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I 've always felt the tug of questions of identity, of who and what I am. These questions ring all the more loudly in middle age: I see parts of me emerging in my son's gangly adolescent limbs, and my father's septuagenarian facial traits are reflected in the mirror. I see a long line of connection, of which I am one bead along the string. For me, this long string of connection is a story, and this book is one telling of that story.

It didn't start out that way. I thought I was writing a book about the intersection of evolutionary biology and astronomy. But in the strangest way, this book is a form of shared autobiography.

The Stardust Revolution is the story of the greatest genealogical search of all time. It's extreme genealogy. It's extreme in terms of time, connecting us back to the very beginnings of time and space in the big bang. It's extreme in what it tells us about the nature of our ancestors. They were stars. We usually think of genealogy in terms of readily recognizable traits—“She has her grandmother's eyes,” or “He's a beanpole, just like his dad.” In extreme genealogy, the traits we're talking about aren't recognizable in family photos or with a glance in the mirror. It's not our hair color or the shape of our hands that's of interest. The elements are more fundamental: the types of atoms from which we're composed, the chemical bonds between them, the molecules that make up our cells. This is how our indelible stardust heritage is apparent in our blood and bones.

In pulling together the disparate threads that connect us to the past, genealogists follow various trails of evidence. There are the documents, including birth, marriage, and death certificates. There's the living memory, such as a grandmother's amazingly clear recollections of her grandmother from the previous century. There are the tidbits of other written records—perhaps a name from a ship's registry at Ellis Island, an obituary in a newspaper, a name chiseled into a gravestone. But, at some point in the genealogical searching, the trunk of the family tree ends with nameless ancestors. Here genealogy turns into history, history into archaeology, archaeology into anthropology, and eventually our genealogical search digs down into paleontology and geology. The trail of ancestral evidence turns from specific ancestors to broad communities, to continents, to shards of bone that denote a prehistoric hominid species, to fossils in four-hundred-million-year-old rock that record some of the first footsteps on land, to molecular speculation about LUCA—the Last Universal Common Ancestor, an ancient single-celled organism that might bind together all animal life on Earth—and, finally, to billions-year-old rocks that record the Earth's emergence as a planet.

There are strong links between genealogy, evolution, and origins, yet in day-to-day dealings they feel tenuous, if they're felt at all. The words are often used interchangeably, though they can mean very different things. We tend to think of ancestors as our immediate predecessors, those whose names appear on a family tree or at least in the kind of family legend that gets hauled out at holiday dinners, as in “George Washington was a distant relative.” In an evolutionary sense, we first look to the other primates as our closest genetic relatives, with whom we share distant relatives in ancient Africa. Then there are our origins, where evolution merges into a past so remote it feels more metaphysical than real. Yet all three—genealogy, evolution, and origins—fundamentally shape our personalities (“She's got her grandfather's temper”), our health (childbirth turned into a daredevil act by our mammalian propensity to give birth to live, large-brained babies), and ultimately by our very being as agglomerations of certain kinds of atoms and molecules that only together experience joy and anguish, as well as the mystery of sentient consciousness.


A common experience in genealogical research is that while digging into our past we discover that our origins are different than we'd thought. The true story of our past has been lost over time, neglected in boxes in attics and basements, or perhaps hidden. A black woman may discover a white great-grandparent; or the Muslim, a Jewish forefather; the adopted child may find that her mother was aboriginal. We don't always welcome these revelations. A new genealogical discovery connects us differently to the world. Perhaps a culture that was once fully “other” becomes part of “me.” Maybe a distant land that was completely foreign and of no interest becomes a homeland. Someone in our neighborhood who we liked, or disliked, may become a distant relative. In gaining this knowledge, we are exactly the same yet somehow different. When we look in the mirror, we see ourselves a little differently. Suddenly there's new meaning in the shape of our nose or lips, the color of our hair or eyes. In knowing, we are given a choice: to accept this new view of ourselves or to deny, ignore, or reject it.

Genealogy is about the transfer of information, the genetic information that makes us who we are: tall, short, big-boned, sickly. This information is embedded in our DNA. We may think of DNA as the genetic information molecule, but DNA itself is a book made up of various words and sentences. Each of its atomic and molecular parts has its own characteristics in the ways it prefers to bond, in the energy of these bonds, in how it vibrates, in how it breaks. It's these chemical characteristics that make DNA what it is, that make us what we are. So, we ask: What shaped DNA? What is its heritage? It's the next step back in the family tree that takes us to the stars. DNA molecules, the fundamental building blocks of life, find their parentage, their essence, not here on Earth but in the broader cosmos. They are the language of the universe, the way the cosmos expresses itself. The information they inherited comes from the nature of the stars and the cosmic ecology that birthed them.

Many ancient cultures intuited an intimate, living connection between the heavens and the Earth. The cycles of the seasons were measured by the movements of stars and constellations at sacred sites, from Stonehenge in England to Machu Picchu in Peru. Women's cycles of waxing and waning fertility were in tune with the fattening and shrinking of the Moon. Many cultures worshipped the Sun and Moon as divine foreparents, father Sun and mother Moon. The Sun and Moon were out there, untouchable and holy life-giving forces on whom our lives depended for guidance regarding not only when to plant and harvest but also the success of that harvest. We ate because of the Sun. Today, this connection to the cosmos is largely seen as mythic, as stories that ancient peoples concocted to explain their existence.

Since Galileo first used a telescope in 1609, we've been on a voyage out, from the shores of the Earth into the cosmos. With our eyes, we've traveled farther into space and deeper into time, reaching the very beginnings of time: the big bang. Voyages often change the traveler. How have we been shaped by our collective journey, and what have we discovered? To my mind, one amazing realization is foremost: we thought we were exploring “outer space,” but we are finding our deepest selves. The 1972 Apollo 17 image of the whole Earth from space—the photograph of the big, blue marble—deeply shaped our view of ourselves as planetary beings. This realization fueled both the environmental movement and a swell of planetary consciousness that's still building. It is one view of ourselves, as an isolated planet, alone in the blackness of space. The Stardust Revolution is providing a complementary image of humanity: not as alone and different but as intimately connected with—indeed, born of—the cosmos.

Through extreme genealogy, we've come to understand a new story of ourselves: the story of our origin in the stars. When we look at images of countless distant galaxies, glimmering planetary nebulae, or the shimmer of the Milky Way, we are looking at family photographs. We are separated by great distances of time and space and are not direct relations. We feel as different as we do from some multi-eyed, antennaed Cambrian creature preserved in the rock of the Burgess Shale. Yet, if we open ourselves to what we've discovered on our journey out, we come to see that the greatest discovery is not what's out there but rather how we're part of it. The guiding question of the Stardust Revolution isn't “Are we alone?” but rather “How are we connected?”

Ancient mariners looked to the stars to determine where they were. In the Stardust Revolution, we're realizing that the stars are guides to who and what we are. If we discover other life, it will not be alien; rather, it will be distantly related to us. We already find it difficult on Earth to understand our shared humanity, the deeply shared nature of black and yellow, white and red, man and woman—and we find it easy enough to detect aliens on Earth based on differences in culture, language, and nationality. This is the heart of the Stardust Revolution: it's as much about ourselves as it is about what's out there. We are stardust; the stars are our ancestors. When we look at the sparkle in a baby's eyes, we're seeing the reflected twinkle of long-ago stars shining once again.
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Searching for our genealogical roots always eventually brings us to foreign lands, times, cultures, and languages. With the extreme genealogy of the Stardust Revolution, we quickly find ourselves in distant cosmic realms where the language that's used to describe it is that of astrophysics.

Taking an astrophysical genealogical journey is a trip, by Earth standards, into the land of extremes. You can leave behind your wristwatch, notions of a country mile, or thoughts of a cold day being one on which you see your breath in chilled morning air. On this trip, temperature, distance, and time are measured in ways we don't use in day-to-day activities. This is not to say that these conditions are somehow “other,” but rather that, in understanding our cosmic heritage, we see that we embody astrophysical extremes.

