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“A coherent and compelling history.”
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“Commendable …. A book worth keeping on the shelf of scholar and layman alike …. Bartusiak is a polymath who can communicate to the common reader. She shows us why each of her selected writers is great. This work is grand not only because it explains the distances of understanding traveled, but those yet to be discovered.”

—The Decatur Daily




“Bartusiak’s incisive commentaries and the wealth of well-chosen excerpts from primary sources tell this story with authority and grace. For those who feel awestruck upon gazing at the starry night sky, this book provides a compelling link to the seekers, both past and present, whose insights have cast light into the darkness.”

—Brian Greene, author of The Fabric of the Cosmos




“Bartusiak has taken an all-star team of astronomers and evaluated, clarified and linked their original words in a manner that thrills the astronomically oriented reader. From the ancient Greeks to the modern celestial explorers … we are treated to a World Series of scientific discovery.”

—Jay M. Pasachoff, author of A Field Guide to the Stars and Planets




“[A] memorable guide to the stars …. Bartusiak’s ebullient prose and obvious enthusiasm make her anthology a unique and accessible tour of the history of astronomy.”

—Technology Review




“A stunning compendium of scientific thought through the centuries … with masterful introductions by Bartusiak. This is a treasure I will keep on my own shelf forever.”

—Alan Lightman, author of Einstein’s Dreams




“Impressive …. Fascinating …. Informative and enjoyable …. Highly [recommended] for anyone with a keen interest in bettering his or her understanding of such a fundamentally important science and its contributions to human history …. A must-read.”

—Science Books & Films




“This book offers a unique chance to follow, with an expert guide, the key steps that have led to our current understanding of the cosmos. Marcia Bartusiak offers general readers a lucid commentary on a comprehensive and well-chosen anthology of scientific highlights.”

—Sir Martin Rees, author of Our Final Hour




“Brings the most important works in the history of astronomy to life …. If you want to know how our ideas about cosmology and black holes evolved, from Aristotle’s conceptions to the current conclusions about how we know that we are in an accelerating universe, this book is a wonderful place to begin.”

—The Key Reporter (Phi Beta Kappa)




“Archives of the Universe takes the reader to the front lines of discovery—spinning the story of the evolution of the universe, and also the evolution of scientific styles …. Marcia Bartusiak is the perfect guide to this series of seminal papers, giving us a library-in-a-book that belongs on every astronomy buff’s bookshelf.”

—K. C. Cole, author of Mind Over Matter




“Among the many famous authors presented here—Galileo, Einstein, Kepler, Newton, Copernicus, etc. —no voice shines through as accessibly as that of Bartusiak herself …. For serious astronomy enthusiasts, this book will surely become a well-loved resource.”

—Publishers Weekly




“Bartusiak is a sprightly guide to astronomy’s greatest treasures …. Her introductions transform this book from a shrewdly selected set of original documents into a delightful romp through the history of astronomy, right up to the twenty-first century.”

—Robert P. Kirshner, author of The Extravagant Universe
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Preface


I do not doubt that in the course of time this new science will be improved by further observations, and still more by true and conclusive proofs. But this need not diminish the glory of the first observer. My regard for the inventor of the harp is not made less by knowing that his instrument was very crudely constructed and still more crudely played. Rather, I admire him more than I do the hundreds of craftsmen who in ensuing centuries have brought this art to the highest perfection.

—Galileo, writing in praise of William Gilbert, investigator of magnetism



Often missing from astronomy textbooks are the voices of the scientists themselves. When Nicolaus Copernicus bravely placed the Sun at the center of the solar system in his noted De revolutionibus, he confesses, “The scorn which I had to fear on account of the newness and absurdity of my opinion almost drove me to abandon a work already undertaken.” Yet his friends convinced him to reconsider and announce to the world that “the sun, as if resting on a kingly throne, governs the family of stars which wheel around.” The Danish astronomer Tycho Brahe, upon seeing a brilliant new star (now known to be a supernova) in the heavens in 1572, wrote, “I was so astonished at this sight that I was not ashamed to doubt the trustworthiness of my own eyes.” Galileo informed the readers of his Sidereus nuncius that whatever region of the Milky Way to which “you direct your spyglass, an immense number of stars immediately offer themselves to view, of which very many appear rather large and very conspicuous but the multitude of small ones is truly unfathomable.” More recently when Margaret Geller, John Huchra, and Valérie de Lapparent in 1986 recognized that galaxies congregated to form a bubble like lattice through the universe, they playfully compared the distribution to “suds in the kitchen sink.”

This book was compiled and written to reacquaint us with these words of discovery. Within these pages are excerpts from the seminal reports that first introduced both scientists and the public to a wondrous variety of celestial phenomena and in the process moved our understanding of the cosmos forward. The arc of astronomy’s history and development over the centuries is traced through its key discovery papers, from the time of ancient Greece to the present day.

How does one define an astronomical discovery? It is essentially a new theory or cosmic feature that, once revealed, will have fundamental effects on how we view our place in the universe, and will lead to new and fruitful explorations. Pinpointing such a discovery can be an ever-evolving affair. The initial finding may be found over time to be faulty and incomplete, as further evidence accumulates and the original discovery is amended. But this does not alter its ultimate importance. Ptolemy’s influential model of an Earth-centered universe proved erroneous in the end, but it was a valuable tool nonetheless in making initial predictions concerning the motions of the planets. It was a necessary first step in a continuing journey of further testing and improvement. In the twentieth century the steady-state theory of the universe was a potent presence, galvanizing astronomers to seek and weigh observational evidence that ultimately confirmed the Big Bang model of the universe’s origin. And so these findings are included here. A full history of astronomy’s evolution is incomplete without including such material.

