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TO KATE, FOR 21 YEARS OF PATIENCE














I am a man: little do I last and the night is enormous.


But I look up:
the stars write.


Unknowing I understand:
I too am written,
and at this very moment
someone spells me out.


OCTAVIO PAZ















THE CITY ON THE EDGE OF FOREVER



As you wander past the Hôtel de Matignon, the official residence of the French prime minister, past the art and antiques shops that crowd together amid the bustle and color of the 7th arrondissemont in Paris, you arrive at the courtyard of a grand eighteenth-century estate, whose walls protect a garden enclave from the traffic, noise, and concerns of the outside world. Throughout the gardens and the mansion located at their center, you can gaze upon the works of one of the nineteenth century’s greatest sculptors, Auguste Rodin.


If you pay the entry fee and walk inside the villa, up the grand staircase to the upstairs foyer overlooking the immaculate gardens below, you will come face to face with the miracle by which solid rock is transformed into the sensuous outlines of the human form. While sculptors throughout the ages have created beautiful images in media ranging from rock and bronze to wood and glass, the uniqueness and majesty of Rodin’s art lie in part in the striking juxtaposition of form and formlessness. It seems as if the rock itself is giving birth to the tender and sometimes tragic human shapes that rise up from its foundation: a couple locked in a caress, a nymph at rest, humanity cradled in a huge guardian hand. Whenever my eyes move from the rough-hewn edges to the smooth shapes within, my mind also begins to wander, but over a far broader horizon. I cannot help picturing this transformation as an allegory for our own long journey out of nothingness. As I touch the cool and solid marble, and marvel at a couple locked in an ecstatic and apparently eternal embrace, I ask myself whether this too is an illusion, whether anything is eternal, and where our own future lies. And I think about my own remarkable fortune to be a living, cognizant creature who can make such speculations at a time when some of nature’s most perplexing mysteries may be yielding to our persistent push. Such is, I suppose, the power of great art—to transport you beyond your immediate concerns and free your mind and spirit to wander.


The world’s religions too speak of creation and transformation, of life and death and sometimes resurrection. The cycle of life—birth, death, and birth again—has occurred with clocklike regularity, on scales ranging from minutes to millennia, over the course of eons on Earth. But together, all these many lives and deaths represent merely a snapshot in cosmic time. The universe we understand existed for almost twice as long before Earth was formed as it has existed since the cosmic bits of rock and dust first coalesced together around a medium-size star at the edge of the Milky Way galaxy. And we know for certain that the universe will continue to exist, largely unchanged, for at least twice as long again, long after our own sun has puffed up and swallowed the Earth, and before it in turn slowly dies, like an ember in a fireplace losing its glow in the dark at the end of a long winter’s night.


We are said to go from ashes to ashes, dust to dust. But though our nature compels us to think of our own experience as the defining feature of existence, it is not. All the while, the fundamental protagonists in the drama of life are the very atoms that make up our bodies. They may experience what we all desire: a chance at immortality.


This book tells their story.
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Like all good drama, this story is not about all atoms, because atoms, like people and dogs, and even cockroaches, have individual histories. Rather, this is a story about one atom in particular, an atom of oxygen, located in a drop of water, on a planet whose surface is largely covered by water but whose evolution is for the moment dominated by intelligent beings who live on land. It could, at the present moment, be located in a glass of water you drink as you read this book. It could have been in a drop of sweat dripping from Michael Jordan’s nose as he leapt for a basketball in the final game of his career, or in a large wave that is about to strike land after traveling 4,000 miles through the Pacific Ocean. No matter. Our story begins before the water itself existed, and ends well after the planet on which the water is found is no more, the myriad human tragedies of the eons perhaps long forgotten. It is a story rich in drama, and poetry, with moments of fortune and remarkable serendipity, and more than a few of tragedy.


As I embark on this story, I cannot help reflecting on how many times my mother admonished me as a child, “Don’t touch that, you don’t know where it’s been!” She would have been surprised.…













PART
ONE



DIVINE
WIND




The world becomes stranger, the pattern more complicated


Of dead and living. Not the intense moment


Isolated, with no before and after,


But a lifetime burning in every moment


T. S. ELIOT

















1.



THE UNIVERSE IN AN ATOM




Many are called, but few are chosen.


MATTHEW 22:14




In the year 1281, the second Mongol invasion of Japan began, and ended. The invaders were defeated as much by the force of nature as by the Japanese warriors, as the Mongol ships suffered grievous losses due to the Kamikaze, or “divine wind.” This routed the invaders and boosted Japanese pride in their island’s invincibility, much as the storms that helped repel the Spanish Armada from British shores 307 years later—immortalized in a commemorative medal with the words “God Blew, and they were scattered”—helped affirm the sense of Divine Right harbored by Mother England for centuries thereafter.


Those Mongol ships that survived the crossing of the Sea of Japan may have noticed the range of mountains that rise sharply from the water near the town of Toyama. These are known by some as the Japanese Alps—a popular skiing attraction today. Deep below these snowy peaks, where the sun never shines, indeed has never shone, may lie the secret of our existence, forged from a fiery wind, not necessarily divine, but more intense than any that has ever swept the Earth and as old as creation itself.


In the deep Mozumi mine in the town of Kamioka lies an immense tank of pure, clear water, recycled daily to remove contaminants. Forty meters in diameter and over 40 meters high, the Super-Kamiokande detector, as it is known, contains 50,000 tons of water—enough to quench the thirst of everyone in a city the size of Chicago for a day. Yet this device, located in a working mine, is maintained with the spotless cleanliness of an ultra-purified laboratory clean room. It has to be. The slightest radioactive contaminants could mask the frustratingly small signal being searched for by the scores of scientists who monitor the tank with 11,200 phototubes—eerily resembling television tubes—lining the outside of the tank. If the scientists’ attention wavers for even a second, they could miss an event that might not occur again in the lifetime of the detector, or the scientists. A single event could explain why we live in a universe of matter, and how long the universe as we know it may survive. The signal they are searching for has been hidden for at least 10 billion years—older than the Earth, older than the sun, and older than the galaxy. Yet compared to the timescale of the process behind the event being searched for, even this stretch is just the blink of a cosmic eye.


