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          PREFACE
        

      

      In the fall of 2003 I set out to walk along the prime meridian—the line of zero longitude—across southeastern England. My
            choice of the Greenwich meridian was not arbitrary; through various accidents of history, the meridian is the touchstone by
            which the entire world measures place and time. The Royal Observatory at Greenwich, founded by King Charles II in 1675, has
            defined a common standard for maps and clocks since 1884. The meridian also passes close to a surprising number of other locations
            important in the history of science. Isaac Newton's chambers at Trinity College, Cambridge, are not far from the line, nor
            is his place of birth in Lincolnshire. Charles Darwin's house at Downe, in Kent, is two and a half miles from the meridian.
            And more, much more.
         

      It would be hard to think of a walk of equivalent length anywhere in the world that would provide so rich a thread on which
            to hang a story of human curiosity.
         

      
        
          Walking Zero is about the epic struggle to understand cosmic space and time. It is a story of constantly expanding horizons, of intellectual
               courage and physical adventure, of men and women who dared to believe that the universe was not centered on themselves. It
               is a story of the breaking of the cosmic egg, of a planet becoming conscious of itself, and of the discovery of an abyss of
               space and time that might in fact be infinite.
            

      

      Science is often imagined as a soulless activity administered by men and women in white coats bent on removing spirit and
            meaning from the world. Nothing could be farther from the truth. Many courageous individuals have bucked reigning orthodoxies
            to let their imaginations soar where no one had gone before. Pioneers such as Nicolaus Copernicus and Charles Darwin were
            reluctant revolutionaries who understood that their ideas would be resisted by those who preferred familiar truths. Giordano
            Bruno, burned at the stake in 1600, paid the ultimate price for (among other things) surmising the multitude of worlds that
            we now take for granted. Galileo Galilei, as a blind old man, was forced to kneel before assembled churchmen and deny what
            he knew to be true, the mobility of the Earth.
         

      
        Our ancestors, perhaps naturally, believed themselves to live at the center of space, coevally with time. "All the world's
               a stage," wrote Shakespeare, and he meant it quite literally: a stage for the drama of human affairs. Creation myths from
               around the world assume that the cosmos was created for us, that it is centered on us, and that time has no meaning other
               than as a frame for human history. Our discovery of cosmic space and time—a universe of galaxies and geologic eons that makes no reference to human history—must be counted a triumph
               of human pluck and cunning. After all, who among us would not like to live at the center of the world? Surely, nothing can be more flattering to our sense of importance than to imagine that
               we are the measure of all things. To forgo the cozy human-centered cosmic egg of our ancestors requires courage and a willingness
               to contrive our own meaning in a universe that is vast beyond our imagining. In making the journey into cosmic space and time
               we surrender certainty for curiosity, simplicity for complexity, comfort for adventure. We are perhaps a bit frightened by
               the light-years and the eons, but we are proud of all that the human mind has come to know and privileged to share, even as
               spectators, in that epic quest.
            

      

    

  
    
      
        
          PROLOGUE
        

      

      
        Each of us is born at the center of the world.

      

      For nine months our physical selves are assembled molecule by molecule, cell by cell, in the dark covert of our mother's womb.
            A single fertilized egg cell splits into two. Then four. Eight. Sixteen. Thirty-two. Ultimately, 50 trillion cells or so.
            At first, our future self is a mere blob of protoplasm. But slowly, ever so slowly, the blob begins to differentiate under
            the direction of genes. A symmetry axis develops. A head, a tail, a spine. At this point, the embryo might be that of a human,
            or a chicken, or a marmoset. Limbs form. Digits, with tiny translucent nails. Eyes, with papery lids. Ears pressed like flowers
            against the head. Clearly now a human. A nose, nostrils. Downy hair. Genitals.
         

      As the physical self develops, so too a mental self takes shape, not yet conscious, not yet self-aware, knitted together as
            webs of neurons in the brain, encapsulating in some respects the evolutionary experience of our species. Instincts impressed
            by the genes. The instinct to suck, for example. Already, in the womb, the fetus presses its tiny fist against its mouth in
            anticipation of the moment when the mouth will be offered the mother's breast. The child will not have to be taught to suck.
            Other inborn behaviors will express themselves later. Laughing. Crying. Striking out in anger. Loving.
         

      
        What, if anything, goes on in the mind of the developing fetus we may never know. But this much seems certain: To the extent
               that the emerging self has any awareness of its surroundings, its world is coterminous with itself. We are not born with knowledge of the antipodes, the plains of Mars, or the far-flung realm of the galaxies. We are not born
               with knowledge of Precambrian seas, the supercontinent of Pangaea, or the Age of Dinosaurs. We are born into a world scarcely
               older than ourselves and scarcely larger than ourselves. And we are at its center.
            

      

      A human life is a journey into the grandeur of a universe that may contain more galaxies than there are cells in the human
            body, a universe in which the whole of a human lifetime is but a single tick of the cosmic clock. The journey can be disorienting;
            our first instincts are toward coziness, comfort, our mother's enclosing arms, her breast. The journey, therefore, requires
            courage— for each individual and for our species.
         

      Uniquely of all animals, we humans have the capacity to let our minds expand into the space and time of the galaxies. No other
            creatures can number the cells in their bodies, as we can, or count the stars. No other creatures can imagine the explosive
            birth of the observable universe 14 billion years ago from an infinitely hot, infinitely small seed of energy. That we choose
            to make this journey—from the all-sustaining womb into the vertiginous spaces and abyss of time—is the glory of our species
            and perhaps our most frightening challenge.
         

      
        Philosophers have endlessly debated the extent to which we can know the world as it is. Certainly, we carry an idea of the world in our heads, an idea that is partial, tentative, evolving. It is inevitably shaped in its particulars by instinct,
               experience, culture, and the limitations of human perception. It is hedged around by the bounded capacity of the human brain,
               which, although wonderfully commodious, is finite. For science to be possible, we must make two assumptions: (1) That the
               world exists independently of our knowledge of it; and (2) that we can know the world with ever-increasing verisimilitude. As obviously true as these
               statements might seem, in fact their veracity has been long and vigorously debated by philosophers. Nevertheless, they are
               the foundation upon which all of science rests. The manifest success of science speaks powerfully of the practical utility of these two assumptions, if not of their truth.
            

      

      
        Science is a collective path toward knowledge, a path which— as much as we can make it so—is independent of local cultures, the beliefs of parents
               and teachers, religion, politics. It is a path that holds the image of the world we carry in our heads against the refining
               fire of experience. Not just any experience but a special kind of experience called experiment, which, if properly performed
               and communicated, can be repeated with the same result by any other person equipped with the requisite tools. Science tries
               as hard to prove an idea wrong as to prove it right. Science requires us to assert our beliefs cautiously, skeptically, tentatively,
               and be willing to surrender a belief when the collective engine of affirmation fails. Although no one would claim that science
               is an infallible guarantor of truth, it is the most effective way the human species has yet devised for making reliable mental images of the world. As I write, two vehicles, Spirit and Opportunity, have begun to explore the surface of Mars after journeys across space that required many months. Their journeys would have
               been impossible had not generations of scientific explorers provided us with reliable knowledge of the world.
            

      

      
        I will make one further claim, which is not so much philosophical as personal: The journey toward reliable knowledge of the
               world is worth making. Few people will take exception to this statement.Yet we are adept at finding ways to ignore the world as it presents itself
               to inquiring minds—the world of the galaxies and geologic time revealed by the long scientific quest. The womb always beckons,
               with its comfort and security, its total enclosure by a loving, attentive parent. Perhaps we are genetically predisposed to favor ideas of the world in which we ourselves are central. None of us, scientists included, is immune to self-deception.
            

