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Prologue


DELEGATES TO ETERNITY


In 1954 Fortune magazine ran an article on the state of American science. Accompanying it was a photo essay featuring ten promising young scientists. One of them was an astronomer, who had been photographed leaning against the base of a famous 200-inch telescope on Palomar Mountain. He looked lean and Jimmy Stewartish, wearing a bomber jacket and grinning with dimpled cheeks, a spit of curl hanging over his high forehead. His eyes sparkled. He seemed both cocky and serious, like an ace bound for a battle with the Red Baron. All that was missing was the cigarette dangling from the lower lip. His name was Allan Sandage.


Sandage had a right to look cocky, and eager. At the time of the article, he was only twenty-eight, just a year past his Ph.D., and one of a handful of humans who had access to the 200-inch telescope, the most famous instrument of its time. Among that privileged few, he owned the darkest nights, the purest skies, the heaviest burden. As the magazine delicately put it, “He is helping to define the age and structure of the universe.”


It is a poignant image, this jaunty young man with dimples and his new telescope, and a poignant moment, one that crystallized the hope that science, with these new tools and bright eager men, could unravel the mystery of the cosmos. Allan Sandage had become the first person in history whose job description was to determine the fate of the universe.


Five years later and half a world away in India, a wandering religious scholar named Huston Smith had a strange encounter with the Dalai Lama, the spiritual and governmental head of Tibet who had fled into India after the Chinese invasion of his country. According to the traditions of Tibetan Buddhism, the Dalai, whose real name was Tenzin Gyatso, was the fourteenth reincarnation of the Buddhist god of compassion; in practice he was a curious fellow.


As Smith recounted it years later, an audience with God was usually a brief, formally scripted affair: few words were spoken; you said your lines, paid your respects, bowed, and left. “Where are you from?” asked the Dalai as part of the game. Smith, a slender, prematurely bald man, explained that he taught philosophy and religion at the Massachusetts Institute of Technology, in Cambridge, Massachusetts. The Dalai Lama, an educated man, promptly abandoned ceremony, somewhat to Smith’s surprise. “Stick around for a few minutes,” he said. “I want to talk to you.”


The Dalai went on to ask if Smith could tell him what was going on in the raging debate about the origin of the universe. Recently astronomers had coalesced into camps espousing two opposing versions of cosmic history. The first theory—called the big bang—held that the universe had begun in a fiery cataclysm 10 billion years ago or so, and might end in an equally spectacular crash billions of years in the future—a notion splendidly redolent of the cycles of destruction and re-creation of the world that the Tibetan Buddhists called kalpas. The other theory—known as the steady state—maintained that the universe was infinite and was forever the same. The Dalai listened attentively as Smith told him that, according to the latest words from Palomar, the balance was perhaps shifting toward the big bang. The Dalai Lama nodded and smiled ironically. “Of course,” he said, “we have a position on that.”


It’s traditional for a book about cosmology to start by recounting the colorful creation myth of some ancient or primitive society, perhaps partly to show how far we’ve allegedly come. More important, it reminds us that the questions of who we are, where we come from, why we die, and why there is something rather than nothing at all are in our bones. I grew up in the sputnik generation of the fifties, maybe the first generation raised with a creation myth that was supposedly scientifically certifiable. The Palomar astronomers were then just beginning what would surely be the definitive exploration of the cosmos. My friends and I grew up reading—like the Dalai Lama, but perhaps with less personally at stake—about the debate between the big bang and the steady state, about curved space-time, the mystery of the expanding universe, and energy and matter transforming themselves into each other.


We were raised on science fiction movies and the presumption that mankind would conquer space and discover amazing mystical things about the origin of the universe in our lifetimes. My childhood was the age of the bomb, transistors, the arrival of television, frozen food, and tail fins. Even LSD was first presented as a triumph of technology. Scientists were heroes, and science, still giddy from its Faustian triumph with the bomb and the discovery of DNA, was ready to claim jurisdiction over the ultimate questions. Science was heady stuff by itself. It was jazzy, and our elders—brought up to believe that vacuum-tube radios were miraculous—weren’t hip to it, which reinforced the generational prejudice that they and their dusty ways were irrelevant. Why shouldn’t the Dalai Lama defer to astronomers?


The surprising launch of sputnik in 1957 was a defining moment for my generation. Afterward, science and technology became national obsessions, matters of national security. The best and the brightest students of the late fifties and early sixties were drawn into science, or at least thought about it—just as ten years later they would go to law school and twenty years later, alas, to business school. Because the road to the frontier was long and arduous, most of them wound up doing something else, whether selling computers or dipping candles. A handful made it all the way to becoming cosmologists. This is a book about them.


This is a book about what it’s like to be on the cosmological quest in the second half of the twentieth century, about how men and women armed with computer chips, underground particle accelerators, 10-ton hunks of aluminized glass, radio telescopes, humor, and pride are still grappling with the issues that tantalized me in my boyhood. They are the priests and the mythmakers of our technological age.


What could be closer to the flavor of myth than the notion that the universe did in fact appear, perhaps out of nothing; that the atoms in our bones and blood were forged in stars light-years away and billions of years ago; or that the even more ancient particles of which those atoms are composed are fossils of barely comprehensible energies and forces that existed during the first microsecond of creation? We are all artifacts of the universe, walking reminders of the ultimate mystery. We are walking dust, waking stardust.


It’s a great story, the modern version of the history of the universe, and maybe it’s even true. It is probably part of the human condition that cosmologists (or the shamans of any age) always think they are knocking on eternity’s door, that the final secret of the universe is in reach. It may also be part of the human condition that they are always wrong. Science, inching along by trial-and-error and by doubt, is a graveyard of final answers. But at least cosmologists are always wrong in different ways, like Woody Allen, who described the effects of increased fame by saying that he now fails with a better class of woman.


So, in a way, this is a book about failure. But also guts, hope, stubbornness, pride, genius, and luck. I’ve tried to tell this story through the eyes of the participants. There are always distortions in a narrative history; nobody can be everywhere or do everything. Every discovery or theoretical breakthrough stands on a pyramid of anonymous contributions. The closer you look at some events in science, the harder it can be to figure out with whom or where an idea really originated; authorship often seems to vanish like some quantum uncertainty. In general, when there was a choice, I have chosen to write about people who stayed with a particular subject and committed themselves to an idea, rather than those who made a suggestion and moved on. I apologize to those who may feel their contributions were left out and hope they will at least understand why. Any misattributions are, of course, my own error.


The stories told here are meant to be representative, not all-inclusive. Some cosmologists, not all cosmologists, are in the book. I’ve tried to follow mainstream science as I see it (not always an easy call), on the grounds that orthodox cosmology is strange and miraculous enough without invoking new mysteries. I apologize to the reader in advance for the physics. I’ve tried to include enough science so that the reader can catch the flavor of how cosmologists actually work and talk, but not so much that the prose reads like that of a textbook. Undoubtedly I have erred in both directions more than once. Take heart, for the physicists themselves, it seems, often don’t understand what their colleagues are saying.


It should probably come as no surprise that strife and controversy, as well as love and loyalty, characterize this story. Cosmologists rarely speak with one voice, no matter how seamless whatever version of cosmic history temporarily in vogue appears to be. Scientists ask questions of nature in accordance with a set of formal rules. Nature in some sense is “out there,” but the questions come from “in here,” and the answers are received back in that same heart of confusion, mystery, and hope.


There are many voices, even in this abbreviated version of cosmological history, but one voice speaks louder, one heart, it seemed to me, harbored more of that cosmological confusion and hope, had harbored it longer than a normal mortal could bear.


I first met Allan Sandage at an astronomical conference in Tucson in January 1985, but I had heard of his legend long before that. For thirty years Sandage had operated the 200-inch telescope on Palomar Mountain, the most famous scientific instrument of the century, as if it were his backyard spyglass, measuring and remeasuring the universe, scraping from the shadows of photographic plates and enigmatic spectra and mathematical drudge-work clues to the size and fate of the universe. Measuring the universe was a man’s work, and took a corresponding toll on Sandage’s psyche. It is the kind of work that attracts critics. You weren’t anybody in astronomy if Sandage hadn’t stopped speaking to you at one time or another.


When I first met him he was engaged in a feud with several other groups of astronomers about the size and age of the universe. They disagreed by a seemingly irresolvable factor of two. For several years it seemed that every few months The New York Times was announcing that one group had corrected the other, and that the universe was now 20 billion years old instead of 10, or vice versa. I had heard that he had ripped his telephone out, and didn’t talk to his colleagues, let alone the press.


One night during the conference Sandage and I drove out into the desert looking for a dinner party that was supposed to be held on an old movie set. I told him that I thought there were two histories to the universe. One was the sequence of physical events that went from the putative big bang that started it all, to the galaxies, to the sun lighting up, to the building of personal computers. The other was what I call the secret history, the story of the pain and imaginations and disagreements among the cosmologists. I wanted to know the secret history of the universe. I wanted to explain to people why their universe as reflected in the pages of the New York Times was such a yo-yo: first big, then small, infinite one day, doomed to collapse the next.


“Astronomy is an impossible science,” Sandage said, laughing, as we drove over sand dunes, lost in the desert somewhere near Tucson. “It’s a wonder we know anything at all.”


Ten months later, after many postponements, we met in San Diego, where Sandage had rented a beach house for a sabbatical from the Mount Wilson and Las Campanas observatories, where he had worked his whole adult life. For two weeks we met twice a day, usually in a restaurant bar on the beach in La Jolla and talked, laughed, fumed, complained, teased, joked, and drank coffee. He has kept no journal, no diary, no record of his life beyond the logbooks, plates, notebooks, technical papers, and reports—no record, that is, except the science itself. He began every conversation by trying to convince me that he didn’t remember anything about his life, and, moreover, that he knew nothing about galaxies and the universe. But his nothing could be another man’s encyclopedia.


In the months that followed, my travels and his sabbatical wanderings found us crossing paths often. It became a ritual for me to walk into his office—whether in Honolulu, Baltimore, or Pasadena—unannounced. He would look up and cover his face in mock horror and theatrically groan “Oh shit!”


Sandage, the young man in the bomber jacket, haunts this narrative simply because he has been doing cosmology, trying to solve the universe, so much longer and more intensely than anyone else. Scientifically, he was the father of a generation of cosmologists. The universe of theorists who dream of quantum bubbles in their fertile imaginations is mostly the universe that Sandage has compiled from dry numbers in yellowed logbooks and squinty blurs through the great Palomar telescope.


Almost everything that can happen to someone on the road to knowledge has happened to Sandage. The longer I worked on this project, the more I felt that the story of Allan Sandage was a paradigm for the cosmological quest, indeed for science itself.


For the last five years I have been a cosmological camp follower. Besides haunting Sandage, I have haunted cosmology conferences in all the glamorous parts of the world (no fools, the cosmologists) in which they are held. I sat through weeks of workshops at the Aspen Center for Physics, where the theorists congregate every summer to argue without telephones or students. I climbed mountains and ate too many French dinners with the astrophysicists. I spent a week crawling with a strep throat around CERN, the European Centre for Nuclear Research, and sat in the control room at Fermilab while protons were slammed together at the highest energies yet attained on earth. I walked behind Stephen Hawking’s whining wheelchair and helped lift him onto podia. And I rode in the prime focus cage of the 200-inch Palomar telescope, the vantage point from which quasars were discovered.


Many physicists and astronomers, many of whom subsequently did not even appear in the final version, gave me time and hospitality beyond all reasonable bounds during the preparation of this book. I cannot begin to mention them all. Special thanks must go to Allan Sandage, Stephen Hawking, John Wheeler, David Schramm, Gustav Tammann, Jim Peebles, Brent Tully, Alex Szalay, Vera Rubin, Joel Primack, Alan Guth, Jim Gunn, Gary Steigman, John Huchra, Maarten Schmidt, John Schwarz, Marc Davis, Kip Thome, and the late Marc Aaronson. Invaluable logistical aid was supplied by Sally Mencimer of the Aspen Center for Physics, Dennis Meredith then at the California Institute of Technology, the late Margaret Pearson of Fermilab, John Gustafson of Lick Observatory, and Jean Hrichus and Spencer Weart at the American Institute of Physics. Michael Turner patiently read the entire manuscript and suggested many helpful corrections. Some of the quotations by Allan Sandage and James Peebles were taken from interviews conducted by the American Institute of Physics for its History of Physics project, whose director, Spencer Weart, kindly allowed them to be reproduced here.


