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Dedicated by William Sheehan to his Southern Hemisphere colleagues, Marilyn Head and Phil Barker, without whose enthusiastic support this book would never have become seaworthy.


Dedicated by John Westfall to those who gave their lives in the pursuit of the transits of Venus of the eighteenth and nineteenth centuries.









Such dim-conceived glories of the brain


Bring round the heart an indescribable feud;


So do these wonders a most dizzy pain,


That mingles Grecian grandeur with the rude


Wasting of old time—with a billowy main,


A sun, a shadow of a magnitude.


—John Keats, “On Seeing the Elgin Marbles for the First Time” (1817)









PREFACE

On a starred night Prince Lucifer uprose.


.… .… .… .… .… .


And now upon his western wing he leaned,


Now his huge bulk o’er Afric’s sands careened,


Now the black planet shadowed Arctic snows.


—George Meredith, “Lucifer in Starlight” (1883)


On June 8, 2004, Venus will “transit” the sun. For the first time in over a century, it will appear as a black dot silhouetted against the solar disk—a strange sight, not witnessed by anyone now living.


We are used to thinking of the stars and planets as lights in the sky. Once we thought them to be made up of ethereal substances, but we know now they are as physical as we are. It follows that from time to time we can be caught up in their shadows. The moon interposes itself between us and the sun to produce the dazzling spectacle of a total solar eclipse. Earth passes between the sun and the moon and throws its conical shadow upon the moon, causing a lunar eclipse.


Transits of Venus are among the rarest of all predictable celestial shadow displays, occurring when that beautiful planet, the Evening Star, passes between us and the sun and throws its shadow on the earth. The last transit occurred in 1882; the next, in 2004, will be visible in its entirety from the Old World and partly visible from the United States. There will be one more in 2012, then no more until the twenty-second century.


A rare white heron exists in New Zealand. The Maori called it kotaku, the bird of the single flight. If you are lucky you might see it once, maybe twice, in a lifetime. A transit of Venus is an astronomical white heron, a kotaku.


Not only has its rarity made a transit of Venus important to astronomers; the alignment of the three bodies—the earth, Venus, and the sun—lent itself to a method of working out the elusive “solar parallax,” which was the basis of measuring the distance from the earth to the sun; this astronomical unit, or All, is the celestial yardstick that underpins the entire scale of astronomical distances.


The AU is equal to half the diameter of the baseline of the orbit the earth traverses once every year in its elliptical orbit around the sun. As such, this fundamental unit becomes the basis for determining the parallaxes (apparent shifts in position as seen from points one All apart) of—and distances to—the nearby stars. From the nearby stars, astronomers can work up the ladder to farther ones, including those of the Hyades star cluster in the constellation Taurus, the Bull, whose members have been used to calibrate how a star’s color (spectral class) determines its brightness. From the Hyades, astronomers have reached farther and farther out—to pulsating stars, known as Cepheids, whose periodic light variations determine their intrinsic brightnesses, and thus their distances from us, then on to the spectacularly exploding stars known as type I supernovae, which reveal distances to very remote galaxies.


Each step depends critically on the accuracy of the last. As errors and uncertainties are multiplied, the accuracy at each stage cannot be greater than that with which the previous—and ultimately, the fundamental—units are known.


Historically, the transits of Venus are important because for a long time they seemed to provide the most promising of all methods for finding out the value of the earth-sun distance. Because the method works only if the event is observed from points far separated from one another on our globe, the attempt to capture Venus’s small but enthralling shadow led in the eighteenth and nineteenth centuries to scientific expeditions on an unprecedented scale. These expeditions were undertaken by astronomical Ahabs, just as monomaniacally intent on obtaining their observations as any mad whaler in harpooning his great white whale. In chasing Venus’s shadow to remote places, they embarked incidentally upon some of the great explorations of our own world, reaching remote and inaccessible points—Hudson Bay, Tahiti, St. Helena, and Tierra del Fuego.


Historically, only a small segment of society was ever concerned with the transits of Venus. In the eighteenth century, those who were so concerned included many astronomers of the major European countries, along with their assistants and the captains and crews of several ships. But the majority of observers were males from continental Europe, supplemented by a few colonists living in Asia or America. In the nineteenth century, there were also a handful of observers of non-European descent and even a few women. Additionally, by then it had been discovered that anyone in the right part of the world with normal eyesight, clear skies, and a simple screen of smoked glass could watch, if not scientifically observe, a transit of Venus. Thus thousands of more or less ordinary persons, at least in those places served by the mass media of the day—newspapers—could participate in the event. For the transits of 2004 and 2012, scientists may have lost


interest—the transits are no longer the most accurate method of determining the distance from the earth to the sun. However, the thousands of transit watchers of the past will have grown to billions; many watching directly, many more through the sometimes-enlightening medium of television. They will join their numbers to the adventurers of the past who traveled to the far ends of the earth to catch kotaku on the wing, the rare sight of Venus projected against the sun.


This is a book that presents, as one of its overarching themes, the science of accurate measurement. Measurement requires the adoption of suitable units. We have employed the scientific (“metric”) system wherever possible, followed by equivalent English units in parentheses.


We shall also be measuring small angles, thus using units smaller than the familiar degree (°). A degree is subdivided into 60 arc-minutes (symbolized ‘, as in 30’) and 3,600 arc-seconds (e.g., 9”.5). To give an idea of the size of these units, the sun and moon appear about a half-degree (0°.5) wide to us; a person standing 3½ miles (5.8 km) distant from you appears about one arc-minute high (1’.0; close to the apparent diameter of Venus when in transit); were that same distant person holding a quarter, it would appear close to one arc-second across to you.


Dates are given according to the Common Era (CE or BCE), with the Julian Calendar (“Old System,” or O.S.) before 1583 CE and the Gregorian Calendar (“New System,” or N.S.) thereafter. Negative years (e.g., -43) are in the astronomical system, which does have a year 0, so that, for example, -43 is the same as 44 BCE.


William Sheehan
Timaru, New Zealand, and Willmar, Minnesota


John Westfall
Antioch, California
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1
OF TIME AND NUMBER



It may not be wholly necessary here to enter, on behalf of authors, a protest in favor of those didactic preliminaries for which the ignorant and impatient reader have so strong a dislike. There are persons who crave sensations, yet have not patience to submit to the influences which produce them; who would fain have flowers without the seed, the child without gestation. Art, it would seem, is to accomplish what nature cannot

—Honore de Balzac, The Quest of the Absolute (1834)




THE CHINESE EMPEROR’S SON

There is a legend of ancient China, according to which the son of one of the Chinese emperors falls ill. He becomes feverish and begins to waste away. His sorrowful parents and baffled physicians fear for his life, but despite the skillful efforts of physicians and the loving ministrations of his parents, he becomes paler, more sickly, more frail.

