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Gravity’s Fatal Attraction (with Sir Martin Rees)






To my parents






INTRODUCTION




Translator’s Note 

I came across the following memoir under distressing circumstances: at an auction of surplus documents to raise funds for a new storage wing at the Global Library. The thought of this valuable information being sold to the highest bidder is appalling, but such are the times we live in. The author appears to come from a well-studied planet in a galaxy about 60 million light-years away, known to its erstwhile occupants as “Earth.” If we are correct in our attribution, he belongs to a civilization that warrants more than a passing mention in our Core Curriculum because of the early and curious way in which its technology developed. What appears to clinch the identification is the author’s reference, in the very first paragraph, to a scientist known (in his language) as Kepler. Of course, information on this pivotal figure was eventually disseminated cosmos-wide in Earth’s copious (though brief) transmissions, but the subtle “ownership” expressed by the author suggests that he and Kepler have common cultural origins. There are also linguistic clues, turns of phrase that seldom show up in adaptations of Earth’s language by neighboring civilizations. Fortunately, our records of their transmissions have enabled us to produce what we feel must be an accurate reconstruction of their language; this forms the basis for my translation.

Several things are remarkable about this document. The author’s mixture of experiential metaphor with scientific theory is highly unusual; most records we possess of Earth’s achievements in astrophysics indicate a greater detachment on the part of the observer. The science is generally of high quality, with understandable  lapses. Notably, there are significant gaps in the author’s comprehension of what causes stars to explode, his grasp of pulsar physics leaves much to be desired, and his interpretation of how jets of plasma escape from the vicinity of black holes is sketchy at best. But the glimpses we are granted into this exotic being’s direct responses to cosmic phenomena more than compensate for these quibbles. Although the narrator seems curiously reserved—perhaps because of his separation from his home planet—the emotional reactions he does express are strikingly similar to those recorded by our own early explorers. We are swept up in his compulsion, even though the initial reasons for his journey (and his journal) are never satisfactorily explained. Solitary space travel has never been the norm in our culture, and we are at a loss to interpret the list of reasons given. Do we take them at face value? Or is the author unwilling or unable to divulge his real motivations? Is he, perhaps, an exile from his home planet? Or a scout, for a planned mission of colonization or emigration, who has “gone native”?

Whatever his motivations, the narrator displays an admirable command of technology. He recognizes that the only effective method of space travel involves motion at very close to the speed of light. He is adept at manipulating this motion to maintain the structural integrity of both his craft and himself, even when he finds he has misjudged the harsh conditions of space. We find frequent evidence of his resourcefulness, such as his use of hibernation to circumvent the limitations imposed by his species’s brief life span.

In Turn Right at Orion, we are treated to a journey of great scope, far longer than initially planned, and are privy to the narrator’s discoveries and dilemmas as he travels farther and farther afield. In fact, some passages (descriptions of the jet and extended galactic halo, in particular) actually suggest that he was in the center of our galaxy when he transmitted this memoir.

The title of the memoir was chosen by its author and is somewhat problematical. We understand that “Orion” refers to a region of vigorous star and planet formation—long since  dissipated—that was located about 1500 light-years from the author’s home planet at the time of his departure. The author’s visit to this region, recounted in the lengthy fourth section of the memoir, clearly made a strong impression on him. I regard it as the turning point in his story. But we have absolutely no idea what is meant here by the phrase turn right; such a phrase makes little sense in the context of cosmic navigation. We can only surmise that it is a colloquialism or an obscure cultural reference.

Whereas in more prosperous (and enlightened) times the publication of such a document without exhaustive footnotes and a gloss would have been unthinkable, there is little support for such scholarly effort today. However, to discover and rescue such a prize and not to share it, in whatever form, would seem an even greater outrage. I offer my translation of this manuscript unadorned. Make of it what you will.
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Prologue 

If I have one complaint about the center of the Milky Way, it is that I found it nearly impossible to get a decent night’s sleep. The sky teemed with blue-white stars, each as brilliant as a full moon. There must have been thousands of them, and I, sensitive to light as I am, felt pinned from all sides by their radiance. It made no difference that the portals of my craft could easily be covered to block out the glare; the knowledge that I was bathed in the light of this enormous star cluster was enough to keep me awake. Had I been able to sleep, I might have managed to convince myself that this long voyage was an entertaining dream, my answer to Johannes Kepler’s Somnium. That great astronomer’s allegorical excursion to the Moon, circa 1611, had been a favorite of mine as a student—I once translated it from the Latin myself—and since then I have often wondered what subliminal role it played in triggering my wanderlust. But this was no dream. The sensations were too acute and the discomfort too real to be so easily dismissed as imaginary.

