reptiles, “imps of darkness,” and tame birds. Yet Darwin found no frogs or toads on the islands. He found only the kinds of animals that could cross the salty waters from the continent. All resembled American species, but oddly distinct. He later concluded that such island species descended from colonists, but somehow evolved.

The latter story is just as short as the old, just as appropriate for a textbook. And it's better, because it involves mythic imagery but is actually true.
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Ben Franklin's Electric Kite

LIKE Darwin's finches, other images have greatly influenced popular ideas about the history of science. One that is etched in our minds is that of stocky Benjamin Franklin flying a kite in a thunderstorm. It shows up in books, stamps, art, and currency, even on a U.S. silver dollar issued in 2006. It enchants because it shows a self-made American using a child's toy to make a major contribution to science: to prove that there is electricity in the clouds, that the awesome force of lightning involves the same stuff as electricity. But that image has lost some of its apparent certainty. Some commentators have faced a perplexing lack of evidence that Franklin ever conducted such an experiment.1

The young Benjamin Franklin published and printed a newspaper called the Pennsylvania Gazette. Long before he investigated the nature of electricity, he published several reports about lightning. In 1731, Franklin reported: “From Newcastle we hear, that on Tuesday the 8th Instant, the Lightning fell upon a House within a few Miles of that Place, in which it killed 3 Dogs, struck several Persons deaf, and split a Woman's Nose in a surprizing Manner.” One year later, in 1732, Franklin described an incident in which a house in Allenstown “was struck by Lightning. It split part of the Chimney,” melted butter, and caused a fire.2 In 1736, Franklin's newspaper reported this bizarre anecdote:

 
We hear from Virginia, that not long since a Flash of Lightning fell on a House there, and struck dead a Man who was standing at the Door. Upon examining the Body they found no Mark of Violence, but on his Breast an exact and perfect (tho' small)  Representation of a Pine Tree which grew before the door, imprest or printed as it were in Miniature. This surprizing Fact is attested by a Gentleman lately come from thence, who was himself an Eye-witness of it; and ‘tis added that great Numbers of People came out of Curiosity, to view the Body before it was interr’d.3
 

Franklin, the printer, actually believed the story—that lightning had imprinted the image of a tree on the man's chest.4 In 1742, another report appeared in his Gazette: “two labouring Men (standing under a Sawyers-Shead, on Society-Hill, to shelter themselves from the Rain) were struck down by a Flash of Lightning: But one of them recovering, found his Companion, Thomas Smith, dead; his Hat was much torn,  and part of one of his Shoes torn off; on his Head, Neck, Breast, and the Inside of one of his Thighs were spots which appear'd as if burnt. The Survivor had most of the upper Leather of one of his Shoes torn away, and was burnt several Parts of his Body.”5



Since ancient times, philosophers wondered about thunder and lightning. For example, Ovid claimed that Pythagoras knew the origin of lightning, whether it was caused by the god Jupiter, by storm winds, or by colliding clouds.6 Centuries of speculations transpired before scientists finally reached up toward the clouds and found electricity there. The story about Franklin using a long string to capture lightning from the sky resembles an ancient myth. In epic Greek poems, the god of sky and thunder, Zeus, hid fire from humans, yet Prometheus managed to steal it with the long stalk of a fennel plant.7 Prometheus stole fire from the god of thunder; Franklin caught “electric fire” from the thundering sky.

If so, he was not the first. In May 1752, a few individuals at Marly-la-Ville, France, used a sharply pointed, forty-foot-tall iron bar to test whether storm clouds transmit electricity. As a cloud passed overhead, they extracted sparks of electric “fire” from the iron bar. This group, usually led by Thomas Dalibard (although he was absent during this first successful trial), was roughly following a proposed experiment by Franklin, although they worked independently.8 So Franklin himself was not the first to draw electricity from storm clouds. (Years later, in 1768, Franklin praised Dalibard by writing that Dalibard was “the first of Mankind that had the Courage to attempt drawing Lightning from the Clouds.”) Just a few months later, in July 1752, another French experimenter, Jacques de Romas wrote a letter to a scientific academy, stating that he planned to use “a child's toy” to explore the electrification of clouds.9

On 27 August 1752, Benjamin Franklin's newspaper, the Pennsylvania Gazette, included a letter that summarized the lightning rod experiments of Dalibard and others.10 Franklin did not add the slightest note to the effect that he had carried out any comparable experiments. In October of that year, Franklin published in his newspaper a brief description of a kite experiment. In contrast to other experiments he had described, his  account of this one was vague, and he did not specify when or where in Philadelphia it was carried out, he did not allude to any witnesses, and he did not actually state that he had conducted it.

To clarify, Franklin did not describe what one might imagine: that lightning struck the kite to run electricity down the string—that would be deadly and the string would vaporize, as a bolt can have a temperature of 50,000° F, about five times hotter than the surface of the sun! Franklin wrote that during a thunderstorm, the experimenter should fly a kite bearing a metal spike, letting rain wet the twine to transmit electricity from a cloud, which would then charge a metal key attached to the twine before an insulating silk ribbon (kept dry because the experimenter should stand under a cover, holding the line out from a window or doorway). Then the experimenter could detect the “electric fire” on the key, using an instrument or his bare knuckle. Franklin wrote that the experiment is “easy”—that anyone could carry it out—but that just isn't so. The danger involved is so horrifying that few people dared to try anything of the sort. Besides, the difficulty of flying a kite out of a window during a rainy thunderstorm seems considerable. And details of Franklin's account seemed puzzling. For example, how long was the string?11

Still, Franklin claimed: “the sameness of the electric matter with that of lightning completely demonstrated.”12 If so, why did he publish, just months later, a request asking readers of his newspaper to please send him any information about the effects of lightning “on Wood, Stone, Bricks, Glass, Metals, Animal Bodies, &c. and every other Circumstance that may tend to discover the Nature, and compleat History of that terrible Meteor”?13 Promptly after the account of 1752, a fellow scientist and friend wrote to Franklin that having read it, “I hope a more perfect and particular account of it will be published in a manner to preserve it better and give it more Credit than it can gain from a common News paper.”14

The vagueness of Franklin's brief report is especially frustrating because if ever an experiment begged for detailed prescriptions, this is it. One does not play with lightning, a discharge that descends from about five miles (twenty-five thousand feet) in the sky, at a speed of about sixty  thousand miles per second with heat and force that can split a tree, burn a house, melt an iron rod, and fuse silica sand into glass. As Tom Tucker has rightly commented, when we're merely reading we might not care much about details, but if you are going to actually try this experiment, then you are risking your life, and in that context, every word counts.



In 1753, Jacques de Romas in France reported his own successful attempts to collect airborne electricity with the twine of a large kite.15 (De Romas did not know whether Franklin or anyone else had conceived the same experiment.) Failing to collect electricity with a scarcely wet string, de Romas ran a thin copper wire along the hemp string. In daytime, he raised his kite to roughly 550 feet high (780 feet of string), and tied three and a half feet of silk at the bottom, anchored to a heavy stone pendulum. Near the silk, on the string, he tied a one-foot-long tin tube. De Romas then drew sparks by approaching a metal-tipped glass wand toward the hanging tube. He and several assistants and bystanders also used their fingers to draw sparks. The sparks ceased when the dark clouds overhead drifted away. When more clouds arrived, the witnesses used their fingers, keys, canes, and swords to feel the electricity, but then de Romas used a  knuckle and received a painful shock—in his fingers, wrist, elbow, shoulder, abdomen, knees and ankles. After more experiments, the storm approached, growing violent, but no rain. So, fearing a deadly accident, de Romas then used only the glass-metal wand to draw sparks. Everyone took steps away. Straws on the ground stood upright and danced under the hanging tin tube. De Romas felt an electrical effect, like spider webs on his face. Then a long straw jumped from the ground to the tin tube and caused a terrifying explosion that cracked like thunder and caused a bright spark of electric “fire” roughly eight inches long. Crackling sounds happened, along with more sparks, and the string became luminous. The experiment ended because wind and rain made the kite fall; fortunately, nobody was injured.

Unlike Franklin, de Romas gave abundant detailed observations about various procedures, measurements, precautions, times, conditions, findings, observations, sounds, and even smells. Franklin had briefly described only one experiment, which was oddly cryptic and prescriptive, whereas de Romas described the execution of multiple specific experiments. Soon, some individuals wondered whether de Romas should well be credited as being the first to carry out the kite experiment and make the effect clearly visible.16 De Romas complained to the Paris Academy of Sciences that he was really the first to succeed and that aspects of Franklin's report seemed questionable. Nevertheless, scientists began to compare Franklin with Prometheus: “Among all the phenomena of electricity it is difficult to find one as marvelous as that which Mr. Franklin has discovered, if it is true that this new Prometheus managed to draw the fire from the Sky.”17

A committee of the academy concluded in 1764 that de Romas should indeed be regarded as having priority, unless Franklin or anyone provided evidence to the contrary. The committee included Franklin's scientific nemesis, Abbé Jean Nollet. The contentious Nollet had experience in criticizing and exposing electrical frauds and charlatans in France and Italy. But Franklin did not respond, just as he remained oddly quiet toward admirers who independently asked him about that particular experiment.18

Later, in 1767, Joseph Priestly published an account that added some  details to Franklin's original brief article. Priestley wrote (presumably echoing Franklin) that Franklin had conducted the kite experiment in a field, under a shed, allegedly with one witness: his son. Priestley's account dated Franklin's experiment to June 1752—just a month after experimenters in Marly had already shown that lightning consists of electricity, but before Franklin had heard about it.19 Yet if this was the case, why did Franklin wait more than three months to first report his extraordinary and brave experiment in the August Gazette?

But why would we doubt Ben Franklin? Looking at Franklin's achievements prior to 1752, we find that he invented the lightning rod, he operated a newspaper, he founded a library and a volunteer firefighting company, he implemented techniques to prevent the counterfeiting of currency, he founded the Academy and College of Philadelphia, he worked to establish the Pennsylvania Hospital, he was elected to the Pennsylvania Assembly, and he served as a Justice of the Peace for Philadelphia.

Aside from his many positive contributions to science, politics, diplomacy, and printing, Ben Franklin was also good at hoaxes. In 1732, he began publishing a comic almanac that started with the hoax of a (fictional) editor who predicted the death of the real editor of a prominent almanac. In 1742, he wrote a “Plain Truth” essay pretending to be a Scottish Presbyterian trying to incite military actions. In 1747, he invented and published a story about a woman who was put on trial by Puritans for the sin of having many babies out of wedlock.20 The story gained much international attention, but twenty-two years later, Franklin admitted that it was entirely a prank. In other publications, he concocted plausible but fake messages from other characters: a Jesuit, the King of Prussia, and a Muslim who supposedly relished slavery. He also published a humorous letter stating that dead flies come back to life when submerged in wine. He published plenty of words that were simply not true.

Benjamin Franklin was not a Presbyterian, Jesuit, or Muslim; he was an active member of a secretive brotherhood: “that most ancient and Right Worshipful Fraternity,” the Freemasons. In 1734, when he served as Grand Master of their Pennsylvania Lodge, Franklin reprinted “The  Constitutions of the Freemasons,” a treatise from 1723 that noted, among other things, that freemasonry, all of it—civil, military, and sacred—was based on the geometrical theorem authored by Pythagoras.21

Did Franklin really carry out the electric kite experiment? How can we fly a kite out of a window or doorway during a rainstorm? One would need to prevent the line from touching the window or door frame, so that the electric charge is not lost. How can the rain wet the line while keeping a silk ribbon tied to it dry? Tom Tucker, having researched the matter, even trying to fly kites out of a window and through a wooden frame, concluded, “He-really-didn't-do-this.”22

I used to agree with Tucker, but now I'm not sure. I had studied this topic in books, and I became convinced that a compelling argument against the story was that if Franklin were to fly a kite out of a building it would be terribly awkward to constantly try to prevent the line from touching or snagging against the sides of the window or doorway, as Tucker described. Therefore, one day, I went out to a field by El Morro castle, in Puerto Rico, and I flew a kite with my father from under the archway of an old structure, and also from under the entrance of another tall building with columns. The line was remarkably stable, it did not touch the sides of these entrances, not for dozens of minutes, not at all. So I no longer think that flying a kite from a building and keeping the line steady is a difficulty. Still, I did not fly the kite in a thunderstorm, and I did not fly it under a drizzle of rain. These factors in Franklin's account still make his story seem implausible: first, one would have to elevate the kite before the rain starts, then move to the covering provided by a building; then hopefully a drizzle would start, and finally, hopefully, the rain would not wet the portion of line beneath the silk ribbon. (Why not simply soak the string before elevating the kite?) Personally, I choose not to guess the past, I just don't know whether Franklin managed to do this.

Still, most writers and historians duly credit Franklin as having carried out the experiment. For example, in a classic article, I. B. Cohen accurately discussed much evidence, addressed various ambiguities, and he concluded that Franklin did fly the kite in June 1752. But at the end of his article, Cohen admitted that he had begun by assuming that  what Franklin and Priestley had written was true, and subsequently had tried to interpret all the evidence in ways that would square with their account. Having overtly used a plethora of reasonable conjectures, he admitted that several more were implicit: “I am fully aware that many more statements in this article should contain such words as ‘very likely,’ ‘possibly,’ ‘probably,’ ‘may well have,’ etc.”23 By contrast, I have used no such speculative arguments, and therefore I have not reached the same conclusion as Cohen.

The television show MythBusters, in an episode aired in 2006, tried to replicate Franklin's experiment. The show's cast members constructed several kites, following Franklin's vague specifications, but they did not manage to get them to fly until they modified them. Instead of testing how a kite flying under a storm cloud can gather electricity, they tested the obvious myth that lightning struck the kite. Using a Van de Graaff generator, they transmitted an electrical discharge onto the wet string, which created a tiny spark from the key. A much greater discharge set it on fire. Next, they raised the generator to 480,000 volts and flew the kite—a spark of electricity jumped to the kite, down the wet string to the key, and onto the hand of a dummy made to look like Franklin. A heart monitor showed that this shock would have killed him.24

Meanwhile, in 2006, an electrician in Belize was flying a kite with a niece. But he wanted a longer line so, not having any more string, he added some long copper wire. Flying, the kite approached some high tension power lines. Reportedly, the kite broke loose and the copper wire fell onto the electrical lines which then electrocuted the man, knocked him down, and burned him severely; he died soon after.25 Following this incident, Belize Electricity Limited issued a press release giving several kite safety tips, saying that one should never use wire, and also: “Never fly kites in wet or stormy weather.”

I don't know whether Franklin flew the kite, but even if he didn't, the story still works. That one of America's founding fathers crowned his real contributions to science with a captivating bluff, that the mere idea of his experiment was extraordinarily influential. The rags-to-riches commoner who boldly used a child's toy to draw down the awesome power of lightning from the sky—this image insinuates equality: that self-educated,  lone amateurs can contribute to science just as much as the intellectual elite. Even if Franklin did not actually carry out the experiment, some brave individuals managed to pull it off with various contraptions and safety precautions. Besides, there are other experiments in the history of electricity that were similarly extraordinary and clearly did happen. Whereas in the kite experiment we may well be fearful and hesitant to test its truth by carrying it out, there are other perplexing experiments that we can well try.
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Coulomb's Impossible Experiment?

IN many schoolbooks, electricity shows up as just another dry, boring, difficult, and monotonous subject. But it wasn't always that boring. Electricity seemed to hold the secret of life after death. In 1802, an Italian experimenter, Giovanni Aldini, performed demonstrations before French scientists, using dead animals and prongs to transmit electrical currents. Witnesses reported: “Aldini, after having cut off the head of a dog, passed the current of a strong battery: the mere contact triggers truly frightful convulsions. The mouth opens, teeth rattle, eyes roll in their sockets; and if reason did not deter the agitated imagination, one would almost believe that the animal is again suffering and alive.”1

Aldini also had the nerve to conduct this kind of experiment on human bodies, publicly. And audiences had the courage to witness the results. Back then, punishment for criminals did not always end at death. In London, for example, a man could be sentenced to death followed by a public dissection. Bodies were cut and flayed and organs were pulled out for the edification and education of the masses, and also as a continuation of penal torture. On 18 January 1803, George Foster was executed by hanging at Newgate Prison, London, for murdering his wife and child by drowning them. His lukewarm corpse was then taken to a house where Professor Giovanni Aldini would “galvanize” it. The proceedings were reported in the Newgate Calendar: The Malefactor's Bloody Register.2 In front of a medical audience, Aldini applied an electrical rod to the cadaver's mouth and another to an ear, whereupon the face grimaced horribly, his jaw quivered, and an eye opened. Aldini also applied the electrical rods to the corpse's rear end, causing the entire body, legs  and arms, to convulse.3 Some spectators feared that murderer George Foster was coming back to life. One old official of the Surgeons' Company was so alarmed that soon after he left he died of fright.4 The Bloody Register noted that if a convict were revived, he would have been killed by hanging again.

Electricity was a high-stakes field in the early 1800s: Aldini's ultimate aim was to learn to “command the vital powers,” and disturbed by the implications of electrical experiments, Mary Shelley wrote the horror novel Frankenstein. Electricity seemed to hold not only the power of life and death, but also of sanity, as Aldini reportedly cured mentally ill patients by inflicting electric shock. Even decades earlier, in the 1740s, when experimenters had found a way to store electrical fluid in a so-called Leyden jar, electricity was used to amuse and perplex, by administering it even to dozens of men in a chain, all of whom would then scream and contort. Moreover, electricity could be used to really do the presumably impossible—to move things without touching them.

Since ancient times, people had seen that when certain materials are rubbed, especially amber, small things such as hair move toward them. Amber could pick up small bits of stuff from the ground. According to Diogenes Laertius, the ancient philosopher Thales of Miletus believed that there was soul or life in inanimate objects such as amber.5 This precious yellow substance is the fossilized resin of extinct coniferous trees, and since it was yellow, the Greeks called it elektron, as it resembled the pale gold metal that had the same name. That metal, electrum, is a natural alloy of silver and gold, and its root word, elektor, meant “beaming sun.”

By the late 1700s, numerous devices harnessed the divine powers of electricity. It became increasingly important to understand electricity. How does it work? Could it be understood in terms of natural laws? If anyone could find a mathematical order in electrical effects, then electricity would be understood not as an occult wonder, but as a natural phenomenon. A solution to this problem was advanced, some fifteen years prior to Aldini's works, by a retired French engineer: Charles Augustin Coulomb.

What Coulomb claimed to find amounted to saying that electricity obeys the following algebraic law:

 



It states that two electrical charges (q1 and q2) attract or repel one another with a force that increases as the square of the distance (d) between them decreases. The remarkable thing about this equation is that it is formally identical to Newton's law of gravity:



That is, the force of gravity between masses varies with the square of the distance in the same proportion. Newton's law seemed to meet the reputedly Pythagorean ambition to understand phenomena numerically. And likewise, Coulomb's law exhibited the same form, submitting the  mysterious phenomena of electricity to the harmonious rule of numbers.6



Why did the two laws have the same form? Gravitational effects seemed quite different from electrical effects. For example, gravity seemed to be universal; according to Newton all bodies have gravity, whereas not every object seemed to have electrical charge. And charge flows in and out of bodies such that one object can have a lot of charge at one moment and apparently none at another, whereas gravity never seems to vary in any one object. Moreover, electrically charged objects can attract or repel one another, whereas gravity only attracts. So why would such different forces follow the same mathematical equation?

One might imagine that electrostatic attraction is weaker than gravity, because we usually see it in minor things such as hair and sweaters, whereas the sun's gravity holds the immense planet Jupiter in orbit, millions of miles away. Actually, electrical force is stronger than gravity. By contrast, the gravity on a comb is much too weak to attract anything as large as a flake of dandruff. Electrical force is billions of times stronger. Roughly put, electrical force is 1039 times stronger than gravity. It does not instantly kill us because we live in a mostly delicately balanced, nearly neutral electrical environment. But lightning kills. So, scientists struggled to figure out how electricity operates.

Following Newton's successful account of the dynamics of the heavens, people in Europe tried to replicate his mathematical method in various fields. The members of the Paris Academy of Sciences, for example, were convinced that reason aided by mathematics could comprehend the most puzzling physical phenomena. Charles Coulomb was a member of the Paris Academy, and he worked to analyze the electrical force. In 1785, he announced to the academy that he had proven that electrical forces behave mathematically like Newton's gravity. Whereas the academy had cast doubt on Franklin's brief and vague report, they accepted and praised Coulomb's experiment. How did Coulomb do it?

First, let's look at the inverse square equation. Until we have made some experimental tests, it is only a conceivable theoretical account. So, to test the equation, one might find some of its numerical consequences and check to see if such numerical values, or others, actually show up in some experiments.

 

One simple property of the equation is that it entails that if the distance between two bodies decreases by half then the force between them should become four times greater. This might not be obvious to everyone, so it may be explained as follows. Consider two electrically charged bodies, q1 and q2, separated by a distance d. If the electrostatic repulsion between them really can be described by an inverse square law, then we expect that their force of repulsion is:



Now, if these two bodies, while keeping their charges, are brought closer together, so that their separation is now half as large, then we may express their force of repulsion as:



Again, only the force and distance have changed. This equation may be rewritten as:



which together with the equation for F1 yields:



This means that at half the distance, there is four times the force between the two bodies. (As with the alleged finding of the Pythagoreans: the same tension upon a string half as long acts four times more.) Coulomb devised a way to test this simple relation. If electrical repulsion really acted as the equations suggest, then wherever the distance between two charged bodies is reduced by half, the force between them should quadruple.

Coulomb designed an instrument for measuring electrical forces. Experimenters knew that bodies repel if they carry the same kind of electrical charge, moving away from one another. One might measure the force by measuring their mutual repulsion. Coulomb had studied the properties  of wires under torsion. He had found that when a wire is twisted by a certain amount, it exerts a proportional force against that torsion. For example, if you twist a wire to a given angle, it reacts by pushing back with a certain force, and if you twist it to an angle twice as large, then it pushes back with a force twice as strong. Coulomb realized that he could use this property of wires under torsion to measure electrical forces.

Coulomb constructed an apparatus that he called the “torsion balance.” He provided an illustration, which, like the image of Ben Franklin flying a kite, has been reprinted countless times—in fact, it has been characterized as the one diagram of any experimental device that has been “reproduced more often than any other diagram.”7 Inside a glass cylinder, Coulomb hung a thin, silver wire. Onto it he attached a thin vane, horizontally, carrying a small ball of pith on one side and a paper counterweight on the other.8 Nearby, a rigid stick held another small pith ball at the same height. By imparting electricity onto the two balls, Coulomb could make them repel. One ball remained fixed in place, while the other ball (suspended from the vane and wire) moved away. In turn, the wire, being twisted by this repulsive force, exerted a reactive force in the opposite direction. At some point, the force of repulsion reached a balance against the wire's reactive force, and the movable ball stopped moving.

Once the balls were separated by a constant distance, held in place by the balance of the two forces, Coulomb could twist the top of the device to force the suspended ball to come closer to the stationary ball. Then he could measure how much any given twist affected the separation between the balls.

Now, Coulomb wanted to test the force equation. Once the bodies separate, to measure the force of electrical repulsion means to assign a number to it. The farther away the two balls are, the greater the force pushing them apart, and the farther the balls separate, the more the wire is twisted. Therefore, the torsion of the wire expresses the force. If the balls separate by, say, 30 degrees, we expect that the wire is twisted by 30 degrees, and so we may well say that the force is “30.” That number represents the force, quantified in terms of how much the wire is twisted. Now, in this case, the number also represents the distance (the angular separation) between the two balls.

 



Coulomb could increase the force between the balls by forcing them closer together. And he did so by turning a knob at the top of his instrument, where the wire was attached, bringing the one ball closer to the other. Thus the force between them increased, and it could be quantified by taking note of the total torsion on the wire. Coulomb had marked degrees all around the knob, to show how much torsion he had added to the wire. Meanwhile, the two balls continued to repel, thus adding extra torsion onto the wire. Thus, in his device:

 



Meanwhile, the distance between the two balls is measured easily, approximately, by the angular separation between the two balls. And to measure that separation, Coulomb used a strip of paper, divided into 360 degrees, pasted all around the large glass cylinder, at about the height of the two pith balls.

Now, since he could measure the distance between the balls, plus the force acting between them, he had two terms, d and F, with which to test the equation in question. One way to do so is to use the algebraic property we identified: that at half the distance the force is quadrupled.

So, Coulomb compared how much the separation changes when the balls are forced closer together. First, he imparted electricity onto the two balls. He reported that the suspended ball moved away from the stationary ball until the two were separated, steadily, by 36 degrees. Thus, the total torsion on the wire, at that stage, was 36 degrees as well.

Next, Coulomb, turned the knob enough to add four times as much force as before, to see what separation would result. He expected that if he quadrupled the force, the balls should become separated by half the initial distance. The balls should then rest at 18 degrees. So how much should one twist the knob to quadruple the force of repulsion? The total torsion of the wire should be 36 × 4 = 144. But the total torsion of the wire, as we pointed out above, consists of the angle on the upper dial plus the separation between the two balls. (The knob pushes the ball in one direction while the repulsion pushes it away in the opposite direction, causing a greater total torsion on the wire.) To have a total torsion of 144, we need to include the separation of the balls, 18. So Coulomb knew that one should twist the knob to: 144 − 18 = 126, in order to get a total force of torsion 144.

Next, one would expect that if the force were quadrupled again, 144 × 4 = 576, then the separation should become half as large, 18/2 = 9. So, to obtain that separation, one would need a total torsion of 576 on the  wire, consisting of 567 degrees on the upper dial plus 9 degrees on the lower ruler.

In short, the inverse square equation of electrostatic repulsion predicts that if the initial separation between the two balls is 36, then one would obtain the following results by forcing the balls closer together, as we have described:



These are purely abstract, theoretical results, assuming the simple algebraic equation that expresses the expectation that electrical force varies inversely with the square of the distance. Compare the theoretical numbers with the numbers that Coulomb reportedly obtained in his experiment:



These numbers, the only data that Coulomb published on the matter, are remarkably close to the predicted series. Coulomb concluded that he had found that the fundamental law of electrostatics was an inverse square law. In his paper, Coulomb did not allude to any witnesses to his experiments. Yet he presented his apparatus to the Paris Academy of Sciences and wrote that his results were “easy to repeat, and immediately disclose to the eyes the law of repulsion.”9 Just as Ben Franklin said about his kite experiment: easy.

In order for the experiment to work at all, it was essential that the electric charge be imparted only onto the pith balls and that it remain  there rather than spread onto the other parts of the apparatus. For that purpose, it would help to use plastic as an insulating material separating the pith balls from their supports. But in 1785, synthetic plastic was not available. Instead, Coulomb used natural thermoplastic polymers manufactured from the sticky resin secreted by various species of lac insects. Such insects live mainly in soapberry and acacia trees in India, wherefrom their sticky resin was collected and exported by Venetian merchants to Spain and France. Thus, Coulomb used a compound, so-called Spanish wax (though it contains no wax) to coat the single strand of silk into a thin, rigid, horizontal vane for the suspended pith ball, and he further insulated it with an additional coating of gum-lac on the tip. Likewise, the stationary pith ball was also supported by a rigid stem of Spanish wax.

As far as I know, in 1785, Coulomb's torsion balance was the most sensitive instrument ever devised for measuring forces. To turn the thin wire a full 360 degrees would require merely a force so tiny that it would lift just one 40 millionth of a pound.

The French soon became convinced that Coulomb had indeed proven a fundamental law of nature. Over the next two hundred years, Coulomb's experiment became known as an excellent example of how experiments establish physical laws. Many physics textbooks reprinted Coulomb's diagram of his torsion balance. Also, various instrument makers produced versions of the torsion balance, which were purchased by physicists in Europe and America.

Still, books seem to have referred to Coulomb's data alone, rather than adding any other data whatsoever. Eventually, this lack of reports corroborating Coulomb's results raised some questions.

In the early 1990s, Peter Heering, at the University of Oldenburg, in Germany, carried out historical research to find out whether past scientists had operated the torsion balance as successfully as Coulomb. But Heering found no evidence that any other physicists had ever obtained results as good as Coulomb's single report. Instead, he found that several German physicists in particular, in the 1800s, had reported difficulties operating the torsion balance. Of course, maybe there were others who had no such difficulties obtaining results similar to Coulomb's. But if so, why does it seem that no such results were ever reported in print?

