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INTRODUCTION
The Moment of Transition
I CAN’T REMEMBER THE FIRST TIME I HEARD scientists refer to an experiment as “beautiful,” but I do remember the first time I grasped what they were talking about.
Many years ago I was sitting in a dimly lit academic office in the physics building at Harvard University, surrounded by untidy heaps of books and papers. Across from me was Sheldon Glashow, an energetic physicist whose features, including his industrial-thickness glasses, were almost hidden behind an oracular veil of cigar smoke. “That was a beautiful experiment,” he was saying. “An absolutely beautiful experiment!” Something about his intensity and emphasis suddenly made me realize that he was choosing his words carefully. In his eyes, the experiment he was describing was—quite literally—a thing of beauty.
Glashow is not an uncultivated person. Like many scientists, he knows much more about the arts and humanities than the practitioners of those fields generally know about his own: high-energy physics. He is, moreover, an outstanding scientist, and had been awarded the Nobel Prize in Physics in 1979, a few years before our conversation. At that moment in his office I was forced to consider the possibility that someone could truly regard a scientific experiment as beautiful, and mean much the same thing that most of us do when we call a landscape, person, or painting beautiful.
I was curious to learn more about the particular experiment that had excited Glashow, which he had referred to in scientific shorthand as the “SLAC neutral currents” experiment. It was a difficult and complex undertaking that had consumed the efforts of scientists, engineers, and technicians over several years. It had taken nearly ten years to plan and build, and was finally carried out in the spring of 1978 at a two-mile-long particle accelerator at the Stanford Linear Accelerator Center (SLAC), south of San Francisco in the Santa Clara mountains. The experiment involved creating polarized electrons—electrons with spins oriented in the same direction—and then shooting them down the accelerator at nearly the speed of light, slamming them into a batch of protons and neutrons, and observing the results. At stake was a comprehensive new theory about the structure of matter at its most fundamental levels—a theory that Glashow had been instrumental in developing. If the theory were correct, the experimenters should see a slight difference between the way the electrons ricocheted off the proton targets when the electrons were polarized in opposite directions, indicating the presence of something called “parity-violating neutral currents.” An extremely slight difference—about one per ten thousand electrons. Observing it would require so much precision—and for the experiment to be convincing, the scientists would have to watch ten billion electrons—that many scientists thought it impossible, or that the outcome would be inconclusive.
But a few days into the experiment, it became clear that the answer was not in the least ambiguous or questionable, and that the ambitious theory was correct. (Glashow and two other scientists would win Nobel Prizes for their roles in the creation of this theory.) Indeed, the superbly executed experiment made the existence of a new fundamental feature of nature—parity-violating neutral currents—so vividly apparent to anyone trained in physics that even those who did not participate found the work moving. When one of the scientists involved described the experimental work and its results to outsiders for the first time, in a talk held at the accelerator’s auditorium in June 1978, it was the first instance that anyone in the audience could remember when nobody in the laboratory audience—usually a contentious bunch—challenged the results. Indeed, there were no questions at all. Those present also recall that the applause following the talk was longer, more appreciative, more respectful than usual.1
The idea of beautiful experiments made me wonder what else belonged on a list of beautiful experiments. And it raised issues that intrigued me from both poles of my dual career as a philosopher and as a historian of science: What does it mean for experiments, if they can be beautiful? And what does it mean for beauty, if experiments can possess it?
WHEN I TALK TO nonscientists about the beauty of experiments, they are often skeptical. There are three factors at work, I think, in this skepticism. One is social: When scientists present themselves in public—reporting their work formally or talking to journalists—they rarely use the word “beauty.” The social convention for researchers is to appear as objective observers of nature, and to downplay the subjective and personal. To fulfill this image, scientists portray experiments as purely functional, as merely the manipulation of a set of instruments that almost automatically produce correct data.
A second factor is cultural: the way science is often taught in schools. Textbooks use experiments as vehicles for the lesson plan, as a prop for getting students to acquire deeper understanding. Viewing experiments as hurdles to pass a course, students can easily overlook their beauty.
