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Introduction

Scientists, from Aristotle onward, have always seen it as their job to explain the world, to unravel its mysteries. It often seems that for every mystery solved, however, a new one is created. What’s more, even the greatest scientists are capable of dealing only with some aspects of any given puzzle, and the solutions they arrive at quite often eventually turn out to have been wrong, for that very reason. Aristotle virtually created the scientific method in Western thought, but his concept of the heavens, with its crystal spheres revolving around the Earth, was about as wrong as it is possible to be. Sir Isaac Newton, who was the first to explain gravity and light in ways that truly worked in terms of the observable world, had his apple cart driven into a temporary ditch when Albert Einstein’s Relativity Express roared by at the beginning of the twentieth century. Newton has had a kind of revenge, however—his demonstrable gravitational effects have resisted all attempts to integrate them into quantum physics.

Throughout most of the history of science, there had been a tendency to regard the latest theoretical triumph or technical breakthrough as the last word on the subject. At the end of the nineteenth century, there was a widespread feeling, even among scientists, that just about everything that could be discovered and explained had been addressed. Then, in the first five years of the twentieth century, human beings finally managed to get off the ground in a motorized flying machine, and Einstein opened the door to an unseen universe we are still trying to come to terms with. The scientific giants of the twentieth century extended the boundaries of human knowledge to a degree that dimmed the brilliance of all previous discoveries in human history. That dramatic expansion brought about a change in the way people regarded science. By the year 2000, the general public had begun to take scientific breakthroughs for granted and hardly blinked at some of the outrageous predictions for the near future offered up by self-proclaimed futurists beating their own drums.

There seems little doubt that the twenty-first century will indeed provide extraordinary advances in computer technology and biotechnology, although we should always keep in mind the so-called “law of unintended consequences.” Pesticides, for example, which were supposed to be the answer to our planet’s ever-growing need for more food, have ended up having almost catastrophic effects. We must also recognize that few things, including science, move forward at a steady pace in neat straight lines. Dead ends are everywhere, and quantum jumps are as common as step-by-step progress.

For all the wondrous developments of the twentieth century, a great many important mysteries remain unsolved. Some of those mysteries have tantalized the human race for hundreds, even thousands, of years. Aristotle, for example, was the first to give real thought to the migration of birds. He understood some things but got others completely wrong, and what he got wrong stifled further investigation for almost 2,000 years. We still have only partial answers to that mystery. In other cases, great breakthroughs of modern science have created problems of unprecedented scope and difficulty. The more we learn about the origins of the universe, for example, the more abstract the explanations become—to the point that many physicists have begun to regard them as closer to theology than science.

A hundred years ago we had no idea that the continents of the world not only move but have reshaped the face of the planet several times over—yet we still cannot accurately predict the earthquakes that those movements create. Eighty years ago no one was even asking how children acquire language, and although theories abound, we still don’t know the answer. Just over 60 years ago, the possible existence of black holes was first suggested. We have now managed to confirm their existence, by inference, but in some ways their nature is more perplexing than ever.

We have failed to answer some ancient questions, and we have created deep new questions out of the need to find answers to long-standing ones. Sometimes it seems that the more we learn, the greater the validity of Hamlet’s words on the battlements of Elsinore: “There are more things in heaven and earth, Horatio, than are dreamt of in your philosophy.”


Chapter 1

How Did the Universe Begin?

Most major scientific theories come with the names of great scientific figures firmly attached to them. If someone says “gravity” the name of Sir Isaac Newton pops instantly to mind. “Evolution”? Charles Darwin. “Relativity”? Albert Einstein. But when the words “Big Bang” are spoken, no such name offers itself for convenient tagging. For the past few decades the Big Bang model has been widely accepted by cosmologists as the standard explanation of how the universe began, set forth in textbooks and general-interest magazines alike. Nonetheless, the concept is not associated with any one great scientist. At times it has been somewhat naughtily suggested by opponents of the theory that no one really wants to take credit for it. Indeed, the very term Big Bang was coined by one of its fiercest opponents, British astronomer Sir Fred Hoyle, as a way of lampooning the entire idea—but the name stuck anyway. In 1993, science author Timothy Ferris, astronomer Carl Sagan, and television reporter Hugh Downs were the judges for an international competition to come up with a better name for the theory. As Ferris notes in his 1997 book The Whole Shebang, nothing better was found among 13,099 entries from 41 countries.