We are about to embark on a journey through space and time, traversing scales unimaginable even a generation ago. A tank of water located in the dark may seem an odd place to begin, but it is singularly appropriate on several grounds. The mammoth detector contains more atoms—by a factor of 100 billion or so—than there are stars in the visible universe. Yet amid the 1034 (1 followed by 34 zeros) or so atoms in the tank is a single oxygen atom whose history is about to become of unique interest to us. We do not know which one. Nothing about its external appearance can give us any clue to the processes that may be occurring deep inside. Thus we must be ready to treat each atom in the tank as an individual.


The vast expanse of scale separating the huge Super-Kamiokande tank and the minute objects within it is a prelude to a voyage inward where we will leave all that is familiar. The possible sudden death of a single atom within the tank might hearken back to events at the beginning of time.


But beginnings and endings are often inextricably tied. Indeed, each Sunday one can hear proclaimed loudly in churches across the land: “As it was in the beginning, is now, and ever shall be, world without end.” But do those who recite these words expect that they refer to our world of human experience? Surely not. Our Earth had a beginning. Life had a beginning. And as sure as the sun shines, our world will end.


Can we nevertheless accept this prayer as metaphor? Our world will end, but our world is merely one of a seemingly infinite number of worlds, surrounding an unfathomable number of stars located in each of an even larger number of galaxies. This state of affairs was suspected as early as 1584 when the Italian philosopher Giordano Bruno penned his De l’infinito universo e mondi. He wrote:




There are countless suns and countless earths all rotating around their suns in exactly the same way as the seven planets of our system. We see only the suns because they are the largest bodies and are luminous, but their planets remain invisible to us because they are smaller and non-luminous. The countless worlds in the universe are no worse, and no less inhabited than our Earth.





If, in the context of this grander set of possibilities, we contemplate eternity, what exactly is it that we hope will go on forever? Do we mean life? Matter? Light? Consciousness? Are even our very atoms eternally perdurable?


And so that is ultimately why our journey begins in the water in this dark mineshaft. If we explore deeply enough into even a drop of water, perhaps located in the Super-Kamiokande tank, we may eventually make out the shadows of creation, and the foreshadows of our future.
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The water is calm, clear, and colorless, but this apparent serenity is a sham. Probe deeper—plop a speck of dust into a drop of water under a microscope, say—and the violent agitation of nature on small scales becomes apparent. The dust speck will jump around mysteriously, as if alive. This phenomenon is called Brownian motion, after the Scottish botanist Robert Brown, who observed this motion in tiny pollen grains suspended in water under a microscope in 1827, and who at first thought that this exotic activity might signal the existence of some hidden life force on this scale. He soon realized that the random motions occurred for all small objects, inorganic as well as organic, and he thus discarded the notion that the phenomenon had anything to do with life at all. By the 1860s, physicists were beginning to suggest that these movements were due to internal motions of the fluid itself. In his miracle year of activity, 1905, Albert Einstein proved, within months of his famous paper on relativity, that Brownian motion could be understood in terms of the motion of the individual bound groups of atoms making up molecules of water. Moreover, he showed that simple observations of Brownian motion allowed a direct determination of the number of molecules in a drop of water. For the first time, the reality of the previously hidden atomic world was beginning to make itself manifest.


It is difficult today to fully appreciate how recent is the notion that atoms are real physical entities, and not mere mathematical or philosophical constructs. Even in 1906, scientists did not yet generally accept the view that atoms were real. In that year the renowned Austrian physicist Ludwig Boltzmann took his own life, in despair over his self-perceived failure to convince his colleagues that the world of our experience could be determined by the random behavior of these “mathematical inventions.”


But atoms are real, and even at room temperature they live a more turbulent existence than a farmhouse in a tornado, continually pulled and pushed, moving at speeds of hundreds of kilometers an hour. At this rate a single atom could in principle travel in 1 second a distance 10 trillion times its own size. But real atoms in materials change their direction at least 100 billion times each second due to collisions with their neighbors. Thus in the course of one minute, a single water molecule, containing two hydrogen and one oxygen atoms, might wander only one-thousandth of a meter from where it began, just as a drunk emerging from a bar might wander randomly back and forth all night without reaching the end of the block on which the bar is located.


Imagine, then, the chained energy! A natural speed of 100 meters per second is reduced to an effective speed of one-thousandth of a meter per minute! The immensity of the forces that ensure the stability of the world of our experience is something we rarely get to witness directly. In fact, it is usually reserved for occasions of great disaster.


You can get some feeling for the impact that tiny atoms can have on one another by inflating a balloon and tying the end, then squeezing the balloon between your hands. Feel the pressure. What is holding your hands back, stopping them from touching? Most of the space inside the balloon is empty, after all. The average distance between atoms in a gas at room temperature and room pressure is more than ten times their individual size. As the nineteenth-century Scottish physicist James Clerk Maxwell, the greatest theoretical physicist of that time, first explained, the pressure you feel is the result of the continual bombardment of billions and billions of individual molecules in the air on the walls of the balloon. As the molecules bounce off the wall, they impart an impulse to the wall, impeding its natural tendency to contract. So when you feel the pressure, you are “feeling” the combined force of the random collisions of countless atoms against the walls of the balloon.


Although this collective behavior of atoms is familiar, the world of our direct experience almost never involves the behavior of a single atom. But attempting to visualize the world from an atomic perspective opens up remarkable vistas, and gives us an opportunity to understand more deeply our own circumstances. The eighteenth-century British essayist Jonathan Swift recognized the inherent myopia governing our worldview when he penned Gulliver’s Travels, which noted that the rituals and traditions of any society may seem perfectly rational for one who has grown up with them. Swift’s Lilliputians fought wars over the requirement that eggs be broken from their smaller ends. From our vantage point, the requirement seems ridiculous. The same may be true for our view of the physical world, which is colored by a lifetime of sensory experience.


And so, as we approach the beginning of our oxygen atom’s journey forward, we have to stretch our minds in the tradition of Swift. The atoms getting thrashed today in a drop of water may have a hard life, but this can’t even begin to compare to the difficulties associated with their birth. To imagine these moments, we must go back to a time before water existed in the universe. We must venture back to when things were vastly more violent, back to a time more than 10 billion years ago, and perhaps less than 1 billionth of a billionth of a second after the beginning of time itself. We must visualize the universe on a scale that is so small, words cannot capture it. Indeed, we must go back to a time when there were no atoms… or Eves.
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We begin when what is now the entire visible universe of over 400 billion galaxies, each containing over 400 billion stars, each 1 million times more massive than the Earth, encompassed a volume about the size of a baseball.