The excerpts within this work were gleaned from a range of sources and reflect the evolution of science communication over the centuries. Books, such as Ptolemy’s famous Almagest, were at first the primary mode of disseminating information about the heavens, often taking years to assemble and publish. Not until the mid-seventeenth century were special journals at last established, which accelerated the time between a discovery and its announcement to the scientific community at large. The Royal Society of London first established its Philosophical Transactions in 1665; similar journals followed in France, Germany, the United States, and elsewhere. Three centuries later Helmut Abt, for many years editor in chief of the Astrophysical Journal, noted in the journal’s centennial issue in 1999 that “the current rate of publication in astronomy and astrophysics is so large that we rarely have the time to read the fundamental papers upon which our current research rests. In fact, some people, especially younger astronomers and students, are tempted to think that most of the important results were derived in the past decade or two.” A cursory check of this book’s table of contents vividly confirms this conjecture: the pace of discovery in astronomy has increased exponentially over the centuries, accompanied by a parallel increase in the papers announcing them. The first quarter of this book deals with discoveries made from around 400 B.C. to A.D. 1800, twenty-two centuries of time. It takes only one more century, though, from 1800 to 1900, to provide the next quarter’s worth of discoveries. The remaining papers—fully half of this book—were published in the twentieth century.

This pattern is duplicated in the way astronomy has been conducted over time. Starting in antiquity and continuing into the modern era, astronomy was primarily an effort carried out by amateurs and scholars. Not until the last few centuries did astronomy start becoming a full-fledged profession—initially at universities and observatories in Europe, then in the United States. The first important observatories were established with the support of monarchies and republics: Tycho Brahe’s Uraniborg and the great observatories of Paris and Greenwich, as well as the U.S. Naval Observatory. With both the rise of astrophysics at the turn of the twentieth century and the wealth accumulated as a result of the industrial revolution, private and corporate benefactors came to sponsor the construction of major observatories devoted to astrophysical research. Then after World War II, new technologies and the lure of space-based research once again enhanced government support of the astronomical enterprise.

The number of professional astronomers was initially small. In 1899, for example, the Astronomical and Astrophysical Society of America held its first annual meeting at the Yerkes Observatory in Wisconsin. Fifty astronomers attended, presenting a total of thirty-one papers. A century later, the American Astronomical Society, as it is now known, registered some twelve hundred astronomers for its annual meeting in Chicago, where about eight hundred papers were submitted. Worldwide, professional astronomers presently number in the thousands, working in not only academia but also government institutions, industry, and the military. And they are no longer just skilled observers but often trained physicists applying their knowledge to problems of astrophysics or geophysicists interpreting the wide-ranging data arriving from the many spacecraft probing our solar system. It is now an era of astronomical teams, akin to the large scientific collaborations long found in particle physics.

Advances in astronomy are intimately linked with advances in instrumentation. Each new development in technology—the telescope, the spectroscope, and later the various detectors for gathering wavelengths of light beyond the visible spectrum—immediately led to new celestial discoveries. Crucial as well has been the development of clever electronic instruments such as photoelectric devices for precise measurement of stellar luminosities and spectral properties. After World War II, there was a bloom of new technologies: radio telescopes, rockets, satellites, and computers for handling theoretical calculations once too intricate to carry out manually. This book emphasizes the new findings rather than advances in instrumentation, though recognizing that the two often go hand in hand. (The paper on x-ray astronomy is the perfect example—a discovery made simultaneously as new instrumentation is tested for the first time.) Surveys and catalogs, so vital to the astronomical enterprise, are also left out for lack of space.

The essays introducing each moment of discovery were written to stand alone, inviting the reader to peruse his or her interests in no particular order. Yet it can be profitable to read the sections in sequence to perceive how the questions that observers asked of the heavens evolved over time. The advances were sometimes subtle, at other times wrenching and abrupt. At first astronomers asked: What is out there? Where is it located? How is it moving? Are there patterns to the motion? The first accurate measurements were made of such celestial phenomena as the lunar cycles, planetary motions, and eclipses. Later came the more sophisticated interpretations of those celestial measurements. Copernicus, with his doctrine of an Earth revolving about the Sun, removed us from the center of the cosmos. Galileo, one of the first to scrutinize the heavens with a telescope, introduced us to a universe of unexpected change and intricacy. Newton, from a theoretical perspective never before undertaken, ushered in an age of reason, convincing us that motions everywhere, both in the heavens and on Earth, are described by the same set of physical laws.

All the while, observers continued their surveys, enlarging their catalogs of stellar positions and magnitudes. Well into the nineteenth century, astronomers seemed fated to be no more than celestial librarians, spending their nights painstakingly monitoring the positions of the planets and stars, whose motions were guided by Newton’s laws. But then there was a decided shift in the basic job of an astronomer. With the introduction of spectroscopes, devices that could break a star’s light into its array of colors, astronomers were at last able to discern and interpret the chemistry of the heavens. Astronomy was revolutionized once again, shortly after World War II, when new technologies allowed astronomers to expand their searches into other regions of the electromagnetic spectrum, beyond the narrow band visible to the human eye. With radio and x-ray telescopes came the discovery of such celestial objects as quasars and pulsars. As a consequence, the calm and dignified universe of the ancients was transformed into a cosmos of titanic energies, full of explosive and violent behaviors. At the same time, the space age offered a new means of exploring the solar system and heavens, beyond the Earth’s obscuring atmosphere.

Astronomers’ curiosity, once confined to the Milky Way, extended outward to encompass an entire universe of galaxies, as if carried by the cosmic expansion itself. By the beginning of the twenty-first century, astronomy was pushing the borders of the visible universe further and further back in time, almost to the very moment of creation. Today the physics of the microcosm—the quantum mechanics that describes the nature of elementary particles—is joining the physics of the macrocosm to interpret what is being found in that primordial era.

With such a wealth of choices before me, I decided to feature those discoveries that evoke a particular resonance within both popular culture and the history of astronomy. These are the discoveries that came to define the universe as we now know it: its composition, its various members, its structure, its evolution. Left out are the many papers that established the theoretical basis for analyzing the data that led to those discoveries—breakthroughs in understanding such phenomena as radiative transfer, ionization, and polarization. This was not intended to diminish their importance, for without such physical understanding astronomers would have had no means of interpreting the radiation that falls upon their detectors. Satellite explorations of the planets, as well as surveys of the celestial sky from space at various wavelengths, have also offered breathtaking new vistas to explore, but it is difficult to include all of these studies in one book. Consequently the focus is on astronomy’s great moments—insightful predictions or discoveries that revealed entirely new paradigms, rather than the observations that provided more detail on phenomena already known (although references to such additional works are included in the notes).

