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            We are an example1 of what hydrogen atoms can do, given fifteen billion years of cosmic evolution.
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            Introduction
$1,942.29 in the Bank

         
         This book was inspired by a warning. When my teenage daughter decided to become a vegetarian, I recalled a caution I had received
            from my grandfather who once owned a small hunting lodge and, at ninety, still loved wild game. He told me it was unhealthy not
            to eat meat. I also recalled that Henry David Thoreau once received a similar admonition from a farmer. “You cannot live on
            vegetable food solely, for it furnishes nothing to make bones with.” As the farmer spoke, Thoreau noted wryly, he stood behind
            sturdy oxen who pulled “him and his lumbering plow along in spite of every obstacle” with “vegetable-made bones.”
         

         
         So when my daughter told me of her intentions, I was sympathetic. I knew her bones were not in grave danger if she became
            a vegetarian. But I began to wonder—what exactly are we made of? I’d studied science in college and spent years making science films. I thought I knew a fair amount. Yet I realized
            that I knew less about what I was composed of than I knew about what lay inside my computer or my car. So I began asking questions. What is inside us? That seems easy: muscle, organs, and bones. What are these made of? Cells, molecules, and atoms. Go on . . . what
            are they made of? Hmm. That’s a lot harder. Where did they come from? I’m not sure. And how do we know any of this? Not a clue.
         

         
         My questions sparked a flurry of googling, reading, and conversations with remarkably patient scientists. I soon found myself hooked by an epic tale. I discovered that our atoms have seen so much that, if they could speak, they’d probably never stop talking. Their history begins at the beginning of time. And their dramatic odyssey across billions of years was only revealed, I discovered, by many surprising, even shocking, discoveries. 

         
         As time went on, my investigation evolved into something deeper. Themes and connections emerged, and I discovered that taking
            the long view also revealed the majesty of our existence in a way I’d never before appreciated. Carl Sagan once famously said
            we are made of star stuff.
         

         
         This is the improbable story of how it happened.

         
          

         The story begins with the truly bizarre discovery that all matter—everything around and within us—has an ultimate birthday:
            the day the universe was born. We’ll see how, on our atoms’ long strange journeys toward us, they were transformed into stars,
            helped assemble our planet, and then hunkered down while the newborn Earth endured unimaginable catastrophes. Once things
            calmed down, those dead atoms, in stunning recombinations, brought forth life, terraformed Earth, and created plants—which
            at last made our own existence possible.
         

         
         Finally, we’ll see how our bodies transform the food on our dinner plates into us. Mind you, our own interiors are so vast
            that it’s difficult to fathom how bewilderingly complex we truly are. You are an ever-changing mosaic, a colony of thirty
            trillion cells,1 each made of over a hundred trillion atoms2 that are dancing in riotous vibrating shuffles. You contain a billion times more atoms3 than all the grains of sand in the earth’s deserts. If you weigh 150 pounds, you carry around enough carbon to make 25 pounds
            of charcoal, enough salt to fill a saltshaker, enough chlorine to disinfect several backyard swimming pools, and enough iron
            to make a three-inch nail. If you sorted all your elements, you’d find that about sixty on the periodic table are represented
            inside you. If you could sell them, you’d pocket a cool $1,942.29 (exact estimates vary by weight and market price).4

         
         In pursuing this strange tale, I came to understand that the mere fact that we can reconstruct the history of our atoms across billions of years is as deeply surprising as if we were able to piece together the history of a typhoon from the shadows of a few raindrops. But the clues were all around us; they had simply lain long hidden. They were to be found in the fleeting traces of invisible particles that rained down from space, in the fact that each element emits a unique set of wavelengths of light, in the unexpected timetables of comets’ returns to Earth, in the discovery that life flourishes in the bone-crushing depths of the dark ocean floor. 

         
          

         The stories of the scientists in these pages are as compelling as the discoveries they unearthed. Behind their unexpected
            findings were investigations marked by fierce rivalries, obsession, heartbreak, flashes of insight, and flukes of blind luck.
            Again and again, clues were overlooked until someone was willing to entertain ideas that everyone else “knew” were wrong.
         

         
         I had no idea when I began that I would also learn about the unconscious workings of our brains that cloud our thinking. We
            all succumb to unconscious assumptions, called cognitive biases or thinking traps, that influence how we see the world. The
            negative bias, for instance, leads us to pay more attention to unpleasant events and helps explain why our media focuses on
            bad news. In these pages we will see that a small number of particular thinking traps repeatedly prevented whole communities
            of scientists from recognizing great breakthroughs—even when confronted by overwhelming evidence. We’ll encounter six biases
            so frequently that I’ve given them nicknames:
         

         
         
            	The “Too Weird to Be True” bias

            	The “If Our Current Tools Haven’t Detected It, It Doesn’t Exist” bias

            	The “As an Expert, I’ve Lost Sight of How Much Is Still Unknown” bias

            	The “You Look For and See the Evidence That Matches Your Existing Theory” bias

            	The “World’s Greatest Expert Must Be Correct” bias

            	The “Because It Seems Most Likely, It Must Be True” bias

         

         In a world rife with biases, the scientists who made great breakthroughs were tremendously brave to go against the grain.
            Some are well known. Most are not: like two women, one a Jewish physicist, the other, well, a Nazi, who collaborated to search
            for subatomic particles; the Austrian empress’s personal physician who discovered photosynthesis; the hard-of-hearing chemist
            who discovered DNA over eighty years before Watson and Crick found its structure; or the renegade biochemist, ridiculed as
            a fraud and prophet of doom, who revolutionized our understanding of our cells. It seems progress in science often leaps out
            of dark corners and unexpected places.
         

         
         Let’s begin this strange history of your body and mine, then, with a man who always wore black.

         
         
      
   
      
      
      
         
            Part I
The Journey Begins
From a Big Bang to a Rocky Home

         
         
            In which we make the shocking discovery that all the particles within us were born in a single instant, discover their surprising
               nature, puzzle out the outlandish ways in which they became our elements, and learn how, improbably, a monstrous cloud of
               dust with our atoms scattered within it created a planet hospitable to life.
            

         

         
      
   
      
      
      
         
            1
Happy Birthday to Everyone
The Priest Who Discovered the Beginning of Time

         
         
            All great truths1 begin as blasphemies.
            

            —George Bernard Shaw

         

         On a cold, uncharacteristically dry London day in September 1931, a short, stocky man with slicked-back hair, a piercing gaze,
            and a hell of a lot of nerve walked along Storey’s Gate Street. He entered Central Hall, Westminster,2 a large assembly place near Westminster Abbey. It’s hard to imagine that this man, a thirty-seven-year-old Belgian professor
            of physics, did not feel some trepidation. The soaring dome of the Great Hall imposed grandeur on the proceedings: a celebration
            of the hundredth anniversary of the British Association for the Advancement of Science. Many of the world’s most eminent physicists
            were among the audience of two thousand to whom Georges Lemaître was about to present a theory that bordered on the crackpot.
         

         
         Lemaître was not just a physicist and a mathematician, but a Catholic priest as well, and he was to speak in a session on a topic that physicists had just begun to grapple with: the evolution of the universe. Dressed in his black clerical garb and white collar, as if prepared to take confessions, he stepped to the podium and presented an idea that veered perilously close to theology. He had discovered, he claimed, a moment when the entire universe exploded out of a tiny “primeval atom.”3

         
         Many other speakers presented ideas that were also electrifying, to say the least. The famed astronomer James Jeans suggested
            that the universe’s days were numbered. The mathematician Ernest Barnes (himself an Anglican bishop) speculated that the universe
            was so vast, it must contain many inhabited worlds, and there must exist beings on some of them “who are immeasurably beyond4 our mental level.” But Lemaître’s theory was the strangest of all. He claimed that physics could address almost the very
            instant of creation.
         