It’s funny how I dwell on the memories of such small annoyances nearly as often as I mull over the great themes that have emerged during my travels. In my mind I will always be able to revisit the searing, metallic glare that confronted me near the Crab Nebula’s pulsar; the infuriating, impenetrable shroud of dust that blocked my explorations of the giant star Betelgeuse; the seasickness that overtook me as I surfed through heavy turbulence to the nucleus of the galaxy from which I now write. The grander episodes have been internalized, I suppose, and no longer serve to mark the specific events of this journey so much  as to characterize my own progress as its witness. Among these episodes were the life-and-death encounters: a terrifying incident near the second black hole I visited, my escape from a supernova explosion in the Magellanic Clouds, the barrage of rogue boulders that nearly destroyed my craft as I tried to watch the creation of a planet. These dramas, any of which could have cost me dearly, I seem to have taken in stride. Each has helped to crystallize an aspect of this journey—to broaden my appreciation of relationship among phenomena that I scarcely imagined could be connected in so many ways.

Funny, too, that a few periods of enforced wakefulness should have disturbed me. After all, 85 percent of my journey has been spent in hibernation—a necessity, given the journey’s length. I have been traveling, now, for more than 200 years by my clock. I am—or was—an astrophysicist of the early twenty-first century. I think back on that time frequently, and it is only with the greatest difficulty that I can accept the fact that (almost certainly) every last one of my colleagues has been dead for 60 million years! This trip has occupied less than half of my conscious lifetime, and part of my psyche cannot grasp the passage of so much time on Earth.

Yet there is nothing paradoxical about the distortions of time that I have had to create in order to make this trip. Because my craft has accelerated to within a hair’s breadth of the speed of light (without ever exceeding it), small amounts of time pass for me while eons elapse for Earth and most other bodies in the cosmos. I am a manipulator of time, though I am doing nothing that is not readily comprehensible to every physics student on my planet.

Nor are the other technical aspects of my craft anything more than extensions of the technology that existed at the time of my departure. True, I pioneered the experiments that led to this highly efficient form of propulsion, and I was the first to build a prototype. But by the spaceship design standards of my time, my craft boasts few extravagances. No one would have called this a cathedral to space travel; it is certainly no space-metropolis.  Why should it be, given that I am its only inhabitant? My craft is cozy but not cramped. I have grown into it. I have lived here so long that I have come to think of it as an extension of myself, just as a hermit crab must come to regard its adopted shell. I’m organized but not especially tidy; fragments of my writings and calculations are strewn about. And I have set several view screens to project images that please me—reminders both of Earth and of places I have encountered on my odyssey. In a word, my craft is home.

This vessel has flawlessly provided the necessities of life for all my waking years aboard. Food and air have never posed a problem. I have modest stores, I recycle waste, and whatever else I need I synthesize from the material of space. The fuel scoops, which can be extended out to thousands of kilometers from my living quarters, sweep through a kilogram of interstellar matter per second of Earth time (far more per second of time as measured by my clocks). Most of this matter is hydrogen or helium, and it is instantly converted into energy for propulsion. A small fraction—about 1 percent—consists of oxygen, carbon, and all the other elements. Of this, only a tiny amount needs to be diverted for conversion into food or air or for the fabrication of any other materials I require (such as tools, paper, and patches for my craft’s skin).

My craft is sturdy, too—I have survived, after all, and am in reasonable health—though it is perhaps not quite so sturdy as I should have liked. I have subjected it to conditions it was never meant to endure and have watched, horrified, as its outer layers began to boil and slough off under the intense pressures of an onrushing nebula. But the shielding has always held. Because it has protected me time after time, I have begun to develop the kind of affinity for it that comes with shared adversity—as though it were a traveling companion.

Does my craft have a name? I had never thought to name it—such a symbol of personification seemed unnecessary, But how about Rocinante? The name has some sentimental value for me. One of my graduate students gave this label to my research  group’s first computer. I immediately recalled John Steinbeck’s motorhome in “travels with Charley,” but it turned out that she had named it after the spaceship in a rock group’s popular song. My faculty colleagues assumed we had named it after Don Quixote’s horse and proceeded to call the department’s successive computers Dulcinea, Panza, and so on. Personally, I have always leaned toward the Steinbeck association, and I think it also suits my craft. Rocinante is homey in a rough sort of way, like a camper van. An old camper van, for that matter, with its fraying upholstery. In lieu of human companionship (always pragmatic, I have long since trained myself to cease regretting its absence), my craft at least provides the companionship of a stable, human-scaled environment that I have shaped, It is necessary armor against a. cosmos that does not know I exist.
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I see no reason to rehearse in too great detail the events that led up to this trip and have now receded so far into the past. I was motivated by several considerations. First, I traveled because I could. The craft was ready, and I grew impatient waiting for the formal cycle of testing and refinement that would have extended (I feared) far beyond my lifetime. Then there were academic and political disputes—over my experiments and my theories, over priorities and precedents—that now seem so petty and incomprehensible that they do not bear repeating.

