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  Note to the Reader

  Although I’ve tried to keep this book non-technical, there are occasions when distances, times, and other measurements come up. I have used metric units for distances, but those who are more familiar with Imperial units shouldn’t be put off. A kilometer is a bit more than half a mile; a centimeter is a bit less than half an inch, and a millimeter is one-tenth of a centimeter.

  In astronomy and cosmology, much larger distances arise and we must switch to “light-years.” One light-year—the distance light travels in one year—is about 9500 billion kilometers or about 6000 billion miles.

  Occasionally, we will also encounter very large or very small numbers. With large numbers, one can pile on strings of zeroes or refer to so many “billion billions”—but this soon becomes rather cumbersome; with small numbers (“billionths of billionths”), things become even uglier. The graceful solution, adopted by scientists everywhere, is to use scientific notation. Using this system, any number can be expressed as a “power of ten.” With large numbers, an “exponent” stands for the number of zeroes. For example:

  • one hundred = 100 = 102

  • ten thousand = 10,000 = 104

  • one billion = 1,000,000,000 = 109

  and so on. With small numbers, the exponent becomes negative:

  • one hundredth = 1/100 = 10-2

  • one ten-thousandth = 1/10,000 = 10-4

  • one billionth = 1/1,000,000,000 = 10-9


  Introduction

  My ambition is to live to see all of physics reduced to a formula so elegant and simple that it will fit easily on the front of a T-shirt.

  LEON LEDERMAN

  The longed-for Theory of Everything promises to provide the final discovery after which all physics will become the refinement of its content, the simplification of its explanation....

  Eventually, it will appear on T-shirts.

  JOHN D. BARROW

  

  The universe explained. Not a long-winded, highly technical explanation, but one that is concise, simple, and elegant. The “Theory of Everything” will explain the physical world we see around us—people and planets, cars and comets, sand and stars. It will explain the origin of everything in our universe, and describe its most basic components. And while it will likely be expressed through abstract mathematics, the ideas at the heart of the theory may turn out to be extremely simple—so simple, in fact, that the essence of the theory can be written on a T-shirt. This remarkable goal, suggested by the quotes on the preceding page from leading physicists on both sides of the Atlantic, sounds like a fantasy, something dreamed up after the Friday afternoon bull session moved from the faculty lounge to the local pub. Yet it is not a proposition made on a whim. It is a bold but very logical idea—a natural extension of what every physicist does every day. What they’ve been doing, in fact, since the dawn of science.

  In the chapters to come, we’ll explore this quest for simplicity in detail, tracing its evolution from ancient times, through the Scientific Revolution, to the provocative ideas of modern cosmology and particle physics. Let’s start, however, not with history or with physics, but with a riddle. You’re looking at a house across the street. You see a doctor enter, then a lawyer, and finally a priest. What is happening in that home? Before reading any further, take a moment to see if you can solve the riddle.
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  You probably figured out that the occupant of the house is terminally ill. First comes the doctor, who makes the diagnosis; then the lawyer, to settle the estate; and finally the priest, to administer last rites. What’s so appealing about that solution, of course, is that it’s so simple, so incredibly logical.

  The situation described in the riddle is highly artificial, of course, but thousands of similar puzzles come along every day, confronting the scientist and non-scientist alike. Some are difficult; some are more straightforward. Suppose you walk into your living room and find one of the windows broken. Shards of glass lie on the carpet below the window. Nearby, a lamp is knocked over. Then, you see the crucial clue: a baseball, lying on the floor near the toppled lamp. The clues point overwhelmingly to one solution: someone must have hit a baseball through your window. Of course, you could come up with other explanations: maybe a burglar tried to get in through the window but gave up; meanwhile, the dog knocked over the lamp and dropped a baseball that he found in the yard. You don’t have to be a scientist, though, to recognize that one solution is far more likely than the other.

  When the answers are obvious, the problems seem trivial; when the answers are less obvious, the problems can take years or even centuries to solve. Even before modern science had developed, philosophers were thinking about the best ways to approach such problems. They realized that the simple, elegant solution was usually right. A medieval English monk named William of Ockham expressed this idea so succinctly that his name is now attached to the concept. The argument has become known as “Ockham’s Razor.”