In the years since this book was first published many people have written offering comments and pointing out errors large and small. In preparing the second edition, I am particularly grateful in this regard to James Felt, Andrew Fraknoi, John Gribbin, Kevin Krisciunas, Walter Lewin, Jane Opalko, Jay Pasachoff, Joel Primack, and Gerald Wasserburg. Many people—far more than can be thanked in one meager paragraph—provided emotional support and encouragement during the long years this book required. Among them were my brother Gordon Overbye, Tom Franzel, Kalia Doner and the Amazons of Phoenicia, Tom Dworetzky, James Polk, Joan Munkacsi, Conrad Fenwick, Gary Greene, Pat Sims, Bil Jaeger, Kathy Cahill, Ron Kriss, Suzanne Richie, and the gang at Misty’s. Dan and Alex Hafner made a strategically important loan of a computer at a crucial moment. The crucial efforts of my plumber, William Heckeroth, and my accountant, Bernie Becker, must also be acknowledged. I would like to thank my editors at Sky and Telescope and Discover—the late Joseph Ashbrook, Lief Robinson, Leon Jaroff, and Gil Rogin—for encouragement and stimulation.


I owe a special thank-you to Gary Taubes, who introduced me to Kris Dahl, who became my agent. She weathered every crisis with patience, faith, and a crack of the whip. Equally invaluable has been Richard Kot, my editor, about whom I’m afraid to say too much for fear that some other publisher will scoop him up; I would prefer to keep him for myself.


Lula and Rebecca Blackwell-Hafner shared their lives and their home with me, fetching aspirin and flowers through difficult years. My debt to Natalie Angier is literally cosmic.
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THE MAN IN THE CAGE




To undertake executions for the master executioner [Heaven] is like hewing wood for the master carpenter. Whoever undertakes to hew wood for the master carpenter rarely escapes injuring his own hands.


—Lao-tzu
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HIS MASTER’S VOICE


Few men are handed the keys to heaven, but Allan Sandage was one.


As long as he could remember, he said, the “Hounds of Heaven” had been pursuing him. He was born in Iowa City in 1926, an only child. Two tendencies, the worldly and the otherworldly, clashed in his background and in his nature. One of his grandfathers, Moses Sandage, was a Missouri dirt farmer. The other was a college president and an elder in the Reorganized Church of Latter Day Saints—Mormons who didn’t move west. His father was a professor of advertising at the University of Miami, in southern Ohio. His mother was born in the Philippines, where her father had been sent by President Taft to reform that country’s educational system.


Sandage described himself as a religious child. As a youngster he was either blessed or cursed with a spiritual itch he just couldn’t figure out how to scratch. His earliest impressions of nature were charged with awe. Existence, he later remembered bitterly when the feeling seemed forever lost, was full of wonder; it was a miracle. The woods were full of magic. “Daddy, Daddy, look look—a flower! Isn’t that something?” His voice took on a screeching girlish glee as he re-created his boyish self. The youngster felt alone in his appreciation. He recalled going to church by himself while his parents slept late on Sunday.


Meanwhile, the other half of him grew up toughened by the Depression, intense and driven. He was raised in an intellectual household in which ambition and achievement were the norm. College and graduate school were always assumed. Early on he somehow absorbed the lesson that whatever he did would never be good enough, never complete enough, never right enough. There would never be any margin for error, never enough time to do everything. It didn’t help that he came of age in the Depression years. There was a lesson in the men who came to the back door looking for any sort of work. The world of men seemed like a grim place, a morass of competition and doubt. Failure was always waiting like a vulture. The only remedy was to keep running, to work harder and harder. It was his duty, he felt, to learn everything.


“From the beginning,” he recalled, “back into my childhood, the setting of goals and the completion of those goals seemed to me to be where all the action of the process of living was. I thought everyone was made that way.”


When Sandage was nine, his father took a temporary assignment with the IRS, and the family moved to Philadelphia for a couple of years. On a trip to Washington, D.C., young Allan looked through a friend’s backyard telescope one night and was “hooked.” A whole new arena of wonder, beyond the sky, beckoned to him.


Up until then he had been interested in numbers but knew little about science. It was the perfect outlet, the coalescence of wonder and drive, a process that never ended because there was always something new to learn, a task of endless worship. He embraced astronomy with more than the usual fervor of the backyard stargazer. On returning home to Ohio, Sandage started to build himself a telescope. He got as far as grinding the mirror for a 6-inch-diameter model—a respectable backyard size—but he was no mechanic. His father bought him a commercial instrument. At night young Allan watched the Milky Way wheel across the midwestern sky, distracting his neighbors who were trying to sleep. By day he tracked the sun. During one four-year period he kept a chart of the number of sunspots he counted every day.


Who can explain why the stars are beautiful to us? They look like jewel chips, faithful in their seasonal shiftings and wanderings, but the cold terrible distances between them should make us want to scream with insignificance. To young Sandage that was exactly the grandeur of it all. The stars didn’t care. The universe was immense, it was out there, independent of what he calls “the human morass.” There was something greater and more permanent beyond the whims of man, time, and circumstance. Nature had its own rules, remote, impersonal, and terrible, but with science you could find them. After one look through the telescope it was clear what he had to do with his life. The stars were magic. He couldn’t wait for them to come out each night.


He began to devour science and math books, especially astronomy, teaching himself the stars, constellations, and elementary celestial mechanics. As a teenager he read The Realm of the Nebulae, published in 1936, by Edwin Hubble, the great American astronomer. Sandage also absorbed the popular writings of Arthur Stanley Eddington, an English astronomer and friend of Einstein’s. He learned that he was living in a period of a revolution in cosmological consciousness unparalleled in history.


For centuries most astronomers and philosophers had assumed that the flattened cloud of stars we know as the Milky Way constituted the entire universe, but they argued about the nature of the fuzzy little clouds of light, called nebulae after the Latin for clouds, mixed in with the stars. They had first been pointed out by a French comet hunter, Charles Messier, and the brightest ones were known by the numbers he had given them. On closer inspection some turned out to be interstellar gas clouds lit up like lampshades by stars inside them, and while others were tight clumps of stars, the “whirlpool” nebulae remained enigmas until the first decades of this century when large reflecting telescopes began to be constructed on dark, clear mountaintops of the American Southwest.


With the largest of these, on Mount Wilson overlooking Pasadena, California, Hubble had managed to gauge the rough distances to a handful of nebulae as hundreds of thousands of light-years. The puny-looking nebulae suddenly stood revealed as vast assemblages, tens of thousands of light-years across, of billions of stars—island universes comparable to the Milky Way. Hubble discovered that galaxies were the citizens of the cosmos. The farther he looked the more he found, strewn like dust across space.


Hubble had followed up with an even more remarkable discovery: These nebulae seemed to be all rushing away from our own as if they had been blown outward, like the shards of a grenade. It turned out that such a strange circumstance could be predicted—or explained—by Einstein’s then-infant theory of general relativity, which ascribed gravity to warped space. Space and time were expanding like a balloon; the galaxies, Einstein’s surfers, were just along for the ride. The universe was in flight.


From what and toward what?


If Hubble’s observations, which amounted to barely more than a preliminary reconnaissance, and Einstein’s theory were right, the universe had a beginning—back when the galaxies were all together. It was written in the stars for everybody to see. That realization jolted the impressionable young Sandage. “It was a shock,” he recalled, “I mean, how does one feel in the presence of reality? Well, the whole thing is a miracle, in a sense.”


If Hubble was rather dry and empirical about it—in his book he devoted four out of two hundred pages to relativity theory—Eddington in his own work was semimystical, as in this passage from Space, Time, and Gravitation.




We have found that where science has progressed the farthest, the mind has but regained from nature that which the mind put into nature.


We have found a strange footprint on the shores of the unknown. We have devised profound theories, one after another, to account for its origin. At last we have succeeded in reconstructing the creature that made the footprint. And lo! it is our own.





Sandage didn’t understand half of what he read, but he heard the Hounds baying. He recognized another seeker across the generations. His blood was stirred. He longed to be able to write like Eddington, to penetrate the mystery of mind with the precision with which Einstein and Newton had penetrated the mystery of matter.


He enrolled at Miami University in Ohio, where his father taught, and for two years majored in physics and minored in philosophy, reading Spinoza and Nietzsche. Then he was drafted into the navy where he spent eighteen months doing electrical maintenance in Gulfport, Louisiana, and Treasure Island in San Francisco. The experience left him with a taste for Polynesian restaurants and tropical rum drinks and a distaste for electronics.


In the meantime Sandage’s father moved to the University of Illinois and convinced Sandage to resume his education there, at Urbana, and live at home. Illinois was a bigger place than Miami; it had both physics and astronomy. Sandage made a typical Sandage choice: He chose physics because astronomy was easy and physics was hard, and physics was what he needed.


To keep up astronomically, he volunteered to work at the university observatory. The Harvard astronomer Bart Bok had organized a nationwide network of observers to photograph the sky and count stars of different brightnesses. Sandage was assigned the constellation Perseus. Years later he was asked what his first taste of professional observing was like. “Well, it was cold,” he answered typically. “Those Midwest winters are incredibly cold, and Perseus is in the winter sky. I had to learn how to develop plates and measure magnitudes by myself. I knew the future would take care of itself if I trained myself sufficiently.”


In those days a young aspiring astronomer naturally hoped that his future was in Southern California, home of Hubble, land of the big telescopes. Once, when his father was on a sabbatical at Berkeley, Sandage had visited Mount Wilson, which overlooks Pasadena from the front of the San Gabriel mountains, and seen the telescopes Hubble had used to discover the expansion of the universe. It had fired his imagination. Mount Wilson was a name that, like Einstein’s face, was recognized in every dusty lane of the world. It was a legend; it crackled with the mystery and authority of science. Sandage couldn’t think of anything more wonderful than being part of Mount Wilson.


For the last two decades—most of Sandage’s life—the California Institute of Technology and the Carnegie Institution, which owned Mount Wilson Observatory, had been building an even bigger instrument, a 200-inch telescope, on Palomar Mountain, 50 miles to the south.1 The press had followed the planning and construction of the device, the drama and heartbreak of the casting of the giant glass blank from which the mirror would be ground at the Coming Glass Works in New York, the slow odyssey of the blank across the country while millions lined the railroad tracks, the finished mirror’s triumphant journey up the mountain in a rainstorm. Books had already been written about it: the instrument by which the Mount Wilson astronomers would investigate the deepest questions science knew to ask: Was the universe really expanding? Did the universe really begin? Where was it going? Would it ever end?


Hoping to get as close to the action as possible, Sandage applied to graduate school at Caltech. He applied in physics, but was accepted into the first class of Caltech’s brand new astronomy program. He arrived in Pasadena in 1948, virtually on the eve of the inaugural of the 200-inch telescope, one of the very select, child and heir to the new era.


Pasadena was a far cry from Urbana. For one thing the winters weren’t cold, and you could see Perseus or Orion without killing yourself. The California Institute of Technology, a collection of hacienda-style buildings with thick walls, arches, and tiled courtyards set in a garden, rested easily in a nexus of rose blossoms, Hollywood society, wealth, sunshine, smog, and the emerging high technology that was about to transform California into a world power. The undergraduate and graduate student bodies combined were smaller than that of an average high school. Caltech was known as a sociable place to be a scientist—a land of tolerance, shirt sleeves, and barbecues—and a hellish place to be a student. Behind the veil of sunshine, of course, was the genius and drive that produced Nobel Prize winners. In stepping into Pasadena astronomy, Sandage was entering into an arena of personalities and institutions whose tangled relations would cast shadows the length of his career. Feuds begun in Pasadena before 1920 were still being played out in the 1980s by participants who had forgotten the original issues or protagonists.