The scientific and philosophical motivations remain much more vivid, although even they have evolved so far beyond recognition that it scarcely seems worthwhile to describe them exhaustively. A number of bizarre objects and phenomena had been the focus of my studies for several years. There were quasars, pulsars, jets, and black holes, to name a few of the more exotic ones. Were they all merely curiosities, or did their similarities, differences, and relationships convey some more subtle message about the way things are constructed and the way everything “works” out there? In what ways did they connect—if at all—with the “everyday” phenomena of the skies: the stars, galaxies, and nebulae with which I had long been familiar?

My scholarly interests in these phenomena, and the questions they raised, gradually took on the character of an obsession. Then, the invention of a means to travel in the realm of these bodies made the prospect of some sort of trip irresistible. To gather firsthand evidence about them—that became the objective against which I would have to judge the success of my work, eclipsing the accolades that began to rain down on me as word of my propulsion experiments leaked out.

I was enthralled with the idea of touching the places I studied, or coming as near to touching them as I could. For years I had endured the gloating of my colleagues in the field of planetary science. They had grown accustomed to visiting their objects of study—at least the local ones—and literally scooping up samples, if not in person, then through the agency of automated probes. We astrophysicists had always had to make do with remote viewing and indirect deductions based on highly idealized models for the phenomena we studied. A slight mistake in the observations, and we were easily fooled, as we were when we mistakenly attributed the pulsations of a nearby binary star to a quasar nearly coincident with it on the sky. To make any progress at all, we applied a “principle of mediocrity,” asserting that any type of phenomenon found nearby should be characteristic of the Universe at large. This principle often went under the more dignified name of the Copernican Principle (after the Polish astronomer who had the audacity to lump Earth in with the other planets, removing it from its Ptolemaic position at the center of the universe). To extend the Copernican Principle to physical laws was to assume that those laws applied equally everywhere in the Universe. A very healthy conservatism, I suppose, that usually stood us in good stead, but a philosophy that made it much more difficult for an astrophysicist to discover a new law of nature.

Even worse off were the poor cosmologists, who had only one “object” to study. At least we could compare different galaxies  and nebulae, much as the planetary folk practiced “comparative planetology.” I often suspected that a kind of cosmic loneliness was the real reason why cosmologists were so apt to hypothesize parallel universes, “many worlds” theories, and the like. These alternative universes, patently undetectable, were like their imaginary friends.

The idea of bringing to these studies even the slightest bit of immediacy, of direct sensation, became my crusade. Finally I hatched a concrete plan: to travel to the center of the Milky Way, to see what was there, and then to return. Why visit the Galaxy’s center? As best I can reconstruct it, I had fallen prey to a simplistic optimism about the root of all structures—a kind of cosmic Utopianism. I came to believe that the secret to the organization of the Universe could be summed up in a single word: gravity. Experience as pure a gravitational field as possible, and you will have had all the experience you need, I thought. At the time this seemed to make sense. Gravity was always attractive, unlike the forces that governed electricity and held sway inside atoms. And unlike these other kinds of forces, gravity did not falter (although it grew steadily weaker), no matter how large the distances involved. It held the Moon in orbit around the Earth, the Earth around the Sun, and the Sun around the Galaxy. The analogy went all the way up to the entire Universe, which actually could have recollapsed as a result of its own gravity, if only it had been sufficiently massive and had not flung itself apart so violently at the outset. Universal attraction seemed to be the key. Perhaps this is why, in a perverse and symbolic way, I welcomed the unpleasant sensation of being pinned inside the cockpit of my craft by the oppressive glare of the Galaxy’s central star cluster. The stark shafts of light, beating in on me from all sides, immobilized me, as though I had fallen under the influence of some immense gravitational field. In a sense, this was what I had been looking for, although I had expected to find it manifested in a physical rather than a psychological force.

Is there a better place to experience pure gravity than in the vicinity of a black hole? After all, a black hole is often described  as the disembodied gravitational field left behind when matter is sucked out of this universe and goes . . . who knows where? I knew that there was a good-sized black hole smack in the middle of the Milky Way. The evidence was incontrovertible. My colleagues—two groups of them, working independently in Germany and California—had plotted the motions of stars and found that their orbits were behaving as though they were under the gravitational influence of matter equivalent to 2 ½ million Suns. My jaw dropped when they showed me their “movie” of stars careening around in tightly prescribed orbits, half a Galaxy away. It had taken them decades to compile the frames, each one a year’s worth of work. They looked in vain for a tight cluster of stars to provide the inferred attraction, but all they came up with was a faint speck glowing a bit with X-rays, radio waves, and gamma rays. If this wasn’t a black hole, they concluded, it was something even weirder.