The simplicity of this statement belies its outrageousness. It is impossible to intuitively appreciate this era by making the leap from here to there in one giant step. But it is possible to imagine a series of smaller steps, each of which itself pushes the limits of visualization, but each of which gets us closer to fathoming the truly extreme environments we are about to enter.


Our first step begins with our own sun. Almost a million times as massive as the Earth, at its center the temperature is almost 15 million degrees, cooling by more than a factor of 1,000 at the surface to a mere 6,000 degrees, about twice the temperature of boiling iron. Nevertheless, the sun’s average density is only marginally greater than that of water, not much different than the average density of the Earth, in fact. If we squeeze the sun in radius by a factor of 10, so that it is now 10 times the radius of the Earth, it is now much denser than any planet in the solar system. A teaspoon of its material would, on average, now weigh several pounds. Compress the sun by an additional factor of 10. Now the size of the Earth, with a mass 1 million times as great, each teaspoon of its material weighs several tons. Compress the sun now by another factor of 1,000. It is now about 6 kilometers in radius, the size of a small city. A single teaspoon of its material weighs 1 billion tons! (The amount of work required to perform this feat of compression, by the way, is equivalent to the total radiant energy released by the sun over the course of 3 billion years!)


At this density, the atoms in the sun lose their individual identity. Under normal conditions, a single atom is composed of a dense nucleus, made up of the elementary particles called protons and neutrons, which are themselves made up of smaller fundamental particles called quarks. The nucleus contains more than 99.9 percent of the total mass of the atom. It is surrounded by a “cloud” of electrons that occupy a space more than 10,000 times larger in radius than the nucleus but carrying almost none of the mass of the atom.


By “cloud” I actually mean nothing of the sort. “Cloud” is simply a name we give to the electron distribution because we have no really appropriate label. It is impossible to describe in words what the electrons “do” as they surround the nucleus. At this scale they are described by the laws of quantum mechanics, under which material objects behave completely unlike they do on human scales so that our normal experience is no guide whatsoever. Individual elementary particles such as electrons do not behave like “particles.” They are not localized in space when they are orbiting the nucleus, as planets are when they orbit the sun—rather, they are “spread out.” I say this even though we know that electrons can, under certain carefully controlled conditions, be localized on scales so small that we have not yet been able to put a lower limit on their intrinsic size, with no evidence whatsoever of any internal structure. Our language, derived from our intuitive experience of the world, has no place for such behavior.


But the electrons in an atom are not spread out over all space, merely in a volume approximately 1,000 billion times larger than the volume of the nucleus. When we compress the sun to the size of downtown Washington, D.C., we squish the atoms to the point where their electron clouds are essentially pushed inside the nuclei, which in turn are touching each other. The entire mass of the sun is then essentially like one huge atomic nucleus.


(As bizarrely unrealistic as such a scenario for an object like the sun may seem, it actually happens about a hundred times every second in the visible universe. In our own galaxy, about once every thirty years the inner core of a star ends its life in such a state after a massive stellar explosion—a supernova—of the type that created us.)


Let us keep on compressing. Take this gigantic solar atomic nucleus of mass 1056 times the mass of a hydrogen nucleus, and compress it further by another factor of 100,000, so that a single teaspoonful of material now weighs a million billion billion tons—the mass of 1,000 Earths! The sun is now the size of a basketball.


However, there are about 400 billion suns in our galaxy, and at least as many galaxies in the visible universe. Even if every star was compressed down to the size described above and all the stars in all the galaxies were packed closely together, they would still encompass a volume as large as that of the Earth. (Implying, by the way, in case it ever proves useful to you to know it, that one can fit as many basketballs inside the Earth as there are stars in the visible universe.)


We have one more large step to take. Compress all of this mass, 160,000 billion billion times the mass of the sun, down by another factor of 10 million in radius. The matter in the entire presently visible universe is now contained in a space the size of a baseball. The mass of a teaspoonful of this matter alone equals as much as a million galaxies, containing a total mass of a billion billion times that of our sun! In the space traditionally occupied by a single atomic nucleus, the amount of matter contained would be more than enough to construct all of New York City! In the space traditionally occupied by a single atom, including the region in which the electrons normally orbit, the amount of matter would be almost the mass of the entire Earth!


These numbers may seem staggering, but they do not tell the whole story. In fact, they miss the most important part of it. As one compresses matter, the energy exerted heats the material up. A larger and larger fraction of the total energy of a closed system is contained in the radiant energy emitted and absorbed by the hot particles. Well before the whole system is compressed to the unfathomable levels I have described above—in fact, when the observable universe is compressed by merely a factor of 10,000, about a million light-years across—its energy would be dominated not by matter, but by the energy of radiation.


The radiation at this point is so hot and dense that it beats out the gravitational pull of all 160,000 billion billion stars! But by the time we compress the visible universe down to the size of a baseball, the fraction of the total energy associated with the mass of all the matter making up all galaxies today is only about 10−25, or about 1 part in 10 million billion billion! (This radiation has a huge pressure and it does work on an expanding universe, so that after a few thousand years, its energy dwindles away and becomes negligible, leaving just the matter contribution to dominate the universe today.) Thus, while in the region normally occupied today by a single atom the matter contained at that time would have a rest mass comparable to that of the Earth, the actual amount of energy contained in this region, including radiation energy, would have been much larger. In fact, it would correspond to the energy of the entire presently visible universe!


The universe in an atom!
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Let’s pause and reflect on our voyage. Even after the baby steps, it is still mind-boggling to try to picture what conditions are like when each atomic volume contains an amount of energy equivalent to that contained in our whole visible universe today. But you may wonder whether it is even worth trying. After all, under such conditions the whole meaning of “atoms,” the protagonists of our story, dissolves. How can we connect individual entities like the oxygen atoms that help make up the molecules of our DNA with anything in that incredible morass?


You also might have wondered why, if we are going to go back this far, we don’t go back all the way, and begin our story at the infinitely dense Big Bang itself. Let’s address this second concern first. The reason we do not take our story all the way back to t=0 is that this instant is still shrouded in mysteries beyond our scientific purview, so there is nothing concrete to say. But we do not think we have to go all the way back to t=0 in order to understand the origin of our atoms. We believe that the Super-Kamiokande experiment, or a larger one that may follow it, may allow us to infer the events that would have had to occur at the precise moment when the existence of atoms in our universe first became a real possibility. And, to respond to the first concern, that moment occurred very early in the history of the universe. It is appropriate to argue that each atom in our bodies began life precisely then, even though atoms themselves would not exist for what would seem like an eternity at that time.