The concept had its beginnings in a proposal by Georges Lemaitre, a Belgian monsignor of the Catholic Church, who became fascinated by physics and gained a Ph.D. from the Massachusetts Institute of Technology in 1927 at age 33. That same year, Lemaitre theorized that Einstein’s laws of gravitation, spelled out in his 1915 general theory of relativity, implied that the universe must be expanding at the same rate everywhere and in all directions. Lemaitre further suggested that the universe had begun in the explosion of a primeval atom that contained all the matter in the universe. Edwin Hubble’s subsequent discovery that distant galaxies were moving away from us and from one another in all directions, at speeds proportional to their distance from our own Milky Way galaxy, gave further credence to Lemaitre’s theory. Hubble had not been aware of Lemaitre’s concept, but the expansion of the universe, which he documented in 1929, nevertheless served to get more astronomers thinking about an initial explosion of some kind that could have created sufficient energy to create an expanding universe.

In the 1940s, physicists intrigued with the concept of an initial explosion theorized that immediately following such an event, the resulting plasma would have been far hotter than the interior of any star now existing, but it would have cooled over time, while still retaining at least a small amount of warmth. The residue of this process, they suggested, would create a thick haze that would still exist. This theory of what is now called the cosmic microwave background, or CMB, meant that the farther out in space (and back in time) we looked, the thicker the haze should be. This idea was largely ignored at the time because most astronomers and physicists didn’t take the Big Bang theory very seriously, and in any case, there was no way to measure the CMB or confirm its existence.

In 1965, however, Arno Penzias and Robert Wilson of Bell Laboratories announced that they had detected a steady “hiss” of CMB radiation, which they had discovered by accident while developing a receiver for the first communications satellite, Telstar. That changed the thinking of a great many cosmologists. The Big Bang had been just another untestable theory before 1965, but now there was evidence of the kind of residue that such an initial explosion should have created. While many important scientists were converted to the theory of the Big Bang at this point, far more evidence was needed to back it up. Several predictions about the nature of a possible CMB had been made in the 1940s and 1950s. Investigations had calculated that it should have a temperature of about 3 degrees above absolute zero—the slight warmth that would remain after the cooling that allowed matter to coalesce out of the initial explosion. That warmth should also be isotropic—meaning, as Timothy Ferris has put it, “that any observer, anywhere in the universe, should measure the background as having the same temperature everywhere in the sky.” Also, quantum physics appeared to demand that the CMB display a black body spectrum, emitting a maximum thermal radiation at a wavelength determined by its temperature—a spectrum that could be measured using specific quantum equations.

As the importance of the CMB became clear, the National Aeronautics and Space Administration (NASA) was persuaded to launch a microwave satellite designed to measure this “cosmic background.” Free of the distortions of the Earth’s atmosphere, the Cosmic Background Explorer (COBE) was expected to be able to peer back in time to the point about 500,000 years after Big Bang, when the universe cooled sufficiently to allow pure energy to start forming mass, thus making it possible for light to be released. Launched in 1989, COBE more than lived up to the hopes of cosmologists, providing evidence that the CMB was indeed isotropic, and that its temperature was close to 3 degrees above absolute zero (2.726° K). Moreover, it conformed to the expected black-body spectrum equations with astonishing precision.

