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To our grandchildren,
Couriers of the Unexpected




Foreword

“Cleopatra’s nose, had it been shorter,” Pascal speculated, “the whole face of the world would have been changed.” When we focus on turning points in history we recognize the crucial role of the accidental and the trivial. We have no doubt that the personal charms and vices of Caesar, Queen Elizabeth, Napoleon, Disraeli, Hitler, Stalin, FDR, and JFK have shaped events. But we are reluctant to believe that the future will be as full of surprises as the past. Even the unpredicted sudden collapse of the Soviet empire has not chastened us, and we go on confidently predicting the course of democracy and the world.

These essays of the last few years explore some of the surprising novelties and unexpected continuities in our recent past. How has technology opened new realms of ignorance and given our times a claim to be the age of negative discovery? How has our nation, celebrated for material successes, come to be troubled by a new obsession with the inner world of conscience? How did the printing press make our Constitution possible? And how did New World technology provide us with a capitol of classical design with a cast-iron dome? The piquant contrast between Tocqueville’s America and Custine’s Russia gives us some clues to history’s claim to be the cautionary science.

The fourth kingdom, the machine kingdom where we live, reveals how popular expectations inherited from the sciences have been frustrated. How can we come to terms with the need for the unnecessary and the deepening paradoxes of science in a time of the increasing political power of common sense? All of which adds up, from diverse times and places, and especially from the American experience, to the perils of prophecy—which our American optimism might prefer to call the delights of the unexpected.
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I

REALMS OF DISCOVERY

Upon this gifted age, in its dark hour,

Falls from the sky a meteoric shower

Of facts.… they lie unquestioned, uncombined.

Wisdom enough to leech us of our ill

Is daily spun; but there exists no loom

To weave it into fabric.…



—Edna St. Vincent Millay, Huntsman, What Quarry
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The Age of Negative Discovery

When Albert Einstein was asked about forty years ago how the West had come to the idea of scientific discovery, he gave a simple answer. “Development of Western Science,” he explained, “is based on two great achievements, the invention of the formal logical system (in Euclidean geometry) by the Greek philosophers, and the discovery of the possibility to find out causal relationship by systematic experiment (Renaissance). In my opinion one has not to be astonished that the Chinese sages have not made these steps. The astonishing thing is that these discoveries were made at all.” Einstein was surely correct in seeing scientific discovery as an institution of Western culture. His characteristically simple explanation, however, does not take account of the remarkable transformations of the venture of discovery in this century.

The works of discovery in every age shape—and shake up—the thinking of the whole literate community. And this effect has multiplied with the rise of democracy and of literacy. The familiar example, of course, is how the works of Copernicus (1473–1543) and his followers disturbed Western culture with the realization that the earth was no longer the center. More recent examples are the impact of Darwinian biology and Freudian psychology. Nowadays, the space sciences, arcane and specialized though they have become, continue to have a profound and wide influence on the whole community’s thinking.

We in the lay community continue to reach for the meanings of scientific discoveries that are beyond our layman’s understanding. We enjoy having our imagination titillated. How otherwise can we account for one of the most remarkable publishing phenomena of recent times? Stephen Hawking’s short but difficult Brief History of Time: From the Big Bang to Black Holes (1988) has entered the Guinness Book of World Records for the longest period (four years) of any book on the British best-seller list, and with a sale of some five million copies. We have seen the wide and enduring popular interest in the readable tales of Jules Verne and H. G. Wells, in the charming personality of ET and his tribe, in the science fiction of Isaac Asimov and Arthur Clarke, and even in older serious works like those of James Jeans and Arthur Eddington, and in the current writings of Herbert Friedman.

Nowadays public interest in discovery is greater than ever. But the role of the discoverer in the space sciences has been transformed, with novel consequences for the thinking of laymen like me.

For the modern realm of discovery in the space sciences our prototypes should not be the familiar heroes of the so-called Great Age of Discovery—Leif Eriksson, Columbus, Cortés, Magellan, Drake. Our proper prototype, instead, is the prosaic, less romanticized Captain James Cook (1728–1779). He has not had his due in the annals of discovery. This may be a common fate of negative discoverers. Of them, Captain Cook was perhaps the greatest. You will recall that he earned his place in the chronicles of seafaring by proving that the fabled Great Southern Continent did not exist. That fabled land was supposed to reach up from the Antarctic toward Southeast Asia, making the Indian Ocean a lake. We are inclined to forget or underestimate the difficulty of negative discovery. For it is far easier to encounter some new island or even an unexpected new continent than to prove that some long-admired fixture of the imagination does not exist. To put a new land, a new passageway on the map one needed only to go there, and happily surprise the world with a new presence.