Some discoveries are obvious and immediate: the discovery of gamma-ray bursts, for instance, or the sudden realization of a quasar’s true distance. Here the choice of the discovery paper is clear. Other findings emerge slowly, such as the dark-matter mystery or the source of stellar power. In such cases, one definitive paper is often difficult to choose. The discovery is progressively unveiled in a series of papers from a variety of contributors. In those cases, a particular paper is chosen to represent a more extended set.

Many of the papers, particularly those from the modern era, are hardly narrative literature. The mathematics can often be unwieldy and the issues fairly complex. The more technical details have been omitted to make the papers more accessible to a general audience. Yet it is still informative to view the excerpts from a step back and notice the increasing complexity of the scientific issues addressed and the manner in which they are conveyed. For uniformity and readability of this book, the punctuation and spelling of the British papers from the seventeenth and eighteenth centuries have been adjusted, but sparingly, to retain as much as possible the literary flavor of that time. It is quite fascinating to observe the evolution of the scientific enterprise through a comparison of the style and substance in the papers over the centuries. The principal origin of publication also evolves, from Europe to the United States, as the world order shifts from empire to superpower.

Galileo cannot contain his emotions when he introduces his telescopic discoveries. “In this short treatise,” he writes, “I propose great things for inspection and contemplation by every explorer of Nature. Great, I say, because of the excellence of the things themselves, because of their newness, unheard of through the ages, and also because of the instrument with the benefit of which they make themselves manifest to our sight.” The style today is to keep such subjective comments out of the scientific literature, relegating them to statements at a news conference or in a memoir. Astronomical papers today are terse, highly mathematical, and far less introspective. And almost no original findings are deferred for publication in a book, as centuries ago.

Ideas as well can go in and out of fashion. In Harlow Shapley’s Source Book in Astronomy, published in 1929, Laplace’s nebular hypothesis for the formation of the solar system is declared extinct, though noted as a “valuable and powerful stimulant to scientific thought throughout the nineteenth century.” By then it had been replaced by the tidal evolution theory, the Sun’s reputed close encounter with a passing star, which now seems quaint as astronomers have once again returned to Laplace’s basic scheme. Likely there will be papers in this volume that also will lose their luster in the face of additional data, better modeling, and more astute reasoning. What is captured here is a snapshot of astronomical thinking at the start of the twenty-first century.


I
THE ANCIENT SKY






The fortuitous alliance of two agents led to the birth of astronomy: curiosity and necessity. From savannas, mountaintops, and forest clearings, the first celestial observers looked up at the nighttime sky and beheld a vast, pitch-black bowl covered with sparkling pinpoints of light. While likely awed at first by this jewel-like canopy, imagining it as a vaulted roof through which the fires of the gods flickered, prehistoric peoples eventually learned there were practical benefits to studying the sky’s incessant motions and cycles.

Tracing out patterns of stars-constellations-became a useful procedure for establishing a coordinate system across the heavens, and the leisurely parade of these stellar figures over the seasons served as valuable markers for navigation, agriculture, and timekeeping. As the Greek poet Hesiod advised in the eighth century B.C., “When the Pleiades, daughters of Atlas, are rising, begin the harvest, the plowing when they set.”1 Here the farmer was instructed to reap winter wheat in the spring, when the Pleiades rise with the Sun, and to plant seeds in the fall, when the notable constellation sets in the west before sunrise. In ancient Egypt observers noticed that the brilliant star Sirius rose in the east right before dawn, at the very time that the Nile river experienced its annual flooding.

In the high northern latitudes it was the Sun’s recurrent passage that held particular significance. As winter approaches there, the Sun’s path moves steadily southward, just as the days and nights get colder. Primitive megaliths were built to mark the pivotal moment-winter solstice-when the Sun would (to much thanksgiving) turn back and once again rise higher in the sky.

Relics from the first days of civilization showcase the ancients’ intense intellectual curiosity about the nighttime sky. Inscriptions on Chinese oracle bones recorded the appearance of bright comets and “guest stars”; Mayan hieroglyphic books documented the movements of Venus with remarkable precision; clay tablets in Babylonia, dating back nearly four thousand years, chronicled the cyclic movements of the Moon and the “wanderers”—the planets-among the fixed stars. With Alexander the Great conquering Persia in 331 B.C., Babylonia’s tradition of keen skywatching merged with Greece’s focus on geometric models of the universe’s workings.

It was the ancient Greeks who were most influential in moving contemplation of the cosmos from pure mythology to a more reasoned cosmology. They began to wonder about the essential nature of heavenly bodies: how they moved, what they were made of. The first challenge was explaining why that small, elite group of wanderers-the Sun, Moon, Mercury, Venus, Mars, Jupiter, and Saturn-moved at differing speeds and in some cases even stopped and moved backwards in the sky. The Pythagoreans, so enamored of numbers and harmonic relationships, influenced Greek astronomers to solve this problem by thinking of the heavens as a geometric system. With beauty and harmony requiring uniform motion, imaginative models were devised to have the planets move via a set of nested spheres. It was the first attempt at a grand unified theory: explaining celestial motion with a single, all-encompassing mechanism. At the same time, these early astronomers came to understand the source of the Moon’s light, the cause of eclipses, and the true shape of the Earth. They also used their knowledge of geometry to tackle such other questions as the size of our planet and the distances to the Sun and Moon.

There were some prescient speculations on the nature of the solar system in this ancient era. In the fourth century B.C. Heraclides of Pontus suggested that night and day were due to the rotation of the Earth. Aristarchus of Samos later put the Sun at the center of his model of the universe. But these ideas never flourished, as they were overshadowed by the authoritative cosmology espoused by the noted philosopher Aristotle. At the center of his cosmos was the Earth, composed of one of the four basic elements. Surrounding this were water and air. The last element, fire, extended outward to the Moon. In this realm, life was mortal and imperfect. The heavenly bodies, on the other hand, inhabited a domain that was flawless and eternal-the celestial spheres in perpetual circular motion. This model held sway for nearly twenty centuries, and astronomy progressed only when observers such as Hipparchus and Ptolemy dared to tinker with its precepts. Hipparchus discovered the precession of the equinoxes, and Ptolemy cleverly amended Aristotle’s standard model to make it agree better with observation. From these early creative attempts to understand the star-studded sky, a science was born.