The Milky Way’s center lay 26,000 light-years from Earth, but the trip, I calculated, would take just 20 years in each direction, by my clock. Because I would spend most of that time in hibernation, it did not seem that this journey would constitute such a large investment as measured against my life’s duration. As measured against its texture, though, I knew the impact would be incalculable. I would return more than 50,000 years of Earth time in the future—sheer madness, from the point of view of resuming any sort of normal existence—yet my compulsion to travel was such that this does not seem to have worried me.

As it turned out, I did reach the center of the Milky Way, but then my plans went awry. Disappointed and confused by what I found there, I traveled onward, in search of some kind of closure to my mission, then onward again. Each leg of the journey drew me inexorably to the next and changed the character of my quest. A list of destinations and half a lifetime away from home: those are the facts of my journey. But such a list does not express the deeper structure that slowly asserted itself. That will take many more pages to describe.





Part One

GRAVITY





1

To the Center of the Milky Way?

No sooner had I decided to go than I began to get cold feet. This wasn’t fear of Rocinante’s reliability—I was confident of my craft’s propulsion and life support systems. It was not even fear of the unknown—in my arrogance, I thought I knew what I would find. This was fear of the unseen, the terror that strikes fogbound drivers: I could not see where I was going. To a casual viewer on Earth, the center of the Milky Way seems a nonexistent destination. If you don’t believe me, go outside during July or August and try to find it for yourself in the night sky. It is easy enough to trace the Milky Way’s luminous band as it sweeps through the ancient constellations of Cassiopeia and Cygnus, soars across the equator in the constellation Aquila (the Eagle), heads southward through the obscure star pattern of Scutum, and crosses the ecliptic—the path of the planets—in the zodiacal realm of Sagittarius. What appears as a band on the sky is really the cross section of a vast slab of stars seen from within, from a site near the midplane. People had figured out that much in the eighteenth century. Astronomers later determined that the slab is really a disk, complete with a far-off center. But the location of the latter is anything but obvious.

Scutum looked like a promising site for the kind of glitter one might expect to find at the pivot of a major spiral galaxy, so I decided to study its environs more closely. It certainly ranks as the constellation with the most arcane etymology. Scutum Sobieskii—Sobieski’s Shield—is the only constellation named to honor a flesh-and-blood military hero, John Sobieski, who saved Poland from Swedish domination in the seventeenth century and then went on to defeat the Turks at Vienna. It is suitably decorated. With simple binoculars, I spotted the brilliant “open” star clusters Messier 11 and 26, looking like sprays of small diamonds scattered on black velvet. But these attractions proved to be scarcely outside Earth’s neighborhood. Farther south, near Scutum’s boundary with Sagittarius, I noticed two enormous glowing clouds of gas: the Trifid and Lagoon Nebulae, more distant versions of the Great Nebula of Orion that I was to visit later on. Yet even these are not the unique kinds of markers one would expect to find at the geometric center of a gigantic stellar merry-go-round like the Milky Way. I was getting discouraged, but it also turned out that I was getting warm.

I was staring straight in the direction of the Milky Way’s center but didn’t realize it. What I saw was a warren of bright ridges and dark lanes, broadening and seeming to become more complex and convoluted as I traced the Milky Way’s path southward into Sagittarius. There was still no sign of the center, but it was there all the same, hidden by a screen of dust.

In my defense, even the best astronomers of the early twentieth century had had a tough time determining the Milky Way’s center, to say nothing of the Galaxy’s size and shape. They thought they had it in 1920, when a Dutch astronomer named Kapteyn mistakenly concluded that Earth occupied the place of honor. But “Kapteyn’s Universe” turned out to be no more than the local patch of galaxy surrounding Earth. Kapteyn had estimated the distances of stars in different directions around the sky, assuming that the dimmer stars were farther, on average, in inverse proportion to the square root of their brightnesses. (Light bulbs grow dimmer with distance in this way, he reasoned,  and so should stars.) Counting the numbers of stars at different distances, versus direction, he built up a three-dimensional model of the Galaxy. This was a more detailed version of an approach Herschel had tried a century earlier. But for this technique to work, two conditions would have to be met: The mixtures of star types (colors, sizes) would have to be similar at different distances, and the space between the stars would have to be transparent to starlight. The first condition is true enough, but the second is false. What neither Kapteyn nor anyone else knew at the time was that much of interstellar space is filled with a haze of tiny dust particles that progressively obscure stars at increasing distances, blocking their light entirely beyond distances of little more than 5000 light-years. As a result, Kapteyn severely overestimated the distances to the fainter stars, which are dimmed not so much by their remoteness as by a pall of interstellar smog. What Kapteyn thought was the entire Galactic disk was really only the patch within 5000 light-years, just 20 percent of the way to the Milky Way’s true center. It is no surprise that the stars looked symmetrically arrayed about the planet Earth.