  Ockham’s Razor is one of the most important “logical tools” that a scientist uses. Confronted with a bewildering array of data, the scientist looks for the simplest explanation for the observed facts. This is especially true in physics. The goal of the physicist has always been to simplify—to take a myriad of observations and explain them with as few laws and equations as possible. Physics is not philosophy, however, and the scientist has to take matters a few steps farther. Ockham’s Razor is a useful guideline, but it’s just the starting point. Every scientific theory must ultimately be tested by experiment. The theory has to predict specific results, and scientists have to perform laboratory tests to see if those results are obtained. A theory that doesn’t agree with observational evidence—although a few die-hards may cling to it—will eventually be discarded. That approach, often labeled the scientific method, has yielded spectacular successes over the last 400 years, from the work of Galileo and Newton to the great revolutions of relativity and quantum theory in the twentieth century. It continues to enrich our view of the universe today.
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  This Hubble Space Telescope photo reveals galaxies more than 10 billion light-years away. In the photo on the facing page, a magnetic field bends the paths of charged subatomic particles into distinct spirals. A successful Theory of Everything will apply to both realms, solving problems of the very large (in cosmology) and the very small (in particle physics).

  Robert Williams / Space Telescope Science Institute

  In some branches of modern physics, however, experimental testing can be difficult—sometimes nearly impossible. Two fields are particularly challenging: high-energy particle physics, the search for nature’s ultimate building blocks, and cosmology, the study of the origin and evolution of the universe itself. The two disciplines, which at first might seem unrelated, are in fact intimately linked. Particle physicists explore how matter and energy behave under extreme conditions, usually by smashing particles into one another in giant accelerators. Equally extreme conditions prevailed in the early universe, the realm studied by cosmologists. In the first split second after the big bang—the colossal explosion that gave birth to our universe some 15 billion years ago—the cosmos was so hot and dense that the various forces seen in nature today are thought to have acted as one. At that early time there was just a single force, a force which could be described by a single theory. Particle physicists and cosmologists are both struggling to understand that theory—the Theory of Everything.
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  Fermilab

  Today, a great deal of excitement is focused on “string theory,” which describes all the known particles and forces in terms of tiny loops of string. It’s not as crazy as it sounds. With certain modifications, string theory may turn out to be our best hope for a unified theory of physics. Of course, we have no way to re-create the energy levels of the big bang in the laboratory; even today’s largest particle accelerators cannot come close. In other words, we have no direct way of testing string theory. Where, then, does the theorist turn? One possibility is to test certain parts of the theory, to see if it’s “on the right track,” by checking for consistency with other, more strongly established theories. Another strategy is to heed the advice of Ockham and look for simplicity. These days, the science may seem esoteric and the equations complex—but the underlying ideas are often startlingly simple, even beautiful.

  Driven by the search for concise, elegant explanations, physicists pursue theories that explain the widest range of physical phenomena. If possible, they test those theories in the laboratory; if not, they test them on the blackboard and on the computer. Often, they succeed. Each great revolution in the physical sciences, from Galileo and Newton to Maxwell and Einstein, has resulted in a new, simplified view of the universe; each has yielded an elegant description that can be expressed in a few simple equations.

  In telling this story, I will also try to keep things simple. There will be no talk of “non-Abelian gauge theories,” “renormalization,” or “nonperturbative methods.” Of course, we will still have to stay alert—we’ll take an introductory tour of relativity and quantum mechanics, and we’ll explore the world of strings, black holes, and hidden dimensions. But we’ll never go any deeper than necessary to tie each discussion to our theme of simplicity and unification. And, though we’ll occasionally talk about math, we won’t actually do any math.

  To truly understand this quest, however, we also need a sense of its history. We need to explore its origins, and its gradual evolution, beginning in the days when philosophy and science were one and the same. This book is a history of ideas, but it is also a story about people. Some were passionate experimenters, some were brilliant theoreticians, and a few were just plain lucky. But all were drawn by the quest for simplicity. All of them reached out for the holy grail of physics—the Theory of Everything.