1 / Mayan Venus Tables

Some 3,500 years ago the Maya came to occupy a large territory in Central America that now covers southern Mexico, Guatemala, and northern Belize. By A.D. 200 (or even earlier) these native Mesoamericans had advanced from a simple Stone Age existence cultivating maize and squash to a sophisticated civilization whose cities contained impressive stone temples, palaces, and pyramids.

Along with hieroglyphic writing, the Maya developed refined astronomical methods that were representative of astronomical techniques carried out by early societies in other parts of the world-for example, in ancient Egypt and Babylonia. Like the observations made by those other ancient cultures, Mayan stargazing focused on cycles. They viewed the cosmos as a repetitive machine whose operation could offer their society advance knowledge of its fate if the celestial movements could be accurately tracked. Their meticulous observations of the nighttime sky were closely linked with their ritualistic needs.

Of particular importance to the Maya was the planet Venus, whose appearance in the sky follows a distinct pattern. When Venus passes between the Earth and the Sun (a configuration known as inferior conjunction), it cannot be seen for eight days. Eventually Venus is spotted in the morning sky, after it proceeds in its orbit and rises just before the Sun. For 263 days on average it remains visible in the morning, until it passes behind the Sun (superior conjunction) and again disappears. Fifty days later it comes back into view but this time as the evening star, remaining in the night sky for another 263 days until it reaches inferior conjunction once again. The period from one inferior conjunction to the next totals 584 days.

[image: ]

Figure 1.1: A representative page from the Venus section of the Dresden Codex. On the right, three pictures are aligned from top to bottom. A celestial observer, often seated on a throne covered with planetary symbols, resides in the top box. On this page, a fierce god looks at the god of maize holding a vase or cup. In the middle is a depiction of the Venus god, menacing his victims with spears at heliacal rising-when Venus appears with the Sun in the east just after inferior conjunction. This was the time associated with the most dire omens. The victim is at the bottom, knocked down by the dart that has pierced his shield.
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Figure 1.2: Pages 46-50 of the Dresden Codex, which display the Mayan Venus tables.

The Maya followed this cycle and recorded their knowledge of its predictability in the Dresden Codex, one of three surviving Mayan hieroglyphic books transported to Europe as spoils of the Spanish conquest. In each book, intricate glyphs are displayed on a single sheet of paper, pounded from the inner bark of a wild ficus tree and folded into separate leaves like a screen. The Dresden Codex, nearly four yards long, has thirty-nine leaves (painted on both sides) and takes its name from the German city in which it now resides. It’s essentially a series of almanacs that chronicle upcoming astronomical events, including lunar and solar eclipses. The glyphs depict a number of gods-some benevolent, others auguring bad tidings. They include the rain gods, the god of maize, a merchant god, a sun god, and a moon goddess, as well as several deities associated with death. Astronomy in this case was being used for divine forecasting, to help farmers predict times of drought, fearsome storms, or an abundant crop.
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Figure 1.3: Translation of the dates on the Mayan Venus tables.

The Venus tables are found on six pages of the Dresden Codex and tell the reader when Venus will appear and disappear in the morning and evening sky over time. One of the Maya’s greatest achievements in their tracking of Venus was recognizing that the planet’s cycle was not a full 584 days but slightly less (583.92 days). They adjusted their calendar for this difference with astounding accuracy. Concern for such precision is essentially what transformed an astrological endeavor into a science.

The Maya had names for units of time comparable to days, months, decades, and centuries, although on a far different counting system. The uinal (or winal), for example, consisted of 20 days, a sort of month. At times 5 extra days were added. A tun, close to a year, was 360 days. Twenty tuns made up a katun, while 20 katuns was a baktun. A listing of the number of these “centuries,” “decades,” “years,” “months,” and days since some day zero was one way that the Maya generated a calendar.2 The Mayan Venus tables, though, use another system, where each day is represented by a set of numbers (a dot is one; a bar is five) and names. These dates are listed on the upper left of a page. Notice in Figure 1.1 that every line in this section has four symbol groups. Each specifies an important date in one complete cycle of the Venus period: first the day when Venus will disappear at superior conjunction; next when it reappears as the evening star; then when it disappears at inferior conjunction; and finally when it becomes visible once again as the morning star. Continuing along a selected line across five of the tables (see Figures 1.2 and 1.3) covers a unique period of 2,920 days, over which five Venus cycles equal eight Earth years. At the end, the user of the table moves on to the next line of the five-table chart, where the cycle begins again.


2 / Proof That the Earth Is a Sphere

In 342 B.C. King Philip II of Macedonia brought the learned philosopher Aristotle to his court to tutor his son, who as a man would become Alexander the Great. Soon after Alexander assumed the throne, Aristotle established a school in Athens where he continued his wide-ranging studies in philosophy, logic, politics, physics, and biology.

Aristotle’s writings on astronomy were compiled in a four-volume text entitled De caelo, “On the Heavens.” The cosmology that he established within this work wielded a powerful influence on astronomers for nearly twenty centuries. Aristotle reasoned that the Earth was an arena of change and imperfection. Its basic elements, earth and water, moved downward, because they sought their natural place. The other essential elements, air and fire, moved upward. To Aristotle, though, the region inhabited by the planets and stars was far different. That was because celestial bodies did not move up or down but rather traveled in circles, an eternal path of perfection and uniformity. Given that difference, he concluded that the heavens had to be composed of another substance altogether, the aether.