Although no events have yet been observed in the Super-Kamiokande tank that would let us re-create with some certainty the events at that time, we know that a specific, if subtle, series of events had to occur in that primordial baseball in order for our oxygen atom to exist today. So subtle and rare, in fact, that had anyone been around then to notice what was taking place, they probably wouldn’t have.


Indeed, it seems that without an early series of rare events—at least as rare as a single person buying two winning lottery tickets for two different state lotteries in the same year—no one should be around today to celebrate creation, or lotteries.


Nevertheless, there is a maxim I am constantly reminded of in my work: Because the universe is big and old, no matter how unlikely something is, if it can happen it will happen. Accidents more remote than anything that might occur during our lifetime occur every second somewhere in the vast reaches of the cosmos. The most important question of modern science, and perhaps theology as well, is then: Are we merely one such accident?


Because Super-Kamiokande has not yet given us the empirical evidence we need to infer precisely what series of events occurred at this early time, we only know that some specific challenges, which I shall describe, had to have been met in order for our oxygen atom to exist today. In this sense the story of our atom takes on a Rashomon-like quality. In his famous film, Akira Kurosawa followed three different versions of the same event, a rape and murder, as remembered by three participants. Because of their different vantage points, and their different past experiences, each describes a different story. None is universally accurate, but each contains at least a germ of truth.


If atoms could speak, each would have a different story to tell. But we expect that the beginning of all these stories, when our universe could fit inside an atom, would be the same. Its rough outline has begun to emerge over the past century as scientists have carefully recorded and analyzed the signals nature has provided. The event we await at Super-Kamiokande or an experiment that may follow it will, we hope, nail the details. Until then, the following story is guaranteed to contain at least a germ of truth.















2.



THE RIGHT STUFF




In order for the wheel to turn, for life to be lived, impurities are needed…


PRIMO LEVI




A simple accident often determines the difference between life and death. This can occur in art, as in the 1999 film Sliding Doors, where the fact of missing a subway train changes the course of a young woman’s future, or in real life, as when a friend of mine missed TWA Flight 800 to Paris on July 17, 1996, in order to visit his father in the hospital, and thus avoided incineration in the sky.


The events near the beginning of time that immediately preceded the birth of our atom may seem innocuous enough. But a slight alteration in the initial conditions, and atoms, and the cosmos as we know it, would not exist today. Just as fictional heroes, from Shakespeare’s Hamlet to Heller’s Yossarian, are subject to compelling historical forces, often beyond their control, our inanimate hero is dependent upon the accidents and vicissitudes of cosmic history.
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When I speak of “accidents” it may sound as if I have given up any pretense of scientific accuracy. In fact, however, predictable accidents are the basis of essentially all modern scientific inquiry. In our laboratories today, we literally wait for accidents—except we stack the deck, creating favorable conditions according to which the laws of probability must play themselves out, and we wait and watch. Sometimes this involves building mammoth tanks of water in deep mines. Sometimes it involves building single machines larger and more complex than anything before created by humanity. In such machines we re-create, for a brief instant, certain features of the early moments of the Big Bang.


Located between the Jura Mountains to the north and Lake Geneva and the Alps to the south is the Geneva International Airport. If you are lucky and the low cloudbank which sometimes hides the valley is absent, then just before landing there you may glimpse a cluster of buildings less than a mile northwest of the airport. Like the tip of an iceberg, the central administration buildings of the European Laboratory for Particle Physics, or CERN (the French acronym for the original, now politically incorrect name, European Council for Nuclear Research), belie a far more impressive structure hidden below the surface. The picturesque farmland and small hamlets dotting the French–Swiss border do not betray any evidence of one of the largest tunnels in the world. Traveling 26 kilometers in a vast circle ranging from about 50 to over 100 meters below ground is the CERN large electron–positron (LEP) collider ring, soon to house a new machine, the large hadron collider (LHC).


To visit the CERN laboratory, or any major particle accelerator facility today, is to feel like Gulliver entering Brobdingnag, the land of the giants. Every object seems out of scale with mere human dimensions. The LEP tunnel itself, for example, while 26 kilometers long, is wide enough inside to easily accommodate a modern sport utility vehicle or two, should it ever be turned into an underground racetrack. The tunnel is accessible from the surface at one of four different laboratory locations. At each site, one of four mammoth particle detectors can be found. Each is the size of an apartment building built deep below ground, contained in experimental halls that could dwarf the stage at Radio City. Each behemoth is constructed from thousands of separate components fabricated by hundreds of physicists and technicians hailing from dozens of countries scattered across the globe. And each is built to a precision of fractions of a millimeter. The M.I.T. physicist Vicki Weisskopf dubbed such devices “the Gothic cathedrals of the twentieth century.”


From the start of construction to the completion of the first experiment, a decade can easily pass. This is in sharp contrast to the timescale of the processes being investigated, which occur in less than a billionth of a billionth of a second. Such experiments repeatedly re-create and measure, for a fraction of a fraction of a second, the conditions and interactions of matter and energy, including, as we shall see, the extremely rare events which may have been last experienced in our universe 10 billion years ago.


The LEP collider imparted energies to elementary particles that were far beyond those produced anywhere else in our galaxy, except perhaps in the shock wave from an exploding star, or in the final collapse of a gigantic black hole. Charged particles were accelerated by electric and magnetic fields around the tunnel so that they traverse the Swiss–French border (without passports!) near the airport and then again at the base of the Jura Mountains 10,000 times each second. In the process, they achieved energies of almost 1 million times the energy they store at rest.


Yet these gargantuan values are still 1 million million times smaller than the average energy carried by every particle when the universe was the size of a baseball. The collisions between individual particles at that time were so energetic that to re-create them with present technology one would have to build particle accelerators with a circumference bigger than the circumference of the moon’s orbit around the Earth!


The voyage from LEP to the primordial universe is more than a voyage back in time. It is a voyage in scale that helps take us and our atoms much of the way from Brobdingnag to Lilliput. As out-of-this-world as the colossal detectors in the LEP experimental halls may seem, their mismatch to normal human scales is inconsequential compared to the degree to which the scales of activity in our current universe dwarf those that were relevant when atoms were conceived.