      

      
        If I am to be your guide for a walk along the prime meridian (and through centuries of the scientific quest), it is perhaps
               only fair that I reveal something of my personal journey from the womb to cosmic space and time. Like many people, I was raised
               in a religious tradition still very much grounded in medieval cosmology. The human-centered world described by Dante in his
               thirteenth-century poem The Divine Comedy was more familiar to me as a child than the world of twentieth-century astronomers and geologists.
            

      

      I was born in Chattanooga, Tennessee, in 1936, of white, middle-class, Roman Catholic parents. Like everyone else, I came
            into the world unburdened with any but universal human characteristics—certain instincts for survival and inborn behaviors
            and emotions—but soon I became laden with an increasing burden of cultural baggage. I was southern and therefore predisposed
            by my environment to racism. Images of burning crosses and men in white sheets were a regular part of my youth, and with those
            images came an implicit, and often explicit, assertion of the moral and physical primacy of the white race. In church and
            parochial school I was taught that Roman Catholicism is the one true faith which exclusively holds the keys to salvation.
            Growing up in the heartland of the Tennessee Valley Authority and New Deal largesse, it was perhaps inevitable that I would
            later register as a Democrat. The United States of America was, by all accounts, the nation favored by God and by history
            to be a shining example to the less fortunate peoples of the world. In other words, by accident of birth I found myself situated
            at the center of a certain conceptual universe, a circumstance I share with every other human who has ever lived.
         

      
        The subsequent story of my life has been one of moving away from the omphalos—world center—of my birth into a universe of
               uncentered dimension. For this, I credit mostly my parents, who valued books and history. No one moves from the cozy security
               of the omphalos untutored and alone. In my parents' library I read of men and women of past and present who dared to peck
               at the shell of the cosmic egg, who stood on tiptoes to look over the horizon, and who otherwise searched into infinities
               of space and time. From these pioneers I learned that my place, my time, my race, my religion, my country were not privileged by centrality, as I had imagined. It was at first a scary feeling—this moving away from the center—akin,
               I suppose, to what an infant feels upon being separated from its mother. This separation from the center is not something
               any one of us is likely do on our own without inspiration from those who have gone before.
            

      

      
        My own journey began at a relatively young age, even before I was able to read beyond my grade-school primer. Among the books
               in my parents' library that I particularly remember were a collection of John James Audubon's bird paintings that carried
               my imagination into the American frontier of the early nineteenth century; a two-volume collection of Currier and Ives prints
               of tidy village greens that may have been instrumental in my ending up in New England many years later; and a book about Haiti
               with some spooky and sexually provocative Haitian woodcuts that made me realize the world was bigger and more diverse than
               what was evidenced by the white-bread, American, middle-class adventures of Dick and Jane. Later, as a teenager, I worked
               as a shelver in the Chattanooga Public Library and was exposed to further revelations (oh, the glorious weightiness of books!) of worlds unseen. Then by a stroke of good luck I won a scholarship to a national university up north. Through all of this, books and good teachers expanded my horizons. After earning a Ph.D. in physics I launched myself on a
               career as a science teacher, filled with idealism—but I was not yet a citizen of the universe.
            

      

      
        At that time I was very much in the thrall of the historian of religion Mircea Eliade. In opposition to the quantitative,
               centerless space and time of Galileo and Newton that I was teaching my students, Eliade offered a cosmos made sacred by hoary
               tradition. For religious man, space is fundamentally centered, said Eliade. In former times, each village, or central hut within the village, had a pole that was presumed to be
               the axis of the world. Sacred space was defined by this local center. Priests and shamans moderated the flow of communication between gods and humans along this central axis.
               Signs from beyond—hierophanies, or moments of sacred insight—introduced into profane space and time "an absolute element"
               and put an end "to relativity and confusion." This fixing of a sacred center set up an opposition between our world—a centered, orderly cosmos—and the world away from the center—a foreign chaotic place, populated by ghosts, demons,
               foreigners, and the unsaved. Our place, then, is the fixed center of the cosmos, be it the central hut of a village, Jerusalem, Mecca, the bo tree of the Buddha,
               or the Shining City on the Hill.
            

      

      For religious man, said Eliade, time, like space, is not homogeneous. It is given shape by a central revelation: God's communication
            to Abraham, Moses, and the other prophets; Christ's incarnation and death; Constantine's fiery cross in the sky; Joseph Smith
            finding the golden plates of Mormon on a hillside in New York; and so on. Religious rites and rituals make these singular
            moments of time infinitely recoverable, infinitely repeatable. For religious man, time is eternally renewed, cycling like
            the peregrinations of the Sun. Time is reborn, continuously, just as space remains centered, and those of us who reside at
            the center of the world are reborn again and again with the turning wheel.
         

      
        Religious time, wrote Eliade, is a "succession of eternities," repeating again and again the creation, redemption, and consummation of the world. Likewise, the location of the altar at the transept of the church
               echoes the location of Eden at the nexus of Earth's cardinal points: north, south, east, and west. (European maps of the Middle
               Ages placed Eden, or Jerusalem, at the center of the world.) The farther one moves away from the center, the more likely one
               is to encounter chaos. (At the borders of medieval maps are depictions of monstrous creatures of land and sea.) Sacred time,
               sacred space—these are ways of maintaining on a cosmic scale the security of the womb in which our bodies and protominds are
               assembled from the inanimate stuff of creation.
            

      

      It is perhaps not surprising that I found Eliade's ideas so appealing. I had grown up in a religious tradition in which the
            ancient cosmic cycles were implicitly celebrated in the daily and annual liturgies of the church. The liturgical day was divided
            into canonical hours—matins, lauds, prime, terce, sext, nones, vespers, compline—and these segments of the day were sanctified
            by prescribed prayers from scriptures, thereby weaving the apparently linear thread of Judeo-Christian history into the ever-repeating
            coil of cosmic time. Even more prominent in Roman Catholic tradition was the colorful wheel of the liturgical year, forever
            turning, marking out the Sun's eternal return with rites that made no explicit reference to celestial bodies.
         

      
        And so, following Eliade, I spread a canopy of semipagan religiosity over my scientific studies. From the Protestant theologian
               Rudolph Otto I absorbed a notion of God as mysterium tremendum etfascinans (dread and alluring mystery). I also devoured the works of Joseph Campbell, James Frazer, Emile Durkheim, Lucien Levy-Bruhl,
               Carl Jung, Bronislaw Malinowski, and other historians and scholars of comparative religion with the same fervor that I read
               Galileo, Newton, Maxwell, and Schrodinger. There was, obviously, a huge incompatibility in my reading, which because of its
               inherent contradictions could not sustain itself. The former authors—the scholars of religion—took me round and round, eternally
               circling the omphalos, the navel of the world, recapitulating the cycles of the Sun and reenacting in ever more modern guise
               the Myth of the Eternal Return, and the latter authors—the scientists—blazed a linear path that led from the big bang to (perhaps)
               a final freeze, through an evolving, always-changing, uncentered world in which even human history is represented by a unidirectional
               arrow of change. I was caught in a bind between enchantment and disenchantment, and the tension was palpable.
            

      

      
        If I had to choose a moment when the concept of uncentered-ness truly dawned on me, it would be in the fall of the academic year 1968-69, when I was supported by a National Science Foundation
               fellowship to study the history and philosophy of science at Imperial College in London. It was the first time I had been
               out of the United States and in a culture significantly (although not radically) different from my own. With my wife and three
               young children, I took up residence in a mews flat just off Exhibition Road in South Kensington, only a short walk from where
               I would be studying at Imperial College, and even closer to London's Natural History Museum, Science Museum, and Geology Museum.
               These extraordinary institutions are jam-packed with artifacts associated with the history of science and technology. (I will
               be visiting certain parts of the collections in the pages that follow.) In the fall of 1968 it was a particular object on
               an upper floor of the Science Museum that sparked for me a kind of epiphany: the silvered, seventy-two-inch-diameter metallic
               mirror that for the second half of the nineteenth century was the central component of what was then the largest telescope
               in the world.
            