There were irregularities in the heavenly movements that required clarification. To explain retrograde, the appearance of a planet’s traveling backward on the nighttime sky, Aristotle adopted a model of planetary motion devised by his contemporary Eudoxus of Cnidus.* Eudoxus, a geometer, introduced the idea of the planets and stars being moved by heavenly spheres rotating about the Earth. Each planet was attached to several spheres. The orderly motion of these spheres, once combined, produced a planet’s deceivingly irregular movement. Aristotle modified this system and advocated it so commandingly that it was difficult for celestial observers even to consider models that didn’t incorporate his vision of circular perfection. During the rise of Christianity, it was transformed into God’s chosen design. Modern astronomy would not emerge until astronomers were willing to break away from such Aristotelian notions and consider other possibilities to explain their observations (see Part II, “Revolutions”).

De caelo is more philosophy than true astronomy, but there is one section in which Aristotle does rally decent evidence in behalf of his conclusion: the sphericity of the Earth. That the Earth is round was likely recognized by Greek thinkers, such as the Pythagoreans, two centuries beforehand. For that matter, ancient seafarers saw far-off landmarks or ships dipping below sea level and probably realized that the Earth was curved. The earliest surviving proof, however, can be traced to Aristotle. The major part of his argument comes from his physics: a spherical shape, he theorizes, is naturally generated as the terrestrial elements fall downward to seek the center. But he doesn’t ignore observational data (including, as we shall see, the range of elephants). Absorbing the wisdom of others before him, he notes that the Earth’s shadow, as it passes over the Moon during an eclipse, is always circular. He adds to this by noting that travelers will see different stars come into view as they travel north and south, a change that would not occur if the Earth were flat. Such reasoning was a tremendous advance over earlier guesses on the Earth’s shape, such as Anaximander’s suggestion in the sixth century B.C. that it was a cylinder freely suspended in space. As described by Hippolytus in his Refutation of All Heresies, “Its form is rounded, circular, like a stone pillar; of its plane surfaces one is that on which we stand, the other is opposite.”3

Aristotle’s astronomical commentary also includes the earliest recorded mention of the Earth’s circumference, 400,000 stades, although he doesn’t provide his source or the method of the calculation. Originally a stade was the length of a traditional Greek racetrack, but eventually different types of stades came into use. Values can vary from roughly 8 to 10 stades per mile. So Aristotle’s declared circumference is between 40,000 to 50,000 miles, not outrageously larger than the true measurement of nearly 25,000.


From De caelo
by Aristotle

Translated by J. L. Stocks

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

First, let us consider generally which shape is primary among planes and solids alike. Every plane figure must be either rectilinear or curvilinear. Now the rectilinear is bounded by more than one line, the curvilinear by one only. But since in any kind the one is naturally prior to the many and the simple to the complex, the circle will be the first of plane figures. Again, if by complete, as previously defined, we mean a thing outside which no part of itself can be found, and if addition is always possible to the straight line but never to the circular, clearly the line which embraces the circle is complete. If then the complete is prior to the incomplete, it follows on this ground also that the circle is primary among figures. And the sphere holds the same position among solids. For it alone is embraced by a single surface, while rectilinear solids have several. The sphere is among solids what the circle is among plane figures. Further, those who divide bodies into planes and generate them out of planes seem to bear witness to the truth of this. Alone among solids they leave the sphere undivided, as not possessing more than one surface: for the division into surfaces is not just dividing a whole by cutting it into its parts, but division of another fashion into parts different in form. It is clear, then, that the sphere is first of solid figures ….

With regard to the shape of each star, the most reasonable view is that they are spherical. It has been shown that it is not in their nature to move themselves, and, since nature is no wanton or random creator, clearly she will have given things which possess no movement a shape particularly unadapted to movement. Such a shape is the sphere, since it possesses no instrument of movement. Clearly then their mass will have the form of a sphere. Again, what holds of one holds of all, and the evidence of our eyes shows us that the moon is spherical. For how else should the moon as it waxes and wanes show for the most part a crescent-shaped or gibbous figure, and only at one moment a half-moon? And astronomical arguments give further confirmation; for no other hypothesis accounts for the crescent shape of the sun’s eclipses. One, then, of the heavenly bodies being spherical, clearly the rest will be spherical also ….

There are similar disputes about the shape of the earth. Some think it is spherical, others that it is flat and drum-shaped. For evidence they bring the fact that, as the sun rises and sets, the part concealed by the earth shows a straight and not a curved edge, whereas if the earth were spherical the line of section would have to be circular. In this they leave out of account the great distance of the sun from the earth and the great size of the circumference, which, seen from a distance on these apparently small circles appears straight. Such an appearance ought not to make them doubt the circular shape of the earth. But they have another argument. They say that because it is at rest, the earth must necessarily have this shape. For there are many different ways in which the movement or rest of the earth has been conceived ….

Its shape must necessarily be spherical. For every portion of earth has weight until it reaches the center, and the jostling of parts greater and smaller would bring about not a waved surface, but rather compression and convergence of part and part until the center is reached. The process should be conceived by supposing the earth to come into being in the way that some of the natural philosophers describe. Only they attribute the downward movement to constraint, and it is better to keep to the truth and say that the reason of this motion is that a thing which possesses weight is naturally endowed with a centripetal movement. When the mixture, then, was merely potential, the things that were separated off moved similarly from every side towards the center. Whether the parts which came together at the center were distributed at the extremities evenly, or in some other way, makes no difference. If, on the one hand, there were a similar movement from each quarter of the extremity to the single center, it is obvious that the resulting mass would be similar on every side. For if an equal amount is added on every side the extremity of the mass will be everywhere equidistant from its center, i.e. the figure will be spherical. But neither will it in any way affect the argument if there is not a similar accession of concurrent fragments from every side. For the greater quantity, finding a lesser in front of it, must necessarily drive it on, both having an impulse whose goal is the center, and the greater weight driving the lesser forward till this goal is reached. In this we have also the solution of a possible difficulty. The earth, it might be argued, is at the center and spherical in shape: if, then, a weight many times that of the earth were added to one hemisphere, the center of the earth and of the whole will no longer be coincident. So that either the earth will not stay still at the center, or if it does, it will be at rest without having its center at the place to which it is still its nature to move. Such is the difficulty. A short consideration will give us an easy answer, if we first give precision to our postulate that any body endowed with weight, of whatever size, moves towards the center. Clearly it will not stop when its edge touches the center. The greater quantity must prevail until the body’s center occupies the center. For that is the goal of its impulse. Now it makes no difference whether we apply this to a clod or common fragment of earth or to the earth as a whole. The fact indicated does not depend upon degrees of size but applies universally to everything that has the centripetal impulse. Therefore earth in motion, whether in a mass or in fragments, necessarily continues to move until it occupies the center equally every way, the less being forced to equalize itself by the greater owing to the forward drive of the impulse.