  Shadows and Light

  The Greek World and the Beginning of Science

  Zeus, father of the Olympians, has made night out of midday, hiding the bright sunlight, and...fear has come upon mankind.

  ARCHILOCHUS, SEVENTH CENTURY B.C.

  

  By mid-afternoon, the shepherds knew something was wrong. The sheep and goats were bleating and the birds were crowing as if it were evening—but it was still only late afternoon. Sunset was two hours away, yet the light was fading and the air was cooling. The light was also changing color, mimicking the orange of twilight before turning an eerie silvery-gray. And, though it sounds impossible, the shadows were becoming weaker and yet more crisp at the same time. The sun was disappearing.

  The day was the 28th of May. By our calendar, the year was 585 B.C.; for the Greek settlers in the province of Ionia, in Asia Minor, it was the fourth year of the 48th Olympiad. In the towns along the coast of the Aegean Sea (today, part of Turkey), thousands of people stopped what they were doing to gaze at the spectacle unfolding in the sky. Though most of them did not know what was happening, some of the elders, and those who had traveled or had heard stories, understood that this was an eklipsis—an eclipse. It was, to be precise, a solar eclipse—the mid-day darkness that comes when the moon passes directly between the sun and the earth.

  The eclipse also darkened the plains to the east, near the River Halys, where a great battle was raging. The Lydians, who lived just inland from the Greeks, were confronting the invading Medes, whose homeland was south of the Caspian Sea. We know about the battle from the writings of Europe’s first historian, the Greek scholar Herodotus, who lived in the fifth century B.C. He tells us that the war had been waged for five years already, “during which both the Lydians and the Medes won a number of victories.” He says that “after five years of indecisive warfare, a battle took place in which the armies had already engaged when day was suddenly turned into night”—a reference, historians agree, to the eclipse of 585 B.C. The two warring parties, viewing the eclipse as a sign of the displeasure of their gods—or perhaps simply seeing that an endless series of indecisive battles was doomed to bankrupt both empires—stopped fighting and quickly negotiated a peace treaty. The two leaders took an oath, Herodotus tells us, which was similar to that of the Greeks “but for additional confirmation they make a shallow cut in their arms and lick each other’s blood.”

  The eclipse clearly caught the warring Lydians and Medes— and most of the Greeks—off guard. But a man named Thales (pronounced THAY-leez) was not so surprised. Herodotus tells us: “This change from daylight to darkness had been foretold to the Ionians by Thales of Miletus, who fixed the date for it in the year in which it did, in fact, take place.”

  The account given by Herodotus is, of course, open to scholarly debate. But if we take it at face value, then the eclipse of 585 B.C. marks a turning point in the story of human civilization. Rather than attributing the eclipse to the whims of the gods, Thales saw it as an event that happened for a logical reason, as the result of natural forces. Today’s philosophers call such a view “naturalistic”—explaining things in terms of natural, rather than divine, laws. They might label Thales a “materialist”—someone who seeks explanations in terms of material forces and causes. (I’ll try to avoid using the adjective “materialistic,” as it makes us think of yuppies accumulating DVDs and driving SUVs.) Thales not only recognized eclipses as recurring natural phenomena, he also knew enough about their nature to predict when they would occur. (Compare this view to the reaction of the poet Archilochus, cited in the epigram at the start of this chapter. Archilochus placed the responsibility for that earlier eclipse—probably that of 648 B.C.—squarely at the feet of Zeus.)

  It may be a slight exaggeration to label Thales’ eclipse, as some historians have, as the birthday of Western science. But the approach of Thales and his fellow Greeks was certainly new. For the first time, people looked at the great variety and change displayed by nature and saw not chaos but an underlying order. And they committed themselves to using logic and reason to discover that order. In this new age of intellectual curiosity, people asked not just “when” and “where,” but also “how” and “why.”