The partnership between Carnegie and Caltech to build Palomar had been a shotgun marriage. Mount Wilson Observatory, Carnegie’s ward, had been founded by George Ellery Hale, a brilliant and indefatigable fund-raiser and promoter as well as solar astronomer, but given to periodic nervous breakdowns. Hale had dreamed of a giant telescope to dwarf the 100-inch-diameter Hooker telescope on Mount Wilson, and had sold his dream to the Rockefeller Foundation way back in 1928. The Rockefellers weren’t prepared to hand over money to the Camegies, however, and gave $6 million to Caltech, instead. The deal was that Caltech would own Palomar, and Carnegie, Mount Wilson, but they would run them jointly as the Mount Wilson and Palomar Observatories. (In the 1960s the consortium became known as Hale Observatories.)


The Mount Wilson astronomers were appointed Caltech professors, but they got neither offices nor salaries. No money was supposed to change hands between the institutions. They each kept up their own staffs and telescopes. The principle was observed even in small transactions when Caltech bought a van to transport astronomers to the mountain, Carnegie agreed to hire the driver.


To begin with, then, Caltech had the prospective telescope while Mount Wilson had the astronomers. The observatory offices were housed in a two-story white limestone neoclassic building at 813 Santa Barbara Street, two miles from campus. It was known throughout the astronomical world simply as Santa Barbara Street. There were about a dozen gentlemen and no women inmates of Mount Wilson, and they had the cosmos pretty well divided up among them. Part of the gentleman’s code of Mount Wilson was that you didn’t intrude into somebody else’s field unless you thought he was an idiot. And Mount Wilson gentlemen didn’t call each other idiots.


The biggest slice of the sky, of course, had belonged to Hubble, the polestar of Pasadena astronomy. He referred to astronomy as a “calling.” Born in Missouri, he had been a boxer, Army officer, Rhodes scholar, and high school teacher and basketball coach in Indiana before succumbing to the lure of the nebulae. He now lived in the exclusive old-money enclave of San Marino and entertained the Aldous Huxleys and the Igor Stravinskys. He had been on the cover of Time magazine and nominated for the Nobel Prize. Einstein made a pilgrimage to see him.


Hubble’s personality shone through in his papers—grave, aloof, impersonal, and grand. Just as test pilots and eventually all pilots learned to speak in the hillbilly aw-shucks understatement of Chuck Yeager, cosmologists, particularly in Pasadena, wound up sounding like Hubble. His voice became the voice of cosmology. He reported the news about the universe as if it had been handed to him on stone tablets. A typical sentence was, “Nebulae are found both singly, and in groups of various sizes up to the occasional, great compact clusters of several hundred members each.” No word about who found the nebulae. Nobody had done the work, the work had just been done. The galaxies were. You could hear the intergalactic winds creaking through his prose.


Hubble was hurt when, after the Second World War, he was passed over for the directorship of the joint observatories. The post went instead to a spectroscopist named Ira Bowen. That decision had been made in part because Hubble was perceived as not being interested in administration and in part because the same aloofness—some called it arrogance—that characterized his papers characterized his relations with certain other astronomers. Particularly Harlow Shapley, who had been the star of Mount Wilson before Hubble arrived and who had invented most of the methods Hubble subsequently used. Shapley felt uncredited. Once Hubble had scrawled “of no consequence” across a draft of one of Shapley’s papers and the comment had been set in print in a journal. Shapley made the untimely mistake of leaving Mount Wilson to become the director at Harvard just before Hubble made his great discoveries, and he spent the rest of his life sniping at the West Coast astronomers.


Hubble had also slipped slightly from the forefront of the profession. During the war he had been recruited to run a ballistics school in Aberdeen, Maryland, and when he returned to Pasadena he had lost a step. He and his assistant, Milton Humason, had already pushed as far outward into the realm of the galaxies as they could go with the 100-inch on Mount Wilson, and were reduced to waiting for the 200-inch to become operational.


He had spent the last twenty years devising a grand program of observations that would begin to answer the questions posed by the expansion of the universe, the flight of the nebulae. At an informal early meeting of future users of the Palomar telescope, Hubble asked for half the available observing time on the upcoming telescope for this work. He was gently turned down. Hubble took it like the English gentleman he pretended to be. One of the participants later said there was a “sense of personal tragedy” in the air.


When Sandage got to Pasadena, the cutting-edge work at Mount Wilson was being done by Walter Baade, a little German who had joined the observatory in the thirties. In the photographs of the cosmological founders that line the halls at Santa Barbara Street he looks like a banker, with a hawk nose and carefully parted hair. As a German, he had been restricted from any role in the war effort and, in fact, from traveling more than five miles from his house. The observatory managed to get his range extended far enough to reach the domes of Mount Wilson, however, and during the long blacked-out California war nights he mastered the 100-inch Hooker telescope as no astronomer ever had. With it he had made fundamental discoveries about the basic kinds of stars in the universe and their relationship to the structures and histories of galaxies. It was the beginning of a revolution that within a decade would culminate in an understanding of the nature of stars, their life cycles, and the evolution of the Milky Way galaxy. Sandage was destined to play a pivotal role in that revolution.


After the war, realizing that the graduate students were about to start beating down its doors to get at the big telescopes, Caltech had hired Jesse Greenstein, a promising young astronomer, away from Yerkes Observatory in Chicago, to set up an astronomy program. Greenstein, a gravelly voiced ex-New Yorker with slicked-back hair and a black moustache, was the son of a wealthy furniture manufacturer; he had interrupted his education during the Depression to save the family fortune. His specialty was stars, especially old ones whose fires have failed or are about to. He liked to call himself a stellar mortician. He was also an amateur psychologist. He got to Pasadena, looked around, and sighed.


His only charge, the sole Caltecher doing astronomy, was a tall, irascible naturalized Swiss named Fritz Zwicky, who had been trained as a solid state physicist. Zwicky was brilliant, but had so many ideas it was almost impossible for other astronomers to sort the good from the off-the-wall. One of his major discoveries—that 90 percent of the matter in the universe seems to be invisible—was not to be taken seriously for forty years. He invented an intuitive system that he called morphological astronomy, with which he tried to guess all the possible types of galaxies and stars in the universe. He also proposed shooting artillery bursts over Palomar to make the air more transparent.


Zwicky and Baade had collaborated in the thirties, but by the time of the war, Zwicky hated Baade because of his German ancestry and called him a Nazi. Once Zwicky threatened to kill him if he caught him on campus.


In 1948 when Sandage and the other first students arrived, Greenstein was in a quandary. The Mount Wilson staff had no teaching experience, they were rather stuffy, and they were two miles away, although they did come down to campus for lunch at the Atheneum, the faculty club, once a week. And because Zwicky couldn’t be trusted not to turn students into slaves on his obscure projects, Greenstein taught the astrophysics courses himself.


His students stayed up all night rewriting Greenstein’s notoriously disorganized astrophysics lectures, and in the process, absorbed the material more thoroughly than they would have otherwise. They also had to flail through Caltech’s tough physics courses. The road to Palomar was intentionally a hard one.


Sandage later claimed that the wonder and enchantment with which he had always viewed the world disappeared after two weeks at Caltech, replaced by a near mystical reverence for the mathematical equations that nature mysteriously seemed to know how to obey. He had a tough time that first year. His appointment came with a fifteen-hour-per-week laboratory job that paid the princely sum of $900 a year. There was little time for sleep. He often referred to himself disingenuously—as if he were not descended from a line of college educators—as a hick who had just fallen off the turnip truck. Outwardly, he struck Greenstein and the others as shy and withdrawn, but they recognized tremendous determination beneath. Greenstein knew from the start that he was special.


“From the time he was a student, Sandage wanted to solve the mysteries of the scale and fate of the universe; he kept to it,” Greenstein, semiretired, recalled one summer day in his office. His hair was gray, and he was wearing a Hawaiian shirt with its tails hanging out. “Sandage had a hard time because he set high goals for himself. He wanted to do difficult problems and do them best. He was born that way—or his parents made him. He had to work hard at physics. He was a very hard self-driver. I don’t think I’ve ever seen someone so intense who succeeded.”


Greenstein himself felt like a papa to his students. “I was subfather for a generation,” he said with a paternal gleam in his eye. He felt that Sandage was his greatest accomplishment. He had worked the hardest and come the furthest.


Sandage, according to Greenstein, had the cosmological fever. All the cosmologists had a special intensity, and it was something that had always intrigued the psychologist in him. He wasn’t particularly interested in doing cosmology himself, although he acknowledged that it was important, and he supported Hubble and the rest in their voracious requests for telescope time. He thought cosmology was a slightly childish preoccupation, a quirk more psychological than scientific. What was this drive to get back to the first moment of time? Greenstein said he thought it had something to do with their fathers.


The 200-inch telescope was formally dedicated in the summer of 1948, but, to the dismay of the astronomers, Bowen kept tinkering and testing the mirror. (In the East, Shapley was leaking stories to the press that the 200-inch was a failure.) Hubble fretted. Finally, in January 1949 Hubble went to the telescope. The outer 18 inches of the mirror were still unfinished, but he could tell the telescope was everything he had hoped it would be. The Great Campaign swung into action at last. Hubble observed steadily until late April, clicking off photographic plates of the galaxies brought to new full-blooded starry brilliance by the giant mirror. In May the mirror was removed from the telescope for its final finishing. Hubble took stock, and feeling the pressure of the oncoming observational campaign, he decided he needed an assistant; he asked Greenstein to recommend someone. Knowing that Sandage had practical observing experience from his undergraduate days, Greenstein sent him to Hubble.


Up to then Sandage had had little contact, other than weekly colloquia, with the Mount Wilson astronomers. To the graduate students, Mount Wilson sat across town like a sort of unapproachable colossus. The observatory offices had the atmosphere of a Victorian gentlemen’s club. The astronomers wore suits. On the mountain they dressed for dinner and ate on real linen. The halls were carpeted and paneled with oak. The sign on the men’s room door read Gentlemen. Sandage went to see Hubble feeling tremulous. It was like an audience with God.


Hubble, of course, did not disappoint: He looked exactly like somebody who should be sending teams of astronomers out to measure the universe. He was a tall, handsome man with a noble boxer’s jaw in which a pipe was usually clamped. He dressed like an English lord, and an Oxbridge accent had somehow grown over his native Missouri tongue. He had a lawyer’s knack for making a visitor feel like a jury that had the full focus of his attention. One of his tricks was to sweep all the papers off his desk into the wastebasket with an imperious wave of the arm when a visitor walked in. After the visitor had left Hubble would be observed picking through his trash looking for his papers again.


Hubble explained to Sandage one of the programs he had devised, once the telescope was operational: to determine the nature and degree of any Einsteinian warp in the universe. With the new equipment at Palomar he would be able to make precise counts of galaxies at different levels of faintness. Fainter galaxies, Hubble presumed, would be on average farther away from earth. If galaxies were distributed uniformly in the universe, counting them in this fashion was a crude way of measuring the volume of space, the way that the number of trees in a forest is a rough gauge of its acreage. You would expect a thousand galaxies to take up about ten times as much space as a hundred galaxies. But what if they somehow only encompassed twice as much space? You would conclude that space itself has a warp.


If, as Einstein and the relativists contended—and Hubble was by no means convinced they were correct—the outrush of the nebulae was a cosmological fact, due to the expanding of warped space, the direction and degree of warp determined the future of the universe. If it were warped one way, the universe would eventually collapse back on itself like an accordion; the nebulae would all rush in. If it were warped the other way, it would just go on expanding forever. The sensitivity of the huge 200-inch mirror would finally allow him to see far into the depths of space and time. The way the galaxy counts increased with faintness (or distance) could reveal which way space was actually bent and what destiny had already been inscribed thereon. In short, Hubble was trying to find the fate of the universe.