The huge densities and temperatures at that time are reflected in an equally matched subatomic ferocity. Let us return to the barrage of atoms in a drop of water again, as seen under the microscope. The Brownian jumps of a dust speck are produced by the collective collisions of billions of jiggling atoms in the water, each momentarily traveling at hundreds of kilometers an hour. But a single subatomic elementary particle in the primordial gas when the universe was the size of a baseball carried enough energy to, in a single collision, knock the same dust speck not only right out of the water, but out of the Earth! If we tried to ratchet up such a collision to a human scale, it would be like accelerating a rocket in space to such a high speed that upon colliding with the moon, it could kick it right out of the solar system. (Of course, the moon would first actually break apart—as would the dust speck in the subatomic analogue—but that is not the point.) Gulliver never witnessed phenomena as foreign as this in all his travels!


Not only did such incredibly energetic collisions occur in the early universe, they occurred often and everywhere. Remember that in a region the size of a single present-day atomic nucleus, there were then more than enough particles to comprise 1 billion billion billion billion nuclei. Moreover, the collision rate was so high that in 1 second each particle in the early proto-universe would have been able to engage in more collisions than there are grains of sand on Earth.


But of course 1 second is an eternity compared to the actual age of the universe at that time. Indeed, 1 second is far more than 1 trillion times longer, when compared to the age of the universe at that time, than the age of the universe is today, when compared to 1 second.


So these are the conditions when the gist of our oxygen atom came to be, when nothing became something.
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How can I say “nothing” when there in fact was orders of magnitude more energy in a volume the size of a head of a pin at that time than is contained in our entire observable universe today? The point is there was a lot of stuff, but not the right stuff.


In spite of the mismatch between the mini-world created momentarily during the collisions at CERN and the phenomenal collisions in the very early universe, they have one thing in common. In both, energy is directly converted into mass, and vice versa—a striking example of the verity of Einstein’s theory of relativity. When the universe was the size of a baseball, the energies involved in the collisions of pairs of particles were so great that 1 billion billion newly created particles could, in principle, spew out of the collision of just 2 colliding energetic electrons. And collisions were occurring so fast that no single particle preserved its identity for long: electrons smashed together to make quarks, and quarks smashed together to make particles of radiation, photons, and all of these smashed together to make unknown particles that may last have existed in nature when the universe was less than a billionth of a second old. How can we make sense of such a mishmash?


This is precisely the problem faced by elementary-particle physicists as they attempt to explore the fundamental laws of physics at accelerators. When we bang together two beams of particles in the LEP collider, or in its higher-energy cousin at Fermilab, near Chicago, we create a host of new particles in each collision, particles created out of pure energy. If not billions, then at least hundreds of new elementary particles are created as collision products. There may be a million collisions per second when the beams at Fermilab interact, each producing hundreds of particles. To simply record these events on disk would have exhausted the greatest supercomputers even a decade ago. In fact, one of the reasons that modern high-powered computer clusters were first tested at accelerator laboratories is that these were the first places they were needed.


It turns out that we can make sense of the resulting mess not by attempting to record every feature of the flotsam and jetsam, but by homing in on certain features deemed to be important. In such a way, for example, we find that for every million incident protons that are smashed into a target, amid the resulting menagerie of particles we might find a single antiproton—the nucleus of the lightest atom of antimatter, antihydrogen.


In a universe made of matter, antimatter appears to be the ultimate villain. Antimatter doesn’t naturally exist on Earth in abundance for the simple reason that if it did, we wouldn’t be around today to know about it. When a particle of antimatter encounters its corresponding particle of matter, the two can annihilate completely, leaving only pure energy in their wake. A single kilogram of antimatter coming in contact with a kilogram of corresponding matter could produce an explosion more powerful than any explosion humans have ever created.


The very word antimatter conjures up visions of exotic science fiction fantasies. But antimatter really isn’t so strange. The chief distinction between particles and antiparticles is that, like a European versus a Lilliputian, we are used to seeing one and not the other.


It may seem facetious to suggest that antimatter is no less normal than matter is, but from a fundamental perspective, this is the case. Antimatter and matter are inextricably tied together like day and night. The possibility of existence for one requires the possibility of existence of the other. The theory of relativity and that other pedestal of twentieth-century physics, quantum mechanics, together imply that every type of elementary particle in nature must have a kind of alter ego with precisely the same mass, but with opposite electric charge. The antiparticle of an electron, a positron, has positive charge, and the antiparticle of the positively charged proton, an antiproton, is negatively charged.


When this prediction implying matter–antimatter duality first arose from an equation that the British physicist Paul Dirac wrote down in 1931 in his attempt to tie together relativity and quantum mechanics, no one took it seriously, least of all the developer of the equation. Amazingly, within two years of the prediction that antimatter should exist, a positron was observed amid the debris produced by one of the billions and billions of cosmic-ray particles bombarding the Earth from space every second. Dirac was said to have uttered “My equation was smarter than I was!”


Even what we call matter and antimatter is arbitrary, just as what we choose to call positive and negative electric charge is a matter of human convention. Two hundred years ago Benjamin Franklin decided to label a certain quantity “positive charge,” although it later turned out that the principal carrier of electric current, the electron, has the opposite and therefore negative charge. But once we make the decision about what to call positive and what to call negative, we have to stick to it so that our physical descriptions remain unambiguous. If we had it to do all over again, it would make sense for us to call electrons positively charged, so negative signs wouldn’t keep cropping up when we discuss the flow of electric current.


Now we can get to the key question: If what we call matter and antimatter is arbitrary, why do we appear to live in a universe made of one, and not the other? Put another way, if the universe had it all to do over again, would it be made of matter, or antimatter, or both, the next time around? If stars were made of antiprotons and positrons, instead of protons and electrons, these would join together to form antihydrogen atoms, which could then fuse together under high temperatures and pressures to create antihelium atoms. Moreover, antihydrogen would emit exactly the same set of colors of visible light as hydrogen does when you heat it up. So antistars would shine just as stars do. The same goes for antiplanets, and antipeople. The antimoon above an anti-Earth would be made for antilovers.


It is in precisely this sense that we distinguish “nothing” from “something.” If the universe contained equal amounts of matter and antimatter mixed together, it might as well have contained nothing. Unless something happened to change the balance, the matter and antimatter would have annihilated each other, leaving nothing but pure radiation. And a universe of pure radiation cannot form galaxies, and stars, much less planets, people, or atoms.