Who would have guessed that the Galactic disk resembles a smoke-filled room? The dark lanes and “coalsacks” that you can see with binoculars—regions seemingly devoid of stars—are merely places where the dust concentrations are especially high. The particles themselves are not that unlike the particles that make up cigarette smoke. They are about the same size—a fraction of a micron, or a few percent of a hair’s breadth—and are somewhat similar in composition. Many of them consist of “soot,” mostly graphite and an admixture of hydrocarbons, with some very tiny particles of “sand” (silicon-based minerals) mixed in. This dust is pollution from supernova explosions, lesser stellar explosions called novae, and the evaporating outer envelopes of giant stars, and it readily accumulates in stagnant pockets of space, where there are no winds to sweep the Galaxy clean.

Fortunately, the Milky Way’s dusty disk is less than 5000 light-years thick, so if you can’t see along it very far, at least you  can see out of it. That is exactly why the Milky Way forms a distinct band on the sky, and it is why Kapteyn’s predecessors, going back to Thomas Wright in 1750 (and later to include the philosopher Immanuel Kant), had guessed correctly that the stars of the Galaxy were confined to a slab. Only by looking “up” and out of the disk did astronomers spot the telltale—and indirect—evidence of where the true center lies. It was Harlow Shapley who guessed that the spray of “globular clusters”—the 100 or so disembodied “droplets” of concentrated Milky Way, each containing as many as a million stars in a tight spherical packet—formed an extensive halo framing the Galaxy’s center like a bull’s-eye. Earth was far from the center.

By this point, preparations for my voyage were far advanced. The millennium had turned a few years earlier, public (and government) interest in my experiments had been growing, and I realized that I might soon have to cede control of my research facilities to an increasingly nervous group of backers. Time was pressing, yet for an instant I hesitated. I knew from abstract arguments where the Milky Way’s center was, but I was frustrated at not being able to see it. Did I really dare to embark on a journey toward an invisible destination? My enthusiasm began subtly to wane. Then, at the last minute, I was granted the preview I needed to cement my resolve—a spectacular image.

My good luck stemmed from the fact that light rays are not infinitely thin beams traveling along precisely straight lines but, rather, are slightly “fuzzy” and always a little bit spread out, no matter how tightly one attempts to focus them. This fuzziness, which increases with the wavelength of the light, means that light can bend very slightly around sharp edges (the phenomenon of diffraction) and cannot be blocked by any object that is much smaller than the wavelength. Interstellar dust grains have sizes comparable to or larger than the wavelengths of visible light, and hence they block these rays rather effectively, but they are smaller than the wavelengths of infrared rays. Thus infrared radiation from the Milky Way’s center passes through the dust unimpeded. I recalled that my colleagues who had mapped the  motions of stars in the Galaxy’s center had exploited just this selective transparency. With the aid of an infrared telescope orbiting above Earth’s atmosphere (the nearest place where one could get an unmuddied view), I peered toward that spot in Sagittarius that had been pinpointed so painstakingly, by triangulation off the globular clusters, many years earlier. I now saw the disk of the Milky Way clearly, converging to a thin band with distance. The Galaxy’s bulge became clear, framing the Galactic nucleus. And zooming in, a compact star cluster was unmistakable, as was the glow from the warmed gas clouds that surround it. This distant view rekindled my eagerness. But it hardly prepared me for the real thing.






2

En Route

When I recall my journey between Earth and the Galactic Center, I picture the clouds. I see my vessel darting between and through dense pillars of dust and chemical residue that blot out all view of the stars outside. I recall a vague sense of foreboding and anxiety as I visualize my passage through, the darkest clouds. It was a bit like flying through a thunderstorm, but (for the most part) there was no turbulence, which was eerie in itself. There were stars—they must have been a prominent part of the scene—but somehow they didn’t make so great an impression as the dark, imposing clouds.

I was edgy. Faced with mounting pressure, I had left in a hurry and somewhat surreptitiously. The enormity of what I was undertaking hit me fully only after I was en route, and I brooded over everything I might have forgotten. Were all stores and life support systems fully charged and operational? Had my accelerators been set correctly? Had I said my goodbyes to those friends and colleagues I knew I would miss? At these speeds, communication with Earth would be cumbersome at best, and I knew I was unlikely to receive responses to the reports I sent back, half-heartedly, during the first few years of the mission. I also could not forget the rivalries and jealousies that had plagued the support teams. Would someone from Earth give  chase? I worried, even though I knew this was utterly impossible. The risk of sabotage, or a simple mistake, was more real. On guard for a malfunction and too excited to risk missing any of the novel scenery, I hibernated only sporadically. The repeated cycling of dormancy and wakefulness took a toll on my nerves that compounded my more mundane cares.