If the earth was generated, then, it must have been formed in this way, and so clearly its generation was spherical; and if it is ungenerated and has remained so always, its character must be that which the initial generation, if it had occurred, would have given it. But the spherical shape, necessitated by this argument, follows also from the fact that the motions of heavy bodies always make equal angles, and are not parallel. This would be the natural form of movement towards what is naturally spherical. Either then the earth is spherical or it is at least naturally spherical. And it is right to call anything that which nature intends it to be, and which belongs to it, rather than that which it is by constraint and contrary to nature. The evidence of the senses further corroborates this. How else would eclipses of the moon show segments shaped as we see them? As it is, the shapes which the moon itself each month shows are of every kind-straight, gibbous, and concave-but in eclipses the outline is always curved: and, since it is the interposition of the earth that makes the eclipse, the form of this line will be caused by the form of the earth’s surface, which is therefore spherical. Again, our observations of the stars make it evident, not only that the earth is circular, but also that it is a circle of no great size. For quite a small change of position to south or north causes a manifest alteration of the horizon. There is much change, I mean, in the stars which are overhead, and the stars seen are different, as one moves northward or southward. Indeed there are some stars seen in Egypt and in the neighborhood of Cyprus which are not seen in the northerly regions; and stars, which in the north are never beyond the range of observation, in those regions rise and set. All of which goes to show not only that the earth is circular in shape, but also that it is a sphere of no great size: for otherwise the effect of so slight a change of place would not be so quickly apparent. Hence one should not be too sure of the incredibility of the view of those who conceive that there is continuity between the parts about the pillars of Hercules and the parts about India, and that in this way the ocean is one. As further evidence in favor of this they quote the case of elephants, a species occurring in each of these extreme regions, suggesting that the common characteristic of these extremes is explained by their continuity. Also, those mathematicians who try to calculate the size of the earth’s circumference arrive at the figure 400,000 stades. This indicates not only that the earth’s mass is spherical in shape, but also that as compared with the stars it is not of great size.




*Over the course of an evening, a planet moves east to west with the celestial sphere, like any other celestial object. However, from one night to the next, a planet will be seen to move from west to east against the background of stars because of its orbital motion around the Sun. Occasionally, though, the planet’s long-term movement reverses direction, and the planet will move, for a short time, from east to west against the background constellations. This reversal is known as retrograde motion. It occurs when the Earth overtakes the planet in its orbit.




3 / Celestial Surveying

The ancient Greeks were very interested in estimating the sizes of the heavenly bodies and their distances from the Earth. The Greek mathematician Aristarchus was the first investigator to shift this discussion from sheer philosophical speculation to a rigorous scientific examination. A native of Samos, a large island in the Aegean Sea, Aristarchus lived from around 310 to 230 B.C.

Skilled in geometry and anticipating the methods of trigonometry to come, Aristarchus conceived a means for calculating relative celestial distances. His report, On the Sizes and Distances of the Sun and Moon, is the only one of his works that still exists, and it was the first astronomical treatise of its kind put forth in ancient Greece. Just as he would create a proof in abstract geometry, he initially established a set of axioms and then proceeded through a series of deductions to arrive at his astronomical conclusions.

The complete work involves eighteen propositions in all, the most cited being the seventh, which deals with the distance of the Sun from the Earth (in terms of the Earth-Moon distance). He determined this by envisioning the moment when the Moon is half full and the angle between the Earth, Moon, and Sun is a right angle. By then estimating the second angle-made between the Moon, Earth, and Sun-he recognized that he could determine the ratio of the Earth-Moon distance to the Earth-Sun distance. Aristarchus’s technique was a valid one and ingenious for its time;he failed to find today’s accepted values only because one of his measurements was in serious error. Aristarchus underestimated the Moon-Earth-Sun angle by nearly three degrees, and this led him to incorrectly derive that the Sun was some nineteen times farther out from the Earth than the Moon (a distance twenty times too small). Later in his treatise, extending his geometric logic and taking the size of the Earth’s shadow during an eclipse into account, he went on to conclude that the size of the Sun was only seven times that of the Earth. (It’s more than a hundred times wider.)

Yet this attempt at sizing up the universe, however flawed, did lead to some intriguing repercussions, for which Aristarchus is probably best known. Though his celestial sizes and distances were vastly off, he did come to realize that the Sun was bigger than the Earth. It is suspected that this impelled Aristarchus to develop the first heliocentric model of the universe. He deemed it more reasonable that the smaller body, the Earth, would be in orbit around the larger one, the Sun. Aristarchus’s direct words on this idea do not survive, but his theory was mentioned by others in letters and books, including Archimedes in the Sand Reckoner. “His hypotheses,” wrote Archimedes, “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 the 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.”4 But in that ancient era, such speculation created more problems in physics than it answered. Why, for example, wouldn’t the clouds in the sky be ripped away as the Earth traveled about? In addition, the fixed stars should appear to move as the Earth traveled in its orbit, an effect not observed. Aristarchus’s fellow philosophers couldn’t imagine the stars being so immensely distant from the Earth that such stellar parallax would be imperceptible. Aristarchus was declared impious “for having disturbed the peace of Hestia,” by removing the Earth from its proper place as the central hub of the cosmos.5 An Earth-centered universe held firm for nineteen more centuries.

From On the Sizes and Distances of the Sun and Moon
by Aristarchus

Translated by Thomas L. Heath

(Hypotheses)

1. That the moon receives its light from the sun.

2. That the earth is in the relation of a point and center to the sphere in which the moon moves.

3. That, when the moon appears to us halved, the great circle which divides the dark and the bright portions of the moon is in the direction of our eye.