Sandage was already familiar with all this, although he was still years from a true mastery of the mathematics involved. It was a small, but crucial part he was now being offered.


Most of the galaxies that Hubble planned to count were so far away that they appeared on the plates as no more than soft dim dots barely larger than stars. To make his plan work, Hubble needed a quantitative measure of the relative faintnesses of all those galaxy dots; his idea was to compare them to stars that appeared in the foreground of the observations. Sandage’s job was to find suitable stars for the comparison. His duties didn’t require observing, but catalog work and perusing plates until his eyes wouldn’t focus. It was technical and arduous and really the backbone of Hubble’s whole scheme.


During the summer of 1949 Sandage began plugging away on Hubble’s magnitude sequences in an office in the basement of Santa Barbara Street while Hubble went fishing at his ranch in Colorado. One day in July Sandage ran into one of the older astronomers, Rudolph Minkowski, and asked when Hubble was coming back. Just then the phone rang. Minkowski picked it up, listened awhile, and hung up. “Hubble won’t be back for a long time,” he told Sandage. “He just had a heart attack.”


Hubble spent a month in the hospital out in Colorado and then returned to Pasadena and spent another month in bed. His doctor forbade him from observing. It would be more than a year before he returned to Palomar. The new era was getting off to a gloomy start.


Sandage didn’t see much of Hubble during this period. Without guidance, he quickly got bogged down in technical problems with his star sequences and set the project aside. He looked around for something else to do. The contact with Hubble had whetted his appetite for research.


Sandage and a fellow student, Halton “Chip” Arp, who was a year behind him at Caltech, decided they wanted to do some serious observing together. They were an unlikely pair. If Sandage was a “hick,” Arp was an antihick. The son of an artist, he had grown up in Greenwich Village and Woodstock and attended Harvard, where he had become one of the best fencers in the United States, and had also been involved in Bok’s star-counting network; he and Sandage had met one summer at the Harvard Observatory. At Caltech they became best friends.


Greenstein sent them to Baade, the finest observer in Pasadena. Baade agreed to give them a job measuring stars in globular clusters. Globular clusters, as the name implies, are spherically shaped clouds of starlight, reddish in color, almost minigalaxies of up to a million stars, that form a halo around the Milky Way like bees around a saucer of honey. Very little was known about the stars that inhabited globular clusters, partly because they were so far away, mostly concentrated toward the center of the galaxy tens of thousands of light-years distant, and partly because the stars in them seemed inherently dim and squashed together and, as a result, hard to see. It was likely that globular clusters had something important to say about the formation and history of the galaxy and the mystery of the evolution of stars; they were at the core of Baade’s research.


Sandage and Arp were thrilled to be handed work on the cutting edge. It was also daunting work that would test the resolve and skill of the most experienced astronomer: taking high-resolution photographs of globular clusters and then measuring the intensity of thousands of tiny star images with a microscope.


They did, in fact, need Baade’s skill, so Baade himself took them up Mount Wilson. As their learning instrument he chose the oldest telescope on the mountain, a 60-inch-diameter reflector that had been built in 1905, back when a mule train was the only way up the mountain and the astronomers used to hike up for their observing stints.


Veering steeply upward from the back of Pasadena, the San Gabriels form an abrupt wild wall to the cultivated sprawl of Los Angeles. Coyote, sagebrush, scrub oak, sequoia, and black-cone Douglas fir predominate on the knobby peak of Mount Wilson, which at 5700 feet breaks through the Los Angeles smog layer into clean steady air. On a good night, Pacific fog fills the basin and valleys below, completely blanking city lights. The domes, towers, and other buildings of the observatory are strung along a narrow ridge. The machine shop and library—wood-frame sheds with sloping tin roofs to keep off the snow—run along one edge of the mountainside joined by a narrow balcony and walkway overlooking a thousand-foot drop. Not a place for a misstep on an ink-black night. The dome of the hallowed 100-inch Hooker telescope, the one that had discovered galaxies and the purported expansion of the universe, sits slightly apart, at the end of a long wooden footbridge that leads over a shallow gorge. At the far end of the footbridge from the telescope is a small shed in which the cook would leave a midnight lunch for the 100-inch observer.


Life on the mountaintop was a constant contrast between such civilities and the rugged vicissitudes of observing. The astronomers dressed each night for dinner at the Monastery (so-called because no women were allowed), the dorm at one end of the ridge. Hubble even wore a tie to the telescope. At the dinner table they were seated in a precise and unchanging hierarchy. Whoever was scheduled to observe that night on the 100-inch telescope got the place of honor. Next to him sat the 60-inch observer, and so forth, down to the students and assistants. For each Mount Wilson staff member the dining room kept a wooden napkin ring with his name on it; students and visitors were assigned clothespins. One of the great rites of passage in a young astronomer’s life was when he went from a clothespin to a wooden napkin ring with his name on it.


These rituals were carried out against a background of wilderness, cold, and industrial waste. The observatory domes were unheated, their concrete floors littered with steel and grease; they smelled like machine shops. The great Hooker telescope was driven by a pendulum clock drive through a nearly incomprehensible set of gears one of which was wider across than a man could reach. Every dome was a living museum of turn-of-the-century technology, including huge copper double knife-blade electrical switches like you see in movies such as Frankenstein.


The 60-inch was Sandage’s first big telescope, and he would remember it as one of the most complicated to operate. For one thing, it was of a Newtonian design: At the bottom a big concave mirror gathered starlight and sent it to a tiny mirror suspended overhead, which then deflected the converging beam of light sideways out of the telescope to an eyepiece, camera, or spectrograph. The focus, where the observer had to station himself, was on the side of the device, way up in the air.


Paradoxically, Sandage, like others before him, found that he was more comfortable up there during actual observing situations in the dark, when he couldn’t see the precariousness of his perch, than he was in the light climbing up to tinker with instruments. To make sharp photographs the telescope had to track the stars as they moved across the sky. Unfortunately, you couldn’t trust even the finest telescope to track the stars faithfully, let alone an antique like this. As the telescope heeled over, it would flex, minute imperfections in its gears either speeding it ahead or dropping it behind the stars it was following; also differential refraction would shift the apparent location of the stars in the sky. So you had to stand on the moving platform in the sky with your eye to the separately moving eyepiece, with a control paddle in your hands hitting buttons to goose the telescope or slow it down.


Guiding could be literally painful. On cold nights tears would freeze one to the eyepiece. When the telescope moved, the dome had to move, to keep its slit opening in front of the telescope, and the observer’s platform had to move, as well. Over the course of a night these movements, all independent of each other, could gradually scrunch an astronomer’s neck and back into celestial pain.


There were other complications. The guiding eyepiece also sampled the light far off the optical axis of the telescope, where aberration turned the stars into a teardrop shape called a coma. To Baade, that little blur spoke volumes, and he taught Sandage and Arp how to read it too. They learned how to diagnose the shape of the mirror from it, how to recognize the trembling striations in the faint part of the fan that presaged a change in the seeing conditions, how to adjust the focus when that happened, during an exposure, how to keep the starlight on a photographic plate concentrated into crisp specks.


When Baade in his gentle German had said everything there was to say and shown everything there was to show, he ordered Sandage to the precarious observer’s platform. Then Sandage discovered there was one more trick that Baade had withheld. Because of an error in one of its gears, every eighty seconds the telescope leapt ahead of the stars it was supposedly tracking, and then fell behind. “Baade wanted to see whether we would discover that,” said Sandage, “whether we’d push the East button, then the West button, then the East button, then the West button. He could tell by listening to the relays click and the time period whether we were guiding well or not.”


Night after night the trio took their posts over the skies of Pasadena. When it was cloudy they sat inside and talked about stars. Sandage and Arp came down after seven days thoroughly indoctrinated, both in the intricacies of big-telescope observing and in Baade’s love-detective affair with the stars. And with their names on clothespins.


Baade had directed his students to two particular clusters, named M92 and M3 (M is for Messier). Sandage and Arp managed eventually to get decent photographs of M92. In the negative image on a photographic plate M92 looked like a pile of pepper. They spent the next year taking turns measuring the intensities of the individual grains with a special microphotometer in the basement of Santa Barbara Street. Sandage eventually took on the second cluster, M3, by himself, and the work developed into his Ph.D. thesis.


It had become clear to Hubble that while the Great Campaign had to go on, he could no longer do the observing himself. In photographs from the period he looks cadaverous and hollow eyed. Humason had been his faithful lieutenant on Mount Wilson, but Humason too was getting old. He sent for Sandage again in 1950, a year after their first go round. This time more was at stake. Hubble gave him what Sandage later called “a series of strange tests,” hunting on photographic plates in the M31 and M33 spiral nebulae for variable stars—stars that undergo cyclic changes in brightness. He must have passed; shortly thereafter Humason took him to Palomar, to the 200-inch.


Palomar Mountain, 5600 feet high, is about two hours south and east of Pasadena, in ranching and orange grove country. The white dome of the 200-inch rises from a meadow tufted with pine, its fourteen-story height disguised by its classic proportions.


Sandage and Humason walked through a columned portico to the ground floor of the dome, a vast room that looked like an industrial staging area, littered with stacks of steel, barrels of oil, and forklifts. One floor up they came on the telescope itself, painted battleship gray, sprawling in the perpetual twilight of the cavernous dome. Its most noticeable feature was a thick steel horseshoe, as wide as a tennis court, inside which the 200-inch-diameter concave mirror, 15 tons of glass, swiveled demurely like a child in a swing. The skeleton of a tube pointed skyward toward the dome. At its upper end, suspended roughly in the center of the vaulted space, halfway between heaven and the hard concrete, hung a small mesh cage resembling the gondola of a hot-air balloon: the prime focus cage. That was their destination.


They ascended a series of stairs, and elevators, past the library and darkrooms, the kitchen, the control room, and offices that ringed the great inner space of the dome to a catwalk, up a ramp, and climbed into a sort of cherry picker basket. With a whine that echoed through the great chamber Humason drove them out across empty space, with the big reflector looking up at them like a shaving mirror, to the prime focus cage. They scrambled over a railing and squeezed into the cage together between red-lighted instruments and the hollow pier that contained the beam of light coming up to a focus from the big mirror.


Sandage later recalled that the seeing—the astronomer’s technical term for the quality of star images, which is affected by atmospheric turbulence—was very, very good that night. He was already a professional and his excitement at being at Palomar was outweighed by his relief that it was a much easier telescope to use than the Mount Wilson telescopes. Sandage spent most of the first night learning to focus the telescope. Since everyone’s eyes are a little different, each observer at a big telescope has to find for him- or herself the relationship between what he sees as the focus and the “true” focus. Sandage took a series of test exposures, which showed that he was dead on. Later when he told Hubble about it, Hubble was angry. “If the seeing was so good, why didn’t you observe,” he asked, “instead of frittering away your time on something you knew would come out right?”


And so Sandage began to commute between Palomar and Pasadena three times a month as Hubble’s surrogate observer. Sandage’s cup ran over. “Oh, it was fabulous, so much was happening,” he said. “It was an opportunity that was beyond imagination—first of all, observing with the 200-inch, and, second, working on the long-range program of cosmology with Hubble. And at the same time being a graduate student, trying to pass the courses in physics and astronomy. So it was a very high pressure atmosphere. The work on the mountain was an escape, but you knew that your sins would catch up with you, because you were four days away from campus and courses, and you were pretty well swamped.”


In the fall of 1950 Hubble started returning occasionally to Palomar, where he slept in a room rigged with a bell so that he could call for help if needed. More and more he sent surrogates to observe and ran the show from his huge office on Santa Barbara Street. Every time Sandage went to the mountain he went with three sets of instructions, depending on the observing conditions. Sandage brought the exposed plates back to the master like a schoolboy handing in homework. Hubble would examine them, comment on them, and then take them to analyze.