But to prove a negative, even if the logicians had not insisted that it was theoretically impossible, is an exhausting enterprise. It demands the exploring and discarding of all imaginable possibilities. Negative discovery is also much less welcome than an act of simple affirmative discovery. People don’t like to have their imaginations unfurnished. The legendary Great South Land, which Cook erased from the map, had been a promising field of empire, with natural wealth of incalculable value. It remained so, as long as it was never found.

To prove that the Great South Land did not exist was not only an unwelcome disillusion, it required one of the most terrifying sea voyages in history. Leaving England in July 1772, Captain Cook did not return till July 1775. With two newly built Whitby colliers, the Resolution (462 tons) and the Adventure (340 tons), he came down around the Cape of Good Hope, reached 71°10′ South, traversed the whole southernmost rim of the Pacific in the Antarctic regions, then into the Atlantic toward the Cape of Good Hope and back up to England. This was no voyage through any becalmed Sargasso Sea, but one teetering on the edge of Antarctic ice, overshadowed and threatened by crackling and crumbling iceberg-alps.

Captain Cook’s instructions took account of both possibilities—that the continent did or did not exist. If he found any part of it he had orders from the Admiralty to survey it, claim it for Britain, and distribute medals to the natives. Officers and crew were to observe strict secrecy about the voyage, and all logs and journals were to be confiscated after the ship’s return. In this, one of the greatest, and surely one of the longest, discovery voyages in history, Cook sailed more than seventy thousand miles. Never before had there been so long a voyage with one focused inquiring purpose. Not to plant a new colony, not to seek an Eldorado, nor find gold or silver or precious gems, nor capture slaves. Cook had made his earlier voyage to Tahiti—also a brilliant feat of navigation—for astronomical observations of the transit of Venus, on June 3, 1769. Now his grand success with the Resolution and the Adventure was resounding testimony to the courage of the modern skeptical spirit. The Antarctic was dangerously different from the Arctic, of which Europeans had had some glimpses. The uncharted Antarctic, scenes of perpetual mountainous ice beyond the belief of temperate Europe, was a happy hunting ground for extravagant a priori speculation. And Cook’s voyage itself would spark the ominous allegory of Coleridge’s “Rime of the Ancient Mariner.”

To scotch those ancient legends and speculations required a kind of discovering courage and passion that would characterize our modern age of negative discovery. This passion and courage and the sophisticated purpose of Cook, his crew, his expert naturalists and skilled astronomers were brilliantly summarized in the homely wisdom of Josh Billings (1818–1885): “It ain’t what a man don’t know as makes him a fool, but what he does know as ain’t so.”

There was a shining symbolism in Cook’s whole career. Self-educated, as a young man he turned down an opportunity to command a ship, and chose instead to widen his knowledge of the sea as a volunteer able seaman in the British navy. Rapidly promoted, he became a master, and surveyed the St. Lawrence River before the fall of Quebec. He showed a practical man’s experimental spirit in his sympathy for the newly improved Harrison and Kendall chronometers and was one of the first to prove the chronometer’s utility as a navigational instrument. Incidentally he was ready to learn new ways of dealing with the scurvy, the curse of long voyages in his time, and astonished contemporaries by bringing back his Resolution, after his three-year voyage, without losing a single man to the disease. He fought the scurvy by enforcing cleanliness on board and trying new diets of orange, lemon, and their juices along with sauerkraut, onions, and grasses encountered en route. It was precisely this practical sense, this imaginative openness to new techniques, that would distinguish the great negative discoverers in the following centuries.

The history of Western science confirms the aphorism that the great menace to progress is not ignorance but the illusion of knowledge. I will now suggest why I see Captain Cook as the prototypical modern discovery hero. The negative discoverer is the historic dissolver of illusions. Perhaps we could call ours an age of negative discovery.

This feature of the realms of discovery in our age is conspicuous in the results of recent efforts to describe the universe. Marc Davis, Professor of Astronomy and Physics at the University of California, Berkeley, has provided us with a convenient summary. Here are the six main products of the progress of cosmology over the last four hundred years:


The Earth is not the center of the Universe.

The Sun is not the center of the Universe.

Our galaxy is not the center of the Universe.

Our type of matter is not the dominant constituent of the Universe (dark matter predominates instead).

Our Universe (seen and unseen) is not the only Universe.

Our physics is not the only physics. There might exist separate universes with completely different physics.



My poetic wife, Ruth, has eloquently suggested that this may make ours the Age of Gordian Nots.