4. That, when the moon appears to us halved, its distance from the sun is then less than a quadrant by one thirtieth of a quadrant.

5. That the breadth of the [earth’s] shadow is [that] of two moons.

6. That the moon subtends one fifteenth part of a sign of the zodiac.

We are now in a position to prove the following propositions:

1. The distance of the sun from the earth is greater than eighteen times, but less than twenty times, the distance of the moon [from the earth]; this follows from the hypothesis about the halved moon.

2. The diameter of the sun has the same ratio [as aforesaid] to the diameter of the moon.

3. The diameter of the sun has to the diameter of the earth a ratio greater than that which 19 has to 3, but less than that which 43 has to 6; this follows from the ratio thus discovered between the distances, the hypothesis about the shadow, and the hypothesis that the moon subtends one fifteenth part of a sign of the zodiac …

Proposition 7

The distance of the sun from the earth is greater than eighteen times, but less than twenty times, the distance of the moon from the earth.

For let A be the center of the sun, B that of the earth [see Figure 3.1].

Let AB be joined and produced.

Let C be the center of the moon when halved; let a plane be carried through AB and C, and let the section made by it in the sphere on which the center of the sun moves be the great circle ADE.

Let AC, CB be joined, and let BC be produced to D.

Then, because the point C is the center of the moon when halved, the angle ACB will be right.

Let BE be drawn from B at right angles to BA;
then the circumference ED will be one thirtieth of the circumference EDA; for, by hypothesis, when the moon appears to us halved, its distance from the sun is less than a quadrant by one thirtieth of a quadrant [Hypothesis 4].

Thus the angle EBC is also one thirtieth of a right angle.

Let the parallelogram AE be completed, and let BF be joined.
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Figure 3.1

Then the angle FBE will be half a right angle.

Let the angle FBE be bisected by the straight line BG; therefore the angle GBE is one fourth part of a right angle.

But the angle DBE is also one thirtieth part of a right angle; therefore the ratio of the angle GBE to the angle DBE is that which 15 has to 2: for, if a right angle be regarded as divided into 60 equal parts, the angle GBE contains 15 of such parts, and the angle DBE contains 2.

Now, since GE has to EH a ratio greater than that which the angle GBE has to the angle DBE, therefore GE has to EH a ratio greater than that which 15 has to 2.

Next, since BE is equal to EF, and the angle at E is right, therefore the square on FB is double of the square on BE.

But, as the square on FB is to the square on BE, so is the square on FG to the square on GE; therefore the square on FG is double of the square on GE.

Now 49 is less than double of 25,
so that the square on FG has to the square on GE a ratio greater than that which 49 has to 25;
therefore FG also has to GE a ratio greater than that which 7 has to 5.*

Therefore, componendo, FE has to EG a ratio greater than that which 12 has to 5, that is, than that which 36 has to 15.

But it was also proved that GE has to EH a ratio greater than that which 15 has to 2;
therefore ex aequali, FE has to EH a ratio greater than that which 36 has to 2, that is, than that which 18 has to 1;
therefore FE is greater than 18 times EH.

And FE is equal to BE;
therefore BE is also greater than 18 times EH;
therefore BH is much greater than 18 times HE.

But, as BH is to HE, so is AB to BC, because of the similarity of the triangles; therefore AB is also greater than 18 times BC.

And AB is the distance of the sun from the earth, while CB is the distance of the moon from the earth; therefore the distance of the sun from the earth is greater than 18 times the distance of the moon from the earth.

Again, I say that it is also less than 20 times that distance.

For let DK be drawn through D parallel to EB, and about the triangle DKB let the circle DKB be described; then DB will be its diameter, because the angle at K is right.

Let BL, the side of a hexagon, be fitted into the circle.

Then, since the angle DBE is one thirtieth of a right angle, the angle BDK is also one thirtieth of a right angle;
therefore the circumference BK is one sixtieth of the whole circle.

But BL is also one sixth part of the whole circle.

Therefore the circumference BL is 10 times the circumference BK.

And the circumference BL has to the circumference BK a ratio greater than that which the straight line BL has to the straight line BK;
therefore the straight line BL is less than 10 times the straight line BK. And BD is double of BL;
therefore BD is less than 20 times BK.

But, as BD is to BK, so is AB to BC;
therefore AB is also less than 20 times BC.

And AB is the distance of the sun from the earth,
while BC is the distance of the moon from the earth;
therefore the distance of the sun from the earth is less than 20 times the distance of the moon from the earth.

And it was before proved that it is greater than 18 times that distance.


*The Pythagorean approximation to √2, namely, 7⁄5.




4 / Measuring the Earth’s Circumference

Aristotle was the first to mention a specific girth for the Earth, a circumference of 400,000 stades (roughly 45,000 miles). Archimedes in his noted work Sand Reckoner later gave a figure of 300,000 stades (around 34,000 miles). But no detailed calculation emerges until the work of Eratosthenes, a contemporary of Archimedes in the third century B.C.

Born around 276 B.C. in Cyrene, a Greek town on the North African coast in what is now Libya, Eratosthenes studied in Athens and became the tutor to a pharaoh of Egypt. He rose to become head of the great library in Alexandria. Eclectic in his interests, he was nicknamed “Beta” for his failure to be preeminent in any one field. He was a literary scholar, philosopher, and mathematician, as well as a specialist in geography. Indeed, he was the first to divide the world into a series of temperate, tropical, and frigid zones, work that Julius Caesar consulted two centuries later.

An interest in applying geometric techniques to geography likely led Eratosthenes to develop his famous method for measuring the Earth. His own words do not survive, but his general argument was summarized by a number of writers over the following centuries. Most notable was Cleomedes, author of an introductory astronomy book entitled On the Orbits of the Heavenly Bodies, written around the first century A.D. Eratosthenes had noticed that the Sun’s rays fully reached the bottom of a well at noon on a midsummer day in the town of Syene along the upper Nile (now the site of the city of Aswan). There, near the Tropic of Cancer, a pole pointing straight upward at the summer solstice casts no shadow. Later, Eratosthenes measured the shadow cast by a vertical rod at noon in Alexandria, situated farther north. Applying some basic geometry, as explained by Cleomedes, Eratosthenes concluded that the two cities were separated by one-fiftieth of a circle. Figuring that the distance between Alexandria and Syene was 5,000 stades, fifty times that distance (250,000 stades) thus encompasses the full circumference of the Earth.