The most important and exhausting project was to photograph galaxies and search for variable stars within them so that the distances to these galaxies could be measured. The whole world knew that this was how Hubble had found the range to the famous Andromeda Nebula M31 and a handful of others in the twenties. Those had all been part of the “local group,” a small clustering to which the Milky Way belonged. Now he was trying to reach out of the local group, to the next nearby clusters. It could take a year, Hubble figured, just to get the distance to the next group of galaxies; it could take decades or a lifetime to follow the entire observational path that he had laid out, to gather the evidence that would give definitive answers to the questions of the size, age, and fate of the universe. Hubble became Sandage’s personal tutor in cosmology.


Hubble took Sandage under his wing in other ways, too. He invited him home to dinner with the likes of the Huxleys and the Stravinskys. “I was like a son to them for a year or two,” Sandage said. It left an indelible mark on his personality. Hubble, Sandage thought, interacted with people as a god might, a noble man. He spoke to Sandage about philosophy, art, the universe, religion. Sandage, who considered himself a functional illiterate, worked hard to keep up, to grow out of his hickness. He tried to be like Hubble, a man seemingly dedicated to truth. Hubble gave Sandage the impression that he was the great man he seemed to be. He was a dedicated empiricist. He would not twist the data or go beyond them. He would not tolerate dishonesty.


At the same time Hubble was very formal; he shared very little personally with Sandage. He read widely and hungrily in religion and philosophy—whatever conclusions or connections he drew from those realms to the known universe he kept to himself. Even with his chosen successor Hubble was aloof, always correct, polite—but cold.


Sandage felt the gulf, and in some respects it tempered his worship. On the one hand, he told me, “Hubble was the greatest scientist of the last four hundred years.” On the other, Sandage made a point of digging out a historical article showing that Hubble had been teaching school in Kentucky when his official résumé said he had been practicing law.


During the remainder of his years at Caltech, Sandage went back and forth between Hubble and Baade, the two poles of Pasadena cosmology. Next to Hubble, Baade looked like Walter Mitty but, Sandage realized, he was a warmer person. He was gregarious and told jokes on himself. And he was the better observer. “Baade and Hubble were kind of at odds with each other,” Sandage explained. “Hubble wanted the great vast things that you’ve talked about, the geometry of space-time, the distance scale, cosmology. Baade said that you cannot really understand all of that unless you, okay, approach this problem microscopically instead of macroscopically by looking in detail at the structure of a given galaxy. Only after both Hubble and Baade died did the confluence of those two trains of thought come together.”


The third great influence on Sandage over at Santa Barbara Street and in the red-lighted domes through the long observing nights on Palomar and Mount Wilson was Humason, a dreamy-looking man with wire spectacles and fat, boyish lips. A wisecracker and eighth-grade dropout who had worked his way up from mule skinner to janitor to night assistant to astronomer by asking questions and being clever, Humason was Hubble’s leveler as well as his chief observer. “Humason was of a different kind, very meticulous, simple in some ways, but streetwise,” said Sandage fondly. “He was very streetwise. He knew how to get along with Hubble, and he knew how to get along with the rest of the staff. He was the intermediary between Hubble and the rest of the staff. Humason taught me to fish and chew tobacco and how to do all sorts of other things, and how to get on with people. Hubble taught me how to classify galaxies.”


Sandage spent more and more time at Santa Barbara Street. Every time he went in he felt like he was entering Valhalla. It was a privilege to walk the halls and handle the plates, plates from the 100- and 200-inch telescopes; he likened them to “the plates of Moses.” The formality of the prewar years was beginning to dissolve in the presence of graduate students, but it was still a place where, as he put it, “You were never more than ten feet from a gentleman.” Giants, it seemed to him, strode the oak-paneled halls in those days. He fell in love with the library, a sanctuary with a sunken carpeted floor surrounded by floor-to-ceiling dark, polished bookshelves and light filtering through the curtains of one tall corner window, where an astronomer could cloister himself and drift through centuries of starry parchments undisturbed.


In 1952, when Sandage was almost finished with his degree, Bowen offered him a post at Mount Wilson, a seat in Valhalla with the gods. It was all he had ever wanted in life, but the stewardship of those great telescopes was also an awesome responsibility. He thought of the immense programs that had been carried out by Hubble and Humason and Baade and Shapley. Nowhere else would they have been possible. He thought of the immense programs still to be carried out, the extension of Hubble and Baade’s work. “The whole world knew that the 200-inch had been built to do those tasks,” Sandage said in a dry voice. “By accepting the Mount Wilson post you already knew what was expected of you.”


Sandage accepted, but delayed his appointment a year to go to Princeton and study the theory of the evolution of stars, an outgrowth of his Ph.D. thesis.


In September 1953, not long after Sandage had returned, Hubble had another heart attack and died. His wife, Grace, called the observatory with the news. “It was such an incredible shock,” Sandage recalled. “I walked out the door of Santa Barbara Street and walked around Pasadena by myself for two or three hours.”


There was no funeral that Sandage or any other astronomers knew about, and no one knows what happened to his body. Rumors circulated that Grace had cremated it. Sandage would continue to go to the house on Woodstock Road in San Marino to see Grace Hubble for the next seventeen years. For some strange reason, he confesses, puzzled now, he never asked her what had happened to her husband.


The full impact of Hubble’s death did not hit Sandage immediately; he was immersed in work on stellar evolution, but he knew what was coming. Someone had to carry on the tradition of Mount Wilson and complete the work Hubble had planned to plumb the size and destiny of the cosmos.


It was both scary and the chance of a lifetime, both an opportunity and a sentence, and he still recalls it both ways, depending on his mood. “My responsibility is that Hubble died too young,” Sandage said in a low voice one rainy afternoon “Taken that way it’s an awful statement. Hubble died too young and left me with a burden, an incredible burden, to carry out his program. And that burden, I still feel it, but my love and interest is the stars.


“It was all laid out by him,” Sandage recalled with an almost desperate tone in his voice. “It would be as if you were appointed to be copy editor to Dante. If you were assistant to Dante and then Dante died, and then you had in your possession the whole of the Divine Comedy, what would you do? What actually would you do?


“It was all laid out, and I was the only one left after Hubble died. It had kind of been in the back of my mind all along, to do his program. So not only did I think I had to because that was my job,” he explained. “It was laid on me, but it was also what I kind of wanted to do.” He paused.


“If I didn’t grab that opportunity I would be nuts.”


Footnote


1. The light-gathering power of a telescope is proportional to the square of the diameter of its primary mirror. The 200-inch would be able to see galaxies and stars four times fainter—1.5 astronomical magnitudes—or twice as far away as the 100-inch model.
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THE CANDY MACHINE


The next few years—the early fifties—were among the happiest of Sandage’s scientific life. He became the bomber-jacketed ace flying the 200-inch telescope deeper and farther than even its builders had dreamed. The thirties and forties had seen revolutions not just in cosmology but in every aspect of astronomy and astrophysics, including a whole new understanding of the nature of stars, how they are born, burn, and die. With the war over and with new telescopes, it was possible for the first time to test these new ideas.


The Hale telescope was affectionately known as the “Big Eye” to the Pasadena astronomical crowd, but Sandage liked to think of it as a giant candy machine. “I was a kid in a candy store that was so magnificent, full of everything that you wanted, that it was life’s greatest carnival. I was the only one with a key to the store, and somehow the candy kept miraculously appearing.”


Sandage inherited Hubble’s generous allotment of observing time—thirty-five nights a year on the 200-inch telescope alone—as well as the plates and data Hubble had already collected in his campaign to measure the universe. He spent most of half of every month, the half centered on the new moon, when the sky is darkest and the blue-water extragalactic sailors of astronomy come out, yo-yoing between Pasadena and Palomar.


Some astronomers preferred to stay in the control room, if they were observing as part of a team or using the telescope in the Cassegrain mode, in which the light was reflected back down from the prime focus cage through a hole in the center of the 200-inch mirror. (Particularly heavy or bulky instruments could be hung behind the hole, on the back of the mirror, to dissect starlight, but lengthening the focal path that way made the telescope optically less efficient.) It was warmer observing that way, and the astronomers could joke with the night assistant—the man who actually operated the telescope—eat cookies, drink coffee, go to the bathroom, catch up on paperwork, or even sleep during lulls or long exposures.


Sandage liked being in the prime focus cage.


Night after night he rode the lift through darkness, the dome rumbling and whirring like the secret machinery of the cosmos itself as the night assistant positioned the dome slit for the first of the observations that Sandage planned with military precision. He scrambled eagerly the few inches across the void and settled onto a tractor bench, lugging his sky charts, notebooks, and photographic plates whose emulsions had been soaked in hydrogen or baked in nitrogen until the already sensitive grains were hysterical for the light that had left some star or galaxy before the human race was born. The telescope pier, a hollow barrel, made a chest-high table in the center of the cage. At that point, the prime focus, a portion of the universe about one and a half times the apparent size of the full moon was splayed out over the area of a postcard for inspection and investigation. Sandage was alone, at the center of the universe.


Einstein’s relativity theory taught that the center of the universe was everywhere and nowhere. It was the present, wherever, surrounded by concentric shells of the past—history racing at him in the form of light rays at 186,282 miles per second, the speed of light, the speed of all information. The prime focus cage of the 200-inch was the cockpit of a time machine, the finest and largest ever constructed, its yawning mirror pearled with starlight pointing in the only direction any of us could ever face: backward. The moon he saw was an image composed of light that left its surface a second and a half ago, Mars glowing martial red was half an hour away, the center of the galaxy, hiding behind the thick star clouds of Sagittarius, 30,000 years. The cold eyepiece by which Sandage, sighting a star on cross hairs, could correct the fine movements of the telescope, steer it to his precise target, and keep it locked on the same celestial object, all night if need be—which was often the case—was an eyelash, a tenth of a nanosecond ago.


Sandage bragged that he had iron kidneys; he could go up to the prime focus cage and not have to come back down for fourteen hours, an entire long winter’s observing night. That, he joked, was the main reason for whatever success he had as an observer, whatever candy he brought down—that and the wonderful instruments that the Mount Wilson staff had built. Discomfort was part of the romance. “You sit there,” Sandage chuckled dryly, “straddling the pier with your privates nestled up against the cold of the universe.” In the winter he donned an electrically heated jumpsuit of the sort that bomber pilots used to wear.


Music of the observer’s choice—Sandage was partial to opera—was piped up through the intercom. Sometimes Sandage would pop the neoprene cover on top of the cage and look out with his own eyes on the unamplified universe. By peering over the side he could look down on the mirror. By daylight its face, the size of a Manhattan studio apartment, was pitted and chipped from accidents over the years. When I saw it, there was one crater the size of a dinner plate where a workman had dropped a hammer once. By nighttime, when the dome slit was open to the heavens, the mirror was a bowl of stars floating in front of his face like fireflies.


The view was great, but it was the solitude more than anything else that Sandage prized. Up there he could think about the data coming in, meditate on them. What if this plate worked? What if the seeing went bad? What was the next step? The ideas seemed to come more easily up in the quiet Zen-like intensity of the cage when it was just him and his plates, the universe breathing light in and out on them.


Theory, Einstein had once remarked sarcastically with reference to epistemology and quantum mechanics, determines what observations can be made. Sandage agreed: The mind had to be prepared.


His own, he thought, was more receptive up there to the whisperings of the subconscious. He liked to imagine its deep recesses as a cauldron where ideas, sensations, emotions, and dreams were slowly, slowly stewing in an endless ferment. Once in a while there was a volcanic outburst into the consciousness, when some new idea, the solution to a problem, burbled up flecked with the detritus of its birth—pride, rage, ambition, prejudice, all the freight of human creativity.


You couldn’t control the volcano, he knew, but you could be ready for the explosion. You had to prepare the mind if you wanted to solve problems. Truth was all around you, there was only one universe, but all theory and interpretation were a jungle of subjectivity. You saw only what you wanted to see, what you were prepared to see.


In the first years that Sandage returned to Santa Barbara Street, he dutifully continued to collect the plates for Hubble’s campaign, but didn’t really do anything with them. There simply weren’t enough data; neither he nor they were ready, and they went on accumulating in his office.