  The Birth of a Notion

  The explosion of learning and curiosity that led to this new outlook had many roots. Greek ideas about politics and society— ideas that would eventually give rise to the first democracies—led to dissatisfaction with dogma and unquestioning obedience and a new respect for independent thought. A rise in literacy fostered the spread of ideas. Geography, too, played a role. Surrounded by the sea, Greek cities were influenced by the flow of goods and ideas from far-off lands, from the established civilizations of the Middle East to the nomadic tribes living to the north and west. By the time of Thales’ eclipse, his hometown of Miletus was the crossroads of the eastern Mediterranean, a focal point where eastern and western ideas mingled and new ideas were born. True, the average life span was just 35 years, but there was at least the hope that it would be 35 prosperous years. This prosperity, with the leisure time it fostered, was crucial for the intellectual growth that followed. (“Leisure,” as the philosopher Thomas Hobbes said two millennia later, “is the mother of philosophy”)

  The Greeks also knew good ideas when they saw them. Learning skills from earlier settlers in the region, they began farming the land, making tools and coins from metal, and using a written alphabet based on that of the Phoenicians. They grew grapes and olives, raised sheep for wool, and became experts in crafting pottery. But the Greeks didn’t simply copy the locals. At their hands, the existing culture was transformed into something novel, reflecting the Greek spirit for adventure and innovation. As historian Thomas Goldstein writes, the Greeks “inherited from their nomadic forebears a natural vigor and independence of mind.” Or, as Herodotus put it, “the Greek race was marked off from the barbarians as more intelligent and more emancipated from silly nonsense”—though we should bear in mind, of course, that Herodotus was a Greek himself.

  Whatever ignited the Greek breakthrough does not seem to have taken hold in the other great civilizations of the region. The science of the Egyptians, for example, is usually seen as being purely technology-driven. The Egyptians were proficient architects and engineers—witness the pyramids—but they were more interested in specific practical applications than in the underlying science. The classic example of this is their ability to predict the annual flooding of the Nile based on the rising of the bright star Sirius. We might call it a scientific breakthrough, but, scholars argue, it was driven by the demands of agriculture and economics, not by a quest for astronomical knowledge.

  The Babylonians, meanwhile, had a sophisticated calendar and reams of star charts; they, too, could predict eclipses. And there’s no doubt about their skill in mathematics: they were masters of arithmetic, they understood the idea of the square root, and they had a good approximation for π (pi), the ratio of a circle’s circumference to its diameter. They also knew of the Pythagorean Theorem at least a thousand years before Pythagoras gave his name to it. But the Babylonians, like the Egyptians, seemed to have been driven by immediate practical concerns.

  That’s not to say that these other cultures didn’t contribute to the Greek achievement. Indeed, the Greeks acknowledged in their writings that they borrowed heavily from their neighbors. Much of their mathematics and astronomy came from Egypt and Babylon. The Greeks probably got the idea of dividing their days and nights into 12 parts from the Babylonians, and likely built their first sundials based on a Babylonian model. In fact, Thales was said to have exploited the Babylonian knowledge of eclipses in making his famous prediction—although historians now dispute the matter. (Worse still, the eclipse prediction may simply be a legend; in those days, great feats were often attributed to great men who just happened to be living at around the same time. But then, all such stories from that age are shrouded in mystery—and the tale is much too good to pass up.)
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  While we often describe these early Greeks as the first scientists, they didn’t abandon their religious beliefs to make room for their new naturalistic ideas. The Greeks, in fact, had an abundance of gods. But their ideas about religion do seem to have shifted as this new way of thinking took root. The gods of their ancestors—the gods described by the great poets Homer and Hesiod—were intimately involved in human affairs. The lives of men and women were ruled by the arbitrary moods and desires of those gods, and events on the earth—whether good or bad—owed their origins to the whims of the deities. Every flood, every famine, every storm, every harvest: all were seen as their handiwork.

  Over the years, however, the ideas of Thales and his followers—historians call them the Presocratics—began to spread. As this new philosophy blossomed, people had less and less need to attribute nature’s spectacle to unknowable heavenly forces. These early thinkers “invented the very idea of science and philosophy,” writes historian Jonathan Barnes:

  They saw the world as something ordered and intelligible, its history following an explicable course and its different parts arranged in some comprehensible system. The world was not a random collection of bits, its history was not an arbitrary series of events. Still less was it a series of events determined by the will—or the caprice—of the gods. The Presocratics were not, as far as we can tell, atheists: they allowed the gods into their brave new world....But they removed some of the traditional functions from the gods. Thunder was explained scientifically, in naturalistic terms—it was no longer a noise made by a minatory Zeus ...the Presocratic gods do not interfere with the natural world.