So the lives of our atom truly began at the moment when the amount of matter and the amount of antimatter in the universe started to differ. Only then could any history worth writing begin. And of course the central question that then arises is: Was this difference written in at the beginning, as on some cosmic tablet, or did it occur by accident?


[image: image]


Fortune favors the prepared mind. The notion that our very existence might depend on such a subtle event is not one that immediately comes to mind as you begin to think about creation. Until about 30 years ago this issue wasn’t even raised by scientists because there was no scientific context in which to frame it. A serendipitous observation in New Jersey changed all that.


In 1965 two physicists at Bell Laboratories in Holmdel, New Jersey, detected an unanticipated static in a sensitive radio receiver they had tuned up in order to listen for radio signals from the sky. This static turned out to come from a uniform background of radiation bombarding us from all directions in the sky, whose source was none other than the Big Bang itself.


This cosmic background radiation (CBR) has been streaming through the universe largely unimpeded for billions and billions of years. The density of the universe was last sufficiently large so that this radiation regularly interacted with matter when the universe was 1,000 times smaller, and had an average temperature of about 3,000 degrees Celsius.


Although the CBR had many of its presently observable features imprinted at that time, when the universe was about 300,000 years old, the origins of this radiation background are as old as the universe itself. And this background has one striking feature that colors the entire character of our universe. Like all electromagnetic radiation, this radiation bath is made up at a fundamental level of individual particles, or quanta, called photons. Photons have no rest mass, and thus travel at the speed of light, a characteristic of all radiation. When we add up the number of photons in the CBR and compare that number to the total number of protons and neutrons in all the atoms in all the stars and galaxies in the universe, we find about 1 billion photons for each particle of matter in the universe today.


We happen to live in one of those rare parts of space that has lots of matter. Just as a fish might look around its immediate environment and conclude that the universe is made of water, we intuitively sense that our peculiar circumstances are generic. They aren’t. Most of space is almost devoid of matter, but the radiation bath is everywhere.


Where did all this radiation come from? I have already hinted at the answer. If there had been no excess of matter over antimatter early on, radiation (that is, photons) would be all that would be left in the universe today. Instead, sprinkled amid this radiation is all the matter that makes up the visible universe. So the ratio of 1 to 1 billion, protons to photons, in the visible universe at the present time can tell us, indirectly, something important about the early universe.


Each particle–antiparticle annihilation in the primordial universe would have produced, on average, 2 equally energetic photons. The fact that there are about 1 billion photons in the CBR today for each proton left in the universe tells us that for every particle of matter that survived to the present era, around 1 billion particles and antiparticles in the early universe must have died trying!


Each atom today is therefore a survivor of incredible odds. In the turbulent soup that was the primordial universe, there must have been almost exactly as many particles as antiparticles, with just a few extra particles left over. Were it not for a small pollution at the part-per-billion level—far smaller than the detectable level of many radioactive elements in the materials that surround us today—no atoms would now exist in the universe.


Think about it! We look around the universe today and see only matter—stars and galaxies—and yet we deduce that this universe must have arisen from one where the number of particles of matter and the number of particles of antimatter differed by less than 1 part in 1 billion.


To present the peculiarity of this situation a little more intuitively, we return to our incredibly dense and hot early baseball. If it were a real baseball, we might choose to examine it under a microscope, where we could see the small strands of thread used in the stitching holding the leather outer pieces together. If this baseball were an impressionist’s representation for our observable universe as it was near the beginning of time, and if we counted particles at that time, then all of what now makes up everything we see—people, planets, stars, galaxies—could have been fully contained in a single speck on a single thread. Remove that thread, and all that would have been left today is the invisible radiation bath that still surrounds us.


Realizing that the very existence of life in the universe today hung at that time at least metaphorically by the narrowest of threads, one’s first reaction is to wonder why. Why was the asymmetry between matter and antimatter so insignificant? Once again, it turns out that our natural predisposition misses the point. The real surprise is that there was any asymmetry at all.
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Pure energy is “antiblind.” That is, Einstein’s famous relation between mass and energy, E = mc2, doesn’t specify whether the mass is in matter or antimatter. Since antiparticles have exactly the same mass as their particle partners, given the right amount of energy it should be just as easy to convert this energy into the mass of one as the other. So among the ejecta of billions of collisions occurring every instant in the very early universe, each with enough energy to create many more new particles and antiparticles, equal numbers of particles and antiparticles should have been spewed.


But there is a roadblock to this process. In the words of Ian Fleming, creator of superspy James Bond, paraphrased later by Nobel laureate Sheldon Glashow, “Diamonds are forever.” That is to say, “matter” (as opposed to mass, in a way that will become clear in a moment) apparently does not spontaneously come into, or go out of, existence. We can dilute matter by an arbitrary amount of radiation, or by an arbitrary number of pairs of particles and antiparticles, but in the world of our experience we can never get rid of it completely, nor can we create matter without antimatter from nothing.


Even before Einstein showed that mass and energy could be inter-converted, chemists had discovered that chemical reactions never change the total electric charge of the reactants. Two hydrogen atoms stripped of their electrons, thus becoming positively charged “ions,” might combine with 1 doubly charged negative oxygen ion to create a neutral water molecule. Positive sodium ions could combine with negative chlorine ions to produce table salt, and so on. What became known as the conservation of electric charge formed a central feature of the laws governing electricity and magnetism. And Einstein based his discovery of relativity on these laws, so that theory certainly didn’t circumvent them. Thus when energy is converted into mass, the total electric charge produced must be precisely zero: photons, which have zero charge, convert into particle–antiparticle pairs, for example, and not to particle–particle pairs. A century of careful experimentation has only served to confirm that if you start out with no net electric charge in a system, nothing you can do, in heaven and earth, can create a net charge.


It turns out that there is a beautiful theoretical underpinning that explains why charge is conserved in electromagnetism, and it also explains why photons, alone among all particles we know of, must have absolutely zero mass. This is based on a hidden symmetry of nature, unveiled in the early part of this century. It is called a gauge symmetry, after the name coined by the German mathematical physicist Hermann Weyl, who first explored its mathematical details in an early, unsuccessful effort to relate the forces of electromagnetism and gravity. Although Weyl’s effort was not successful, the mathematics of gauge symmetry now forms the basis of our understanding of every one of the four known forces in nature: the two familiar long-range forces, electromagnetism and gravitation, and the two short-range forces that operate on nuclear scales, called the weak and strong interactions.