The terrain seemed familiar as I departed the Sun’s vicinity. The region near the Sun is fairly open and not too dusty, consisting largely of warm to hot gas—by which I mean gas at 100,000 to a million degrees Celsius. Such temperatures are high enough to sublimate most of the dust, and even the individual atoms of hydrogen (which account for 75 percent of the gas, by weight) are broken up (“ionized”) by the heat into their constituent protons and electrons. The Sun’s immediate surroundings are not typical, however. It seems that a supernova, or some very hot stars, existed in this region a few million years ago, leaving behind a hot bubble of gas. Several hundred light-years from the Sun, I plunged into a more typical mid-Galactic environment: a zone of scattered clouds. If you are puzzling over these meteorological metaphors, I should point out that there is no true vacuum between the stars. Gas fills every cubic centimeter of the Galaxy, coexisting with the dust in the smoggy regions with a gas-to-dust ratio of 100 to 1 by weight. Some of the clouds have temperatures of 10,000°C, “cool” enough for dust to survive, although most of the hydrogen is ionized even in these clouds. Then there are clouds at only a few hundred to a few thousand degrees, and these are cool enough for the protons and electrons to recombine into complete hydrogen atoms. I learned to spot the regions in which the gas consisted of individual hydrogen atoms because they emitted a peculiar radio glow—always at the same wavelength of 21 centimeters, according to my receiver. The origin of this glow reminded me of the complexity to be found in atoms of even the simplest element. It is produced as the lone spinning electron that orbits in each hydrogen nucleus repeatedly flips direction under the influence of unimaginably tiny magnetic fields created by the central proton.

Interstellar clouds are very different from earthly clouds, which are demarcated by changes in the state of suspension of water vapor in the atmosphere. The interstellar variety is characterized by abrupt temperature changes at the cloud boundaries. Nature abhors a temperature difference, and the thermodynamic imperative tries to drive everything toward uniformity. Heat flows from the hotter surroundings into cooler clouds, causing them to evaporate. The breezes that blow everywhere in the Galaxy are perpetually tearing wisps off them. I wondered, then, why all this structure persists. If these clouds are continuously being destroyed, mustn’t new ones replace them? Only later did I learn that the clouds are indeed a telltale sign of the great Galactic cycle of birth and death, made from gas squeezed in the shock waves of stellar explosions and from the dense envelopes of gas shed by slowly dying stars.

I gradually began to encounter some very chilly clouds, so cold and dense that the hydrogen atoms paired off into molecules. The 21-centimeter radio glow faded, quenched by the interatomic pairing, but it was replaced by a much more complicated spectrum of radio waves. These molecular clouds were truly imposing, some of them more than 100 light-years across and containing as much matter as 100,000 Suns. Some were bursting with clusters of bright young stars, but most churned quietly, with just a few modest-sized stars forming here and there. As I traversed these clouds, I encountered dust storms—even occasional “snow” (ice-coated dust grains)—in some of the denser pockets, where temperatures dropped as low as 10 degrees above absolute zero. In the rainbow of radio waves I detected the signature of toxic carbon monoxide, as well as other, more complex molecules: alcohols, formaldehyde, even water.

Halfway from Earth to the Milky Way’s center—13,000 light-years from home—the concentration of molecular clouds noticeably thickened. Yet I still passed through an occasional clearing, nearly devoid of gas and dust where temperatures soared to a million degrees or more. These holes had been blasted in the interstellar cloud-deck by the combined effects of supernova explosions and winds from earlier generations of hot, massive stars. These clearings are so much more dramatic than the small bubble in which the Sun is immersed that they had been noticed from Earth and christened “superbubbles.” As I looked up out of the Milky Way’s plane—while crossing these regions, I could see the faint X-ray glow where plumes of superheated gas forced their way out through the Galaxy’s atmosphere.

But by two-thirds of the way to the center I was socked in, amid a nearly continuous layer of molecular clouds that was itself sandwiched between layers of cool atomic gas. Were these gaseous lanes part of the famed spiral arms? You may have heard of them. Disk galaxies such as the Milky Way seldom took like featureless platters when viewed from above. Often they sport grand spiral patterns that sometimes can be traced across the entire face of the disk, outlined by chains of dense clouds and dazzling clumps of newly formed stars.

What are these spiral arms? Certainly they are not rigid streamers of stars and gas, twirling around the pivot of the galaxy like a pinwheel. Astronomers had once speculated that they were organized structures held together, elastically, by magnetic lines of force, but it quickly became clear that gravity was the only agent capable of organizing matter over the large scales of a galactic disk. The main effect of gravity on a galaxy’s disk is straightforward enough. just as in the Solar System, where the nearly circular motions of planets balance the gravitational pull of the Sun, in a galactic disk the pull of gravity is resisted by the nearly circular motions of the stars and gas cloud about the galaxy’s center. The planets farther from the Sun take longer to go around once than the planets closer in, and the same is true of stars and gas clouds in a galaxy. (The Sun takes about a quarter of a billion years to orbit the Milky Way once; the orbital time for other stars varies roughly in proportion, to their distance from the center.) The gravitational forces so dominate other effects that you could no sooner maintain a rigid spiral pattern of stars and gas in a galaxy than you could keep the planets rigidly lined up in the Solar System.