      

      The mirror in the Science Museum had been the light-gathering element of the huge telescope constructed by Lord Rosse, William
            Parsons, on his estate at Birr, in Ireland, and with which he discovered—among other things—the spiral galaxies. As I recall,
            this important historical artifact was then displayed by the museum in a horizontal position, like a magical pool of shining
            quicksilver into which one might look to find the secrets of the universe, a conceit that may have been reinforced by the
            magical mirrors and pools of childhood fairy tales. And in a sense Lord Rosse's telescope mirror was exactly that. I had previously
            seen illustrated in astronomy books his famous sketch of the Whirlpool Galaxy in the constellation Canes Venatici, and I had
            studied enough astronomy by that time to know that the Whirlpool Galaxy is just one of an uncountable number of spiral galaxies,
            including our own Milky Way, which populate the universe. In my mind's eye I saw the universe of the galaxies reflected there
            in the glistening eye of the Birr mirror, and I knew that this was knowledge I could not live without.
         

      
        It would be hard to overemphasize the sudden feeling of letting go, the sensation of falling into vertiginous spaces. I knew that the Whirlpool Galaxy is 15 million light-years away. The light
               of that galaxy's hundreds of billions of stars had been traveling across space—in every direction, not just toward me alone!—for
               15 million years before an infinitesimal fraction of the galaxy's photons fell upon Rosse's seventy-two-inch mirror and was
               brought to a focus by the concave figure of the mirror's surface to form an image on the retina of the astronomer's eye. Here
               was a line as straight as the arrow of time reaching across the universe, a line that made the cycles of the Earth and Sun—or
               of a human life—seem paltry indeed. When exposed to the clear night sky during the latter half of the nineteenth century,
               the glistening face of Rosse's mirror was filled—filled!—with galaxies, nebulas, stars, planets: worlds and worlds without
               end. There was something in the surface of that metal disk that was indeed mysterium tremendum et fascinans, but in a different way than imagined by Otto and Eliade, something that would not be found by clinging to the omphalos of
               my birth. I knew then that it was not on the axis of the Sun's Eternal Return that I would choose to live my life, but in
               the quicksilver pool of the telescope, whose depths were capacious enough to embrace an uncountable multitude of worlds.
            

      

      
        Finding our way in cosmic space and time is a journey each of us must make alone, and your journey will almost certainly be
               different from mine, but we build on the achievements of the courageous men and women who have gone before us. Consider for
               a moment Mary Anning, whom we will meet more intimately in a subsequent chapter. Clad, as her Victorian culture required,
               in voluminous skirts and bonnet, Anning spent her life digging fossils from the clayey cliffs of Lyme Regis on England's southern
               shore, not so very far from where I begin my walk. Her efforts revealed the existence of long-vanished seas swarming with
               dragonlike creatures unlike any animals that exist today. You or I might be lucky in the course of a lifetime to stumble upon
               a single fossil of one sort or another, and having done so we might wonder what the fossil represents and how it had its origin.
               Few of us can repeat Anning's achievement—her abundant collection of extinct creatures—because we lack her drive, her talent,
               her lifelong dedication. Nor can we repeat on our own the accomplishments of the Victorian dons and savants who wrestled with
               the meaning of Anning's fossilized bones. It behooves us, therefore, to make ourselves aware of the travails and triumphs
               of our ancestors.
            

      

      And so, let us begin a journey made partly on the ground of southeastern England with a knapsack and sturdy shoes, and partly
            in the imagination. Our trek will take us through unspoiled countryside and charming villages, along busy London streets and
            lazy rural waterways. Along the way we will find the traces of brilliant thinkers and perspicuous observers who over the course
            of thousands of years added immeasurably to our knowledge of space and time—and opened our hearts and minds to the universe
            of the galaxies.
         

    

  
    
      
        
          
            1 
          
        

MAPPING THE EARTH


      

      In 1783 the Prince of Wales, son of King George III of England, visited the seaside town of Brighton, forty-five miles south
            of London. He was by all reports a wild young man, fond of drinking, womanizing, and gambling. He was sufficiently taken by
            Brighton's bracing sea air and saltwater bathing to build himself a modest seaside palace.
         

      Over the next several decades his humble "pavilion" was enlarged to become the Royal Pavilion, a goofy and glorious pastiche
            of onion domes and minarets, in a style some call Indian, but which puts on airs of China, Russia, Arabia, and who knows where
            else. Needless to say, having a royal prince in town, later a king, gave the town of Brighton a certain panache, and soon
            a substantial city grew up around the prince's pleasure domes. The railroad came to town, an aquarium was built, and the famous
            Brighton Pier was extended into the sea. The royal family has long since departed Brighton, but the amenities remain and the
            city is a favorite destination for Londoners seeking escape from the metropolis.
         

      It is not the pier, aquarium, or Royal Pavilion that brings me to Brighton. The object of my journey is about five miles east
            of town in the seaside suburb of Peacehaven. The walk there is spectacular—along vertical cliffs of pure white chalk. I have
            a choice; I can take the path along the cliff tops or the concrete promenade at the base of the cliffs. The promenade was
            not made expressly for walking; its purpose is to protect the easily eroded chalk cliffs from the force of the sea. Until
            nineteenth-century engineers built this bulwark, Brighton's history was mostly a matter of watching more and more of the town
            and surrounding countryside fall into the churning water of the English Channel during winter storms.
         

      
        I choose the cliff-top walk, and I see what I am looking for well before I reach it: a tall white monument, topped with a
               globe of the Earth, standing on one of the highest sections of the cliff. When I reach the monument I am at latitude 500 47'
               north of the equator and at longitude o° o'. Zero longitude exactly. I am astride the Greenwich meridian. The inscription of the monument reads:
            

      

      
        
          PEACEHAVEN
        

        
          KING GEORGE V MEMORIAL
        

        
          ERECTED BY THE INHABITANTS IN THE
        

        
          YEAR 1936 TO COMMEMORATE THE
        

        
          BENEFICENT AND ILLUSTRIOUS REIGN
        

        
          OF THEIR BELOVED-SOVEREIGN ( 1 9 I O - I 9 3 6)
        

        
          AND TO MARK PEACEHAVEN'S POSITION ON
        

        
          THE PRIME MERIDIAN OF GREENWICH
        

      

      
        A smaller plaque, affixed later, bears this inscription:

      

      
        IN CELEBRATION OF THE

        INTERNATIONAL PRIME MERIDIAN CENTENARY

        1884-I984 THIS PLAQUE WAS UNVEILED BY THE MAYOR

        OF PEACEHAVEN

      

      
        COUNCILOR ALFA CLAYTON

        26 JUNE 1984

      

      
        What happened in 1884 was nothing less than the globalization of space and time—the fixing of an internationally agreed upon
               meridian of zero longitude and standard time. Until then, major nations of the world measured longitude with respect to a
               national capital—so many degrees east or west of London, Paris, Berlin, or Washington. Each country, and sometimes each community
               within a country, set its clocks at noon when the Sun stood highest in the local sky as indicated by a sundial. There was
               no uniformity of maps or clocks.
            

      

      But big things were happening in 1884. Railroads, telegraphs, and empire building were making nations and peoples more interdependent.
            Messages could be flashed in minutes from Europe to America by undersea cable. Ocean crossings by steamship took days, not
            the weeks formerly required by sailing vessels. Iron railroad tracks spanned continents. Then, as now, technology was a driving
            engine of globalization. The pressure became irresistible among nations to arrive at a system of standard longitude and standard
            time.
         