Charge conservation alone cannot explain the stability of matter, however. A proton, which is positively charged, is not forbidden by these arguments from decaying into the antiparticle of an electron (a positron), plus some neutral particle such as a photon. Since the proton weighs 2,000 times as much as a positron, if there were not some powerful roadblock that forbade such a transformation it would happen in an instant. Before you could say “Rumpelstiltskin,” all the protons in the universe would be gone.


One of the basic building blocks of matter is unstable. Neutrons, the nuclear partners of protons, weigh just a tiny bit more than protons. The difference between the mass of a neutron and a proton is less than 1 part in 1,000. That difference, however, is sublime. Without it, life would not be possible. That’s the good news. The bad news is that because of this minuscule mass difference, neutrons can decay. A free neutron decays into a proton (positively charged) plus an electron (negatively charged) plus an antineutrino (neutral) with a lifetime of about 10 minutes, on average.


I remember I was shocked when I first learned that one of the fundamental components of atoms was unstable. How could a fundamental part of me and you be radioactive? If a neutron could decay, how could any matter survive? The answer lies in what appears to be another miraculous accident—one that will completely govern the later life of our atom. As I noted earlier, the mass difference between a proton and a neutron is very, very small, about 1/1000 the mass of the particles themselves. Thus a free neutron is only just a bit heavier than the sum of the masses of a proton, an electron, and an antineutrino, and it is thus just only barely able to decay into these particles. Most elementary particles that are unstable have lifetimes of millionths or billionths of a second at best. Free neutrons, however, live about 10 minutes before decaying. When a neutron is located inside an atomic nucleus, it is bound to its other nuclear partners, protons and neutrons. Being “bound” in physics means it would take energy to pull the particles apart. Thus the neutron loses energy when it gets bound inside a nucleus. It turns out that the binding energy between the neutrons and protons in the nucleus usually exceeds the very small mass–energy difference between a free neutron and proton. Thus inside such a nucleus the neutron is effectively lighter than it is in empty space, and there simply is not sufficient energy available to create a proton, electron, and antineutrino were it to decay. Thus atomic nuclei remain stable by an energetic accident.


Now, since free neutrons can decay into protons, they both carry some similar property of “matter-ness.” Protons have no energetic barrier for decay into much lighter positrons and photons, so the matter-ness property both protons and neutrons possess must also therefore prevent the proton from decaying into anything lighter. Sticklers may of course point out that protons and neutrons are made of the more fundamental particles called quarks. But this just begs the question. What stops the quarks that make up protons and neutrons from decaying into lighter nonquarklike particles?


As far as we can tell, the stability of protons (and their constituent quarks) is, within the context of what has become known as the standard model of elementary particles, a complete accident. No fundamental property of this model keeps it stable. It just happens that there are no interactions within the standard model that would cause it to decay. Electromagnetism allows quarks inside protons and neutrons to interact with light, but not to otherwise alter their identity. The weak interaction allows quarks to interconvert their identity but in a way that allows only protons to convert into neutrons and vice versa. The strong interaction ensures that quarks are stably bound inside the proton. And gravity interacts with all matter in an identical way, and does not cause matter to decay. But this does not constrain as yet undiscovered physical processes that may exist beyond the sensitivity of current experiments. Because we are around today, however, if protons are unstable they must live orders and orders of magnitude longer than any other unstable particles we know of.


One of the first convincing proofs that the lifetime of protons must be at least much much longer than the age of our current universe was provided by the ingenious experimental physicist Maurice Goldhaber, who from 1961 to 1973 was the director of the Brookhaven National Laboratory on Long Island. For this particular demonstration, however, Goldhaber needed no experimental equipment. He wrote a paper in 1954 whose central claim was that if protons lived less than 1016 years, a million times as long as the present age of the universe, we would, in his words, “feel it in our bones!”


By this statement he meant the following. If protons decay into lighter particles, such as positrons or photons, the energy released would be about 1,000 times greater than that released in normal radioactivity, where a nucleus of one type converts to another type, and releases energy in the process. If protons decayed in your body, they would have a far more devastating effect than other types of radioactivity. Because there are so many protons in your body (more than 1027), if each proton lived, on average, 1016 years (or about 1023 seconds), there would be more than 10,000 protons decaying in your body every second, on average. This level of radiation is likely to be prohibitively large. The fact that anyone survives past infanthood is therefore proof that protons live longer than this.


Now, physics is a two-way street. Whatever it is that stops protons from easily decaying into lighter particles must also forbid the inverse process of proton creation through the collisions of the lighter particles. If one produces enough energy to create a proton, one must create along with it the correct number of antiparticles so that the total matter-ness of the products is the same afterward as it was before.


Which brings us back again to the earliest moments of atomic conception. In this inferno, particles were being bombarded by radiation energy so often and so intensely that one could in principle create all the matter in the universe in less than a billionth of a billionth of a second. That is, if one only could! However, if one could, one could just as easily also destroy all the matter in the universe, and just as quickly!


So there’s the catch. Matter cannot be created from nothing, apparently, but even if it could, the reciprocity of the laws of physics implies that it could disappear back into nothing. How can we ever hope to understand why atoms exist in this case?


One easy way out is to simply say “In the beginning, God created matter.” If matter is really immutable, then if God created it at the beginning no mere physical process could get rid of it in the 12 billion–odd years since creation.


But it would be quite remarkable if one had to invoke God to explain the origin of atoms, because thus far we have been able to describe the evolution of our universe and everything inside it, back to at least the first second of the Big Bang, using only a few simple laws of physics. Moreover, a universe created with 1 extra particle of matter for every billion particle-antiparticle pairs seems somewhat awkward at best. In human history, such a ratio has never taken on any particular divine significance, for example.


On the other hand, in the history of mathematics certain numbers have carried a special significance. Zero is such a number. Indeed, the concept of zero was so powerful that those early mathematicians who first discovered it kept it a closely guarded secret! Another special number is 1. If the fractional ratio of two fundamental quantities in the early universe turned out to be zero or unity, then we might ascribe it some special significance. A ratio of 1 to 1 billion, i.e., 10−9, however, doesn’t seem special at all. Moreover, for those who like to believe that somehow the universe was created so that we might enjoy it, there is nothing in this ratio that seems to uniquely provide for the future existence of humanity. It is true that if the fractional excess of particles over antiparticles were zero, life could not exist. But if it were 10 or 100 times larger, for example, there is nothing I know of that would have gotten in the way of our eventual arrival on the scene.