 

Accordingly, Peter Heering decided to replicate Coulomb's experiment. Heering and his colleagues at Oldenburg constructed a replica of the torsion balance, following Coulomb's original prescriptions such that the dimensions of every part of the instrument were copied closely. Still, not all materials were duplicated; for example, the wire was not pure silver but copper, it was not clamped but soldered, and the needle was not made of silk and Spanish wax but of PVC. Nevertheless, the properties of each part were presumably equivalent to those prescribed by Coulomb, so it all should have yielded comparable results. Once all the components were in place, it took six more months of daily work to stabilize and calibrate the device before being able to take meaningful measurements. Heering carried out many experiments. But in none of the experiments did results similar to Coulomb's emerge. Finally, Heering reported: “in none of the experiments was it possible to obtain the results that Coulomb claimed to have measured.”10



As shown in the graph above, in Heering's results, the data does not confirm the central line, which stands for the results predicted by the inverse square law of electrostatics. Even though Heering gathered much  more data in this trial than Coulomb reported in his, Heering confirmed that the delay in taking more readings did not affect the result (because the pith balls did not lose much charge in that time). Using this data and some trigonometry to calculate the exponent n in a presumed inverse law 1/r
n, we get a result of n = 1.28 instead of the theoretical n = 2.



Compare that to Coulomb's reported results, as graphed here, which give an exponent of n = 1.91. Clearly, Coulomb's reported numbers seem to very nearly select the curve that belongs to an inverse square law. The only way that Heering managed to obtain results nearly as “good” was by altering the experimental setup.

The suspended needle behaved erratically. Heering reported that “it was absolutely impossible to measure the exact position of the movable pith ball because of these oscillations.”11 Heering noticed that whenever the experimenter, himself, approached the torsion balance, the movable pith ball oscillated. It became evident that electrical charge on the body of the experimenter affected the behavior of the experiment. So, to shield the device, Heering surrounded it entirely with a wire mesh, known as a “Faraday cage.” Only then did Heering obtain results that were almost comparable to Coulomb's. But Coulomb described no such metal insulation  around his device. Moreover, such a metal cage was devised only decades later by Michael Faraday, in the 1830s, so it seemed unlikely that Coulomb would have a comparable arrangement, especially since he did not mention anything of the sort.

Therefore, Heering argued that “Coulomb did not get the data he published in his memoir by measurement.”12 Another historian, John Heilbron, remarked that “It appears from Heering's careful and resourceful labor that Coulomb either faked his numbers altogether or obtained them under experimental conditions materially different from those he reported.”13

Meanwhile, Christian Licoppe argued that in Coulomb's various papers, his rhetoric of purported instrumental precision was tailored to his primary audience, mathematicians of the Paris Academy who were ready to believe that electricity obeyed a simple mathematical law, like Newton's law of gravity, and to accept the rather unique and private results of a fellow member.14 There seemed to emerge consensus that a disparity exists between Coulomb's elegant and simple narrative of 1785 and complications that arise in actual practice. In particular, Coulomb's wonderfully accurate numbers seem unlikely in light of Heering's results as well as Coulomb's admission in his original memoir that his balance suffered from defects that he planned to correct later. Accordingly, some historians have advanced conjectures about tacit procedures or practical knowledge that Coulomb might have exercised but left unreported. If the movable pith ball, once charged, oscillated for a while before settling, then how could Coulomb possibly make his three readings in only two minutes? Heilbron conjectured that Coulomb may have guessed where the moving ball would come to rest and reported that guess as an actual reading of its position. Heilbron also proposed: “Probably Coulomb put some torsion on the wire by twisting the knob even for the first data pair, although in the narrative he says that in its first position the needle balanced between the electrical force of the balls and the torsion given the wire by their repulsion alone. Coulomb's convenient round number for his first measurement (f = q = 36°) suggests that he had his hand on the micrometer knob for the first setting and that he had a special way of estimating the equilibrium position of the needle.”15

 

The apparent discrepancy between the text and the practical subtleties led to various speculations about the actual operational procedures involved as well as past practices of scientific reporting. It also led to perceptive questions about possible unidentified material factors in the laboratory environment. Christine Blondel wondered whether Coulomb glazed his apparatus with an insulating varnish. Jed Buchwald wondered whether Coulomb used a short-range telescope to make his readings while staying a distance away from the apparatus. Maria Trumpler, and Heilbron, even commented that perhaps factors such as a wig and a silk shirt could affect the charge on the experimenter.

Furthermore, students at the Massachusetts Institute of Technology, under the guidance of Jed Buchwald, attempted to replicate Coulomb's experiment. But their results were not even as good as Heering's. And in France, Bertrand Wolff operated a torsion balance and observed unstable needle behaviors similar to those reported by Heering, which rendered the device utterly inconclusive for testing Coulomb's law. A documentary video concluded: “Since the results announced by Coulomb were in such good accord with the inverse square law, one may think that from among numerous measurements, he selected those which confirmed the previous hypothesis of a law analogous to Newton's law of universal gravity.”16 A plausible conclusion, but speculative. Strangely, in over two centuries, and despite hundreds of discussions about the torsion balance in textbooks and journals, no documents showing actual data comparable to Coulomb's three data pairs have surfaced.

Today, a widespread and disturbing habit exists in physics classrooms. Students in many lab classes try to reproduce one or another basic experiment, but often, they do not get the results predicted by the physical theory. Then, when writing the report that will determine their grade, they proceed to “fudge” the results. Students discreetly adjust data to make it seem as if they were closer to the theory than was actually the case. Wouldn't it be disturbing to find that, originally, famous scientists also fudged the data in their experiments? Don't we hope that, rather than the theory determining whether the results are correct, experiments decide whether a theory is valid?

 

So whom should we believe: Coulomb and the French Academy of Sciences and the many old teachers and books that parroted Coulomb's report? Or should we believe the physicists and historians who, two centuries later, having the resources of high-tech experimental physics and the benefit of critical hindsight, argued that Coulomb's report was suspicious? It might seem that the apparent triumph of Coulomb's law was artificial and socially constructed.

But there's an alternative. Belief in science should not have to be decided by appeals to authority or by popularity votes. Instead, we could well carry out the experiment and see what results. Maybe then one's judgment would not be an opinion.

In light of Heering's account, Coulomb's experiment seemed so fascinating and puzzling that once I actually tried to carry it out. I'm not a physicist, and I had no prior significant experience replicating old scientific experiments, but teaching history sometimes leads to such attempts. In spring 2005, at the California Institute of Technology, I put together a torsion balance following Coulomb's specifications and benefiting from advice from historian of science Jed Buchwald. I tried various materials for some of the components, starting with foam balls and relatively thick wires, as a metallurgist told me that it would be “impossible” to make a wire as thin as Coulomb claimed to use. Failing also to follow some of Coulomb's prescriptions, I fitted components in various ways. For example, I could not find a way to clamp a very thin copper wire (thinner than Coulomb's; the metallurgist was wrong), so instead I tied it at the top, where it hung. Also, I attached the fixed pith ball to a wooden rod instead of a rod made of sealing wax. Later I used rods made from a white plastic coat hanger. To insert electricity into the system, I attached a metal pin with a round tip onto a plastic rod and rubbed it on a bundle of cat hair. For months, I did not obtain results similar to Coulomb's. It was quite an unsuccessful effort.

Gradually, I made a series of adjustments, identifying components that seemed responsible for the erratic effects. For example, I managed to clamp the wire firmly to flattened metal, inserted in turn into the tip of a mechanical pencil. Also, for a while I used a thread covered in sealing  wax as the needle that held the suspended pith ball. And it exhibited erratic oscillations such as Heering had described. (By this point, my original skeptical doubts increased, for how could such a crude tabletop instrument test a fundamental law of physics, given that it does not even use a vacuum?) But in my case, it turned out that the oscillations were caused by a leak of electric charge from the pith ball onto the waxed thread, as I finally found the waxed thread itself was attracted by the other charged pith ball. So, I replaced the waxed thread with a thin stick of blue plastic that I made by melting a disposable Gillette razor.



Thus, I refined the parts of the device one by one until each component other than the pith balls was effectively insulating against the charge, and until the fittings among the parts were just as Coulomb had described them. I was also delighted to obtain and use wire nearly as thin as Coulomb's and made of 99.99% pure silver. And I found that it was important to ensure that the bare dehydrated pith balls were polished very smoothly.17

Experiments are complicated by constraints: in my case, I was running out of time. I soon had to leave California to move to a new job in Texas. But by August, once all the components were in place, and all resembled closely Coulomb's prescriptions, the balance behaved very stably. I carried out another series of experiments. The experiments were digitally recorded, including having a camera follow the manual adjustment of the dial knob to a given position and the ensuing stable position of the movable ball, held in electrostatic balance, as it aligned with a particular angular number on the tape measure around the large cylinder.

 



I was stunned when I saw these results! This experiment, and others like it, showed that one can obtain a neat separation of 36 degrees at the start, just as Coulomb reported. It also showed that when one next moves the dial knob as Coulomb noted, it is readily possible to obtain numbers similar to his. Moreover, these results showed nice agreement with the expectation that at four times the force, the separation is reduced to about half. And, in the results shown above, the data points fall closely near the curve for the inverse square law. This experiment gave an exponent of n = 1.96. Consider another example, graphed here.

 



Here, four readings were made instead of three. Consider the initial force on the wire, a twist of 59 degrees. Multiply that by four, and we have 236 degrees of torsion. Thus at 236 degrees, one should observe a separation of 29.5 degrees, half of the initial separation. And indeed, this is supported by the data: at 230 degrees of total force the separation between the balls became 30 degrees. Again, these numbers nicely confirm the expectation that at four times the force, the distance is reduced by half. Moreover, the data supports the inverse square equation.

This experiment gave an exponent of n = 1.92. The similarity to Coulomb's results was striking. My materials were not identical to Coulomb's, for example, I used a plastic needle from 2005, whereas he used Spanish wax manufactured in the 1780s—but they need not be the same, because what we were testing was a “law of nature,” a general property of electricity.  Following Coulomb's prescriptions, the behaviors of my device matched his claims to a degree that I had not anticipated as probable.

Such results and more, together with various considerations, led me to conclude that there was no fudging in Coulomb's original report of 1785. Coulomb could well obtain his numbers from actual experimental measurements on the very torsion balance that he described in his report, using the procedures he described. The hundreds of textbooks and teachers who for centuries parroted Coulomb's claims were at least parroting a reliable source. Again, I am not a physicist or an experimenter, so it felt wonderful to participate in one of those processes in which persistent curiosity leads to surprising results. It strengthens a conviction that anybody who sets their mind to a problem has a chance of solving it: the ideal that is conveyed so well by the image of Ben Franklin flying a kite.

Coulomb showed that it is possible to design elegant experiments that neatly test fundamental physical theories with stunning numerical results. Moreover, the history of electricity reminds us that in science, the truth of propositions should not be decided by the authority of books or by living or dead great physicists—but by experiments. The case of Coulomb's experiment also tells us something about how carefully we should measure our words. In hindsight, we can see that despite the best intentions in reconstructing historical conditions, one might exaggerate the implications of particular findings. For example, it was an overstatement for Heering to claim, “Coulomb did not get the data he published in his memoir by measurement.”18 Likewise, we should be careful in using words such as “impossible.”

Finally, there's a big difference between algebraic accounting and causal explanations. Indeed the motions of electrically charged bodies can be described by an inverse square equation, but we deceive ourselves if we think that by itself that's the best explanation we can obtain: that bodies “obey” the mathematical law. Why did the pith balls bearing equal charges move away from each other, rather than, like gravity, attract? What was electricity, really? What was this invisible thing that could move objects at a distance, cause thunder in the clouds, and even reanimate a headless corpse? About those things, Coulomb's experiment said nothing at all.
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Thomson, Plum-Pudding, and Electrons

WE learn in school that electricity is a current of subatomic particles that are negatively charged: electrons. But who discovered that and how? Just as the question of whether Pythagoras discovered anything is complex, so is the issue of what constitutes authorship of a scientific discovery. In the case of electrons, fortunately, we have plenty of documentary evidence. That evidence involves a story about the British physicist J. J. Thomson.

Incidentally, I once had a problem with Thomson, when I was growing up in Puerto Rico. When I was about sixteen years old, I participated in a television quiz show with my school, and it came down to one last question, directed at me: “Which great physicist, from the beginning of the twentieth century, made breakthroughs that led other physicists to formulate theories and discoveries that later led to nuclear fission?” I puzzled over this question as the seconds ticked by, and I asked that it be repeated. Time ran out; I hesitated, and replied: “J. J. Thomson.”

Wrong. The moderator expected the answer: Albert Einstein. I immediately argued that I thought that the question was ambiguous, but a producer in the shadows stopped me flat, yelling: “This is television!” Then they asked a student from the rival school: “Who was the first scientist to discover nuclear fission?” He replied: “Enrico Fermi.” And they won.

Afterward, my teachers sympathized as I argued that Einstein was one of the physicists who “formulated theories that later led to nuclear fission,” and that he lived and worked until 1955, and hence that he was not “from the beginning of the twentieth century.” So I had thought that the answer should be someone who contributed to the discovery that the atom had structure, parts, and could therefore be split. (In hindsight,  my guess was not good, partly because the question asked about splitting the nucleus, and J. J. Thomson did not seem to have contributed to that.) I also complained that the other student was wrong, because actually, Otto Hahn and Fritz Strassmann had split the atomic nucleus (as explicated by Lise Meitner, as I later learned). But to no avail, we still lost the game. That game-show incident now seems typical of a common disdain to check facts about the history of science. What difference does it make? This attitude shows up plainly in science classrooms. Consider the case of J. J. Thomson.

In countless schoolbooks, J. J. Thomson is known for two things. He discovered the electron, and he formulated the “plum-pudding” model of the atom. One achievement was a breakaway success, the other a flop. In the early 1900s, apparently, the atom seemed to be like a faint glob of positive charge with small negative electrons stuck at random places—like raisins in that bready old English treat (plum-pudding has no plums). But schoolbooks tell us that Ernest Rutherford and his assistants falsified Thomson's plum-pudding atom by spraying alpha particles (positively charged helium atoms) against thin gold foil. Sort of like shooting bullets at a fluffy slice of pastry. Surprisingly, some of the bullets bounced back, suggesting that the atom was really not a soft glob of fuzz but that it had a dense, hard nucleus. It's a classic story of progress in physics.

For years, Rubén Martínez (no relation to me) researched the history of the plum-pudding model of the atom. He analyzed hundreds of books and documents. Yet he found no evidence at all that J. J. Thomson ever advanced a plum-pudding model of anything.1

None of Thomson's models of the atom resemble the pictures or accounts of the plum-pudding model that famously shows up in science books. Instead, Thomson theorized, for example, that the atom consists of a series of stacked planes on which negatively charged particles rotate in circles, around the axis of an immaterial positive sphere. The earliest appearance in print of the plum-pudding tale, found by Rubén Martínez, was in a physics textbook of 1943. If anyone did formulate an atomic model that roughly looked like plum-pudding, it was actually an older Thomson. In 1899, William Thomson (no relation to J. J.),  better known as Lord Kelvin, described the atom in a way that closely resembles the plum-pudding cartoon that decades later showed up in so many schoolbooks.

Picking up this search, I have found several early mentions of a pudding atom, even in a book of 1919, in which the author attributed it mainly to Lord Kelvin.2 More generally, and irrespective of any Thomson, an analogy was published in the 1890s by someone who argued that perhaps matter is not made of particles, but is instead roughly continuous, “like a plum-pudding.”3 Thus, J. J. Thomson's plum-pudding is just a tasty myth. If ever you're trying to remember whether there's a p in J. J. Thom(p)son, just say to yourself these lines:

 
There's no P in J. J. Thomson,
no plum-pudding in his atom.
 

Textbook writers should rewrite their books. But there are better things that they can keep—right?

“In 1897 J. J. Thomson discovered the electron.” That's what countless teachers, textbooks, websites and encyclopedias routinely say. But here, too, ever since the late 1980s, increasingly many historians have cast a cloud of doubt on that claim.4 Before we consider their complaints, let's look at what J. J. Thomson actually did.

In the 1870s, when the young Joseph John Thomson studied physical science at Trinity College, Cambridge, there was a growing feeling that physics was finished. He later recalled that there existed “a pessimistic feeling, not uncommon at the time, that all the interesting things had been discovered and that all that was left was to alter a decimal or two in some physical constant.”5 In Germany, likewise, a professor of physics, Philipp von Joly, advised his student Max Planck not to pursue a career in the field, on the grounds that physics was essentially complete.6 Not everybody shared this pessimism, but it persisted into the 1890s. Another student of physics, Robert Millikan in New York, similarly recalled: “In 1894 I lived in a fifth-floor flat on Sixty-Fourth Street, a block west of Broadway, with four other Columbia graduate students, one a medic and the other three working in sociology and political science, and I was ragged continuously by all of them for sticking to a ‘finished,’ yes, a ‘dead  subject,’ like physics, when the new ‘live’ field of the social sciences was just being opened up.”7 But then, as the usual story goes, new things were discovered: X-rays, radioactivity, electrons, and so forth.

In April 1897, J. J. Thomson announced findings to the Royal Institution concerning his analysis of the mysterious “cathode rays,” and he elaborated his arguments and results in a paper published in October.8 Cathode rays were produced by sending an electrical current through a wire ending in a metal bit (the cathode), inside a glass tube containing a rarefied gas, such that a hazy colorful glow appeared inside the glass tube. These rays transmitted electricity to the opposite end of the tube.

In 1895, Jean Perrin had shown that cathode rays seemed to be stuck to their electrical charge.9 He showed that when cathode rays enter a receptacle, they convey charge, but when the same rays are deflected by a magnet, such that they don't enter the receptacle, no charge is collected in the receptacle. Thomson repeated Perrin's experiments in a modified arrangement to check whether when the cathode rays were deflected by a magnet, the charge was deflected equally. He concluded that the charge was inseparably attached to the rays.

Thomson also tested whether the cathode rays could be deflected by an electric field. In 1883, Heinrich Hertz had tried to deflect the rays in an electric field but found no such effect and thus had concluded that cathode rays could not consist of negatively charged particles. Yet Thomson inferred that residual gas in the “vacuum” tubes affected Hertz's experiments. Thomson managed to better empty his vacuum tubes for the same kind of test, and accordingly he found that when the cathode rays passed between electrified metal plates, the rays were clearly deflected. This meant that the rays might well consist of negatively charged bodies.

Thomson also analyzed the curving paths of cathode rays deflected by magnets while crossing through various gases. He found that the path of the rays was independent of the kind of gas used.

In sum, since the rays behaved in the same way as negatively charged material particles, Thomson concluded that the rays consisted of minute particles of matter. Still, he wondered, were they molecules, atoms, or something even smaller?

 

Thomson analyzed the properties of such negatively charged “corpuscles.” He estimated their velocity, charge and mass. First, the cathode rays traveled across the vacuum tube to a collector at the opposite end. An electrometer there measured the total quantity of charge Q received at the collector. By assuming that this charge was composed of the sum of a number N of individual corpuscles, each having an electrical charge e, Thomson wrote:



Another device at the collector measured the rise of temperature there, and from that, Thomson calculated the energy of the cathode rays. By definition, for each corpuscle the kinetic energy = 1/2mv2 (where m and v are its mass and velocity). Thus, the total energy E transported by all the corpuscles would be:



Thomson also placed two magnetic coils of wire along the sides of the vacuum tube. And when he ran an electrical current in those wires, their magnetic field M deflected the cathode rays. The stronger the field, the more sharply the rays were deflected. Thomson described the ray's trajectory by its “radius of curvature.” To explain, imagine a small bullet flying while deflected by a powerful magnet away from a straight path. The stronger the magnet, the more the path of the bullet curves. If we extend that curved path to sketch a circle, that circle has a radius; the smaller the circle, the smaller its radius. So, if the bullet has a lot of momentum, or if the magnetic field M is weak, the bullet will not be deflected much, so its radius of curvature will be large. Now, if the bullet is about to hit a target, it will hit harder depending on it being deflected least, therefore, the bigger its radius of curvature R, the greater the momentum. Thus, electromagnetic momentum = MRe.

Thomson used various vacuum tubes to measure the cathode rays: for their electrical charge, the temperature rise they caused, and their radius of curvature.10 Using these measurements, and converting temperature into kinetic energy, Thomson calculated the velocity, mass, and charge of the negative particles as follows. Since the momentum of projectiles  is given by mass times velocity, Thomson had: mv = MRe. This equation includes the velocity of the particles, v = MRe/m which can then be entered into the equation for the total energy E, above, which together with N = Q/e gives:



The remarkable thing about this equation is that it translates macroscopic measurements into microscopic invisible quantities: the mass and charge of the negative particles. Likewise, Thomson estimated the velocity of these invisible particles, with the equation:



Again, this invisible property, the velocity of the negative particles, was inferred on the basis of four measurements: the total energy (temperature), the charge transported, the magnetic strength, and the radius of curvature.

In addition to these experiments, Thomson carried out another experiment, substantially distinct, to measure the quantities m/e and v. Whereas his first method used the deflection of rays in a uniform magnetic field, the second method employed also an electrostatic field instead of the accumulation of charge at a collector.

By comparing the rays' mass to charge ratio m/e against the mass to charge ratio known from the motions of molecules and atoms in a magnetic field, Thomson conjectured that the cathode ray particles were much smaller than atoms. The m/e of the cathode ray corpuscles were a thousand times smaller than the m/e of a charged hydrogen atom.

Now, during his experiments, Thomson found that the cathode rays behaved pretty uniformly. He used various gases in the tubes: air, hydrogen, carbonic acid. He also tried different cathode materials: aluminum, platinum, and iron. In all, the values m/e of the cathode rays were practically unaffected by such different factors.

 

Thomson argued that his experiments led to the conclusion that gas atoms can split into smaller “primordial atoms,” which he called “corpuscles.” He argued that this “new state” of matter (not solid, not liquid, not gas) was all of one kind, and that it was the substance that makes up all the known chemical elements.

That all summarizes Thomson's work of 1897. He was right to conclude that cathode rays consist of negatively charged particles smaller than atoms. And his estimates of their velocity, mass, and charge were not bad. He was also right that the “corpuscles” are constituents of atoms. So, did Thomson discover the electron?

Well, a key question is: How do we know that any physical effect involves particles? One traditional kind of evidence was to ask: Do any such effects travel in straight lines? Like bullets? Physicists such as Newton used to argue that light consists of particles because it travels in straight lines, casting sharp shadows. Likewise, in 1869, Johann Hittorf showed that cathode rays too cast shadows. His student William Crookes also carried out experiments that showed sharp shadows. For example, Crookes placed an iron cross on the path of the cathode rays and found that they cast a pretty sharp shadow.11

Crookes also found that the cathode rays all have identical properties,  independent of the various materials involved. Furthermore, another way to test whether an effect consists of particles would be to determine whether it can push things, whether it imparts momentum. Accordingly, Crookes devised a small metal wheel with paddles, on glass rails, such that the paddles would be hit by the cathode rays. He found that when the rays hit the paddles, the wheel spun and moved, showing that the rays impart momentum. Crookes also showed that the rays could be deflected by a strong horseshoe magnet, and that two parallel streams of rays repel each other like electrified bodies (like the pith balls in Coulomb's experiment).



In 1879, Crookes concluded, on experimental grounds, that cathode rays were “a fourth state of matter” (not solid, liquid, or gas), a kind of “Radiant Matter.” He argued: “The molecules shot from the negative pole may be likened to a discharge of iron bullets,” bullets extremely minute and moving at extraordinary speed and encountering resistance from gases. He described the rays as “the little indivisible particles which with good warrant are supposed to constitute the physical basis of the universe.”12

In 1884, Arthur Schuster argued that cathode rays consist of negatively charged particles produced when molecules near a negative cathode were broken up.13 He inferred that scarce but significant experiments seemed to suggest that the particles carried a constant charge. By experimenting with magnetic deflections, by 1890, Schuster estimated the  upper and lower bounds of e/m, the charge to mass ratio.14 He quoted a statement by Hermann von Helmholtz, which said “we cannot avoid concluding” that electricity behaves as consisting of “atoms of electricity.” But Schuster did not think that atoms were divisible or had removable pieces; that might sound too much like the old and supposedly crazy alchemy. Schuster later recalled that “The separate existence of a detached atom of electricity never occurred to me as possible, and if it had, and I had openly expressed such heterodox opinions, I should hardly have been considered a serious physicist, for the limits of allowable heterodoxy in science are soon reached.”15



Since the 1870s, George Johnstone Stoney had argued that there are material units of electricity, positive and negative, permanently attached to atoms. He imagined that they rotated around atoms, and in 1891 he called these tiny units “electrons.”16

Still, another way to argue that cathode rays were particles smaller than atoms would be to prove that they can penetrate materials that are opaque to atoms. This was demonstrated in Bonn in 1892 by Hertz and his student Philipp Lenard.17 But they argued that since cathode rays penetrated matter, they were some sort of waves, like sound passing through a wall, not particles. Lenard showed that as the rays passed through a metal foil, they deviated, fanning out. (This result could instead be interpreted like bullets ricocheting through a fence.) Lenard also manipulated rays outside of glass tubes, showing that they were not an effect of rarefied gas, but were self-standing phenomena.18 Lenard also studied the rate at which the rays diminish in brightness as they travel distances in gas. He found that regardless of the gas in which they moved, the rays exhibited the same magnetic deflection.19 Thomson interpreted Lenard's findings as suggesting that corpuscles were smaller than atoms because they crossed between many molecules without hitting them.

In 1895, Jean Perrin showed experimentally that the negative charge invariably accompanies the cathode rays, a result that, he said, supports the claim that the rays consist of particles, not waves.20 Thomson acknowledged that these results influenced his work. Furthermore, in April of 1896, Gustav Jaumann published experimental results showing  the electrostatic deviation of cathode rays.21 So contrary to widespread claims, Thomson was not really the first to do that.22

Yet none of these scientists identified all the properties of electrons (or “ions” or “corpuscles”); they made mistakes in some of their characterizations and conjectures. Then again, so did J. J. Thomson. For example, he claimed that the corpuscles were the only constituents of atoms—he was wrong.

Thus, prior to 1897, various physicists had demonstrated that cathode rays seemed to consist of negatively charged particles smaller than atoms because: the rays traveled in straight paths, cast shadows, penetrated thin foils, imparted momentum, and could be deflected magnetically. Some of those physicists also estimated the charge to mass ratio of such particles, and they conjectured that these were components of atoms.