      On latitude, everyone agreed. There can be no ambiguity about one's location on Earth with respect to north and south. The
            Earth's rotation defines poles and an equator. If you are standing at the north pole, for example, the stars circle directly
            overhead as the Earth turns, and the North Star, Polaris, stands near the zenith and barely moves at all. If you are on the
            equator, the stars arc from east to west across the sky, and Polaris lies on the northern horizon. At any other place on Earth
            you can determine your latitude by measuring the elevation of Polaris in the sky. As I stand on the chalk cliffs at Peacehaven,
            I am at latitude 500 47' north of the equator, and about this fact English, French, Germans, Americans, and other peoples
            of the world had no dispute.
         

      But longitude is an altogether different matter. Where along the equator will we designate the point of zero longitude? Where
            will we anchor degrees east and west on our maps? The Earth turns under the stars. The stars are no help at all in measuring
            longitude. One place is as good as any other as a reference point for east and west, and prior to 1884 Britain, France, Germany,
            and the United States, among other nations, anchored their maps on national observatories. In effect, each nation placed itself
            at the "center of the world."
         

      The man who forced the issue of standardization was Sandford Fleming, a Scottish immigrant to Canada and a person of irrepressible
            inventiveness and energy. Before he became an international campaigner for standardized maps and clocks, Fleming had made
            a name for himself in Canada as a surveyor, mapmaker, and civil engineer. Coming, as he did, from something of a cultural
            backwater (Canada was then a rather sleepy part of the British Empire), he might seem to have been an unlikely advocate of
            international standards of longitude and time, but that may be precisely what enabled him to escape the prejudices of local
            pride. Canada could make little claim for itself as an arbiter of international standards, whereas British and French national
            pride, respectively, made it almost impossible for one nation to concede to the other primacy of place or time when it came
            to maps or clocks.
         

      In 1884, at the invitation of U.S. president Chester A. Arthur, and largely as a result of Fleming's ceaseless lobbying, forty-one
            delegates from twenty-five nations met in Washington, D.C., to decide upon a "prime" meridian, a line of zero longitude that
            would unify the world's maps. The globe could then be divided into twenty-four time zones, each fifteen degrees of longitude
            wide, anchored to the prime meridian, and all clocks could keep some hourly multiple of the local time of whatever place was
            chosen to mark the prime.
         

      To avoid conflicts of national interest, some people advocated a "neutral" prime, anchored on the Great Pyramid at Giza in
            Egypt, for example, or the temple at Jerusalem, or perhaps the Tower of Pisa in Italy to honor Galileo. These fanciful proposals
            got nowhere. For one thing, it was important that the prime meridian pass through a first-rate astronomical observatory, as
            was presently the case for the British and French meridians (the prime prime contenders, so to speak), so that clocks could
            be kept in sync with the Sun. The Royal Observatory at Greenwich, England, was in many respects the logical choice. Britain
            had the world's most far-flung empire. Seventy-two percent of international shipping already used maps and clocks based on
            Greenwich, and railroads in the United States had recently adopted the Greenwich meridian as their basis for standard time.
            But there was one sticking point: French reluctance to award the prize to their longtime rivals, the British. A French representative
            to the Washington conference swore that "France will never agree to emblazon on her charts 'degrees west and east of Greenwich'!"
         

      
        Fleming hoped to allay French pique by proposing an anti-Greenwich meridian, a line of zero longitude located exactly halfway around the world from Greenwich, which fell conveniently almost
               entirely in the watery realm of the Pacific Ocean. This would have the advantage of preserving the integrity of Greenwich-based
               maps and time zones, without invoking the dreaded G-word on French maps or giving any national capital primacy of place. And
               the Greenwich observatory could still be used to synchronize time with the Sun. France proposed a compromise: If the English-speaking
               world would adopt the French meter as the standard measure of length, France would go along with a Greenwich prime meridian.
               No chance, however, that the British would surrender their beloved traditional standards of measure: inches, feet, yards,
               miles.
            

      

      In the end, twenty-two of the twenty-five conference participants agreed to a Greenwich prime meridian, with France and Brazil
            abstaining and only the tiny Caribbean nation of San Domingo voting against.
         

      
        And so the peoples of planet Earth took their first partial step toward a concept of space and time that let no person, tribe,
               or nation claim special privilege. Fleming had in mind something resembling Isaac Newton's universal, absolute space and time,
               as articulated in the great physicist's 1687 Principles of Natural Philosophy, a space and time that made no reference to London, Paris, or Washington, not even to the Earth itself.
            

      

      
        Today, with the Internet, geosynchronous satellites, and high­speed air travel, the motions of the Earth around and under
               the Sun have become increasingly irrelevant. Day and night, summer and winter, are equally suitable for international commerce.
               The bits and bytes of data that fly through cyberspace at the speed of light take no notice of time zones. In the fraction
               of a second required for a packet of data to zip from London to Tokyo, the Sun's position in the sky shows no perceptible
               change. There is no fundamental reason why globally synchronized clocks might not keep a kind of time that makes no reference to the Earth's rotation, all terrestrial clocks reading the same hour regardless of the position of the Sun. Hours,
               days, weeks, months, even years are artifacts of a pretechnological civilization, of increasing irrelevance to a world that
               never sleeps.
            

      

      But in 1884 the nations of the world had not yet surrendered their attachment to locality, and even today we cannot claim
            to be fully citizens of the cosmos. The people of Peacehaven—who in 1984 attached a plaque to their prime meridian monument
            in celebration of the centenary of the Prime Meridian Conference— clearly take pride in their own perceived place at the center
            of the world; the Meridian Shopping and Community Centre is the focus of their tidy town—as I discover when I put my back
            to the sea and begin walking northward along the line of zero longitude.
         

      
        The walk I intend to make across southeastern England has a purpose; I want to trace humankind's march away from perceived
               centrality. Singly or collectively, our journey into cosmic space and time begins with a deliberate step, but as I take my first step along the meridian I know I have a long way to go before I sever once and for all the psychological umbilical cord
               that attaches me to the world center of my birth.
            

      

      
        For my walk I have equipped myself with maps of the British Ordnance Survey, the national mapping agency, folded sheets from
               the Explorer series designed for walkers, equestrians, and cyclists. Each sheet covers an area about ten by twenty miles.
               I have acquired a dozen maps to guide me across southeastern England; they cover the countryside on both sides of the meridian.
            

      

      
        To celebrate the millennium in the year 2000, the Ordnance Survey issued maps that show the prime meridian as a thick green
               line, and this will be my approximate route. Of course, it is impossible to walk exactly along the meridian—there is no path or right-of-way—but England has an astonishingly (to an American) dense network of public
               footpaths, all so designated on the maps. It will be possible to make my way from south to north, from the English Channel
               to the North Sea, without straying more than a few miles from the thick green line. I will walk a good part of that distance
               during the course of a six-week stay in England.
            

      

      At Peacehaven, where I begin my trek, my map shows the green line extending out into the sea toward France. The prime meridian
            is anchored at the Royal Observatory at Greenwich, near central London, but it extends from pole to pole. One hundred miles
            across the English Channel the meridian comes ashore near Le Havre, France, then passes a bit more than one hundred miles
            to the west of Paris, where until 1884 the French had anchored their own line of zero longitude. The meridian crosses the
            Pyrenees into Spain and leaves the Spanish coast at the Gulf of Valencia. Thence down across western Africa: Algeria, Mali,
            Burkina Faso, Togo, and Ghana. It crosses the equator in the Bight of Guinea and has a watery course across the South Atlantic
            Ocean until it reaches Antarctica. Going north from Peacehaven, the meridian passes through the Royal Observatory at Greenwich,
            then follows the valley of the Lee River halfway to Cambridge. It leaves the British coast at Tunstall in Yorkshire and has
            an unobstructed passage across water and ice to the north pole. The meridian touches nine countries on three continents (if
            one can call Antarctica a country as well as a continent). Nearly two thirds of the line lies over water.
         