To describe temperature, astrophysicists generally use neither the familiar Celsius nor Fahrenheit temperature scales but rather the Kelvin scale. The Kelvin temperature scale is calibrated in relation to absolute zero, the temperature at which atoms stop moving. On our genealogical journey, finding ourselves somewhere really cold—say, inside a dense molecular cloud from which solar systems are born—is to be at about 15 degrees Kelvin. That's approximately –433°F, or –258°C. For our purposes, all temperatures in this book are described in degrees Fahrenheit. I hope that for readers more familiar with the Celsius scale, –433°F will register simply as cosmically cold.

For the Stardust Revolution story, distances are often best described in light-years. A light-year is the distance a photon of light travels in one Earth year. Since light travels at the constant speed of about 300,000 kilometers per second, or approximately 186,282 miles per second, this distance is about 10 trillion kilometers or 6 trillion miles—huge numbers more simply described as a light-year. For comparison, the distance from the Sun to the Earth is about 8 light-minutes, or 93 million miles.

In this book, when smaller distances, sizes, or masses are involved, I’ve generally used the American Imperial measurement system of miles, inches, and pounds. However, when it comes to sizes and masses, I’ve used metric measurements when the original research did so, such as using nanograms or billionths of a gram to describe the mass of a grain of stardust. Again, I hope that for readers more familiar with other units of measurement the key message will be clear that something is either infinitesimal or enormous.

Cosmic genealogical time is a mix of the atomic-clock fast and the seemingly eternal. On the one hand, there are the atomic transformations in exploding stars that take place in billionths of a second; on the other, there are the interstellar wanderings of stardust that can take millions or billions of years before a single grain becomes the stuff of a star or planet. Nineteenth-century geologists tracing our evolutionary roots had to get used to talking about deep time measured in hundreds of millions of years. On our extreme genealogical search, pushing back our origins to before the existence of the Earth, a million begins to feel a little like spare temporal change, and you get to dropping the term billion like a Wall Street investment banker.

Now it's time for our journey.
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We live in a changing universe, and few things are changing faster than our conception of it.

—Timothy Ferris, The Whole Shebang, 1997

MEETING LUCY ZIURYS

W hen I first met Lucy Ziurys in early December 2008, I was struck by the thought of what it would be like for a pre–World War II astronomer to meet her. He wouldn't believe she was of the same academic species. The time-traveling astronomer would think that he hadn't moved just through time but that he had also moved into a strange parallel universe. Ziurys's basement office in the Steward Observatory at the University of Arizona would at first seem familiar enough. Every horizontal surface—her desk, the meeting desk—is covered with piles of papers, a clutter reminiscent of that of legions of scientists for centuries.

But upon closer inspection and questioning, it would be clear to the visitor that this is a very strange future. For one, Ziurys is a woman, her shoulder-length, sandy-blonde hair is held back with a simple headband revealing a strong Nordic face with deep-set blue eyes. She has the direct bearing of a woman who has made her way in a field through dint of effort and will in what has squarely been a man's domain. A female astronomer with a prominent academic post, research funding, and a coterie of graduate students was unheard of until the latter part of the twentieth century. Yet our visitor might reflect that women had indeed played a major role in the laborious work of early twentieth-century astronomy and that Ziurys's occupation was thus not that strange.

Further inspection of her office would shake this initial small comfort. On her desk, under a traditional ball-and-stick model of a molecule common to chemistry classes worldwide, is a copy of a test from Ziurys's course, Astronomy 522. The test's first question asks students to draw the electron configurations for a number of molecules. Our visitor, probably wearing tweed, would wonder what an astronomer was doing teaching chemistry. This thought would only be confounded by a look at Ziurys's bookshelf, filled with dozens of multicolored binders, each binder labeled with molecular nomenclature that an astronomer with even an inkling of chemistry could see were alien combinations, and one simply titled “Extragalactic Molecules.”

“Incredible!” our visitor would assert as he put the pieces together. Ziurys is both a chemist and an astronomer. She's an astrochemist, an astronomer who studies the previously unimaginable—not galaxies, stars, or planets but the molecules around and between stars light-years beyond our Solar System. Our visitor wouldn't be glimpsing just the future but also a new universe. Until the late 1960s, it was generally considered that space was simply too harsh a place for any but the simplest two-atom molecules to survive. Ziurys's bookshelves, however, hold the story of an utterly different cosmos.

When our visitor would finally ask Ziurys how she can possibly study cosmic chemistry—observing molecules so small they are too tiny to view with microscopes on Earth—the full impact of this bizarre future would hit home. Ziurys doesn't peer through a telescope to look for molecules in space; she listens for them. She's a radio astronomer. Hers is a perspective of the universe wholly unknown to astronomers before the advent of the first dedicated radio telescopes in the 1950s. Yet when she turns the Steward Observatory's Kitt Peak radio telescope toward any point in the sky, the signal-display monitor sings with the molecular signatures of vast seas of molecules stretching across the Milky Way.


By now our visitor, quite perplexed, might turn away and toward the windows for some intellectual relief—at least daylight would be the same. However, there on the ribbon of wall beneath a rectangular slit of window, he would perhaps see the strangest item of all: a framed certificate of appreciation from the US Space Studies Board. This would be fitting for an astronomer. But he would be perplexed by the committee of which Ziurys was a member: the Committee on the Origins and Evolution of Life. This astronomer isn't just a chemist; she has something to say about biology.

In 2004, when Ziurys was on the committee and the US space program was sagging from two space-shuttle disasters, President George W. Bush announced a “reinvigorating” national program of possible American missions to the Moon and eventually Mars. What the president didn't mention, or perhaps even know about, was a far grander space race already under way: an epic quest to see our cosmic selves anew. Eight years before, in a brief address to the US Congress, NASA's top administrator, Daniel Goldin, tried to galvanize lawmakers with a new vision of the American space program, a vision that didn't involve astronauts or manned spaceflight—at least not for the foreseeable future. It wasn't even ultimately about out there. It was about us. The program was Origins. “Origins is one of the boldest challenges NASA has taken on,” Goldin told Congress, “and the results could literally change the way humans think about the universe and their place in it…. It will rewrite textbooks in physics, chemistry, biology, and quite possibly, history.” Though he was the head of the US space agency, Goldin believed that the opening century of the coming millennium belonged to biology—that “the right stuff” in space research was about life. Goldin, and others in NASA's Office of Space Science, was inspired by the previous year's discovery of the first planet around a distant Sun-like star, an exoplanet. For millennia, such planets had been the stuff of myth, speculation, and, most recently, science-fiction movies such as Star Wars. Now the space science and astronomy community reacted like Alice having fallen through the rabbit hole—it had discovered a whole new cosmos, in which the notion of planets didn't end at Pluto. Goldin championed the Origins program as an interconnected weave that would extend from exploring the origins of galaxies to the origins of solar systems and finally to the origins of life itself. Tying the program together was a single guiding question: “Where did we come from?” Origins, it turned out, was too bold a program. The United States was still deeply mired in the debate over terrestrial evolution, one in which Congress had banned NASA support for the search for extraterrestrial intelligence (SETI) program it had pioneered, and one congressman had derided the program as “the search for little green men.” Without the iconic appeal of manned exploration, Origins has yet to fully take off.

However, the new astrophysical discoveries that were driving Goldin's vision kept coming, fueling science at the intersection of astronomy and biology. At the same time that President Bush was announcing the Moon and Mars missions, the seventeen members of the Committee on the Origins and Evolution of Life were writing a landmark report joining astronomy and biology. Their report, The Astrophysical Context of Life, released in 2005, was routine in format and pedigree. But the question it asked and the conclusions it drew were historic. The authors reflected on one key question: What can astronomy tell us about biology and life? While the Bush administration was fighting the Culture Wars—tacitly, when not actively, opposing the teaching of terrestrial evolution in US schools—only several blocks away from the White House, at the offices of the National Academies, the members of the Committee on the Origins and Evolution of Life had come to the conclusion that the question of evolution on Earth was a twentieth-century issue. The twenty-first-century question was a cosmic one. Their report opened with the view that “there are compelling reasons to argue that a full and complete picture of the origin and evolution of life must take into account its astrophysical context.”