         
         Few of the great and good in the hall took his remarks seriously. Those who were not simply mystified were deeply skeptical.
            Virtually all the physicists and astronomers in the audience believed that the universe had always existed. Lemaître’s claim
            that it had not seemed preposterous.
         

         
         Although they failed to realize it at the time, his insight would lead to one of the greatest achievements in all of science—the
            mind-blowing discovery that there was a single moment when the most elementary particles within all visible matter, including
            you and me, sprang into existence.
         

         
         Lemaître’s search for truth began years earlier—in the blood-soaked trenches of the First World War. He had been a student
            at the Catholic University of Leuven intending to take up the sensible career of a coal-mine engineer when, on the morning
            of August 4, 1914, German troops poured across the Belgian border, plunging Europe into war. Instead of taking a planned cycling
            trip5, both Lemaître and his brother promptly enlisted and hiked four days to join a volunteer unit at the front. Within two weeks
            they were fighting, with outdated single-loading rifles.6

         
         As an infantryman, Lemaître had the misfortune to witness the first successful poison gas attack in war. The Kaiser’s army, acting on the brainstorm of the chemist Fritz Haber (whom we’ll meet again), released chlorine gas along the front. It dissolved the lungs of unsuspecting Allied soldiers, sending them shrieking from the battlefield. “The madness of it7 would never fade from his memory,” Lemaître’s colleague recalled. Later, in the artillery, he was mired in ghastly exchanges
            of explosive shells. Family legend says his scientific bent kept him from getting a promotion because he couldn’t keep from
            correcting the ballistic calculations of his superior. He lacked, it seemed, the attitude expected of an officer.8

         
         However, Lemaître had brought physics books with him, and in the intervals of trench warfare, while waiting for shells to
            fly, he somehow found the concentration9 to read the work of the French physicist Henri Poincaré and ponder the ultimate nature of reality. In the squalor of wood-and-dirt
            trenches, Lemaître mused about a big question: What was the universe ultimately made of?10 For the young man, who came from a deeply religious family, physics and prayer both brought solace.
         

         
         Lemaître emerged from the war a decorated veteran, his brother, an officer. But the war had seared Lemaître’s soul. When peace
            arrived after four years, a practical career in engineering no longer seemed so important. Instead, he was torn between his
            two loves: religion and science. Returning to university in Belgium, he sped through a master’s degree in mathematics and
            physics. These were exciting times. At the University of Berlin, a brash physicist named Albert Einstein had just confounded
            his colleagues with a radical, profoundly unsettling theory that the mass of an object actually warps the space and time around
            it. Lemaître was captivated. Yet, when he graduated, he abruptly changed direction. He enrolled in a seminary. “There were
            two ways of arriving at the truth,”11 he would say later. “I decided to follow them both.” Once ordained, Lemaître took a vow of poverty. He joined a small priestly
            association, Les Amis de Jésus,12 which emphasized the continued development of piety. Then he promptly returned to physics. Some of his more progressive professors at university, following the teaching of Saint Thomas Aquinas, taught that the Bible could not be a literal guide to science, just as science could not offer a guide to religion. 

         
         With his cardinal’s blessing, Lemaître headed to Cambridge University to study with Arthur Eddington, soon to become Sir Arthur Eddington, thanks to a celebrated discovery he’d made four years earlier. Anticipating a solar eclipse, the astronomer
            had organized expeditions to the coasts of West Africa and Brazil, and brought back photographic evidence that Einstein was
            right. As unlikely as it seemed, light curved as it traveled around the Sun. His observations were proof that mass warps space
            and time, and transformed both men into celebrities. When Lemaître arrived to work on relativity, Eddington found his new
            student “wonderfully quick and clear-sighted.”13 He was so impressive that Eddington recommended that, after his year in England, he study at Harvard with Eddington’s friend,
            Harlow Shapley, the first astronomer to measure the size of our galaxy.
         

         
         Lemaître arrived in Cambridge, Massachusetts, in 1924, just as new observations were roiling astronomy. Two years earlier,
            most scientists had believed that the entire universe consisted of the Milky Way and a few other galaxies. That was it, because
            that was all they could see. But in 1922, at California’s Mount Wilson Observatory, Edwin Hubble shocked them. Peering through
            the world’s most powerful telescope, he discovered that the universe was vastly larger. It contained an incredible number
            of other galaxies, all of which, the New York Times proclaimed, were “‘island universes’ similar to our own.”14 It was humbling to realize that we lived in a small corner of the universe, and electrifying to know that there was so much
            more to learn about it. It was as if a bank had informed astronomers, “Sorry, we made a mistake. You don’t have 500 dollars
            in your account, you have 500 trillion dollars.”
         

         
         Lemaître immersed himself in the raging debates of astronomers who were struggling to make sense of this immense new universe.
            Oddly, the latest measurements taken15 by a few of them seemed to suggest that the newfound galaxies were not standing still. They were moving away. Even more puzzling, the most distant galaxies were moving away faster than those closer to us. 

         
         Lemaître was intrigued. He returned to Belgium to begin teaching at his old university and there he dove deep into Einstein’s
            equations to see if they might predict this strange state of affairs. He finally emerged with a disconcerting solution. It
            suggested not just that the galaxies were moving apart, but that the universe itself was actually growing larger. This was
            bizarre, to say the least, perhaps one of the strangest ideas ever proposed in science. Furthermore, he argued, the galaxies
            were not actually moving away from one another in space. Instead, the space between them was actually expanding and pulling
            the galaxies apart, like raisins in a loaf of rising bread.16

         
         Feeling triumphant, the unknown physics professor swiftly published his finding in French in a little-known Belgian periodical.17 It was not, perhaps, his smartest move. His paper was completely ignored. He sent it to his old teacher, Eddington; no response.
            He sent it to Einstein and to the famous cosmologist Willem de Sitter. Nothing.
         

         
         Finally in 1927, a frustrated Lemaître had a chance to sound out Einstein directly. As he strolled through18 the alleys of Brussels’s Parc Léopold at the famed Solvay Conference, a meeting of the world’s greatest physicists, he was
            introduced to Einstein by Auguste Piccard (the inspiration for Professor Calculus in the comic series The Adventures of Tintin). This was Lemaître’s opportunity to meet the world’s greatest living scientist. Einstein’s general theory of relativity—a
            set of ten equations that modestly described the interaction of space, time, and gravity—was reshaping our understanding of
            the universe. Nothing would have pleased Lemaître more than Einstein’s approval. To the older man, however, Lemaître was simply
            an obscure Belgian priest whose paper had attracted no notice at all.
         

         
         Einstein’s reaction to his theory was to the point: he hated it.19

         
         Deep in his soul, Einstein believed that the universe had to be static. His powerful intuition, which had guided him astonishingly well in the past, told him that some simple order must lie beneath the chaos of the material world. He could not believe that the universe itself was expanding. That just didn’t seem right, and he had little interest in suggestions to the contrary. It was simply too weird to be true. “Your calculations20 are correct,” he told Lemaître as they walked through the park, “but your physical insight is abominable.” Becoming more
            polite, he explained that, a few years earlier, he had rejected a similar calculation by the Russian mathematician Alexander
            Friedmann. In fact, Einstein hated the idea so much that he had introduced a fudge factor he called the “cosmological constant”
            into his equations to keep his universe static. When Einstein and Piccard got into a taxi, Lemaître tagged along. He tried
            to tell Einstein about new observations, of which Einstein seemed unaware, that implied that the galaxies were flying apart
            at puzzling speeds. Einstein brushed him off and began speaking with Piccard21 in German.
         