      
        It is easy to understand why the French, in particular, resisted the adoption of the Greenwich prime. Not only was it not the Paris prime; it rather assertively sliced across France, effecting a successful cartographical invasion where centuries
               of British military interventions had failed. But more to the point, in the 1790s the French had invested a heroic effort
               and considerable national pride in surveying the Paris meridian from Dunkirk in the north to Barcelona in the south for the
               purpose of adopting a new national standard of length to be called the meter. The meter was defined by the French National
               Assembly in 1791 as one ten-millionth of the distance from the Earth's pole to the equator. The idea was to replace an arbitrary
               profusion of local measures with a national—and hopefully international—standard of length that could be determined precisely
               by survey and which emphasized the universal brotherhood of man. After all, the one thing shared by all citizens of Earth
               is the almost perfectly spherical planet they live on. The French quest for universal standards of space and time was a scientific
               corollary to the Enlightenment idea of universal human rights. It is not coincidental that Thomas Jefferson, who wrote, "We
               hold these truths to be self-evident, that all men are created equal. . .," was an early champion of the metric system.
            

      

      The fraction one ten-millionth of a quarter circumference of the planet was not arbitrary. The size of the Earth was known
            with reasonable accuracy in 1791, and the French Assembly recognized that one ten-millionth of a quarter circumference would
            yield a convenient measurement standard, not much different from the English yard. What was now required was to measure the
            circumference of the Earth with unprecedented precision, incorporating all of the improvements of calculation and instrumentation
            that accompanied the flowering of Enlightenment science. To this end two prominent astronomers were authorized by the French
            government to survey a sizable arc of the Earth's circumference. Jean-Baptiste-Joseph Delambre was to travel north to Dunkirk,
            on the Channel coast, and begin working southward. Pierre-François-Andre Mechain would journey to Barcelona in Spain and work
            northward.
         

      The two surveyor-astronomers shared similar backgrounds. Delambre (1749-1822) was the son of a draper. In the second year
            of his life he almost lost his eyesight to smallpox. At the age of twenty his vision was so bad that he could hardly read
            his own handwriting. Nevertheless, he acquired a broad classical education and essentially taught himself mathematics and
            astronomy. Recognized for his talent, he was taken under the wing of the eminent astronomer Joseph-Jérôme Lefrançais de Lalande,
            and by 1789 Delambre had established himself as one of the nation's most accomplished theoretical and observational astronomers,
            in spite of his poor eyesight. Mechain (1744-1804) came from an equally humble background; his father was a plasterer. As
            a boy he took up astronomy as a hobby, and this led in due time to a distinguished career in science. He too was recognized
            for his talent by Lalande, who helped Mechain find professional employment as a cartographer. Both men were natural choices
            for the mission to measure the Earth.
         

      Here is how the two astronomers measured the meridian arc. First, it was required that the latitudes of the end stations in
            Dunkirk and Barcelona be precisely known, so that one would know exactly what fraction of the Earth's circumference was represented
            by the measured arc. From hundreds of painstaking observations of Polaris and other stars in the northern sky, Delambre determined
            the latitude of the Dunkirk starting point to be 510 2' 6.66". Hundreds of miles to the south, Mechain found the latitude
            of his Barcelona station to be 410 21' 45.10". The difference, 90 40' 21.56", meant that the surveyed distance between Dunkirk
            and Barcelona was about one thirty-sixth of the circumference of the Earth. Of course, the actual fraction of the circumference
            was calculated with great exactitude.
         

      Next, the surveyors laid out a long straight line on the ground and measured its length with the most exact "yardstick" available.
            From the ends of this baseline they measured with a specially designed instrument the angles formed by the baseline and lines
            of sight to a distant point observed through a telescope: a mountaintop, tower, or steeple. If one knows the length of one
            side of a triangle—the baseline—and the adjacent angles, the lengths of the other two sides can be computed, as every high
            school trigonometry student knows. Any leg of this primary triangle can now stand as the base for another triangle, and another,
            and another, and so on. The surveyor need only move his instrument from vertex to vertex, measuring angles, to extend a web
            of triangles across the countryside, and thereby ultimately determine the distance of any vertex of the web from any other.
         

      This Delambre and Mechain did, along an approximately ten-degree arc of a north-south meridian, or one thirty-sixth of the
            circumference of the Earth. Heavy instruments had to be carried to each vertex—hilltops, mountaintops, or towers—leveled,
            made steady, angles measured and measured again, data recorded, checked, and rechecked. Like navigators at sea, Delambre and
            Mechain contended with cloudy skies. They sometimes waited for days on windy, cloud-socked mountains before they could spy
            a distant beacon through the telescopes of their angle-measuring instruments. The web they painstakingly stretched across
            the length of France and part of Spain required hundreds of interlinked triangles, surveyed from north to south and south
            to north, with vertices in high places that afforded the widest possible view of the countryside, until at last the two surveyors,
            with their crews, met somewhere south of Paris and married their nets of triangles.
         

      
        The surveyors' goal, remember, was not simply to know the size of the Earth; they wished to know the size of the Earth as exactly as possible so that the world might be provided with a new standard measure of length, the meter. Meanwhile, France was in turmoil. That
               the two men managed to complete their survey in the midst of a popular revolution and war with Spain, without losing their
               heads to the guillotine or their instruments to brigands, is little short of astonishing. Mechain especially suffered trials
               and tribulations that would have broken a lesser man, not least inconsistencies in his data for the latitude of Barcelona
               that troubled him grievously until the end of his life. Both men were exceptionally devoted to the ideals of science. When
               Delambre presented the final report on the meridian survey to Napoleon in 1806, the emperor said: "Conquests will come and
               go but this work will live forever." Mission completed, a platinum bar was contrived to the requisite dimension—the first
               "meter stick" against which all other length-measuring instruments would henceforward be calibrated. The Earth's size had
               been determined more accurately than ever before, and the peoples of the Earth (or at least of France) had a new system of
               measurement.
            

      

      
        Thomas Jefferson was solicitous that the new nation of the United States of America embrace the French metric system, but
               he was not so optimistic as to imagine that it might actually happen. To this day, the United States is almost the last holdout
               in its official adherence to feet, miles, gallons, and pounds. Americans are now in the same position with regard to the metric
               system as were the French with regard to the Greenwich meridian; they jingoistically thumb their noses at the rest of the
               world, even at the expense of their own best economic interest.
            

      

      When I was a child I learned to measure with foot-long rulers and yardsticks, the latter usually obtained free at the local
            hardware store and printed with advertising. I came across my first meter stick in high school physics lab. It was only when
            I went off to study science at university that I became aware that a platinum bar in Paris ruled the world of scientific measurement.
            Since then I have done all my quantitative thinking about the world in metric, but whenever I write for a popular American
            audience my editors insist that I express all dimensions in feet and miles, as I have done in this book. Americans, it seems,
            are loath to surrender their self-proclaimed role as arbiter of the world's standards.
         

      
        For a brief period in the 1970s the United States almost adopted the metric system, but popular resistance was fierce and the proposed realignment of measures was put aside by President
               Ronald Reagan when he came to office. Meanwhile, global trade has exerted an inexorable pressure for change, and American
               industry— the automotive industry in particular—has transformed itself to metric even in the face of official intransigence.
               Eventually, of course, policy will change to reflect practical reality. The thrust of history is always away from local assertions
               of centrality.
            