A third factor is the philosophical prejudice that true beauty can only be found in the abstract. “Euclid alone has looked on Beauty bare,” the poet Edna St. Vincent Millay declared. For this reason, discussions of beauty in science usually focus on its role in theories and explanations. Abstractions, like equations, models, and theories, are said to possess simplicity, clarity, insight, depth, timeless-ness, and other properties that we tend to associate with beauty. Experiments—messing about with machines, hardware, chemicals, and organisms—do not seem to fit the bill.
Working scientists know that on the laboratory floor experiments are mainly tedious work. Most of a scientist’s time is spent calibrating, preparing, designing, ironing out glitches, solving routine problems, begging for money and support. Much of science consists of extending only incrementally what we can do, or what we know. But now and then, unpredictably yet inevitably, an event occurs that crystallizes a new insight and reshapes how we perceive things. It pulls us out of a confused state to show us—directly, and without further question—what is important, transforming our ideas about nature. Scientists tend to call such moments “beautiful.”
The word crops up in talks, memos, letters, interviews, notebooks, and the like. “Beauty. Publish this surely, beautiful!” the Nobel Prize–winning physicist Robert Millikan wrote on a page of his lab notebook in 1912—though he did not use the word “beauty” in the scientific paper he subsequently published. James Watson, seeing Rosalind Franklin’s now famous photograph of the DNA molecule early in 1953, described it as “just a beautiful helix,” and in the first draft of the famous DNA discovery paper he wrote with Francis Crick he referred to the “very beautiful” work of Franklin and the other scientists at King’s College. At the insistence of colleagues, though, the phrase was cut out of the final version. In spontaneous and unguarded moments, scientists apply the word “beautiful” to results, techniques, instruments, equations, theories— and, perhaps most intriguingly, to the engines of scientific advance: experiments.2
When scientists speak of beauty in these contexts they generally employ the word loosely, equivocally, and sometimes even in a contradictory way. One can hardly blame them; is there any subject more difficult to discuss with precision? Victor Weisskopf, one of the great twentieth-century physicists, remarked in 1980 that “what ’s beautiful in science is the same thing that ’s beautiful in Beethoven.” Yet just a few years later he wrote that “what is usually referred to as ‘beauty’ in science has little to do with beauty as we experience it in art.”3 Weisskopf sensed both a similarity and a difference between beauty in science and art, but had no way to articulate this difference coherently.
Other scientists, however, have attempted to speak about the issue carefully. One is British mathematician G. H. Hardy, who, in his marvelous book, A Mathematician’s Apology, cites several mathematical proofs as being beautiful, then defends the claim. Hardy proposes that the essential criteria for beauty in his field are unexpectedness, inevitability, and economy—and also depth, or how fundamental a proof is. Thus a mathematical proof can be called beautiful and a chess problem cannot, Hardy says. The solution to a chess problem cannot change the rules of the game, but a novel mathematical proof can alter mathematics itself.4
The nineteenth-century British physicist Michael Faraday was famous for his public lectures at the Royal Institution in London. One of his most popular was “The Chemical History of the Candle.” At the beginning of his talk, Faraday described candles as “beautiful.” He explained that he was not referring to prettiness of color or shape; in fact, Faraday disliked gaudy ornamental candles. Instead, he said, beauty means “not the best-looking thing, but the best-acting thing.” In his eyes, a candle is beautiful because its functioning elegantly and efficiently rests upon a wide range of universal laws. The heat of the flame melts the wax while drawing upward currents of air to cool the wax at the edge, thus creating a cup for the molten wax. The pool of wax remains horizontal because of “the same force of gravity which holds worlds together.” Capillary action draws melted wax up the wick from the “cup” at the bottom of the wick to the flame at the top, while the flame’s heat triggers a chemical reaction in the wax that sustains the flame. The beauty of the candle, Faraday said, lies in the intricate play of scientific principles upon which it depends, and in the economy with which it knits them together.5
What about the beauty of an experiment? An experiment, unlike a painting or a sculpture, is dynamic. It is more like a dramatic performance, for it is something that people plan, stage, and observe in order to produce something they are critically interested in. How can we know the circumference of the earth without stretching a tape measure around the equator? How can we tell that the earth rotates without flying into outer space and watching, or know what’s inside an atom? By carefully staging an event in the laboratory—sometimes with simple objects such as prisms and pendulums—we can make the answers appear right before our eyes. Form emerges out of chaos—and not magically, like a prestidigitator pulling a rabbit out of a hat, but because of events we ourselves orchestrate. We make the world’s mysteries speak.6
The beauty of an experiment lies in how it makes its elements speak. Hardy’s comparison of proof and a chess problem suggest that a beautiful experiment is one that shows something deep about the world in a way that transforms our understanding of it. Faraday’s evocation of the candle ’s beauty suggests that an experiment’s elements have to be efficiently arranged. And both Hardy and Faraday suggest that a beautiful experiment should be definitive, revealing its result without need for further generalizations or inferences. If the beautiful experiment raises questions, they are more about the world than the experiment itself.