The mix of biologists and astronomers who made up the committee were far from unanimous in their view of the scope or depth of this astrophysical impact. “I think everyone on that committee felt there was life elsewhere,” says Ziurys the astrochemist in her basement office at the University of Arizona. “But there are people who felt that all life on Earth…evolved here in a soup on the Earth, with no connection out to space. And there are those of us that [ran] that committee who felt that there was a connection between what is occurring out in interstellar space and…how life evolved on Earth—or any planet.” The sticking point for the committee wasn't evolution; it was the broader notion of origins. “You would be surprised how people think in silos, even in the scientific world,” says Ziurys. “If they are biologists, working with Petri dishes in a laboratory, [they think the early] Earth was one big Petri dish.”

For Ziurys, however, the ultimate key to understanding the origins and evolution of life on Earth isn't on Earth. To understand why all terrestrial life is carbon-based, why life uses only twenty of the possible dozens of potential amino acids, why iron is the metal atom around which the hemoglobin in our blood binds—to understand any of these life mysteries—we must look to the stars. For Ziurys, and a new era of scientists, our story doesn't begin on Earth; it begins with stardust.

THE THIRD GREAT REVOLUTION

Pick up a dictionary and look up stardust, or Google the word, and you'll see that it is culturally defined primarily as fantasy rather than as fact. Stardust is the title of novels, science-fiction movies, and Hoagy Carmichael's 1927 hit song—one of the most popular American tunes of all time. Most dictionaries’ definitions of stardust are similar to this one from Merriam-Webster: “a feeling or impression of romance, magic, or ethereality.” Stardust is the equivalent of fairy dust—the stuff of fantasy, intangible and elusive.

But we're in the midst of a cultural and scientific shift, and at its heart is the new science of stardust. It's captured evocatively in NASA's Stardust mission, which in 2006 became the first mission to bring back samples from a comet: 242 million miles from Earth, the Stardust robotic probe intercepted comet 81P/Wild 2, swept through the plume of dust and water that make up the comet's translucent tail, and made it back to Earth with an invaluable cache of microscopic grains. Some of these tiny grains are literally stardust. Wild 2 was formed from a birth cloud of dust and gas that gravitationally collapsed to form the Sun, the Earth, and other planets, as well as the countless asteroids and comets that compose our Solar System—and, ultimately, you and me. The tiny grains of sand collected from comet Wild 2 have been largely unchanged for 4.5 billion years, from the time when the Earth was forming. Stardust is now the stuff not only of fantasy but of fact and science.

Stardust science isn't a term you'll find in scientific journals. I’ve coined it for two reasons. First, it captures a profound shift in our understanding of the world and the cosmos. Second, it envelops the scope, majesty, and essence of a diverse range of research, all linked by literal stardust. Stardust science has developed gradually and spasmodically at the peripheries of the established departmental sciences of astronomy, physics, chemistry, geology, and now biology. Many scientists engaged in this work don't attend the same scientific conferences. In the increasingly fragmented, niche-specific realms in which they work, they often can't understand the details, or the importance, of each other's scientific papers. They lack a common language. For example, when biologists talk about extinction, they mean the elimination of a species. When astronomers use the term extinction, they're referring to the degree to which matter between the stars blocks their view of light from a distant star or galaxy. But indicative of the emergence of a new science, other scientists are bridging these linguistic gaps and creating interdisciplinary understanding. In the process, they're reversing a two-hundred-year trend toward increasing scientific fragmentation.

At its core, stardust science is perhaps science's greatest exercise ever in integration, extending the notion of ecology into the cosmos. German zoologist Ernst Haeckel coined the term ecology in 1873 to refer to the new science dealing with the relationship of living things to their environments. He developed the word from the Greek oikos, for “house,” and logia, “study of.” Thus, stardust science seeks to find our home in the greatest environment of all, the universe. As the Astrophysical Context of Life report contends, for example, the study of the molecules of life on Earth “should be connected to topics of star formation and cosmochemistry and the origin of life.” At the heart of this integration is the new field of astrobiology, the great unifying science. It draws not just on astronomy and physics but also on chemistry, biology, and planetary geology, extending all these disciplines to the stars in the search for life's cosmic origins and connections. Astrobiologists aren't probing the universe's physical structure but rather its biological nature.

Historically, astronomy and biology are the strangest bedfellows. Those who studied cells didn't study stars, and vice versa. One group looked down through microscopes into the essence of our beings; the other looked up and away through telescopes into the depths of the cosmos. But through this searching of inner and outer worlds, some biologists and astronomers have sensed a common goal and a single connected story. The old, seemingly impenetrable wall between our evolutionary nature on Earth and the cosmic story we see around us is crumbling. Evolutionary theory is entering the space age. For stardust scientists, the focus isn't on elucidating an expanding universe but rather on an evolving one. This is not the view of a scientific fringe. It is captured in the words of another landmark document, the 2008 NASA Astrobiology Roadmap: “We must move beyond the circumstances of our own particular origins in order to develop a broader discipline, ‘Universal Biology.’…We need to exploit universal laws of physics and chemistry to understand polymer formation, self-organization processes, energy utilization, information transfer, and Darwinian evolution that might lead to the emergence of life in planetary environments other than Earth.”

Through the research of scientists like Lucy Ziurys, we are in the midst of the third in a series of scientific revolutions that have shaped our understanding of our origins and place in the cosmos. The first revolution was the Copernican Revolution, which in the sixteenth and seventeenth centuries removed the Earth from its divine locus as the center of creation and joined our planet with the other planets orbiting the Sun. Three centuries later, the Darwinian Revolution removed humanity's distinct, divine biological status to place this species in the ebb and flow of all life on Earth. We are now in the midst of a third seismic shift in our understanding of our place in the living cosmos—the Stardust Revolution. It is merging the Copernican and Darwinian Revolutions, placing life on Earth in a cosmic context.

THE ORIGINS OF THE STARDUST REVOLUTION

Stardust science emerged as the unsuspected offspring of twentieth-century astrophysics, the marriage of astronomy and physics. Astronomy in the twentieth century was dominated by the question of the physical origins of the universe. Nineteenth-century astronomers had looked up at a heavens that had no known age, size, shape, or origin. The night sky was a dark well of the unknown. Twentieth-century astrophysicists, with new telescopes and the tools of physics, have performed the greatest pull-away dolly shot in history. They've moved the camera back to reveal Earth not just as the third planet from our Sun but also as a planet nestled among billions of stars in the spiral arm of a galaxy, the Milky Way. Then, in epic fashion, the astrophysics camera pulled back even farther to give us a divine perspective of a cosmos that evokes gasps as we see billions of galaxies in an infinite universe. Today you can download to your computer monitor the latest deep-space image from the Hubble camera, confident that the universe is 13.7 billion years old (give or take 0.13 billion years) and that it will continue to expand forever.

This comprehension required great intersections of scientific theory, observation, and experimentation. These included Einstein's general theory of relativity, laying out a basis for the nature of space-time and cosmic-scale gravity; Edwin Hubble's meticulous measurements of the speed and direction of distant galaxies, revealing their increasing separation and an expanding universe; and Arno Penzias and Robert Wilson's serendipitous discovery of the cosmic microwave background radiation—a universe's birthing sounds, evidence of the big bang. The universe revealed by astrophysics is full of exotic objects: exploding stars that for months are brighter than an entire galaxy; neutron stars, stellar remnants so dense that a teaspoonful of this über-compact matter weighs more than all the buildings in Manhattan; and, at the hearts of galaxies, massive black holes—objects whose powerful gravity traps even light.

Taken together, it's an astrophysics story that culminates in the present-day Standard Model of Cosmology, the scientific theory that explains the origins and structure of the universe. This theory ties together particle physics and cosmology, and predicts the existence of, as yet invisible, dark matter and energy, thought to account for about 95 percent of cosmic mass. It provides the scientific shoulders from which physicists such as Stephen Hawking reach for a unified theory of physics, one that joins the theory of the biggest objects, general relativity, with those of the smallest, quantum mechanics. Yet, as Hawking concludes in A Brief History of Time, even this achievement wouldn't close the circle. “A complete, consistent, unified theory is only the first step,” he writes. “Our goal is a complete understanding of the events around us, and of our own existence.” How do we fit into this story of the universe?