  This new Greek ideal was embodied in their word logos. Although our word “logic” comes from it, logos has no exact English translation; it encompasses both description and explanation. Sometimes read as “statement,” “principle,” or “law,” logos was at the heart of the early Greek experiments in philosophy. When the Greeks searched for logos, they wanted not just any kind of answer, but the most far-reaching, authoritative answer they could achieve.

  Thales: The Man from Miletus

  Besides his prediction of the 585 B.C. eclipse, what do we know about Thales of Miletus, the man who supposedly brought Greece out from intellectual darkness? Thales (c.620-c.550 B.C.) may have written nothing of his own ideas, certainly nothing that survived, though later philosophers describe him as one of the Seven Sages of ancient Greece. Aristotle, writing two centuries later, called Thales the “first founder of this kind of philosophy”—the philosophy rooted in this new, materialist outlook.

  According to Herodotus, Thales once diverted a river, allowing the king of Lydia to lead his army across. We’re also told he was an able politician, helping establish the local government. We also know he traveled in Egypt, where he’s said to have calculated the height of the pyramids based on the lengths of their shadows. (While in Egypt, he also may have witnessed the eclipse of 603 B.C., 18 years before the eclipse in his homeland.) Thales was also a mathematical prodigy, establishing four fundamental theories of geometry.
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  The Greek philosopher Thales was among the first to speculate on the make-up of the natural world.

  Science Photo Library/Publiphoto

  But we remember Thales today for his bold attempts to forge a philosophy of nature. Most famously, he said that the universe is made of water. For centuries, scholars have debated just what he meant by that. Did he mean that everything literally is composed of water? More likely, historians say, he believed that all things originated from water in the remote past. Thales may have been influenced by everyday observations of nature, noticing that living things require water for nourishment, and by the ever-present Mediterranean that surrounded the Greek world. Indeed, he believed that the earth itself rested on water. And he must have noticed that water, unlike other substances, routinely exists in three different forms—solid (ice), liquid, and gas (steam or water vapor), each of which has very different physical properties. Not everyone was swayed by Thales' reasoning. A later Milesian, Anaximenes (c.540-c.475 B.C.), proposed that everything was made of air. Heraclitus of Ephesus (c.540-c.450 B.C.) said that all was fire.

  Each of these early thinkers was asking the same question: what is the world made of? The Greek philosopher-scientists, for the first time, were brash enough to suggest answers. Today, we might laugh at the child-like simplicity of their ideas, but it would be a mistake to dismiss them. It is not the conclusions these early thinkers arrived at that are important; it is the fact that they dared to ask such questions. No longer satisfied by myth, they turned to a philosophy of nature that would evolve into what we now call “science.” And the next two centuries would bring even greater daring, as the Greeks searched for the ultimate physical explanation—the logos—for the natural world.

  Empedocles Finds His Element

  Empedocles (c.493-c.435 B.C.) was born in Acragas, a Greek colony on the island of Sicily. Here, in the shadow of Mt. Etna, Empedocles earned a reputation as a politician, an orator, and a poet; he may even have offered his services as a physician. Of his writings, two lengthy poems—or at least fragments of them— have survived. Among other things, they demonstrate his enormous ego. At one point, he even describes himself as divine:

  An immortal god, no longer mortal, I travel, honored by all, as is fitting, garlanded with bands and fresh ribbons. Whenever I enter a thriving town I am revered by men and women. They follow me in their thousands....

  One legend says that he met his demise by throwing himself into a volcano, perhaps to prove that he really was immortal. Certainly he believed in reincarnation, viewing birth and death as illusions. Before his alleged plunge into Mt. Etna, however, Empedocles spent a great deal of time thinking about the natural world. He tried to explain why the earth is spherical and why the sea is salty. He may have even guessed—he could not have measured it—that light travels at a finite speed.

  Most importantly for our discussion, it was Empedocles who first put forward the idea of the elements. He concluded that everything in the universe was made up of four kinds of material: earth, air, fire, and water. He believed that these basic elements— or “roots,” as he called them—gave rise to everything seen in the natural world.
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  “Son, there are five basic elements; earth, air, fire, water, and mutual funds.”