Each of these three elements of beauty—depth, efficiency, and definitiveness—appears consistently in the more formal and systematic accounts of the beautiful that philosophers and artists have provided for centuries. Some, from Plato to Martin Heidegger, emphasize the way that a beautiful thing points beyond itself to the true and the good; it is the irruption of the one in the many, the infinite in the finite, the divine in the worldly. Others, such as Aristotle, focus more on the composition of the beautiful object, emphasizing the role of symmetry or harmony, that each of its elements contributes something essential. Finally, still others—including David Hume and Immanuel Kant—stress the particular kind of satisfaction that the beautiful object incites in us. Sometimes we may not realize what our expectations are until they are fulfilled, but the beautiful object brings with it the joyful realization, “That’s what I really wanted!” The fact that experiments can possess these properties suggests that they can indeed be called “beautiful”—and not in a metaphorical way, by stretching the proper meaning of the term, but legitimately, in the old-fashioned, meaty sense of the word.
In The Innocents Abroad, Mark Twain recounts his visit to the Baptistery in the Duomo of Pisa, where he was shown the famous swinging chandelier that, according to legend, had inspired the seventeen-year-old Galileo to consult his pulse and, in a crude and improvised experiment, to discover that the pendulum’s swing was isochronous; that is, it took the same time to travel back and forth regardless of the distance covered. (A pendulum’s isochrony, as Twain knew, is the principle underlying most mechanical clocks.) Twain found the pendulum both patrician and proletarian; looking at it, he was filled with awe at Galileo’s discovery, which allowed humankind to demarcate the hours, and experienced a newfound intimacy with the world.
It looked like an insignificant thing to have conferred upon the world of science and mechanics such a mighty extension of their dominions as it has. Pondering, in its suggestive presence, I seemed to see a crazy universe of swinging disks, the toiling children of this sedate parent. He appeared to have an intelligent expression about him of knowing that he was not a lamp at all; that he was a Pendulum; a pendulum disguised, for prodigious and inscrutable purposes of his own deep devising, and not a common pendulum either, but the old original patriarchal Pendulum— the Abraham Pendulum of the world.7
In Twain’s inimitable fashion, his remarks illustrate the beauty that even a rudimentary scientific experiment can have if it reveals something deep about the world, shows it in a simple and direct way, and does so in a manner that satisfies us without requiring further proof.
The swing of a chandelier, beams of light through a set of prisms, the slow procession of a pendulum’s plane of oscillation around in a circle, the near-simultaneous descent of falling objects of different weights released simultaneously, the ratios of the velocities of oil droplets—all these events, when staged a certain way, can reveal something about themselves and about the world. They are at once like landscape paintings, which please, compel, and enlighten us, and like maps, which guide us more deeply into the world. An experiment is a threshold event: It may make use of ordinary and uncomplicated things, but these serve as the bridge to a domain of meaning and significance. Beauty conducts us into the world of ideas while still anchoring us in the world of sense, as the German poet and philosopher Friedrich Schiller often insisted. “Beauty is the moment of transition, as if the form were just ready to flow into other forms,” wrote the American essayist Ralph Waldo Emerson.8
The beauty of experiments can take many forms—just as the beauty of a piece by Bach is different from one by Stravinsky. Some have a synoptic beauty, drawing together different universal laws, while others have a beauty of breadth, linking elements on vastly different scales. Some have an austere beauty, engaging us with their stark simplicity to reveal pure form, while others are sublime, compelling us with hints of nature’s ultimately incomprehensible limitlessness and terrifying power. Most beautiful experiments involve elements of each kind.