At last the physicians learn the reason for the child’s illness. He is pining away for the moon. “Unless I have it,” he tells his physicians, “I shall surely die.”

His physicians hold counsel with one another. One of them turns to the boy: “How large is the moon, dear prince? And what is it made of?”

The boy ponders for a moment, then looks at his thumb. “It is, I think, the size of my thumb. It is surely made of silver.”

Then the physicians devise a plan. They turn to the parents, the emperor and empress. Their plan is desperate, but the emperor and empress, wan with grief, grant their approval—it must be tried. A silversmith is summoned. He is ordered to fashion a small ball of silver, a child’s thumbnail in breadth, and to place it as a pendant on a silver chain.

Before the day is over, the silversmith’s work is finished. The emperor and empress present the silver pendant to the sickly boy. “Here is what you have asked for,” the empress tells him. “We have plucked the moon out of the sky and placed it for you on a silver chain. Here is the moon. Here is what you wished for.”

The boy receives it with delight and hangs it around his neck. The ruse is successful—successful beyond expectation. From that moment the child’s health begins to rally. He is soon smiling, playing, and singing, restored to his former vigor, chirruping like a small songbird.

Soon, however, a new dilemma confronts the emperor and the empress. It is now the time of the new moon, when the moon is not seen in the sky. Well enough; but what will happen when the moon returns? The ruse will be discovered; the boy will become sick again. Everyone in the palace contrives to keep dark curtains in front of all the windows. Everything is done to make sure the boy remains indoors among guardians; he is not allowed to peek out the windows at night.

For a while this works—but eventually carelessness sets in. One day the child finds himself alone. Overtaken with curiosity, he draws aside the drapes and looks out the window into the silent and lovely night. There hangs the moon, like a creambud in a neighboring cherry-tree. The emperor and empress and their physicians descend upon the scene in horror. They find the boy, standing beside the window, gazing steadily at the moon.

They fear the worst; but he is not upset. Instead, he is singularly complacent and unperturbed. The emperor and empress are baffled. The physicians are summoned. Finally the emperor asks him, “My son, why are you not upset? There is the moon around your neck, and there is the moon hanging above the tree. How can there be two moons?”

The boy laughs. “Father, don’t be silly. When you lose a tooth, a new one grows in. It is the same with the moon. When you plucked the moon from the sky and put it as a pendant around my neck, the sky, too, grew a new one. It is the old moon I wear around my neck, the new moon that shines down on us through the branches of the trees.”




THE PARALLAX PRINCIPLE

The emperor’s ruse worked only because the Chinese prince did not know how to estimate the size of the moon. It is not an easy question. For someone with only a qualitative view of the world, it is not an answerable one; he is at a great disadvantage.

I put my thumb at arm’s length and hide the moon behind my fingernail. As I run after it, the moon seems to keep pace, and for all my efforts, I cannot manage to get any closer to it. When I reach the summit of the next hill, panting, I do not seem to have gained any ground upon it. It looms as far away as ever. This experience suggests the moon must be very far away. To look so large from so great a distance, it must be much larger than the house across the way, or even than the distant mountains. But how far, and how large?

Our basic way of estimating distances is by means of parallax: the apparent shift of an object as seen from two different viewpoints (see fig. 1). Humans (and primates and carnivores, but not all two-eyed animals) have stereopsis. The brain carries out a series of computations, usually unconscious, making the eyes converge and causing the ocular muscles to change the thickness of the eye’s crystalline lens. Because the eye-base in humans averages only about 65 millimeters, however, the eye-brain system can use this information to estimate accurately the distance out to a few tens of meters at most. Estimates of greater distances must be based on factors such as the context—the object’s relationship to other things in the visual field whose distances and sizes are known.


[image: fig_24_1.jpg]
Figure 1. John Westfall illustrating the parallax principle, where the parallax is the difference in direction of his fingertip (F), as seen from his right and left eyes (R and L). (Photograph by Elizabeth Westfall, modified by John Westfall.)



This context-dependent method of estimating distances is not very reliable. In the case of the moon, for instance, whenever the moon stands high in the sky and is seen across “empty space,” it looks much smaller than when it is seen close to the horizon next to houses and trees. The apparent difference is actually quite large, perhaps twofold or even more, though—and this is the surprising thing—the moon’s actual measured diameter is slightly less when near the horizon. This is the well-known “moon illusion,” which shows how hard it is to estimate sizes when there are no objects for comparison. It also proves that appearances can be deceiving.

The moon illusion underscores the need for measurements—in other words, for numbers—which brings us to the realm of the physicist and the astronomer. As Sir James Jeans once said: “Physics is an exact science because it depends on exact measurements.”1 For much of its history, and to some extent even now, astronomy existed primarily as the science devoted to determining, with increasing accuracy, the fundamental numbers of the universe. These include matters such as the positions of the moon, the planets, and the stars; their sizes and distances; and the measures of time.




A CLASSIC PROBLEM: THE SIZE OF THE EARTH

The apparent size of the moon, which we can easily measure, gives us no indication of its distance or actual dimensions. Is it the size of a fingernail, as the Chinese prince thought? Or as large as the globe which we inhabit?

To answer that, we need a much longer baseline than the distance between our two eyes. In addition, we need to make use of a fact noticed at least as long ago as the time of the Egyptian pyramid builders: that the heights of buildings such as pyramids can be measured using the lengths of the shadows they cast. The height of a pyramid is to the length of its shadow as the length of any convenient stick planted upright in the ground is to the length of its shadow. This—the law of similar triangles—can be applied to some of the most majestic of all the problems with which the human intellect has ever wrestled: the problem of the scale of the universe. With a simple stick in the ground—a gnomon, from the Greek word meaning “to know”—one can bootstrap one’s way outward and upward, answering such questions as, How large is the earth? How far away are the moon, the sun, and the stars?