What's left of the claim that J. J. Thomson discovered the electron? One might argue that Thomson was the first to measure the charge to mass ratio. That argument was propagated by several influential physicists including Oliver Lodge, Norman Campbell, and Robert A. Millikan. But they were mistaken.23 By 1890, Schuster had published upper and lower estimates. In 1896 and in March of 1897, prior to Thomson's work, Pieter Zeeman measured and published the charge to mass ratio of negatively charged particles and concluded that they were about a thousand times smaller than charged atoms.24 Zeeman described his findings as “direct experimental evidence” of the existence of the charged material particles.25 And, in January 1897, also prior to Thomson's work, Emil Wiechert too showed that cathode rays consist of charged particles, “electric atoms,” that are smaller than ordinary molecules. He also calculated upper and lower bounds of e/m. Wiechert declared: “Here we are not dealing with atoms as we know them in chemistry, because the mass of the moving particles turns out to be 2000 to 4000 times smaller than the mass of a hydrogen atom, the lightest of the known chemical atoms.”26

One might imagine that maybe Thomson's measurements of e/m were just the most accurate at the time. But in 1897, Walter Kaufmann obtained values that were considerably closer to the value that we now  recognize.27 Moreover, Thomson's values did not clearly seem to converge toward a constant.28 His largest reported value was about five times greater than his smallest. And the results from his electric-magnetic deflection method compared to his magnetic method differed by about 20 percent. This discrepancy was so large that one of Thomson's biographers commented that it would have been unacceptable even in a grocery transaction.29

What about the Nobel Prize? After all, Thomson was awarded the prize in 1906, so it might seem that physicists agreed that his contribution was outstanding. However, his prize was not awarded for having discovered any subatomic particle. It was awarded for his work on “the conductivity of gases”—cathode rays. Moreover, Lenard was awarded the Nobel Prize in 1905, for his work on cathode rays. (And, Lenard later claimed that his early experiments proved the existence of electrons.)30

Regardless, another way in which a few physicists and historians have defended Thomson's reputed discovery is by claiming that even if Thomson's work of 1897 did not prove the existence of the electron, his later work did. In 1899, Thomson showed two more ways of measuring the charge to mass ratio, roughly matching the earlier results.31 Moreover, he managed to measure the charge alone of the corpuscles, which in turn led to a calculation of their mass.32 Those were immensely valuable contributions. Still, as noted by historian Theodore Arabatzis, those are just two properties of electrons, among many others, so why should the identification of those properties in particular give someone the title “discoverer of the electron”? (Moreover, the values of mass and charge were estimated earlier by Joseph Larmor and H. A. Lorentz.33) Physicists who already recognized the existence of electrons were impressed by the accuracy of Thomson's new measurements, but they did not construe them as a qualitative discovery. For example, Arthur Schuster recalled about Thomson's important lecture of 1899: “It at once carried conviction, and though to those who had followed the gradual development of the subject, it only rendered more certain what previous experiments had already plainly indicated, the scientific world seemed suddenly to awake to the fact that their fundamental conceptions had been revolutionised.”34 In 1900, Pierre and Marie Curie did not characterize Thomson as  having discovered the electron; instead they esteemed him as having “completed” the ballistic theory of William Crookes.35

One more way to defend Thomson's alleged role is to argue that his work, at least, was the key contribution that finally convinced most scientists to accept electrons. This approach implies that the credit for being the discoverer of something consists not merely in being the first to make the claim, but in being the one to actually succeed in persuading the majority of the community of peers.

For example, Charles Coulomb was not the first to propose “Coulomb's law,” as others such as Joseph Priestley proposed it earlier. Likewise, Charles Darwin was not the first to propose that species evolve by natural selection. In a book of 1831, on the breeding of trees to build boats, Patrick Matthew argued that the superabundance of offspring against pressing competition and circumstances, makes species change.36 His conjectures seem to have been ignored. But after Darwin's success, Matthew claimed credit, and he described himself as the “Discoverer of the Principle of Natural Selection.” Yet he did not get the credit. In Darwin's opinion, speaking generally, “all the credit” for discoveries goes to whomever succeeds in convincing readers.37

Yet there were several physicists who helped to gradually convince the community, or ascertain phenomena, regarding electrons. Some showed that cathode rays were rectilinear; others showed that the rays transfer mechanical momentum, like bullets; still others showed that the rays consist of particles smaller than atoms; and so forth. The problem with claiming that J. J. Thomson convinced everyone is that, again, this claim does not hold up historically. Plenty of physicists remained unconvinced. In 1897, for example, George FitzGerald considered Thomson's claim that the corpuscles were the fundamental constituents of all matter, and noted the dramatic implication that physicists were now on “the track of the alchemists,” moving toward “a possible method of transmutation of matter.”38 FitzGerald also considered other plausible hypotheses, including that negative corpuscles were just charges devoid of matter. Similarly, John Zeleny, a young physicist who worked in a laboratory in Berlin at the time, reported that “nobody in Berlin” believed the announcement that the electron was a corpuscle.39 Max Planck too, in 1900, still disdained  material electrons as a dubious hypothesis. Only by the 1910s, after the works of many experimenters, did nearly all physicists accept the notion that matter is made of particles such as atoms and electrons. As late as 1914, one of Thomson's own students, Owen Richardson, who intensively investigated electrons, commented that a series of discoveries over “the last fifteen years” had finally established their existence.40 Ernest Rutherford had a similar view.

Just as some chemists doubted the existence of Marie Curie's radium before she finally isolated it, physicists could doubt electrons until one was isolated. Thus in 1899, for example, the chemist Henry Armstrong criticized Thomson's work as not showing that corpuscles were separable from atoms; and further, even the physicists who then did appreciate Thomson's work did not construe it as the discovery of a new particle.41 The isolation of a single electron was accomplished finally by Robert A. Millikan in 1911. Incidentally, Millikan did not even believe that Thomson alone discovered the electron.42

Looking back at the “discovery of the electron,” Theodore Arabatzis proposed to construe that expression properly as describing a complex process that led to the consolidation of physicists' belief in electrons. In that sense, he concluded that J. J. Thomson did not discover the electron, he just contributed to the process of its acceptance.

J. J. Thomson was not the first to believe that cathode rays consist of particles, and he was not the first to experimentally substantiate that conjecture. This was clear to physicists and engineers in the early 1900s. In 1906, Edmund Fournier D'Albe published a historical presentation of the electron theory in which he argued: “It has not been heralded by a flourish of trumpets, nor has it been received with violent opposition from the older schools. No one man can claim the authorship of it. The electron dropped, so to speak, into the supersaturated solution of electrical facts and speculations.”43 Yet decades later, it became commonplace in textbooks of physics and chemistry to claim simply that “in 1897 J. J. Thomson discovered the electron.” What was it about that claim that made it so appealing, so common, and easy to echo? I really don't know, but one might hazard to guess a few reasons. Maybe Thomson's image suited textbooks: a proper Englishman with eyeglasses and trimmed  mustache, hunched over his experimental apparatus, a flattened flop of black hair over his prominent forehead. Perhaps this image of a serious-looking, beady-eyed gentleman who paid attention to the smallest details might insinuate to young students that they too, in their own disciplined way, could someday discover important things? And the name—J. J.—does its phonetic repetition help people to remember it? Marginal human tidbits to gradually shape students into physicists? Maybe Thomson seemed appropriate for being regarded as a discoverer because he was acknowledged to be a gentleman. (By contrast, William Crookes seemed more eccentric: he claimed to have witnessed spirits. He claimed to hear rapping sounds, see objects moving by themselves, even see persons levitate while standing or float up on chairs, sometimes in full daylight. He claimed that invisible beings communicated by writing, even with a floating pencil. During séances in which Crookes held onto the hands and feet of a medium, he claimed to have seen small, luminous hands floating in the air, some that even touched him and pulled at his coat. In darkness dimly lit, he claimed to see, speak with, and repeatedly touch, a beautiful apparition called “Katie King.” She wore white robes, and Crookes touched her hands, neck, put his ear to her chest to hear her heartbeat and lungs, and followed her into a cabinet.44)

I think that a stronger reason why the Thomson claim became common is that it gives a simple and definite story of origins: the electron is such an important object in physics textbooks, such a seemingly solid, active, and forceful thing, that it begs for a single discoverer plus a plain date when it was found. By giving a seemingly straightforward provenance to the invisible electrons, teachers can avoid the tortuous intricacies of how such entities were actually identified, how physicists gradually and contentiously became convinced of their existence.

Myths disguise our ignorance. The simple discovery story of electrons conveniently hides the complications of physics and history, to enable students to promptly imagine these invisible objects, to just use them in explanations and calculations. If we were to try, instead, to tell students the actual process by which from the 1870s until 1913 physicists struggled to identify these components of matter and electricity, it would take a fair bit of work. So instead, textbooks portray a simplistic vignette. But  as historians have delved into the matter, they have increasingly rejected the attribution of the electron's discovery to any one individual.

Still, some writers have concocted new and subtle ways in which it might still be fair to say that Thomson did discover the electron, at least in a weak sense of the term “discover.” For example, the philosopher Peter Achinstein has argued that by elucidating the notion of discovery, on the basis of three main criteria, we might well say that Thomson discovered the electron, because: Thomson discovered something that really exists, he knew that he had done so, and he had some priority in that realization. Yet Achinstein admitted that the question remains complex, and opinions differ.45 Looking at this issue, Bruce Hunt, a historian of physics and electricity (and my colleague at the University of Texas), commented that even if we do apply Achinstein's own criteria, we would hardly conclude that Thomson discovered the electron. Instead, it would then seem that Zeeman, or perhaps Lenard or Wiechert did so. 46

As for me, I see no reason at all to regard J. J. Thomson as the discoverer of the electron. And I think that, pedagogically, there are better stories we can tell about how physicists came to know that cathode rays consist of subatomic matter that is negatively charged. In particular, students will more readily understand how physicists came to think of cathode rays as negatively charged material particles thanks to the results on the experiments in which the rays cast shadows and impart momentum (Crookes). And, they came to think that such matter was negatively charged in view of magnetic deflection (Crookes, Schuster, Perrin). And, they came to appreciate the subatomic size of electrons thanks to the experiments of various physicists (including Crookes, Lenard, Zeeman, Wiechert, Thomson, and Kaufmann). And later they isolated such entities (Millikan).

You might still want to know how the legend of J. J. Thomson started. Thomson had some part in the matter, for in old age he described his own achievements in ways that did not fairly acknowledge the contributions of others. But also, historians of physics, such as Isobel Falconer and E. A. Davis, have pointed out that apparently it was Thomson's former students who began to promulgate the narrow, simplistic discovery tale.47 Graeme Gooday has pointed out that one of Thomson's colleagues  wrote an influential article, in a manual of electrical engineering published in 1931, in which he claimed that J. J. Thomson, as a “disinterested seeker after the truth,” discovered the electron in 1897 and that from that one key discovery there followed many practical devices.48 But even this latter claim was false. Technologies (such as television) that are often attributed to the discovery of the electron actually originated from learning how to control cathode rays, rather than knowing what cathode rays are.

I think that the electron discovery story also developed to satisfy an explanatory craving. As readers and students of history, we want to know who discovered what and when. We know that for ages people did not know the invisible nature of electricity, and we expect that with technological improvements someone eventually managed to see what had been hidden for so long: the invisibly small. A similar case was discussed years ago by Thomas Kuhn. He rightly analyzed historical problems of pinpointing the discovery of oxygen, in the 1770s, and he commented: “Though undoubtedly correct, the sentence, ‘Oxygen was discovered,’ misleads by suggesting that discovering something is a single simple act assimilable to our usual (and also questionable) concept of seeing. That is why we so readily assume that discovering, like seeing or touching, should be unequivocally attributable to an individual and to a moment in time.”49

It is a myth that J. J. Thomson discovered the electron in 1897, but by “myth” I do not mean to belittle it as a plain falsehood. It is a myth because it functions as a marker, an apparent milestone to punctuate and orient our historical imagination. The electron, many students think, is a solid, discrete particle of electricity, like an invisibly small billiard ball. Such a thing, yes, such a solid natural thing, known for ages for its awesome effects—lightning and static electricity—begs for a story of origins, at least about how we came to find it. Such a definite object seems to demand a location in space, time, and history; like atoms and other subatomic particles, it seems to require a historical junction that pinpoints its entry into the common consciousness. Myths give a neat account of how somebody ingeniously overcame a great difficulty. After setting up the initial ambiguity between wave and particle theories, teachers have  traditionally used the story of J. J. Thomson to convey an apparently neat solution, to give a sense of finality, and then move on. But really, no single person deserves sole authorship for this particular discovery.

Moreover, just as its discovery is actually smeared in time, the electron itself seems also to be smeared in space. In 1928, Thomson's own son made a perplexing experimental discovery. George Paget Thomson showed that electrons passing through extremely thin metal films behave not as discrete particles, but like waves smeared in space. Months earlier, C. J. Davisson independently discovered this as well, and they were jointly awarded the Nobel Prize in physics in 1937. In light of their finding, physicists who earlier had stopped short of asserting that electrons are particles now seem more prudent than Thomson. For example, in 1897, Walter Kaufmann had argued already that “the hypothesis that construes the cathode rays to be charged particles shot from the cathode is insufficient.”50 So, instead of saying that in 1897 J. J. Thomson discovered the electron, we can better say that several times since the 1870s, several physicists have found compelling evidence that electricity consists of particles; but time and again, others have encountered evidence to the contrary.

In the end, the textbook writers should just revise the old tasty myths. It's not enough to perpetuate old sayings by writing ambiguities: that so-and-so “is credited with” this, or that some discovery “is attributed to” such and such. Remember these ancient lines:

 
There's no P in J. J. Thomson,
no plum-pudding in his atom.
Fourth or fifth on the electron.
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Did Einstein Believe in God?

ALBERT EINSTEIN became famous not only for his physics, but for various clever statements that impressed many people. He sometimes spoke of God and religion, with measured words that resonated across a range of beliefs. Many Jews and Christians alike considered him a kindred soul, while many atheists and agnostics celebrated him as a fellow skeptic. When pressed, he sometimes spoke in ambiguous terms. What did the physicist really believe about religion?

He described his parents as “entirely irreligious” Jews.1 His sister Maja also recalled that their parents did not discuss religious matters or rules. Yet they chose to provide a religious education for their son. At the age of six, they sent him to a public Catholic school in Munich, while also arranging to have someone teach him the principles of Judaism. Consequently, the boy sensed no major conflict between the two religions and somehow mainly harmonized them. He developed deep religious feelings, and he began to observe religious prescriptions in every detail.2 He stopped eating pork. He read and accepted the Bible. He composed short songs of praise to God and sang them often to himself.

The young Albert also became increasingly impressed by mathematics and enjoyed reading popular books on science. At the age of twelve, in thinking about science, he became convinced that some of the stories in the Bible were just not possible. Right then, he abruptly abandoned religion. At that age, nearly all Jewish boys prepared to carry out their religious confirmation, the bar mitzvah, even in liberal Jewish families, yet the young Einstein refused to do so.3

And at the same time, he became fascinated instead with math, thanks to what seemed to him a “holy book” on geometry. It provided  the clarity and certainty that he lost in religion. He was not bothered by how the geometrical proofs depended on assumptions that remained unproven and only apparently clear.4 He lacked a sense of which parts of mathematics deserved critical attention. Accordingly, he did not pursue pure mathematics; he became a physicist instead, because in physics he could pinpoint assumptions that seemed annoying and questionable.

For Einstein, scientific inquiry, not science doctrine, became a sort of religious activity. He was motivated by a “holy curiosity” focused on an immense world that beckoned “like a great, eternal riddle” to a trustworthy “paradise” that would liberate him from the miseries of life.5 The young guy was an irreligious freethinker, yet for him, science and math came to function as a substitute religiosity.

In time, his theories acquired a mythical status, and Einstein became shrouded in false myths: that he was a bad student who dropped out of school but eventually became an absentminded professor who authored perfect theories; that he was an always-old saint, a bleeding-heart sufferer for all humanity, loved by everyone. Such myths have been corrected, so I need not review them here.6 But the question about his belief in God still requires attention. On one hand, it is quite clear that he entirely renounced religion at the age of twelve. On the other hand, the older Einstein is famously remembered for several moving and oft-quoted religious sayings. In 1919, Einstein received a telegram stating that astronomical observations confirmed his theory of gravity. A student asked Einstein what would have happened if the confirmation had not occurred, and Einstein replied: “Then I'd feel sorry for the dear God. The theory is correct anyhow.”7 In 1921, having heard about experimental evidence that his special theory of relativity might be wrong, Einstein commented: “Crafty is the Lord God, but malicious he is not.”8 Later, he criticized quantum theory by stating that nature, or God, does not act without causes. Einstein wrote to a friend: “The theory yields much, but it hardly brings us closer to the secret of the Old One. Anyhow I am convinced that he does not play dice.”9 In 1940, Einstein pronounced: “Science without religion is lame, religion without science is blind.”10 And moreover, he sometimes described himself as “a deeply religious man.”11

However, the philosopher most admired by Einstein (as an adult) was  Baruch Spinoza, a Jew who did not believe in free will, nor in any cosmic purpose, nor in the existence of a personal God. Spinoza expressed a kind of religious reverence toward the grandeur of nature and its causal structure. Einstein admired the way in which Spinoza treated the human body and soul as one entity. Spinoza was sometimes described as an atheist, and he also became known as a pantheist: one who believes that nature is God. In 1929, Einstein argued that the rationality of the world, involved in the best scientific work, is akin to religious feeling: “This firm belief, a belief bound up with deep feeling in a superior mind that reveals itself in the world of experience, represents my conception of God. In common parlance it may be described as ‘pantheistic’ (Spinoza).”12 And also in 1929, Einstein claimed “I'm not an atheist. I do not know if I can define myself as a Pantheist.” But he added that “I am fascinated by Spinoza's pantheism.”13

By “superior mind,” did he merely mean to say nature? Einstein repeatedly stated that he did not believe in a God who concerns himself with the actions and fates of people, and repeatedly noted that a God who punishes and rewards was inconceivable to him and incompatible with causality. He also argued that there is nothing divine about morality. Einstein did not believe in any sort of life after death, writing: “I do not believe in immortality of the individual.”14 He repeatedly denied the idea that there exists a God that answers prayers. He also denied the idea of an anthropomorphic God, and he said that he could not imagine any will or goal outside of humans.15

So—did he believe in God? How many traditionally presupposed aspects may one subtract from the notion of God before one should say that what is left is just not what anyone means by “God”? In 1929, rabbi Herbert Goldstein sent a telegram to Einstein, which read: “Do you believe in God?” He replied “I believe in Spinoza's God who reveals himself in the orderly harmony of what exists, not in a God who concerns himself with fates and actions of human beings.”16

In the 1930s, a famous actress, Elisabeth Bergner, also asked Einstein whether he believed in God. Instead of just answering yes or no, he said: “One should not ask that of someone who with growing wonderment tries to explore and understand the authoritative order of the universe.”  Bergner asked why not, and he replied: “Because he would probably break down when faced with such a question.”17

At the age of fifty-seven, in 1936, Einstein replied to a letter from a girl who asked whether he prayed. He did not, but he replied that “everyone seriously engaged in science becomes convinced that the laws of nature manifest a spirit which is vastly superior to man, and before which we, with our modest strength, must humbly bow.”18 What did he mean by a spirit? He added that this religiosity differs essentially from that of more naive people.

Einstein was interviewed in 1954 by William Hermanns, a professor and veteran who sympathized with Einstein's so-called “cosmic religion” and had interviewed him previously. Among other things, Hermanns asked him to state precisely his views about God. Years later, he reported Einstein's reply:

 
About God, I cannot accept any concept based on the authority of the Church. As long as I can remember, I have resented mass indoctrination. I do not believe in the fear of life, in the fear of death, in blind faith. I cannot prove to you that there is no personal God, but if I were to speak of him, I would be a liar. I do not believe in the God of theology who rewards good and punishes evil. My God created laws that take care of that. His universe is not ruled by wishful thinking, but by immutable laws.19
 

This seems, again, a strange and seemingly abrupt contradiction. The first five sentences seem to come quite clearly from someone who seems to be an atheist or a nonbeliever, even a heretic. But suddenly, in two more sentences we suddenly hear the voice of a believer. Here, in contradistinction to many other instances, Einstein seemed to speak about a God prior to nature, who created the laws of physics. Likewise, a student of physics once wrote that Einstein told her: “I want to know how God created this world. I'm not interested in this or that phenomenon, in the spectrum of this or that element. I want to know his thoughts, the rest are details.”20

On the grounds of these latter statements, Max Jammer argued that  Albert Einstein never renounced his cosmic religion. In his excellent book, Einstein and Religion, Jammer argued, however, that Einstein's allusions to God were not a return to the notion of a personal God, but were just a manner of speaking. Accordingly, one of Einstein's assistants in the 1940s, reported that Einstein once said: “What I am really interested in is knowing whether God could have created the world in a different way; in other words, whether the requirement of logical simplicity admits a margin of freedom.”21 If the second half of that sentence was meant to explain the first half, then it just gives an abstract physical meaning to a superficially religious statement. Likewise, when Einstein once said that God is crafty but not malicious, he later added the following clarification: what he meant, really, was that “Nature hides its secret through the sublimity of its essence, but not though trickery.”22

We might well wonder whether Einstein just did not believe in God, but liked to refer to nature in religious language. He certainly felt a kind of religious reverence for nature. Did he use the name God merely as a convenient name for nature? No, claimed Walter Isaacson, in his number-one-bestselling biography of Einstein. Isaacson argued, “it was not Einstein's style to speak disingenuously in order to appear to conform. In fact, just the opposite. So we should do him the honor of taking him at his word when he insists, repeatedly, that these oft-used phrases were not merely a semantic way of disguising that he was actually an atheist.”23 Isaacson contended, instead, that Einstein believed in an impersonal God reflected in the glory of creation but who does not meddle in daily existence.24 But what if Einstein was not hiding atheism, but agnosticism?

Einstein denied being an atheist. In his comprehensive book, Max Jammer agreed that Einstein was not an atheist. Jammer also quoted a statement by a rabbi who commented on Einstein's “cosmic religion” by saying that some theologians complained that it “may become a kind of Pantheism almost identical with Atheism.”25 Likewise, an editorial in the newspaper of the Vatican claimed that Einstein's views were an “authentic atheism even if it is camouflaged as cosmic pantheism.”26 Yet Jammer did not label Einstein a pantheist. Jammer also argued that Einstein was  not agnostic.27 Yet Jammer did not quote statements in which Einstein himself accepted the label of agnostic.

Once, writing to an inquisitive sailor, Einstein wrote: “I have repeatedly said that in my opinion the idea of a personal God is a childlike one. You may call me an agnostic, but I do not share the crusading spirit of the professional atheist whose fervor is mostly due to a painful act of liberation from the fetters of religious indoctrination received in youth. I prefer the attitude of humility corresponding to the weakness of our intellectual understanding of nature and of our being.”28 In 1950, he even more clearly explained “My position concerning God is that of an agnostic. I am convinced that a vivid awareness of the foremost importance of moral principles for the betterment and ennoblement of life does not need the idea of a law-giver, especially a law-giver who works on the basis of reward and punishment.”29

Discrete labels, “-isms,” are often inadequate when trying to pin down someone's views in what actually are not discrete categories, but broad spectrums of beliefs. Anyhow, almost ten years after Jammer's book was first published, a surprising letter by Einstein came to light. In 2008, Bloomsbury Auctions in London put up for sale a letter written by Einstein in early 1954, when he was nearly seventy-five years old. The letter had sat in a private collection for fifty years. It is just one and a half pages long, handwritten in ink on slightly browned, folded paper, with Einstein's signature; plus the envelope. In 1952, the philosopher Eric Gutkind published a book titled Choose Life: The Biblical Call to Revolt. Gutkind mailed a copy of his book to Einstein, with whom he had exchanged a couple of letters in 1946. In January 1954, Einstein mailed a letter to Gutkind, thanking him for sending him the book, and stating that he had read much of it. But he criticized Gutkind for proudly claiming a privileged position for Jews. And Einstein wrote:

 
The word God is for me nothing more than the expression and product of human weaknesses, the Bible a collection of honorable but still primitive legends aplenty. No interpretation, no matter how subtle, can change this (for me). Such refined interpretations  are naturally highly varied and have almost nothing to do with the original text. For me the unmodified Jewish religion, like all other religions, is an incarnation of primitive superstitions. And the Jewish people to whom I gladly belong and with whose mindset I have a deep affinity, have no different quality for me than other people. As far as my experience goes, they are also no better at anything than other human groups, though at least a lack of power keeps them from the worst excesses. Thus I can ascertain nothing “Chosen” about them.30
 

Instead, Einstein reaffirmed his admiration for Spinoza, for having asserted that humans, like the rest of nature, are not at all free from causality. Then Einstein set his intellectual differences aside, and noted that he yet was close to Gutkind “in essential things”: their common overall attitude toward the community and their similar appraisals of human behaviors. Einstein died a year later, in 1955.

A spokesman for Bloomsbury Auctions stated that they were “100 percent certain” of the letter's authenticity. They estimated that Einstein's handwritten, brief letter would sell for £6,000 to £8,000 (roughly $11,676 to $15,568 in conversion to dollars at the time). But on May 15, 2008, it drew spectacular bidding. The successful buyer purchased the letter for the staggering sum of £207,600 (that is, $404,000), almost thirty times its presale estimate. The anonymous overseas collector was described only as someone who had “a passion for theoretical physics and all that that entails.”

Thus, Einstein had privately admitted that, to him, the word God was only an expression of human weakness. The New York Times reported: “From the grave, Albert Einstein poured gasoline on the culture wars between science and religion this week.”31 For decades, many believers had gladly argued that Albert Einstein was on their side, quoting any of his many expressions. But regardless of what we believe or want to believe, we should recognize that Einstein did not necessarily share such beliefs. Much of what he said was subjected to public scrutiny. Accordingly, Einstein learned to express himself in ways that many people could find agreeable, even if they disagreed with one another.

 

In short, Einstein did not believe in Judaism and he did not believe in Christianity. He denied being an atheist. He admired Spinoza's pantheism, and at least once called himself a pantheist. And he sometimes accepted the label of agnostic. Do agnostics believe in God? No, but they also abstain from presuming to know the fundamental ordering of the universe. Early on, Einstein's thoughts about science erased his boyhood faith in Jewish and Christian theologies. But instead of abandoning “religion,” he chose to redefine it, so that, for him, religion became the sense of awe and reverence for the harmony and hopefully causal order of the universe.
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A Myth about the Speed of Light

EINSTEIN kept some secrets, and he often shunned attention as if the details of his life were quite inconsequential. He wrote: “the essential in the being of a man of my type lies precisely in what he thinks and how he thinks, not in what he does or suffers.”1 Although he was a relatively self-isolating person, people flocked to him, reporters and photographers chased him around for decades, converting him into an icon. We see him in posters, magazines, toys, postage stamps, cereal boxes. As he complained in 1949: “my accomplishments have been overvalued beyond all bounds for incomprehensible reasons. Humanity needs a few romantic idols as spots of light in the drab field of earthly existence. I have been turned into such a spot of light. The particular choice of person is inexplicable and unimportant.”2

Still, there were some fair reasons why he first won attention, one of which is that he managed to convince many people of some seemingly unbelievable ideas. Suppose that you sit on a spaceship traveling in a straight line, say, at 160,000 miles per second. According to Einstein's physics, the length of planet Earth as judged by you will be about half of its original length. And, allegedly, this is not an optical illusion. Does the entire planet really contract when you move?

Suppose also that as you're zipping away from Earth at 160,000 miles per second (mps), you aim a flashlight in the forward direction and turn it on. Light shoots out at about 186,282 mps away from you. How fast does that same light ray move away from Earth? We might expect that since it moves at 186,282 mps away from the ship and the ship moves at 160,000 mps away from Earth, the light moves at about 346,282 miles per second away from Earth. But according to Einstein's physics, that ray  of light moves at 186,282 mps away from Earth. We might think that the light ray must move away relative to Earth at a greater speed, and we'd expect that just flying away on a rocket cannot possibly cause the contraction of the entire planet. Otherwise, the world is bizarre. Common sense seems to fly out the window as physics becomes unbelievable and esoteric.

Such notions crystallized in Einstein's theory of relativity and they became accepted by many physicists. His theory was all based on the idea of the relativity of time, the relativity of simultaneity. Yet for centuries, philosophers had theorized various ideas about time, without generating any intense public interest. For example, according to one source, the prominent religious leader and philosopher “Pythagoras believed that time is the encompassing sphere.”3 In the late 1700s, Immanuel Kant denied that time had any absolute or objective reality.4 In 1902 the prominent mathematician Henri Poincaré echoed a growing conviction that “There is no absolute time.”5 While such various arguments did not generate widespread attention, somehow, the imaginative conjectures of a lowly patent clerk in 1905 eventually generated immense public acclaim.

Einstein reached his theory by a long and complicated trajectory, but instead of tracing a broad overview, let's take a close view of just one of its seminal aspects: the relations between speed, time, and length. I'll discuss the kind of explanation that we don't find in a physics class. Then in the next two chapters, I will discuss some controversial and historical speculations—myths—about the origins of Einstein's theory. How did Einstein come to think about relativity?