By 1992, an all-sky map compiled by the COBE satellite had also substantiated another prediction: Matter, once it began to form from the cooling gases of the Big Bang, did so in clumps that would ultimately give birth to galaxies filled with individual stars. This was in line with the idea that microscopic quantum fluctuations in the early universe would disturb the generally homogeneous distribution of matter. In homespun terms, we are dealing with just slightly lumpy gravy—the flour is almost but not quite evenly distributed, and although the lumps may be few, they stand out.

Back in 1939, Hans Bethe, an American physicist, had shown that the heavy elements (in terms of their atomic weight) could be manufactured within the stars. These elements, of which the mass of planets and our bodies are composed, make up only 2% of the total mass of the universe. The rest is composed of about 75% hydrogen and 23% helium, with a trace of lithium. These light elements would have to have been created in the Big Bang, physicists calculated, in order to explain the abundance of hydrogen and the ratio of hydrogen to helium in the stars. The conversion of hydrogen into helium in the Sun alone releases 4 million tons of energy per second, and that process would create far more energy if the hydrogen/helium balance had not been established by the Big Bang itself. The heavier elements that were “smelted” in stellar furnaces would ultimately be thrown out into space, it was believed, to seed the universe with the raw materials of solid matter. The oldest stars, it followed, should retain less of the heavy elements because they would have been ejecting them for so long—which is just what was ultimately observed as new technology made such measurements possible. Thus, this distribution of elements, known as cosmic element abundance, also turned out to be right in line with Big Bang theory.

At this point, it might seem safe to conclude that the Big Bang theory had been proved correct. Whenever a new scientific theory makes predictions that can be tested, and those predictions are substantiated by observation or experiment, scientists rejoice in each succeeding confirmation. When enough such confirmations accumulate, the theory can be considered proved. But while the great majority of cosmologists accept the Big Bang, it is widely acknowledged that problems remain, which are serious enough in their implications to raise questions about the theory itself. Indeed, problems have cropped up so often that the theory has been in an almost constant state of crisis.

Fred Hoyle, who coined the term Big Bang with a derisive sneer, has always been a major opponent of the theory. In 1948, he had proposed what he called the “steady state” theory, along with Herman Bondi and Thomas Gold. According to this theory, the universe is immensely older than astronomical observations seemed to indicate, as it had always existed and always would. Over vast eons of time, galaxies would be born, mature, and die, and new ones would constantly be born out of the resulting debris to take the place of the old ones. New galaxies would not necessarily form where the old ones had been, but the total mass of the universe would remain in balance. In this view, even the oldest galaxies we can observe are in fact quite new in terms of the larger picture. Many cosmologists disliked the steady-state theory because it suggested that we could never get to the bottom of things, and most physicists and astronomers are driven by the belief that we can. The fact that Hoyle could be abrasive in his comments, and was often described as arrogant by fellow scientists, didn’t help matters. Nor did his great success with the general public as a popularizer. On the other hand, it can also be asked whether the belief that we can get to the bottom of things is not in itself the height of arrogance—certainly there seems enough of that characteristic to go around on all sides of these debates.

Hoyle’s theory had its own problems, as well. For one thing, it made use of a modified form of the cosmological constant, a mathematical fudge factor Einstein had introduced into his theory of general relativity to reflect a universe that did not change. In 1929, Edwin Hubble, using his studies of the shift of color in distant galaxies toward the red end of the spectrum, called the “redshift,” came to the conclusion that galaxies were flying apart at great rates with the expansion of the universe. Einstein’s cosmological constant was no longer needed. Even Einstein called it the worst mistake he had ever made.