  From these [elements] grow all things that ever were and are and will be: Trees, and men and women, and birds and beasts, and the fish nourished in salty water, as well as the long-lived gods, honoured above all. For they [the elements] are always themselves, but running through each other, they take on various forms and shapes....

  Empedocles compared his vision to that of a painter, who can produce any color by mixing red, blue, and yellow in the right proportions. Nothing is created or destroyed, he argued; everything is simply the mixing and re-mixing of these basic, eternal elements. He also had a theory about what governed the motion of material objects: they were attracted or repelled, he said, by the competing forces of philia (love) and neikos (strife).

  Why did Empedocles say there were four elements, rather than three or five or some other number? And why did he decide on those particular components? It’s likely, scholars say, that he was influenced by what he saw around him near his seaside home: earth beneath his feet; air above him; fire in the sun, the stars, and the hearth; and water surrounding all. As well, the number four is thought to have had a special place in the mathematics of the early Greeks.

  Empedocles had rationalized the kind of materials that objects were made of, but what would you actually see if you could probe matter at the smallest scale? With no microscopes to answer that question, the Greeks used reason alone to put forward an educated guess. This step comes from two thinkers who lived in the second half of the fifth century B.C. The first was Leucippus, a mysterious figure about whom we know almost nothing. Of his writings, we have one solitary fragment: “Nothing happens in vain,” he said, “but everything for a reason and by necessity.” The second, a follower of Leucippus, was a man named Democritus.

  Democritus and the Atom:

  A Big Idea about Something Small

  Democritus (c.460-c.370 B.C.) hailed from Abdera, a city in Thrace, the Greek province on the northern shore of the Aegean. He may have been a pupil of Leucippus; their exact relationship is unclear. He seems to have been a jack of all trades, writing on physics, astronomy, mathematics, music, literature, and ethics— some 50 works in all. None of these survived, yet enough was written about him and his achievements to secure a place for him among the giants of early Greek thought.

  Democritus, like Empedocles, asked about nature’s building blocks. If you cut a log in two, and then cut it again and again ...what would be left? With a perfect knife, could you just keep cutting forever? No, reasoned Democritus, there has to be some lower limit. There must be some point beyond which matter can no longer be divided, some basic entity that cannot be cut. He called that entity atomon—literally, “uncuttable.” Today we call them atoms, the basic constituents of matter. In fact, Democritus said, the process of cutting is an illusion. When we say we’re cutting an object in two, what we really mean is that we’re inserting a knife into the empty space between the atoms, pushing some atoms to one side and some to the other. When we come down to a single atom, such a division is no longer possible.

  For Democritus, atoms were fundamental. The complexities of nature, the behavior of men and beasts—all were the result of different kinds of atoms coming together in various configurations. The most famous epigram attributed to him (second-hand, of course) underscores this belief: “By convention color, by convention sweet, by convention bitter; in reality nothing but atoms and the void.”

  Atoms come in an infinite number of different shapes and sizes, Democritus reasoned, though each individual atom is eternal and unchanging. He even suggested the mechanism by which atoms could attach to one another:

  The atoms have all sorts of shapes and appearances and different sizes ...some are rough, some are hook-shaped, some concave, some convex, and some have other innumerable variations....Some of them rebound in random directions, while others interlock because of the symmetry of their shapes, positions, and arrangements, and remain together. This is how compound bodies were begun.

  We can think of these atoms as nature’s Lego™ set: each is equipped with protrusions or holes that allow it to latch on to its neighbors. The atoms themselves may be simple, but with billions of them arranged in endless combinations, they can form objects of all shapes and sizes.
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  Democritus, like Thales and Empedocles, probably deserves the label “materialist”—he sought material, or physical, explanations for what he saw in nature. He viewed the natural world as a series of causes and their logical effects, not as the playground of the gods. And seeking out those links between cause and effect was his passion. He once remarked that he’d rather discover a single new cause than become King of Persia.