         
         Two years later, Edwin Hubble published new observations from Mount Wilson. He was still capitalizing on the unprecedented
            light-collecting power of an eight-foot-diameter telescope mirror, over two feet wider than any other. His data confirmed
            that the most distant galaxies were indeed moving away from us faster than the closer ones. Now Eddington himself reexamined
            Einstein’s equations and found that, despite Einstein’s disbelief, they implied that the universe was expanding. Soon after, Eddington was embarrassed to find22 that he had read, but forgotten about, the paper Lemaître had sent to him two years earlier that reached the same conclusion.
            Eddington swiftly arranged for Lemaître’s article to be published in English in the Monthly Notices of the Royal Astronomical Society. Now, Einstein had to pay attention to Lemaître’s theory. Although in most textbooks Hubble gets credit for proposing the
            expanding universe, Lemaître had discovered it first.*

         
         Undeterred by the great man’s rebuff, meanwhile, Lemaître had dug even deeper into Einstein’s equations and taken a more daring leap. Rewinding time in his head, he reasoned that, if the universe is expanding now, sometime back it must have been smaller, and before that, smaller still. Taking his logic to its seemingly absurd conclusion, he proposed that, at one point, it was so small and dense that every single galaxy in existence today—not to mention every fundamental particle within all matter—was nestled inside what he called a single “primeval atom.” 

         
         In 1931, at a meeting of the British Association for the Advancement of Science, Lemaître presented his brainstorm. At its
            origin, he claimed, the whole universe was produced by the “disintegration” of this tiny atom.23 That may not have been the most poetic way of putting it, but Lemaître did know how to turn a phrase. He would later write,
            “The evolution of the universe24 can be likened to a display of fireworks that has just ended: some few wisps, ashes and smoke. Standing on a well-chilled
            cinder, we see the fading of the suns and try to recall the vanished brilliance of the origin of the worlds.”
         

         
         Lemaître had been mulling over some version of this theory even longer. His friend, Bart Jan Bok, recalled Lemaître saying
            at Harvard, “Bart, I’ve had a funny idea.25 Maybe the whole universe started out of a single atom, and it exploded, and that’s where it all comes from, ha ha ha.”
         

         
         The popular press loved his theory. “Out of a single bursting atom26 came all the suns and planets of our universe,” Modern Mechanix marveled. But to physicists, the idea was an abomination: it was simply absurd. The Canadian John Plaskett charged that it
            was “an example of speculation run mad27 without a shred of evidence to support it.” Lemaître’s old mentor, Eddington, called it “repugnant.” Although he agreed that
            the universe was expanding, this was a bridge too far. He preferred to believe in a universe that always existed.
         

         
         Like Einstein, he had fallen into the “Too Weird to Be True” thinking trap, which could also be called the “Surely Nature
            Would Never Do That” bias. Scientists, like the rest of us, lapse into flawed thinking when they don’t double-check their assumptions. Eddington never did change his mind. 

         
         As for Einstein, he was also convinced that Lemaître was inspired by Christian dogma. The theory reeked of religion. It was
            just too suspiciously similar to the biblical moment of creation. Lemaître denied it. Yet, in truth, there is a sense in which
            Einstein was right. Like a bee to honey, how could a priest and cosmologist not be drawn to how science and scripture each
            describe the origin of everything? In fact, in 1978,28 historians uncovered a paper Lemaître wrote in graduate school in which he attempted to prove scientifically that the universe
            began with light. But Lemaître abandoned that youthful exercise. For the rest of his life, he disavowed the claim that science
            could ever describe Genesis. “Physics provides a veil29 hiding the creation,” he wrote. In an interview with the New York Times, he said, “There is no conflict30 between science and religion.”
         

         
         “If the Bible does not teach science, among other things, what does it teach?” the reporter asked.

         
         “The way to salvation,” Lemaître replied. “Once you realize that the Bible does not purport to be a textbook of science, the
            old controversy between religion and science vanishes.” He saw them as separate, not incompatible ways of understanding the
            world. Years later, he would ask Pope Pius XII not to use his theory as evidence of scriptural truth.
         

         
         Einstein would have continued fighting Lemaître tooth and nail, except that he had an Achilles’ heel. He knew that the cosmological
            constant, which he had introduced in his equations to keep his universe from expanding, was a fudge factor. He would later
            call it his “biggest blunder.”31 In 1933, Lemaître, garbed as always in his clerical collar, lectured in Pasadena, California, where Einstein was in attendance.
            By now, Einstein, having visited Hubble, seen the data, and conferred with others, saw no way out. Lemaître’s clarity prevailed.
            “This is the most beautiful32 and satisfactory explanation of creation to which I have ever listened!” Einstein said. Although it is possible that he was speaking ironically, he was soon in agreement with Lemaître. The two even went on a lecture tour together. What Lemaître called initial fireworks, and the astronomer Henry Norris Russell, whom we will meet again, called “the Catastrophe to begin33 all other catastrophes,” we know by a catchier name.
         

         
         Even with Einstein’s approval, the theory did not sail smoothly into acceptance. The most famous critic, the maverick British
            astrophysicist Fred Hoyle, thought it ludicrous. “The hypothesis that all matter34 of the universe was created in a big bang at a particular time in the remote past [is] irrational,” he charged, coining the
            term the Big Bang. Hoyle even called Lemaître “the Big Bang man.” 35 But the evidence continued to grow.
         

         
          

         It is thanks to Lemaître that we now have an origin story about the birth of everything, including every particle in your
            body. Nowadays, physicists will tell you that in the beginning there were no atoms, no molecules, no space, or time. That’s
            their way of saying that almost everything we know about the origin of the universe comes from the ten equations in Einstein’s
            general theory of relativity that reveal how space, time, and gravity are intertwined. But it was Lemaître who saw the possibilities
            in Einstein’s work that Einstein himself refused to take seriously. As crazy as it seems, a handful of equations tell us that
            our entire universe began as a minuscule point that had no volume, but infinite density. That tiny “singularity,” as physicists
            like to call it, contained inconceivable energy. And the Big Bang, the expansion of that infinitesimal point, created time,
            space, matter, and ultimately us.
         

         
         That’s more than enough to make your head hurt. Intuition is no help. The theory begs a few basic questions: How could the
            density of a point be infinite? How could there be no time? If space started with the Big Bang, where was everything before
            that? The answers to all these questions are simple. We don’t have a clue.
         

         
         To try to make sense of it, I asked Avi Loeb, a cosmologist at Harvard University, what came before the Big Bang. Loeb doesn’t shy away from tackling big questions. He studies the formation of the universe’s first stars and has written papers on when life could have first evolved. (His answer to this is a mere 70 million years after the Big Bang.) But when I asked him how there could be no time before the Big Bang, he grew shy about speculating. “It is the same way that36 you can’t think about what happens after you die, or before you were born.”
         

         
         I pressed him again. “I prefer not to conjecture about things I have no idea about,” he replied, as though echoing Lemaître’s
            belief that the Big Bang veils everything that went before.
         

         
         The problem, he admitted, is that at the very smallest scale, “Einstein’s equations break down.” No one has been able to reconcile
            them with another terribly accurate theory, called quantum physics, that predicts the behavior of matter at the smallest level
            of photons and electrons. We rely on quantum theory in our lasers, atomic clocks, computer chips, and GPS. But its paradoxes—like
            the impossibility of predicting the exact location of a subatomic particle (known as Heisenberg’s uncertainty principle)—make
            it incompatible with Einstein’s general theory of relativity. At least until scientists can reconcile those two theories (in
            the long-dreamed-of “theory of everything”), the era before the Big Bang will be open to speculation, but remain unfathomable.
         