He continued the work he had started with Baade, using the great telescopes as if they were geologists’ hammers to break apart the globular clusters and get at the nature of the stars inside. Stars had been his first love. They were also the primal astronomical mystery, but now that the war was over that mystery was yielding to a great wave of theory and data. The stars were being unraveled, and thirty years later Sandage would still say that his contribution to that process was his proudest moment.


The bonfires of the universe came in a staggering diversity: blue stars, red stars, yellow, mud brown, white, green, orange. Bright stars; dim stars; double, triple, and quadruple stars; stars in ragged gangs sparkling through dust and gas; and great clouds of stars packed so tightly into galaxies and globular clusters that their glow combined into one smooth smoosh of light. Stars barely larger than the earth. Stars into which a million suns would fit. But there was a secret order in the chaos of the sky. The stars were not random.


The first clues to this secret order had come at the end of the last century, when astronomers realized that the color, or spectral type of a star, was an indication of the temperature at its surface, the outermost layer of its boiling gases.


In 1910 the astronomers Ejnar Hertzsprung and Henry Norris Russell independently got the idea to graph the magnitudes of stars against their colors, or temperatures. When they corrected the apparent magnitudes1 of stars to account for the variations caused by distance (or looked at a whole bunch of stars at the same distance, in a cluster), a simple relation emerged: The hotter a star was, the more luminous it was. So plotted, the vast majority of stars formed up in a swaybacked line called the main sequence. The sun, a so-called yellow dwarf with a surface temperature of 5500°K, was right in the middle of the main sequence. Down at one end were dim stars, dull red in color. At the other extreme were giant blue stars, ten times as hot, and thousands of times brighter than the sun.


What was the main sequence? That was the big question in astronomy.


The prevailing idea early in the century was that the main sequence charted the life path of a star. Like sparks sputtering down a fuse, stars would burn their way along the main sequence, starting out blue and luminous at the top, ending up cool and dim at the other end. Like athletes they had brilliant youths and then faded away. This theory remained vague, because astronomers had no idea how stars generated their prodigious energies. Moreover, other mysterious features decorated the H-R diagram, as it was called: anomalous clumpings of stars with unusual qualities, for example, red stars that were also very bright—so-called supergiants—and blue stars that were dim. What were they? How were they related to main sequence stars? What was the main sequence? Astronomers used the diagram as a diagnostic tool. They could plot on it each new clump of stars they found and notice that this or that part of the usual pattern was missing—perhaps there were no bright blue stars in some cluster—but astronomers didn’t know what it meant. It was as if doctors studying the people of some town found that the population was normal in all respects—except that there were no fat, blue-eyed people. Clearly understanding the reason for this anomaly would tell them something new about medicine or people. Similarly, the H-R diagram was some sort of hieroglyph awaiting translation.


The second clue to cosmic order came in the next two decades with the growing suspicion that thermonuclear fusion was the energy source of the stars. In 1938 Hans Bethe of Cornell worked out the details for the sun (and later got the Nobel Prize). The sun, he demonstrated, is just a hydrogen bomb held together and fed by gravity. At its center, where the temperature is estimated to be 15 million degrees K, 600 million tons of hydrogen are fused into about 596 million tons of helium every second. The other 4 million tons, about 0.7 percent, are transformed into energy; they become sunshine and constitute the mortgage payment for life in the solar system and the violent winds of Jupiter.


The first crude nuclear models of stars gave impetus to a new interpretation of the main sequence on the H-R diagram. Because gravity was responsible for stoking the furnace, the theory predicted that the luminosity and temperature of a star should depend on its mass. The most massive stars should burn brighter and hotter and exhaust themselves more quickly. The main sequence was, therefore, really a mass sequence, with 100-solar-mass stars on top and 0.1-solar-mass stars on the bottom. In this scenario, as stars aged they didn’t move along the main sequence—they mostly stayed put and then, at the end of their lives, moved off it, puffing into red giants or cooling to white dwarf cinders. As a group of stars aged, its main sequence would slowly disappear. The stars in the top of the main sequence would disappear first. Then the middle and finally the bottom of the main sequence would vanish. The older a group of stars was, the shorter would be its main sequence and the lower and redder would be the top of the chain.


Enter Baade with his virtuosity and his wartime monopoly of Mount Wilson. Baade discovered that there are two different “populations” of stars in the galaxy and in the universe: regular stars, like the sun, which contain hydrogen, helium, and heavier elements and another, older set of stars, which are basically all hydrogen and helium. The latter were redder and dimmer than the former and were found almost exclusively in the round central bulges of galaxies (as opposed to their bluish, twisting spiral arms) and in the spherical clouds of stars called globular clusters.


In the East, and particularly at Princeton where Martin Schwarzschild, the guru of the H-R diagram, lived, theorists realized immediately that Baade’s discovery was confirmation of the idea that the main sequence was a mass sequence. Galactic bulges and globular clusters—what Baade termed “Population II” stars—lacked the massive blue stars because they were older than other parts of the galaxy. The blue luminous end of their main sequence had already disappeared. (In fact, there had already been reason to believe that Population II stars and globular clusters were older than the rest of the galaxy: Both were distributed in the shape of a halo, as if they had formed when the galaxy was still a round cloud of gas just beginning the collapse that would result in the modern flattened disk known as the Milky Way.)


Globular clusters, then, were a test tube in which to study the evolution of stars, how they changed when they ran out of hydrogen. It dawned on Schwarzschild and the others that they could calculate the age of a globular cluster (or any other group of stars) and, by extension, the age of the galaxy and perhaps the universe, if they knew exactly how far down from the top this process of disappearance from the main sequence had proceeded, where it was cut off. Massive stars evolved faster and thus had shorter lifetimes, so the main sequence was also a sequence of life expectancies. As time went on and the main sequence of a cluster got shorter, the cutoff point represented stars whose projected lifetimes were the same as the age of the cluster. The more massive stars that had been above the cutoff had shorter lifetimes and had already gone away; stars below it still had billions of years to bum. Just find the mass of the stars at the cutoff and, using the new theories of stellar structure and evolution, calculate their life spans—that was all.


Of course, those were almost impossible observational and theoretical tasks. The samples of Population II stars—globular clusters and galactic nuclei—were all so far away, and the stars themselves were so dim, that the properties of the individual stars in them—their magnitudes and colors—had never been assayed and plotted on an H-R diagram. That was where Sandage came in.


In 1950, as Sandage soldiered through the observations and analysis of M92 with Arp and then M3, a bigger cluster in Canes Venatici, alone for his thesis, he was largely unaware of these new ideas. He thought stars still evolved along the main sequence. Baade had initiated Sandage and Arp into the mystery of the H-R diagram when he took them to Mount Wilson the first time, but Baade was just an observer. As an observer himself, Sandage felt that whatever was going on inside the stars was beyond his purview or his competence. His job was to measure colors and magnitudes. He wanted to connect the dots on the H-R diagram, and his intuition told him that his globular clusters were important. He didn’t know how important.


Even in the early fifties, the big discoveries in cosmology happened not at the telescope but on a piece of graph paper when a table of data from nights or from years on the mountain was put into a form the eye could read. Calvinist work, worthless if not performed with picky precision, and work that was, therefore, perfect for young Sandage. For all its glory, it was still tedious work. In practice the process began with at least two plates being exposed for each cluster—one with a blue-sensitive emulsion, another with red-sensitive. Two piles of pepper, and the same stars would have to be located and measured on each plate.


Sandage measured about a thousand stars and plotted the main sequence of the globular cluster M3, but it was a funny sort of diagram he wound up with. The bottom half looked like the H-R diagram of any star cluster in the galaxy, but the top half of the main sequence was missing. All the yellow to blue luminous stars were simply gone. In their place, a funnel of dots ran off the top of the abbreviated main sequence off to the right of the diagram, where the stars known as red giants lived.


One day in 1952 Sandage walked upstairs from the basement at Santa Barbara Street with the H-R diagram of M3 in his hands and ran into Baade and Schwarzschild, who visited Pasadena regularly, probably hoping for just this kind of moment. “When Schwarzschild saw the main sequence cutoff he got very excited,” Sandage recalled.


Sandage had found the missing link. In his hands were the data that Schwarzschild needed to solve the problem of stellar evolution not just in principle but in numerical detail. A few days later he came around to Sandage and asked him to come to Princeton for a year.


Sandage didn’t get it at first, but finally it sank in: the sky was alive with connections. The stars fell into his hands like candy from a busted piñata. The thrill has never left him.


“You only had to make one simple statement, that stars as they changed their magnitudes moved off the main sequence instead of up the main sequence,” he said. His eyes danced and his fingers played an imaginary piano along the edge of the tablecloth as he recalled the glory days of stellar evolution. “All this stuff was just lying out there in the fifties, ready to be taken. I can remember the tremendous excitement when we first found the main sequence cutoff of the globular clusters and the turn-off point. Suddenly everything fell into place.”


Schwarzschild’s plan was to turn Sandage into a theoretical physicist for a year. Together they would follow the trail of those dots on the H-R diagram with mathematical computations of nuclear interiors of stars, trying to match their results to the colors and magnitudes that Sandage had so studiously measured. At Princeton, Sandage traded his telescope for a mechanical calculating machine. He hated it.


To “solve” the interior of a star meant that you had to solve four complicated differential equations of physics at every point outward from its core. The calculator they were using was just a glorified adding machine. All the elaborate theory and calculus had to be reduced to an endless series of multiplications. Punch punch punch, turn a crank to perform the mechanical computation. It was not only time-consuming—it was noisy. Punch punch punch. Ka-chunk. Punch punch punch punch ka-chunk. The theory was terribly difficult, which was perfect for Sandage’s Calvinist psyche, of course, because it had to be done.


It took hundreds of hours for each calculation, and it took dozens of calculations to map a significant part of the life of a star, even the seemingly boring eons when it was burning hydrogen into helium in its core and barely changing its outer appearance. Through it all Sandage thought of himself as Schwarzschild’s clerk, just turning the crank.


After a year Sandage had finally reached the point in his work at which the core of the star begins to run out of hydrogen, its fires bank, and the core collapses with a jolt that puffs out the rest of the star. The star cools and reddens, and leaves the main sequence. It becomes a red giant, with a radius maybe the size of the orbit of Venus and a core of helium. For a star as massive and as hot as the stars at the top of what was left of the main sequence in M3, Sandage calculated that this transition would occur at an age of 3.2 billion years. That meant that the cluster itself had to be at least 3.2 billion years old.


Sandage and Schwarzschild had originally hoped to get much further. All the wild and interesting times in the life of the star were still ahead of it, all the loops and countertracks on the H-R diagram, but it would be twenty years before Schwarzschild and his theoretical models made it to the end of the line. A journey begun on mechanical adding machines would end on air-conditioned mainframes.


Nevertheless, the research was a triumph. Sandage could calculate the ages of stars. It worked, the H-R diagram worked, stellar evolution was explicable. Physics ruled. The stars were old but not impossibly old, the galaxy was old but not infinitely old. The universe could be plumbed.


“The world had always been rational,” he explained, “in the sense that the equations of physics were always real, in the sense of Plato’s archetypes; the world is not irrational, and I think the brain can understand the logic of the universe. But I felt an elation, that something so understandable as the H-R diagram was really understandable by the laws of physics, by chemical compositions of the stars and just giving the stars enough time to age.”


The importance of Sandage’s work went beyond, far beyond, stellar evolution and the niceties of the H-R diagram. It added a new dimension to the infant field of cosmology. The universe couldn’t be younger than its oldest stars, which meant that the universe itself was at least 3.2 billion years old. That was an amazing thing to be able to say from looking at a relative handful of stars in a corner of the galaxy. Allan Sandage had measured the age of the universe. In 1954 it got him his first New York Times headline.


There was another way to estimate the age of the universe. Although the data for the expanding universe were still sketchy, it was possible to calculate backward from the rate at which the galaxies were speeding away from each other to find out how long ago they had all been together—the hypothetical moment when the expansion started. The answer was 4 billion years.