YOU MIGHT THINK of this book as a special kind of gallery. The gallery contains items of rare beauty, each with its own design, distinct materials, and unique appeal. You will not like everything equally, for your background, experience, education, and personal taste will incline you to prefer some items over others.
One of the most difficult tasks in setting up a gallery is selecting what goes into it. I coped with this problem as follows. In 2002, sparked by yet another scientist talking about a beautiful experiment, and recalling not only Glashow’s remark but hundreds of others like it that I had heard over the years, I conducted a poll. I asked readers of the international magazine Physics World, for which I am a columnist, what they thought were the most beautiful experiments. To my surprise, my readers sent in more than three hundred candidates. These ranged from actual historical experiments to thought experiments, proposed experiments, proofs, theorems, and models. They ranged over every scientific field, from physics to psychology. My poll was picked up by Weblogs and Internet discussion groups, which provided me with hundreds of other candidates. To compile my list of the most beautiful scientific experiments, I selected the ten most frequently mentioned candidates.9 Some people will object that this list is dominated by physics experiments, and it is true that my original column in Physics World asked readers to name the most beautiful physics experiments. Still, I feel justified in claiming that this gallery of historical portraits contains the ten most beautiful science experiments. I do so mainly because the vast majority of my respondents, from Physics World readers and elsewhere, did indeed interpret my survey to mean science experiments, and because even the suggestions from Physics World readers ranged into chemistry, engineering, and physiology.
Also, over half the experiments on the list were first carried out before physics became a separate branch of science. Finally, they are classic textbook exercises, frequently discussed and performed when historical experiments are taught in basic science education courses and have become emblematic of science in the broadest sense. It is no surprise, therefore, that allusions and descriptions of these dramatic and epochal experiments appear in the works of artists as diverse as playwright Tom Stoppard, musician Philip Glass, and novelist Umberto Eco, and frequently crop up in popular culture. 10
I have chosen to arrange these experiments in chronological order. Doing so yields a powerful sense of the vastness of the journey science has taken over almost 2,500 years. This list takes us from a time when the pressing issues of science included obtaining the roughest of estimates of the basic properties of the earth—among these its size and position in the heavens—to the era in which scientists began making precise measurements of the properties of the atom and its constituent particles. It takes us from the time of simple, homemade tools like sundials and inclined planes to the time of advanced instrumentation. It takes us from the time when scientists worked alone (or at most with an assistant or two) to the present, when scientists often work in teams of hundreds. It provides a glimpse into the personalities and the creative thinking of some of the field’s most interesting figures. Many landmark experiments in the evolution of science appear here: Galileo’s experiment with inclined planes established for the first time a mathematical formula for accelerated motion; Isaac Newton’s experimentum crucis unraveled the nature of light and colors; Thomas Young’s two-slit experiment revealed the wavelike character of light; and Ernest Rutherford ’s discovery of the atomic nucleus inaugurated the nuclear age. This list contains experiments that either powerfully illustrate or helped motivate some of the great paradigm shifts in science, from the Aristotelian to the Galilean perspective on motion, from the corpuscular to the wave picture of light, and from classical to quantum mechanics.
With one exception, these experiments were preferred by about the same number of people: Thus I do not rank them. That exception, the two-slit experiment illustrating the quantum interference of single electrons, was far and away the most frequently mentioned candidate for the most beautiful science experiment. Critics will inevitably bicker about my choices. But they will be arguing about the selection process and not with the gallery’s theme: the beauty of scientific experiments.
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Earliest known datable hour-counter, from the third century B.C., during Eratosthenes’ lifetime. While mostly intact, the gnomon, or pointer,  which cast shadows across the bowl, is missing.
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MEASURING THE WORLD: Eratosthenes’ Measurement of the Earth’s Circumference
IN THE THIRD CENTURY B.C., A GREEK SCHOLAR NAMED Eratosthenes (ca. 276–ca. 195 B.C.) made the first known measurement of the size of the earth. His tools were simple: the shadow cast by the pointer of a sundial, plus a set of measurements and assumptions. But the measurement was so ingenious that it would be cited authoritatively for hundreds of years. It is so simple and instructive that it is reenacted annually, almost 2,500 years later, by school-children all around the globe. And the principle is so elegant that grasping it all but makes you want to go measure the length of a shadow.