         
         At this point, all we can say is that every single attempt to prove Einstein wrong has failed—while countless observations have proved him right. In 1949, the physicists George Gamow, Ralph Alpher, and Robert Herman calculated the extreme heat that would have been necessary for the first elements to form. And they predicted the exact energy of the surviving afterglow that should still be around today. In 1965, a decade and a half later, their calculations were accidentally confirmed by a pair of astronomers who couldn’t figure out why the background noise in their radio telescope would not go away. No matter where they aimed their telescope—at nearby stars, distant galaxies, or empty space—they detected low-level electromagnetic waves—even after they eliminated all the suspects they thought could be creating interference, such as the pigeon droppings they cleaned out of their antennae. The discovery of this electromagnetic radiation, called cosmic background radiation, was found in every direction in the sky at the precise frequencies that Gamow and his colleagues had predicted. It was strong proof that the universe began with a Big Bang. 

         
         When Georges Lemaître heard the news of this discovery, he was lying in a hospital bed in Brussels, recuperating from a heart
            attack. He rejoiced at this vindication of his theory. It came just in time. He died eleven months later.
         

         
         Experimental support for Einstein’s equations, and Lemaître’s extrapolation of them, continues to roll in, including, in 2016,
            the detection of gravitational waves, which might make it possible to detect gravitational echoes of the Big Bang.*37 Incidentally, when you change the channel on an old television, you can actually tune in to the Big Bang. About 1 percent
            of the flickery snow on the screen is radiation left over from it. The expansion of the universe stretched those electromagnetic
            waves out long enough that they can be picked up by your TV.
         

         
         Whether Einstein himself once liked it or not, the equations of relativity tell us that time began with the Big Bang. Physicists
            have rolled the clock backward (using measurements of the universe’s density and the rate at which it’s expanding) to find
            the date: 13.8 billion years ago. That gives us a starting point for our own remarkable journeys. In the instant afterward,
            space began to expand. A trillionth of a trillionth of a second later, particles of matter and antimatter (particles with
            the same mass but opposite charges) sprang up in the newly created vacuum of space. Bent on mutual destruction, they immediately
            wiped each other out.* But obviously our story does not end there. For some reason that scientists are still scratching their heads over, there was a slight imbalance in the amount of matter and antimatter that appeared. For every billion particles of antimatter, a billion and one particles of matter were born. We are, to put it simply, leftovers. Those rare one-in-a-billion survivors created the visible universe, including all the atoms within us. 

         
         Lemaître helped reveal that long before a calendar could mark the date, cosmic candles were lit on your ultimate birthday.
            One fine day, 13.8 billion years ago, the most elementary bits of matter inside you sprang into being.
         

         
         With that discovery, we now knew when our history began. But how much of what followed could be traced through the hazy mists
            of time? Scientists would have to start by uncovering the nature of the first particles to emerge from the Big Bang. What
            were the tiny building blocks that would ultimately create our solar system, planet, life, and then us? Strangely enough,
            the search to find them would begin with another Catholic priest, this one at the top of the Eiffel Tower.
         

         
         
      
   
      
      
      
         
            2
“That’s Funny”
What the Eye Can Never See

         
         
            The most exciting phrase to hear in science, the one that heralds the most discoveries, is not “Eureka,” but “That’s funny.”

            —Isaac Asimov, attributed

         

         Pity the poor scientist in the age of electric streetcars and horse-drawn carts, who hoped to discover the most elementary
            particles within us—the ones that we now know sprang out of the Big Bang. How do you find something you can’t possibly see
            with the naked eye or even the most powerful microscope? That was a rub that long troubled physicists. Even before Lemaître
            and Einstein were grappling with the origin of the universe, others were searching for the identity of the tiniest bits of
            matter that the universe is made of. Doubt, however, had always clouded the enterprise. Would they ever be able to find them?
            The ancient Greeks had speculated that everything, even humans, was made of tiny indivisible units they called atomos, meaning “tiny and uncuttable.” By the turn of the twentieth century, many chemists agreed and called them atoms. But many
            physicists were dubious.1 “Atoms and molecules . . . from their very nature2 can never be made the objects of sensuous contemplation,” the influential physicist Ernst Mach declared. Chemists’ experiments
            suggested that atoms existed in theory, but no experiment had ever directly revealed one. No scientist had ever seen an atom,
            touched one, or measured one.
         

         
         Then, two startling discoveries turned doubters into believers. In 1897, at the Cavendish Laboratory in Cambridge, the epicenter
            of British physics, the forceful J. J. Thomson was investigating a puzzling phenomenon. What was the nature of mysterious
            cathode rays produced when two electrodes in a glass vacuum tube were zapped with electricity? Curious, he exposed the rays
            to a magnetic field to see what would happen, and was startled to see it deflect their path. Surprisingly, he had discovered
            invisible negatively charged particles that we now know are part of the atom. In 1911, the year King George V was crowned
            king of England and Hiram Bingham explored Machu Picchu, Thomson’s brilliant former student Ernest Rutherford made an equally
            momentous discovery. When positively charged radioactive particles were fired toward a thin gold foil, most passed through
            as expected, but some bounced back. He was stunned. “It was almost as incredible,” he recalled, “as if you fired a 15-inch
            shell at a piece of tissue paper and it came back at you.” The particles must have been repelled by dense positive charges
            in the foil. He had discovered that atoms also contain positively charged nuclei.
         

         
         In time, everyone agreed with Rutherford’s triumphant conclusion: We now knew the nature of our most elementary particles.
            Everything in the universe was made of atoms. But the Greeks were not correct that these were the smallest particles of all.
            At the centers of atoms lay nuclei—objects ten thousand times smaller—that contained dense positively charged particles called
            protons. Thomson’s negatively charged electrons whirled in orbit around them like planets around the Sun.* And atomic weights led Rutherford to suspect that nuclei contained one other item: particles without charge that we now call neutrons. 

         
         Surely, that was it. No one had reason to think even smaller particles could exist. Mind you, even if they did, there was
            no way to look for them. Certainly, the most powerful microscopes would be no help. Scientists had as much chance of spotting
            an atom with a microscope as spotting Pluto with their naked eyes. Trillions of hydrogen atoms would fit on the head of a
            pin, and a proton was a hundred thousand times smaller still.3 If even smaller particles existed, it seemed impossible we could ever find them.
         

         
         A word of warning: We are about to embark on a trip into some of the strangest phenomena around us. Physicists will unearth
            a rogues’ gallery of baffling subatomic particles before they find the most elementary particles of all. But the path will
            be rocky and winding, for scientists often make their greatest discoveries while searching for something completely different.
         

         
         The first unexpected clue would arrive out of the clear blue sky.

         
          

         In the spring of 1910, Father Theodore Wulf, a German physicist and Jesuit priest, emerged from an elevator at the top of
            the Eiffel Tower toting a breadbox-size device that he hoped would solve a frustrating mystery. Pesky electric charges were
            following scientists everywhere like faithful dogs. Researchers had succeeded in making their electroscopes—devices that detect
            electric charge—so sensitive that their instruments were now driving them crazy. Their devices picked up charges even when
            they were insulated from everything. Scientists put them in thick metal boxes,4 isolated them in tanks of water; still the troublesome charges refused to go away. So Wulf designed an exceptionally sturdy
            portable electroscope, and then set out, determined to pin down the source of the charges.
         