Here were two independent clocks. One, based on the embryonic science of nuclear reactions, said the universe was at least 3.2 billion years old. The other, based on the equally embryonic science of distancing galaxies, said the universe was no more than 4 billion years old. Neither number was accurate enough to take seriously as a final answer, but to Sandage the fact that they were so close bordered on revelation. It helped forge an almost unshakable faith in his soul that the expanding universe must be right. Within the generous limits of astrophysical error the two answers were the same. One could have turned out to be thousands of years, the other quadrillions. It was a miracle, or it was science’s witness to a miracle.


Or it was an embarrassment. Few astronomers liked to talk about the idea that the universe had to have a beginning. Hubble and Einstein both had thought it was nutty. That was the weakest, most incomprehensible aspect of the expanding universe theory. It wasn’t science; it was theology.


Not Sandage. He called it the Creation Event. The Hounds of Heaven had never stopped chasing him. In the fifties he read a popular book about existentialism called The Outsiders, by Colin Wilson. The outsider, said Wilson, drawing from the works of Sartre and Dostoyevsky, is someone who lives in a hell of too much consciousness, bounding from gloom to exaltation, insect lust to angelic sacrifice, while all round him others seem to sleepwalk. His only hope, Wilson suggested, is religious acceptance. Sandage recognized himself—he was the outsider—and he pressed the book on his friends.


Few scientists up till then had been willing to confront the beginning seriously enough to try to tackle scientifically the issue of what it had been like. One notable exception was a Russian-born astronomer and nuclear physicist named George Gamow. Gamow suggested that the early universe, in addition to being squeezed together and dense, was also very, very hot—millions or billions of degrees. He conceived of the beginning of its expansion as a thermonuclear fireball—the bomb to end all bombs—in which the original stuff of creation (which he called ylem, a dense gas of protons, neutrons, electrons, and gamma radiation) was transmuted by a chain of nuclear reactions into the variety of elements that make up the world today. In the forties, Gamow and a group of collaborators wrote a series of papers spelling out the details of thermonuclear Genesis. Unfortunately their scheme didn’t work. Some atomic nuclei were so unstable that they fell apart before they could fuse again into something heavier, thus breaking the element-building chain.


Gamow’s team disbanded in the late forties, its work ignored and disdained. Some of them left science. Gamow himself retired and wrote popular books on science and cosmology that influenced the next generation.


Ultimately and perhaps ironically, it was the very revulsion for the idea of the beginning—thermonuclear or otherwise—of one scientist in particular that led to the completion of the great work on the life, death, and rebirth of stars, which Baade and Sandage and Schwarzschild and all the others had begun. The person who did it was Fred Hoyle.


An English astronomer and physicist with a froglike face behind thick glasses and a blunt manner, Hoyle absolutely detested the notion that the universe had a beginning. He compared it once to a party girl jumping out of a birthday cake; it just wasn’t dignified or elegant. During a BBC broadcast Hoyle referred to Gamow’s theory derisively as “the big bang” and was amused when it became standard terminology.


Hoyle had been born and raised in Yorkshire, in the north of England, the son of a struggling textile merchant; he attended Cambridge on a full scholarship, nearly penniless and mocked for his working-class accent and political conservatism by his fellow students. The experience left him embittered and suspicious of all establishments—social, scientific, and otherwise—a professional outsider. He was bombastic and he liked to pick intellectual fights. “I never waste time seeking the solution to a problem along conventional lines,” he told Discover magazine, “because if the solution were to be found in that way, somebody would have done it already.”


In 1946 Hoyle and two other upstarts, Thomas Gold and Hermann Bondi, had invented an alternative to the expanding universe that they called the steady state. In it the universe had neither beginning nor end. The idea was that as the galaxies spread out, new matter would pop into existence in the empty space left behind and coagulate to form new galaxies. On the large scale, then, the universe would always look pretty much the same.


When it was published in 1948, the steady state theory captured the hearts of scientists for whom the majesty of the universe depended on its being eternal and infinite. Hoyle’s theory was considered more elegant than the big bang, and that was a quality much revered by physicists. Even Hubble regarded it as a healthy development. Having two rival theories to choose between sharpened the task of cosmology. In 1948, Hoyle visited Hubble in Pasadena and was cordially received. According to Greenstein, the physicist Charles Lauritson told Hoyle at a party, “I don’t believe a word of what you say, but have a drink.”


In 1953, Hoyle returned to Pasadena, trailing bad blood from Cambridge University, where his brash, argumentative style had not gone down well with the clubby dons. In England the cosmological debate had turned into a savage feud between Hoyle and a fellow professor, Martin Ryle, a tweedy liberal radio astronomer, easily given to tears.


Sandage had learned most of what he knew about the steady state theory from reading about it in the Sunday supplements in the newspapers. Initially he was not impressed with Hoyle and his gang, one of whom, Bondi, was notorious for a set of Murphy’s Law–type pronouncements he called theorems.


“Bondi,” Sandage recalled, chuckling dryly, “said that you shouldn’t do any experiment now because two years from now you can do it much better.… [Bondi’s] first theorem is that whenever there is a conflict between a well-established theory and observations, it’s always the observations that are wrong. And when he announced the first theorem in England and it was read by the Mount Wilson astronomers, they just dismissed all the steady state boys. That was the beginning of the rejection. Bondi was associated with Gold and Hoyle, and they made such outrageous statements that they just couldn’t be believed.”


When the bad boy Hoyle came back to Pasadena, however, he came not so much as a maverick cosmologist but as a stellar physicist. It was on that basis that he ultimately gained Sandage’s respect.


Hoyle realized that the steady state model shared with its big bang rival the problem of explaining the origin of the chemical elements like carbon, oxygen, gold, iron, nitrogen, uranium, and lead. Nature, scientists assume, always takes the easiest path. If matter was going to appear out of nothing—either at the beginning of time in enormous quantities and densities, or bit by bit, over eons, in the intergalactic voids—the odds were overwhelming that it would first appear in its simplest and most fundamental form: elementary particles like protons and electrons.


Both theories had to explain how and where the chemical elements had been built out of the more fundamental particles. How, both groups recognized, involved thermonuclear fusion, which required high densities and temperatures. Hoyle wanted to show that you didn’t need a single big bang nuclear reactor at the beginning of time to account for the creation of the elements and proposed that all the nuclear transmutations actually took place in stars. In stars, thermonuclear furnaces that burned for billions of years, there might be time for nuclear reactions to take place that didn’t have a chance during the few seconds in which the putative big bang was hot and dense enough to be thermonuclear.


For example, one of the gaps in Gamow’s chain of reactions occurred when either a proton or neutron was added to helium, which contains two protons and two neutrons; the resultant nucleus of five particles fell apart before it could be used to make anything heavier. In 1952 a Cornell scientist named Edwin Salpeter had shown (using Sandage and Schwarzschild’s computations) that in the cores of red giant stars, where freshly minted helium was plentiful, three nuclei might on rare occasions collide and stick together to form a carbon nucleus. The gap at atomic weight five would, therefore, have been bypassed.


On its own, Hoyle calculated, Salpeter’s process was too slow to account for the amount of carbon in the universe today. But Hoyle, a crack nuclear physicist, realized that carbon production would be speeded up sufficiently if the carbon nucleus could be demonstrated to have certain properties. Nobody had thought to investigate this aspect of carbon, but the steady state theory depended on it.


So Hoyle showed up in 1953 on the doorstep of Caltech’s Kellogg Radiation Laboratory. It was an old brick building. In the basement was a jungle gym of vacuum tubes and bulbous chambers that looked like old diving bells in which atomic nuclei could be fired at one another and the properties in nuclear reactions measured. Here the predisposition of the carbon nucleus to be made from three heliums could be examined. The head of Kellogg was Willy Fowler, a grizzled and stocky extrovert from southern Ohio who liked to pretend that he was just a hard-drinking country boy when in reality he was a powerful and shrewd physicist.


The experiment succeeded. Carbon had exactly the properties necessary for it to be produced abundantly in stars. Fowler was convinced Hoyle was a genius and went back to England with him. Both Hoyle and Fowler returned a year later with a pair of English physicists in tow, Margaret and Geoffrey Burbidge. Geoffrey, portly with Falstaffian features and a fondness for waving a cigar in the face of his opponent while making a point talking a mile a minute, was a theoretical physicist; Margaret, petite with delicate features, was an astronomer.


Driven by Hoyle’s vision, a four-way collaboration ensued on the quest to explain the origins of elements. Its members referred to their group as if it were a chemical formula, B2FH—two Burbidges, a Fowler, and a Hoyle. Splitting their time between Cambridge and Pasadena, they slowly hammered out the history of the elements, a process that culminated in a long paper in 1957 in Reviews of Modern Physics. The B2FH paper, however, was regarded less as a deathblow to big bang cosmology or as the clincher for the steady state theory (in fact, the words steady state do not even appear in the paper) than as a culmination of the ideas about stellar evolution, the work driven by fifty years of Mount Wilson observations. It laid out a new view of the cosmos, of the galaxy as a dynamic evolving organism, of stars that were not just autonomous balls of fire but an interacting community, breathing the interstellar wind in and out.


The story as now believed goes like this. The original stars were primordial hydrogen, the simplest element, and helium. An average star, like the sun, would spend a few billion years burning most of its hydrogen into helium and then fizzle out. In more massive stars, whose cores were squeezed under gravity’s grip to extreme temperatures, the helium might ignite and burn into carbon and oxygen, while the carbon in turn could ignite and form neon, sodium, and magnesium. Depending on the mass of the star, neon and oxygen might subsequently burn, in a process that would go all the way up to iron, the most stable element, with each successive stage of burning lasting a shorter period of time. The star becomes layered, like an onion, with silicon, nickel, oxygen, sulfur, and neon. When the core finally poops out, unable to get hot enough to ignite the next round of fusion, it collapses; a shock wave rebounds and blows the outer layers of the star into space. In the most extreme case, that of a supernova, a galaxy’s worth of power briefly erupts through the star, triggering one last frenzy of thermonuclear reactions, which make rare and heavy elements and throw them to the galactic winds.


The ashes from these various explosions, rich in heavy elements, drift and mingle with the clouds of gas and dust that clot the arms of the Milky Way and from which new stars are endlessly condensing. The whole process repeats itself, each succeeding generation of stars containing a slightly higher percentage of heavy elements, or metals (the astronomers’ technical term for the elements heavier than helium). Stars and galaxies, in this scenario, were hydrogen’s way of bootstrapping itself into oxygen and iron and nitrogen and carbon, into the constituents of life. The chemical evolution of the galaxy sputtered along in a series of nuclear explosions.


The thought of it made Sandage giddy. We were sitting in a restaurant by the beach in San Diego when he recalled that moment, his voice suddenly hitting the high register in the middle of a discussion of Chesapeake Bay seafood. ‘What’s so amazing, it seems to me, is… you and I,” he exclaimed. “Every one of our chemical elements was once inside a star. The same star. You and I are brothers. We came from the same supernova. Well, maybe many supernovas have gone into the mixing of a human being,” he mused, then brightened.


“We were all together in the same nebula.”


Sandage became friends with the Burbidges and, through them, Hoyle. He went to bat for Margaret against the Mount Wilson establishment when she was barred from using the telescopes. Women had not been allowed on Mount Wilson, by Hale’s decree, since 1905. To observe Burbidge had to pretend to be her husband’s assistant, and they had to stay in an ancient unheated cabin away from the Monastery. In the end, Mount Wilson was sexually integrated.


Once, when Sandage was away, the Burbidges and Hoyle stayed in his house, and Hoyle had a disastrous experience with Sandage’s washing machine. For years afterward, Hoyle claimed half-jokingly that Sandage had sabotaged the machine as revenge for his heresies.


Hoyle’s heresies and his personality plagued a brilliant career. His conflict with Ryle caused him to quit Cambridge in a rage when he was passed over to run its Institute of Astronomy. And his later espousal of such ideas as life originating in outer space and raining to earth from comets probably cost him a share of the Nobel Prize. In 1983 Fowler shared the Prize with Subrahmanyam Chandrasekhar who was being honored for work on stellar evolution.