The puzzle of our cosmic origins is the great untold science story of the past five centuries. It's been at the core of work by scientists whom we know for other work: Newton's monumental insights on gravity and light; Pasteur's legendary experiments on the microbial basis of disease; Bunsen's iconic chemistry burner; and Einstein's defining theories of space and time. It was there, sometimes as a secret, at other times as a surprise or beyond the realm of experimentation, at the core of most of the great scientific debates—evolution, the spontaneous generation of life, the origin of the universe, the nature of stars, the origin of atoms. Each debate provided an odd-shaped piece in a great jigsaw puzzle whose assembled pieces now reveal the outline of an incredible image barely hinted at by any one piece. This is a cosmic puzzle for which we haven't had a box-cover image to guide our assembling. We've had to grope, feeling the shape of each piece, finding edges that fit—or that seemed to fit—only later to be dramatically taken apart and rearranged, and then often with our forgetting that we'd ever arranged them otherwise. All along, we thought that this puzzle was about the world out there, about Nature or the cosmos, but not about us. Yet in that amazing tradition of outward journeys in which we find ourselves, we've created an image in which we are now faced with our own reflection.

NEW WAYS OF THINKING

Stardust science seeks to place the Earth and our existence in a historical, cosmic context. For stardust scientists, the question of biological evolution doesn't begin with the creation of the Earth but pushes back in time and space. In cosmic genealogy, the Earth is a recent arrival, only a third the age of the universe. How do we understand the origins of life in a cosmos brimming for billions of years before the Earth existed? When astrophysicists discovered the first molecules in outer space in the late 1960s, the scientists who studied them gave themselves the mongrel title “molecular astrophysicists.” They thought in physics terms about these molecules light-years away—in terms of their quantum energy states and the wavelengths of light they emitted when energized. But during the 1970s, a new breed of astronomers looked at the molecules between the stars not as physicists but as chemists—astrochemists. It was a profound difference of perspective. Where physicists see stars as objects that produce light and heat, astrochemists see stars as the source of elements and molecules, and, therefore, ultimately, life.


The prophet of this new way of looking at the heavens was the American astrophysicist turned astrochemist Carl Sagan. Sagan was above all a critical thinker. While he inspired millions as one of the great astronomy popularizers of the twentieth century, he also sought to marry this new view with new ways of thinking. His book The Demon-Haunted World, for example, explored the boundaries between superstition and science. His critical thinking as an astrochemist and astronomer led him to a singular conclusion: it's not just the Earth but the entire universe that's alive. The opening sequence in Sagan's PBS television series, Cosmos, evokes this verdant view. Sagan, standing atop a cliff on the wind-blown coast of a Hawaiian island, introduces viewers to a new story: rather than being a barren, inanimate desert of high-energy particles and black holes, the cosmos is a fertile sea awaiting our discovery. As Sagan wrote in the companion book to the TV series: “The surface of the Earth is the shore of the cosmic ocean…. Recently we have waded a little out to sea, enough to dampen our toes or, at most, wet our ankles. The water seems inviting. The ocean calls. Some part of our being knows this is where we came from.”

For all its poetry, and in some cases because of it, Sagan's message lacked convincing substance for many in the scientific community. Among his many colleagues, Sagan's vision was fundamentally undercut by one fact: in 1980, we knew of only nine planets (including the since-demoted dwarf-planet Pluto) not just in our Solar System but in the entire cosmos. Extraterrestrial life needed more than the molecules of life; it needed somewhere to live. As far as we could tell, however, the other planets of our Solar System lacked a heartbeat. They were lifeless orbs of rock and gas. But in December 1996, fifteen months before Sagan's death, the extraordinary discovery of planet 51 Pegasi b (commonly referred to as “51 Peg b”) broke a scientific spell—the discovery of the first exoplanet, a planet around a distant Sun-like star. For half a century, almost all astronomers believed that if there were planets around other stars (and many doubted this), they would be impossible to detect, let alone study. It took thousands of hours of telescope searching, technical innovation, personal and professional heartbreak and disappointment, and endless errors to discover this first planet orbiting a star other than our Sun.

The discovery of exoplanets did more than launch the greatest search of all time. It was the breaking down of the Berlin Wall of the Stardust Revolution. Change had come. And with it, a new way of thinking took hold—that the cosmos’ biological nature is knowable. For decades, astronomers, including Carl Sagan, who talked about the study of life in the universe, were derided by scientific colleagues for pursuing a topic without a subject matter. Beyond Earth, in our Solar System there was no other life, and, more importantly, there was no way of studying the question of life in the universe or its cosmic origins. End of discussion. But the discovery of exoplanets was the tipping point in a decades-long buildup of evidence—from the discovery that the elements are forged in stars, to the discovery of interstellar water and organic molecules and of amino acids in meteorites—that is the foundation of the Stardust Revolution. The biological universe could now also be described by Einstein's statement of astonishment: “The most incomprehensible thing about the universe is that it is comprehensible.”

NEW WAYS OF SEEING

In the Stardust Revolution, this growing comprehension is driven by new ways of seeing the cosmos. The history of science is the history of resolution, and this is no more so than with stardust science. With each advance in telescopes, we don't just see better and more, we see differently. The more detail we can see, whether in a cell or in the cosmos, the more we know. Until Galileo looked through his telescope, there was no way of seeing Jupiter's moons, no way of seeing that the milkiness of the Milky Way is in fact the light of countless individual stars. The lenses in Galileo's telescope, crafted with what was then the world's finest glass, made by Venetian glassmakers, provided only about thirty times magnification, but the impact on human consciousness was tremendous and far reaching.

The Stardust Revolution involves not just greater resolution but different ways of seeing. Prior to World War II, humanity had explored the heavens only in light visible to the human eye, but today optical telescopes are only part of an armada of observatories, many of which don't see in visible light. Stardust scientists are exploring the cosmos in almost every wavelength of the electromagnetic spectrum, from gamma rays to x-rays, ultraviolet to infrared, and microwaves to radio waves. Each wavelength reveals different aspects of cosmic nature that are often impossible to observe in other wavelengths. It took the serendipitous 1940s development of radio astronomy—of using not visible light but radio waves and microwaves—to explore the heavens and reveal the previously invisible molecular universe. Space-based infrared telescopes, such as NASA's Spitzer Space Telescope, reveal the dusty origins of distant stars and planets. Future ground- and space-based telescopes will probe the atmospheres of Earth-like planets around distant suns.

BEYOND THE IMPOSSIBLE

The Stardust Revolution is also the story of what it's like to live in revolutionary scientific times. It is a revolution in the sense of what science historian Thomas Kuhn called a “paradigm shift,” in which there is a gradual building of evidence against the predominant worldview until one day, while that view still seems strong, the scientific old guard lays down its arms and the wall comes down. Revolutions in science involve all the elements of political revolutions, at least bloodless ones. Sir Fred Hoyle, the British astrophysicist who in many ways was the great twentieth-century prophet of stardust science, noted in his autobiography that “I grew up with the erroneous notion that the scientific establishment welcomes progress, which is the opposite of what is generally true. Progress is equivalent to revolution.” There are opposing camps: one entrenched in the bastions of power, the other claiming that the emperor has no clothes. It might seem like a tempest in a teapot, and at times it is, but there's something much larger at play—our understanding of ourselves, the universe, and our place in it. In science, the revolutionaries fight to get funding, to get published, to get telescope time, and more. Their scientific papers are often rejected and even ridiculed by anonymous reviewers. Stardust revolutionaries have faced an establishment that has dissuaded and ridiculed their research; that has denied, dismissed, or simply ignored findings.

Scientists have long had their own way of describing the painful and frustrating experience of a paradigm shift. Fred Hoyle's colleague, the Cambridge University physicist Ray Lyttleton, said that there are three stages in the acceptance of upstart scientific ideas: first, the idea is nonsense; then, somebody else thought of it before you did; and finally, we believed it all the time. The Stardust Revolution has been a centuries-long dance between what seemed reasonable at the time and what observation actually revealed, between elaborate theories of how the cosmos worked and singular theory-shattering discoveries.