For ten years, from 1895 until 1905, Einstein was trying to understand the motion of light.6 Physicists conceived of light as an electromagnetic wave in an invisible medium, like air, but much more subtle and intangible, which they called “the ether.” When Einstein was just sixteen years old, he was puzzled because he wondered what a light wave would look like if one could catch up to it.7 It's analogous to waves in the ocean; you constantly see them moving. Why don't we ever see a stationary mountain of water on the ocean? One would be perplexed to see such a thing, a standing bump of water. Yet if you fly alongside a wave at  its same speed, and look at it, then relative to you, it would look like a bump in the otherwise flat water. Likewise, Einstein was puzzled by the idea of what light would look like if one could catch up to it.8 Nobody had ever reported seeing a flash of light that stands still.



While in college, Einstein was fascinated by questions about ether, electrons, atoms, and light. He learned that several experiments on light had given puzzling results.9 Even though scientists were sure of the existence of the ether (because light behaves like waves; causing effects of interference and diffraction), they failed to measure the speed of Earth relative to the ether. We can measure the speed of a boat relative to the water, so, why not the Earth relative to the ether?

After exhausting and nearly traumatic final exams, Albert graduated college in 1900.10 He failed to get a university job, though he said that he applied to every job in Europe. Meanwhile, his parents faced immense financial difficulties. His mother came from a wealthy family, but his father's business with his uncle, an electrical company, collapsed, destroying all their capital. So Albert lived in considerable poverty.

In 1902, Einstein moved to Bern, the capital of Switzerland, and took a low-level job at the Federal Office of Intellectual Property, evaluating patent applications. In 1903, he married his college girlfriend. He smoked a lot. He drank a lot of coffee, but rarely alcohol, and not beer, saying that “beer makes one dumb and lazy.”11 He continued his struggles to understand light and electromagnetism. He worked on the puzzles of light and motion for two more years. He recalled: “I was plagued by all sorts of nervous conflicts; I went around confused for weeks.”12 Einstein continually obsessed over the problem, until he “feared for his health,” and “wondered if this was the path to insanity.”13 After struggling for years, he had no results. By spring 1905, when he was twenty-six years old, he had reached a roadblock, frustrated.

He then visited his friend Michele Besso, a coworker. Besso was an  absentminded mechanical engineer who knew about many topics, including physics, and was often attentive to petty details. Einstein and his shorter, bearded friend discussed every aspect of the light problem.14 And right then they realized that there was something ambiguous about the measurement of time. It suddenly occurred to Einstein that the reason he wasn't making much progress was because he had taken the notion of time for granted.15

In the equations of electricity and magnetism, there appears a term identified as the speed of light, and since speed is distance over time, it raises a question: how is this measurement of time made? Einstein had believed that any concept in physics earns its right to be used only if it can be connected clearly to experience.16 He had been influenced by the writer Ernst Mach, who sought to rid physics of all traces of metaphysics. One of the notions that Mach had singled out was Newton's concept of “absolute time.” Newton had argued that in addition to the apparent measures of time that we obtain with clocks and observations, there exists an exact and true time that flows constantly, uniformly, and independently of anything.17 Nearly all physicists agreed with him. But Mach, in his 1883 book called Mechanics, had complained: “With just as little justice, also, may we speak of an ‘absolute time’—of a time independent of change. This absolute time can be measured by comparison with no motion; it has therefore neither a practical nor scientific value; and no one is justified in saying that he knows aught about it. It is an idle metaphysical conception.”18 Besso gifted Mach's book to Einstein in 1897, and Einstein read it while he was in college, and again in Bern before 1905.19 Now Einstein suddenly realized that there was something obscure, ambiguous, about the measurement of time when we consider, specifically, bodies in motion.20 After his helpful conversation with Besso, he went home frustrated that he still had not solved the problem, but sensing that he had pinpointed the crux of the matter, the notion of time—the key to the solution.21 We don't know exactly what he thought, but we can piece together some relevant notions in order to explain his key insight.

We know that sometimes, often actually, clocks disagree. We usually decide which ones are right by referring to the best and most accurate clocks. Consider clocks at the Royal Observatory at Greenwich in south-east  England or at the National Institute of Standards and Technology in Maryland. They have precise clocks, but how well do they agree with each other?

We can well bring two clocks together and adjust one so that it marks the same time as the other. And that seems to work well enough. But how do we synchronize clocks that are far away from one another? We might, for example, synchronize the clocks together and then move one clock far away. But how do we know whether the clock that we moved remains synchronized with the stationary clock? What if moving it disturbs the rates of motion of its parts, even slightly? We might make the effect smaller by making the distance smaller, or the motion smoother. But there's still an effect, quite likely, however small.



One way to verify that the clocks are synchronized is to bring them back together. Then, either they do mark the same time, or they don't. If they mark the same time, then either they were indeed synchronized all along, or, they became synchronized only when we brought them back together. The problem of just moving one clock or both is that we know, in fact, that accelerated motion can and does affect the rate of clocks. (To accelerate a body is equivalent to hitting it with hammers, even extremely small hammers.) This was known for decades, as clockmakers tried to devise ever-improved chronometers for traveling.

So, to synchronize distant clocks, we should try to avoid moving them. Instead, we might connect such distant clocks with a long rigid beam, such that when we yank the beam the clocks start ticking. For example, given a beam connecting two clocks, both may be activated to start ticking by yanking the beam to one side. The problem is that we don't know whether the effect of yanking the beam is transmitted in the same way  along both of its sides. On one side, the parts of the beam (molecules and atoms) are pushed together, on the other they are pulled, and we don't know if both distortions travel at equal speeds along the beam.



So what about pushing down the beam at the center? The same problem occurs. If the force does not travel in the exact same way along both sides, then one side will activate the clock first, and the two won't really be synchronized. How can we check whether the “push” traveling along both sides of the beam reaches both extremities at once?



And there's another problem: what if the beam tilts as you push it down? Even if it tilts very slightly, the two clocks won't be exactly synchronized. The only way to ensure that the beam does not tilt is to confirm, as it moves down, that both of its extremities are at the same height  at the same time. But for that we need at least two more clocks, and those clocks need to be synchronized. But we're trying to synchronize distant clocks in the first place!



Another plausible procedure is to synchronize clocks by sending a signal of some sort, such as a light ray, from one to the other. Light travels extremely quickly, so we send the light ray and expect that it synchronizes the clocks. But wait, the clocks are not quite synchronized precisely, because light takes a little bit of time to travel from one clock to the other; there's a very slight delay because light is not infinitely fast.



We might account for this delay by making the first clock start ticking a few moments after the light ray is sent outward from it, just long enough for light to have reached the other clock. Then we expect that the two clocks start at once. But to do so, we need to know, for a fact, how long it takes light to travel from one clock to another. So how do we measure the speed of light?

Back in 1676, a Danish astronomer, Ole Rømer (sometimes written Olaf Roemer), measured the speed of light and presented his results at the French Academy of Sciences in Paris.22 Rømer measured the speed of light using one of Jupiter's moons. As the innermost moon, Io, moves behind Jupiter (its orbit takes about 42.5 hours), its moonlight is eclipsed, so from Earth we don't see it for a while. After a time t, Jupiter's moon becomes visible again.

But later in the year, when Earth had moved to the other side of the sun, Rømer again looked at the eclipse of Jupiter's moon and found that it did not reappear after the same time t. Instead it took a longer time.  He inferred that Jupiter's moon took longer to become visible because its moonlight had to travel a greater distance, across Earth's orbit, to reach Earth. By comparing the two time delays, Rømer found a value for the speed of light. Newton and other scientists were impressed.



But do we really therefore know the speed of light? Notice that the only thing we have directly measured are the time delays for the eclipses. But, what if there is any change of speed in Jupiter's moon? To make Rømer's procedure work, we have to assume that the speed of Jupiter's moon is constant. But it isn't. Also, Jupiter itself is moving, so what if the speed of Jupiter changes? The only way we can observationally know the speeds of Jupiter and its moons are by measuring the light that comes from them. To do that, we need to know the speed of all those light rays. Moreover, sunlight bounces off of Jupiter and its moons, but physicists did not know whether the motions of Jupiter and its moons, as they move away from the sun or toward it, affect the speed of the reflected light.

How do we know that light rays all have the same constant speed? Rømer didn't know from his observations, he just assumed it. Thus, consider the critical words of the French mathematician and physicist, Henri Poincaré, writing in 1898: “When an astronomer tells me that some stellar phenomenon…happened [at a certain time]…I seek his meaning, and to that end I shall ask him first how he knows it, that is, how he has measured the velocity of light. He has begun by supposing that light has a constant velocity, and in particular that its velocity is the  same in all directions. That is a postulate without which no measurement of this velocity could be attempted. This postulate could never be verified directly by experiment.”23 Accordingly, Rømer's observations are insufficient to ascertain the speed of light, contrary to the claims of many textbooks that fail to explain this matter.

One alternative was to carry out some sort of terrestrial measurement of the speed of light rays. In 1849, the French physicist Armand Fizeau successfully carried out an experiment using a rotating gear wheel with 720 teeth. Fizeau placed the first mirror on the high belvedere of a house in Suresnes, a suburb west of Paris, and he placed the other mirror on a belvedere on Montmartre hill, north of the center of Paris. The distance between the two mirrors was 8.63 kilometers (5.4 miles). Using the first mirror, he sent a narrow beam of light toward the spinning gear wheel, at a position we may call A. The light beam crossed between a gap in the teeth of the spinning wheel at a time t1, it traveled the 8.63 kilometers and there bounced against a mirror at B, making it go in the opposite direction, returning at a time t2 back to the spinning wheel at A.



By varying the speed of rotations of the wheel, Fizeau controlled whether or not the light beam, having crossed the wheel once, made it back through on its return. At first, for various speeds, light crossed a gap in the moving wheel and returned right through the same gap. But at  12.6 revolutions per second, light did not make it back through; that is, the returning ray was blocked by a tooth of the moving wheel. By taking into account the total distance light traveled, 2AB = 17.26 kilometers (10.7 miles), and the total travel time, Fizeau calculated the speed of light.24 We may write it as:



So here we have a terrestrial experiment, and a value for the speed of light. It would seem that finally, knowing the speed of light, we're ready to synchronize those clocks!

Notice, however, that we have not really measured the velocity of light, we have only measured the round-trip average speed. That is, we now know, pretty much, the time t it took a light ray traveling from A to B and back to A, but we do not know the time it took to travel from A to B alone.

We might perhaps assume that the speed of light from A to B alone is the same as the round-trip speed. That sounds reasonable. But that is just an assumption, we have not proven by experiment whether the speeds in opposite directions are truly equal.

Someone might think: “That's weird! Why the heck would light take two different times to travel equal distances in opposite directions?” Mainly, because the distances might not really be equal. As Earth moves in a given direction, the mirror in Fizeau's experiment moves, for example, away from the approaching light ray. Once the light is reflected, it travels toward the source that approaches it as well, carried by Earth. Hence the distance light traversed to meet the mirror is longer than the distance back to the source. In that case, it takes longer for light to travel from A to B than from B to A. It does not help that the source of light moves as well, carried by Earth, because that would not make light move any faster toward the receding mirror. (Physicists expected that the speed of light is independent of the motion of its source.25) So, contrary to many textbooks, Fizeau's experiment says nothing about the one-way velocity of light.

 





Suppose we synchronize clocks by sending light from a lamp in opposite directions, to activate the clocks, to start them in synchrony. This procedure would work if light rays have the same speed in opposite directions. But does light take the same travel time in opposite directions? To know that, we have to measure the speeds of light rays and then compare them. In order to measure any such speed, we need two more clocks.



But to measure a speed, those clocks need to be synchronized. How? Let's place a light bulb at the center between them, and turn it on. But that only works if light takes the same speed in opposite directions. So how do we test that? We need two more clocks. And how do we synchronize those clocks?

There is a circularity here! To synchronize distant clocks you need to know a velocity. To know a velocity you need to have synchronized clocks. Thus, in spring 1905, Einstein realized, “there is an inseparable relation between time and signal velocity.”26 He wasn't the first to notice  this circularity. For example, Poincaré also noticed it earlier and wrote about it in a paper of 1898 that was cited in a book that Einstein read before 1905.27

Like Poincaré, Einstein decided that the only way out is by “convention.”28 Einstein argued that the equality of the speeds of light in opposite directions is “a stipulation which I can make of my own free will in order to arrive at a definition of simultaneity.”29 He also decided that the speed of light is the same in opposite directions essentially as a matter of “definition.”30

In March 1905 Einstein had been reading the Treatise on Human Nature (1739–1740) by the Scottish philosopher David Hume.31 Hume argued that even basic physical notions, like the notion of cause and effect, involve certain assumptions.32 In no case do we really know whether one thing is the cause of something else, we only know that the two occur in a regular sequence. That is, when we believe that x is the cause of y, it is mainly a matter of habit. While studying these ideas, Einstein concluded: “All concepts, even those which are closest to experience, are from the point of view of logic freely chosen conventions.”33

Thus Einstein posited that the speed of all light rays is equal and constant—that the time it takes light to travel from A to B is the same as it takes to travel from B to A—as a fundamental assumption. By contrast, some books simply claim that the constancy of the speed of light is “an experimental fact.”34 But they give no evidence about how the speed of light rays traveling in opposite directions can be measured and compared. Contrary to the myth that the postulates of special relativity are experimental facts, a very few good books do note the essential difference between the velocity of a light ray and the average round-trip speed of light.35

Einstein also considered the question of simultaneity. To understand the synchrony of clocks, we need to have some way to verify whether any two events happen at once. The morning after his conversation with Besso, it occurred to Einstein, just as he was getting out of bed, that events that are simultaneous to one observer might not be simultaneous to another moving relative to the first.36 To explain this notion, Einstein envisioned an imaginary experiment with a train.37 Suppose that lightning  strikes at two distant places on a railroad track. How can we decide whether these two events are simultaneous? Einstein argued that you should stand at the midpoint between the two events, holding an angled mirror to reflect light to you from both directions. So, suppose you see both light flashes at the same time. Then you say: the two lightning bolts were simultaneous events.



But consider now a train that, in the meantime, travels along the railroad tracks. Now, when lightning strikes, it burns marks on the train. So there can be no doubt regarding where on the train the lightning struck. And there are people sitting inside all the train cars, so we seek and find the one passenger who happened to be sitting exactly midway between the two burnt marks, and we ask: Did you see the lightning strokes?

“Yes.”

“Did they happen at the same time?”

And the passenger replies: “No, the lightning on the front struck first, clearly.”

We might argue: “The lightning strokes happened at the same time; the reason why you on the train saw one of them first is just because you were moving forward along its direction.”

But then the passenger objects: “I wasn't moving at all, I was just sitting here.”

 

We reply: No, you were moving, the entire train was moving.

The passenger might insist: “No it wasn't, I didn't feel it to be moving at all. I had a cup of hot coffee in my hand. And actually, what I saw was that all the trees and the guy outside were moving.”

Maybe we smile and reply that that was just an illusion, really, that the trees weren't moving at all.

But then the passenger might continue: “How do you know? I say they were moving because the entire planet is moving, just like you say I was moving because of the train.”

For Einstein, it didn't matter at all that the train is smaller than Earth. Both observers applied the same method to determine simultaneity. Yet they obtained different results. Einstein says both are right. Simultaneity is relative.

Einstein argued that the usual notion of simultaneity is a prejudice. We usually think that if events are simultaneous, then they are simultaneous for everyone. Einstein reasoned that that is just an assumption, that there is no evidence for it. For one observer, A happens before B; for another observer, A happens after B; and for another, they happen at the same time. Einstein said that they're all right, so long as they each applied the same procedure to determine simultaneity.

This relativity business is not entirely arbitrary; there should be actual visual evidence to correspond with it. Suppose that each door on either end of a train car is rigged to open automatically at the very instant when light hits it, and that the car is moving quickly when a lightbulb inside, at its center, gets turned on. We're outside, and suppose we see that the rear door opens first. We reason that the rear door opened first because it raced to meet the light, while the front door moved away. An important point is that this would be empirical data: we saw the rear door open first; it's not an opinion.

But what about someone inside the train car? According to the assumption that the speed of light is equal in opposite directions, a passenger expects that light should reach both doors at the same time, making the respective mechanisms open each door. We expect that a person standing in the car, midway between the two doors, should actually see both doors open at once.

 





But how can that happen, since we, standing outside, actually saw that the rear door opened first? Well, suppose that the train car is moving to the right, so that light takes less time to reach one door than the other, as it seems to us, standing outside. We say that the rear door opened first. But for the passenger inside the car, the only way to know whether a door opens is by seeing it. Light needs to travel from the door to the passenger. So, if the rear door opened first, light has to travel back to the observer at the center. But the observer is moving with the car. Both light rays will return to the middle observer at the same time. It doesn't matter whether one door opened first; he will literally see that both doors opened simultaneously. He will judge that the outside observers, us, see that the rear door opens first only because we are moving to the rear.38

So who's right, the person inside or outside? Both, says Einstein. That's the relativity of simultaneity. Events that are simultaneous for one observer are not necessarily simultaneous for another moving relative to the first.

 



The relativity of simultaneity has some bizarre consequences. Consider one example. We see that a ruler is twelve inches long. But what's the length of that ruler when it's moving? We might say that its length is the same. But unless we establish and carry out some procedure for actually measuring its length, the claim that it is still twelve inches long is just an assumption. So how do we measure a moving body? One way is to project a flash of light to cast its shadow on photographic film. Another way is to shoot a series of inkjets toward the ruler, such that they outline its shape on a backboard.





 

The result of this process, we expect, would be that the outline or shadow has the same length as the ruler. We then measure the length of that shadow and call it “the length of the ruler.”

But suppose the ink jets to the right were shot first, and the rest in a sequence. Then the resulting shadow will be shorter.

Thus, the length of the shadow depends on whether all the ink jets are fired simultaneously. But how can we fire them simultaneously? If one procedure satisfies us, then that procedure might not satisfy an observer moving relative to us. Since we disagreed about the simultaneity of distant events, the moving observer would say that the inkjets were not emitted simultaneously, and will conclude that our measurement is wrong.





Lengths depend on simultaneity; if we disagree about simultaneity, we'll disagree about the lengths of moving objects. Furthermore, if we disagree about lengths, we'll disagree about volumes. If we disagree about volumes, we'll disagree about density. Plus, if we disagree about simultaneity, we'll disagree about time intervals. When we disagree about time intervals, we'll disagree about accelerations. Moving observers disagree about forces, energy, mass, and so on. That's why Einstein formulated a so-called theory of relativity, to interrelate systematically how various physical quantities compare and vary among reference systems.

 

Einstein established that measurements should depend on the postulates of relativity and the constancy of the speed of light. To derive the equations of his theory, the so-called Pythagorean theorem is useful. Consider just one example, the relativity of durations, or time intervals. Suppose that a light ray is emitted from the ceiling of a train car straight to the floor, and let us call its vertical speed c' (we call it “c prime” because we have not yet assumed that it is equal to the speed of light outside the train). If t' is the time interval it takes to go from the ceiling to the floor as determined by clocks inside the train car, then it covers a vertical distance c't'. But meanwhile, from the embankment outside, the train is seen to move forward at a speed v, measured by clocks on the ground, and from the instant when the light ray is emitted downward, the train covers a distance vt, as measured by those clocks on the ground. Then, to observers standing on the embankment, the ray did not just travel downward, it traveled diagonally forward and down, covering a distance ct, where c is the speed of light as measured by clocks on the ground. By relating these displacements into the so-called Pythagorean theorem, we have:



which can be rewritten as:



If we now assume, with Einstein, that the speed of light is the same on both the train and the embankment, c' = c, we have:



This equation states that the time interval marked by clocks inside the train differs from the time interval marked by clocks on the embankment.

Einstein's equations hardly implied any measurable anomalies in the behavior of bodies moving in everyday circumstances, such as trains and  clocks, because most things move at speeds far slower than light. But the equations applied aptly to describe the motions of electrons. Their implications seemed most fascinating when applied to larger objects.

Returning to the start, relative to a spaceship traveling at an immensely high speed, planet Earth is contracted by a certain amount. Is that wrong? Not according to Einstein's theory, and neither does Earth seem to be contracted. Instead, Earth does not have a single length of diameter, nothing does. Objects all have various lengths in relation to various systems of reference. If we like the idea that the real length is the length relative to an observer at rest, then Einstein would disagree; we have a preference for a relative speed of zero, but that's just one speed, one perspective. It's just like the relativity of motion. What's the speed of the floor? Zero miles per hour, but only relative to you on your chair—relative to the moon, the floor beneath your feet moves very fast, and relative to the sun it moves at another speed, and relative to another star at yet another. Just as speed is relative, Einstein argued, the simultaneity of distant events is also relative, and lengths too, and so on.

And what about the guy in the spaceship? He turns on his flashlight which sends a beam of light forward. He moves relative to Earth at 160,000 miles per second. And the light moves relative to him at 186,282 mps. One might expect that the light ray moves relative to Earth at a speed of 346,282 mps. But Einstein would say that we're just assuming that velocities combine according to the simple addition rule:



He argued that this is just an assumption, that there is no evidence that this rule is exactly right. Instead, he managed to show that given the relativity of simultaneity, we can derive a different rule for the composition of velocities, namely:



If the speed of the spaceship is v, and the speed to be added is c, then the speed of the light ray relative to Earth is:

 



And this becomes:



So the speed of the light ray relative to Earth is the same as relative to the spaceship, 186,282 miles per second. It looks like magic, but it isn't. We can grasp this seemingly impossible result once we remember that speed, simply put, is just distance divided by time; and since the people on Earth and the guy on the spaceship disagree about times and distances, they can therefore agree about the speed of light.

The point is that throughout time, scientists have had to distinguish between the properties that belong to objects and the properties that exist only as relations among objects. People used to think (and many still do) that objects have certain colors, intrinsically, say, that a given apple is really red. But it turns out, as we know thanks to Newton, that colors are not in objects, they're in the light. If we turn off the lamp, an apple ceases to be red. Colors also vary depending on the speed with which we move relative to each object. Similarly, we used to think that weight is something that is an intrinsic attribute of a body. But again, thanks to Newton, we know that weight is a relational property. Your favorite book would weigh much more if it were sitting on the surface of Jupiter. And its weight there is no less real than its weight here. Einstein argued that notions such as length and time are also relational properties. If we're going to state the length of a body, then we'd better specify the reference frame.  And events that are simultaneous relative to you, strictly speaking, need not be simultaneous relative to other observers.

Einstein showed that despite such disagreements, one could still formulate a physics in which certain relations hold generally. The net result was that physics as a whole became reformulated and statements that we used to know as laws became just approximations, while new statements came to replace them. Space and time, which for ages had been imagined as absolute, like mythical gods indifferent and unaffected by human affairs, came to be construed instead as variable relative concepts. Although Einstein based his theory on convenient assumptions, the old habit of viewing physics as based on universal facts continued. To this day, many scientists tend to construe, in particular, the constancy of the speed of light as a brute experimental fact. While Einstein construed his special theory of relativity as a makeshift and preliminary construct, many of his followers did not. Einstein became religiously devoted to the spirit of scientific inquiry, but many scientists remained devoted to scientific doctrine, even if it changed.
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The Cult of the Quiet Wife

HERE'S an intriguing tale: having enjoyed decades of extraordinary fame, Albert Einstein never admitted that his acclaimed theory of relativity owed partly to the secret contributions of his modest wife. Not only had they lived together during his most creative year, they had studied physics together and when he won the Nobel Prize he gave the money to her. Was she his secret collaborator? It's a good story, but is it true?

Proponents of Einstein's wife have been arguing about this for years. It would be awful to discover that historians and physicists have systematically lied, based on some sexist bias, to deny credit where it is long overdue. If you trust authoritative historians you might simply disbelieve the story, dismiss it as a modern myth. Personally, I'd be glad to learn that Mileva Marić was Einstein's secret collaborator. I want her to be the secret coauthor. But we should set aside our speculative preferences and instead look at the evidence.

Better yet, we can trace how stories evolve. People sell reams of print by taking historical tidbits and stretching and sculpting them into provocative shapes. In 2003, television stations in the United States and other countries began to broadcast a documentary called Einstein's Wife.1 It dramatized the life of Mileva Marić, highlighting the idea that she contributed to Einstein's scientific works. It was accompanied by a PBS website (since updated in response to concerns about historical accuracy) that featured an online poll that asked: “Was it really possible for Albert alone to produce all the phenomenal physics generated during 1905?” It continued: “Did Mileva Marić collaborate with Einstein? You  Decide! Take our online poll.” Thus viewers were invited to decide the past by voting. In a couple of years, more than 75 percent of the people polled had replied that Marić did collaborate with Einstein.2 How did so many people come to believe that?

The fuss began in 1987, when historians, led by John Stachel, began publishing comprehensive compilations of Einstein's works, manuscripts, and correspondence. Among the documents, they published old letters between Einstein and Marić. In a few of those letters, written around 1900, Einstein briefly used expressions such as “our research,” “our paper,” and once, “our work on the relative motion.”3 Historians of physics were fascinated as they analyzed such letters, but concluded that they are just too vague and insufficient to establish whether Marić contributed to Einstein's publications.

Still, plenty of non-specialists also pondered roles that Marić could have played. The lure to speculate was understandable. For example, Einstein's most intriguing comment, translated, reads: “How happy and proud will I be, when we both together have brought our work on the relative motion victoriously to its end!”4 Non-specialists quickly concluded that this letter refers to the theory of relativity. Written by Einstein's own hand, could it be any clearer?

But wait. The letter was written in 1901, and Einstein had no concept of the theory that he later formulated which became known as relativity. At that time he still believed in the invisible ether and sought ways to detect its relative motion experimentally. This problem of “the relative motion” was a widespread concern; many physicists aimed to solve it. As a college student in 1899, Einstein began trying to design experiments to exhibit the relative motion of the ether. As he mentioned to Marić: “I also wrote to Professor Wien in Aachen about my paper on the relative motion of the luminiferous ether against ponderable matter.”5 Then in 1901, Einstein shared his speculations or aspirations with Marić. But by 1902, he had abandoned the idea of detecting the ether motion. He abandoned the concept of the ether and hypothesized instead that light behaves like bullets—its speed is affected by the speed of its source.6 Later, in 1904, he discarded those conjectures too and hypothesized instead that the speed of light is independent of its source.7
 He struggled to modify the leading theory, that of Hendrik Lorentz, to improve it.8 But he failed again, and only in spring 1905 did he abruptly formulate a radically new theory that became known as special relativity, after ten years of reflection, including more than seven years of intensive struggles.9 On the basis of abundant documentary evidence, we know that Einstein obsessively worked on physics before 1905 and for decades afterward. What about Marić?

She began college in the same year as Einstein, in 1896, and she too studied physics and mathematics to try to earn a teaching degree. They sometimes studied together, and in particular, read together works in physics that Einstein had read previously.10 Although she was more than three years older than him, Einstein regarded her as “my student.”11 When they each had to write their diploma projects, Einstein chose his own topic (contrary to standard practice), and he also chose one for Marić.12 One of her friends noted that they “devised their topics together, but Mr. Einstein relinquished the nicer one to Miss Marić.”13 But still, the final examinations were difficult, and Marić failed them. She retook the exams, but again did not pass. A major complication was that Marić became pregnant by Einstein in 1901. Another difficulty was that she had several arguments with her supervising professor.14 She then ended her efforts to obtain the teaching degree. Letters also show that she chose to abandon her efforts to do a PhD thesis.15

Still unmarried, Marić gave birth to their daughter in 1902. They kept it a secret, and their daughter then disappears from the historical record. The build-up to those events seems to have changed Marić's focus from academic aspirations to familial concerns and occupations. At the time, she wrote to an intimate friend: “I believe that human happiness is more satisfying than any other success.”16

Regardless, one writer, Dord Krstić, later claimed: “From the spring of 1898 until the fall of 1911, Mileva worked daily at the same table with Albert—quietly, modestly, and never in public view.”17 But this is a charitable speculation. Krstić never met Einstein or Marić, and he wrote nearly ninety years after the events in question. From mid-1900 until late 1902, they lived mostly in different cities, even in different countries. Plainly, the two could not work “daily at the same table” because they  were not always in the same place. Moreover, there is no evidence that they regularly worked together on physics once they reunited in Bern. Regardless, Krstić claimed: “Almost simultaneously, Marić Curie opened the door into the world of radiophysics and radiochemistry and Mileva Einstein bravely began to explore the secrets of quantum and relativity—the fields that even today we call modern physics.”18 Here, as in the tales about Pythagoras, fact and speculation mix.