The antipathy toward the cosmological constant among most physicists, combined with the discovery of the CMB in 1965, appeared to put Hoyle’s steady-state theory out of business. He wasn’t about to close up shop, however. While there might be problems with his own theory, he continued to insist that there were even more problems with the Big Bang. Indeed, the Big Bang theory kept running up against new difficulties. One was that the more cosmologists learned, the clearer it became that the early universe did not work according to the laws of physics that now prevail. For at least the first 500,000 years after the Big Bang, until there was sufficient cooling to allow the formation of matter and the release of light (called “photo-decoupling” because light is carried by photons), the laws of our present universe did not exist. That discrepancy forced Big Bang theorists to turn to the notion that the initial universe was a singularity, a one-time event. Hoyle and his followers (for he had retained some) jumped all over this idea. Sure, they scoffed, you find something that messes up your Big Bang theory, and rather than doubt the theory you come up with a special exception that contradicts everything else we know.

Hoyle began to make some new headway of his own in 1990, when one of his followers, Halton Arp, an American cosmologist at the Max Planck Institute in Germany, pointed out that there have been a number of observations of redshifts that don’t match up with their distance from the Earth. This was serious trouble. If the redshift was not after all a reliable indicator of the speed of the expansion of the universe, it would cut to the heart of Big Bang theory. Perhaps galaxies were not flying apart so fast, after all, and there would be no need for a Big Bang to set them in motion. Arp went further, saying in 1991, “It really gives the game away to realize how observations of these crucial objects have been banned from the telescope and how their discussion has been met with desperate attempts at suppression.” Ignored evidence? Suppressed debate? The Big Bang theorists reacted with outrage. Meanwhile, as John Boslough notes in his 1992 book Masters of Time, several other physicists were charging that the Big Bang proponents were either ignoring evidence or developing hypotheses that couldn’t be tested. Indeed, in 1986, Sheldon Glashow, who shared the 1979 Nobel Prize in Physics, joined with his Harvard colleague Paul Ginsparg to warn that physics in general was evolving into an activity so remote that it might end up being “conducted at schools of divinity by the future equivalents of medieval theologians.”

The most significant of the untestable new ideas about the Big Bang was that of inflation. Proposed by Alan Guth in 1981, it held that at the very start, during what has been described as a “sliver of a second,” the universe expanded at a rate exponentially greater than it now does, going from something analogous to a pinhead to the size of an orange or a softball in an infinitesimal amount of time. This may not sound like much, but mathematically it is staggering: The increase in volume was of a factor of 10 to the 50th power, or a 1 followed by 150 zeroes. After that instant of inflation, the universe settled down to the (relatively speaking) very leisurely rate of expansion that has since prevailed. In other words, at the very start the universe behaved like Superman for an instant and then decided to quit that stuff and amble around like Clark Kent for the rest of cosmic history.

To the general reader this can sound ludicrous, but the concept of inflation dispelled a number of dark clouds that were hanging over Big Bang theory, and it was widely welcomed. Among the problems it solved was that of the flatness of the universe. Flatness, as it is generally understood, is a somewhat unfortunate term to describe the physics involved in the theory, however much sense it may make mathematically. Physicists had determined that the universe ought to be either open, meaning that it would expand forever along an infinitely curved surface, or closed, meaning that eventually gravity would cause the universe to fall back into itself, presumably ending up in the kind of primordial atom that had given birth to the Big Bang. Unfortunately, however, there were no observable signs that it was either open or closed. It appeared to be perfectly balanced between these two possibilities, and that condition was described as flatness because the average curvature of space equaled zero, a “flat” trajectory.

To make things more complicated, the ratio of the universe’s actual density (the amount of matter creating gravitational pull) to the density that would be required to cause it to collapse in upon itself, equaled one. The Greek letter omega was assigned to this ratio. Mathematically, an open universe would have a ratio that was less than omega, and a closed universe would have a ratio greater than omega. Thus, whether referring to curvature, with its value of zero, or the density ratio, with its value of one, the result was a flat universe. For the first time, Alan Guth’s concept of inflation made that result reasonable. Never mind that inflation is often described in terms of a pinhead becoming an orange, which is assuredly round. Focus on the fact that the more a balloon is inflated, the more flat surface it has, and that because of the tiny instant of time in which inflation took place, it actually had a flattening effect. The mathematics, we are informed by Nobel Prize winners, work. (The mathematically challenged may simply prefer to think of an orange run over by a truck and let it go at that.)