In retrospect, we see a single narrative. In many cases, there's a stardust science pedigree of scientists trained and inspired by stardust mentors who in turn go on to train and enthuse a next generation. It's not, however, lived as a single narrative but rather as a maelstrom of uncertainty in which there are countless possible endings to the story. For all its messiness, though, science gropes and stumbles toward observable truth. Many of the establishment's leaders became converts over time. Though resistant at first, they are drawn to a vision because they refuse to deny the truth of their own scientific intuition and observations. The stardust story is possible because of the strength of their personal convictions, their wide-ranging curiosity, and their vivid imaginations. Because a universe seeking to know itself urged them to speak their truth.

The modern space age began in 1957 with the successful launch and orbiting of the Soviet Union's Sputnik 1, the world's first satellite. Sputnik sparked the frantic creation of NASA a year later and also the US National Research Council's Space Studies Board, which Lucy Ziurys would later join. But 1957 was also the year that Fred Hoyle and three colleagues wrote a seminal paper, one of the landmarks in the history of science, describing how stars fuse hydrogen and helium to create all the other elements in a process called stellar nucleosynthesis. Thus, they showed that with every atom of carbon, oxygen, iron, and calcium in our bodies, we are truly the stuff of stars. While the world's attention was occupied by its fear of intercontinental missiles and the race to the Moon, the Stardust Revolution had begun.

Today, after millennia of stargazing speculation and nearly a century of space-age science fiction, the search for extraterrestrial life is real. When humans next voyage to the Moon, we might do so with the knowledge that light-years away is another living world; that on a distant exoplanet—under the light of a full moon, or two—other beings experience lives of mystery; that not only are we not alone, but these beings are our relatives, made from the same materials and as a result of similar biological processes; and that just with every atom of our bodies, we are joined with a living cosmos.

Stardust science raises profound questions about previously staunch intellectual boundaries between living and nonliving, between us and everything else. How did life begin before the Earth took shape? What's our living relationship with the rest of the universe? Who and what are we, in a cosmic sense? What is life? Are there abundant Earth-like exoplanets, as is argued by many astrobiologists, or are we an exquisitely “rare Earth,” a singular blossom in an otherwise utterly barren cosmos? At its core is one question: Is life a fundamental emergent property of the universe?

To tell the story of the Stardust Revolution, it's necessary to start at the beginning, at a time when astronomers and physicists were struggling to explain the basic nature of stars. As so often happens when we travel, in seeking to understand something else, what is most profound is what we discover about ourselves.
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The tiny, twinkling stars of the night sky, shining with feeble and fluctuating beams, appear so minute and unsubstantial that an inexperienced beholder might expect one after another to vanish from its place…. Instead of infinitesimal points of light…[the astronomer] visualizes them as giant globes of incandescent matter pouring forth energy at so terrific a rate as to stagger the imagination. The contrast between the apparent and the real is the most stupendous in all human experience.

—Paul W. Merrill,
“Stars as They Look and as They Are,” 1926

LOOKING AT THE SUN

E very workday, Steve Padilla gets up and does what mothers the world over tell their children not to do: he looks at the Sun. Atop Mount Wilson, 5,700 feet above the Los Angeles basin, from where you can only imagine its byzantine freeways snarled with traffic, Padilla leaves the modest bungalow that he's called home for the past twenty-five years and makes his daily pedestrian commute under the towering Douglas fir and the majestic canyon oak to his solitary job at the 150-Foot Solar Tower. This observatory doesn't look like the famous dome-shaped observatories Padilla passes on his way to work. The Solar Tower resembles a Texas oil rig more than it does a telescope. Its four steel-girdered legs surround a central tube, with the addition of a small dome on top. But this structure isn't mining down for crude; rather, it's looking up for sunlight. Padilla climbs into the rickety, open-bucket elevator on the tower's side (unless there's a wind over sixty miles an hour, in which case he should use the ladder, though he never has) and makes a clanking, slightly swaying ascent up to the dome. From here he gets the best view of the approximately seven million souls in the greater Los Angeles area. It's a vista that captures the contrasts of Southern California: to the west, he looks down to the San Gabriel Valley and the seemingly endless spread of the City of Angels a vertical mile below; to the east, the Sun rises over a tiered wilderness of snowcapped mountains.

Padilla opens the observatory dome and positions the primary mirror so that it aims the dawn light directly at a secondary mirror, which in turn reflects the soft morning light down into the observatory's heart. For the rest of the day, the mirror will automatically track the Sun's journey across the Southern Californian sky.

After returning to the observatory's viewing room, Padilla, monk-like, with thinning curly hair and a ripped blue windbreaker, gets a pencil and positions a fresh ten-by-twenty-inch piece of drawing paper at the light focus so that the orb of the Sun is centered in the middle of the sheet. Then, as Mount Wilson's solar observer has done for most of his life—certainly longer than any other person on Earth—Padilla draws by hand the location of sunspots. These slightly cooler, magnetized areas of the Sun's surface appear as dark blemishes on the solar face. On this day, April 14, 2011, he marks that the seeing, the term astronomers use to describe the clarity of their view, is 2.0 out of 4—a little hazy, the spring air still turbulent from a high front moving in, clearing out the previous day's clouds.

Padilla started as the solar observer in August 1976, landing the coveted post after first working as a relief night assistant on Mount Wilson's sixty- and hundred-inch telescopes. For thirty-five years he's been observing our star, recording its eleven-year cycles of dipping and peaking magnetic activity, clocking its rotational speed, and measuring its overall intensity. While for most of us the Sun is a constant, for Padilla “there's always something new.” What's new is usually the distribution of sunspots. During years of low sunspot activity, the Sun can go spot-free for months. Five years later, at the sunspot peak, the Sun's face can resemble that of an acned teenager, marked across its diameter with dozens of pairs of spots, each a north or south pole to the other.

The sunspots are like islands on the Sun's surface that appear to move across its face as the fiery orb spins on a twenty-seven-day rotation—a solar day. For the past several years, Padilla hasn't taken long with the drawings; sunspot activity has been on the wane. He's faithfully recorded the downward slope in the Sun's eleven-year sunspot cycle of activity, a process he's watched personally for a full three cycles. Today there is a smattering of sunspots along the Sun's 20° north line of latitude, and in the next eleven-year cycle the spots will mysteriously flip to the Southern Hemisphere. The largest sunspot visible today, a dimple on the solar surface, is about one and a half times the Earth's circumference. Padilla shows me the image of the largest-ever recorded sunspots from the same month in 1947, when the spots were massive, like small seas of darkness dozens of times larger than today's spots.

Padilla finishes his drawing and puts it into a binder for future reference. His drawing is the latest in an unbroken run of about thirty thousand daily Sun sketches made at the 150-Foot Solar Tower since January 4, 1917, and is now continued more as a labor of love than for science. Padilla is part of a dying breed, a ground-based solar observer. Today, most Sun observing is done with robotic telescopes or space-based satellites.

Padilla's early-morning isolation belies a broader truth about the observatory's busy, central role in astronomy history: Mount Wilson is the site of the most important astronomical discoveries of the first half of the twentieth century. On the walls of the Solar Tower are pictures of some of the famous visitors who've made the pilgrimage up the mountain, including Albert Einstein in 1931, on one of several visits, and Stephen Hawking, his thumbprint marking the visitors’ book from June 2, 1990. It was here, atop Mount Wilson, that Albert Michelson accurately measured the speed of light; that Harlow Shapley determined our Solar System's position in the suburbs, rather than at the center, of the Milky Way. But what draws legions of visitors now is Mount Wilson's legendary status as the site of Edwin Hubble's astronomical insights. In 1925, using Mount Wilson's one-hundred-inch telescope—the world's most powerful at the time—Hubble discovered that distant “nebulae,” the previously mysterious smudges of light on the inky night sky, were in fact vast agglomerations of stars—galaxies. The upshot was that the Milky Way wasn't the entire universe but rather an island of stars amid millions of others. In 1929, Hubble announced that his observations showed that these galaxies are moving apart, and that the farthest ones are moving apart faster than the nearby ones. He'd shown that the universe wasn't just vaster than anyone imagined; but that it was growing.

What's often lost in this best-known version of Mount Wilson's story is that before the nighttime telescopes arrived, the observatory was established to do astronomy under the full glare of the Sun, with the goal of understanding our evolutionary connection to it.