Consider another charitable speculation. One of the leading historians in researching the lives of Einstein and Marić is Robert Schulmann. He was interviewed for the program Einstein's Wife, in which he commented, “It is very conceivable that Mileva had input on the paper on capillarity. That of course has nothing to do with special relativity. But, I think it's fair enough to say that Mileva contributed—could have conceivably contributed, to that very first paper of his.” The article on capillarity was Einstein's first scientific paper, completed in December 1900. Schulmann's comment might give the impression that Marić did collaborate on that scientific work. But notice the words. Schulmann, very properly, used the word “conceivable.” Yes, we can imagine that Marić contributed to that paper, she well could have, but did she? Actually, we have Marić's own words on the matter. In a letter to her intimate friend, Helene Savić, she wrote: “This is not just an everyday paper, but a very significant one, it deals with the theory of liquids. We sent also a private copy to Boltzmann, and would like to know what he thinks about it; let's hope he is going to write to us.”19 The last words are suggestive, as if she were the coauthor indeed. But I quoted the passage without its initial sentences. Those sentences specify who actually wrote the paper: “Albert has written a paper in physics that will probably be published very soon in the physics Annalen. You can imagine how proud I am of my darling. This is not just an everyday paper…” Why then did Marić hope for the physicist's reply “to us”? Maybe she was Einstein's secret collaborator—or maybe she just penned the copy of the paper, or maybe she just mailed it,—we don't know. We do know that she proudly acknowledged Einstein's authorship.

In 1901, Marić again bragged to her friend: “Albert has written a magnificent study, which he has submitted as his dissertation. He will  probably get his doctorate in a few months. I read it with great joy and real admiration for my little sweetheart who has such a good head on his shoulders. I'll send you a copy when it gets printed. It deals with the investigation of the molecular forces in gases using various phenomena. He is really a splendid fellow.”20

Still, did Marić play any scientific role once she and Einstein lived together? It is well-known that in 1902 Einstein and two friends, Moritz Solovine and Conrad Habicht, started a discussion group that they jokingly called “the Olympia Academy.” Their readings and discussions influenced Einstein's physics. Some writers claim that Marić, too, was an active participant. For example, in Einstein's Wife, the narrator claimed, “Maurice Solovine writes: Mileva would sit in the corner during our meetings listening attentively. She occasionally joined in. I found her reserved, but intelligent, and clearly more interested in physics than in housework.” Where did the producers get this information? It echoes the novelized book Einstein in Love (2000), in which Dennis Overbye, who never met Einstein or Marić, wrote, “Marriage had made Mileva a de facto member of the Olympia Academy, and Solovine later recalled her sitting quietly in the corner during the meetings at their apartment, following the arguments but rarely contributing. He found her reserved but intelligent, and clearly more interested in physics than in housework.”21 Since Einstein and Marić lived together, one might readily imagine that Mileva now participated in the discussion group. While Solovine warmly appreciated Marić, he actually reported that once Einstein married her, “That event did not effect any change in our meetings. Mileva, intelligent and reserved, listened to us attentively, but never intervened in our discussions.”22 Compare this original passage to the derivative accounts. Solovine did not write that Marić “occasionally” or “rarely” contributed, nor even that she was “clearly more interested in physics than in housework.” Instead, there is no documentary evidence that she was an active participant, and in none of their correspondence does Marić appear as a “member” of the academy, not even in her own letters to intimate friends.

Einstein had lively discussions with Solovine and Habicht, to the extent that neighbors complained. He also discussed his research extensively with his friend Michele Besso, whose help he acknowledged in his  first paper on relativity. What about discussions with Marić? We find in the extant letters, that wherever Einstein raised a scientific argument, Marić did not reply to that, but focused instead on everyday personal topics. Philipp Frank, a friend who interviewed Einstein, noted that Marić “was taciturn and reticent,” but that “Einstein in his zeal for his studies hardly noticed it.” And, “When he [Einstein] wanted to tell her, as a fellow specialist, his ideas, which overflowed from him, her reaction was so scant and faint, that often he just did not know whether she was interested or not.”23

Proponents of Marić have staked their case on alleged evidence from a presumed witness. Marić's unauthorized biographer, Desanka Trbuhović-Gjurić, who never met or corresponded with Marić, felt a great kinship toward her because they were both Serbian. In 1969, Trbuhović-Gjurić claimed that the Russian physicist Abram Joffe, whom she also never met, once pointed out (in his 1955 article titled “In Remembrance of Albert Einstein”) that the 1905 papers were originally signed “Einstein-Marić.”24 In 1991, writer Evan Harris Walker came to a similar conclusion, translating Joffe's article about Einstein's 1905 papers in this way: “Their author was Einstein-Mariti.”25 Furthermore, in 1999, Michele Zackheim claimed that “Joffe, a Russian scientist, wrote in Meetings with Physicists: My Reminiscences of Foreign Physicists, that three original manuscripts, including the one describing the Special Theory of Relativity, were signed ‘Einstein-Marity.’”26 Then, in 2003, the claim that Joffe cited Marić's name on the 1905 manuscripts was broadcast in the documentary Einstein's Wife, and its website boasted, “there is at least one printed report in which Joffe declared that he personally saw the names of two authors on the 1905 papers: Einstein and Marity.”27 The list of people who echo such claims goes on and on.

Joffe was a reputable physicist who later knew Einstein and even met Marić at least once.28 In his book Meetings with Physicists, Joffe claimed nothing about how the 1905 manuscripts were signed, and he did not even claim to have ever seen them. Thus the claim by Zackheim and others is just false. As for Joffe's brief article “In Remembrance of Albert Einstein,” it was an obituary for Einstein published in the top Russian  journal on physics. Literally translated, without changing the order of words, the relevant passage reads: “In the year 1905, in Annals of Physics, there appeared three articles, thereupon beginning three most important, relevant directions in the physics of the 20th century. Those were: the theory of Brownian motion, the photon theory of light and the theory of relativity. Their author—unknown until that time, a bureaucrat at the Patent Office in Bern, Einstein-Marity (Marity—the last name of his wife, which by Swiss custom is added to the last name of the husband).”29 So Walker's translation: “Their author was ‘Einstein-Mariti'.” is a gross misrepresentation. Likewise, other writers stretch and twist Joffe's words to make provocative claims. They read much between the lines. Joffe's plain words say that the author was just one person, a male employee at the Swiss patent office, onto whose name Joffe added the spouse's name.

Still, proponents of Marić have tried to make something out of the fact that Joffe happened to write “Marity.” For example, Walker claimed that Joffe must have seen a manuscript bearing the name Marity, for otherwise he would not have known that alternative spelling because it “apparently is not found in any of the Einstein biographies.”30 But Walker was wrong; that name appears, for example, in a very popular biography of Einstein published in 1954.31 Also, when Joffe first tried to visit Einstein at his home in Switzerland, he happened to meet Marić, who then used the name Einstein-Marity. (In Switzerland in the early 1900s, some spouses, male and female, did use joint names.32) It is odd that decades later Joffe once happened to refer to Einstein by the compound name, but that small oddity does not mean that Joffe ascribed authorship to Marić.

Joffe did not claim that Marić wrote or collaborated in any scientific papers. He did not claim that her name was on the 1905 manuscripts, nor that he ever saw any such manuscripts. In multiple places throughout his career, Joffe acknowledged Einstein for having authored the famous works of 1905. Yet the producers of Einstein's Wife and the companion website pictured a fragment of a page, purportedly by Joffe, which reads that the articles were “signed Einstein-Marity.” That was a mistake; the page pictured was really from a popular science book from 1962 by a Russian writer who did not claim to have ever seen the original  manuscripts nor to have known anyone who had.33 The claims regarding Joffe dissolve into nothing.

Another apparent witness was the first son of Marić and Einstein. Hans Albert Einstein was interviewed by a few authors and historians who asked him about his mother, yet he did not claim that she was Einstein's secret coworker. But then in 1962, for two days, Peter Michelmore, who had never met Einstein or Marić, interviewed Hans Albert Einstein to gather information for a brief biography of Einstein. In the resulting booklet, Michelmore wrote that once Marić fell in love with Einstein, by their final year of college, “Her personal ambition had faded.” Yet Michelmore briefly noted that later, while Einstein struggled to solve puzzles of relative motion in electrodynamics, “Mileva helped him solve certain mathematical problems, but nobody could assist with the creative work, the flow of fresh ideas.” Did Einstein's son say that? We do not know. We do not know for certain what parts of what Michelmore published were voiced by Hans Albert. The author admitted that Hans Albert did not see or proofread the manuscript for the book: “he answered all my questions, and waited while I wrote down the answers. He did not ask to check my notes, or edit my book. He trusted me. It was the sort of naïveté his father had. Thank God for all naïve people, and I use the word in its noblest sense.”34 Unfortunately, when interviewers' accounts remain unchecked, inaccuracies increase.

Alongside some verifiable statements, Michelmore's book also includes incorrect information. For example, he mentioned that while Einstein studied in Zurich, he befriended “Maurice Solovine, a Frenchman taking the physics course”.35 In fact, Moritz Solovine was Romanian, born and educated in Romania, until he moved, not to Zurich, but to Bern, where he met and befriended Einstein in 1902, almost two years after Einstein had graduated in Zurich. Such errors diminish the credibility of an author's words. Consequently, John Stachel, editor of the Collected Papers of Albert Einstein, inquired whether Michelmore's family happened to possess Michelmore's notes from the interview with Hans Albert. No such luck; lacking such notes, we don't know precisely what Hans Albert told Michelmore.

Faced with such ambiguities, each historian must decide what to do  with hearsay in a historical reconstruction. In my book on the history of relativity, I chose to incorporate Michelmore's words about Marić. But I hope that readers will realize that the sentence in question is not a photograph of actual events. It is but a passing claim that appears in a popular biography written by an author who only interviewed a son of the individuals in question, a biography which was not proofread by those individuals, nor even by the interviewee. It was written and published almost sixty years after the event in question. Moreover, Hans Albert could not possibly have witnessed such an event, since he was only a one-year-old baby in spring 1905. Hence, if he did actually speak such words in 1962, he was merely voicing a conjecture or echoing words voiced by someone else. The point is to distinguish between late indirect claims and evidence from early sources.

Seldom do we try to articulate, systematically, the extent to which different sources warrant different degrees of credibility. Therefore, it seems useful to illustrate such differences. Historians sometimes disagree on how much weight to attribute to any one document, but I can at least sketch my own outlook in the accompanying table, which describes some of the different kinds of information that may exist pertaining to the genesis of a scientific work. To distinguish them, I have ranked them in order of proximity to the historical event, the instance of scientific creativity. The greater the number of an item, the less credibility I tend to ascribe to it as a likely source of precise information about that moment in time. The list is not exhaustive; my aim is only to distinguish among some different kinds of information. The line following item 5 sets a boundary between evidence generated during the production of the scientific work and various kinds of hindsight and conjecture.

In this hierarchy, the biography written by Michelmore falls on level 18. In contradistinction, a letter by Einstein to his friend Conrad Habicht, written in May 1905, while he was drafting the paper on relativity, counts as evidence of level 4; because he alluded to his work without describing it in detail (which would raise it to level 3). That letter, which historians cite often, is a precious though narrow window to the creative moment. Thus there are many different kinds of information to which we ascribe various degrees of reliability.

 



As another example, in 1922, Einstein delivered a lecture in Kyoto, Japan, titled “How I Created the Theory of Relativity.” He delivered it in German without having written it down, and as he spoke, it was translated into Japanese. The translator kept notes that were soon published in Japanese. In the hierarchy listed in the table, I would rank this Japanese rendition as being on level 13. It is “doubly indirect” in the sense that Einstein did not write it, and that we only have the version in Japanese. It is not a very late document in Einstein's life, so we may imagine that forgetfulness perhaps did not distort it very much. But still, the transcript was not proofread by Einstein.

This effort to distinguish among various levels of reliability helps to add perspective to a document. It is especially sobering to try to carry out this sort of exercise to evaluate the credibility of ancient sources in the history of science and mathematics. For example, what reliability might we ascribe to Plutarch's comments on Pythagoras, written almost  a thousand years after Pythagoras had died? It compels us to write in ways that acknowledge uncertainties rather than to pretend that the extant evidence faithfully echoes the distant past. But at least for more recent historical events we can say some very definite things.

Fortunately, several documents do shed light on Mileva Marić around 1905. For example, Krstić provided this translation of a letter from Marić to her friend Helene Savić, written soon after the 1905 papers were published: “My husband spends all of his free time at home, often playing with the boy; but…I would like to remark that this, together with his official job, is not the only work he does—he is writing a great number of scientific papers.”36 As usual in her letters to her intimate friend, Marić made no claim of working on science herself, not since she left college. Now notice the ellipsis, the three dots in the quotation above. What did Krstić omit? An uncut and proper translation of the original letter was published later by a grandson of Helene Savić. It reads: “My husband often spends his leisure time at home playing with the little boy, but to give him his due, I must note that it is not his only occupation aside from his official activities; the papers he has written are already mounting quite high.”37 So we see that Krstić deliberately omitted a phrase in which Marić herself further acknowledged Einstein's labors, “to give him his due.” In 1909, when Einstein was receiving much recognition from physicists, Marić similarly wrote to her friend “I am very happy for his success, because he really does deserve it.”38

Yet such happiness was diminishing. At the end of the documentary Einstein's Wife, Milan Popović, the grandson of Helene Savić, against a gentle backdrop of moving music, paraphrased the sad contents of a letter from Marić to Savić:

 
“She said she is like a shell,
and Einstein is a pearl in the shell,
and when the pearl is finished,
then the pearl don't need more the shell.”
 

When I first heard Popović say these lines, I was transfixed and moved. Then later I looked up the original letter. Marić wrote the actual letter in the winter of 1909–1910. Literally translated, it reads: “with such fame  there is not much time left over for the wife at all. I read a certain impishness between the lines, when you wrote that I must be jealous of the science. But what can one do? the one gets the pearl, the other the box.”39 Compare her words to Popović's interpretation. It is too awkward, at least for me, to twist the actual quotation into Popović's account, where Einstein is the pearl and Marić is the creative shell. Instead, it simply seems that Marić complained that Einstein, being both the pearl and the shell, unfairly gave his best part to science while Marić received only his shell.

Einstein and Marić eventually divorced. It's not quite true that he then gave her the money award from his Nobel Prize of 1921. He proposed to invest it so that Marić and their sons could benefit from the earnings.40 Through all their difficult and sometimes friendly interactions over financial support, the many letters on the matter give no evidence that there was any intellectual debt involved.41

Any document can include errors, omissions, inaccuracies, or even lies. Likewise, information of all kinds might include truthful claims. The important point is that each step away that a document is separated from the period it purportedly describes, introduces additional layers of potential inaccuracies that can arise in the translations, rewording, additions, and so forth. A letter written by a participant in the events in question, even decades later, can be very informative. But we should still be careful with its contents. A still later account by one who was not present at such events involves greater uncertainties. If we cannot dissipate such uncertainties, we should at least acknowledge them. We should cultivate a fair skepticism, especially against outstanding stories that resonate with what we would personally like to believe. Too often, writers enamored with a sensational conjecture tend to misread evidence. They seek not to test a conjecture but to confirm it. But what makes a good story does not necessarily make good history.

Nevertheless, enough evidence discloses important roles for Marić. In the words of historian Gerald Holton, “Ironically, the exaggeration of Mileva's scientific role, far beyond what she herself ever claimed or could be proved, only detracts both from her real and significant place in history, and from the tragic unfulfillment of her early hopes and promise. For she was one of the pioneers in the movement to bring women into science,  even if she did not reap its benefits. At great personal sacrifice, as it later turned out, she seems to have been essential to Albert during the onerous years of his most creative early period, not only as anchor of his emotional life, but also as a sympathetic companion with whom he could sound out his highly unconventional ideas.”42

For those of us who prefer the voice of firsthand witnesses rather than historians, consider the agreeable recollections of Solovine. He remarked that Einstein's productivity benefited from his good life at home in the company of Mileva: “I am convinced that her influence was beneficial, in the environment and affection and in allowing him to work peacefully. I cannot forget that the memoir On the Electrodynamics of Moving Bodies, which established his reputation, was published in 1905, where a perfect harmony reigned between them.”43
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Einstein and the Clock Towers of Bern

NEAR the center of the old city of Bern, there stands a massive medieval tower that, in the 1300s, served as a prison for women who had illicit relations with clergymen. In 1405, a great fire burned it severely. The structure was rebuilt and converted into a bell tower bearing a great astronomical clock. On two faces, golden clock-hands tipped by suns point to hours, while another dial shows the phases of the moon. Five ancient gods—Mercury, Saturn, Jupiter, Mars, and Venus—illustrate five days of the week as well as the five planets of Ptolemy's heavens. And near a corner, beneath a grinning jester, sits a bearded Chronos, the god of time, holding an hourglass.

This medieval clock tower straddles the very street where Einstein lived in early May of 1905, when he first thought of the relativity of time. Every day as he walked to work, Einstein walked by that tower or even under its arches. This fact gave rise to a myth comparable to that of Galileo and the Leaning Tower of Pisa—a myth about Einstein and the clock towers of Bern. Whereas the growth of the tale about Galileo is somewhat difficult to ascertain, because it began centuries ago, the story about Einstein and the towers is a recent development, so we can track its growth quite thoroughly.

In 1905, in his first paper on relativity, Einstein briefly illustrated a definition of the notion of time by alluding to the arrival of a train and the pointers of a clock. Since he was then an employee at the Swiss patent office, one might imagine that his job led him to think about clocks and trains in relation to physics and that he thus came to solve problems that other physicists failed to solve. But actually, Einstein's allusion to the  generic, commonplace technologies of clocks and a train were not unique to him. Other physicists who did not work at patent offices also analyzed notions of motion and time using examples involving trains and clocks.1 But this is not widely known, so it might seem that Einstein's abstract relativity stemmed from his practical job.



In 1993, Alan Lightman, in a bestselling book, imagined discussions between Einstein and his friend Michele Besso against a backdrop of clock towers that loom in Einstein's dreams.2 Lightman's short narrative was intended to be a thoughtful yet fictitious account. Still, historical claims also arose.

By 1995, a story had emerged: “Einstein is said to have been prompted  to the Theory of Relativity as he watched the receding clock tower while travelling by tram to his job at the Swiss patent office in Berne.”3 In 1999, Steven Pinker, professor of psychology at Harvard University, published an article in the New York Times in which he briefly stated how Einstein formulated relativity: “from imagining himself riding on a beam of light and looking back at a seemingly frozen clock tower, he developed the theory of special relativity.”4 Here the valid historical account given by Einstein, about imagining catching up to a light beam, appears arbitrarily mixed with the image of a clock tower. (Interestingly, notions of “frozen” time show up in Lightman's short fictional story).

At the same time, also at Harvard University, historian Peter Galison carried out research to argue that Einstein's relativity stemmed from the intersection of technology, physics, and philosophy, focusing on an apparently neglected chronometric dimension. In 2000, Galison wrote: “This summer I was standing in a northern European train station, absentmindedly staring at the turn-of-the-century clocks that lined the platform. They all read the same to the minute. Curious. Good clocks. But then I noticed that, as far as I could see, even the staccato motion of their second hands was in synchrony. These clocks were not simply running well, I thought, these clocks are coordinated. Einstein must have seen such coordinated clocks…. Every day he must have seen the great clock towers that presided over Bern with their coordinated clocks.” Galison further claimed: “Pointing up at a Bern clock tower—one of the famous synchronized clocks in Bern—and then to a clock tower in nearby Muri (not yet linked to the Bern mother clock), Einstein laid out his synchronization of clocks.”5 For this claim, he cited only one piece of evidence, by Josef Sauter, which I'll discuss below.

At roughly the same time, a writer of a biography of Einstein, Dennis Overbye, commented: “It would be pretty to think” that maybe Einstein's breakthrough happened one day as he walked with his friend Michele Besso under that great clock tower.6

In a book of 2001, historian Arthur I. Miller argued that Einstein had been influenced by discussions about clocks: “We must not forget that at the Patent Office Einstein…spoke often with friends from the Federal Postal and Telegraph Administration about issues in wireless  telegraphy and synchronization of clocks.” Miller characterized this as an important fact to remember, but it was just a plausible speculation; there is no evidence that Einstein often discussed clocks at the patent office. Regardless, Miller further claimed that the “practical problems of wireless telegraphy” provided a “key input into Einstein's thinking into relativity in 1905.”7 Again, there is no evidence for such a claim.

Two years later, in a book published in 2003, Peter Galison repeatedly claimed that, in 1905, while Besso and Einstein stood on a hill northeast of downtown Bern, Einstein excitedly gestured toward the clock towers in Bern and Muri as he explained his realization that time should be defined by exchanging signals.8 This anecdote stemmed from two sources: a biography by Albrecht Fölsing and a recollection by Josef Sauter. Writing in 1993, Fölsing had never met Einstein or Besso, yet he wrote that Einstein explained to Besso, and later to Sauter, his procedure for synchronizing clocks—by pointing to a bell tower in Bern and another in Muri.9 Since those towers are not visible from downtown Bern, Galison claimed that “Besso and Einstein must have been standing on the hill shown to the northeast of downtown Bern.”10 That, however, would be impossible; the map in Galison's book is upside down; the hill is really south of downtown Bern. Galison's and Fölsing's only source was the account by Sauter, a coworker at the patent office. Sauter voiced his recollection in 1955, when he was eighty-four years old. He explained how Einstein once explained to him his new definition of synchrony: “to pin down the ideas, he told me, let's suppose that one of the clocks is atop a tower at Bern and the other on a tower at Muri.”11 Sauter did not claim that Einstein pointed to any actual clocks on towers, nor that he had his sudden creative insight by thinking about clock towers, nor even that he told Besso anything about clock towers. Thus the story about Einstein and Besso discussing the coordination of clock towers while standing on a hill dissolves in the air—or it should, but instead it becomes a myth.

In 2003, hundreds of thousands of readers had the opportunity to read a book review in the New York Times that claimed: “In May 1905, on a hill from which he and his friend Michele Besso could see both the electrically synchronized clocks of Bern and the as yet uncoordinated clock tower of suburban Muri, Einstein realized in a flash that…”12 The  reviewer was trying to summarize Galison's book, but actually, Galison did not claim that Einstein had his great idea while he and Besso looked at clock towers, only that Einstein explained it to him in that way soon afterward (which is fiction as well). Aspects of the story spread into other books, acquiring new details.

Years ago, one day in Cambridge, Massachusetts, on Church Street, I was at a store that repairs Swiss clocks and watches. On the wall, nicely framed, was a review article on Galison's book. Right then a man said to his companion: “Hey honey, did you read this one? How they got it all from Swiss clocks.” She smiled: “Oh yeah…. That was a good one.” Maybe we could draw a line between experts and laypersons, but what I want to highlight is the continuity between the biographers, historians, fiction writers, reviewers, physicists, and laypersons at a store. We're all connected by the common reflex to slightly misread, to decorate impressions with speculations. It is a common and pervasive habit. This is the same pattern that we have seen in the evolution of other historical myths: a plausible conjecture (“he may have…” or “he must have…”), voiced by an authoritative source (a prominent professor of history, a famous physicist), becomes misconstrued as an actual happening.

Aside from readers' urge to conjecture, the tale shines because of its plausibility. The overall circumstance is striking: Einstein formulated the relativity of time while living in the clockmaking capital of the world, Switzerland. He worked at the Swiss patent office, a clearinghouse for chronometric technologies, as Galison argued. Maybe patents on timing devices actually influenced Einstein? Unfortunately, there is no evidence that Einstein in fact was influenced by any such technologies or that he evaluated any patent applications for chronometric devices.13

Still, was Einstein influenced by the patent office? Researching this question, the best sign of an apparent connection that I found was a single sentence in an early book on Einstein, written by a man who followed him around in the mid-1910s. In that book, published in 1921, Alexander Moszkowski briefly remarked about Einstein: “He recognizes a definite connection between the knowledge acquired at the patent office and the theoretical results which, at that same time, emerged as examples of the acuteness of his thinking.”14 Moreover, there's another bit 
 of evidence: decades later, Einstein himself commented, “the work on the final formulation of technical patents was a true blessing, and also provided important inspiration for physical conceptions.”15 Yet both of those statements are vague. What was the connection? Did it allude to Einstein's relativity or to his other papers over seven years? Does it have to do with timing technologies? Did it help his decisive creative step to relativity? We have no evidence of that.



Perhaps we should ask: What evidence is there of any way in which Einstein's job helped him as a physicist? We find that Einstein learned to write more clearly, thanks to the stern critical teachings of the director at the patent office, Friedrich Haller. As reported by one of Einstein's friends, Haller warned Einstein: “If you do not write clearly, I will throw you out.”16 And Josef Sauter quoted Einstein on this matter: “This man [Haller] taught me how to express myself correctly; he was stricter than my father.” Also, Einstein's stepson-in-law Rudolf Kayser reported that: “He [Haller] taught them [the examiners] to think sharply and logically, and to select every word in its most exact sense.”17 This is a less dramatic connection between Einstein's patent work and his physics, but it is warranted by the evidence.

Regardless, consider now the ways in which the myth about the clock tower has spread. In his number-one-bestselling 2007 biography of Einstein, Walter Isaacson duly mentions the “synchronized clocks of Bern and the unsynchronized steeple clock visible in the neighboring village of Muni.”18 But that too was a mistake; the clock towers actually marked a common time. By now, some writers, even historians, have misconstrued Galison's conjectures as historical facts, as they now claim that Einstein actually often evaluated patent applications for synchronizing the clocks of Bern.19

Galison's account has engendered similar stories with additional imaginary details. In a book in French, for example, theoretical physicist Thibault Damour writes:

 
Soon the two friends were climbing the hill of Gurten at a happy pace, from where one has magnificent view of Bern. Let's try to imagine their lively dialogue….

 

 
A. E.: “Wait…Yes, that's it! I think I've got it…Look at the tower of the Clock, down there in the center of Bern. If one had binoculars, one could read there the time. But that would not be our time. It would be necessary to subtract the time taken by the light to come from the clock to us. I sense that this will modify the notion of time for an observer in motion. Thank you Michele! I am sure that now it will work! Tonight, I will figure out what follows in detail.”20
 

Galison's account has also entered books on literature.21 Moreover, some physicists believe the story. For example, Hans Ohanian claimed that Einstein reviewed patent applications for the operation of synchronized city clocks (fiction), and that he explained this creative breakthrough to Besso by pointing at the clock towers (fiction again).22 Another physicist, Max Jammer, echoes a version of the story, casting it as conjecture, but as a likely one: “In fact, Einstein may have already encountered the problem of time synchronization on his daily walk to the patent office when passing near the famous clock tower on the Kramgasse, where he lived, and seeing the distant clock on the church in Muri, a nearby suburb of Bern.”23 This apparently plausible scenario is actually impossible, because the church bell tower of Muri simply cannot be seen at all when walking from Einstein's apartment in Kramgasse to the old patent office building. Regardless, Jammer carries out a kind of inversion to add plausibility to the story. Instead of beginning with the scant evidence, Sauter's account, Jammer first posits that Einstein “may have” been influenced by the clock towers of Bern and Muri, and afterward he quotes Sauter's words. Thus we encounter a common device in some myths: a story arises from misreading a genuine source, and later, that source is used as evidence for the myth, by presenting the story first.

I've focused on the development of this tale mainly in the English language, but note that Galison's book has already been translated into German, Spanish, French, Portuguese, Italian, Greek, and perhaps others of which I am unaware.