         
         His most obvious suspect was radioactivity. Just a decade earlier, the director of Paris’s Natural History Museum, Henri Becquerel, happened to place uranium salts on top of photographic plates in his desk drawer. Days later, he was shocked to find that the salts had created images on the plates. He had discovered that some rocks, like uranium, are radioactive: that is, they cast off charged particles, as well as invisible electromagnetic pulses with wavelengths shorter than visible light. So it seemed obvious to Wulf that the annoyingly persistent charges in the air must be created by radioactive rocks deep in the earth. The radiation they emit must strike molecules in the atmosphere, knocking off electrons and creating charged particles. Carrying his electroscope, Wulf descended deep into caves to prove it, expecting his readings to increase as he drew closer to their source.5 They didn’t. So, with an electroscope strapped to his back, he took the elevator to the top of the world’s highest man-made
            structure, the Eiffel Tower, expecting the charges to go away. They didn’t—at least not enough. Too many charges remained.
            The mystery deepened.
         

         
         Wulf’s experiment inspired a fearless twenty-eight-year-old Austrian physicist named Victor Hess to take up the challenge.
            Hess figured that the only way to know if the bothersome charges came from the ground was to carry an electroscope much higher
            still. In 1911, the only way to do that was to take risky high-altitude flights—by balloon.
         

         
         Enlisting the help6 of a local aero club, Hess made six flights near Vienna, venturing as high as 6,000 feet. His experiments were frustratingly
            inconclusive (although one trial during a solar eclipse established that the charges did not come from the Sun). Not one to
            let a little danger get in the way of a good experiment, he resolved to fly higher. He persuaded the German Balloon Enthusiasts
            Association in a small Austrian town to volunteer the pride of their fleet, a twelve-story orange-and-black7 state-of-the-art beauty named the Böhmen.
         

         
         At dawn in a large green meadow, on August 7, 1912, the aero club inflated the massive Böhmen from tanks they had hauled on a horse-drawn cart. At 6:12 a.m., Hess squeezed himself into8 a small wicker basket beside a pilot, a meteorological observer, a small bench, three electroscopes, hand luggage, and, most
            important, three large oxygen cylinders.
         

         
         Space was tight, but Hess was well aware that he needed these last items. Our brains consume a quarter of the oxygen that we draw in with every breath. Without enough of it, there’s trouble. That fact had been emphatically illustrated over thirty years earlier when three French balloonists attempted to break the altitude record in a craft named the Zénith. Wisely, they carried oxygen with them; foolishly, they didn’t breathe enough of it. At over 20,000 feet, one recalled, “an
            inner joy is felt9 like an irradiation from the surrounding light. One becomes indifferent.” He felt “stupefied”; his tongue was paralyzed.
            Then he blacked out. On the way down, he recovered but found his companions slumped over. A lack of oxygen had made short
            work of them, leaving him as the sole survivor. The gruesome accounts of their deaths put balloonists off high-altitude flights
            for another twenty years. Hess planned to climb almost as high—but he planned to live.
         

         
         At seven a.m., he began his ascent, carried aloft by hydrogen (the same explosive gas that would later doom the German Zeppelin
            the Hindenburg). They rose into a crisp cloudless sky. An hour and a half later, they found themselves drifting across the German border.
            At 13,000 feet, they were buffeted by 30-mile-per-hour winds. Bundled in an overcoat, Hess gamely continued taking measurements,
            despite the piercing cold. By 9:15, he felt tired. Sensibly, he decided it was time to breathe some oxygen. An hour later,
            at the dizzying height of 17,400 feet, three miles up, he was so weak he feared he would faint and decided perhaps it was
            time to call it quits. He ordered the captain to release some of the balloon’s hydrogen. By 13,000 feet, he began to feel
            himself again.
         

         
         Back on firm ground in a pasture, Hess was elated. At his highest altitude, he had measured a charge twice as great as that
            on the ground. There could be only one explanation—the higher he rose, the closer he was to their source. He was sure he had
            discovered that a stream of electric charges constantly bombarded the Earth from outer space.
         

         
         Other physicists found that hard to swallow. Wasn’t it more likely10 that Hess’s instruments were affected by the freezing temperatures, for instance? The American physicist Robert Millikan was an especially fierce opponent11—that is, until 1925, when his own experiments confirmed Hess’s measurements. They were soon dubbed Millikan rays, until Hess
            bitterly objected,12 at which point another name from Millikan stuck—cosmic rays.
         

         
         That was unfortunate, because they are not a unique wavelength of electromagnetic radiation like light, radioactive rays,
            or X-rays, as Millikan supposed. Instead cosmic rays are showers of charged particles that continuously rain down on us.
         

         
         Physicists still had no idea that these invisible downpours contained hints of even smaller particles. And they would only
            be able to find them if they could invent new tools to “see” the impossibly small.
         

         
          

         Actually, one such tool had been invented by one of J. J. Thomson’s researchers years earlier, but it had been dreamed up
            for an entirely different purpose by a young man infatuated with clouds. Charles Thomson Rees Wilson, the son of a Scottish
            sheep breeder, was tall, quiet, and soft-spoken. In 1895, the twenty-two-year-old, with a newly minted physics degree from
            Cambridge, volunteered to work for a few weeks at a primitive meteorological observatory. It was on Ben Nevis, Scotland’s
            highest peak. The stone cabin he slept in was often drenched in fog or racked by rain and thunderstorms. But in the early
            mornings, he was occasionally rewarded with a glorious sight. On the clouds just below, he saw halo rainbow patterns so majestic,
            he decided to make artificial clouds in a laboratory to study them.
         

         
         Once back in Cambridge, Wilson, who was possessed of extraordinary patience, perhaps because of his pronounced stutter, taught
            himself devilishly tricky glassblowing techniques. After countless breakages, he built an ingenious glass chamber with a piston
            that could change the pressure inside. Through careful experimentation, Wilson was excited to see that, if he filled his chamber
            with moist air, and then quickly expanded its volume with the plunger, water vapor condensed on dust particles in the air.
            He had made artificial clouds.
         

         
         Then, a discovery in Germany sent his research veering in a completely different direction—one that would transform his obscure tabletop apparatus into a tool that Ernest Rutherford himself praised as “the most original and wonderful instrument in scientific history.”13

         
         Three hundred miles away, at the University of Würzburg, the physicist Wilhelm Röntgen, like J. J. Thomson, was investigating
            the rays created by a cathode ray tube. Although he carefully covered the glass tube with black cardboard to prevent any light
            from escaping, he happened to glance at a nearby screen coated with phosphorescent paint and was startled to see it glow,
            as if lit up by invisible rays. He was stunned.
         

         
         Fearing others would think him crazy,14 he told no one as he began a feverish round-the-clock investigation. When he placed his trusting wife’s hand between the
            glass tube and a photographic plate, a ghostly image of her finger bones and wedding ring appeared. “I have seen my death,”
            she said on seeing the image. Röntgen had discovered that when cathode rays15 inside the tube struck the end of the glass, something entirely different was emitted. He had stumbled on X-rays—electromagnetic
            waves much shorter than visible light that are absorbed only by heavy elements, like the calcium in our bones.
         

         
         Back at the Cavendish Lab in Cambridge, physicists were skeptical of newspaper reports of these see-through rays, until they
            saw the photographs. “Nearly every professor in Europe is on the warpath,”16 a converted Rutherford wrote of the crowd of physicists now racing to investigate them. Soon, in America, Thomas Edison was
            X-raying brains and working on an X-ray light bulb. (He would abandon these efforts some years later, after his assistant
            suffered X-ray burns and died of cancer.)
         