  Yet in those days the dividing line between science and religion was, to say the least, blurry. Today, we often hear that the two disciplines have carved off separate realms of inquiry (although, as well see in the final chapter, in some areas they could still be seen as overlapping). Back then, however, science and religion were much less clearly defined. Empedocles included the Greek gods in his theory, saying that they, too, were composed of his four elements. He may even have equated a particular deity with each element. Democritus, however, kept the gods in the back seat; they had little to do with his atoms. Nature’s building blocks, he argued, moved without any grand purpose or design.

  Trying to draw a line between the science and the religion of the ancient Greeks is probably futile. More importantly, science and religion can be seen to stem from a common root, the two branches growing and evolving alongside one another, even influencing each other. And the subject of this book—the quest for a single, unified theory—may have its origins in both disciplines. John Barrow, a British physicist and author at the University of Cambridge, says the search for simplicity is probably older than science itself, dating back to the first myths and legends—the tales that kept our ancestors enthralled as they gathered around the campfire to share their stories and ideas. The search for a single theory, Barrow says, stems from an ancient desire for intellectual security—a desire to tell ourselves that we know everything:

  If you look back at the earliest myths and legends that the first cultures had about the nature of the world, [you see that] they tried to join everything together and to explain absolutely everything. Those were, in many ways, the first Theories of Everything. They didn’t want to leave anything out. They didn’t want to threaten their security by having something that was labeled as “unknown” or “unknowable” in the world around them. So I think there is a deep—what we might call religious—inclination to try to produce a single, coherent account of everything around us.

  The Greeks took the first bold steps beyond mythology, giving us a new way of thinking about the world. But early science shared something with mythology and religion. Like those more ancient ways of describing the world, science was searching for simplicity, for a concise but complete explanation of the universe. It is a search that continues today.

  After the Presocratics

  The Presocratics were only the first players in this intellectual drama. Later thinkers would take Greek civilization—and Greek science—to even greater heights. Euclid (c.330-c.260 B.C.) is remembered for his massive and enormously influential treatise, The Elements of Geometry, which sets out hundreds of mathematical problems and their solutions in a series of explicit theorems and proofs. It served as the definitive geometry textbook for more than 2000 years. Archimedes (287-212 B.C.) was an equally great mathematician as well as a brilliant inventor and engineer; the “Archimedes screw” is still used in Egypt to draw river water for agriculture. After discovering the law of buoyancy by stepping into a full bathtub, he’s said to have run naked through the streets of Syracuse, shouting “Eureka!” (“I have found it!”). The Greeks’ mastery of mathematics may have been their greatest contribution to Western science. “Greek geometry and speculative thought,” writes historian Alan Cromer, “were unique inventions, never duplicated by other cultures, even those that had engaged in some kind of mathematics for thousands of years.”

  Yet not every contribution was a positive one. Consider the case of Aristotle (384-322 B.C.). He was, without question, a brilliant thinker; indeed, when asked to name the greatest philosopher of all time, scholars usually point to either Aristotle or his teacher, Plato (427-347 B.C.). A tireless observer and scholar, Aristotle wrote extensively on logic, ethics, rhetoric, politics, natural history, and metaphysics. In the physical sciences he was equally prolific, studying the atmosphere, thunder and lightning, earthquakes, and mineralogy. Yet certain aspects of his approach to physics were—from a modern perspective—deeply flawed. Instead of looking for the causes of natural phenomena, Aristotle focused on the search for purpose—and, by doing so, took physics toward an intellectual dead end. Consider the question of why a heavy object falls to the ground. For Aristotle, the answer was simple—it must be striving toward the lowest possible location, the solid earth. Heavy objects, he reasoned, must fall faster than lighter ones. The “purpose” of a heavy object is to come to rest on the ground, its “natural place,” and would do so more quickly than a lighter object. The idea was plausible enough, given what Aristotle knew about the world—in air, a hammer really does fall faster than a feather—but it was hardly a world-view that encouraged investigation or experiment.