Interestingly, one of the arguments against inflation accuses its proponents of “letting things go at that” on a cosmic scale. When Alan Guth was developing the concept, he ran into a problem that caused him to delay publication for two years. The theory predicted that such rapid expansion would have created a number of separate “bubbles.” The walls of those bubbles should still be apparent, and they are not. In the end, Guth decided to publish anyway, in the hope that other cosmologists would be sufficiently interested to try to solve that problem. They were, around the world. Russian physicist Andrei Linde was the first to come up with an answer, which was subsequently also reached by others. He was able to show mathematically that the bubbles, which had been renamed “domains,” would have developed independently of one another. What’s more, our known universe would take up a mere billion-trillionth of just one of these “domains,” and the walls of the bubble would be so distant as to remain forever beyond our observation. This calculation managed to remove an obtrusive elephant from the living room and to tether it conveniently out of sight behind the barn, but it was also the kind of thing that made Sheldon Glashow talk about medieval theology.

Nevertheless, like the idea of inflation itself, the bubble-domain theory was enthusiastically accepted among most cosmologists, including Stephen Hawking, widely regarded as the greatest living physicist. The bubble-domain theory, although untestable, solved problems of inflation (also untestable), and inflation had explained not only the flatness of the universe but also other difficulties with the Big Bang theory, including the fact that matter was so homogeneously distributed throughout the universe—the inflationary instant having acted as a kind of cosmic blender. To some critics, such as Halton Arp and Fred Hoyle, this is all far too convenient, however elegant the mathematics may be, however neat the dovetailing of theory with theory. But the critics remain rather lonely figures. Although many more individual physicists have difficulty accepting aspects of the Big Bang and the theory of inflation, they are willing to challenge the new orthodoxy only on smaller points, while being careful not to scoff at the whole.

For the moment, the Big Bang continues to reign as the best explanation for the origin of our universe. The emphasis should be on our. Don’t forget those other domains, with walls forever beyond our ken. French physicist Trinh Xuan Thuan writes in his 1995 book The Secret Melody, “Our universe is just a tiny bubble, lost in the vastness of another bubble, a meta-universe, or super-universe, that is tens of million billion billion times larger. And that meta-universe is itself lost among a multitude of other meta-universes, all created during the inflationary era from infinitesimally small regions of space, all disconnected from one another.” The grandness of this vision can be alluring or just mind-boggling. Some find it frightening. Others think it sounds like a religious concept, which can be reassuring or distressing, depending on one’s beliefs. Some commentators have been at pains to point out that Georges Lemaitre, who had the first notion about what would ultimately turn into Big Bang theory, was a Catholic monsignor first and a physicist second, whereas Fred Hoyle, champion of the steady-state theory, is an atheist. That may be too clever a distinction: It has also been said that some of Big Bang believer Stephen Hawking’s work “eliminates the need for God.”

As telescopes and computers become ever more powerful, capable of observing or simulating greater swaths of our universe, as quantum physics experiments delve ever deeper into the bizarre world of subatomic particles, it seems inevitable that the additional knowledge gained will at times seem to support the Big Bang theory, while other discoveries confront it with new hurdles to overcome. In June 2000, a front-page story in the New York Times reported on a robotic telescope in Australia, which had produced the first large-scale map of agglomerations of galaxies that form what can be thought of as cosmic continents. Enormous though these continents proved to be, their size did not exceed the predictions of Big Bang theory concerning such structures. The headline read, “Robotic Telescope Affirms Assumption On Universe’s Birth.” In the past, however, the Times has carried many headlines about discoveries that challenged other Big Bang assumptions. Some optimists, including Stephen Hawking, believe that we are close to understanding the whole of the universe, and that a “grand unified theory” is not far away. But even among champions of the Big Bang, there are many who suspect that we have only begun to understand how the universe works, and that we probably never will unravel its ultimate mysteries.
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This photograph, taken April 1, 1995, by the Hubble Space Telescope, shows gaseous pillars in M16—the Eagle Nebula. The pillars are columns of cool interstellar hydrogen gas and dust, which act as incubators for new stars. They contain globules called EGGs (for “evaporating gaseous globules”), which are also more literally embryonic because they contain the embryos of stars, which will be uncovered through an erosion process created by the ultraviolet light emanating from massive newborn stars in the region. These spectacular columns are thus pillars of stellar creation. Courtesy NASA (Jeff Hester and Paul Scowen, Arizona State University).