         
         Enthusiastically, Charles Wilson joined the stampede. On a hunch, he borrowed a crude cathode tube from J. J. Thomson and
            fired X-rays into a cloud chamber filled with humid air. He was startled to see17 the X-rays create a dense fog inside. They had knocked electrons off air molecules, creating charged molecules called ions
            that water vapor condensed on—producing droplets of fog. Wilson was ecstatic.18 His cloud chamber revealed the tracks of the unseeable: individual molecules so small no one imagined they could ever be detected. When he introduced radioactive particles into his cloud chamber, “little wisps and threads19 of clouds” almost magically appeared and vanished like vapor trails behind airplanes. It was almost like magic. Wilson painstakingly
            refined his chamber, and the simple apparatus he invented to study clouds was soon used worldwide as a powerful tool to investigate
            electrons, ions, and radioactive particles. But the greatest achievement of his cloud chamber—the detection of unsuspected
            particles smaller than the atom—was still to come.
         

         
         By 1932, scientists had determined that cosmic rays contained electrons, so a young researcher at the California Institute
            of Technology named Carl Anderson reluctantly built a cloud chamber to study them. Having just received his PhD, he hoped
            to move to another university, but his advisor, who happened to be Robert Millikan (the same Millikan who confirmed the existence
            of Hess’s cosmic rays), insisted that Anderson20 work on this project first. Anderson borrowed components from a Southern Edison junkyard to build a colossal electromagnet
            that was strong enough to bend the path of any electron flying into the chamber from the sky. Occasionally, his patience was
            rewarded. He succeeded in photographing the track of an electron curving in the powerful electromagnetic field. But he was
            puzzled that every once in a while, he would see a similar-size track curve in the opposite direction.
         

         
         At first, Anderson thought they must be made by electrons moving upward. But Millikan reminded him that cosmic rays come from
            the sky, not the ground, so the tracks must be from positively charged protons21 raining down from space. Anderson was unconvinced. Protons, the only known positive particles, were larger, so their tracks
            should be wider than the tracks of electrons, but these were not. They argued. Anderson modified his experiment. Finally,
            with new evidence in hand, he bravely announced that he had found a new type of subatomic particle. And this one was a very
            odd duck. It was identical to an electron, except it had a positive charge.
         

         
         None of the famous gods22 of quantum physics—Rutherford, Bohr, Schrödinger, or Oppenheimer—believed him. Everyone knew that atoms had only three building blocks: negative electrons, positive protons, and just-discovered particles called neutrons, which have no charge. A positive electron just wasn’t possible. Except that, just six months earlier, the physicist Paul Dirac had announced that, after several years of wrestling with Einstein’s theory of relativity, he was forced to make a strange prediction. Electrons should have twins with identical mass but opposite charge. Even Dirac was skeptical of his own claim, yet Anderson had found one. This new subatomic particle was an antielectron—the first antimatter particle ever discovered. It was named the positron.
         

         
         (If you think antimatter sounds far removed from daily life, you may be interested to know that you’re more familiar with
            positrons than you think. We contain small amounts of naturally occurring radioactive potassium in molecules whose roles include
            sending nerve signals. About 0.001 percent of those potassium atoms decay every day, emitting positrons. If you weigh 150
            pounds, you generate almost four thousand positrons a day.23 But they don’t hang around long. Each swiftly meets an electron and as they destroy each other, they leave a tiny burst of
            radiation as their calling card.)
         

         
         Just two years after Anderson stumbled on the positron, he bagged another particle—the muon. Inexplicably, it had the same
            charge as an electron but was over two hundred times heavier. “Who ordered that?”24 the physicist Isidor Rabi asked, on hearing the news.*

         
         Hess, Wilson, and Anderson all received Nobel Prizes for their discoveries. Physicists had found something that no one thought
            could exist: new kinds of subatomic particles. Suddenly it was clear that atoms contained more than just electrons, protons,
            and neutrons. We no longer knew with any certainty what the atoms within us were ultimately made of.
         

         
         Yet physicists remained almost blind. To find the very smallest constituents of our atoms, they still needed inventive new tools. Fortunately, another crucial one would soon come, courtesy of Marietta Blau, a five-foot-tall, introverted Austrian researcher, whose contribution would for too long be forgotten. Like Wilson, she would pioneer a method of “seeing” tiny objects no microscope could reveal. 

         
         Blau’s interest in physics was sparked in the 1910s at the preparatory school she attended for girls. Her interest deepened
            at the University of Vienna, where she earned a doctorate in physics. She was among a number of European women who, inspired
            by Marie Curie, studied the puzzling new phenomenon of radioactivity. Years earlier, Madame Curie and her husband, Pierre,
            had discovered an almost magical new element—radium—that was a million times more radioactive than uranium. Scientists were
            agog that it seemed to provide an “inexhaustible amount of light and heat.” During the radium craze that followed, you could
            buy radium-fortified soap,25 cigars, toothpaste, and pastries, even radium-infused furniture cleaner and suppositories. (Unaware of the danger, Madame
            Curie herself died an untimely death from radiation exposure.)* The radium was extracted from uranium ore, and Europe’s only uranium mine belonged to the Austro-Hungarian Empire. So perhaps
            it is not surprising that Vienna founded an Institute for Radium Research, and Blau, a gifted experimentalist, landed a position
            there.
         

         
         In 1925, her supervisor, a fellow physicist, presented her with a daunting challenge. Could she use a photographic plate to
            detect26 the path of a proton that was ejected when two nuclei collided? This was even more difficult than it sounds. She would be attempting to find a track of a single particle smaller than an atom. Doggedly, systematically, she experimented with thicker photographic emulsions, tested new techniques to develop her plates, and struggled to interpret barely perceptible impressions. After years, she actually succeeded, not just in capturing the paths of impossibly small particles, but in using them to measure the energy of the particles. It was a remarkable demonstration of the promise of her technique. 

         
         Yet in all her years at the Institute, Blau went unpaid. She supported herself by tutoring, by freelancing at medical companies,
            and with help from her family. When she began to receive international recognition, she finally worked up the nerve to ask
            for a paid position. That was impossible,27 she was told—she was a Jew, and a woman.
         

         
         In the early 1930s, Blau refined her methods and set herself a more ambitious goal: detecting particles in cosmic rays. Yet
            she also faced increasing troubles. She was always eager to assist anyone in need, so when she met Hertha Wambacher, a young
            woman who had been unhappy studying law, Blau generously offered to help.28 Wambacher became her student, assistant, and finally junior colleague. But as time went on, Blau’s generosity returned to
            haunt her. In 1933, the fascist dictator Engelbert Dollfuss seized power in Austria. Calls rang out to expel Jews from academic
            positions. And Blau’s protégé became an early member29 of the illegal rival Nazi party. To make matters worse, Wambacher began an affair30 with an even more enthusiastic Nazi, a married physicist named Georg Stetter who would become director of the Institute.
            Blau and Wambacher continued their work together, but their once warm collaboration became tense.
         

         
         In 1937, Blau was finally ready to try detecting cosmic rays. Her photographic plates might have great advantages over massive
            cloud chambers. Her plates were much easier to transport to high altitudes, where cosmic rays were strongest. And she could
            leave them there for a long time, greatly increasing her chances of capturing a rare particle. Blau and Wambacher simply rode
            a suspension cable car to a research station that Victor Hess had established on the 7,500-foot peak of Hafelekar Mountain.
            Expectantly, they placed their specially formulated plates facing the sky.
         