THE GREAT SEER

Silently watching over Padilla, in the form of a ceramic bust set atop a red mechanics tool cabinet in the solar observatory, is the original Sun watcher himself, George Ellery Hale. No one has had as great an impact on modern astronomy as Hale. Without Hale, there might well not have been Hubble or the dozens of lesser-known astronomers who laid much of the foundation of twentieth-century astronomy and cosmology. Born in 1868, as the United States was still reeling from the Civil War, Hale was the son of a Chicago elevator entrepreneur who made a fortune installing “vertical railways” in the Windy City's burgeoning sky-reaching buildings following the Great Fire of 1871. But Hale Jr. lifted humanity to greater heights. He didn't just establish Mount Wilson, he also envisioned and built an astronomy empire. Founding just the Mount Wilson Observatory would have been a life's work for any ambitious scientific visionary, but Hale was also seminal in founding the California Institute of Technology, the United States National Research Council, and the International Astronomical Union. Hale was the scientific equivalent of the legendary American industrialists, including John D. Rockefeller Sr. and Andrew Carnegie, whom he pursued and convinced to fund an unprecedented journey into the heavens.

Like the titans of industry, Hale was dedicated to the great American dictum that bigger, and technologically more advanced, is better. In astronomy, this is often the case. Like a pyramid builder, Hale could imagine projects that would take decades to complete and that would push human creativity into the realm of the seemingly impossible, but when they were completed, they would stand without equal. The observatories he built included the four biggest telescopes of the twentieth century. Each of these eyes on the universe outsized its predecessor; each finished telescope revealed ever farther and fainter glimpses of the cosmos. First came the forty-inch mirror at the University of Chicago's Yerkes Observatory in Wisconsin, then the sixty-inch telescope at Mount Wilson, followed by the observatory's hundred-inch telescope, through which Hubble made his grand discoveries. Hale's final triumph bears his name, the two-hundred-inch Hale Telescope at Mount Palomar, conceived in 1928, which saw first light in 1948. The five-hundred-ton Hale Telescope, with a curved mirror seventeen feet across, smooth to within the width of a bacterium (two-millionths of an inch), was Earth's greatest eye into the heavens until 1993, more than a half century after Hale's death in 1938. Hale's level of creative output was fueled by what today might be deemed bipolar disorder: bursts of activity interspersed with periods of profound depression and debilitating headaches that led to an early retirement.

What consumed Hale's deep passion and fed his workaholism weren't just the stars but also the deep belief that in them we'd learn something essential about ourselves. Hale founded the Carnegie Observatories in Pasadena, just ten miles from the mountain's base, as the location of offices for the Mount Wilson astronomers. In his office there, Hale's personal library, which included original works by both Galileo and Copernicus, also included a thumb-worn fifth-edition copy of Charles Darwin's On the Origin of Species. For Hale, evolutionary theory was as much a commentary on the origins of stars as of species. “It is not too much to say that the attitude of scientific investigators toward research has undergone a radical change since the publication of Origin of Species,” he wrote in his 1908 book The Study of Stellar Evolution. “This is true not only of biological research, but to some degree in the physical sciences. Investigators who were formerly content to study isolated phenomena, with little regard to their larger relationships, have been led to take a wider view.”

Hale believed that the key to this wider view of the cosmos began not with peering at distant stars but in studying just a single nearby one: the Sun. “We are now in a position to regard the study of evolution as that of a single great problem, beginning with the origin of the stars in the nebulae and culminating in those difficult and complex sciences that endeavor to account, not merely for the phenomena of life, but for the laws which control a society composed of human beings. Any such consideration of all natural phenomena as elements in a single problem must begin with a study of the Sun, the only star lying near enough the Earth to permit detailed investigation.”

The idea of doing astronomy in daylight is counterintuitive until we remember that the Sun is in fact a star and not so different from the approximately two hundred billion other stars in the Milky Way or the uncountable trillions of stars in the universe. It was this insight that made Hale not an astronomer but a solar observer. From nineteenth-century discoveries, Hale knew that the study of sunlight could provide powerful clues to unlock the secrets of the night sky, a new field of study he called astrophysics. His observatories would be laboratories, places where astronomy met terrestrial physics; where, through an understanding of what we see, measure, and describe on Earth, we can fathom the stars and in turn learn about ourselves. With astrophysics, astronomers could move beyond understanding where the stars are to knowing what they are. The key to this understanding lay in the Sun.

In 1903, having convinced Andrew Carnegie and his Carnegie Institution to pay the tab, Hale founded the Mount Wilson Solar Observatory. He chose this Southern Californian summit for its good “seeing”—the air masses over the peak were unusually quiescent—Hale arranged for Mount Wilson's first telescope, its sixty-foot solar telescope to be hauled up to the peak, mules carrying the telescope, every steel girder, and eventually the finely polished mirror, up from the dry, sage-scented canyons below, along precipitous and narrow cut-back trails today walked by weekend hikers packing electrolyte-balanced energy drinks. The solar observatory was completed in 1907, and a year later, Hale used it to become the first person to see that sunspots contain magnetic fields. Each spot is actually a married pair—a negative and a positive pole. It was a monumental insight, the first observation of magnetism beyond the Earth, adding one more astrophysical link between the heavens and the Earth. In order to tease more information out of sunspots, however, Hale needed a bigger telescope. Thus was born the 150-Foot Solar Tower, completed in 1912.

Standing in Hale's solar observatory while the repetitive whir of the magnetograph scans across the disk of the Sun, automatically measuring its motion and magnetic fields, I ask Padilla what he likes most about his job. “Every day I get to look at a star,” he says with an impish grin, echoing Hale's vision. “It's our closest star. By looking at the Sun we're seeing how a star works.” It's a line he's delivered to thousands of visitors, but it's no less powerful for that: strange as it is on one level, it's easy to forget. On clear nights, if we're outside the shroud of city lights, we see stars as twinkling points of light—deeply distant, cold, and mysterious. By midday, given that the stars now seem as though they have never been in the bright-blue sky, it might be difficult to believe that the intense, fiery, blinding Sun is just like those points of midnight light.


I've come here to see the solar spectrum. We see this spectrum in a dilute form when droplets of water in the atmosphere split sunlight to create a rainbow—dividing sunlight into its component parts from red through yellow to violet. But, using a spectroscope, the equivalent of a high-tech prism, the solar observatory dissects sunlight to create an enormously high-resolution spectrum, revealing otherwise invisible details of the stellar rainbow. Padilla adjusts “the periscope,” a viewing tube for looking at the spectrum. I glance toward the wall at a picture of Einstein bent over, his eye on the periscope, and Hale bent over Einstein's shoulder, as if asking, Can you see them?

“There, take a look,” says Padilla. I look through the periscope and gently move the view across the solar spectrum. There they are: the Fraunhofer lines, an intermittent series of seemingly randomly spaced thin, dark lines across the pale-green section of the spectrum Padilla has focused on. Not fuzzy or flickering, these dark lines are ruler-straight, evoking the dark lines drawn by a government censor to redact a document. Directly in front, I see a pair of lines, one a little thicker than the other; to the left is a thin, lighter line. Looking up, I see that these lines correspond exactly with the photograph of the Fraunhofer lines that Padilla uses as a benchmark to calibrate his observations. These particular lines are from atoms of ionized iron dancing in the Sun's atmosphere, absorbing photons of sunlight produced in the Sun's core, and thus acting as tiny shields revealing the Sun's composition. These Fraunhofer lines are the reason that Hale built this observatory. After the telescope itself, these lines are the cornerstone to our understanding of the cosmos. They were the great astronomical riddle of the first half of the nineteenth century. The serendipitous solution to that riddle set in motion a revolution: the Stardust Revolution.


OUT OF MYSTERY

Why did Hale so fervently think that studying the Sun would reveal the hidden nature of all stars? To answer this question, we have to go back to a book published in installments between 1830 and 1842: Auguste Comte's six-volume treatise The Course in Positive Philosophy.

