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The soundest fact may fail or prevail in the style of its telling.


—Ursula K. Le Guin


















Introduction



The objects in our everyday lives have an annoying inability to appear in two places at once. Leave your keys in your jacket, and they won’t also be on the hook by the front door. This isn’t surprising—these objects have no uncharted abilities or virtues. They’re profoundly ordinary. Yet these mundane things are composed of a galaxy of the unfamiliar. Your house keys are a temporary alliance of a trillion trillion atoms, each forged in a dying star eons ago, each falling to Earth in its earliest days. They have bathed in the light of a violent young sun. They have witnessed the entire history of life on our planet. Atoms are epic.


Like most epic heroes, atoms have some problems that ordinary humans don’t. We are creatures of habit, monotonously persisting in just one location at a time. But atoms are prone to whimsy. A single atom, wandering down a path in a laboratory, encounters a fork where it can go left or right. Rather than choosing one way forward, as you or I would have to do, the atom suffers a crisis of indecision over where to be and where not to be. Ultimately, our nanometer Hamlet chooses both. The atom doesn’t split, it doesn’t take one path and then the other—it travels down both paths, simultaneously, thumbing its nose at the laws of logic. The rules that apply to you and me and Danish princes don’t apply to atoms. They live in a different world, governed by a different physics: the submicroscopic world of the quantum.


Quantum physics—the physics of atoms and other ultratiny objects, like molecules and subatomic particles—is the most successful theory in all of science. It predicts a stunning variety of phenomena to an extraordinary degree of accuracy, and its impact goes well beyond the world of the very small and into our everyday lives. The discovery of quantum physics in the early twentieth century led directly to the silicon transistors buried in your phone and the LEDs in its screen, the nuclear hearts of the most distant space probes and the lasers in the supermarket checkout scanner. Quantum physics explains why the Sun shines and how your eyes can see. It explains the entire discipline of chemistry, periodic table and all. It even explains how things stay solid, like the chair you’re sitting in or your own bones and skin. All of this comes down to very tiny objects behaving in very odd ways.


But there’s something troubling here. Quantum physics doesn’t seem to apply to humans, or to anything at human scale. Our world is a world of people and keys and other ordinary things that can travel down only one path at a time. Yet all the mundane things in the world around us are made of atoms—including you, me, and Danish princes. And those atoms certainly are governed by quantum physics. So how can the physics of atoms differ so wildly from the physics of our world made of atoms? Why is quantum physics only the physics of the ultratiny?


The problem isn’t that quantum physics is weird. The world is a wild and wooly place, with plenty of room for weirdness. But we definitely don’t see all the strange effects of quantum physics in our daily lives. Why not? Maybe quantum physics really is only the physics of tiny things, and it doesn’t apply to large objects—perhaps there’s a boundary somewhere, a border beyond which quantum physics doesn’t work. In that case, where is the boundary, and how does it work? And if there is no such boundary—if quantum physics really applies to us just as much as it applies to atoms and subatomic particles—then why does quantum physics so flagrantly contradict our experience of the world? Why aren’t our keys ever in two places at once?
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Eighty years ago, one of the founders of quantum physics, Erwin Schrödinger, was deeply troubled by these problems. To explain his concerns to his colleagues, he devised a now-famous thought experiment: Schrödinger’s cat (Figure I.1). Schrödinger imagined putting a cat in a box along with a sealed glass vial of cyanide, with a small hammer hanging over the vial. The hammer, in turn, would be connected to a Geiger counter, which detects radioactivity, and that counter would be pointed at a tiny lump of slightly radioactive metal. This Rube Goldberg contraption would be set off the moment the metal emitted any radiation; once that happens, the Geiger counter would register the radiation, which would release the hammer, smashing the vial and killing the cat. (Schrödinger had no intention of actually conducting this experiment, to the SPCA’s relief.) Schrödinger proposed leaving the cat in the box for a certain period of time, then opening the box to find the cat’s fate.
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Figure I.1. Schrödinger’s cat. When the metal gives off radiation, the Geiger counter will register it and drop the hammer, releasing the cyanide and killing the cat.