There is, however, one complication in a galactic disk that does not apply to the Solar System. Unlike the Solar System, where 99 percent of the mass is concentrated in the Sun and the individual planets have minimal effect on one another’s motions, a galaxy’s gravitational field consists of the combined gravity of all its constituent stars and gas clouds. This can make for very complicated orbital motions, because the amount of matter a body is orbiting depends on how far it is from the center, on whether the matter is symmetrically placed about the center, and so forth. Moreover, it is not just the mass of the disk that holds the galaxy together. Theorists have shown what would have happened to the Milky Way if it had consisted of a disk alone. It would have been violently unstable, sloshing from side to side, even buckling, and ultimately losing its disk-like shape altogether. The reason why this does not happen is that the entire disk is embedded in a vast spherical halo consisting of an even larger number of stars; very tenuous, hot gas; and a third, catchall component that is so hard to detect that astronomers still refer to it as “dark matter.” In fact, most of the gravitational pull that keeps the Solar System from shooting off into intergalactic space comes from the halo, not the disk. The stars in the halo are mostly old and faint, which makes even the “non-dark” part father hard to detect. But individual halo stars do occasionally give themselves away because they do not participate in the orderly orbital motion of the disk stars. As I traveled I found interlopers easy to spot, because their motions seemed to be completely random, and they were usually moving much faster than any of the disk stars.

Even with the halo in place, the galaxy’s disk is still slightly unstable, and it is this slight tendency toward imbalance that generates the graceful spiral patterns. As in most great art, the slight imperfections are what count. I had always admired pictures of well-formed spiral galaxies for their aesthetic qualities, but I knew that the mechanism that leads to spiral structure is prosaic and explicable entirely in terms of the subtleties of gravity. Suppose that by some chance fluctuation, a group of gas  clouds and stars bunch up a bit as they orbit the galactic center. The bunched-up matter exerts a little extra gravitational pull on the surrounding stars and gas clouds and slows them down slightly. They then bunch up, while the original bunched-up stars and gas clouds gradually return to their normal, clockwork paths around the galaxy. The newly bunched stars and gas then cause the next group of stars to bunch up, and so forth. A bottleneck is created and perpetuated: a classic rubbernecking delay.

Thus the spiral “arms” are more aptly called waves, because they are not really objects but rather patterns. They are merely the spiral-shaped loci where the stars and gas of the disk slow down briefly as they march around the galaxy’s center—a kind of interstellar traffic jam. Traffic jams may one day seem quaint anachronisms on Earth, once vehicles are controlled by computer, but it is doubtful that traffic engineers will ever learn to tame gravity.

What make spiral arms so obvious are the “tracers” that outline them: chains of molecular clouds and clusters of newly formed stars. If spiral arms are traffic jams, then the tracers are the result of accidents caused by the backup. As the gas clouds bunch up, some of them run into one another and merge, creating molecular agglomerations larger and denser than average. With increasing size and density comes an increase in the local gravitational force. These giant molecular clouds are set with a gravitational hair-trigger, primed so that their own self-attraction will overwhelm them given the slightest provocation. Any sudden compression as two clouds collide will cause them to collapse under their own weight. Perhaps that’s all it takes to trigger star formation: cloud collision and—voilà—spiral arms are bejeweled with brilliant strings of young stars.

As I mused on the nature of the thick cloud layers that surrounded me, it became clear that I had already left the spiral realm behind. These gaseous strata were too thick, too permanent-looking to represent anything as ephemeral and delicate as the passage of a spiral wave. I realized that I was already too  close to the Galaxy’s center to encounter spiral structure, and I recalled a map I had once seen, showing the positions of the Milky Way’s spiral as deduced by radio astronomers. According to this map, if you were to look at the Galaxy from above the disk, you would see the arms splayed out openly in the outer regions of the Galaxy. Indeed, I would have crossed better-defined arms had I headed in the direction of Cygnus or Perseus, instead of toward Sagittarius. Closer in to the center of the Galaxy the spiral pattern becomes more tightly wound, less spiral-like and more like a series of concentric rings. I figured that I must have been passing through these rings, just about at the place where they begin to merge into an undifferentiated continuum.

Suddenly I understood that even this detail was a subtle part of the scheme by which gravity organizes the Galaxy. Gas passing though a spiral arm tends to lose just a little bit of its orbital motion because of the retarding effect of gravity, and consequently, it drifts closer to the center. Thus spiral waves help gravity to achieve its universal goal of attracting all kinds of matter—stars, gas, whatever—toward a common center. In these dense molecular and atomic gas are cloud-layers a few thousand light-years from the Galaxy’s center, much of this drifting gas seems to accumulate.