For now, the Big Bang is the standard theory. It is not yet truth.

[image: image] To investigate further

Ferris, Timothy. The Whole Shebang. New York: Simon & Schuster, 1997. Ferris is widely regarded as the best science writer in the business these days, and this book is a further feather in his cap. It is slightly more difficult to grasp than his earlier Coming of Age in the Milky Way but still very readable. Subtitled “A State-of-the-Universe(s) Report,” it covers a host of cosmological issues but gives a particularly well-balanced account of Big Bang controversies.

Boslough, John. Masters of Time. Reading, MA: Addison-Wesley, 1992. Although new developments have changed the picture somewhat since this book’s publication, it remains the clearest critique of the Big Bang theory available, detailing the crises the theory had faced in the 1980s, and pulling together the doubts of many eminent scientists, which are often parceled out in small doses and not picked up by the mass media. A science reporter with a distinguished career, Boslough emphasizes the continued validity of J. B. S. Haldane’s statement of many years ago, “the universe is not only queerer than we suppose, but queerer than we can suppose.” Like Ferris’s book, Boslough’s contains a very useful glossary of terms.

Thuan, Trinh Xuan. The Secret Melody. New York: Oxford University Press, 1995. A best-seller in France, where it was originally published (Thuan has also taught at American universities), this is an elegantly written book by an astronomer who fully accepts Big Bang theory and the concept of inflation. It is well-illustrated with charts, has several appendices that delve more deeply into the mathematics involved, and has a glossary.

Mitchell, William C. The Cult of the Big Bang: Was There a Bang? Carson City, NV: Cosmic Sense Books, 1995. This is an oddity, but an intriguing one. Self-published by an electrical engineer who worked on a number of NASA projects while with TRW, it is a flat-out attack on Big Bang theory. While the author has no credentials that would be accepted by most physicists, this book has hardly gone unnoticed. It has been endorsed by several cosmologists who themselves dispute the Big Bang, including Halton C. Arp of the Max Planck Institute, whose opposition to the theory is discussed in all the books listed here.

Note: Here, and throughout the book, sources are listed in the order of their usefulness in researching this book, with their potential as additional reading also taken into account.


Chapter 2

How Did Life on Earth Get Started?

In the cosmic scheme of things, the Earth and the star it revolves around are Johnny-come-latelies. Our planet was formed out of the residue of the Sun’s birth 4.6 billion years ago, whereas the universe as a whole is considered to have an age of 11 to 16 billion years. As is the case with the formation of all planets, the beginnings of the Earth were violent almost beyond imagination, and even after the globe itself took shape, the surface of our world remained molten for another 600 million years, superheated from within by its core and bombarded from without by asteroids that raised the temperature of the steaming oceans to the boiling point. Geologists call this period the Hadean interval of our planet’s history, a time during which it was truly hell on Earth.