In addition to these modern notions about space, there is also an equally modern view of time. On our distinctly modern menu of alternatives the experts offer us at least three different cosmological models:


Steady-state theory: The Universe is of infinite age; matter is continuously created at all times.

The Big Bang: The Universe is of finite age; matter and energy are conserved as the Universe expands.

Eternally inflating Big Bang: Our Universe has a finite age. The creation of all matter-energy in our Universe occurred at the end of the inflationary phase, when the incredible energy density of the false vacuum converted to ordinary matter and radiation.



All three possibilities are signposts to terra incognita. These propositions taken together provide what Professor Davis calls the Modern Creation Myth. This he deftly compresses into the notion that “the entire Universe we observe, and unimaginably far beyond, was created out of a single tiny vacuum fluctuation having zero energy content at an incredibly early time.… our entire Universe was quite literally created out of nothing.” And Davis, in the modern spirit, instead of pursuing the heavy theological implications, concludes with Alan Guth’s unforgettable suggestion that “the Universe is the ultimate free lunch.”

How have we come to this vast and tantalizing expansion of terra incognita, to include the whole universe and our place in it? Professor Davis himself has succinctly described the triumphs of modern Western science as experiments in cosmology. These, I will suggest, are not simply the fruitful work of bold individual scientists. They are a by-product of large cultural and institutional changes of the last century, of processes that are accelerating and are likely to continue to accelerate. Put quite simply, they are a consequence of the application of developed technology to the processes of scientific discovery and the rise of the mechanized observer. The momentous consequence, which increases the scope and the realms of negative discovery, is a changed relation of data to meaning. Before the age of the mechanized observer, there was a tendency for meaning to outrun data. The modern tendency is quite the contrary, as we see data outrun meaning.

It is of course no accident that the heavens, where man had no direct personal experience, was the realm of the gods. Fertile in myth and legend, that unexplored realm was supposed to be rich in meaning for life on earth. Until the nineteenth century the data of space outside the earth were filtered through the interests and capacities of the human observer. The telescope and the microscope have, to be sure, extended, broadened, and deepened our human faculties of vision. But these are only tools, extensions of the human bodily senses. A machine is something else—a device that can be activated by forces outside the human body, bringing data not accessible to the unmechanized human body. The crucial new element is that the discoverer is no longer simply confronted by nature, by the data accessible to the person. Man creates machines, and the machines create data. Here are infinitely expanding new realms to be explored. Every new observing machine adds a new revelation of negative discovery, opening hitherto unrecognized areas of ignorance.

Some distinctive features of this modern realm of discovery were vividly revealed in the progress of Voyager 2, one of the most impressive and successful recent efforts to reach out beyond the solar system. The perceptive science reporter Stephen S. Hall has given us his eyewitness account of what happened at 9:00 P.M. on the evening of August 19, 1989, as the technology team, a dozen “postmodern helmsmen,” gathered on the second floor of Building 264 of NASA’s Jet Propulsion Laboratory in the San Gabriel foothills of Pasadena, California. Voyager 2, already twelve years into its journey, had so far accomplished its assignment perfectly in flying by Jupiter, Saturn, and Uranus. Within just five days it would, as Hall observed, “brush the treetops of Neptune and hurtle past Triton.” The staff had met to agree on the radio adjustment of the rudder of the craft (2.7 billion miles away) to ensure its reaching the appointed target.

A map of the solar system on the wall showed where Neptune, traveling at 12,000 miles per hour around the sun, and Voyager 2, traveling at about 61,000 miles per hour, were to meet for the planned observation by the spacecraft. Beside it on the wall, a sign read, WE DO PRECISION GUESSWORK. While this familiar chart of the solar system was visible, the navigational chart of Voyager 2 remained out of sight inside the computers, continually revising as the voyage progressed. The JPL computers indicated that Voyager 2 would reach within one light-year of Sirius, the Dog Star, in the year A.D. 359,000. Meanwhile, the achievements of Voyager 2 were sensational. On the morning of August 25, 1989, it provided images of Triton. Voyager 2 had traveled some 4,429,508,700 miles during twelve years, and was now being remotely guided to its intended target. It arrived five minutes ahead of the schedule that had been made years before, and 0.6 seconds later than its last advertised time. Its scientific product was some five trillion bits of data.

The road to this universe of the mechanized observer, of Pioneers 10 and 11 and Voyagers 1 and 2, had been opened years before by the application of photography to astronomy. The mechanization of the telescope had made it possible to focus on the desired object, and to enhance the human eye by exposing photographic plates for hours building up images of faint objects and their spectra. By 1949 the Hale Telescope, the American astronomers’ Big Eye, was being activated by a mere one-twelfth-horsepower motor to follow the stars.