      

      
        In fact, even the platinum bar in Paris has lost its prominence. Since 1983, the meter has been defined as the distance traveled
               by light in a vacuum during a time interval of precisely 1/299,792, 458 second. Likewise, the second is no longer defined
               as a fraction of the rotational period of the Earth (which is slowing down), but as the duration of 9,192,631,770 vibrations
               of the radiation corresponding to the transition between the two hyperfine levels of the ground state of the cesium 133 atom
               at rest at zero degrees absolute temperature. (Don't worry about what that last sentence means; suffice it to say that atomic
               vibrations can be very precisely measured by physicists.) For the time being at least, physicists consider the speed of light and the oscillation
               frequencies of atoms to be constant throughout the universe, and therefore the revised metric standard is presumably independent
               of any  nation's claim of precedence. The new definitions make no reference to the Earth at all.
            

      

      
        Delambre and Mechain were not the first to measure the Earth. Greek natural philosophers of classical times understood that
               the Earth was a sphere and computed its size with astronomical observations. The person credited with the first scientific
               determination of the Earth's circumference is Eratosthenes (c. 276-196 B.C.), librarian of a great repository of books at
               the city of Alexandria at the mouth of the Nile River in Egypt. We know almost nothing about Eratosthenes, other than that
               he hailed from Cyrene, a city to the west of Alexandria on the north coast of Africa, and lived in Alexandria after the death
               of Alexander the Great and before the rise of Rome as a great power. We know nothing of what he looked like, his ancestry,
               his progeny, his virtues, or his vices. We do know that he determined the size of the Earth and did so with surprising accuracy.
            

      

      When Alexander's armies conquered Egypt in the fourth century B.C., he established there a city of his own name that soon
            became the philosophical capital of the Mediterranean world, an intellectual mecca that drew to its shining white streets
            philosophical and mathematical luminaries from throughout the Mediterranean world. The city possessed the finest library in
            the world, with tens of thousands of scrolls, over which Eratosthenes presided. According to some sources, Eratosthenes was
            scorned by a number of his contemporaries as a jack-of-all-trades and master of none, but this may be an ideal qualification
            for a librarian.
         

      
        Exactly how Eratosthenes made the epic discovery that ensured his fame we will never know; we have only the sketchiest clues
               from historical sources. I like to imagine it happened something like this: A man of unquenchable curiosity, Eratosthenes
               haunted the marketplaces and docks of Alexandria, quizzing caravanners and sailors about the geographies and cultures of the
               places they had visited. One day, he heard from a caravanner of a deep well in the town of Syene, some distance down the Nile
               (near where the Aswan Dam stands today), where on a midsummer day the Sun can be seen reflected in the water at the bottom
               of the well. This implied that on that day the Sun was directly overhead at Svene. At first, Eratosthenes tucked this trivial
               fact away in his capacious memory, but later that evening (I continue my fantasy), after a few drafts of wine perhaps, he
               leaped to his feet and exclaimed to his friends, "I know the size of the Earth!" To which announcement his friends no doubt
               exchanged winks and nudges and ordered another round of drinks. But Eratos­thenes knew (because he was, after all, a jack-of-all-trades)
               that the Sun was not overhead on a midsummer day in Alexandria. And he knew why: The Earth is a sphere. If the Sun is far away and its rays are
               essentially parallel, sunlight will fall at different angles on different parts of the Earth's surface. (See figure 1-1.)
               If the Sun is directly overhead at Syene, it cannot be directly overhead at Alexandria. This was the essential clue that gave
               the game away.
            

      

      On the next midsummer day, Eratosthenes made a simple quantitative observation. He measured the length of the shadow of a
            vertical column at Alexandria, and therefore the angle of the Sun's rays with the column. This, with the knowledge of the
            well in Syene, was the equivalent of Delambre and Mechain measuring the difference in latitude at each end of their surveyed
            line between Dunkirk and Barcelona. The angle Eratosthenes measured at Alexandria when the Sun was at Syene's zenith was a
            bit more than seven degrees, or about one fiftieth of a circle, and this he knew must be the difference in latitude between
            Alexandria and Syene (although, of course, no well-defined notion of latitude yet existed). In other words, the distance from
            Alexandria to Syene was about one fiftieth of the circumference of the Earth. Eratos­thenes was in no position to carry out
            a survey of the distance from Alexandria to Syene, which was hundreds of miles away down the valley of the Nile, in the fashion
            of Delambre and Mechain. But he did know that this was a journey of about fifty days by caravan, and that caravans traveled
            about 100 stadia a day (a stadium, the Greek measure of distance, was apparently about one tenth of our mile). The distance
            between the two places is therefore approximately 5,000 stadia, and this corresponds to one fiftieth of Earth's circumference.
            The Earth's circumference is therefore 250,000 stadia, Eratosthenes determined—about 25,000 of our miles—a measure that is
            remarkably accurate given the roughness of his data.
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        FIGURE 1-1. Eratosthenes'method for measuring the circumference of the Earth.

      

      
        This story is often recounted in books on the history of astronomy or cartography, as well it should be, but it seems to me
               that the two most striking aspects of the story are seldom mentioned.
            

      

      
        First, look again at the diagram (figure 1-1) so often produced to illustrate Eratosthenes' method. The Earth is represented
               by a circle. This seems completely natural to us; after all, we have seen photographs of the Earth from space, as round and
               smooth as a billiard ball. But up close, here on the surface, the Earth looks like anything but a perfect geometric sphere. Plants, animals, hills, valleys, rivers, seas, cities, temples, waves, clouds: All of this—all
               of the intricate diversity of the Earth, everything that is of interest and important to the lives of men and women—Eratosthenes
               dismisses in his diagram. He draws a circle with a compass and says, "This is the Earth." Then, having reduced our multivarious
               globe to a pure geometric figure, he calculates its size. This, I maintain, was a pivotal moment in human history, an act
               of stupendous intellectual abstraction that stands as the beginning of mathematical science.
            

      

      Here for the first time we see the three pillars of scientific method working together: (1) an idealized conceptual model
            of the world (the Earth as a perfect sphere); (2) quantitative observation (measuring the angle of the shadow and the distance
            from Alexandria to Syene); and (3) mathematical computation (in this case, the rules of Euclidian geometry). Greek civilization
            gave us many wonderful things; try to imagine Western civilization without the underpinnings of Greek politics, art, architecture,
            drama, history. But Eratosthenes'drawing of the Earth as a geometric circle represents something as formidable as the plays
            of Sophocles, the history of Herodotus, or Athenian democracy: a way of abstract thinking that would eventually carry human
            imagination to the far-off galaxies.
         

      
        Second, something more subtle, almost never commented upon: I checked half a dozen astronomy books; they all have a version
               of figure 1-1, with the Sun's rays falling parallel onto the Earth. But this can only be so if the Sun is very far away compared to the size of the Earth. If not, the rays will not be parallel and Eratos­thenes' demonstration falls apart. Indeed,
               Eratosthenes might equally well have assumed that the Earth is flat and used his observations of shadows and distances to
               calculate the distance to the Sun. (See figure 1-2.) Implicit in the innocent-looking diagram of the astronomy books is an
               intuition on the part of Er­atosthenes that is audacious in its daring: The Earth is a tiny sphere compared to the distance to the Sun. And if the Sun is far away, it must be very large, perhaps even larger than the Earth. Here is a guess by Eratosthenes upon which all depends—the smallness of the Earth compared to the distance to the Sun—something
               we know with certainty today but which in Eratosthenes' time could not be proved and indeed violated common sense. Why would
               Eratos­thenes assume such a thing? An inspired guess? Perhaps. But as we shall see in the next chapter, Alexandrian scientists
               (the first real scientists) were thinking not just about the size of the Earth but also about the size and distances of the
               Sun, Moon, and stars, about eclipses and the phases of the Moon, about the way the positions of celestial bodies change as
               one moves north and south on the surface of the Earth. Eratosthenes' measure of the Earth was part of an evolving network
               of new astronomical ideas. At work is what we might today call economy of explanation: We hold to be true those hypotheses that explain the most in terms of the least. No divine revelation confirmed for Eratosthenes
               the truth of his core beliefs. All science rests on a foundation of inspired guesses. What matters is not that we can prove
               the foundational assumptions of scientific explanation, but consistency and economy in an overall scheme of explanation.
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      FIGURE 1-2. An alternate interpretation of Eratosthenes' observations, assuming a flat Earth.