The first step in the sequence known as the cosmological distance ladder is to work out the size of the earth. More precisely, one determines the length of a small section of the earth’s curved surface, say, by counting mileposts between two observing stations lying due north and south of each other. These stations lie along a meridian, one of the great circles passing from the poles through any given point on the earth’s surface. The measured difference, on the same day, in the altitude of a celestial body when it culminates (i.e., when it reaches the point where it stands highest relative to the horizon) is equal to the difference in latitude between the two stations. Finally, the ratio of this difference to the 360 degrees in a full circle allows one to work out the circumference of the earth.

The Greek philosopher Aristotle (383-322 BCE) already knew very well that the earth was not flat but a sphere from various observations including the fact that it always casts a circular shadow during lunar eclipses. He estimated the earth’s circumference at 400,000 stadia. Archimedes (c. 287-212 BCE) a little later revised this downward to 300,000 stadia. (Unfortunately, the length of the stade was not standardized. A commonly used modern conversion factor is 1 stade = 606 feet [184.7 meters].)

The most famous ancient estimate of the earth’s circumference was made by Eratosthenes of Cyrene (c. 276-196 BCE), the librarian at the great library at Alexandria. By using a simple gnomon, he found that at Syene, located just above the first cataract of the Nile (near the present-day Aswan High Dam), the sun at the summer solstice cast no shadow at all: it was exactly overhead. The reason for this is that Syene is located very close to the Tropic of Cancer. At the same moment, at Alexandria, the shadow cast by the sun showed that it stood 7°.2 from vertical. This difference is equal to 1/50 of a circle. Assuming that Alexandria is due north of Syene, which is reasonably close to true, and using 5,000 stadia for the distance between them, Eratosthenes arrived at a figure for the circumference of the earth of about 250,000 stadia. Again, we don’t know the exact length of the stadium he used; nevertheless, the figure he came up with was certainly of the right order and would have implied a value for the earth’s radius close to 7,350 kilometers (4,600 miles), only 15 percent larger than the modern value. (It is important to point out that such phrases as “the modern value,” “the accepted value,” or “the actual value,” useful though they may be to the reader, have little meaning in the historical context. Scientists of the past did not know what answer they were supposed to get and had nothing with which to compare their results. It is perhaps more important to take note of the confidence that was placed in the obtained values at the time by the measurers themselves or by their contemporaries. For various estimates of the radius of the earth, from Aristotle’s time to our own, see Table 1).


Table 1. Estimates of the radius of the earth




	Recorder
	Date (astronomical system)
	Value (km)
	Difference from modern (%)
	Source (see bibliography)





	Aristotle
	−340
	12,200
	+91.3
	Smith (1997), p. 7



	Archimedes
	−230
	9,180
	+43.9
	Smith (1997), p. 7



	Ptolemy
	150
	5,513
	−13.6
	VanHelden(l985),p.24



	I-Sing
	750
	9,020
	+41.4
	Smith (1997), p. 13



	Al-Mamum
	820
	6,364
	−0.22
	Smith (1997), p. 15



	Al-Farghani
	840
	5,525
	−13.4
	VanHelden(l985),p. 170



	Fernel
	1528
	6,338
	−0.63
	Smith (1997), p. 17



	Snell
	1617
	6,369.0
	−0.14
	
Ency.Britannka (1911), 25:293



	Norwood
	1637
	6,412.2
	+0.53
	Clarke & Helmert (1911), p. 802



	Picard
	1669
	6,371.2
	−0.11
	Clarke & Helmert (1911), p. 802



	Maupertuis
	1738
	6,397.3
	+0.30
	Hooijberg(l997),p.37



	Cassini
	1740
	6,387.3
	+0.14
	Todhunter (1962), 1:127



	Fr.Acad. Sci.
	1743
	6,376.6
	−0.02
	Vanicek & Krakiwsky (1986), p. 113



	La Caille
	1753
	6,383.2
	+0.08
	Todhunter (1962), 1:127



	IAU*

	1976
	6,378.14
	—
	U.S. Naval Observatory (2004), p. K6






* International Astronomical Union








HOW FAR TO THE MOON?

Once the earth’s radius is known, the earth itself can be used as a baseline for determining still greater distances—the distance to the moon and even, though this would take some finessing, to the sun. If we measure, for instance, the moon’s position relative to the stars from, say, Stockholm (at 59°.27 N) and Cape Town (at 33°.94 S), which lie within half a degree of being on the same meridian, the shift in the moon’s position relative to the stars amounts to well over a degree, more than twice its own apparent diameter. This observed parallax, combined with the known radius of the earth, gives the distance to the moon: on the average, some 384,000 kilometers (238,000 miles).

Of course, the ancients did not have the luxury of traveling such great distances across the earth’s surface; consequently, they had to rely on less direct methods. One of them was based on the fact that during a lunar eclipse, the moon enters the shadow cone cast by the earth. By assuming that the distance of the sun is much greater than that of the moon—a fact Aristarchus of Samos (c. 310-230 BCE) already knew—it becomes possible to work out the earth-moon distance indirectly from the geometry of eclipses. Using this method, Hipparchus of Rhodes (fl. 140 BCE) worked out that the distance of the moon was 59 earth radii. It’s a good approximation—within 1½ or 2 earth radii of the modern value—and showed that the moon’s diameter is about a quarter of the earth’s.




THE DISTANCES TO THE PLANETS

The distances to the other planets or the sun are, of course, much greater than the distance to the moon. Whereas the parallax-shift of the moon, when viewed from opposite sides of the earth, can amount to as much as 2 degrees, that of Venus, the planet that approaches nearest of all to the earth, is never more than a hundredth as much, or 0°.02. This is a small angle, equal to the apparent size of a quarter at a distance of 73 meters (240 feet). This underscores the overriding theme of all celestial parallax work: the measurement of tiny angles as accurately as possible, pushing techniques and instruments to their limits—and sometimes beyond them.

By convention, parallaxes are not referred to as if they were measured from opposite ends of the earth. Instead, the standard adopted is the horizontal equatorial parallax. This is defined as the parallax—the angular shift in position relative to that seen by an imaginary viewer at the earth’s center—of an object measured by an observer on the earth’s equator when the object viewed is at the horizon. This assumes no distortion of its direction by refraction in our atmosphere, which causes an object to appear higher in the sky than if there were no atmosphere.