Eratosthenes introduced some errors into his calculation: Syene is not directly on the tropic, it does not share the same longitude as Alexandria (it’s actually a bit farther east), and the two towns are somewhat closer than he assumed. But it was still an admirable achievement for its time and one not improved upon for many centuries. As mentioned in Chapter 2, the actual number of stades per modern mile is hard to assess, as there were different stades in use over that era. On average, 250,000 stades converts to 28,000 or 29,000 miles, fairly close to the real value of 24,900 miles for the Earth’s circumference.

[image: ]

From On the Orbits of the Heavenly Bodies
by Cleomedes

Translated by Thomas L. Heath

About the size of the earth the physicists, or natural philosophers, have held different views, but those of Posidonius and Eratosthenes are preferable to the rest ….

The method of Eratosthenes depends on a geometrical argument and gives the impression of being slightly more difficult to follow. But his statement will be made clear if we premise the following. Let us suppose … that Syene and Alexandria lie under the same meridian [longitude] circle; secondly, that the distance between the two cities is 5,000 stades; and thirdly, that the rays sent down from different parts of the sun on different parts of the earth are parallel; for this is the hypothesis on which geometers proceed. Fourthly, let us assume that, as proved by the geometers, straight lines falling on parallel straight lines make the alternate angles equal, and fifthly, that the arcs standing on (i.e., subtended by) equal angles are similar, that is, have the same proportion and the same ratio to their proper circles-this, too, being a fact proved by the geometers. Whenever, therefore, arcs of circles stand on equal angles, if any one of these is (say) one-tenth of its proper circle, all the other arcs will be tenth parts of their proper circles.
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Figure 4.1

Any one who has grasped these facts will have no difficulty in understanding the method of Eratosthenes, which is this. Syene and Alexandria lie, he says, under the same meridian circle. Since meridian circles are great circles in the universe, the circles of the earth which lie under them are necessarily also great circles. Thus, of whatever size this method shows the circle on the earth passing through Syene and Alexandria to be, this will be the size of the great circle of the earth. Now Eratosthenes asserts, and it is the fact, that Syene lies under the summer tropic. Whenever, therefore, the sun, being in the Crab [constellation Cancer] at the summer solstice, is exactly in the middle of the heaven, the gnomons (pointers) of sundials necessarily throw no shadows, the position of the sun above them being exactly vertical; and it is said that this is true throughout a space three hundred stades in diameter. But in Alexandria, at the same hour, the pointers of sundials throw shadows, because Alexandria lies further to the north than Syene. The two cities lying under the same meridian great circle,if we draw an arc from the extremity of the shadow to the base of the pointer of the sundial in Alexandria, the arc will be a segment of a great circle in the (hemispherical) bowl of the sundial, since the bowl of the sundial lies under the great circle (of the meridian). If now we conceive straight lines produced from each of the pointers through the earth, they will meet at the center of the earth [see Figure 4.1]. Since then the sundial at Syene is vertically under the sun, if we conceive a straight line coming from the sun to the top of the pointer of the sundial, the line reaching from the sun to the center of the earth will be one straight line. If now we conceive another straight line drawn upwards from the extremity of the shadow of the pointer of the sundial in Alexandria, through the top of the pointer to the sun, this straight line and the aforesaid straight line will be parallel, since they are straight lines coming through from different parts of the sun to different parts of the earth. On these straight lines, therefore, which are parallel, there falls the straight line drawn from the center of the earth to the pointer at Alexandria, so that the alternate angles which it makes are equal. One of these angles is that formed at the center of the earth, at the intersection of the straight lines which were drawn from the sundials to the center of the earth; the other is at the point of intersection of the top of the pointer at Alexandria and the straight line drawn from the extremity of its shadow to the sun through the point (the top) where it meets the pointer. Now on this latter angle stands the arc carried round from the extremity of the shadow of the pointer to its base, while on the angle at the center of the earth stands the arc reaching from Syene to Alexandria. But the arcs are similar, since they stand on equal angles. Whatever ratio, therefore, the arc in the bowl of the sundial has to its proper circle, the arc reaching from Syene to Alexandria has that ratio to its proper circle. But the arc in the bowl is found to be one-fiftieth of its proper circle. Therefore the distance from Syene to Alexandria must necessarily be one-fiftieth part of the great circle of the earth. And the said distance is 5,000 stades; therefore the complete great circle measures 250,000 stades. Such is Eratosthenes’ method.


5 / Precession of the Equinoxes

The Greek astronomer Hipparchus, the most accomplished observer of his time, was reportedly inspired by a nova stella, a new star, that he saw in the heavens in 134 B.C. This extraordinary event encouraged him to compile a highly accurate star catalog, the first of its kind ever completed. A catalog, he surmised, would come in handy in determining whether a star had altered either its position or its magnitude in later years. This work, which pegged the positions of some 850 stars, led to one of his greatest discoveries, an observation that presented a serious challenge to Aristotle’s vision of an unchanging universe.

As with other notable personages of that far-off era, little is known of Hipparchus’s background. The only firm fact is that he was born in Nicaea (now Iznik, Turkey) in the second century B.C. and died sometime after 127 B.C. At some point in his career he moved to Rhodes, where he made great advances in tracking the motions of the Sun and Moon, allowing him to make improved predictions of lunar and solar eclipses.

Hipparchus’s work is primarily known through Ptolemy, the second-century astronomer who incorporated Hipparchus’s findings into his major tome on astronomy, Almagest. Within its pages we learn that Hipparchus used the data in his catalog to make his most startling finding, the precession of the equinoxes. Hipparchus noticed that the entire celestial sphere slowly and regularly shifts over time. As Ptolemy put it, the stars may be “fixed




From Almagest, Book VII
by Ptolemy
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