Einstein argued, metaphorically I expect, that God does not play dice with the universe. By the same token, it seems less than satisfying to imagine that the proton-to-photon ratio, so essential in coloring the nature of our existence, was randomly chosen by a gambling God. Indeed, as I have alluded to above, if a divine being wanted to create a mathematically beautiful universe the obvious number to begin with is zero. If there were no asymmetry between matter and antimatter at the beginning, nature would be as simple as it could be. There would have been no loss of innocence, and the universe would be a peaceful, if lonely, place.


One can argue all day about which initial configuration is more beautiful than another, or how many angels can dance on the head of a pin, but such metaphysical debates usually lead nowhere. On the other hand, there is no denying that a universe with equal amounts of matter and antimatter is more mathematically symmetrical than any other initial condition. And since mathematics is the language of science, if not metaphysics, and since science seems to do a wonderful job of describing the physical universe, this special configuration does hold special interest for physicists.


Whatever one’s mathematical or theological bent, however, thankfully there now seems to be no need for either metaphysics or appeals to mathematical elegance to resolve the issue of the origin of matter. In the past 30 years, developments in the physics of elementary particles have pointed to a natural mechanism for starting with nothing and ending up with something—in particular with 1 part in a billion of something. What’s more, this mechanism could preserve the long-term stability of matter today. I think it is fair to say that this is one of the great, largely unheralded, surprises in modern physics. And without it, our atom is literally nowhere.
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TIME’S ARROW




The thrill of unexpected discovery… cannot help but stir the blood!


ISAAC ASIMOV




Near the center of Moscow stands an impressive set of buildings housing the Physical Institute of the former Soviet Academy of Sciences. Here, shortly after the end of the Second World War, a young graduate student, Andrei Dmitrievich Sakharov, began to work under the supervision of the renowned physicist Igor Tamm on the problem of how to produce the first thermonuclear explosion on Earth. Within two years Sakharov was directing the Soviet government’s concerted effort to become a nuclear superpower. A continent away, the Hungarian expatriate physicist Edward Teller was similarly promoting a program in the United States to develop “the Super-Bomb,” as the hydrogen bomb was then called. The careers of these two eminent physicists had remarkable parallels, and divergences. Teller, more than any other physicist in the United States, would become associated with the relentless drive toward nuclear proliferation and weapons research. Sakharov would win the Nobel Prize in 1975, not for physics but for peace, as a result of his own efforts to end the construction of nuclear weapons and to push for worldwide nuclear disarmament. His exile to the city of Gorky in 1980 for his activities provoked an international outcry, and he became a hero to a generation longing for an end to the cold war. In the end he outlived the harsh Soviet system that had exiled him.


Both Sakharov and Teller were more than mere weapons physicists. Teller contributed important ideas to nuclear physics, and to the theory of stellar evolution. Sakharov worked on a broad variety of problems, spanning many areas of physics, in the typical Soviet tradition. Following the example of the cosmologist Yakov Zeldovich, his colleague in the development of the Soviet hydrogen bomb, he even turned his attention to cosmology.


In 1967, barely two years after the discovery of cosmic background radiation, Sakharov wrote a paper of fundamental importance for cosmology, although it was basically ignored for almost a decade, primarily because his ideas were far ahead of their time. Undaunted by the fragmentary knowledge then available about the interactions of elementary particles, or perhaps oblivious to this handicap, Sakharov asked the prescient question: How could the universe generate a matter–antimatter asymmetry if none existed at the beginning?


In order to address this question, we must first remind ourselves that when we talk about a matter–antimatter asymmetry in the universe, we are really concentrating on an asymmetry between the fundamental particles making up the bulk of visible matter, protons and neutrons, and their antiparticles. Protons and neutrons are called baryons. If we are going to change the number of baryons in the universe compared to the number of antibaryons in order to generate an aysmmetry where none had previously existed, Sakharov recognized, as have we, that the fundamental ingredient in this process must be some new set of interactions that can independently change the number of baryons in the universe. Clearly these interactions must be extremely weak today, however, or else the proton would decay in a time much shorter than experimental constraints allow.


But perhaps more important, Sakharov determined that two other subtle conditions must also exist in order to generate an asymmetry of matter and antimatter in an expanding universe.


The first of these is a departure from thermal equilibrium. A system in thermal equilibrium is one in which the available heat energy is partitioned uniformly among all parts of the system. Thus, for example, when the air in this room is in thermal equilibrium, I would expect it to be the same temperature throughout. If one part of the room started out hotter than the other part, I would expect that, given sufficient time, the motion and collisions of the air molecules would eventually even things out. Similarly, when I pour milk into my coffee and stir it, I expect that eventually the liquid will become uniform in color.


Thermal equilibrium implies that if there is enough energy in a hot bath of radiation (such as existed in our primordial baseball) for collisions to create new particles, then all particles having precisely identical masses will be created in equal abundance. But the fact that particles and antiparticles have the same mass implies that in thermal equilibrium any new interaction that changes the number of baryons and antibaryons will nevertheless ensure that they will achieve equal abundance. Thus without a departure from thermal equilibrium, no matter–antimatter asymmetry can result in nature.


Finally, there is one far more subtle and strange requirement for the birth of atoms, which Sakharov, to his great credit, recognized. Here he was undoubtedly influenced by a surprising and completely unexpected discovery made three years earlier, in 1964, which would later garner the Nobel Prize in physics for the scientists involved. Sakharov recognized that in order for the universe to produce an asymmetry in matter and antimatter, time must have an arrow.


The argument is deceptively simple, if not at all obvious. Say you make a movie showing a positive charge moving to the right. If you reverse the direction of the film through the projector (thus allowing time to run backward on the screen), the positive charge will move backward, that is, to the left. If we concentrate on the flow of the electric charge during the forward run of the film, the right-hand side of the screen would get more positive as the positive charge moves toward the right. If a negative charge moved toward the right, then that side of the screen would instead get more negative. But if you run the film of a negative charge backward, so that the negative charge moves toward the left, then the right-hand side of the screen will now get more positive, just as in the original case. Thus, from the point of view of charge flow, a positive charge moving forward in time can be equivalent to a negative charge moving backward in time.
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