Comte, one of the great nineteenth-century philosophers, was an eminently reasonable man. In fact, he was one of the most rational men of the century. Born in 1798, a child of the aftermath of the French Revolution, Comte expounded that a deliberate mixture of love and reason could form the basis for a new, harmonious social order, one that spurned the guillotine and rejected blind obedience to Church and monarch. Comte wrote prolifically, and his ideas were heard around the world. Brazil's fathers of independence were guided by his famous creed “Love as a principle, the order as a foundation, and progress as a goal,” weaving a shortened version into Brazil's flag as “Ordem e Progresso.” Comte's fame waned in the past century, though the intellectual fields he founded would impress anyone. In his application of science and reason to human affairs, Comte inspired sociology, and his thinking about the sciences made him the first modern philosopher of science.

Comte wasn't merely interested in what we know but also in thinking about how we know things and, ultimately, what is knowable. In The Course in Positive Philosophy, he covered all the sciences of his day in incredible detail, from astronomy to biology. When this French philosopher looked at the stars in the night sky over Paris, he was certain of one thing: we would never know their deep nature. “Men will never encompass in their conceptions the whole of the stars,” he reflected. “We can never know anything of their chemical or mineralogical structure.”

Comte wasn't simply a naysayer. His statement came at a historic tipping point—the birth of modern science. He wanted to set a new standard for describing the world we see and our expectations of what we might come to understand. His point wasn't that the stars are innately mysterious or divine and therefore beyond human understanding. Comte's argument was based on deliberate reasoning. He pointed out that, then as now, we have three modes of scientific exploration: direct observation, experimentation, and comparison of similar systems in order to see commonalities and differences.

As for the stars and planets, he reasoned, “Experiment is, of course, impossible.” You couldn't sample a star and bring a fiery chunk into a laboratory to study it under a microscope or subject it to the growing wonders of nineteenth-century chemistry and physics. As for comparison, he reasoned, it “could take place only if we were familiar with an abundance of solar systems, which is equally out of the question.” Thus, he concluded, all that would ever be possible was observation. All you get from a star is a twinkling speck of light. Pretty, but not the stuff of science. For all the grandeur of the night sky, Comte believed that astronomy—limited as it was by the observation of faint light from distant bodies—was forever restricted to the domain of the mathematician, “measuring angles and computing times of the heavenly bodies.” In the vernacular, astronomy was a dead-end discipline, but Comte reasoned that “if the knowledge of the starry universe is forbidden to us, it is clear that it is of no real consequence to us, except as a gratification of our curiosity.”

He was far from alone in his assessment. Astronomers of the day could observe the motions of stars and planets but could not figure out what they were made of. Yet even as Comte was writing, the first cracks were appearing in the wall of the “impossible” nature of the stars. Within several years of Comte's death in 1857, scientists would proclaim that, far from being unknowable objects, it was indeed as if you could hold a star in your hands and tease secrets from it, a revelation that came not from looking at a shining star but at the light of a little flame.


BUNSEN'S BURNINGS

If there's just one thing generations of students remember from high school chemistry, it's Robert Bunsen's last name, immortalized in the eponymous small, metallic burner that's emblematic of chemistry class. It may come as a surprise to many familiar with Bunsen as a chemist that when he died at the age of eighty-eight on August 16, 1899, his obituary appeared not only in chemistry journals but in the Astrophysical Journal. Listing Professor Bunsen's many scientific accomplishments as one of the great chemists of the nineteenth century, the obituary writer reflected that “the work for which Bunsen will, possibly, be longest remembered is that which he did with Kirchhoff in establishing the science of spectrum analysis.” Ironically, Bunsen is remembered for the burner he neither solely invented nor claimed as his own. Yet his deepest contribution to science is a largely unknown story. It was what he did with his burner—and the purpose for which he finessed it—that makes his the first great story of the Stardust Revolution.

Robert Bunsen had an early penchant for studying things that burned or blew up in the most violent ways. By all accounts, he was a gracious friend and colleague, but when it came to experiments, he loved to live on the edge. Bunsen's fame came not from great theoretical insight but from the fact that he was a persistent, deeply creative experimenter and laboratory innovator. He sought new ways to tackle vexing problems, even at great personal risk. In 1847, Bunsen traveled to Iceland, where he became fascinated with the island's angry geyser eruptions of searing hot water and steam. To understand their cause, he positioned himself on the lips of geysers and lowered thermometers into the geyser tube immediately before an eruption. In the seemingly safer confines of the laboratory, he discovered the first member of a series of arsenic-based compounds called cacodyls, named from the Greek term meaning “evil-smelling matter.” To appreciate just what an accomplishment this was by nineteenth-century chemistry standards, when the idea of a fume hood was science fiction, you need to consider the substance's particular qualities. Cacodyl's smell resembles that of garlic, according to those who have smelled it—and lived to tell the tale, for it's also extremely toxic. Bunsen found that a vaporized speck of the stuff, today known as tetramethyldiarsine, was enough to kill a frog. Additionally, it spontaneously combusts in air. On one fateful occasion, a cacodyl explosion permanently blinded Bunsen's right eye and left him on the verge of death for several days from arsenic poisoning. Yet he seemed to revel in the substance's extreme noxiousness, noting that not only did it smell repulsive but that exposure to its vapors caused nausea, a sense of suffocation, and an almost unendurable, long-lasting irritation of the nasal mucous membranes.

Bunsen's discovery of cacodyl, exciting to chemists as the first organic compound containing a metal, was part of a larger mission. Throughout the 1800s, chemists, including Bunsen, worked painstakingly to isolate and thus discover new compounds, particularly new elements. The challenge was how to chemically and physically separate elements and then distinguish a small sample of one silvery metal, or one grayish crystalline powder, from another. This is where Bunsen's burner came in. Nineteenth-century chemists knew that when different pure elements were burned in a flame, they produced distinctive colored flames. Burning sodium produced an orange burst of flame; copper, blue; and zinc, bluish-green. It's these burning elements that produce the fantastic, flaring colors of fireworks. Bunsen reasoned that it would be possible to isolate and discover unknown elements based on their flame color. To do this, he wanted a burner that produced a hot flame but very little light, so that the flame's light wouldn't compete with the light emitted by the chemicals he was burning. Working with his lab technician, Bunsen finessed existing designs of coal gas burners, adding the critical air baffle at the bottom of the combustion tube to create a burner whose flame could be rendered almost invisible. It's this characteristic of the Bunsen burner that makes fine-tuning the flame such an alluring experience—getting the near-invisible flame. Yet, even with a colorless flame, Bunsen found that many elements’ flame colors are too similar, as shades of blue-green or red, to be of scientific value. Then the great chemist had an idea. He would hold colored pieces of glass in front of his eye to look for small differences that would let him distinguish between elements. A blue lens would absorb the blue from the glowing element, leaving visible any other perhaps identifiable colors.

In the fall of 1859, while Europe's natural history community was abuzz with the controversy created by Darwin's On the Origin of Species, Bunsen, in his stone-walled lab in Heidelberg, set to work with his burner and pieces of colored glass, identifying the colors of light emitted by different chemical “species” (as elements were sometimes called) when they were heated in the burner's flame. This is how Bunsen's friend and colleague physicist Gustav Kirchhoff found Bunsen when he rolled into the chemist's lab one day in the summer of that year. Kirchhoff, using a wheelchair as a result of a childhood accident, had become one of Europe's greatest physicists, accomplishing fundamental work in electricity and later developing the concept of blackbody radiation—the characteristic emission of different wavelengths of light by an object at a specific temperature. The two scientists had met at the University of Breslau, and Bunsen had been instrumental in getting Kirchhoff a position at Heidelberg. It would later be said that Kirchhoff was Bunsen's greatest discovery.

Used to comfortably brainstorming experimental ideas, Kirchhoff immediately pointed out that there was a far easier and more precise way to study an element's emitted light—use a prism to break the light into a spectrum. The idea was far from new, but even in the mid-nineteenth century it held an aspect of the surreal from the time when Sir Isaac Newton, three centuries earlier, had conducted the first modern scientific light experiments. In Newton's day, spectrum was synonymous with specter—a phantom or apparition. This etymology gives a sense of Newton's awe when, having bought a prism at a local market, he carefully drew closed the curtains in a room until only a single shaft of sunlight pierced the room's gloom. Then the über-savant placed his prism in the light's path. It was a light miracle. On the side of the prism closest to the curtain, a shaft of white light entered it, but when the light exited the prism, it projected on the far wall a rainbow of color.