  Aristotle also contemplated the structure of the cosmos. He envisioned the universe as a series of concentric, crystalline spheres which carried the sun, moon, planets, and stars around the earth. (Five planets—Mercury, Venus, Mars, Jupiter, and Saturn—were known in antiquity; Uranus, Neptune, and Pluto were discovered only in modern times.) Attached to these spheres, the planets, by definition, would move in perfect circles—the circle, in turn, being the most perfect form known in geometry. The spheres, he said, must be immutable; only below the level of the moon—the lowest sphere above the earth—was change possible. And it was only in this innermost realm, Aristotle said, that matter was composed of the four traditional elements: earth, air, fire, and water. Above, in the realm of the planets and stars, there was a different kind of substance—a fifth element, or quintessence. Meanwhile, the earth—corruptible and imperfect—lay motionless at the center of these great spheres.
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  The Greek philosopher Aristotle. Though he was a brilliant thinker, his philosophy discouraged experimentation.
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  The Egyptian astronomer Claudius Ptolemy (c.90-168 A.D.) later absorbed Aristotle’s ideas into a more complete cosmology— a comprehensive, mathematical model of the motions of the sun, moon, stars, and planets. Fie set down his ideas in a voluminous textbook that became known as the Almagest—derived from an Arabic phrase meaning “the Majestic” or “the Great.” Founded on Aristotle’s earth-centered or geocentric model of the heavens, the mighty Almagest would serve as the core of all astronomical teaching for a staggering 14 centuries.

  The Legacy of the Greeks

  To do justice to what they initiated ...we must regard them at least as protoscientists, standing at the gateway of that part of ancient philosophy that was called physics.

  A.A. LONG

  How direct is the link between ancient Greek science and modern physics? In some fairly obvious ways, the Greeks were wrong. The atom turned out to be divisible after all, and modern chemistry boasts more than 100 elements rather than the four embraced by Empedocles. And the cosmology of Aristotle and Ptolemy, as well see shortly, would face a profound challenge. But in many ways the Greeks were right on target. It turns out that the physical world really is explicable in terms of invisible component parts that come in just a few varieties. Compare Democritus’ view—that there is “nothing but atoms and the void”—with that of quantum theory pioneer Erwin Schrödinger: “Matter is constituted of particles, separated by comparatively large distances; it is embedded in empty space.” The approach of the ancient Greeks was, in fact, remarkably modern. As historian Barnes writes: “If their attempts sometimes look comic when they are compared with the elaborate structures of modern science, nonetheless the same desire informs both the ancient and the modern endeavors—the desire to explain as much as possible in terms of as little as possible.”

  We remember the ancient Greeks not for the conclusions they reached, which were often flawed, but for the reasoning they used to get there, which—given what they knew of the world—was sound. For the first time, people began to study the material that makes up the natural world and the forces that govern its behavior. And from the variety, confusion, and disorder that they saw, they tried to grasp the underlying principles—simple, comprehensible, natural laws. The Greeks may not have been as sophisticated as today’s physicists, and their methods were of course limited, but their goal was the same. With this first flowering of rational inquiry, writes physicist and historian Bernard Pullman,
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  The Egyptian astronomer Claudius Ptolemy. His textbook on astronomy, the Almagest, held sway for 14 centuries.

  Science Photo Library/Publiphoto

  ...the principal ingredients of a scientific approach “ are beginning to take form: the drive to explore the universal and the essential; the belief that nature, under its complexity and astonishing diversity, hides an order that can be articulated in terms of simple elements and their interactions; the hope that, in the best of cases, a unifying reason might even preside over the extraordinary variety and endless changes of the elements of nature; and, above all, the conviction that, in this grand cosmic puzzle, only rational elements and events intervene—in other words, there is no place for supernatural mediation.

  The Greeks, then, were the first to search for unification in nature—not by appealing to the gods, but by examining the world and seeking order from within the apparent chaos. They wanted to find an explanation that was at once simple and all-encompassing. In short, they were looking for a Theory of Everything. Had T-shirts rather than tunics prevailed in ancient Greece, we can imagine Thales sporting the slogan “All is Water,” or Democritus with the catch-phrase “It’s All in the Atoms.” The physicists we’ll meet in the coming chapters continued the search begun by these early thinkers. Progress, however, was not always swift; atomic theory, for example, would languish for 23 centuries. The flame of scientific inquiry would not always burn brightly—but, once lit, it would never be extinguished. The adventure had begun.
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