The tiny angles involved with planetary and solar parallaxes were too small to be measured with even the best instruments the ancients had at their disposal. These instruments consisted, essentially, of open-barrel sighting tubes through which the observers gazed with the naked eye and read off angles on a graduated circle. The smallest angles anyone could measure with such instruments were apparently on the order of ten or twenty arc-minutes, so that the parallax of Venus, even when it is nearest to the earth, would have been beyond their reach.

The last of the great Greek astronomers, Ptolemy, lived in Alexandria, Egypt, in the second century CE; he was active during the reign of the Roman emperor Hadrian. He regarded both Venus and Mercury as moving in circular epicycles, the centers of which themselves moved in larger circles called deferents, the latter centered on, or near, the earth. He assumed, but could not prove, that these planets were situated above the sphere of the moon but below that of the sun. However, he considered that they were too far to show any discernible parallax, while that of the sun is smaller still—in reality, less than ten arc-minutes, though we will not give away the exact value now, since that would destroy the suspense. The determination of this value would become the object of one of astronomy’s grandest quests, the virtual obsession of the long line of number-obsessed personalities. They began perhaps with the Akkadian-Assyrian god Ninarta, who held the “inch scale” with which he surveyed the universe, as well as such historical figures as the Greek philosophers Pythagoras and Plato. Combining the solar parallax with the size of the earth produces the earth’s distance to the sunone of the most fundamental values in astronomy; it is even called the astronomical unit.

The quest for the solar parallax would become the driving force behind the great eighteenth- and nineteenth-century expeditions to observe the transits of Venus. This quest eventually furnished one of the keys needed to unlock man’s eternal dream: to find the distance to the roof of heaven—the height, over our heads, of the stars.2











2
PLANET WATCHERS


When thy folding-star arising shows

His paly circlet, at his warning lamp

The fragrant Hours, and elves

Who slept in flowers the day;

And many a nymph who wraiths her brows with sedge,

And sheds the freshening dew, and, lovelier still,

The pensive Pleasures sweet,

Prepare thy shadowy car.

—William Collins, “Ode to Evening” (1746)


THE WANDERING STARS

No one can say just when human beings first noted five bright “stars” moving among the rest of the starry host. These were indeed the planets (from the Greek for “wanderers”). Usually they traveled in an orderly manner, progressing in stately and majestic fashion from the west to the east; sometimes they moved more oddly, almost capriciously, pirouetting and making grand loop-the-loops among the fields of night. What were these moving lights? What purpose did they serve?

As long as humans followed a nomadic lifestyle, they seem to have paid only passing attention to the planets, indeed to the phenomena of the starry skies. This is still true of modern nomadic peoples; for instance, the !Kung—one of the Bushman groups of southern Africa—neither worship the moon or stars nor pray to them for rain or success in the hunt. “They regard [all these] as distant ‘things of the sky,’ beyond man’s knowledge.”1 To the !Kung, the sun represents searing heat, thirst, hunger, exhaustion; it is not beneficent, but regarded as malevolent—a thing of death. It is just as well that it is far away, or it would burn people to cinders. It is rain, not the sun, that brings life to the earth.

The true rise of astronomical science is associated with the rise of agricultural civilizations, or at least of the first settled communities. Nomadic peoples generally don’t stay put long enough to set up towers, pillars, plinths, and gnomons, which can serve as reference points for taking precise soundings of the positions of the celestial bodies. They may feel the wind in their face or be throbbingly alive to the romance of the stars as they gallop nightly across the plains—but this is poetry, not science.


[image: fig_33_1.jpg]
Figure 2. Artist “sketch” of Pharaoh Akhenaten, circa 1372 BCE. The Egyptian Museum, Cairo. (Photograph by William Sheehan.)



The sharp difference between the nomadic viewpoint and that of the settled agriculturalist is nowhere better attested than in the difference between the !Kung, for whom the sun is regarded as a burden, and the agricultural society of the Egyptians. The latter had many gods; among them was the sun, which was worshiped as the god Ra. Under the Pharaoh Akhenaten, who ruled between 1379 and 1362 BCE (see fig. 2), sun-worship was raised to a level not to be seen again until the heyday of the Mayans and the Aztecs of Meso-america two millennia later. Akhenaten—the “heretic Pharaoh”—broke from timeless Egyptian tradition by proclaiming the sun, in the form of the solar disk (the “Aten”), as the one supreme being. (Figure 3, a representation from the treasure of Tutankhamen, shows Tutankhamen and his wife worshiping the sun represented as the Aten, or “sun disk.”) Akhenaten moved the capital from Thebes to a new site, Akhetaten (now known as Tell el-Amarna), and in a stele marking the boundary of the new city announced that it was being built on virgin land because “it belonged to no god or goddess and no lord or mistress.” The Pharaohs of the Old Kingdom, the builders of the pyramids, had placed the monuments at Giza on the west bank of the Nile on the grounds that the sun set in the west, the land of the dead. The later Pharaohs were interred at Thebes, in the Valley of the Kings; they also rested on the west bank of the Nile. But Akhenaten put his city on the east bank, the place of the sun’s rising. In a remote place where the Aten had “shut in for himself with mountains and in its midst set a plain,” he, his beautiful wife, Nefertiti, and their daughters, guarded by Asiatic and Nubian mercenaries, lived an isolated existence—evidently as the Pharaoh wished it. At Amarna, he wrote his sublime “Hymn to the Aten” (before 1362 BCE):2


[image: fig_33_2.jpg]
Figure 3. Detail from Tutankhamen’s golden throne. The king is anointed by the queen with perfume. The Egyptian Museum, Cairo. (Photograph by William Sheehan.)



Thou dost appear beautiful on the horizon of heaven,

O living Aten, thou who wast the first to live.

When thou hast risen on the eastern horizon,

Thou hast filled every land with beauty.

.… .… .… .… .… .

When thou dost set on the western horizon,

The earth is in darkness, resembling death.

.… .… .… .… .… .

At daybreak, when thou dost rise on the horizon,

Dost shine as Aten by day,

Thou dost dispel the darkness

And shed thy rays.

The people of the Two Lands celebrate thee daily,

Awake, and standing on their feet,

For thou hast raised them up.

(Translation from James H. Breasted, A History of Egypt from the Earliest Times to the Persian Conquest, 1909)

This, of course, seems to describe religion, not astronomy; but at first, the two were not distinct. Among nomadic peoples the lunar calendar has been—and still is—universal. Among agriculturalists, it becomes convenient to adopt a solar calendar, based on the sun’s apparent pathway around the sky. This pathway—the via solis, or ecliptic—is also, of course, that traversed by the moon and the planets.