Other writers have presented different versions of the myth by which Einstein's relativity work was inspired by the clocks. In 2000, Walter Mih presented one such version as a “legend”: “Streetcars routinely pass  through the archway below the astronomical clock. Legend says that Einstein developed the Special Theory of Relativity when he was riding in a streetcar and watching a clock.”24 And the brief claim echoed by psychologist Steven Pinker in 1999 has engendered its own strain of myths. That tale simply mixed Einstein's light wave thought-experiment with a clock tower. Again, Pinker was not the first to state it, but I associate it with him because some writers cite him as their source. Pinker's claim has spread quickly, passing into books on law, the environment, and education. One such book claims that Einstein's “first insights into the theory of relativity, for example, occurred when he imagined himself riding on a beam of light looking back at a frozen clock tower.”25

Even physicists add fanciful details. Michio Kaku is a professor of theoretical physics at the City University of New York. He is also a bestselling author of books that popularize science and a host of television and radio shows. Here is Kaku's account of Einstein and the clock tower:

 
Einstein was depressed, his thoughts were still churning in his mind when he returned home that night. In particular, he remembered riding in a street car in Bern and looking back at the famous clock tower that dominated the city. He then imagined what would happen if his street car raced away from that clock tower at the speed of light. He quickly realized that the clock would appear stopped, since light could not catch up to the street car, but his own clock in the street car would beat normally…. He had finally tapped into “God's thoughts.”26
 

Here, the story is portrayed as Einstein's own recollection. Yet, every sentence is complete fiction, except for one simple phrase: “his thoughts were still churning in his mind when he returned home.”

Kaku's elaborate story has been picked up by various writers. It was echoed by political commentator George Will.27 It has been repeated in various books on physics, economics, scientific literacy, and creative thinking.28 Also, this story about the tram and the tower has promptly entered into tourist books of Switzerland. For example, one book from 2006 states: “It's said the clock tower helped Albert Einstein…. The great  scientist surmised, while traveling on a tram away from the tower, that if the tram were going at the speed of light, the clock tower would remain on the same time, while his own watch would continue to tick—proving time was relative.”29 The story has also entered into educational books.30 I much expect, someday soon, to come across a schoolbook on physics that will duly mention the supposedly chronometric roots of Einstein's relativity. It might be a brief human interest sidebar. Maybe it will have a nice picture of an old clock tower, like the drawings of Galileo's legendary experiments from the Leaning Tower of Pisa. And fine, maybe it will help students to become more interested in the history of physics and its relation to society, which would be good. Already, I find an advanced textbook on quantum chemistry that tells a story about how Einstein was influenced by a tram and a clock. It stops short of referring to any tower: “Einstein recalls that there was a clock at a tram stop in Bern. Whenever his tram moved away from a stop, the modest patent clerk asked himself what would the clock show, if the tram had the velocity of light. While other passengers probably read their newspapers, Einstein had questions which led humanity on new pathways.”31

I read the growing echoes of the myths about towers and trams with a mixture of amusement and discomfort. It is revealing to see how many writers don't bother to check the truth of a story before they repeat it. I guess that they just trust their sources. And it is entertaining to see how they bury facts beneath layers of thoughtful but needless conjectures. It will be interesting to see what forms these tall tales will take, if they reach schoolbooks, standardized tests, and children's story books. But I also look forward to a time when writers bypass this cloud of fiction to get back to the task of finding out what really happened in the past.
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The Secret of Einstein's Creativity?

MANY theories have been proposed to explain Albert Einstein's creativity. For example, Peter Galison argued that Einstein's relativity arose from the fruitful intersection of three fields: science, philosophy, and technology. Although Galison wrote more about the technological side, he acknowledged that science and philosophy were very important too. In physics, technology, and philosophy, people were concerned with notions of time. There's something pleasant in the idea that the intersection of these three fields generated Einstein's conceptual breakthrough. But one reviewer of Galison's book fairly complained: “The inevitable question is then to decide what weight to attach to these different factors, and Galison refuses to address the matter.”1

And what about art? In 2001, Arthur I. Miller argued at length that special relativity arose from the intersection of four fields: science, philosophy, aesthetics, and technology.2 Was the influence of each field equally great, about 25 percent, upon Einstein's creativity? The problem is that then we are chopping up creativity equally among certain academic disciplines. Is that fair? What about economics? Why don't we include it and assign each field a 20 percent influence? But perhaps the influences were not equal. The historical question—how do we ascertain the actual roots of someone's creativity, rather than just the plausible imaginable roots?

Einstein lived for fifty years after 1905, and he became ridiculously famous. Friends, strangers, coworkers, relatives, reporters, writers, biographers, psychologists, and historians all asked him about the roots of  his creativity. “How did you do it?” How did he come to think of the relativity of time? Despite plenty of inquiries, interviews, letters, and casual questions, Einstein never mentioned any influence from art or from any timing technologies at the patent office. And neither did any of his coworkers. Instead, Einstein, his friends, and his peers pointed to several other factors and influences.

For example, Michele Besso was Einstein's close friend since 1897 and coworker at the patent office since 1904. Besso had trained as a mechanical engineer and was experienced with electrical technologies. Einstein acknowledged that Besso helped him to clarify the thoughts that resulted in his special relativity, with critical discussions and valuable suggestions. Hence Besso was very well positioned to judge whether patents or chronometric innovations influenced Einstein's path to relativity. Yet in none of their extensive correspondence, written over decades, did either of them mention any such thing. In a letter written in 1947, when Besso was seventy-four years old, he actually asked Einstein how he had come to think of clocks and measuring rods in relativity. It was an opportunity to state or insinuate any influence from timing technologies, yet Besso did not. Instead, he asked whether perhaps Einstein's early reading of a book by Ernst Mach, following Besso's suggestion, had been at the root of Einstein's thoughts about clocks and measuring rods.3 Mach? No, replied Einstein. Now he had a perfect opportunity to point to clocks and clock towers. But again he did not allude to any technological issues, nor even to art. He acknowledged a great influence of Mach on his intellectual development in general, but he noted that his reading of the philosopher David Hume, whom he discussed with Solovine and Habicht, had been of greater importance in thinking toward relativity.4

Accordingly, John Stachel, founding editor of The Collected Papers of Albert Einstein, has argued that Hume's notion of time, in particular, may have influenced Einstein.5 But Stachel acknowledged that this was essentially a conjecture since Einstein did not specify Hume's views on time, just acknowledged the influence of Hume's critical outlook in general.

Over the years, writers have proposed many other hypotheses to try  to explain Einstein's path to relativity. Besides Hume, Mach, patents, Mileva Marić, and aesthetics, writers variously have conjectured that Einstein was crucially influenced by the physics of H. A. Lorentz, experiments on light, the writings of Poincaré, and even by reflections on God.6 Thus Stachel has noted that there is still no consensus on the history of special relativity. More broadly, philosophers have variously attributed notions of relativity to many earlier authorities, including even the alluring Pythagoras.7 It seems as if the roots of relativity are not a matter of history, but of personal preference.

Several years ago, some historians met at a centenary conference on Einstein. One speaker was giving his new account of how Einstein reached special relativity—what, allegedly, were Einstein's series of steps. Two or three times during his talk, he punctuated his statements by loudly and pointedly saying “John Stachel,” as if to emphasize that Professor Stachel should agree with some particular point he was making, but didn't. And Stachel remained quiet, he was sitting behind me, and he scribbled something on a sheet of paper and handed it to me. It said: “What song did the syrens sing.”8 There's no consensus. Trying to figure out precisely the thoughts of one guy back on a spring day in 1905 seems to be unsolvable—like specifying which songs were sung by mythical mermaids. But some writers are quite sure that their favorite way in which Einstein may have reached special relativity was in fact the way it happened.



One possible reason why historians have not converged on a shared explanation is that some accounts are too reflective of the historians themselves rather than the subject. Also, many writers tend to neglect participant testimony, such as what Einstein himself said about how he made his conceptual breakthrough. A common reflex is to say that a participant's  answer, whatever it be, would likely be irrelevant. Some authors lie, or they forget their seminal thoughts, or they are quite unaware of their essential motivations. Such dismissive expectations are useful as a historical strategy because they shove aside the authors' presumed authority to explain themselves, such that the historian or commentator instead can seize that right with all the benefits it entails.

Regardless, suppose we care enough to listen to the dead. What if we could ask Einstein, today, why was it you who formulated the theory of relativity? What would he answer? Actually, we have a document that responds directly to that question. Einstein once explained to another physicist, James Franck:

 
When I asked myself, how it came to be that I in particular found the theory of relativity it seemed to me to lie in this: The normal adult person does not think about space-time problems, he has already done all that there is to think about that in early childhood. By contrast, I was so slow in my development that I first began to wonder about space and time when I was already grown up and hence naturally I penetrated deeper into the problem than a child.9
 

Here we have a documentary trace pertaining explicitly to the actual roots of Einstein's creativity. We might place it under the banner of developmental psychology.

There may, however, be doubts over Einstein's quotation. Was he serious when he said this? Did he really say this? It is not a statement from Einstein's hand but a transcription by Franck in a letter he sent to Einstein's biographer Carl Seelig in 1952. If Einstein did say this, when did he do so? We don't have the date, so even if he said it, in the 1940s for instance, that does not mean that it really described the situation in 1905, when he was formulating his theory of relativity. There are also questions about the content: Did Einstein really develop intellectually slowly? Did he really think in some childish way about notions of time in 1905?

To analyze this quotation historically, let's trace backward, against chronology, to find its apparent roots in the distant past. Part of the exciting thing about history is the research process by which one piece  of evidence leads to other earlier bits, so I want to convey that process of gradually unveiling earlier layers of documentary facts.

Regarding the legitimacy of the quotation: Einstein approved it. We know so because he made a detailed list of corrections to Seelig's biography of him after it was published, and he kept this quotation.

Given that Einstein said this late in his life, can we trust that it really happened? Did he, for one, “develop so slowly”? Luckily, there are sources that attest to this. For example, when Einstein was a boy he began to talk so late that his parents were worried that he was developmentally challenged. According to his sister, for the young boy: “Normal childhood development proceeded slowly, and he had such difficulty with language that those around him feared he would never learn to speak.”10 Eventually he did speak, but at the age of five, according to his parents, he was still phlegmatic and distracted.11 He spoke, but with a strange habit: “Every sentence he uttered, no matter how routine, he repeated to himself softly, moving his lips. This odd habit persisted until his seventh year.”12 We also know that at the age of eight or nine he was shy and unsociable.13 Only much later, ten or twelve years later, did he become social and talkative. But in school, Einstein “was considered backward by his teachers…. his teachers reported to his father that he was mentally slow, unsociable.”14 Thus, several pieces of evidence substantiate the claim that Einstein developed slowly as a child.

What about Einstein's claim that he analyzed notions of time like a child? It is reminiscent of Jean Piaget's work on child psychology. In 1946, that Swiss psychologist published his book on The Development of the Notion of Time in Children. So it might seem appropriate that if Einstein's words are from the 1940s, then he might just be echoing ideas of the time, as what Piaget called “genetic epistemology” was then pretty popular. It turns out, however, that the influence was the other way around.

Back in 1928, Einstein was invited to preside over the International Congress on Philosophy and Psychology held in Davos, Switzerland. At the time, Piaget was chair of psychology, sociology, and history of science at the University of Neuchâtel. At the conference, Einstein asked Piaget's group to investigate the following questions: “The subjective intuition of  time, is it primitive or derived, and intermixed, or not, to that of speed? Such questions, do they present a concrete meaning in the analysis of the genesis of notions in a child, or well the construction of temporal notions: is it finished before being translated to the plane of language and conscious reflection?”15 It was only after that suggestion, according to Piaget, that his group began to research the development of notions of time in children, resulting in Piaget's book of 1946.

Returning to Einstein's explanation of his creativity, he claimed that there was a kind of developmental delay, a childish thinking about basic problems, that led him to relativity. Is it true that he thought about problems like a child in 1905, when he was twenty-six years old? Moritz Solovine, a close friend of Einstein's and one of the three members of their informal discussion group from 1902 until 1905, recalled that at that time: “In the examination of fundamental notions, Einstein employed with predilection the genetic method. He used it to clarify them by what he had been able to observe in children.”16 Solovine reported this in 1956. At first blush it sounds anachronistic, as if Solovine were projecting into 1905 the kind of work that arose only later: the psychological studies on children led by Piaget on genetic epistemology in the 1930s.

That is not, however, what Solovine meant by “the genetic method.” Because by 1900 when Piaget was not even five years old, the “genetic method” already was construed to investigate the formation of ideas and habits, and to replace static metaphysical presuppositions with scientific developmental statements.

This line of research was pioneered in the 1890s by American psychologist James Mark Baldwin. He performed systematic experiments on children, including his own daughter, advocating what he called “the genetic method.” Baldwin was a proponent of the experimental psychology coming from Germany, from the laboratory of Wilhelm Wundt, where he had studied. Baldwin was a professor of psychology at Princeton, a founding member of the American Psychological Association, and, in 1897, its sixth president. For Baldwin, genetic psychology was the new field of studying the mind—not as a static soul or substance with fixed structure and attributes, but instead as a growing, evolving entity. Baldwin argued that to begin to understand elaborate conceptions, one  should begin by analyzing the relatively simple activities, behaviors, and movements of children; how they respond to their environment. Baldwin argued: “The study of children is often the only means of testing the truth of our mental analyses.”17

Did Einstein read any writings by Baldwin? We don't know; I have no evidence that he did. Yet at least there really was such a thing as “the genetic method” in 1905 when Einstein was formulating his theory of relativity.

Next, do we have any evidence that Einstein, on or before 1905, cared about making observations about how notions in children develop? Yes, but very little. In early 1902, Einstein's fiancée Mileva Marić gave birth to their daughter. When the baby, Lieserl, was just one month old in February 1902, Einstein wrote to Mileva: “Can she already turn her eyes well toward anything? Now you can make observations. I'd like to make a Lieserl myself sometime, it must be interesting! She can certainly cry already, but won't know how to laugh until much later. Therein lies a profound truth.”18 There is also a letter from Mileva Marić that refers to how children develop physical concepts. Her bright and thoughtful letter, from 1897, told him: “I do not believe that the structure of the human brain is to be blamed for the fact that man cannot grasp infinity; he certainly would if only in his young days, when he is learning to perceive, the little man wouldn't be so cruelly confined to the Earth, or even to a nest between four walls, but instead be allowed to walk out a little into the universe. Man is very capable of imagining infinite happiness, and he should be able to grasp the infinity of space.”19

Even if Einstein and Marić were unfamiliar with Baldwin's writings and observations on infants and children, was there anything similar in other writers' works? There are several significant leads. For one, prior to 1905 Einstein read with enthusiasm the works of Ernst Mach. Mach was the well-known Austrian physicist who actually had a strong interest in psychology. His interest in the development of general notions in our minds is one of the things Einstein admired. And Einstein later praised Mach for having been a scientist who “looked into the world with the curious eyes of a child.”20 (Friends and physicists made similar comments about Einstein.)

 

In 1886 Mach published his book, The Analysis of Sensations, which Einstein read before 1905. Through systematic research in physics, physiology, and history, Mach tried to resolve the traditional apparent conflict between the physical and the psychological, arguing that the fundamental elements of physics are sensations. Mach argued that “the aim of all scientific research” is the “adaptation of thoughts to facts” and that that process can be essentially observed in children.21 This resonates with Solovine's claim: “In the examination of fundamental notions, Einstein employed with predilection the genetic method. He used it to clarify them [such fundamental notions] by what he had been able to observe in children.”

Mach traced the historical development of physical theories and also tried to understand the gradual development of abstract concepts and intuitions. For that, he considered how people develop such notions, especially at early ages. Mach even gave examples from what he had observed in his son. For example, he wrote: “Almost every new fact necessitates a new adaptation, which finds its very expression in the operation known as judgment. This process is easily followed in children. A child, on its first visit from the town to the country, strays, for instance, into a large meadow, looks about, and says wonderingly: ‘We are in a ball. The world is a blue ball.’ [note: This case is not fictitious, but was observed in my three-year old child.] Here we have two judgments. What is the process accompanying their formation?” 22 Mach discussed how concepts are gradually formed in the mind of a child, how such concepts are distinct from perceptions or images, and how they are independent of words. Those are the kinds of distinctions that Einstein later echoed.

Einstein also read works by the German physician and physicist, Hermann von Helmholtz, who had cultivated interest in the growth of concepts in children. Significantly, Helmholtz argued that a person's knowledge of the principles of geometry and mechanics stems not from any transcendental source, but from ordinary everyday experiences.23 Helmholtz repeatedly expressed his interest in the “stages of development of our mental life,” and in the formation of basic concepts or intuitions. To that end, he studied, for example, experiments in physiological optics.  In 1878, at the University of Berlin, Helmholtz gave a speech titled “On the Facts of Perception,” which later circulated widely. He argued:

 
The newborn human child is extremely unskilled at seeing; it requires several days before it learns to judge the direction of the visual image towards which it must turn its head so as to reach the mother's breast. To be sure, young animals are much more independent of individual experience. What, however, is this instinct which directs it? Is direct inheritance of the parents' circles of representation possible? Does it concern only pleasure or displeasure, or a motoric drive, which attach themselves to certain aggregates of sensation? About all that we know as good as nothing. Plainly recognizable residues of these phenomena still occur in humans. In this area, clean and critically conducted observations are highly desirable.24
 

The first and last lines of this quotation sound much like the words from Einstein's letter from 1902: “Can she already turn her eyes well toward anything? Now you can make observations.” We don't know if Helmholtz influenced Einstein, but the similarity is noteworthy.

So we find a common interest in childhood learning in Baldwin, Mach, and Helmholtz. How did they get their interest? There are some leads to follow, but consider just one. Baldwin noted that he became interested in the formation of the mind by studying how children learn partly owing to Darwin's theory of evolution. Thanks to the success of Darwin's works, notions of evolution became increasingly applied in the social sciences.

In his book of 1872, The Expression of the Emotions in Man and Animals, Darwin analyzed the evolution of notions in children. He analyzed how emotions are manifested in animals, humans, and in children to figure out how emotions echo evolutionary history. Darwin collected data on how infants act and react and he made and reported systematic observations of his own children. He observed when infants' vocal sounds become expressive, when infants begin to blush, how they react when startled, what sounds and visual stimuli make them blink, and more. And one noteworthy point is this: that Darwin emphasized that while  babies cry since birth, they learn to smile gradually, and to laugh only much later, after three or four months in the case of his own children.25 That very point was raised by Einstein in his letter of 1902. Again, it is surprising to see that it had actually shown up in the fledging literature on developmental psychology.

Furthermore, before 1905, Einstein was very familiar with the writings of the philosopher Arthur Schopenhauer, especially his work of 1851, on maxims of life. There, Schopenhauer argued that children are not merely occupied by individual objects, but also that in their early years children are intensely occupied in analyzing their sensations, “and without any clear consciousness of what it is doing, the child is always silently occupied in grasping the nature of life itself—in arriving at its fundamental character and general outline by means of separate scenes and experiences; or, to use Spinoza's phraseology, the child is learning to see the things and persons about it sub specie aeternitatis—as particular manifestations of universal law.”26

Thus Schopenhauer too was interested in how children learn. Was Einstein concerned with universal laws as a child? If you believe him, yes, because he told his stepson-in-law that “since earliest childhood he had always shown an attraction toward the universal.”27 Schopenhauer continued:

 
The younger we are, then, the more does every individual object represent for us the whole class to which it belongs; but as the years increase, this becomes less and less the case. That is the reason why youthful impressions are so different from those of old age. And that is also why the slight knowledge and experience gained in childhood and youth afterwards come to stand as the permanent rubric, or heading, for all the knowledge acquired in later life—those early forms of knowledge passing into categories, as it were, under which the results of subsequent experience are classified; though a clear consciousness of what is being done, does not always attend upon the process.28
 

Einstein agreed with Schopenhauer (and Mach and Helmholtz) that intuition was the kind of knowledge that develops, especially at early ages,  by direct personal experience and reflection, not from education. In the process of scientific creativity, as Einstein emphasized to Moszkowski, “the really valuable factor is intuition!”29 According to Peter Michelmore, who interviewed Einstein's son, Einstein's “imagination conjured up the various approaches. His intuition told him when he was on the right track. It was that way with Relativity.”30

Another piece of evidence is that throughout his life, Einstein emphasized the essentially artificial character of the fundamental elements of physical theories. He argued that creativity consists of the “free play” of concepts. Consider the famous thought-experiment in which Einstein, at the age of sixteen, imagined that he chased light. That experiment marked the beginning of a ten-year odyssey that resulted in relativity. Einstein described it as a “childish thought-experiment.”31 This license to playfully manipulate, modify, and rearrange concepts was encouraged by his childlike approach to physics.

And there's more. Looking back, Einstein recalled that his Olympia Academy “delighted with a childlike joy in all that was clear and reasonable.”32 And throughout the years, he maintained a playful interest in how children learn.33 But let's sum up:

 

♦ Einstein stated that the distinctive factor that led him to relativity was childish thinking.

♦ From about 1902 through 1905, his favorite method of analyzing fundamental notions was to ponder how notions develop in children.

♦ To some extent, Einstein was interested in observations of children.

♦ Some of Einstein's favorite readings highlighted the formation of concepts through ordinary experiences, especially in childhood.

♦ In the process of scientific creativity, Einstein often emphasized the importance of intuition, as developed especially in childhood.

 

So what am I saying? That Einstein's breakthrough to relativity came essentially from child psychology? No. What I've shown is that Einstein's words to James Franck make historical sense. There was actually a significant growing tradition of researchers, even physicists, who seriously turned to the analysis of children's behaviors to understand the formation  of fundamental notions. My point is not that the most important factor in Einstein's creativity was developmental psychology. There is evidence, however, that this played a larger role than, say, new timing technologies, art, religion, or his wife.

While childish thinking, on the basis of the documentary evidence, played an important role in Einstein's creativity, there were other factors for which there is even more evidence. I will not discuss them here, but we should at least mention them. In particular, Einstein often acknowledged the foremost influence of H. A. Lorentz's works in physics. He also reflected on various experiments, and his critical outlook was influenced by the writings of Hume, Mach, and Poincaré.

The reason why we can construct convincing narratives about the importance of one or another “key” component in someone's creativity is because there is often an abundance of evidence, such that one freely grabs pieces to cite and emphasize. Ultimately, the goal is to pull together all the various kinds of evidence but also to weigh the relative influences of the various factors. What we find depends on what we look for, but the evidence itself can lead us to places we did not anticipate. The value of really understanding someone's creative paths is that such paths might teach us some productive ways to think.

Darwin's constant productivity, for example, greatly impressed Alfred Russel Wallace, who independently conceived the notion of evolution by natural selection. In a review of the book on The Expression of Emotions, Wallace praised Darwin for never having lost the full force of “the restless curiosity of the child.”34

Likewise, owing to his childish thinking, Einstein believed that education should not begin from books or generalizations, but from particular experiences. He wanted children's education to be based on concrete experiences that would lead to abstract concepts. As he told Moszkowski:

 
The first beginnings should not be taught in the schoolroom at all, but in open Nature. A boy should be shown how a meadow is measured and compared with another. His attention must be directed to the height of a tower, to the length of his shadow at various times, to the corresponding altitude of the Sun; by  this means he will grasp the mathematical relationships much more rapidly, more surely, and with greater zeal, than if words and chalk-marks are used to instill into him the conceptions of dimensions, of angles, or perchance of some trigonometrical function. What is the actual origin of such branches of science? They are derived from practice, as, for example, when Thales first measured the height of the pyramids with the help of a short rod, which he set up at the ultimate point of the pyramids shadow. Place a stick on the boy's hand and lead him on to make experiments with it by way of a game, and if he is not quite devoid of sense, he will discover the thing for himself. It will please him.35
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Eugenics and the Myth of Equality

WHEN you go to the supermarket, you can see that the tomatoes are round, smooth, very red, and not nearly as bitter as you might imagine. Can we make them better? Yes, and we already have: those tomatoes have been engineered systematically to be redder, sweeter, and to last longer. Tomatoes have been improved to withstand various germs, bugs, and disease. Similarly, breeders create dogs with tailored characteristics such as modified bodies, hair, and teeth. Dogs descended from wolves, we hear, yet dogs are easier to get along with. You can have one in your house without constantly worrying that it will kill you. Not only are most dogs smaller and therefore less dangerous than wolves, their behavior is also different. They're trustful, playful, and attentive. How did they get those behaviors? We might imagine that maybe dogs were bred from an ancient species of wolves that were naturally friendly to humans. We might imagine that although breeders modified the physical traits of that species, its behavioral traits remained utterly unchanged. But maybe not. Maybe breeders modified the behavioral traits too. After all, some breeds of dogs have different behaviors, don't they? If we can do that with wolves, and since we can make better tomatoes, then what about humans? Can we improve human behaviors by selective breeding?

Throughout history, some people have believed that not much can be done to change human nature, our innate tendencies. Many teachers accept that children are born with different talents, which can be identified and cultivated but not essentially changed. For example, Pythagoras allegedly examined his prospective disciples thoroughly to find their innate  and hereditary talents in order to decide what each should study: “he inquired about their relation to their parents and kinsfolk…. He considered their frame's natural indications physionomically, rating them as visible exponents of the invisible tendencies of the soul.”1 Allegedly, Pythagoras had proclaimed: “You cannot make a Mercury of every log,” that is, “Not every mind will answer equally well to be trained into a scholar.”2 It is interesting to see how widely such ancient notions still propagate, for example, my mother has told me an amusing Spanish saying, Latinized: “Lo que natura non da, Salamanca non presta”—what nature gives not, the University of Salamanca cannot lend either.

However, the notion of evolution increasingly challenged the idea that human nature is immutable. According to Darwin, humans were not always as they are—a grotesquely ridiculous idea to many people in Victorian England. Some of Darwin's peers became convinced of evolution, but others were deeply disturbed by it. Captain FitzRoy, for one, regretted that Darwin's work was a byproduct of the Beagle voyage. He denounced it as incompatible with a literal reading of the Bible. Owing also to other misfortunes, FitzRoy became increasingly depressed and disturbed, and in 1865, he committed suicide: he cut his throat.3 Originally, FitzRoy had asked Darwin for company during the Beagle voyage partly because he feared that he might have inherited the insanity of an uncle who had killed himself. Is insanity inherited?

If humans evolved from animals, then they evolved from animals that did not behave the way we do. Maybe environments plus selective mating gradually produced the human behaviors that now seem natural to us. But if so, should humans control their own evolution? This question was investigated by Darwin's cousin, Francis Galton.

In the 1840s, Galton studied mathematics at Cambridge University. He wanted to earn a degree with honors, but his studies were so intensive and exhausting that he suffered a nervous breakdown, and settled for merely passing. Afterward, he inherited monies from his father that enabled him to freely pursue his interests. He loved to quantify things, and he wanted to apply mathematics for the good of mankind.

Anthropologists had tried to establish correlations between people's bodies and their behaviors. They measured bodies, profiles, and bumps  on people's heads, yet they failed to find the biological bases of behavior. Galton too became increasingly fascinated by the quantification of human traits. Traveling in Africa, he discreetly measured the shapes of women's bodies. He later attempted to numerically analyze fingerprints as he became an early advocate for using fingerprints to identify criminals.

Owing partly to his interest in Darwin's theory of evolution, Galton became curious about whether mental abilities are inherited. There was a view that great men tend to have stupid sons. Or were geniuses related? So, Galton studied biographical encyclopedias to count family relations among prominent statesmen, jurists, military leaders, scientists, and artists. He found that a surprisingly high number of them were related. He was especially impressed by the recurrence of scientific and artistic achievements among blood relatives, because in such fields, nepotism and social forces were not as strong as in politics and social institutions. He concluded that heredity affected not only physical features, but also talents.

Galton acknowledged that social advantages, of course, help individuals gain opportunities and recognition but he claimed that such advantages were insufficient to explain the extent of success among blood relatives. He published his conclusions in his book Hereditary Genius in 1869.4 Darwin, who believed that men differed not mainly in inborn mental talents but in dedication and efforts, became convinced by studying Galton's work that genius tends to be inherited.5

According to Galton, education was not the cause of intelligence. At the time, education for the middle and lower classes in Great Britain was not as good as education in America. Yet the Americans, he argued, did not produce better masterpieces of literature, philosophy, and art. He therefore concluded that some talents were inherited. Yet historian Daniel Kevles has noted that Americans at the time did not fuss as much with canonically high art because they were busy building their nation. Moreover, the biographical encyclopedias used as data by Galton were not a fair measure of the population's talents; Kevles explained that Galton confused individuals' reputation as an indication of their natural abilities.6

 

Regardless, Galton was aware that the lower classes in Great Britain were reproducing at a greater rate than the more privileged. While he and his wife were unable to have children, immigrants and poor people seemed to flood the cities. Thus Galton feared that Britain's talents would diminish over time, while incompetence, frailties, and poverty multiplied. He disagreed with Thomas Malthus's call for reproductive restraint, because only moral and capable individuals would exercise such restraint, diminishing only their own numbers. Civilization seemed to have an indisputable effect: it deterred the operation of natural strife among humans. Thus, natural selection seemed to fail in the case of humans. The “unfit” were propagating.