I was now expecting a gloomy ride the rest of the way in. Gravity indeed would like to collect ever-denser banks of cloud and dust toward its central focus. Surprisingly, though, the gas doesn’t drift all the way to the center. As I emerged from the innermost molecular band—a couple of thousand light-years from ground zero—the atmosphere was still murky, but I noticed that the clouds were becoming much patchier than in the dense smogbanks I had just traversed. A view of the scene in infrared rays showed why. I was now passing through the “bulge” of the Milky Way Galaxy, where the disk appears to puff up and meld with a sort of inner halo. An ever-increasing fraction of the stars around me were moving randomly, rather than marching in lockstep circular orbits. The Galaxy’s geometric center lay dead ahead, but there was something strange about the pattern of  stars on the sky. I hesitated for a moment, disoriented. But then I saw what the problem was. Instead of being symmetrically arrayed under the evenhanded attraction of gravity, as I had intuitively expected, the distribution of stars was lopsided! There were more stars to the left of the Galactic Center than to the right.

I was face to face with the Galaxy’s stellar “bar,” which resembles nothing so much as a huge tumbling peanut made up entirely of stars. Stars caught up in the gravity of the bar execute motions that are far different from the orderly circular orbits of disk stars, different even from the chaotic dashing of halo stars. These trapped stars trace out semi-repetitive shapes ranging from figure eights, to complicated cat’s cradles, to woven tubelike structures reminiscent of those “Chinese puzzles” that trap your fingers. It is amazing that these patterns can hang together, but bars are remarkably robust and are found in a good half of the spiral galaxies.

Thanks to the bar, for once the inexorable central pull of gravity is foiled. The bar hinders the inward drift of gaseous debris. The churning gravitational forces produced by the tumbling peanut stir up the motions of any gas clouds that venture inside, driving the clouds slightly farther from the Galactic Center. That explains why I was emerging into a region of the Galaxy where the clouds were becoming sparser. But it does not explain what I saw next.






3

A Ballet

Suddenly I emerged into a clearing only 10 or 20 light-years from the Galactic Center and saw a cluster of stars the likes of which I had never seen before. Nearly a million stars were crammed into a volume that would have been occupied by only a few dozen stars had it been in the vicinity of the Sun. I was immediately struck by—and would lose several night’s sleep to—the many blue-white, blindingly luminous stars that were mixed in with the more common stellar varieties in every direction. These kinds of superstars, though only a few times more massive than the Sun, were so bright that they were doomed to burn themselves out in a blaze of glory, I had seen a few of them en route from the solar neighborhood, but everywhere else in the Galaxy they seemed to be quite rare. This relative rarity was not a surprise, because such stars last less than 10 million years (compared to 10 billion years for a star like the Sun) before throwing off their envelopes in violent convulsions and, if they are heavy enough—more than 8 or 10 times the mass of the Sun—exploding as supernovae. But even before they become violently unstable, they will have spent most of their lives injecting fast, hot streams of gas into their surroundings.

Given how many massive stars there were, it came as no surprise that the whole Galactic Center was immersed in a kind of  hot bubble, similar to the superbubbles I had traversed earlier but lacking their opportunity to vent into the Galaxy’s halo. As a result, the pressure outside my craft had increased enormously, although it was still much lower than any vacuum ever produced on Earth. I had measured it when I arrived in interstellar space near the Sun: There it was 0.000000000000000001 of the mean atmospheric pressure at sea level on Earth. But in the Galactic Center it was thousands of times higher than in the Sun’s vicinity, pumped up by the combined effect of the fast winds and the added jolt of a stellar explosion every thousand years or so.

How did these stars get here? Because they were burning up inside at such a prodigious rate, they couldn’t have been older than a few million years. Were they formed here? I looked around for likely sites of star formation, giant clouds rich in molecules, shielded from the heating and evaporative influences of hot stars and supernova blasts. But I couldn’t find any. Streamers of compressed gas stretched here and there, squeezed by the high pressure and combed out along magnetic lines of force. A few of the nearby gaseous streamers seemed dense enough to collapse under their own weights, and it’s just possible that I spotted a couple of stars forming. But the impression I had was that the cluster occupied a vast, nearly empty cavity, the space between the stars glowing faintly in X-rays because of the high temperature, which now topped 10 million degrees in places. What gas clouds I saw were being flung about chaotically in all directions—not exactly the optimal conditions for organized gravitational contractions to create, or replenish, a cluster of nearly a million stars. Were conditions very different a million, 10 million years ago? Was the Galactic Center then full of dense, dusty clouds of gas, churning out all these stars in a giant burst of gravitational coagulation?
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