It is fair to ask whether the Egyptian priest-astronomers, as they monitored the sun from their rooftops, pyramids, or towers, keeping up their calendars, might not now and then have glimpsed the odd sunspot. They would certainly have enjoyed favorable conditions for such an observation. Even under the clearest conditions, the sun can be studied without discomfort or danger when it is near the horizon, but when it rises from or sets into mists, the comfortable zone is increased and the safe viewing period prolonged. This often occurs along the banks of the Nile. One of us (W.S.) well remembers having seen a large sunspot while on a cruise from Aswan to Karnak; it was strikingly prominent as the sun set into the mists over the west bank of the Nile.

What would they have made of such a sighting? And might they not even have captured, by chance, the odd transit of a planet—a small, dark, perfectly round spot—across the disk of the sun, without being aware of what it was?




CELESTIAL ALIGNMENTS

Transits of Venus are just one example of a class of phenomena—celestial alignments—that have been of interest to sky watchers from earliest times. Before proceeding further, it will be useful for us to briefly describe the significance of the various cases in which celestial alignments occur.

One can always draw a line between any two objects. Since celestial bodies are in constant motion, it is not surprising that sometimes three of them can line up. Exact alignments, in the mathematical sense, are exceedingly rare. However, the fact that celestial bodies are not mathematical points but objects having finite size means that even relatively close alignments produce interesting, and at times astounding, spectacles.

The various forms of alignment are referred to as conjunctions, eclipses, occultations, and transits. A conjunction is merely the close approach of two celestial objects in the sky—for instance, the crescent moon and the planet Venus. An eclipse involves the obscuration of one celestial body as it passes through the shadow cast by another. An occultation involves a process whereby one body, such as a star or planet, is concealed behind a nearer body, for instance the moon. A transit occurs when one celestial body passes in front of another. The most notable examples are the passages of Mercury or Venus in front of the sun, but the term is also used to refer to the passage of other bodies, such as the Galilean satellites of Jupiter, in front of that planet.

There is no blanket term to describe all of these phenomena, though “eclipse phenomena” comes nearest.3 It would be impossible to list all the variations on the theme. A partial list is given in Table 2.


Table 2. Examples of eclipse phenomena




	Celestial body (in order along line of alignment)



	First (“left”)
	Second (“middle”)
	Third (“right”)
	Name of event
	Location of observer
	Notes





	Sun
	Moon
	Earth
	Solar eclipse
	Earth
	



	Sun
	Moon
	Earth
	Eclipse of earth?
	Moon
	Shadow transit?



	Sun
	Earth
	Moon
	Lunar eclipse
	Earth
	



	Sun
	Earth
	Moon
	Solar eclipse
	Moon
	Surveyor 3 spacecraft



	Sun
	Mercury
	Earth
	Transit of Mercury
	Earth
	



	Sun
	Venus
	Earth
	Transit of Venus
	Earth
	



	Sun
	Jupiter
	Satellite
	Satellite eclipse
	Earth
	(A Galilean satellite)



	Sun
	Satellite
	Jupiter
	Shadow transit
	Earth
	(A Galilean satellite)



	Sun
	Satellite
	Satellite
	Mutual eclipse
	Earth
	(Two Galilean satellites)



	Planet
	Moon
	Earth
	Planetary occultation
	Earth
	



	Satellite
	Jupiter
	Earth
	Satellite occultation
	Earth
	(A Galilean satellite)



	Jupiter
	Satellite
	Earth
	Satellite transit
	Earth
	(A Galilean satellite)



	Satellite
	Satellite
	Earth
	Mutual occultation
	Earth
	(Two Galilean satellites)



	Star
	Moon
	Earth
	Stellar occultation
	Earth
	



	Star
	Planet
	Earth
	Stellar occultation
	Earth
	



	Star
	Asteroid
	Earth
	Stellar occultation
	Earth
	



	Star
	Star
	Earth
	Eclipsing variable star
	Earth
	Binary star



	Star
	Planet
	Earth
	Transit
	Earth
	Extrasolar planet







Under eclipses, we must also define the terms total, partial, and annular, depending on the extent to which one body is obscured by the shadow cast by the other. Each eclipse, occultation, or transit creates three internested conical zones in space in which conditions of totality, partiality, or annularity apply (see fig. 4).




SOME SPECIAL ASTRONOMICAL ALIGNMENTS

Conjunctions of the moon and one or more planets, or of several planets among themselves, can be spectacular and attracted the attention of ancient astrologers. Their alignments were thought to be significant in forecasting events in human affairs (e.g., the “Star of Bethlehem,” thought by some to have been a “triple conjunction” of Jupiter and Saturn, which occurred in the years 7 and 6 BCE). Alignments are still avidly observed by astronomers, as they provide information not available under ordinary circumstances. (Some of these are described below, with the notable exception of the transits of Mercury and Venus—the subject of this work—which will be described in detail later.)


[image: fig_37_1.jpg]
Figure 4. The eclipse-phenomenon zones that are created whenever two celestial bodies are aligned, whether for an eclipse, occultation, or transit In the case of an eclipse (where Body I is self-luminous and Body 2 is not), the total zone is called the umbra, and the partial zone, the penumbra. (Diagram by John Westfall.)



Solar eclipses. By a remarkable coincidence, the distances and sizes of the earth, moon, and sun dovetail in such a way that all three possible cases—partial, annular, or total eclipses—can be seen from the earth’s surface. Whenever a total or annular solar eclipse occurs, the eclipse track is surrounded by a wider zone where a partial eclipse can be seen. Sometimes the central line of a solar eclipse misses the earth entirely but still passes close enough so that one of the earth’s polar regions sees a partial eclipse.

To illustrate their frequency, between 2001 and 2010 the earth will experience an average of two solar eclipses per year, twenty in all: seven total solar eclipses, eight annulars, and four partials—and even one eclipse (April 8, 2005) that changes from annular to total and back again.

A total solar eclipse is the most dramatic predictable celestial event, which draws many people from long distances, at great expense, to go and experience the adrenaline rush of the spectacle. Historically, total solar eclipses were the only way to see the sun’s outer atmosphere, the corona. Ancient solar eclipse descriptions serve to clock the earth’s varying rotation rate, and modern observations pinpoint the moon in its orbit and help to study possible fluctuations in the sun’s diameter. Figures 5 and 6 show examples of total and annular solar eclipses. Note that the same categories apply to occultations, whereas a transit is analogous to an annular eclipse.