Breeders, it was well known, were remarkably successful at controlling the traits of dogs, horses, and pigeons. Accordingly, Galton expected that human qualities too, even mental talents, could be improved by selective breeding. He hoped to find mathematical laws of heredity, to find the laws of nature that would save mankind.

Galton painstakingly developed statistical methods to analyze heredity. His studies of the distributions of traits in populations among succeeding generations led him to formulate mathematical methods (the so-called coefficients of regression and correlation) that decades later became widely used—not just in genetics, but also in medicine, economics, sociology, anthropology, and more.7

In 1883, Galton applied the name eugenics, meaning “in good birth,” to the study of planned breeding to improve human inheritance.8 Eugenics is an aspect of the history of biology which biology teachers generally avoid. Most science teachers, if they discuss history of science at all, deal mainly with its heroic and positive aspects. They avoid “wasting time” on erroneous old science, stuff that was later denounced as non-science. Among such embarrassing failures, eugenics stands out. It was a greater shame than the worst aspects of astrology and alchemy.

Yet eugenics was fueled by the noble hope to cure society of its ills. After all, if we can make better tomatoes, why not make better humans? Galton urged that the British government should measure people's abilities and rank them accordingly. Couples having higher ranks would then be encouraged to have plenty of children, while couples with lower ranks  would be discouraged from having as many children. Moreover, Galton hoped that the lowest-ranked individuals would be segregated from society to prevent them from having any children. Galton did not believe that people are naturally equal.

Moreover, rising indices of crime, poverty, and disease seemed to suggest that the British peoples were degenerating. One of Galton's followers, the statistician Karl Pearson, argued: “How is the next generation of Englishmen to be mentally and physically equal to the past generation which has provided us with the great Victorian statesmen, writers, and men of science?”9 The eugenicists aimed to make the science of inheritance a moving force in politics and social customs. Their urge to measure and quantify human traits led to the collection of disturbing evidence that humans are not equal in any traits—not in height, or skin color, or in their performance on written exams. It seemed that different races scored differently in physical and mental skills. Against that urge to quantify and proclaim inequity, there stood, across the Atlantic, the ideology of equality. The Declaration of Independence of the United States of America asserted: “We hold these truths to be self-evident, that all men are created equal.”10 Simultaneously, the nation of immigrants itself did not entirely believe in equality, as various rights were denied to women and to the descendants of slaves.

Interest in eugenics grew as biologists came to accept “Mendel's laws.” I use quotation marks because contrary to what is stated in many books on genetics, the Austrian monk Gregor Mendel actually did not discover such laws; that is, he did not claim to have found laws of heredity valid for all species. Instead, Mendel had struggled to find whether there was a general law for the development of plant hybrids.11 In the early 1900s, Mendel's results on hybrids were fairly construed as evidence that certain physical traits are transmitted as pairs of units. Biologists spoke of “laws of heredity.”

Accordingly, Charles Davenport, a biologist in the United States, showed that certain human traits, such as eye color, are transmitted in accord with such laws. Consequently, Davenport came to believe that important human traits were also transmitted in their entirety, even if sometimes they were not manifest. It seemed to him that traits such as  alcoholism or stupidity could not be cured by simply treating the ailing individual, because that individual would pass that trait onto his children. While effective techniques for healthy breeding were used in horses, for example, it seemed outrageous that they were not used also in humans. Hence Davenport began to advocate eugenics.

In 1904, thanks to funding from the Carnegie Institution, Davenport established a center for the study of human inheritance and evolution, located in Cold Spring Harbor, New York. The center began to widely solicit replies to questionnaires on the physical and mental traits of individuals and their families. Davenport analyzed such family histories to find numerical patterns in the incidence of: stump-fingers, polydactyly (having more than five fingers per hand), albinism, hemophilia, insanity, alcoholism, criminality, and especially “feeblemindedness.” He tried to fit many of these traits into the simple mathematical patterns of inheritance laws.

Davenport recognized that social environment was an important factor in determining how a person develops. Yet he also argued that some inborn traits cannot be curbed, no matter how good the environment be—just as some “bad seeds” cannot grow well even in good soil.12 Davenport attributed social deviance to a lack of self-restraint, the result of a supposedly defective nervous system caused by hypothetical bad genes. Yet his evidence was anecdotal, lacking systematic measurements.13

Thus, American eugenicists claimed that just one or two pairs of genes determined bad traits: feeblemindedness, violent temper, epilepsy, criminality, manic depression, and even poverty. Eugenics seemed to promise techniques to fight epidemics and enact social reforms. Eugenicists sought to reduce degeneracy and racial mixtures by somehow restoring humans to a former condition. Instead of bothering with historical research, some freely imagined a glorious age long gone: “Thus in primal days was the blood of the race kept high and pure, like mountain streams. One may not admire the harsh conditions of the savage life of our German forefathers in their Teuton forests; but one must admit the high purity of their blood, their high average sanity, soundness, and strength. They were a well-born, well-weeded race.”14 Moreover, American eugenicists conjectured that certain “races” had inborn troublesome tendencies.  Supposedly Italians were violent, Jews were prone to thieving, and so forth. Davenport therefore called for laws to oppose the influx of “inferior blood” into the Nordic population. He argued: “The biological basis for such laws is doubtless an appreciation of the fact that negroes and other races carry traits that do not go well with our social organization.”15

Politicians advanced restrictive immigration policies, along with sterilization laws supported by President Theodore Roosevelt. Alarmed by decreasing birth rates, Roosevelt also led a crusade against “race suicide.” By 1907, more than four hundred prisoners had been sterilized in the state of Indiana, and then Indiana approved a sterilization law for “degenerates.” By 1916, the American Eugenics Society explained that just one troublesome family, the “Jukes,” had cost the state of New York more than $2,000,000 in criminal and institutional expenses, whereas segregation of the original Jukes couple from society would have cost only $25,000; further, their sterilization would have cost a mere $150 instead.16 By 1917, sixteen states had sterilization laws.

Eugenic concerns also impelled intelligence testing. Building on the contributions of various psychologists, in 1916 Lewis Terman published The Measurement of Intelligence, in which he argued that no amount of instruction could work to qualify certain people as voters and leaders in society. Terman called for intelligence tests to determine whether, as was apparent to him, workers and servants who were “Indians, Mexicans, and negroes” had distinct mental traits or limitations.17 Intelligence tests became a means for segregating students according to their supposed inborn abilities. Terman advocated IQ tests, ascribing a single number to a person's intelligence.18 He and others also advocated that immigrants be tested.

Eugenics enthusiasts increasingly denounced the American declaration of equality as a myth. A book by Alfred Schultz, Race or Mongrel, complained: “The principle that ‘all men are created equal’ is still considered the chief pillar of strength of the United States…. Only one objection can be raised against it, that it does not contain one iota of truth.”19 Likewise, the president of the American Museum of Natural History proclaimed: “The true spirit of American democracy that all men are born with equal rights and duties has been confused with the political  sophistry that all men are born with equal character and ability to govern themselves.”20

In 1921, Vice President Calvin Coolidge complained that the United States was seen as a “dumping ground” for unwanted foreigners. He noted that biological laws showed that while “Nordics” propagate successfully, certain “other races,” when mixed, lead to deterioration, and therefore, that “Quality of mind and body suggests that observance of ethnic law is as great a necessity to a nation as immigration law.”21

In 1924, the state of Virginia approved its “Racial Purity Law,” which outlawed interracial marriage. Several other states copied that law. Meanwhile, Harry Laughlin carried out IQ tests on immigrants. He found that Italians and Africans scored less than Nordics, and so he inferred that they lacked equal mental abilities. Laughlin's subsequent testimony about his conclusions before the federal government helped to pass the Immigration Restriction Act of 1924, signed by Coolidge, who had become president. The act established quotas to restrict the influx of people from certain countries and ethnicities.22

Furthermore, the public increasingly embraced eugenic ideals. Several state fairs came to feature eugenic exhibits and “Fitter Families” contests. The governor of Kansas, for example, awarded trophies and medals to the healthiest exemplar families. Medals bragged: “Yea, I have a Goodly Heritage.” In Philadelphia, the Eugenics Society displayed exhibits on the slow birthrate of “high grade” people compared to the alarmingly fast birthrates of “deficient” and “abnormal” people. The exhibit asked, “How long are we Americans to be so careful for the pedigree of our pigs and chickens and cattle—and then leave the ancestry of our children to chance or to ‘blind’ sentiment?”23

In 1926, Leta Hollingworth, a professor of education at Columbia University, authored a study of “gifted children.” She ascribed students' abilities to their inborn predispositions. She also claimed that, in the United States, children of Africans and Italians had a lower than average intelligence. She also claimed: “Modern biology has shown that human beings cannot improve the qualities of their species, nor permanently reduce its miseries, by education, philanthropy, surgery, or legislation. Such attempts are palliative merely and leave a worse condition for the next  generation to face. A philanthropy that succeeds in relieving the chronic pauperism of a thousand individuals of this generation, bequeaths at least two thousand paupers to be relieved by generations immediately following, for it has enabled a thousand organisms of pauper quality to live and breed.” Like stupidity, poverty was cast as an unfortunate inherited trait. To solve social problems, Hollingworth too advocated eugenics: “It would ultimately reduce misery if the stupid, the criminal, and other mentally, physically, and morally deficient would refrain from reproduction.”24 Other eugenicists argued further that procreation should be legislated, not left to choice.

Not everyone was pleased with eugenic laws. Numerous biologists and lawyers criticized especially the punitive sterilization laws. Hence, a sterilization case reached the Supreme Court in 1926. The state of Virginia had ordered that Carrie Buck be sterilized because she, her mother, and her infant daughter were allegedly feebleminded. Without having met Carrie Buck, Harry Laughlin declared in an expert deposition that her feeblemindedness was indeed hereditary and that she belonged to the “shiftless, ignorant, and worthless class of anti-social whites of the South.”25 The court ruled that just as the best citizens sometimes sacrifice themselves for the public welfare, so too the leeches of society should sacrifice to protect the state from being flooded with incompetence. Justice Oliver Wendell Holmes declared: “It is better for all the world, if instead of waiting to execute degenerate offspring for crime or to let them starve for their imbecility, society can prevent those who are manifestly unfit from continuing their kind…. Three generations of imbeciles are enough.”26

It was a great victory for eugenicists, so they kept pushing their social programs. By 1928, nearly four hundred universities in the United States offered courses on eugenics.27 By 1929, twenty-four states had sterilization laws, and by January 1935, more than 21,500 individuals had been involuntarily sterilized by law.28

Still, a growing coalition of scientists and critics denounced eugenics as nonsense. They complained that it reeked of prejudices disguised as science. Reform activists argued that the apparent problems of racial degeneracy were really just problems of social disorder. Even for diseases  that were indeed inherited, it became clear that eugenic policies could hardly cure them.

For example, Charles Davenport had shown that Huntington's chorea was inherited, so it seemed that this disease could be wiped out by sterilizing every person who exhibited it. But that would rid only one generation of all offspring who carried two genes for the disease. Others who carried only one such gene, which did not manifest itself, would continue to transmit the disease. Society would still need to sterilize people in the next generation, and so on. Geneticist Reginald Punnett calculated how many generations it would take to reduce the frequency of a supposedly simple trait such as “feeblemindedness.” Punnett found that to diminish its incidence from 1 in 100 persons, for example, to 1 in 10,000, it would actually take 90 generations of sterilizations.29 So, more than two thousand years of eugenics would still fail to wipe out feeblemindedness. Moreover, there was a greater problem: that there was no reliable evidence that traits such as “idiocy,” violence, and criminality really depended on single pairs of genes. Instead, such behavioral traits were hardly definable genetically, and would seem more likely to depend on countless many genes.

Nevertheless, eugenics gained popularity in other countries. In Germany, in particular, it met a receptive audience. Albert Einstein, like many people, became fascinated by genetic inheritance. Having first loved his wife Mileva Marić as an equal, he came to despise her as “a physically and morally inferior person.”30 She had a congenital hip displacement and suffered depression and nervous breakdowns, which he attributed to her genes. Her sister was insane and catatonic. Likewise, Einstein and Marić's second son, Eduard, became mentally and emotionally unstable, and Einstein ascribed that to “the severe hereditary flaw” in Marić's bloodline.31 Einstein privately approved of the ancient Spartans' practice of abandoning their weakest children to die, to strengthen society. In 1917, he wrote to an intimate friend, “To keep something alive that is not viable beyond the years of fertility is undermining civilized humanity…. So it would be urgently necessary that physicians conducted a kind of inquisition for us,” to sterilize “without leniency in order to sanitize the future.”32

 

Those were the grotesque prejudices of a private individual. Yet more awful opinions were more publicly voiced. Adolf Hitler advocated the natural superiority of the German peoples. For him, inequality among races was a permanent and unchangeable aspect of the natural order. Hitler argued that “anyone who wants to cure this era that is inwardly sick and rotten, must first summon the courage to expose the causes of this disease.” He believed that racial mixing was poisoning the most valuable and natural German resource—the pure Aryan blood—and claimed that only the healthy German people, beautiful and spiritually superior, could produce the highest works of culture and creativity. Above all, he despised Jews as intrinsically evil and degenerate and as guilty for Germany's woes. He blamed them and the Marxists for supposedly undermining the natural superiority of the German blood by their “theory of the equality of men.”33

Hitler proposed that people who were physically degenerate and mentally sick should be prevented from procreating for at least six hundred years to help cleanse society of its ills. He claimed that it was the sacred racial mission of the Germans to protect “the most valuable stocks of racially primal elements” and to raise them to a dominant position. Hitler ranted that the State “has to take care that only the healthy beget children,” acting as “the guardian of a thousand years' future, in the face of which the wish and the egoism of the individual appears as nothing and has to submit. It must put the most modern medical means at the service of this knowledge. It must declare unfit for propagation everybody who is visibly ill and has inherited a disease, and must carry this out in practice.”34

Some German theorists saw human societies as living organisms, such that individuals with defects or ailments appeared as dangerous imperfections. To keep society healthy as a whole, the “racial scientist” Adolf Jost had advocated “the right to death” in his book of 1895. Hitler similarly argued, “If the power to fight for one's own health is no longer present, the right to life in this world of struggle ends.”35

For Hitler, German nationality was founded on race: “the purity of blood.” His National Socialist Party was impressed by the American laws for sterilization and against immigration and interracial marriage. The  Nazis developed the Race Purification Program through which they sought a sort of racial hygiene to cure the state of expensive and “unproductive lives.” For Hitler, the aim of the state was to promote “a community of physically and mentally equal living beings.”36

In 1933, the Nazi government approved the Law for the Prevention of Hereditary Diseases in Future Generations. They announced that 400,000 Germans would be promptly sterilized beginning on January 1, 1934.37 It became essentially criminal to suffer from mental retardation, schizophrenia, epilepsy, blindness, deformations, alcoholism, and other conditions. Physicians were required to report any such individual to Hereditary Courts, which in turn would judge whether any such individual should be segregated or sterilized to be deterred from procreating. The goal was to sterilize “lives not worth living.” The deputy leader of the Nazi Party, Rudolf Hess, proclaimed that “National Socialism is nothing but applied biology.”38

The Nazis sterilized thousands of Germans in just months. In 1934, an American eugenicist in Virginia complained, “The Germans are beating us at our own game.”39 By 1937, roughly 225,000 people had been sterilized in Germany, about ten times more than in the United States. Furthermore, the Nazis enacted a medical program to kill disabled individuals. Hitler was seen as “The Physician” of the German peoples, one who would implement coercive corrective procedures to cure the health of the social organism. One of his followers exclaimed: “Our characteristics are deeply rooted in our race. Therefore, we must cherish them like a holy shrine, which we will—and must—keep pure. We have the deepest trust in our Physician and will follow his instructions in blind faith, because we know that he will lead our people to a great future. Hail to our German people and der Fürher!”40

Alongside Nazi eugenics, there emerged a movement for “German physics.” Philipp Lenard, Johannes Stark, and a few other German physicists claimed that science developed by Aryan men was superior to other science. They claimed that dead greats such as Galileo, Kepler, and Newton were Aryans, and praised the “pragmatic” approach of Rutherford, as opposed to the “dogmatic” Einstein.41 They ridiculed Einstein's relativity as “Jewish physics,” as theoretical conjectures and lies. They  burned books and prevented Jews from teaching at universities. Einstein received death threats. Many Jewish professors including Einstein, James Franck, and Lise Meitner fled Germany.

Under Nazi rule, eugenics became such a powerful movement that some commentators traced its origins to purported influences centuries older than Galton's mathematical schemes. For example, one writer even associated it with Pythagoras.42 According to Iamblichus, Pythagoras examined his pupils to ascertain their innate talents. And allegedly, some Pythagoreans had believed that men should not be allowed to act freely, lest they become degenerates, but should instead be ruled even regarding birth control: “This is the most powerful and manifest cause of the vice and depravity of the greater part of mankind, for the generality undertake procreation on impulse, like beasts.”43 Other writers ascribed the eugenic drive to Plato, since he discriminated between citizens whom God had made different: “Some of you have the power to command, and these he has composed of gold, wherefore also they have the greatest honour; others of silver, to be auxiliaries; others again who are to be husbandmen and craftsmen he has made of brass and iron; and the species will generally be preserved in children.”44

Centuries later, in the colonial United States, racism infected the minds of even the most prominent leaders. When Benjamin Franklin, for example, wrote his essay on population growth (first published anonymously), he included a final passage that was deleted from various subsequent editions:

 
the Number of purely white People in the World is proportionably very small. All Africa is black or tawny; Asia chiefly tawny; America (exclusive of the new Comers) wholly so. And in Europe, the Spaniards, Italians, French, Russians, and Swedes, are generally of what we call a swarthy Complexion; as are the Germans also, the Saxons only excepted, who, with the English, make the principal Body of White People on the Face of the Earth. I could wish their Numbers were increased. And while we are, as I may call it, Scouring our Planet, by clearing America of Woods, and so making this Side of our Globe  reflect a brighter Light to the Eyes of Inhabitants in Mars or Venus, why should we, in the Sight of Superior Beings, darken its People? Why increase the Sons of Africa, by Planting them in America, where we have so fair an Opportunity, by excluding all Blacks and Tawneys, of increasing the lovely White and Red? But perhaps I am partial to the Complexion of my Country, for such Kind of Partiality is natural to Mankind.45
 

By the 1940s there was no shortage of great dead men who apparently endorsed or celebrated eugenic practices.

Hitler fired ambitious military campaigns to capture more “living space” for his so-called master race. But after devastating battles, his Slavic enemies along with the British and American armies defeated the Nazi army. Before World War II ended, though, the Nazi medical program had compulsorily sterilized hundreds of thousands of people. Moreover, the Nazis killed millions of Jews, Roma, and persons of various ethnic minorities.

Meanwhile, eugenics had become an important part of reforms in American education. Among biology textbooks used in high schools in the United States in the 1940s, nearly 90 percent of them included sections advocating eugenics.46 But when people learned of the horrors of the Nazi racial programs, widespread support for eugenics collapsed.

Overall, eugenics was fueled more by speculation than science. It had the yearning fervor of a young cult. In 1904, Galton acknowledged: “I see no impossibility in eugenics becoming a religious dogma among mankind.” Yet he hoped that it would be carefully based on scientific quantification. Galton feared that “Overzeal leading to hasty action would do harm, by holding out expectations of a near golden age, which will certainly be falsified and cause the science to be discredited.”47 This is indeed what happened.

In the 1960s, the notion that people are all naturally equal cast a shadow of shame on the efforts of scientists who insisted on quantifying differences in inborn abilities among individuals or races. One eugenicist complained that serious research was obstructed because “This nonsense about ‘equality’ has affected nearly everyone!”48

 

The drive to make a science of improving human heredity depended on the ancient aspiration to understand phenomena in terms of numbers. Yet its results clashed with the idea of equality. In 1976, more than a thousand members of the Genetics Society of America endorsed a statement declaring that “We deplore racism and discrimination…because they are contrary to our respect for each human individual. Whether or not there are significant genetic inequalities in no way alters our ideal of political equality, nor justifies racism or discrimination in any form.”49

Eugenics did not end with the Nazis. The word itself lost currency, especially in schoolbooks. But policy makers continued to struggle with its principles, and geneticists continued to search for inheritable causes of people's ailments, behaviors, and intelligence. Nowadays, geneticists have found that many hundreds of maladies are caused by “single-gene” disorders, even though most of those maladies are not those that the eugenicists targeted. Still, some geneticists today continue to search for genetic causes of many behaviors: alcoholism, criminality, schizophrenia, depression, violence, hyperactivity, even shyness.

Regardless, the old ideals were framed in speculations and common fictions. Despite its currency, the old notion of race is a myth. It was based mainly on skin colors, whereas the degrees of genetic differences among human groups do not mirror the apparent “races” that people and anthropologists had established on superficial impressions and skin colors. For example, Africans with dark skin are genetically much more similar to Europeans with light skins than they are to Australian aborigines with dark skins.50

Large-scale social programs to restrict or control breeding lost public favor, while new technologies for genetic screening have given greater reproductive control to individuals. Unfortunately, most people only want to have “normal” babies, the very kind that eugenicists wanted. Einstein's second son, for example, became melancholic and schizophrenic and was interned in an insane asylum. His father attributed such ailments to heredity, and he wrote to his son, “The deterioration of the human race is surely a bad thing, one of the worst possible things,” and he added, insensitive: “forgive me for your existence.”51 Likewise, Einstein bitterly opposed the marriage of his first son to a woman whom he disdained  as genetically inferior: she was older, shorter, driven, and complicated, much like Marić, so Einstein rudely tried to prevent the supposedly “risky,” “wretchedness,” or “disaster” that Hans Albert have children with her. His prejudiced objections failed.52

Now we know that certain genetic anomalies are not entirely disadvantageous. Consider one example. Some American eugenicists had opposed the influx of “inferior blood” from southern and eastern Europe. Accordingly, it turns out that the blood of many people of eastern Mediterranean descent carries an anomaly that makes them susceptible to being poisoned by certain chemicals that don't affect most people. In particular, they become poisoned by eating beans, fava beans. Thus the ancient Pythagorean prescription, abstain from beans, makes good sense, at least for some people from the very regions where Pythagoras lived. Other chemical compounds, other than fava beans, might also be toxic to people with that blood condition. This heritable blood disorder, geneticists have found, is caused by a “genetic defect” that, however, has a positive consequence: it gives blood a resistance against malaria, especially the most deadly form of that disease.53 And so, biologists have conjectured that thousands of years ago this genetic mutation arose in a region affected by malaria, and it propagated by natural selection. Is that inferior blood? It might also have other advantages.

And what about behavior? Was the aim of eugenics merely a myth? Is it impossible to predict or predetermine behaviors merely on the basis of selective breeding?

Eventually, geneticists did make certain discoveries that once could have seemed impossible. For example, in 1958, the French geneticist Jérôme Lejeune discovered that people with Down's syndrome have forty-seven chromosomes instead of forty-six. He then realized that this anomaly was the underlying cause of Down's. Here finally was an instance in which the distinctive future behavior and intelligence of certain infants could actually be predicted genetically. This finding was so remarkable that a fellow geneticist described Lejeune's chromosomal photograph as “just about as astonishing as a photograph of the back of the moon.”54 At that time, a Russian space probe had actually photographed the far side of the Moon, which humans had never seen—an ancient  mystery. Moreover, researchers soon found that one kind of Down's syndrome (namely, Robertsonian translocation) was actually transmitted by inheritance, thus explaining its recurrence in families. Here finally was an example of a behavioral anomaly that is inherited.

What about the question posed at the start of this chapter—is there a way to improve human behaviors by selective breeding, to prevent, for example, aggression and crimes? There is no evidence for it, but consider again the case of dogs. One might doubt whether dogs' behaviors were designed by humans by selective breeding. Yet evolutionary theory requires that species' behaviors, like their bodies, have changed over time. Accordingly, scientists have carried out experiments to see whether the behaviors of certain animals can really be modified by selective breeding.

Beginning in 1959, Dmitri Belyaev in Novosibirsk, Russia, began to selectively breed wild silver foxes to try to make them tame. Each caged fox reacted with more or less fear when presented with a human hand. Those that exhibited less fear and aggression were segregated to breed. None were trained, and contact with humans was strictly limited, to ensure that any behavioral changes resulted only from intrinsic factors.

Surprisingly, after only ten generations, the selected foxes exhibited very tame behaviors, similar to those of domestic puppies—including eagerness for human contact, sniffing and licking humans, and wagging their tails.

Meanwhile, the more violent foxes were bred together, resulting in a strain of particularly aggressive foxes.55 After Belyaev's death in 1985, Lyudmila Trut continued the experiments. In 1999, she reported that having bred forty-five thousand foxes over forty years, they had produced a variety of fox as tame as a dog.56 The friendly behaviors of these foxes became evident before they were even one month old. And there was another stunning result: the more passive, friendly foxes were physically distinct. Some parts of their fur lacked pigmentation creating, in particular, a star-shaped pattern on their face; their ears became floppy, their tails curled, and after fewer than twenty generations, some of the increasingly tame foxes were born with shorter tails, shorter legs, overbites and underbites; the skulls tended to be smaller, their snouts shorter  and wider. On the whole, there was an increased incidence of doglike characteristics. Therefore, we can practically identify the genetic strain of such a fox not only by the animal's behavior, but by its physique; we can predict its overall behaviors from its physical traits. There it is, in one species: a connection between behavior and physical traits.

Belyaev and his colleagues also began to domesticate other mammals: river otters, minks, and wild rats. Like the foxes, the Siberian gray rats were segregated to breed according to their tolerance toward humans. After only sixty generations, two distinct varieties had arisen: one that readily let itself be handled freely, and another that behaved viciously, screeching and lunging against cage bars, ferocious against being handled. In the words of an animal behavior expert at the University of St. Andrews in Scotland: “Imagine the most evil supervillain and the nicest, sweetest cartoon animal, and that's what these two strains of rat are like.”57

Eugenics and dysgenics already have had behavioral effects in some animal species. Geneticists are now trying to identify differences in the DNA between the two strains of rats. Such differences might exist in other mammals as well. And history shows that our attempts to assert discontinuity between humans and the rest of nature have often been wrong. As shown in dogs, foxes, rats, it seems clear that eugenics was not merely a myth.

Behavioral genetics creeps closer to disturbing revelations, but fortunately, the prospect of mandatory eugenic policies among humans remains in disrepute. Traditional mathematical notions of beauty foster a mystical appreciation for equalities, which seem eternal and unchanging. But a renewed appreciation for differences should encourage us toward an ethics that kindly values fluid inequalities of all individuals.






Epilogue

STORIES of innate genius still generate interest in science, but they also disguise. Pythagoras, Newton, and Einstein are sometimes portrayed as nearly divine. But that hides answers to questions: What did they really do? And how did they do it? Because they were gifted, well born?

At the start of this book, I said that portrayals of science often take the shapes of myths. I was referring to some questionable aspects of old religious cults, such as the tendency to deify charismatic leaders, to celebrate their achievements as miracles, to shroud knowledge in esoteric language, to neglect genuine understanding, and to echo traditional stories rather than historical findings. We began by tracing how astronomy became infused by Pythagorean myths, and finally, we traced how the would-be mathematical science of eugenics decayed into murderous sects driven by myths and millennial visions. Having analyzed a series of myths and historical episodes, one might be expected to synthesize some common pattern by which such myths develop. Let me therefore say a few comments along these lines.