At some point after constant asteroid bombardment stopped, and the remaining asteroids settled into orbits that kept them mostly out of harm’s way, various combinations of carbon, nitrogen, hydrogen, and oxygen were “reshuffled to produce amino acids and other basic biological building blocks.” As Nobel laureate Christian de Duve explains in his 1995 book Vital Dust, “Brought down by rainfall, by comets and meteorites, the products of these chemical reshufflings progressively formed an organic blanket around the lifeless surface of our newly condensed planet.” The resulting carbon-rich film was exposed to the effects of the continued churnings of the Earth itself, as well as to celestial objects that fell to the surface, and it was subject to ultraviolet radiation far greater than what reaches us today beneath our protective atmosphere. These materials were ultimately deposited in the seas, until, as brilliant British scientist J. B. S. Haldane wrote in a famous 1929 paper, “the primitive oceans reached the consistency of hot dilute soup.” The main by-product of these processes was something sticky and brownish that has been termed “goo,” “slime,” and other names evocative of the childhood playground. Those who had long objected to Charles Darwin’s original implication that we humans were related to chimpanzees and orangutans really went ape over this latest insult—we started off as slime!

So we’ve got soupy seas, and a lot of goo lying around everywhere. How did life arise out of these raw materials? Here is where the mystery begins. It is generally agreed that RNA—ribonucleic acid, a close relative of the DNA that determines our genetic heritage and that of all other living things—played a crucial role. Nonetheless, there are innumerable debates about the how, when, and where of life’s actual start. Let’s look briefly at some of the problems that have fueled such debates.

Biologists and chemists long believed that life would have taken at least a billion years to arise after the planet cooled down and the great rain of asteroids ended—about 3.8 billion years ago. This belief means that life on Earth is no older than 2.8 billion years, but increasing geological and even fossil evidence suggest that bacteria existed long before that. Greenland’s Isua Formation, made up of the oldest rocks on Earth, dating to 3.2 billion years ago, contains carbon, the basic building block of all known life, in ratios characteristic of bacterial photosynthesis. Many biologists have come to accept that bacterial life must have existed even this early—and that if it did, then even more primitive organisms than bacteria must have existed still earlier. Bigir Rasmussen, a geologist at the University of Western Australia, has more recently found fossils of microscopic threadlike organisms that existed 3.5 billion years ago in Pilbara Craton in northwest Australia, as well as “probable” fossils that date to 3.235 billion years ago in volcanic vent deposits in western Australia. Such evidence carries with it a serious problem: The origins of life would then be pushed back to as few as 200,000 years after the end of the Hadean period, which seems to many biologists far too short a time for the chemical processes involved.

Rasmussen’s more recent find, announced in Nature in June 1999, goes to the heart of another dilemma. Because the biomolecules basic to life, such as proteins and nucleic acids, are relatively fragile and survive longer at lower temperatures, many chemists have long insisted that life must have begun in a cold environment, even one that was below freezing. Yet Rasmussen unearthed the microscopic filaments in material that was originally close to a volcanic vent, meaning the temperature was extremely hot. Indeed, the most ancient organisms now alive are bacteria that live in still extant volcanic vents or springs where the water rises to a temperature of 230° F (110° C). The presence of these ancient vent bacteria strongly suggests the high-temperature environment favored by other scientists.

One of the cold-environment proponents is Stanley L. Miller, who achieved instant fame in 1953 when he carried out a series of experiments at the University of Chicago. He was then a graduate student, studying under the Nobel Prize–winning chemist Harold C. Urey. Urey had won the Nobel for the discovery of heavy hydrogen, also known as deuterium. Urey believed that the early atmosphere of the Earth was composed of a mixture of molecular hydrogen, methane, ammonia, and water vapor, and was particularly rich in hydrogen. (Notice the lack of oxygen except as a constituent of the water vapor: Life itself was necessary to produce oxygen in the atmosphere, through the emission of carbon dioxide during photosynthesis, thereby permitting the eventual development of more complex biological forms.) Miller created a sealed mixture of the elements Urey had proposed, and he bombarded it for several days with electrical discharges, simulating lightning. To his astonishment, a pinkish glow appeared in the glass container, and when he analyzed the results they contained two amino acids (components of all protein), as well as other organic substances thought to be produced only by living cells. This experiment, which his mentor had approved only reluctantly, not only made Miller famous but also created a new discipline, abiotic chemistry, focused on producing biological substances from conditions presumed to have existed before there was life.