[image: fig_38_1.jpg]
Figure 5. (a) “Diamond Ring” at the beginning of the total phase of the July 11, 1991, total solar eclipse, as photographed at La Paz, Baja California Sun Mexico, by William Sheehan with a 4-inch (10 cm) reflecting telescope, (b) Same eclipse as above, during the total phase, showing the pearly white streamers of the corona.



Lunar eclipses. Just as the earth passes into the moon’s shadow at a solar eclipse, the exact opposite can also occur, when the moon passes through the earth’s shadow, producing a lunar eclipse (see fig. 7). The major difference between the circumstances leading to solar and lunar eclipses is brought about by the earth’s diameter being 3.7 times that of the moon. At the mean distances of the moon and the sun, the earth’s penumbral shadow (the “partial zone”) is 16,400 kilometers (10,200 miles) across; even the earth’s umbral shadow (the “total zone”), slightly enlarged by refraction in its atmosphere, has a diameter of about 9,400 kilometers (5,800 miles), or 2.7 times that of the moon. Thus the moon never experiences an annular solar eclipse, because as seen from the moon, the earth’s apparent size far exceeds that of the sun.


[image: fig_39_1.jpg]
Figure 6. Annular solar eclipse, with the moon’s apparent disk smaller than that of the sun’s. Photographed from El Paso, Texas, May 10, 1994, with a 9 cm (3.5 in) Maksutov telescope by John Westfall.



When the moon passes entirely within the earth’s umbral shadow, it undergoes a total lunar eclipse. If, even at maximum eclipse, some part of the moon lies outside the umbra, the eclipse is partial. Finally, if the moon enters only the earth’s penumbral shadow, we call the event a penumbral lunar eclipse.

In the long term, lunar eclipses are slightly more frequent than solar eclipses. Between 2001 and 2010, there occur twenty-three lunar eclipses: eight are total, six are partial, and nine are penumbral.

Obviously, a lunar eclipse as seen from the earth becomes a solar eclipse as seen from the moon—the sun is then blocked by the earth.


[image: fig_39_2.jpg]
Figure 7. The partial eclipse of the moon on March 24, 1997, shown near mid-eclipse, with the northern limb of the moon (upper left) in the penumbral shadow and the remainder of the moon in the umbra. Photographed from San Francisco, California, with a 36 cm (14 in) Schmidt-Cassegrain telescope by John Westfall.



Eclipses of planetary satellites. Every major planet except Mercury and Venus has one or more natural satellites. These bodies sometimes pass through their planet’s shadow and become eclipsed, just as does the earth’s moon.

The most common such events that are easily observed are those involving the four large satellites of Jupiter, discovered by Galileo in 1610. The three innermost of these undergo eclipses every time they orbit the planet, at intervals of 42 hours for the innermost, Io; 3.44 days for Europa (see fig. 8), and about a week for Ganymede. The fourth of the large satellites, Callisto, is so far from Jupiter that it passes north or south of Jupiter’s shadow for three-year stretches. Each uneclipsed period brackets about three years of eclipses, which occur at intervals of 17 days.

Historically, eclipses of Jupiter’s satellites, which for Io can be timed visually with small telescopes to twenty or thirty seconds’ accuracy, provided one of the very few methods of comparing one’s local time to the time at a standard location, such as Paris or London, and thus of finding one’s longitude on the earth.

Eclipses of the sun and moon draw the attention of laypersons and astronomers alike. Those of planetary satellites are less enthralling but also have their uses. Yet these are only three of many different forms of celestial alignments, including the infrequent but famous transits of planets across the sun. Those involving our nearest planet, Venus, are particularly rare and serve as the centerpiece of this book.


[image: fig_40_1.jpg]
Figure 8. Jupiter’s Galilean satellite Europa, to the lower right of the overexposed planet, disappears into Jupiter’s shadow on April 7, 1994. The satellite Io is visible to the left. The sequence of CCD (charge-coupled device; see chap. 14) images is top row left to right, then bottom row. North is up. Imaged with a 25 cm (10 in) Cassegrain telescope by John Westfall.













3
VENUSIAN PRELUDES



Venus near her! Smiling downward at this earthlier earth of ours,

Closer on the Sun, perhaps a world of never fading flowers.

.… .… .… .… .… .

Might we not in glancing heavenward on a star so silver-fair,

Yearn, and clasp the hands and murmur, Would to God that we were there?

—Alfred, Lord Tennyson, “Locksley Hall Sixty Years After” (1886)



The planet Venus has been monitored closely by astronomers for thousands of years, partly because of its spectacular brilliance and unsurpassed beauty, partly because of its close relationship with the sun. It tags behind the sun in the evening; at these times, the Egyptians sometimes called it Uati, the first star of the night. It pops up before it in the morning, when it was known as Tiû-nûtiri, the harbinger of the sun.

There were other names for Venus, corresponding to other guises. It was Benin—the heron. The bird, still common along the banks of the Nile, disappears under the river, only to rise again. In the same way, Venus, the celestial heron, disappears for periods of time—sometimes for months—only to return always and ever again to take its place as the leader of the stars of the night.


VENUS IN ANTIQUITY

Unlike the Egyptians, the people of the other great agricultural civilization of antiquity, Sumer-Akkad, which developed in Mesopotamia (modern Iraq), never adopted a solar calendar. The Sumer-Akkadians remained strict lunarians, whose careful records of the moon’s intricate motions remained for centuries a centerpiece of their astronomy. In their observations of the first appearance of the crescent moon, which in practical terms marks the beginning of the lunar month as it still does among Muslims, they were evidently struck—as people throughout history have been struck—by the brilliant planet that often appeared in their field of view. Indeed, the almost-new moon standing together with Venus in the sky is one of the most beautiful and awe-inspiring sights of naked-eye astronomy.

The Sumerian name for Venus was Inanna. She was originally a rain-deity and fertility goddess, bride of the god Dumuzi-Amaushumgalana, who represented the growth and fecundity of the date palm; hence she was sometimes known as the Lady of the Date Clusters. She set her heart on ruling the underworld and attempted to depose her sister Ereshkigal, Lady of the Greater Earth; but the attempt failed, she was killed, and in the underworld she was turned into a piece of rotting meat. Eventually, Enki, the Lord of Sweet Waters in the earth, managed to bring her back to the earth, but only on the condition that she offer a substitute in her place. She chose her husband Dumuzi when she found him feasting instead of mourning her absence. In the end, Dumuzi and his sister Gesthtinanna were allowed to alternate as her substitute; each spent half a year in the underworld, half a year above it.