Eratosthenes’ experiment combined two ideas of far-reaching importance. The first was to picture the cosmos as a set of objects (the earth, sun, planets, and stars) in ordinary three-dimensional space. This may seem obvious to us but was not widely believed then; it was a Greek contribution to science to insist that underneath the myriad, ever-changing motions in the world and in the night sky lay an impersonal and changeless order, a cosmic architecture that could be described and explained by geometry. The second idea was to apply ordinary measurement practices to understand the scope and dimensions of this cosmic architecture. In combining these two ideas, Eratosthenes came up with the audacious notion that the same techniques that had been developed for building houses and bridges, laying out fields and roads, and predicting floods and monsoons could provide information about the dimensions of the earth and other heavenly bodies.
Eratosthenes began by assuming that the earth was approximately round. For despite the widespread contemporary belief that Columbus set out to prove that the world was not flat, many of the ancient Greeks who had thought carefully about the cosmos had already concluded that the earth not only had to be round, but also that it must be relatively tiny in comparison with the rest of the universe. Among these scholars was Aristotle, whose book  On the Heavens, written about a century before Eratosthenes, advanced several different arguments, some logical and some empirical, for why the earth had to be spherical. Aristotle pointed out, for instance, that during eclipses the shadow cast by the earth on the moon is always curved—something that would occur only if the earth were round. He also noted that travelers see different stars when going north or south (unlikely if the world is flat), that certain stars visible in Egypt and Cyprus cannot be seen in more northern lands, and that certain other stars always visible in the north rise and set in the south, as if they were seen at a distance from the surface of a round object. “This indicates not only that the earth’s mass is spherical in shape,” Aristotle wrote, “but also that as compared with the stars it is not of great size.”1
But the resourceful thinker also offered more creative arguments. From accounts by foreign travelers and military expeditions, he knew that elephants were found in distant lands both to the east (Africa) and to the west (Asia). Therefore, he said, these lands are probably joined—a clever if incorrect guess. Other Greek scholars made additional arguments for the earth’s spherical shape, including the difference in the time of sunrise and sunset in different countries, and the way departing ships gradually fall out of sight from the hull upward.
None of this, though, answered a basic question: How big is this round earth? Was it even possible to know its size, without having surveyors actually pace over its entire circumference?
Until Eratosthenes, we know of only estimates of the earth’s size. The earliest is by Aristotle, who wrote that “those mathematicians who try to calculate the size of the Earth’s circumference arrive at the figure 400,000 stades,” but he did not tell us either his sources or their reasoning.2 It is also impossible to convert his figure precisely to modern units. A stade, or “stadium,” referred to the length of a Greek racetrack, which varied from city to city. By using a rough estimate for the stade, today’s researchers have put Aristotle ’s figure at somewhat more than 40,000 miles (the actual number is about 24,900 miles). Archimedes, who built models of the cosmos in which the heavenly bodies revolved around one another, gave a slightly smaller estimate than Aristotle’s: 300,000 stades, or more than 30,000 miles. But he, too, provided no clue to his source or reasoning.
Enter Eratosthenes. A younger contemporary of Archimedes, Eratosthenes was born in North Africa and educated in Athens. He was a polymath, expert in many areas from literary criticism and poetry to geography and mathematics. But he was not thought to have achieved the first rank in any, which led associates to give him the sarcastic nickname “Beta,” the second letter of the Greek alphabet, in a joke meaning he was always second best. Despite the gibes, his brilliance was so renowned that in the middle of the third century B.C. the king of Egypt invited Eratosthenes to tutor his son, and later appointed him to head the famous library at Alexandria. This was the first and largest library of its kind, and had been established by the Ptolemys, the kings of Egypt, in the course of building up Alexandria as the cultural capital of the Greek world. The library became a meeting point for scholars around the world, and Alexandria grew into an important intellectual crossroads—it was home to Euclid and his school, for instance. At Alexandria, the librarians were able to amass a comprehensive collection of manuscripts on a wide range of subjects that anyone with the appropriate scholarly credentials could use. (The Alexandrian library was also the first one known to have arranged manuscripts by author in alphabetical order.)