No longer was the patience and devotion of astronomers tested by their willingness to keep their eyes glued to the telescope while they sat at high altitudes in the cold night after night in electrically heated suits. Of course, that patience had paid off in the works of intrepid astronomers like Milton Humason, Edwin Hubble’s collaborator, who spent some twenty-eight years recording the spectral patterns of far-off galaxies to measure red shift. Gathering that data required that Humason first find and fix on a faint nebulosity among the stars, then center the image on the narrow slit of his spectrograph and hold it there throughout the night. The plate would be kept from irrelevant daylight and then the tedious observation would be repeated on following nights. It was just such data for the momentous new knowledge of red shift and of the nature and number of galaxies for Hubble’s constant that exploded our view of the universe.

Only a century ago, in 1889, the precocious George Ellery Hale’s new spectroheliograph opened the sun to new modes of exploration with new data, and with a technique applicable across the heavens. Improvements by Robert H. McMath revealed unexpected new realms of solar spicules. This was only one of a series of openings to new realms of our ignorance, which Herbert Friedman, a pioneer in rocket astronomy, properly labels the Invisible Universe. While the visible universe has limits, the Invisible Universe is, of course, limitless—and with it, too, countless new realms of negative discovery—ever outward to radio astronomy, the infrared, the ultraviolet, X-ray astronomy, to gamma rays, to the baffling neutrinos and endless new realms still unnamed.

In this age of negative discovery, of the mechanized observer, of machine-created data and ever newer kinds of data, we must note a new kind of momentum. Familiar enough is the momentum of knowledge, the ancient and perilous self-catalyzing quest for more knowledge, embodied in the parable of the apple and expulsion from the Garden of Eden. But the machine also has a momentum of its own.

The momentum of the technology of the mechanized observer is vividly illustrated in the Report of the National Research Council (from its Astronomy and Astrophysics Survey Committee in 1991) with a program and priorities for “The Decade of Discovery in the 1990’s.” The report calls for continued support for the great observatories and increased support for individual research grants. But the bulk of its recommendations, a prelude to its description of “Science Opportunities,” gives priority to the “ground-based infrastructure” and calls for four “instrumental programs.”

At the top of this list is the Space Infrared Telescope Facility (SIRTF), which would be “almost a thousand times more sensitive than earth-based telescopes operating in the infrared. Advanced arrays of infrared detectors would give SIRTF the ability to map complex areas and measure spectra a million times faster than any other space-borne infrared telescope.” These would be based on the “technical heritage” of two successful Explorer missions. Closely following, to “draw on a decade of progress in the technology of building large mirrors,” comes the proposal that “an infrared-optimized 8-m U.S. telescope operating on Mauna Kea, Hawaii, would provide a unique and powerful instrument for studying the origin, structure, and evolution of planets, stars, and galaxies.” And then the “Millimeter Array (MMA) … of telescopes operating at millimeter wavelengths, would provide high-spatial and high-spatial-resolution images of star-forming regions and distant star-burst galaxies,” which “would bring new classes of objects into clear view for the first time.” But this is only the beginning of the list, followed by six “Moderate Programs,” nine “Illustrative Small Programs,” and nine space-based initiatives. All these come to an estimated cost for the decade of $3 billion 23 million.

The momentum of discovery-technology is further accelerated by two innovative techniques—adaptive optics and interferometry, “which promises spatial resolution better than a thousandth of an arc second by linking the outputs of widely separated telescopes.” All this would be an extension to the spectacular Very Large Array, already in being. And there is the suggestion of improved instruments to detect neutrinos and “dark matter” (still so cryptic that it must be left in quotation marks). The momentum startles us with the final suggestion that “the chief advantage of the moon as a site for space astronomy is that it provides a large, solid foundation on which to build widely separated structures such as interferometers.” Is this a promise to transform the whole solar system into an attractive novel base for interferometers focused on the universe?

For most of Western history interpretation has far outrun data. And there was an overwhelming and universal human temptation to ignore or discount data that menaced familiar and appealing interpretations. A well-known example is the reluctance of theologically oriented scientists in Galileo’s day (1610) to accept the fact of sunspots, which his telescope had newly revealed. Some of the most respected men of learning refused to look through a device so diabolical that it purported to contradict Aristotle’s appealing notion of the sun as the embodiment of unspotted fire, and even hint at imperfections in God’s handiwork. The eminent Aristotelian scholar Cesare Cremonini said he would not waste his time looking through Galileo’s contraption just to see what “no one but Galileo has seen … and besides, looking through those spectacles gives me a headache.” Some even solaced themselves by saying that while Galileo’s device might represent the facts here on earth, where it could be verified by experience, “in the sky it deceives us as some fixed stars are seen double.” Father Clavius, professor of mathematics at the Collegio Romano, laughed at Galileo’s four satellites of Jupiter, and said he could produce the same result if allowed a little time to build the images into some glasses. Galileo himself, wary of allowing novel facts to contradict familiar meanings, reported that after seeing an object magnified in his telescope he would again and again go up to the object to see that he had not been deceived.