         
         Four months later, they returned to retrieve them. Back in their laboratory, they peered through a microscope and were elated. They saw long slender lines etched on the plates. They had captured the tracks of invisible particles hurtling down from space. Even more astonishing, in some cases many straight lines emanated from a single point. A cosmic ray had struck and split a nucleus in the photographic emulsion, ejecting up to twelve smaller particles31 that created a starlike image. Blau’s discovery sparked interest from physicists everywhere. Her years of experimentation
            had paid off. She had pioneered a new technique that would help reveal the smallest particles within us.
         

         
         Tragically, she would have little opportunity to use it. In 1937, with Austrian anti-Semitism on the rise, Stetter pressured
            Blau to turn her work over to her junior partner and leave the Institute. Wambacher alternated between treating Blau with
            rudeness and generosity. Anguished, Blau considered abandoning her research. Then, unexpectedly, she was offered a temporary
            respite. A former friend and colleague, Ellen Gleditsch, got wind of her troubles and invited her to the University of Oslo
            for a few months. On March 12, 1938, Blau left on a train, taking her newest plates32 with her. From her window she saw German troops rolling across the border. It was the Anschluss, the day Hitler annexed Austria.
            The next day, Hitler himself entered Vienna, to the delight of adoring crowds.
         

         
         Norway offered only a short-term refuge, but fortunately, Einstein had heard of Blau’s plight and, with his help, eight months
            later she found a teaching position in Mexico City. Fearing war was imminent, she took the first flight out of Oslo. Regrettably,
            it was on a German airline. When it touched down in the connecting city of Hamburg, Blau was summoned. The Nazi officials
            seemed to know exactly what they were looking for. They rifled through her bags and seized her photographic plates33 before they allowed her to leave.
         

         
         In Vienna, Wambacher continued their research where Blau left off, and began taking credit for their joint work. Blau was devastated. Although she would later have a series of academic appointments in the United States, she would never regain the momentum to return to her research on cosmic rays. In her sixties, her need for a costly cataract operation she could not afford in the United States forced her to return to Vienna. But she no longer felt welcome at the Radium Institute, where she worked briefly, unpaid again. And she was embittered34 to find that Stetter, despite his prominent affiliation with the Nazis, had been allowed to return to a prestigious university
            post in the early 1950s. Blau died in 1970, her achievements unrecognized in her native Austria.
         

         
         Meanwhile, many others adopted the techniques that Blau pioneered, and reaped the rewards. In 1947, Cecil Powell and Giuseppe
            Occhialini placed sensitive photographic plates high on a summit in the French Pyrenees and discovered a new subatomic particle—the
            pion—the first new kind found since Anderson’s muon. Pions, like muons and positrons, are strange beasts. They are about 270
            times heavier than electrons and can have a positive charge, a negative charge, or none at all.
         

         
         Powell received the Nobel Prize for their discovery. Blau was not mentioned. She was nominated for the Nobel Prize at least
            three times, twice by Erwin Schrödinger, himself a Nobel laureate, to no avail.
         

         
         The beautiful wispy tracks in Wilson’s cloud chambers and on Blau’s plates opened a Pandora’s box. They revealed the existence
            of new particles smaller than the atom. Yet they hardly clarified the picture. With particles like positrons, muons, and pions,
            physics seemed even further from finding the most basic building blocks within us. It was as if scientists had looked for
            the solution at the bottom of a well, and discovered that the well was much deeper than they ever imagined. All they could
            do was keep lowering the bucket and hope. Yet the picture within the atom would soon grow even murkier.
         

         
         By the 1940s, physicists knew that cosmic rays were largely atomic nuclei, along with stray protons and electrons, hurtling
            toward Earth at close to the speed of light. Most are absorbed by the atmosphere. Some high-speed collisions, however, split
            atoms, creating smaller, more exotic subatomic particles, like pions and muons, that also rain down on the Earth.
         

         
         So now researchers decided to try a more direct approach. Instead of waiting for cosmic rays to send down a new particle every once in a blue moon, why not smash particles together to see if new kinds would be ejected from the collision, like debris from a highway crash? Particle hunters began building atom smashers—or particle accelerators, as they preferred to call them—to smash electrons against electrons and neutrons against neutrons at staggering speeds. 

         
         The first colossal atom smasher, given an optimistically futuristic name, the Cosmotron, was built in Brookhaven, New York,
            in 1949 by a consortium of eight American universities. It looked something like the innards of a flying saucer that had just
            been flown in for a tune-up. Physicists fired particles into a two-hundred-foot circular track girdled by 288 six-ton magnets.
            These steered the particles around the track, while microwave-emitting tubes, located every ten feet, bumped up the particles’
            speed every time around, as if pushing them along on an accelerating merry-go-round. Researchers operated the 3-billion-volt
            device from behind a two-foot-thick concrete wall. When they finally got all the kinks out, they could hurl their particles
            130,000 miles in just four-fifths of a second, accelerating them close to the speed of light.35

         
         These smashups were spectacularly successful. Investigators were elated to find the tracks of much smaller particles. Blau’s
            photographic plates and bubble chambers—close cousins of Wilson’s cloud chambers—were arranged around the collision sites.
            They were so astonishingly sensitive they could detect particles less than a hundred trillionth of an inch in diameter that
            existed for less than a billionth of a second.36 Finding the most fundamental particles of all suddenly seemed within reach.
         

         
         And then it wasn’t.

         
         Joy turned to bafflement37 and consternation as the number of discoveries began to climb. By the late fifties, physicists were scratching their heads
            over a “zoo” of dozens of odd particles they could make no sense of. Kaons, lambdas, sigmas, xis, hyperons, mesons; the list
            went on and on. “If I could remember the names38 of all these particles,” grumbled Enrico Fermi, “I’d have become a botanist instead of a physicist.” Were particle physicists doomed to become glorified cataloguers? They saw hints that the particles shared some properties, but could find no unifying scheme to connect them. So much for scientists’ dream of discovering an elegant simple order beneath the chaotic surface of the universe. The search for the most basic particles of all now appeared to be going nowhere fast. 

         
          

         Things remained a mess until 1961, when Murray Gell-Mann joined the fray.

         
         Gell-Mann was a child prodigy. At age three,39 he could multiply large numbers in his head. He entered Yale at fifteen. He was one of those know-it-alls who were notoriously
            bad at finishing papers and often cut classes, yet always aced their exams. By thirty-two, he had earned a doctorate from
            the Massachusetts Institute of Technology, worked at Princeton’s Institute of Advanced Studies, collaborated with the legendary
            Enrico Fermi at the University of Chicago, and held a professorship at Caltech. He spoke thirteen languages, including Upper
            Mayan. His collaborator Sheldon Glashow recalled that “on first acquaintance40 you would soon learn, through his painfully in-your-face erudition, that he knew far more than you about almost everything,
            from archaeology, birds, and cacti to Yoruban myth and zymology.” Photographs usually show Gell-Mann’s warm eyes smiling through
            his heavy dark-rimmed glasses, yet he was also prickly and arrogant. He relished putting down those who didn’t agree with
            him, including another genius down the hall, a collaborator who would turn rival, named Richard Feynman.
         

         
         Gell-Mann chose to study particle physics, and he had an unusual genius for discerning underlying patterns. After years of work, his eureka moment came when he discovered that he could use an obscure form of algebraic theory to sort all the creatures in the particle zoo into groups based on their properties—their charges, masses, spin, and “strangeness” (a property that seemed to predict discrepancies in the time some particles took to decay into simpler particles). In a stunning demonstration of how nature mirrors mathematics, he saw that the particles fell into sets organized by geometric shapes of eight, called octets. He dubbed his theory the Eightfold Way, a joking nod to Zen Buddhism (this was California in the Sixties, after all). Perhaps it would finally lead41 particle physicists to enlightenment and end their suffering. Gell-Mann’s octets sorted the particles into groups, and these
            seemed to align with their properties just as spectacularly as the Russian chemist Dmitri Mendeleev’s periodic table had organized
            the elements. Where particles were missing in the geometric pattern, he predicted new ones would be found.
         