The word “presumed” is crucial here. The presumptions about what Earth’s atmosphere was like before life developed keep changing, and although a great many experiments have been carried out in the years since Miller’s in 1953, nothing that can be called life has resulted, although important molecules of various kinds have been produced. As de Duve notes in Vital Dust, such experiments have often been carried out “under conditions somewhat more contrived than one would like for a truly abiotic process. In this rich crop, Miller’s original experiment remains a paradigm, virtually the only one conceived exclusively with the aim of reproducing plausible prebiotic conditions, with no particular end product in mind.” In other words, it is all too easy to adjust an experiment in ways that are more likely to produce some result, but the conditions themselves may be slightly too convenient. In any event, such experiments have not produced life, even in the most basic of forms—a single cell without a nucleus. As Nicholas Wade of the New York Times put it in his June 2000 article reporting Rasmussen’s latest discovery, “The best efforts of chemists to reconstruct molecules typical of life in the laboratory have shown only that it is a problem of fiendish difficulty.”

Major problems thus exist on two of the main research fronts that have been used to explore the puzzle of how life first developed. Not only is the date at which life first arose being pushed ever farther back, so far that it seems to allow too little time for the chemical changes necessary to create life, but those chemical reactions themselves remain as much of a mystery as ever. Indeed, despite extraordinary technical developments and a vastly increased knowledge of genetic materials, Stanley Miller’s experiment of 1953 remains the cleanest example of such research. Even that breakthrough has been cast into doubt, in that many scientists now think that the balance of elements he used, based on the work of his mentor Harold Urey, was in fact incorrect. With changes in that balance, as tested in the laboratory, the production of the amino acids that he attained does not occur.

New difficulties have also clouded the picture of life’s evolution that once seemed so clearly evident in the “family trees” of phylogeny, which traces the evolutionary history of an organism back to its roots. Evolutionary family trees, following the ideas of Darwin, were originally developed in the nineteenth century to show the history of groups of animals. The first complex family tree was drawn by German naturalist Ernst Haeckel, who also coined the term ecology. The discovery of DNA led to an ability to make such family trees not just of animals and plants, but also of the genetic materials of which they are composed, giving us a much deeper understanding of the processes of life. To create these trees, researchers use comparative sequencing, which involves determining the sequence of the molecular building blocks of nucleic acid (nucleotides) or of the amino acids in proteins, and then comparing the results with those obtained from other organisms. This technique has made it increasingly possible to discover the distance between two twigs on a family tree, in relation to the organism that gave rise to both, through the branching mechanisms of evolution or mutation. (This technique also helped researchers to determine the age of the still-extant ancient organisms now living in superhot volcanic vents.) The task of sequencing is perhaps most readily understood in terms of word puzzles in which a single long word is given and the player is asked to see how many shorter words can be put together from the available letters.

In the late 1970s, Carl Woese of the University of Illinois applied comparative sequencing to RNA molecules, which exist in all living things, to arrive at a more complex family tree than had previously been assumed. The resulting tree had clear branches delineating three fundamental kingdoms of living things: prokaryotes, archaea, and eukaryotes. Prokaryotes are microorganisms of the bacterial type. Archaea, the new classification proposed by Woese, is a second group of bacterial organisms generally found in very hot places such as scalding springs. Eukaryotes are organisms with large cells possessing a fenced-off nucleus, comprising all multicelled organisms such as plants and animals, including humans.

Since the early 1980s, however, as more genomes from all three kingdoms have been decoded, matters have gotten fuzzy. The pattern of trees based on genes other than Woese’s original protein model are quite different.
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