Many others had already observed that white light actually consisted of a rainbow of colors. What set Newton apart was that he didn't just see the rainbow for itself but that he understood that sunlight held a deeper story, one that could be teased apart by separating the light. He showed that, by using a second prism, the rainbow of light could be reconstituted into white light and that the rainbow effect was created by the different colors of light being refracted, or bent, in different amounts by the prism, thus adding an all-important level of quantification. Newton explained all this in 1672, in the first paper he sent to the Royal Society, in which he used the word spectrum in its modern sense. He'd turned a ghost into a matter of science.

Building on Newton's discovery, Bunsen and Kirchhoff quickly set up a prism, and within hours they discovered something extraordinary. Each of the elements they tested had its own spectral pattern—a light fingerprint. When they heated a small sample of sodium in the burner's flame and examined its light through the prism, they didn't see a full rainbow spectrum. Instead, where there would otherwise be a spectrum, it was mostly dark, except for two bright yellow lines. When they burned calcium, they saw at a glance that its spectral signature was characterized by an intense green line and a strong orange one. Strontium, on the other hand, has no green lines, but it has eight lines that are very prominent: six red ones, one orange, and one blue. To extend their experiment and see more detail, Bunsen and Kirchhoff built a small device—the world's first laboratory spectroscope—a viewing tool (the scope part) for studying a substance's spectral signature (the spectro part). This first spectroscope consisted of a box containing a prism and a small mirror. Light from a burning substance was funneled into the box via a small “telescope,” and the mirror onto which the spectrum fell was also observed with a small telescope.

Bunsen and Kirchhoff were stunned by what they saw. Each element's light fingerprint was as unique a marker of that element as is a person's fingerprint of each individual. Even this notion of clear identification of something, or someone, based on seemingly obscure physical characteristics was itself a surprise. (It's a wonderful confluence of events that the first use of a human fingerprint as a means of identification occurred just a year before.) In the scientific paper reporting their findings, the two savants effused that here was a foolproof way to identify an element no matter what compound it was part of, no matter what the temperature of the flame was, and no matter what type of chemical was used to heat it. Sodium's spectral fingerprint is the same, whether it is coming from sodium chloride or sodium fluoride, or whether it is heated using alcohol, hydrogen, or (this being Bunsen) something the authors called “detonating gas.” And it got better. Not only could an element be identified by its light fingerprint, but it required only a ridiculously small sample. A quantity of sodium utterly invisible to the naked eye, as little as one part per twenty million of air, revealed its presence, when heated, by its light signature.

Bunsen and Kirchhoff realized they'd hit on something of enormous scientific potential. “If there should be substances that are so sparingly distributed in nature that our present means of analysis fail for their recognition and separation,” they wrote, “then we might hope to recognize and to determine many such substances in quantities not reached by our usual means, by the simple observation of their flame spectra.” They were confident in saying this because, as is ever the case in the conservative world of science, they'd already done what they were describing. As they later reported, they analyzed the invisible contents of a bottle of mineral water from Durkheim and found a new element whose spectral fingerprint was dominated by a splendid blue line. They called the new element cesium, Latin for “sky blue.” It was the first element named not for its outward appearance, use, or place of origin but for its light fingerprint.


MYSTERY OF THE FRAUNHOFER LINES

As Bunsen and Kirchhoff worked to document the light fingerprint of one element after another, a different spectrum emerged into Kirchhoff's mind's eye: not a single element's spectrum but, incredibly, that of the Sun. In a flash of inspiration, Kirchhoff saw that spectroscopy was the key that might unlock one of the greatest mysteries of his day. With a simple step in the laboratory, he could make a great leap from the elements to the stars.

The mysterious solar spectrum that Kirchhoff was contemplating had stumped scientists for half a century. It was the nineteenth-century equivalent of a cosmic crossword puzzle for which no one could determine even the first letter of the first word. The spectrum had been produced by the deeply talented Austrian optician and telescope maker Joseph von Fraunhofer. Fraunhofer's own scientific journey was phoenixlike. The eleventh child of a struggling glassmaker, Fraunhofer was originally apprenticed to a strict master, with no hope of going to school. However, the master's house collapsed in a freak accident, killing several people but leaving the teenage Fraunhofer unhurt in the rubble. His amazing survival was witnessed by the future Bavarian king, who became Fraunhofer's sponsor. Within years, the young man's talent and drive made him a respected optician and entrepreneur.

As such, Fraunhofer tackled a major spectral problem of his time. Lens makers of the day struggled with small flaws in a lens's manufacture that resulted in unwanted spectra at the edges and sometimes gave eyeglass wearers a rainbow-colored view of the world. For eyeglass wearers, this was merely a bother, but for astronomers it was a fundamental problem, distorting their view of the heavens. Fraunhofer had the clever idea of finding a fixed spectrum by which he could calibrate and adjust lenses—and what better light source for this than sunlight itself? But the solar spectrum he produced with his telescope in 1814 was more of a head-scratcher than a solution. Strewn across the solar spectrum were thin, dark lines. Sitting in his darkened observatory, staring through his rudimentary spectroscope, Fraunhofer stared at this odd spectrum that recalled Newton's specter. It was as if some celestial jester had taken a pencil and ruler and drawn thin lines at irregular intervals across the Sun's spectrum, similar to what would appear today as a solar bar code.

Newton hadn't seen these lines because his spectrum was too diffuse—the equivalent of a low-resolution digital picture in which fine details are lost—and an earlier nineteenth-century astronomer, Francis Wollaston, who'd first detected these lines in 1802, had discounted them as the boundaries between spectral colors. Yet in his more detailed solar spectrum, Fraunhofer clearly saw that many of the dark lines occurred within individual colors. In the manner of the deeply obsessed and driven scientist throughout the ages, Fraunhofer sat at his telescope and painstakingly recorded the positions of the soon-to-be-called Fraunhofer lines. He eventually detailed almost six hundred of them, labeling the most prominent ones from A to H. He wondered what could cause these strange but consistently present lines that were polluting the Sun's pure spectrum. He even glimpsed them in the light from several stars. He might well have answered the question himself, but in 1826 he died of tuberculosis at the age of thirty-nine.

For more than thirty years, the origin of the Fraunhofer lines hung as the great cold case of nineteenth-century astronomy. Now, with his laboratory evidence, Kirchhoff thought he'd cracked the case. The key to solving the mystery was the fingerprint evidence; in this case, sodium's light fingerprint. When Kirchhoff saw sodium's spectrum with its dominant yellow lines, he was struck by the fact that he'd seen lines in exactly the same place in another spectrum—the Sun's. The difference was that in the Sun's spectrum, the lines were the dark “D” Fraunhofer lines—two lines, both in exactly the same place in the yellow part of the spectrum, but one bright, the other dark. Was it possible that both the dark and bright lines were produced by sodium?

Kirchhoff performed an ingenious series of experiments that culminated with this one: he modeled the Sun and its possible atmosphere in his lab. From his wheelchair, the physicist heated a piece of charcoal, as a stand-in for the Sun, and then shone its light through sodium gas before recording the spectrum. When he examined the spectrum, he became the first human to know part of what the Sun is really made of—there were the two dark Fraunhofer lines, corresponding to sodium's yellow lines. The Sun's atmosphere, Kirchhoff realized, is salty.



OEBPS/images/11_1.png
EXTR EME GENEALOGY





OEBPS/images/dedi.png
For my parents,
Morton and Birgitte Berkouwitz,
awith love





OEBPS/images/chap_1.png
CHAPTERT

THE STARDUST REVOLUTION





OEBPS/images/3_1.png
THE STARDUST
REVOLUTION

N EVSTORYOH
CURIORIGIN INRLE ST ARS

JACOB BERKOWITZ

@ Prometheus Books

59 John Glenn Drive
Amherst, New York 14228-2110





OEBPS/images/cover.jpg
*: - “Delightfully readable. . .-+ .
Tlluminates the greatest _ s
scientific story of our time.” .
STEVEN ). DICK
feemer NASA chief historian






OEBPS/images/chap_2.png
CHAPTER 2
A STAR'SFINGERPRINT





OEBPS/images/19_1.png
BORN OF STARS





OEBPS/images/17_1.png
NOTES FOR THE JOURNEY