         
         Yet Gell-Mann was apprehensive42 about publishing his theory—so much so that he withdrew his paper from Physical Review twice. He finally submitted a paper on the properties of the particles, with his revolutionary suggestion of the Eightfold
            Way cautiously tucked away at the end.
         

         
         As often happens in science, someone else arrived at the same theory at the same time, in this case, another child prodigy,
            Yuval Ne’eman, a physicist (who later became an Israeli cabinet minister). Collegially, they shared43 the credit for an obscure discovery that went over at first like a lead balloon. Because their theory suggested that particles
            should exist that had never been seen in nature, it simply wasn’t clear that they were on the right path.
         

         
         Several years later, however, an experiment at Brookhaven gave Gell-Mann a lot of street cred. He had predicted the properties
            of a particular particle he called omega-minus, which was missing from one of his geometric sets. Experimenters set out to
            find it. It took them months to set up the necessary apparatus at the accelerator. Then they began taking thousands of photographs
            a day, so many that they employed Long Island housewives44 in round-the-clock shifts to help analyze them. After 90,000 photographs, they had nothing. But in the 97,025th,45 they discovered a match. Gell-Mann had foreseen the properties of the omega particle. The Eightfold Way was confirmed.
         

         
         Gell-Mann was pleased with his theory, but not content. He hadn’t reduced the ridiculous number of particles that the experimentalists had catalogued. And he had no idea why they fit into the Eightfold Way. There had to be an underlying pattern that explained it. Surely, he thought, the known particles must be made of something simpler, more elementary. 

         
         His breakthrough came in March 1963, when he was visiting the physicist Robert Serber at Columbia University. Serber had been
            mulling over the mathematics of the Eightfold Way, and he suspected that the underlying algebra might reveal a deeper pattern
            based on threes. Over lunch at the faculty club, he asked Gell-Mann if it was possible that each particle in the octets, was
            in turn made of three smaller particles.
         

         
         “That would be a funny quirk,”46 Gell-Mann said.
         

         
         “A terrible idea,” their dining companion, the physicist Tsung-Dao Lee, rejoined. Gell-Mann picked up a napkin and began scribbling
            away to show why this was a crank suggestion. The problem was that, if each particle was made of three smaller ones, then
            each would have to have a one-third or two-thirds positive or negative charge. And no one had ever seen a fractional charge.
            So how could they exist? That hardly seemed possible.
         

         
         Yet the question nagged at him, and the next day, he found himself returning to it. He began to wonder if there was a strange
            way in which fractional charges might actually be possible. Suppose fractionally charged particles were imprisoned within
            a larger particle that had a whole charge. That would explain why we can’t detect them. They can never escape the larger particles
            they are trapped in. It seemed implausible, perhaps even too weird to be true. But then again, he thought, What the hell, why not?47 Teasing the idea out, he toyed with naming these curious particles quacks or quorks, but he settled on quarks, a nonsense
            name from James Joyce’s Finnegan’s Wake. (He was tickled, as well, to learn that, in German, it can mean “balderdash.”)
         

         
         Gell-Mann thought he’d come up with a clever theory, but not something we could ever observe. He wondered, instead, if his
            fractionally charged particles might be a useful mathematical fiction.48 Fearing that his paper might be rejected, he decided not to submit it to the cautious editors of Physical Review Letters. Instead, he sent it to Physics Letters, whose editor was more open to publishing “crazy” ideas.49

         
         Once again, someone else had a similar brainstorm. This time, Gell-Mann’s colleague and former student, George Zweig, independently
            conjured up the idea of fractionally charged particles (although he called them aces, not quarks, and speculated there might
            be four of them, not three). But Zweig, a younger scientist, was working at CERN in Switzerland, the world’s most powerful
            particle accelerator, and the institution had restrictions on where and in what form papers could be published. Zweig grew
            so frustrated by the barriers50 the head of his division put in his way that he gave up. While at CERN, he circulated only two prepublication drafts. The
            reaction to his papers, he recalled, was “generally not benign.” One senior scientist labeled him a charlatan51 and blocked his appointment to a teaching post at Berkeley. Zweig eventually left physics for neurobiology with a bad taste
            in his mouth.
         

         
         Quarks, like aces, were also dismissed at first. Fractional charges in particles that had never been detected—and what’s more,
            never could be—seemed just too far-fetched. That changed in the summer of 1968 when Gell-Mann’s rival, Richard Feynman, used
            quantum physics to show that an experiment at Stanford’s accelerator proved their existence. He demonstrated that electrons
            were bouncing off a proton, as though it contained three hard objects inside. With cloud chambers, Blau’s photographic plates,
            particle accelerators, and Gell-Mann’s intuition and mathematical acumen, scientists had finally detected quarks—particles
            a million times smaller than a grain of sand.52 Many physicists believed, the New York Times wrote, “they [had] begun opening53 the door to the innermost sanctum of matter.”
         

         
         Over the last fifty years, doubt has turned to conviction. Quarks are widely accepted as the ultimate building blocks of every member of the particle zoo, including all the protons and neutrons in your atoms. Quarks come in six types, and they interact by exchanging particles of force that Gell-Mann called gluons because, well, they glue particles together. Why quarks have fractional charges no one knows. But scientists have discovered a force that prevents the fractionally charged quarks from escaping from protons and neutrons. When quarks move apart, the force that binds them grows stronger and stronger, like a stretched rubber band. Scientists estimate that the pressure confining them is greater than any other known in the universe—a billion billion billion54 times more than that in the deepest ocean depths. Gell-Mann’s theory, extended by others, now reigns unchallenged. For his
            breakthroughs, Gell-Mann received the Nobel Prize.
         

         
         Although you could say that Gell-Mann discovered the most fundamental particles that we and everything in our world are made
            of, to be fair, you contain a lot more of something else—empty space. You may think you’re solid, but that’s an illusion—99.9999999999999
            percent of your atoms are full of nothing. The oceans of empty space in atoms are so vast that if you scaled up a hydrogen
            atom’s nucleus to the size of a tennis ball, its electron would be whirling about a mile away. If you removed all the space
            between your electrons, protons, and neutrons, you would be no bigger than a large speck of dust. You could fit all of humanity55 in a sugar cube.
         

         
         This raises an intriguing question. If our bodies are so empty, why do we feel so solid? The answer is that, when we touch
            something like a table, the atoms don’t actually meet. Instead, the electrons in your fingers and in the table repel each
            other. So your atoms don’t actually touch the table, they hover over it, triggering your nerves to create the sensation of touch. Physicists will tell you that something
            else is also going on. In the world of quantum mechanics, identical particles cannot occupy the same space. So, as atoms approach,
            their electrons are forced to dance around their nuclei in different patterns, and this dance creates repulsive energy that
            keeps them from physically touching.
         

         
         So far, all of our observations in the history of science tell us that, apart from empty space, you, and all known matter, are made of only three fundamental types of particles: electrons, quarks, and gluons. The gluons—massless particles of force—bind quarks together to form protons and neutrons. In one sense, you are a collection of something like 30,000,000,000,000,000,000,000,000,000 (thirty octillion) electrons, scores more quarks, and countless gluons, which bind your quarks into particles. 

         
          

         Gell-Mann’s discovery allows us to tell the history of our elementary particles from the moment they were summoned into being.
            Back then, 13.8 billion years ago, there was no universe, no space or time. Then, right after the instant of the
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