The radiation emitted by the lump of metal is composed of subatomic particles, breaking away from the atoms in the metal and flying off at high speeds. Like all sufficiently tiny things, those particles obey the laws of quantum physics. But, instead of reading Shakespeare, the subatomic particles in the metal have been listening to the Clash—at any particular moment, they don’t know whether they should stay or they should go. So they do both: during the time the box is closed, the indecisive lump of radioactive metal will and won’t emit radiation.


Thanks to these punk-rock particles, the Geiger counter will and won’t register radiation, which means the hammer will and won’t smash the vial of cyanide—so the cat will be both dead and alive. And this, Schrödinger pointed out, is a serious problem. Maybe an atom can travel down two paths at once, but a cat certainly can’t be both dead and alive. When we open the box, the cat will be either dead or alive, and it stands to reason that the cat must have been one or the other the moment before we opened the box.


Yet many of Schrödinger’s contemporaries piled on, denying exactly that point. Some claimed that the cat was in a state of dead-and-alive until the moment the box was opened, when the cat was somehow forced into “aliveness” or “deadness” through the action of looking inside the box. Others believed that talking about what was going on inside the box before it was opened was meaningless, because the interior of the unopened box was unobservable by definition, and only observable, measurable things have meaning. To them, worrying about unobservable things was pointless, like asking whether a tree that falls in the forest makes a sound when nobody’s around to hear it.


Schrödinger’s concerns about his cat weren’t allayed by these arguments. He thought that his colleagues had missed the point: quantum physics lacked an important component, a story about how it lined up with the things in the world. How does a phenomenal number of atoms, governed by quantum physics, give rise to the world we see around us? What is real, at the most fundamental level, and how does it work? Yet Schrödinger’s opponents carried the day, and his concerns about what was actually happening in the quantum world were dismissed. The rest of physics simply moved on.
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Schrödinger was in a minority, but he wasn’t alone. Albert Einstein also wanted to understand what was really happening in the quantum world. He debated Niels Bohr, the great Danish physicist, over the nature of quantum physics and reality. The Einstein-Bohr debates have entered into the lore of physics itself, and the usual conclusion is that Bohr won, that Einstein’s and Schrödinger’s concerns were shown to be baseless, that there is no problem with reality in quantum physics because there is no need to think about reality in the first place.


Yet quantum physics is certainly telling us something about what is real, out in the world. Otherwise, why would it work at all? It would be very difficult to account for its wild success if it had no connection to anything real in the world. Even if the theory is simply a model, surely it’s modeling something and doing a reasonably good job of it. There must be some thing that ensures the predictions of quantum physics come to pass, with phenomenally high precision.


But figuring out what quantum physics is saying about the world has been hard. This is, in part, due to the sheer weirdness of the theory. Whatever is in the world of the quantum, it is nothing familiar at all. The seemingly contradictory nature of quantum objects—atoms that are here and there at the same time, radiation that has both been emitted and remains latent in its source—isn’t the only alien aspect of the theory. There are also instantaneous long-distance connections between objects: subtle, useless for direct communication, but surprisingly useful for computation and encryption. And there does not appear to be any limit to the size of object that is subject to quantum physics. Ingenious devices built by experimental physicists coax larger and larger objects to display strange quantum phenomena almost monthly—deepening the gravity of the problem that no such quantum phenomena are seen in our everyday lives.


These phenomena aren’t the only challenge to deciphering the message of quantum physics. They’re not even the largest challenge. Despite the fact that every physicist agrees that quantum physics works, a bitter debate has raged over its meaning for the past ninety years, since the theory was first developed. And one position in that debate—held by the majority of physicists and purportedly by Bohr—has continually denied the very terms of the debate itself. These physicists claim that it is somehow inappropriate or unscientific to ask what is going on in the quantum realm, despite the phenomenal success of the theory. To them, the theory needs no interpretation, because the things that the theory describes aren’t truly real. Indeed, the strangeness of quantum phenomena has led some prominent physicists to state flatly that there is no alternative, that quantum physics proves that small objects simply do not exist in the same objectively real way as the objects in our everyday lives do. Therefore, they claim, it is impossible to talk about reality in quantum physics. There is not, nor could there be, any story of the world that goes along with the theory.