Writers and researchers who wish to tell the past go through a process of selection. Following their needs or curiosities, they carry out a limited search for source materials. Driven by personal or practical motivations, and by the interests they expect from a prospective audience, they search and select whichever elements seem worthwhile, plausible, and compelling. That limited search stops when writers or researchers become satisfied that they have enough material, that it is reasonably reliable, and that they have something worth saying. While composing their account, they not only omit, as they must, material that is beyond  the present scope of interest, they also often add phrases and notions that are absent from the original sources. To compose their narrative, they imagine scenes, and consequently, imaginary details from those scenes become woven into the historical excerpts. That imaginative process is not arbitrary, it responds to certain notions.

In the myths that we have considered, we see a common pattern of compression. Key elements in a story are increasingly pushed together. Consider a few examples. First we read that Darwin fancied that variations in finches arose from some sort of evolution. Then writers imagine that Darwin entertained such thoughts while he was on his voyage of discovery and saw strange finches on the Galápagos Islands. Then they also assume that, being a naturalist, Darwin “would have” systematically measured the beaks of the finches, studied their eating habits, and recorded their geographical distributions; and then writers infer that Darwin “must have” concluded that finches had evolved, and that this was the seed that led to his theory of evolution. Likewise, first we hear that Newton was inspired by seeing an apple fall in his garden. Next, the apple falls at his feet, or on his head, or on his nose. Or it hits him hard on the head. And rather than being merely an interesting event that accompanied a series of thoughts, it becomes construed as the trigger, the cause.

The small event leads to great consequences. I've met many people who believe that the apple story conveys the fact that “Newton discovered gravity,” as if gravity, which is just a Latin expression for heaviness, had been unknown for thousands of years. The point of the story, instead, is that Newton wondered whether gravity, as we know it on Earth, extends beyond the atmosphere, into outer space. But the three elements, Newton, apple, gravity, become compressed into a mythical, grand discovery. Likewise, many people now think that Franklin flew a kite in a thunderstorm and that lightning struck the kite, whereby “he discovered electricity.” Similarly, Einstein lived in Switzerland, a country famous for its clocks. There is a large clock tower on a street where he lived, and in 1905 he formulated the relativity of time. Wouldn't it be interesting if the clock tower triggered his ideas? Then writers make the connection. But there were many clock towers all throughout Europe.  Likewise, Giordano Bruno believed in the theory of Copernicus, and he was killed by the Inquisition; wouldn't it be dramatic if Bruno was killed for believing in Copernicus? These stories develop by a kind of compression, their elements are brought together.

Once a writer publishes an account, it begins to compete against other similar stories in the market. If readers like it, then it propagates. Or, if the story is carried by a popular book, which itself does not focus on that topic, the story spreads. This process of public selection is determined partly by the public's preconceptions of what makes a story sound good, rewarding, dramatic, inspirational, and true. One reason why some stories sound true is that they echo dramatic notions that readers previously hold. For example, a story might echo the true notion that small things can sometimes have extraordinary effects. The plain apple led to the greatest discovery, the system of the universe. A child's toy, a kite, led a man to understand a most powerful force in nature: lightning. A telling moment shows up in the movie The Lord of the Rings: The Fellowship of the Ring. One of the characters, Boromir, picks up a thin, silver chain from which there hangs a golden ring, the One ring, the ring of power. He stares at the ring, entranced, and says: “It is a strange fate that we should suffer so much fear and doubt over so small a thing…such a little thing.”

As with small objects, another element that makes a story appealing is that it includes ordinary people achieving extraordinary things. The third-class patent clerk formulates a theory that revolutionizes physics. The quiet, modest wife allegedly turns out to be, secretly, a brilliant mathematician and covert mother of the theories of modern physics.

Another factor that makes stories sound true is the inclusion of definite settings and actions. At that particular place, so-and-so was doing such-and-such when this happened. Allegedly, Einstein was examining patents for the synchronization of clocks, or Newton was reading under an apple tree, or Galileo was dropping objects from the Leaning Tower of Pisa, and so forth.

What makes such stories even more compelling is when they come from an authoritative source: a famous scientist, a reputable historian, and so on. Readers assume that authoritative experts are less prone to  invent the past. However, my impression is that there is a certain danger in authority. Once someone has written extensively about, say, Galileo, they sometimes tend to develop a kind of empathy, a sense of how that person would have behaved, what he must have thought. It is almost as if the investment of many thousands of hours of work had given the researcher a special power, an ability to divine the past, as if human actions were consistent, as if social and intellectual contexts involve conveniently few factors. The trouble with authority is that it often deters the first process of selection that I mentioned above. A writer or teacher needs to say something about Galileo, so they consult an authority on the matter and they trust that authority at their word. Authority can thus work to stop the already limited search that someone undertakes in order to ascertain the past.

The solution is to trust evidence instead of experts. If someone claims something, even if it is Galileo writing about Aristotle, or Newton writing about Galileo, or even the latest, best biographer writing about Einstein, we should abstain from simply believing what they say, unless they cite the specific evidence to which they refer.

Once a popular writer has told a story, it propagates immensely. It soon reaches science textbooks and school materials. It also spreads to juvenile literature and children's books. Later, when researchers manage to critique and correct a myth, it eventually loses ground in schoolbooks. For example, after the myth of Galileo and the Leaning Tower was clearly exposed in the 1930s, it still took many years for the tale to become relatively rare in textbooks. Still, hundreds of thousands of people learn it today, because it retains a strong presence in children's books.

We might have assumed that myths develop mainly by a process of loss of information, that stories are copied and echoed without full accuracy, and therefore some details are lost. But a greater factor is the addition of information. Writers, teachers, and historians sometimes embellish stories with key words and elements that resonate with their expectations, interests, and concerns. It is a process mostly of unconscious invention.

For example, there is a well-known story that Karl Marx wanted to dedicate his famous book, Das Kapital, to Charles Darwin. The story  began in 1931, when Russian scholars of Marx's works claimed that in a letter of 1880, Darwin had turned down Marx's request to dedicate a book to him.1 This claim led writers to misrepresent a letter from 1873 by writing that Darwin thanked Marx for wanting to dedicate a book to him, but cordially declined.2 Actually, the letter in question was from 1880 and does not state Marx's name; it was merely addressed to “Dear Sir.”

Even so, in the 1960s and 1970s, scholars continued to claim that Darwin had mailed this letter to Marx.3 To account for the discrepancy in time (Das Kapital had been published in 1867, years before the letter was written or even thought to be written), one writer conjectured that Marx wanted Darwin to read a French translation of some passages by Marx.4 Other writers supposed that the letter referred to an English translation of Das Kapital.5 Still others speculated that Marx hoped to dedicate the second volume of his work to Darwin.6 They disregarded the fact that Friedrich Engels had reported that Marx intended to dedicate the second and third volumes to his wife (as pointed out by Margaret Fay).

In 1974, Lewis S. Feuer established that Darwin's letter was actually directed to Edward Aveling, who planned to publish a book about Darwin and freethinking in opposition to Christianity.7 Darwin did not want to get involved in such matters. He denied being an atheist; he called himself an agnostic. Darwin's papers in the Robin Darwin Archive in Cambridge, England, include a letter from Edward Aveling, dated 1880, in which Aveling requested permission to dedicate his new book to Darwin.8 In the end, Darwin's 1880 reply became mixed up with Marx's correspondence mainly because Marx's daughter, Eleanor, was Aveling's common-law wife. She committed suicide in 1898, and for a short time Aveling alone held both his own letters and those of Marx. So the claim that Marx wanted to dedicate his book to Darwin was just a misapprehension, one that is still sometimes repeated.

Nevertheless, Darwin and Marx did briefly correspond. In 1873, Marx mailed a copy of his book, Das Kapital, with a handwritten inscription to Darwin. In turn, Darwin wrote a letter to Marx, in which he thanked him for the “great book.” The autographed book is in German,  and it still exists in the collection of Darwin's books. Out of 822 pages, only the first 105 have had the edges cut apart, as if someone meant to read them, but Darwin barely knew German, and he made none of the marginal annotations that he usually made in books.9 Also, Marx was not entirely a fan of Darwin; over the years, he occasionally disdained his expressions, and he overtly disliked Darwin's reliance on the work of Thomas Malthus.

The Darwin and Marx story grew from a series of conjectures. We have a compulsion to speculate, to fill in the blanks. It is the urge that moves us to infer meaning in a gesture and to draw constellations in the stars. How much less appealing it would be to look at several disconnected points of light in the night sky, not thinking about the belt and sword of Orion. With his telescope, Galileo tried to draw all the stars that he could see in Orion, but there were just too many of them, he could not replace the simple mythical figure of Orion with a comprehensive accounting of the usually invisible stars. Likewise, too often we prefer to pick and choose the pieces that fit whatever story we would like to tell; it is an urge from which I could hardly escape in this book.

Wherever selective excerpts can be used as evidence, it is difficult to undermine myths. For example, although I studied history of science in graduate school, even taking courses in history of biology, I think that I was not taught that the story of Darwin's finches was a myth. Several years later, I read a brief mention that it was a myth, but even then, for years thereafter, I continued to echo variations of the myth, based partly on selected excerpts such as the relevant passage from Darwin's second edition (1845) of his Voyage of the Beagle. I wrongly taught versions of this myth to my own college students. Only after I finally read the historical articles by Frank J. Sulloway did I begin to grasp the extent of the myth, and I then confirmed it in further detail by turning to primary sources. But if such corrective stories about myths are not clearly told and retold, the myths grow again, like tree branches in various directions.

Some readers who, before reading this book, already knew some stories about Einstein's first wife might well have read other books or articles that briefly dismiss such stories as myths. And hence such readers might imagine that it's just an old story, that it was debunked years ago,  that it's not worth any more paper and ink. But these stories defeat facts. Having studied their evolution, I suspect that they will never go away. Details, even single words, will charm and change and grow in fertile imaginations. My point is not that occasional pruning is necessary; obviously it is. My point is that the evolution of such myths should become part of the stories themselves; that we should work to track and enjoy the history of our mistakes. I believe that in studying that history, we learn to think more clearly; we find recurring patterns that illuminate this powerful urge to ever-so-slightly misread and misrepresent.

Much of what Einstein said became widely echoed and distorted. He complained that his fate was similar to that of King Midas: “Like the man in the fairy tale who turned everything into gold, what he touched, so with me everything turns into newspaper hype.”10 After his death, new stories about him continue to be generated, even based on nothing.

In January 2009, I was watching television, and the History Channel was showing a program titled Nostradamus: 2012, which discussed and provided prophecies for ever-present new audiences who might believe whatever sounds occult and agreeable. The program capitalized on the entertaining urge to read between the lines and to project the imminent future onto the past. One of the speakers on TV said: “Einstein was into alchemy, believe it or not, his wife said that what he would do every night before he went to sleep was he would read ancient books on alchemy.”11 So easily said, so easily injected into people's thoughts. Many thousands of people across the world got to hear that statement and likely some of them believed it. By contrast, how many fewer will make it to the back of a bookstore to maybe find a book that might deny that claim? Aside from the immediate reaction that this statement is just not true, let's appreciate it for its beauty. It plainly asserts that “Einstein was into alchemy,” as if this claim were authoritative and evident. It connects two bright dots, like stars in a constellation: Einstein and alchemy. It matches what hopeful viewers might want to believe: that successful scientists were privy to occult secrets that we too might access in our nightly informal readings. And it allegedly purports a credible source: his wife. But which wife, first or second? And to whom did she say this? When? Where? Just as the claim is bolstered by the alleged reference to the credible witness, so too  the content is boosted by the qualifier: Einstein didn't just read books on alchemy, allegedly he read ancient books on alchemy.

Writers trying to fairly capture the past navigate a difficult path. Some toil and crawl slowly in a crammed labyrinth of antiquarian details, while others rush to lose their way in a haze of conjectures. It reminds me of a moving song by the Cuban singer Silvio Rodríguez, a fable about brothers. One brother began a journey, wanting to get far, but he was so careful that he closely looked at every step he took, so much that he became enslaved by caution, his neck curved down, he became old and failed to get far because of his nearsightedness. Another brother also yearned to get far, so he began his journey by focusing his eyes on the horizon, but then he kept stumbling over stones and holes at his feet, so he too became old without getting far. A third brother became cross-eyed.

In researching to authenticate stories, I increasingly saw the extent to which many books blend speculations with evidence. There are patterns, for example, that when writers claim that he must have (done this or known that), or that it cannot be doubted that, such expressions usually belie, to the contrary, gratuitous conjectures. Words such as doubtless, probably, evidently, to be sure, certainly, always, are often used as patches precisely where writers really don't know the certainty of what they want to claim. So for this book I decided to not use such words and similar guesswork: he may have, nor common symptoms of imprecision, such as: scientists in the nineteenth century and the modern age. I am not saying that nobody should ever use such expressions, but the present book involved the experiment of not using such expressions at all, aside from quotations.

Myths connect us to famous individuals by placing such individuals in situations that we can visualize and that convey some idea that we find appealing. Most heroic myths are not malicious. Some fictions satisfy and empower: hearsay legends inspire us even when misconstrued as history. There's an urge to use intriguing historical figures—like Pythagoras, Galileo, and Einstein's wife—as characters in a morality play, to edit the past, to try to make it teach us what we're eager to learn. We project our concerns onto what we read. There remains, though, a need for genuine accounts that struggle to answer the questions: What  happened? What can we fairly say about the past? By engaging in this struggle, we contribute to the evolution of stories: the gradual replacement of speculative myths with science and history. After having carefully studied how stories evolve in the recent past, when we are rich with documentary sources, we might again ponder the likelihood of much older stories and ancient accounts. Having traced the emergence of the story that Darwin was inspired by finches' beaks, or that J. J. Thomson discovered the electron, or that Einstein allegedly was inspired to relativity by evaluating patents for city clocks, we might return to analyze stories about Pythagoras. The more recent stories echo ancient forms; tales of heroes and unlikely feats.

On one hand, we may lose faith in some stories about feats of ancient genius, so it might seem that history loses some of its magic. On the other hand, there is no shortage of wonderful and astonishing stories that are true. For ages, alchemists failed to find the mythical Philosophers' Stone, but eventually chemists did find substances that emit rays, cure cancer, and are far more valuable than gold. It seemed impossible that elements might evolve, and that we might create gold. It seemed impossible that species too might evolve. It seemed impossible that we might breed animals to have innate friendly behaviors. It seemed impossible that there might be changes in the heavens. It seemed ridiculous that there might exist other worlds. Moreover, stories about how apparent impossibilities were overcome inspire us because they often involve rather ordinary people: Darwin was an average graduate from college, Coulomb was a retired engineer, Einstein was a third-class patent clerk. Whether they were bright, ordinary, or sometimes unpleasant, their successes inspire us to recall the proverb: What one fool can do, another can.
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Figure 106, Light s emitted from one clock to synchrorize another.
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Figure 101, To messure the speed of light in any one direction, itis
necessary to use synchronizad clocks
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Figure 3.2, Eve, fruit, and the serpent.
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Figure 105. As the beam descends toward two clocks, to synchrorize therm, two.
more clocks are nesded to check whether the beam tits that is, whether bath of
its extremities are located at the same height simultaneously.
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Figure 109, 0n a moving platform, such as Earth, light is ermitted and then reflected.
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Figure 10.12. As the train moves along, lightning bolts strike the railioad tracks.
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Figure 10,13, Light s emitted inside 3 moving train car. Standing
outside, we see that the rer door opens frst
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Figure 10.14. An observer inside the train car sees both doors open
simultaneously
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Figure 27.Kepler's scheme of 159 He accounted for the six planets and the distanc-
s between their heliocentric,crcular orbits by interspacing the five regular solids.
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Figure 10.1. A mound of water on a still ke,
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Figure 8.2, Crookes's experiment showing the momentum of cathode rays.
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Figure 29.The system of Copernicus, showing phases of Venus as it orbits the sun as
seen from Earth,





images/00065.jpg
&0

500

w0

300

20

ANGLE ON THE MICROMETER

100

w© s ERE » s 10 s o
ANGLE BETWEEN THE PITH BALLS.

Figure 7.3, Results from one of Peter Heering's attempts to replicate Coulomb's experiment.
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Figure 10,10 An attempt to synchronize clocks with a flash oflight
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Figure 10.19.Spots of ink mark the shadow of the
tuler, contracted,
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Figure 10,18 The inkjets are not emitted simultaneously.
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Table3.2 Some variations in the evolution of the story of Newton's apple
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Figure 4.3.lustration frorn a Philadelphia Press news article on radium, early 1900s.
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Figure 4.2 Circles upon circles: manuscript disgram of the Philosophers'Stane, by
Isaac Newton,
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ALCHEMY, LONG SCOFFED AT,
TURNS OUT TO BE TRUE
Transmutation of Metals, the Principle of the Phil-

osopher’s Stone, Accomplished in
the Twentieth Century.
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‘metals into gold; was no dream alter
all. Sir William Ramsay, the well-
known scientist and professor of |
chemistry at University college, Lon- |
don, in a lectare before the London
institution, made the sensationally
Imteresting announcement that his
experiments with radiom had shown
that that mysterious element has the
power ‘of changing by some subtle
process into another element, namely,
bebum,
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Figure 4. The Arizona Blade and Florence Tribune,
12December 1903,
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Table4.1 How the legend of Pythagoras spread to alchemy and chemistry
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The Greeks borrowed many practices and ceremonies
from Egypt.

Pythagoras viited Eqypt and studied religious ceremonies to at
least enhance hs reputation among men.

“Nothing in all the world remains unchanged. Allthings are
a state of flux,all shapes recelve a changing nature- Even the
elements can change.

Pythagoras asserted that matter s susceptible to change, that
becoming happens by transmutation of the elements.

Pythagoras knew the secret of the Stone that can make gold.

Arabs and Greeks deciphered occult mysterles of Persians and
Egyptians, and called it“the arcanum of the Philosophers'Stone.
according to the counsel and Judgment of Pythagoras”

Pythagoras quietly possessed the medicine of the Blessed Stone.
‘and used it to extend hisIf to more than nine hundred years.

Pythagoras traveled to India and Egypt to leam the alchemical
secrets of nature.

“These anclent books, so Ibeally ascribed to Pythagoras, to
orto Hemmes, were the pious frauds of more recent

“Chemistry issimply numbers, an idea Pythagoras would
have liked”
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Figure 108, Fizzau's experiment of 1849, Lightis emitted from 3 lsmp at the bottom, a
lens and a mirror redirect it to make it pass by  spinning toothed whesl then the light
continues out ato another lens and mirror where it reflcted, so that it retums tothe
spinning whesl
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Figure 10.15. Light travels to each door and back.
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Figure 10,16, Inkjets approach a moving ruler
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Figure 10.7. The eclipses of Jupiter's moon lo, as seen from Earth at two different
times during the year.
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Figure 10.17. Spots of ink mark the shadow of the
moving uer.
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Figure 13.1. What song did the syrers sing?
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Table 11.1. A scale of likely reliability for various kinds of sources, from most
toleast credible

Original notes and drafts of the scientists labors and ruminations
Contemporary private diaries of the scientist, peers, or friends
Contemporary documents such as letters to friends
Contemporary accounts of statements among scientists and peers
Manuscripts, the original scientific work

Early retrospective accounts by the scientist
Early interviews of the scientist, proofread by the scientist
Later retrospective accounts by the scientist
Later interviews of e scientist, proofread by the scientist

. Systematic interviews by historians, psychologists, or other specialists
. Informal interviews of the scientist

. Recollections that exi
. Retrospective accounts that exist only in a doubly indirect form

only in an indirect form, such as a transcribed lecture

Late recollections by an intimate acquaintance

. Biography based on interviews, approved by the scientist and interviewees

Account based on multiple interviews but not proofread by the interviewees

. Account of interviews with a close relative or peer, proofread by the

interviewee

Material based partly on interviews from a relative, peer, o acquaintance
Rough translations of biographies or sources

Hearsay: Iate indirect accounts of what someone allegediy told
someone else
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Figure 4.1. The Second Key of Basi Valentine, as ilustrated in 1624,
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Figure 5.3, Darwin and the Tmps of darkness”on the lava rocks of the
(Galépagos, October 1835; the HIMS Beagle at bay.
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Figure 28, Prolemy's system, showing phases that would be observed from Earth 35
Venus travels on its epicycle.
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Figure 3.1.The young lsaac Newton i the garden.
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Figure 2.1, Lines of sight to: group of objects. As the man moves, the gaps between the.
objects seem to change.
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Figure 23, Cycle and epicycle carry Mars in loops around Earth. To the ancients, Mars
was a kind of star.
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Figure 2.2, Retrograde motion: Mars

th,
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Figure 2.5, Copernicus’ circles, 1543, The sun lies near the center, immabile.
Earth and the planets orbit the sun. The stars are immobile
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Figure 24.Prolemy’s scheme, ca. 150 CE. Earth is immobsile at the center ofthe
universe. Everything in the heavens moves in circles
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Figure 6.1. An engraving from the 1870s: Berjarmin Frarklin and sor leisurely
fiying a kite, awfully close to bolt of ightring
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Figure 26, Brahe' circles, 1588, Earth ies at the center, immabile. The moon and the
sun circle Earth, while the planets circle the sun.
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Figure 5.1, llustration of finches from the Galdpagos, from Darwin's book of 1845,
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Table 2.1 The Pythagoreans were portrayed as mistaken on astronomy, or, as.
ancient authorities who knew the true structure of the universe

. 350BCE Aot

.2208CE  Archimedes

@.150CE  Prokmy.

@1S0CE  Plutarch

@.300CE  tamblichus

Twetve centuries ater.

1540 Copemicus

1572 Thomas Digges

Q1570 GlordanoBruno

@159 TychoBrhe

15905 Johannes Kepler

1611 Galleo Galllel

16161632 Catholic
theologians

‘The Pythagoreans wronaly sa that Earth s one ofthe sars
and that, moving Inacicle around a central fire, t produces.
night and day.

Arstarchus vrongly hypothesized that the fred stars and the.
un remain unmoved while Earth evolves about the sun.

Earth s at the center o the universe and the planets move:
around it n eccentrc ircles and epicyces. There existsa
discemiblecelestial harmony:

Some Pythagoreans clalmed that stars are worlds I Ifiite
space.

Through Pythagoras there came to be a e understanding
of everything n the univers, Including movements of

the spheres and sars eclpses, eccentrics and epicycies.
Fythagoras could hear the universal harmony and music o the
spheres and ofthe stars.

The secretve Pythagoreans rightly argued that Earth moves
around the sun.

‘The Pythagoreans had a perfectdescription ofthe celestial
orbs,

‘The Pythagoreans argued that sous ae repestediyreborn,
‘even nto animals.Stars are worlds n Infinte space.

The Pythagoreans wrongly beleved that slid mpenetrable
orb separate the planets orbis

The Pythagoreans appreciated the five regular solds n the
orderof the universe. There s armonyIn the motions of the

planets. And“perhaps hissoul Pythagoras] has ansmigrated
intome [Kepler]”

Pythagorasrghtly believed that Earth and the planets orbit
the sun.

Pythagorean ideas are vie and dangerous and should be
‘ondemned.
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Figure 5.2 Mastodon skeleton found in America; mistakenly reconstructed with the tusks
urving down, Cuvier categorized it as extinct!
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Figure 103, An attempt to synchronize clacks by yarking a beam between therm
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Figure 7.4, Results from Coulombs experiment of 1785,
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Table 5.2 Other writers expound on Darwin and the finches

1835

1837

1839

1859

1044-1983

1077

1982

1999

Charles Darwin visitsthe Galapagos and collects animals, including birds.

John Gould

Darwin's Narative
ofthe Surveying
Voyages

Darwin's Journalof
Researches

Darwins Originof
Species

David Lack

Stephen Jay Gould

Frank Sulloway

Ravenand
Johnson Elology

Darwin collected thirteen species of Galapagos inches
having diferent beaks while thelr plumage s nearly dentical,
by contrastto finches on the continents.

“Allthe species[of finches], excepting two, feed Inflocks on
the ground,and have very smila hablts I is vry remarkable
that a nearly perfect gradation of sructure In this one

group can be traced In the form of the beak..... very much
suspect, that certain members of the seres are confined to
diferent slands:”

ustration of four inches.“Seeing this gradation and
diersity ofstructure i one smal Intimately related aroup of
bids nches}, one might really fancy thatfrom an original
paucty of birds nthis achipelago, one species had besn
taken and modified fordiferent ends:”

No comments on the finches of the Galipagos. 1 feltfully as
much difficulty in believing that they [pigeons] could ever
have descended from a common parent. as any naturalist
could in coming to 2 similar conclusion In regard to the many
species offinches,or other large groups of bids, n nature?”

*..n 1835, Charles Darwin collected some dul-looking finch-
&1 the Galapagos Iskands. They proved to be a new group.
of birds and, together with the glant tortolses and other
Galapagos animals, they started a train of thought which
culminated In the Orign of Specis, and shook the world:”

“tortolses and finches have always recelved the nod as
primary agents n the transformation of Darwin's world view”

Finches did not inspire Darwin to hs theory.
“the correspondence between the beaks ofthe 13 finch

species and their food source Immediately suggested to
Darwin that evolution had shaped them

Note: Boldface has been added to emphasize wording that refects uncertainty.
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Table 121 Evolution of the myth about Einstein and the clock towers
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Figure 7.5, The dimensions and
properties of esch component
closely approximate Coulomb's
prescriptions of 1785.
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Figure 7.7. Ancther replication of Coulombs experiment.
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Figure 12, Apparers
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Figure 104, An attempt to synchronize clocks by pushing a beam atits center.
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Table5.1 Darwin's manuscript records on the Galdpagos birds

1835

1837~
1838

1857

Darwints notes.
about Galipagos
birds, witten during
the Hvs Beagle
voyage

‘Darwin's notebooks
ontransmutation

Darwinis big
manuscripton
natural selection

‘Abundant species oftame finches exhibit an nexplicable
confusion’ anda gradation in the form of the bil'with o
possibiltyof distinguishing the speces by their habits, a5
they are alsimila & they feed together. .~

Two of four specimens of mockingbirds are distinct kinds
exclusive to two fslands; and some Spaniards caim to
know from which Island came any tortolse—such remarks
might“undermine the stabilty of species; and should be
examined.

No camments on the finches of the Galipagos.

1 suppose that nearly ll the birds had to be modified,
may say improved by selectionInorder to il as perfectly
a5 possble thel new places; some as Geospiza finches],
probably the earliest colonists, having undergone far more.
change than the other species; Geospiza now presenting a
marvelous range of diference in their beaks...
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Table3.1 After Newton, the inverse square law seemed to branch to the future.
and o the past
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Isaac Newton
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Charles Coulomb.

Pythagoras was the first of the Greeks todiscover tht the.
rotations of the heavenly spheres produce harmones.

The Pythagoreans called the center the pison of uplter”

“The sun has a soul and ft moves the planets, ke a magnet.
with power that decreases Inversely with the distance.

1 power from the sun halds the planets I 1 weaker nverse-
Iy 25 thesquare of the distance, but no such power exists.

The planets“tendenciesto reced from the Sun willbe
reciprocally as the squares of thelr distances from the Sun-

Al Coslestial Bodles whatsoever,have an atraction or
gravitaing power towards thelrown centers .. they do also
attract all other Coelestia Bodies

“My supposition s that the Attraction always s a duplicate.
proportion to the Distance from the Center Reclprocall®

Universal gravity follows an Inverse square v, from the.
centers of spherical bodies.

Newton plagiarzed the inverse square aw.

“Pythagoras,on account o s mmense force ofatracton,
saldthat the Sun wasthe prison of Zeus..“And Pythagoras
reallzedtha the weights of the Planets towards Sun viere

teciprocally as the squares ofthef distances from the Sun-.

Newton believes that Pythagoras possessed all is
demonstrations from the system of the world, based on
‘gravitydiminishing Inversely s the squares of ncreasing
distances.

“Pythagoras.. understood, as twere by the Harmony of
the Heavens,thatthe Gravity of the planets towards the

Sun (according to whose measures the Planets move) were
reciprocally as the Squares o ther istances from the sun-”

“Electrcity I subjecttothe same laws withthat of gravtation,
and s therefore according to the squares of the distances:

Experimentall, electrcity follows an Inverse square law.
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Figure 102 Two clocks are synchronized together, and then ane of ther is
moved to a position a distance away.
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Figure 7.2, Coulombs torsion balance of 1785.
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‘Table 1.1 Experiments and explanations, actual or imagined, about falling objects
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