What must have started out as a fertility myth became entwined with the planet Venus’s alternate appearances above the horizon as the Morning Star (where it reigns for 260 days, close to the period of human gestation); followed by its disappearance (long period of invisibility, or retreat into the underworld); followed again by its triumphal reappearance as the Evening Star. Inanna became an astral deity, forming with Shamash, the sun-god, and Sin, the moon-god, the great celestial triad that was worshiped throughout the ancient Middle East. She was also identified with the Queen of Heaven, the Evening Star, who followed the sun into Kur, the underworld.

In addition to its bobbing motions east and west of the sun, which bring it alternately into the evening and morning sky, Venus also pursues the sun as it moves north and south with the seasons. It runs ahead of it along the zodiac by as much as almost two months when it is in the evening sky and falls behind it by as much when it is in the morning sky.

Thus Venus’s actual motion consists of a series of intricate dance steps that trace out complex but characteristic figures (see fig. 9). Each star figure, if we may so call it, is completed in a period of 19 months, 17 days (or, more precisely, 583.9169 days), the interval between successive appearances of the planet in the morning or evening sky.

By a remarkable coincidence, every eight years Venus moves through five completed star figures and again comes to conjunction with the sun in the same part of the zodiac. In musical terms, there is a five-eight beat or polyrhythm between the orbital motions of Venus and the earth. The eight-year Venus-solar period is not quite exact, however; it falls short by a little more than 2½ days. This means there will be a slight slippage out of alignment. To return to our musical analogy, the frequencies of the planets merge, then they go off from one another just like tuning forks not quite in perfect tune.

The Sumer-Akkadian astronomers tracked all of this as they peered out into the famously clear skies of the Iraqi desert, from the terraced towers of their ziggurat observatories (one of them was dimly remembered as the biblical tower of Babel). As they pored over their account books of the heavens, they made discoveries foreshad-owing by centuries the famous pronouncement of the Ionian Greek philosopher Pythagoras: “All is number.”1 It was once suggested by the French popular-astronomy writer Camille Flammarion that one of their observations might refer to a transit of Venus.2 It is recorded in a collection of ancient Venus lore from a tablet, now in the British Museum, dating to the reign of King Ammisaduqua (-1648 to -1628), the next-to-last king of the first Babylonian dynasty. We have recalculated Venus’s movements for that distant era and find that a transit did occur during Ammisaduqua’s reign—on May 21, -1641—but unfortunately very little of it, if any, was visible from Babylon, so regrettably Flammarion’s idea has had to be discarded.


[image: fig_44_1.jpg]
Figure 9. Venus’s motion relative to the sun at successive apparitions; in this case, the 2011-12 evening apparition before and the 2012-13 morning apparition after the June 6, 2012, transit. The upper view shows Venus’s motion along the ecliptic (horizontal line), while the lower views show the planet’s motion relative to the setting (left) or rising (right) sun as seen from latitude 40° north. Note: S.C. = superior conjunction. (Diagram by John Westfall.)



The Akkadians, whose language and cuneiform script eventually supplanted those of the Sumerians in the Fertile Crescent, used a different name for Venus—Ishtar, for the great goddess of the East, who invoked the power of the dawn. In Egypt and Ugarit, also among the Hittites and in Canaan, she became known as Astarte, Queen of Heaven. The eight-year Venus-solar period might even have inspired Akkadians’ representation of Ishtar as a star with eight rays within a circle. An image of the goddess with a crescent-tipped staff was found among the ruins of Nineveh.

To the Greeks, she was Phosphoros and Hesperos, as well as Aphrodite; among the Romans, Lucifer and Vesper. Homer called Hesperos “the most beautiful of all the stars.” Five hundred years later Sappho, the lovelorn poetess of Lesbos, penned the lines,

All that the dawn, O Hesperos, sends away—

Sheep, goats, and youths—regather at close of day.

(Trans. William Sheehan)




VENUS IN THE NEW WORLD

The greatest Venus watchers of all time may have been neither the Egyptians nor the Sumerians but the Mayans of Central America, who flourished between 300 and 900 CE. They were convinced that they owed their very existence to Kukulkan, the brother of the sun.3 The Mayan priest-astronomers kept careful watch over the planet from observatories like the Caracol in Chichen Itza, a two-storied cylindrical structure that in its ruined state looks remarkably like the dome of a modern observatory. Others are at Uxmal and Copan. These structures were carefully oriented toward the key points in the Venus-watching cycle; at Chichen Itza, the priest-astronomers were able to peer through a series of small apertures in the great circular tower and observe (as one can still observe) the exact positions where Venus set on the horizon. They recorded the different star figures that the planet traced in its path near the sunset or sunrise horizon and had a different name for each of them. They adopted the 260-day appearance-disappearance period as the basis of their calendar, which is still in use today in parts of Guatemala. Like the ancient Sumerians, they even believed they could correlate the planet’s appearances and disappearances at the horizon with the dry season or the coming of the rain.

At about the same period, certainly by 1000 CE, those consummate oceanic navigators, the Polynesians, used various clues to help find their way across thousands of miles of trackless ocean—wave patterns, winds, seeds, and bird sightings. They also relied on the stars but had the problem that there was no usable pole star for their voyages south of the equator. In such case, they took to heart this advice, expressed in the Maori language:

Kia pai te takoto

Ote ihu o te waka

I runga ia kōpu i te pō

I te awatea kai whai i

Muri i a tama-nui-te-ra.

(During the night, on Venus keep

The vessel’s fro-ward prow;

During the day, you’ll go aright

If you follow the sun, I trow!)

(Trans. William Sheehan)

The reasons for the decline of the Mayan civilization, around 1000 CE, have never been clearly defined, but their military power, at least, was rivaled by yet another Venus-intoxicated people, the Aztecs of Mexico. Among the Aztecs the planet was variously known as Tlahuizcalpantecuhti (the lord of the dawn) and Xolotl (the “twin,” i.e., the evening star), also as Quetzalcoatl, or Quetza-xolotl, the “feathered serpent.” In this form the distant planet Venus was destined to play a critical role in the destruction of the earthly Aztec empire.