      
        From the prospect of the chalky highlands above Peacehaven the sea recedes to the far horizon. At the line where gray water
               meets blue sky I can just make out the black bulks of freighters and tankers making their way up-channel. Beyond the horizon
               lies the France of Delambre and Mechain, and even farther afield the Mediterranean world of Eratosthenes. I try to imagine
               standing in this same place in Eratosthenes' time, when Rome, Athens, and Alexandria were the glittering centers of Western
               civilization and England lay on the barbaric and crudely sketched border of their maps. But Peacehaven and Alexandria have
               one thing in common: Across the centuries they have each laid claim to place on a prime meridian. Peacehaven has had that
               privilege since 1884; Alexandria had its day in the cartographic sun during the several centuries before the Christian era.
            

      

      Alexander founded Alexandria after a dream in which a venerable prophet indicated to him the site of the city. It is said
            that Alexander is buried in Alexandria, but no trace of his tomb remains. The city was built on a ribbon of land between Lake
            Mareotis and the Mediterranean Sea, with forums, temples, marketplaces, palaces, a double harbor with a famous lighthouse,
            quays, warehouses, and, prominently, a museum (place of the muses) and the famous library over which Eratosthenes presided.
            The museum and library together were the equivalent of a great modern university. It was the dream of the first rulers of
            Alexandria (the Ptolemys) that the library would possess a copy of every book in the known world, and within a century hundreds
            of thousands of scrolls were collected within its walls. By the middle of the first century B.C., Diodorus of Sicily could
            say that Alexandria was "the first city of the civilized world, certainly far ahead of all the rest in elegance and extent
            and riches and luxury."
         

      Alexandria was culturally a Greek city, an anomalous Hellenic appendage to Egypt. Native Egyptians and Egyptian culture never
            achieved more than second-class status among the city's shining thoroughfares. Intellectual traditions that had their genesis
            in fifth-and fourth-century Athens with Plato and Aristotle (Alexander's teacher) moved across the sea to the north shore
            of Africa and took root in the spanking-new metropolis. Here was an atmosphere that welcomed all comers—Eratosthenes from
            Cyrene, Aristarchus from Samos, Archimedes from Sicily, Apollonius from Rhodes, Hipparchus from Nicaea, Galen from Pergamon,
            and so on—the only requirement being, apparently, an inquisitive mind and a bent for explaining the world in terms that made
            no reference to the gods. Mathematics, astronomy, geography, mechanics, and medicine reached levels of development that would
            not be surpassed for nearly two thousand years.
         

      Two questions come to mind: What sparked such a fruitful commotion of ideas? And why, after a few centuries, did the bright
            flame of Alexandrian science fizzle out?
         

      
        The city's location partly answers the first question. Alexandria could hardly have been more advantageously placed to become
               a commercial and economic powerhouse, situated as it was at the nexus of three continents and connected by canal to the greatest
               river of the known world, the Nile. With trade of material goods goes a corresponding flow of ideas. Any book that entered
               Alexandria's harbor aboard a ship was required by the local authorities to be copied; the original went to the library and
               the copy was returned to the original owner. Moreover, a culture built on commerce is fertile ground for science; there is
               a mutually advantageous correspondence between the entrepreneurial spirit and science's questing openness to new ideas and
               fondness for innovation. A polycultural mix of ideas came felicitously together at Alexandria. From Greece came the gift of
               philosophical abstraction. From seafaring traders and from Egypt itself came a firm interest in the material stuff of the world: earth, water, air, fire. The abstract and the practical. Mathematics and technology. These were the metal and
               the flint that ignited the spark of Alexandrian genius, a combination of influences that would not be repeated until the time
               of the European Renaissance.
            

      

      These two pillars of Alexandrian science—abstraction and practicality—were soon enough wrenched apart. First came Rome, with
            its hard-nosed focus on technology: roads, aqueducts, sanitation, military power, and other accoutrements of empire. The Romans
            had no gift for abstraction. Their genius was pragmatic, matter-of-fact. Then came Christianity, with its born-again attachment
            to a spiritual otherworld. These diametrically opposed cultural forces swept through Alexandria in recurring waves, often
            with violent and destructive consequences. The happy marriage of abstraction and empiricism that animated Alexandrian science
            fell upon troubled times.
         

      But for a few centuries in this exceptional place human imagination soared beyond the local horizon into apparently limitless
            cosmic spaces and unseen parts of the terrestrial globe. Not only did Eratosthenes measure the globe; he mapped it. (See figure
            1-3.) Alexandria was an ideal place to gather information from travelers to all parts of the known world, and Eratosthenes
            was apparently voracious in his interrogations. As far as we know, he was the first to contrive a map of the known world on
            a north-south, east-west grid, like our present system of meridians and parallels.
         

      As we have seen, it is easy to locate a place's north-south position on a map by noting the angular elevation of celestial
            bodies— such as the Sun or Polaris—above the horizon. But the sky provides no clue as to one's east-west position on the globe.
            The best that Eratosthenes could do was ask mariners and caravanners to estimate the distances to places they had traveled.
            His map reached from the Iberian Peninsula in the west to India in the east, with meridians drawn at prominent geographic
            features: the Straits of Gibraltar, Carthage, the mouths of the Red Sea and Persian Gulf, the Indus River. The map was most
            accurate in the regions near Alexandria; such faraway places as Britain and India were known only sketchily. If there was
            something that could be called a prime meridian on Eratosthenes' map, it was the vertical line near the center of his map
            that went through Alexandria and down along the Nile River to Syene. The Alexandrian meridian was to Eratosthenes what the
            Paris meridian was to Delambre and Mechain.
         

      
        The Alexandrian astronomer Hipparchus, who was born just about the time of Eratosthenes' death, professed himself deeply disappointed
               in his predecessor's map. He wrote an angry tract, Against Eratosthenes, taking the earlier geographer to task for the slapdash appearance of his geographic grid. Meridians and parallels should be
               established at equal intervals on the terrestrial globe, insisted Hipparchus, just as astronomers do in the sky. Hipparchus
               was a consummate theoretician, with a passion for mathematical representations of reality. For example, he was the first,
               as far as we know, to quantify the brightnesses of stars; when today's astronomers speak of the "magnitudes" of stars—first,
               second, third, and so on—they are using Hipparchus's scale. Of course, Eratos­thenes was no mathematical slouch himself, and
               he had undoubtedly recognized the value of a uniformly spaced grid of meridians and parallels, but he also knew that it didn't
               make much sense to have a mathematically precise system of longitude when the actual locations of places were so imprecisely
               known.
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      FIGURE 1-3. An idealized version of Eratosthenes'map of the world, with modern nomenclature.