Sandage reflected, “Hoyle, I think, was and is more interested in all the worlds that could be instead of the world that is. Anything that is logically accepted within the world of physics even though you have to change the laws a little bit is of interest for him to speculate on, whereas Hubble was an absolute empiricist, asking, ‘What is it really like?’”


The cosmological debate continued nonetheless. It was okay with Sandage. Steady state, he thought, was a silly theory, but it was the universe that would ultimately decide.


Footnote


1. The astronomical system for ranking star brightness derived from the ancient Greeks, who divided the visible stars into five classes or “magnitudes.” First-magnitude stars were the brightest in the sky, like Sirius or Vega, the real sparklers. The dimmest stars that the eye could discern were fifth magnitude. After the telescope brought even dimmer stars into view in the seventeenth century, the system was standardized. Each magnitude step represents a ratio of about 2.5 in brightness. First-magnitude stars are thus 2.5 times as bright as second, which in turn are 2.5 times brighter than third-magnitude stars. Five magnitudes is a factor of 100 in brightness. A further step in standardization is to correct the magnitudes of the stars as seen or measured on the sky—their apparent magnitudes—for the effects of the different distances of the stars. Astronomers define the absolute magnitude of a star as the magnitude it would have as seen from a distance of 10 parsecs (32.6 light-years). Unfortunately, the distances of relatively few stars are known accurately.
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THE WAR OF THE WORLD MODELS


The Catholic Church had been quick to take sides in the big bang–steady state debate. In 1951, opening a conference at the Vatican, Pope Pius XII pronounced that the big bang was compatible with official Catholic doctrine. That was nice, but scientifically it didn’t mean anything. All decisions were premature. Sandage knew that the so-called expansion of the universe, all the great debates so seductive to newspaper readers and religious mystics, rested on a slim reed of evidence gathered in the 1920s and 1930s. The decision about what kind of universe we live in, he knew, would rest on data he was now beginning slowly, systematically, to accumulate. Around the middle of the 1950s it began to take him over. By the end of the decade he would be the new Hubble, the man who knew more about the universe than any other human.


Sandage told the story of the discovery of the expanding universe as if it were an old family tale, the sort that gets told and retold every time the relatives gathered for holidays. In a way it was a family tale; the company of cosmologists in those days was small enough to fit around a dining table. To Sandage the history of cosmology was full of little moral lessons.


The first was that, as Pasteur said, “Chance favors the prepared mind.” Back when he was working for Shapley as a night assistant, trying to learn astronomy, Humason had taken some plates of the Andromeda Nebula, M31, and brought them to Shapley. On the other side of the plate from the emulsion, Humason had marked in ink a few pricks of light that he said might be variable stars. Shapley, who believed that the Milky Way was the entire universe and that the spiral nebulae were local whirlpools of gas, wiped the marks off as he explained why they couldn’t possibly be stars. “Shapley, having argued that the nebulae were not separate galaxies,” said Sandage, “wasn’t prepared to see the evidence that they were.”


A few years later, Hubble identified specks of light similar to the ones Humason had found and that Shapley had erased in Andromeda and a handful of other nebulae. They were, in fact, a kind of star known as Cepheid variables. Cepheids (after Delta Cephei, the first one discovered) had the convenient property that their light output rose and fell in a regular sawtooth pattern whose period was inversely proportional to the star’s average absolute magnitude—that is to say, the more luminous the Cepheid, the slower it pulsated. All Hubble had to do was measure the period and apparent magnitude of the Cepheids to calculate their distance. When he did that in 1924 the answer came out to 900,000 light-years. The true scale and identity of M31 as a full-fledged galaxy emerged. What was a smear of light a few degrees in diameter on a plate was in reality a luminous pinwheel 100,000 light-years across.


Being a gentleman of the Mount Wilson school, he sent a courtesy note to Shapley at Harvard before he announced his discovery. “And you know,” said Sandage dryly, “about that animosity.”


The expanding universe followed five years later.


Having established what galaxies were, Hubble naturally moved on to ask how they were distributed in space (a question his scientific descendants would be grappling with half a century later) and if, and how, they were moving. Once again he found himself the beneficiary of an earlier failure of nerve or imagination.


The first astronomer with the opportunity to discern the flight of the galaxies had been Vesto Slipher. He had been hired by Percival Lowell—a Boston aristocrat and fancier of Martian life—mainly to look for canals on Mars. Slipher also did some real astrophysics, however, and by 1914 he had collected spectra1 of about thirteen of the mysterious spiral nebulae. He was looking for evidence that the nebulae were rotating, as they should be if they were whirlpools condensing into stars—as one theory had it. He found something stranger.


When light from a star like the sun is dispersed into a rainbow spectrum, dark lines appear at certain of its wavelengths—always the same wavelengths—like notches cut out of the star’s light. These were the wavelengths at which particular atoms in the star’s gaseous body absorbed light. The signature of calcium, for example, appeared at the blue end of the spectrum as two dark lines that the pioneer spectroscopist Fraunhofer had labeled the H and K lines. In Slipher’s spectra of the nebulae the whole pattern of lines was displaced from its laboratory wavelengths, like a mask that had shifted, slid down the spectrum. By itself that was no big deal. Light is a wave, and physicists had long known that light from a moving source changes its wavelength as perceived by a stationary observer, the way a car engine sounds higher when the car is approaching and lower when it’s going away. The phenomenon is called a Doppler shift; astronomers had already used it to analyze the motions of stars and even the motions of different layers of material inside stars.


Objects coming toward us have their spectral lines shifted systematically to blue, shorter, wavelengths; objects going away show red shifts. The bigger the shift, the larger the relative velocity of approach or recession.


Stars in the galaxy dance in and out with respect to the sun; some have blueshifts, some redshifts. One might expect a similar random pattern from the nebulae. That was not what Slipher’s data showed.


With the exception of the Andromeda spiral, all the nebular spectra were shifted slightly toward the red, to longer wavelengths. If this was a result of the familiar Doppler shift, it meant almost all the nebulae had pretty high speeds and were racing away from the earth, from the Milky Way.


A puzzled Slipher reported on his findings to the American Astronomical Society in 1914. He kept on collecting nebular spectra and velocities for the next ten years, but attempts to understand the overall pattern foundered on astronomers’ ignorance of the true nature and scale of the nebulae.


In the twenties, following on his work on M31, Hubble was able to divine distances to a few dozen galaxies—or groups of galaxies—which until then had been smears of light on the dome of the night. He used Cepheid stars in the closest galaxies as a starting point and stepped outward. The most distant in his sample was a giant cloud of more than a thousand galaxies in the constellation Virgo whose distance Hubble estimated as 5 million light-years.


It was when he innocently compared the distances of the nebulae to Slipher’s unpublished spectra (and a few of his own) that Hubble fell on what would be the prime fact of the twentieth century, the most amazing scientific discovery of all time—the first one that pointed beyond science altogether—the cipher that would haunt him and Sandage and future generations of cosmologists and drive them to the sky clawing for patterns in the darkness between the galaxies, seeking the signatures of particles, forces, dimensions, and energies only a heartbeat from eternity, demanding from the blank crumpled night some explanation of the origin and fate of time itself. All this from a cloud of dots on a graph, but for Sandage it was like an amnesiac confronting the marks on the closet door where he had been measured when he was a boy, reminding him that he had been young once, and small, that he had been born and perhaps therefore would die.


The pattern that Hubble divined was unexpectedly, disturbingly, simple. The farther away a galaxy was, the farther the absorption lines in its spectrum had been shifted to the red. If these redshifts were simply due to the Doppler effect—the most conventional explanation—it meant that the farther away a galaxy was, the faster it was flying away from our own. The most distant galaxies in his sample—in the heart of the Virgo cluster, which he put at 5 million light-years—were also receding the fastest, at 1200 kilometers per second.


Hubble looked at that cloud of dots and drew a straight line through them, thereby inventing (or discovering) what would forever be known as the Hubble law and the Hubble expansion: A galaxy’s distance was proportional to its “redshift velocity.”


Every time in later years that Sandage saw that graph, with its messy cloud of dots, reproduced in textbooks and journals, he marveled. “Science is full of false clues,” he said. “There are more false clues than correct clues. Hubble had the incredible ability to go through the maze of false clues and his plates were not very good. He was not a good observer, but he unerringly went to the truth each time. Most people who say they’re objective always reach the wrong answer. You have to know what to neglect and what not to neglect. Experimental science is not as pure as most people are led to believe.”


What did the Hubble law mean? If it were right, at the very least Hubble would have discovered a powerful method for mapping the locations and distributions of galaxies throughout the universe: Just take a spectrum, measure the amount of redshift, and multiply by a simple numerical constant to get the cosmic distance. More important, if the Hubble law prevailed universally, then he had uncovered a central fact of nature. Gone forever would be the vision of a static unchanging universe that had prevailed since antiquity. In its place would be a dynamic evolving universe; nature would resemble nothing so much as a gigantic explosion. The sanity of astronomers depended on finding out whether Hubble was right.


Hubble and Humason, his observing lieutenant, commenced a kind of cosmic leapfrog. Find some gauge of the distances of galaxies, measure the redshift displacement of their spectral lines, and check to see if distance was still proportional to velocity. Then go farther still.


But the deeper they went into the sky, the more desperate and ad hoc became the distance criteria and the longer it took to record the requisite spectrum of the galaxy. Sometimes it took all night for the dispersed light from a single galaxy to seep into the photographic emulsion while Humason hung on the telescope like a human counterweight to keep it tracking smoothly.


“Hubble would send Humason out to get the redshift. Hubble got the distances,” recounted Sandage. “And they marched forward. From 1929 to 1931—two years—they went from speculation all the way out to 20,000 kilometers a second. Hubble knew what it was almost immediately just because the angular sizes of the galaxies were changing in an inverse proportion to redshift depth. He knew he had something great. He knew it was the most crucial discovery ever made in science.”


By 1935 Humason had measured a cluster of galaxies in the constellation Ursa Major that were traveling at a speed of 26,000 kilometers per second—one-seventh of the speed of light. The Hubble law still held at that distance; the universe was still expanding, if that was indeed what it was doing.


The slope of the line of Hubble’s graph—the ratio between redshift velocity and distance—was a number that became known even before Hubble’s death as the Hubble constant, H0. Its value in 1929, in the quaint measurement systems of cosmology, was 530 kilometers per second per megaparsec2—which is a mouthful, but just means that for every million parsecs (roughly 3.26 million light-years) farther out in space a galaxy was, it was going 530 kilometers per second faster. Hubble estimated the uncertainty in his value as about 15 percent.


In fact, Einstein’s general theory of relativity had already been shown to predict that the galaxies were just like raisins in a rising cake, being pushed apart by the mysterious explosion of space and time themselves. But Hubble had done his work in ignorance of Einstein, and he had been reluctant to draw such a grand conclusion from his own flinty data. He cautioned, in fact, that the redshifts might not be classic Doppler shifts at all, but some new physics, and perhaps should be thought of as “apparent velocities.” There were perhaps 100 billion galaxies in the sky, and so far the “expansion” of the universe was based on less than 200 of them.


However hesitant he was to make pronouncements about the implications of the redshift measurements, they had, he realized, given him an empirical yardstick to lay out the local cosmic surroundings. This was the universe that Sandage grew up into: The sun lay near the outer edge of the Milky Way galaxy, a flattened pinwheel of 100 billion stars. Attended by a pair of foggy concentrations of stars called the Magellanic clouds, the Milky Way anchored one end of a cigar-shaped collection of a dozen and a half galaxies traveling together through space called the local group. The other main members were the Milky Way’s twin, M31, the Andromeda Nebula, and a smaller spiral called M33.


Similar groupings of a dozen or so galaxies—a big spiral and the crumbs left over from its formation—were scattered through nearby space. These were all dwarfed by the great cluster of galaxies in the constellation Virgo, where more than 1000—maybe 5000—galaxies swarm. It was the most distant landmark for which Hubble had been able to intuit an independent distance.
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