Eratosthenes wrote two books on geography that were of particular importance in the ancient world. Geographica, a three-volume set, was the first to map the world using parallels (lines parallel to the equator) and meridians (longitudinal lines, which pass through both poles and a given location). His Measurement of the World contained the first known description of a way to measure the size of the earth. Unfortunately, both works have been lost, and we have to reconstruct Eratosthenes’ reasoning from the remarks of other ancient authors who knew them.3 Fortunately, many did.
Eratosthenes began by reasoning that if the earth were a small, spherical body in a vast universe, then other parts, such as the sun, must be far away—so far away that its rays were essentially parallel no matter where they struck the earth. He also knew that as the sun crept upward in the sky, shadows grew progressively shorter—and he knew from travelers’ reports that on the summer solstice in the town of Syene (modern-day Aswan), the sun stood directly overhead, and shadows would disappear around anything vertical, including columns, poles, and even gnomons, the vertical indicators or pointers in sundials, whose sole function was to cast shadows. Shadows even seemed to disappear from the town well as the light flooded it uniformly, “like a stopper fitting evenly all round to the mouth,” according to one ancient source.4 (I exaggerate a little; the shadows did not disappear completely, but simply fell straight below objects, rather than off to the side as they usually do.)
Furthermore, Eratosthenes knew that Alexandria was north of Syene and roughly on the same meridian. And thanks to the royal surveyors, whom the Egyptian government sent to pace and remap the land each year after the seasonal flooding of the Nile, he knew that the two towns were about five thousand stades apart (the number was rounded off, so we cannot use this information to establish a precise equivalent between stades and modern units).
In modern terms, Syene was on the Tropic of Cancer, an imaginary line around the world that passes through northern Mexico, southern Egypt, India, and southern China (it is shown on most globes). All the points on the tropic share a single unusual feature: The sun is directly overhead only once a year, on the longest day of the year—June 21, the summer solstice. People who live north of the Tropic of Cancer never see the sun directly overhead, and the sun always casts a shadow. People in the northern hemisphere who live south of it see the sun directly overhead twice a year, once before the solstice and once after, with the exact day depending on the location.
The reason for this has to do with the position of the earth, whose axis is tilted with respect to the sun. But this did not concern Eratosthenes. What mattered to him was that when the sun was directly overhead at Syene, it would not be overhead anywhere to the north or south—including Alexandria—and a gnomon would cast a shadow in those places. How long a shadow would depend on the amount of the earth’s curvature; if the curvature were great, a shadow in a place like Alexandria would be longer than if the earth’s curvature were slight.
Thanks to his geometrical knowledge, Eratosthenes knew enough to devise an ingenious experiment that would tell him the exact amount of curvature, and so the circumference of the earth.
To appreciate the beauty of this experiment, we do not need to know anything about the specific way Eratosthenes went about it. This is lucky, for we do not even have his description of what he did. We know it only through incomplete secondhand descriptions by his contemporaries and successors, most of whom clearly did not understand all its details. We do not need to know anything about his path of inquiry—what specifically motivated his interest in this problem, what his initial steps were, what backtracks, if any, he made, how he achieved the final realization, and in what further directions he was led. This is unfortunate, for it may create the impression that the idea came to him as a brainstorm, a bolt from the blue, but it does not impede our ability to understand the experiment. Nor are we required to engage in speculative intellectual leaps, to follow complex mathematical reasoning, or to employ clever empirical guesses based on things like elephant demographics. The beauty of his experiment lies in the way it makes possible the discovery of a dimension of cosmic proportions by measuring the length of a tiny shadow.
Its breathtaking simplicity and elegance can be captured in two diagrams, Figures 1.1 and 1.2.
During the solstice, when the sun is directly overhead at Syene (A), shadows disappeared—they fell straight toward the center of the earth (line AB). Meanwhile, the shadows at Alexandria (E) also fell in the same direction (CD), because the sun’s rays are parallel; but because the earth is curved they fell at a slight angle, which we’ll call x. A small angle or short shadow would mean that the earth’s curvature was relatively flat and that the earth had a large circumference; a large angle or long shadow would mean a sharp curvature and a small circumference. Was there a way to figure out the circumference exactly by the length of the shadow? Geometry provided a way.