According to the story, Quetzalcoatl—who was supposed to have been tall in stature, with white skin, long dark hair, and a flowing beard—had been compelled to abandon the country. As he passed through Mexico, he stopped at Cholula, where a temple was dedicated to him, and on reaching the shores of the Gulf of Mexico, took leave of his followers, promising them that he would one day return. He then boarded a skiff made of serpents’ skins and set out for the fabled land of Tlapallan.

In 1519, Hernando Cortés, the Spanish conquistador—a man with light skin, dark flowing hair, and a beard—arrived in Mexico. Among the Mexicans, it was as if Cortés and his small band of invaders “had dropped from some distant planet.”4 The superstition of Quetzalcoatl was enough to soften the resistance of the forces of the great empire of the Indian ruler Montezuma. Cortés, who combined in his person “what is most rare, singular coolness and constancy of purpose, with a spirit of enterprise that one might well call romantic,”5 won Montezuma’s confidence, even acquiescence; the result was that the Spaniard succeeded in penetrating to the very heart of the empire. William Hick-ling Prescott evocatively recalls the final days of Montezuma:


With shouts of triumph the Christians tore the uncouth Huitzilopot-chili [the Aztec war-god] from his niche, and tumbled him, in the presence of the horror-struck Aztecs, down the steps of the teocalli.

… [Meanwhile], the Indian monarch had rapidly declined… quite as much under the anguish of a wounded spirit, as under disease. He continued in [a] moody state of insensibility; holding little communication with those around him, deaf to consolation, obstinately rejecting all medical remedies as well as nourishment. On the 30th of June 1520, he expired in the arms of some of his own nobles.… “Thus,” exclaims a native historian, one of his enemies, a Tlascalan, “died the unfortunate Montezuma, who had swayed the sceptre with such consummate policy and wisdom; and who was held in greater reverence and awe than any other prince of his lineage, or any, indeed, that ever sat on a throne in this Western World.”6



As Montezuma lay dying in Mexico City, Venus was the Morning Star, dropping back toward the sun but still heralding, by some two hours, its rising. As he and his empire entered upon their sudden decline, Europe, an ocean away, stood on the verge of an intellectual rebirth.




ASTRONOMIC MODELS IN HISTORY

Ever since the Greeks—and we have temporarily skipped ahead of all that, as we have pursued our Venus-obsessed mad dash through history—Venus, the rest of the planets, and the sun were proclaimed to be in motion around the earth. Cycles such as those charted since the time of the Babylonians had been adopted by the Greek master mathematicians in working out the beats of the planets moving in circles and circles-on-circles. Theirs was a scheme that, we may assert, admittedly with necessary oversimplification, represented in geometric form the wonderful Babylonian numerological discoveries.

The diagrams worked out by the Greeks—most notably, by Claudius Ptolemy—were like orreries, those complex mechanical devices that mimic the movements of the planets, intricate and in their way exquisitely beautiful. They were elaborate calculating devices for phenomena such as the progressive elongations and conjunctions of the inner planets relative to the sun and, for the outer planets, for their conjunctions and oppositions, those points where they stand in line with, or opposite to, the sun in the sky. They explained admirably the spiraling planetary convolutions that the planets seem to trace around the centrally fixed and recumbent earth.

The sun itself—together, of course, with Mercury and Venus, oddly following in train with it—still moved around the earth in the heads of all the learned scholars in Europe—that is, all the learned heads except one. The exception was Nicolaus Copernicus, an obscure canon at the cathedral of Frauenburg. Copernicus had worked out as early as 1512—seven years before Cortés set foot in the New World—how the whole planetary system would look if the sun instead of the earth were placed at its center. In Copernicus’s diagrams and thoughts, the planets began to dance with rhythms different than those known to the ancients. His scheme had implications that even he did not fully grasp, among which the possibility that Mercury and Venus could be projected, at certain points and on rare occasions, in front of the sun.

With this, our survey of the long era of astronomic prehistory is over. The incidental stage music, from the stately and majestic march of old Dumuzi-Amaushumgalana to the Siegfried-like dirge of Montezuma, comes to an end. Our preparations are complete and the curtain rises. The hushed anticipation gives way to excitement, like the fervor felt as a dazzling planet emerges out of the dawn: our proper subject, the transits of Venus, can finally take center stage. Our theater is the cosmos, our cockpit stage nothing less than the radiant circle of the solar disk itself.7











4
A MISSED OPPORTUNITY


Not what We did shall be the test

When Act and Will are done,

But what Our Lord infers We would —

Had We diviner been.

—Emily Dickinson, untitled (poem J. 823, composed ca. 1864)


PLANETARY SYSTEMS

In 1543 Copernicus published De Revolutionibus Orbium Caelestium (On the revolutions of the celestial orbs), his magnum opus, a fully elaborated account of the planetary motions based on the assumption that the sun was at the center of the planetary system. In it, the earth was relegated to being an ordinary planet orbiting around the sun. It is said in Ecclesiastes that there is nothing new under the sun; even the Copernican system—or at least the heliocentric (sun-centered) system—did not originate with Copernicus. In ancient times, some of the Greek astronomers had speculated that either the inner planets, Mercury and Venus, orbited the sun—a partial Copernicanism—or even that the whole system of planets did.

One of the Greek astronomers was Heraclides of Pontus (c. 388-310 BCE), a pupil of Plato (c. 428-347 BCE), who pointed out how much more reasonable it would be if Mercury and Venus orbited the sun instead of the earth. He also seems to have suggested that the apparent diurnal rotation of the heavens might be owing to the axial spin of the terrestrial globe. For all this one would expect posterity to have been grateful. However, he seems to have let his successes go to his head. When his city Heraclea was beset with famine, he traveled to the oracle at Delphi in order to bribe the Pythia, the priestess of Apollo, to promise help, but only on condition the city award him a gold crown during his lifetime and proclaim him a hero after his death. According to the German historian Jacob Burckhardt: “This turned out wretchedly for all concerned. During the coronation ceremony in the theater, Heradides suffered a stroke, and at the same moment the Pythia was bitten by a snake in the adyton [inner chamber] at Delphi. On the point of death, Heraclides ordered that his corpse should be smuggled away and a snake laid in his bed, as if he had gone to join the gods. This trick too came to nothing, and Heraclides was proved to be not a hero but a fool.”1
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