So long as the aids to discovery were mere tools, extension of the bodily faculties, their products might be surprising or even shocking but were not unimaginable or unintelligible. The revisions of Ptolemaic into Copernican astronomy took centuries to secure acceptance, but the debate, even to the layman, was still intelligible. At worst the problems arose from what seemed the violations of common sense—such as the discovering that in fact heavy objects fell no more speedily than light objects, or the troubling suggestion that the solid, apparently static earth on which we stand is in fact in constant rotating motion. This became Galileo’s own legendary dramatic affirmation of his discovery, when he reputedly stamped his foot, saying, “Anyway, it moves” (Eppure, si muove!).

But the development of the machinery of discovery of course allowed observations of which the unmechanized human body was incapable. The new data then extended and was limited only by the capacity of the machines—photography, spectrography, rocket astronomy, radio astronomy, and their successors. No longer bounded by the imagination of an observer fixing his telescope, the mechanized observer has been gathering whatever the proliferating machinery of discovery can report or record. A clue to the endless novelty of realms of discovery is the ever-enlarging vocabulary of discovery, with which even our best desk dictionaries can hardly keep pace. Every report of the progress of discovery must carry its own glossary of new terms and acronyms. Even the brief Decade of Discovery report of the National Research Council that I have mentioned carries a glossary of ten pages. Each new term is an omen of newly discovered areas of our ignorance. A familiar example is how Robert N. McMath’s device for making time-lapse movies of the sun in hydrogen light gave us our first vision of spicules, with a new vision of the sun and hosts of new questions about the photosphere and chromosphere and the corona of the sun, all to be enriched and amplified in due course by the later data of X rays and the ultraviolet captured by rocket astronomy.

The momentum of invention and of proliferating technology accumulates data at a rate and in forms prescribed by the machines themselves. The ever-accelerating data provide hosts of answers to questions not yet asked. This challenges the discoverer with an ever-expanding task. No longer does he simply seek answers to conventional questions, nor demand that meager facts provide comforting cosmic meanings. Instead he tantalizes himself by making machines that pose new questions in uncharted oceans of expanding data. If a machine exists, or can be devised, it must be enlisted to produce data. We are not worried—perhaps not as much as we should be—that our twentieth-century Galileos are deceiving us by the data of machines. Instead we applaud all askers of unimagined questions, every reacher to negative discovery.

The mechanized observer would, of course, be vastly more productive of data than the human observer. Electronic imaging proved some two hundred times more sensitive than the photographic plates of the 1940s exposed to Hale’s telescope. New uses of the silicon chip improved telescopes by a factor of 10 and silicon “pixels” yielded digitally readable data with a dynamic range of I million compared with a range of some 10 to 100 in a photographic emulsion. By 1978 the Charge Coupled Device (CCD) once again enormously multiplied the astronomer’s research data. A single astronomical image made by a CCD required about 0.5 megabyte (= about a half-million characters). One night of CCD observation would fill seventy-five floppy disks for storage, which led to the use of magnetic tapes by the thousands. And the laser disk (each one of which can store one thousand megabytes of information), while of course not solving problems of meaning, made it easier for astronomers to enrich (or burden) themselves with more convenient modes of storing the daily accelerating volume of data. Thus, the word “astronomical” has taken on a metaphorical meaning more vivid and more daunting than ever before.

Perhaps as a layman I am not sufficiently grateful for the new treasures of data that the modern technology of discovery has brought into being. Every new byte is another chip of raw material for some scientist’s improved description of what the universe really is, some new speculation of how it came into being, and how it may end. But even the most arcane scientific notions, however garbled, penetrate somehow to conscientious literate laymen, among whom I count myself. If we cannot grasp the meanings of Einstein’s theories of special and general relativity, or the implications of quantum mechanics, we still can have some general impression of how and where modern discoverers are pointing.

Some obvious characteristics of the modern realms of discovery are perhaps more striking and affecting to a layman than to the scientist who lives among them. While space scientists and cosmologists may not yet have succeeded in producing
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