[image: image]
Figure 1.1. The angle cast by shadows in Alexandria (x) is equal to the angle (y) created by the two rays that pass through Alexandria and Syene and meet at the earth’s center (not to scale). Thus the fraction that the arc of a shadow (EF) in Alexandria is of a complete circle is the same as the fraction that the distance (AE) from Syene to Alexandria is of the earth’s circumference.
According to Euclid, the interior angles of a line that intersects two parallel lines are equal. Thus the angle (x) cast by shadows in Alexandria is equal to the angle (y) created by the two rays whose vertex is at the center of the earth and that pass through Alexandria and Syene (BC and BA). This in turn means that the ratio between the length of the arc of a gnomon (FE) and of the complete circle around the gnomon (see Figure 1.2) is the same as the ratio between the distance from Syene to Alexandria (AE) and the earth’s circumference. If one measured this fraction, Eratosthenes realized, one could calculate the earth’s circumference.
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Figure 1.2. Eratosthenes could have measured either what fraction the  shadow length (EF) was of the circumference of the circle described  by the hour-counter’s bowl, or what fraction the shadow’s   angle (x) was of a complete circle.
Although Eratosthenes might have made his measurement in a number of ways, historians of science are fairly sure he did it with an hour-counter, the Greek version of a sundial, because the arc of its shadow would be sharply defined. An hour-counter, or skaphe, consisted of a bronze bowl equipped with a gnomon, whose shadow crept slowly across hour-lines cut into the bowl’s surface. But Eratosthenes used this piece of equipment in a new way. He was not interested in the position of the shadow on the hour-lines to track the passage of time, but rather in the angle of the shadow cast by the gnomon at noon on the summer solstice. He would measure what fraction that angle was of a complete circle (the practice of measuring in degrees obtained by dividing a circle into 360 equal parts would not become standard for about another century). Or, in what amounts to the same thing, he might have measured the ratio of the length of the arc cast by the gnomon on the bowl to the full circumference of the bowl.
At noon on that day, Eratosthenes ascertained that the shadow’s wedge was [image: image]th of a complete circle (we would say 7.2 degrees). The distance between Alexandria and Syene was therefore a fiftieth of the distance around the entire meridian. Multiplying 5,000 stades by 50, he got 250,000 stades as the earth’s circumference; later, he adjusted this to 252,000 stades (both work out to just over 25,000 miles). The reason for this adjustment is not clear, but probably had to do with his desire to simplify the calculation of geographical distances. For Eratosthenes was in the habit of dividing circles into sixty parts, and a circumference of 252,000 stades made for an even 4,200 stades per each sixtieth part of the circle. But whether one uses 250,000 or 252,000 stades, and whichever figure one trusts for converting his stades into modern units of distance, his estimate lies within just a few percent of the figure in use today of 24,900 miles.
Eratosthenes’ picture of the cosmos was critical to the success of the experiment. Without this particular picture, measuring the shadow would not yield the earth’s circumference. For example, an ancient Chinese cartographic text, the Huainanzi, or “Book of the Master of Huainan,” notes that gnomons of the same height but at different (north-south) distances from one another cast shadows of different lengths at the same time.5 On the assumption that the earth is essentially flat, the author attributed this difference to the fact that the gnomon casting the narrower shadow is more directly under the sun, and argues that the difference in shadow lengths can be used to calculate the height of the sky!
Eratosthenes’ data, and his measurement, were approximate. He was probably aware that Syene is not precisely on the Tropic of Cancer. Nor does it lie exactly due south of Alexandria. The distance between the two towns is not exactly five thousand stades. And because the sun is not a point of light but a little disc (about half a degree wide), the light from one side of the disc does not strike the gnomon at exactly the same angle as the light on the other side, smearing the shadow slightly.
But given the technology Eratosthenes had at his disposal, the experiment was good enough. His figure of 252,000 stades was accepted by the ancient Greeks as a reliable value for the earth’s circumference for hundreds of years. In the first century A.D. the Roman author Pliny praised Eratosthenes as an “outstanding authority” on the circumference of the earth, his experiment as “audacious,” his reasoning as “subtle,” and his figure as
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