      
        Three hundred years after Eratosthenes and Hipparchus, the Alexandrian geographer and astronomer Claudius Ptolemy (second
               century A.D.) compiled an atlas of the world that stood unsurpassed until the European Age of Exploration began in the sixteenth
               century A.D. Ptolemy's map of the world (figure 1-4) adopted the uniform grid proposed by Hipparchus, and Ptolemy was the
               first to make a stab at representing the sphericity of the Earth on a flat piece of paper. His map was impressively accurate
               with respect to latitude, but no reliable method of obtaining longitude was yet available. Ptolemy placed his prime meridian
               (zero degrees of longitude) at the westernmost land he knew about, the Fortunate Islands in the Atlantic Ocean (the present-day
               Canary Islands). His map extended eastward to what we would now call Southeast Asia, and Ptolemy believed this represented
               about half the circumference of the Earth, or 180 degrees. Unfortunately, Ptolemy seriously underestimated the size of the
               Earth. He took the diameter to be 18,000 miles, rather than the more accurate 25,000 miles of Eratosthenes. Or perhaps I should
               say "fortunately," since it was the influence of Ptolemy's atlas that later inspired Columbus to try to reach the Indies by
               sailing westward. Following Ptolemy, he had every reason to believe that Asia was no farther away to the west than to the
               east. When he bumped up against the Americas, he believed he had reached his goal. Had the Genoese navigator comprehended
               the actual size of the Earth, he might have been less willing to launch himself into the wild, blue deep.
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      FIGURE 1-4. An idealized version of Claudius Ptolemy's map of the world, with modern nomenclature.

      
        Claudius Ptolemy was the last of the influential geographers and astronomers of Alexandria. Disruptive forces were afoot in
               the Mediterranean world. Ethnic and religious strife abounded. Dogma triumphed over tolerance. Theological speculation overwhelmed
               scientific inquiry. Presumed miracles now inspired more interest than the ordered celestial events that had been the focus
               of Alexandrian science. Sometime between the Roman conquest of Egypt in the first century B.C. and the Muslim conquests of
               the seventh century A.D., perhaps in several episodes of vandalism, the great library went up in smoke—and the world's greatest
               repository of knowledge was sacrificed to the frenzied passions of true belief. When Europe rediscovered Ptolemy's maps at
               the time of the Renaissance, the prime meridian was still attached to the Fortunate Islands.
            

      

      
        Ptolemy's map of the world depicted about a third of what he presumed to be the Earth's surface, from longitude zero at the
               Fortunate Islands to longitude 180 degrees somewhere in Southeast Asia, and from 15 degrees south of the equator to 65 degrees
               north of the equator. He knew therefore that the greater part of the world was beyond his ken, and this knowledge, restored
               at the time of Europe's Renaissance, inspired sailors to embark upon journeys of discovery into the blank spaces of the map.
               This is the power of the scientific method invented by the Alexandrians: It forces us to look beyond the familiar.
            

      

      
        Each of our lives is to a greater or lesser extent a journey into the "blank spaces of the map." Inevitably, unconsciously,
               we begin that journey during the first years of our lives, from an egocentric world of direct sense impressions into a space
               that extends beyond direct perception, into a past we never experienced, and into a future of unrealized possibilities. We
               have no memory of this early stage of our intellectual development, and so I cannot tell you how it was I first came to know
               that the world accommodated more than this place and this moment. How much of that early intellectual development is universal—that is, how much is nature rather than nurture—is hotly
               debated by child psychologists, anthropologists, and linguists. My own intellectual view of the matter was largely shaped
               by the empirical researches of the Swiss child psychologist Jean Piaget, who during the mid-twentieth century published a
               number of influential books on the inner lives of children.
            

      

      
        I came across these books as a young college professor keenly interested in the history of science. I was struck by how faithfully
               the intellectual development of very young children, as studied by Piaget, paralleled the early history of science. In both
               cases, the movement is from egocentrism to relatively uncentered space and time. In both cases, the earliest understanding
               of the world is animistic (everything is alive) and artificialist (everything is the result of conscious agency). The child
               who puts a happy face on a crayon drawing of the Sun is not being merely metaphorical, at least not initially; very young
               children truly imagine that the Sun is in some sense alive. ("The Sun follows me when I walk.") Likewise, ask a child why the Sun is in the sky, and the answer will be some version of "It was put there for me." Anthropologists have shown us that
               human thinking is initially animistic and artificialist among all peoples of the Earth, and huge residues of animistic and
               artificialist thinking remain with us even in an age of science. The parallel between the intellectual development of children
               and of the history of science was not lost on Piaget, who had begun his career as a biologist.
            

      

      
        According to Piaget, the young child does not easily separate the thought of a thing from the thing itself. There is for the
               child an instantaneous and spontaneous tendency to confuse internal and external worlds, the psychical and the physical. Only
               with time does the child come to recognize the external and independent reality of Sun, Moon, wind, clouds, trees, stars. With maturation, the child recognizes a space and time that is independent
               of her own perceptual universe. Piaget believed these stages of development are universal and innate, and that a child must
               be allowed to progress through a construction of reality at her own pace. The progress of science away from animism and artificialism
               is a logical extension of the child's intellectual development, thought Piaget. Animism and artificialism are projections
               of self onto a world that exists independently of ourselves. External reality, however imperfectly known, is the touchstone
               by which we can measure individual and cultural maturity.
            

      

      It has become fashionable of late among certain academics to suggest that the child's earliest understanding of the world—as
            animistic and artificialist as it might be—is no less legitimate than the world described by science, and that the "development"
            Pia­get speaks of is actually a kind of brainwashing of children into the world view of adults. These academics are equally
            likely to stress the cognitive equivalence of all cultural forms of adult knowledge; the cosmology of a Stone Age people of
            New Guinea, say, is a no less valid representation of reality than modern science. There is no knowledge of the world that
            is independent of the knower, insist these modern relativists, and the knowledge enshrined in so-called Western science has
            no more claim to objectivity than any other kind of knowledge.
         

      
        This sort of relativism does not measure up against the story I have told of Alexandrian science. No one questions that what
               happened at Alexandria during the last centuries of the pre-Christian era was culturally conditioned. We have seen how a unique
               combination of theoretical abstraction and practical empiricism came fortuitously together to create a new way of knowing
               and new knowledge of the world. However, it requires a perverse attachment to relativism to deny an objective reality to the
               world constructed by Eratosthenes, Ptolemy, and their contemporaries. After all, we have seen and photographed the spherical
               Earth from space. We have sent spaceships around the Sun and bounced radar off the planets. We have confirmed and refined
               the cosmological speculations of the Alexandrians. No scientist can prove that a physical world exists "out there" that is independent of our knowledge of it, nor can we prove that science can know
               the world in an ever more objective way. But without the assumption of objectivity there is no motive for pursuing science. Without the assumption of objectivity the geometric diagram of Eratosthenes, by which he measured the Earth, has no more significance than the smiley
               face on a child's drawing of the Sun. Look again at figure 1-1. Clearly there is a distinction between the sign (the circle)
               and the thing signified (the Earth), and Eratosthenes was clearly aware of the distinction. But he was surely confident that
               his diagram had objective correlates in reality, and that mathematical deductions based on the diagram, like his maps of the
               known world, added to humankind's store of reliable knowledge.
            

      

      
        Jean Piaget was a child prodigy who became interested in science at an early age. He wrote and published his first scientific
               paper at the age of ten, a short note on his sighting of an albino sparrow. He honed his observational skills with studies
               of the mollusks of Lake Geneva and earned a Ph.D. in zoology. Eventually he turned to the study of the inner life of children
               precisely to gain a deeper understanding of the scientific quest for reliable knowledge of the world. It is undoubtedly comforting
               for a child to imagine a Sun who smiles and follows; it requires rather more daring to accept a Sun that is vastly larger
               than the Earth, a sphere of fire, inorganic and indifferent. The Sun we study with satellite telescopes today is a far cry
               from the humanlike Sun god of the Egyptians or the Greek Helios who each day drives his golden chariot across the sky. Knowledge
               is not all relative. Some knowledge is more reliable than others. To accept this possibility is called growing up.
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