The popularity of this attitude to quantum physics is surprising. Physics is about the world around us. It aims to understand the fundamental constituents of the universe and how they behave. Many physicists are driven to enter the field out of a desire to understand the most basic properties of nature, to see how the puzzle fits together. Yet, when it comes to quantum physics, the majority of physicists are perfectly willing to abandon this quest and instead merely “shut up and calculate,” in the words of physicist David Mermin.


More surprising still is that this majority view has, time and again, been shown not to work. Despite the popular view among physicists, Einstein clearly got the better of Bohr in their debates and convincingly showed there were deep problems that needed answering at the heart of quantum physics. Simply dismissing questions about reality as “unscientific,” as some of Schrödinger’s opponents did, is an untenable position based on outdated philosophy. And some dissenters from the majority have developed alternative approaches to quantum physics that clearly explain what is going on in the world without sacrificing any of the theory’s accuracy.


The existence of these viable alternatives puts the lie to the idea that we are forced to give up on reality in quantum physics. Yet most physicists still subscribe to some form of this idea. It’s still what’s taught in classrooms, and it’s still the picture that’s usually painted for the public. Even when the alternatives are mentioned, they are mentioned as just that—alternatives to the default, despite the fact that the default is entirely unworkable. Thus, nearly a century after quantum theory was first developed—after it has thoroughly altered the world and the lives of every single human in it, both for better and worse—we still don’t know what it’s telling us about the nature of reality. This thoroughly strange story is the subject of this book.
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This is an astonishing state of affairs, and hardly anyone outside of physics knows about it. But why should anyone else care? After all, quantum physics certainly works. For that matter, why should physicists care? Their mathematics makes accurate predictions; isn’t that enough?


But science is about more than mathematics and predictions—it’s about building a picture of the way nature works. And that picture, that story about the world, informs both the day-to-day practice of science and the future development of scientific theories, not to mention the wider world of human activity outside of science. For any given set of equations, there’s an infinite number of stories we could tell about what those equations mean. Picking a good story, and then searching for holes in that story, is how science progresses. The stories told by the best scientific theories determine the experiments that scientists choose to perform and influence the way that the outcomes of those experiments are interpreted. As Einstein pointed out, “The theory decides what we can observe.”


The history of science bears this out over and over again. Galileo didn’t invent the telescope—but he was the first to think of pointing a good one at Jupiter, because he believed that Jupiter was a planet, like Earth, that went around the Sun. After that, telescopes were used regularly to look at everything from comets to nebulae to star clusters. But nobody bothered to use a telescope to find out whether the Sun’s gravity bent starlight during a solar eclipse—not until Einstein’s theory of general relativity predicted just such an effect, over three centuries after Galileo’s discovery. The practice of science itself depends on the total content of our best scientific theories—not just the math but the story of the world that goes along with the math. That story is a crucial part of the science, and of going beyond the existing science to find the next theory.


That story also matters beyond the confines of science. The stories that science tells about the world filter out into the wider culture, changing the way that we look at the world around us and our place in it. The discovery that the Earth was not at the center of the universe, Darwin’s theory of evolution, the Big Bang and an expanding universe nearly 14 billion years old, containing hundreds of billions of galaxies, each containing hundreds of billions of stars—these ideas have radically altered humanity’s conception of itself.


Quantum physics works, but ignoring what it tells us about reality means papering over a hole in our understanding of the world—and ignoring a larger story about science as a human process. Specifically, it ignores a story about failure: a failure to think across disciplines, a failure to insulate scientific pursuits from the corrupting influence of big money and military contracts, and a failure to live up to the ideals of the scientific method. And this failure matters to every thinking inhabitant of our world, a world whose every corner has been reshaped by science. This is a story of science as a human endeavor—not just a story about how nature works but also about how people work.













Prologue



The Impossible Done


John Bell first encountered the mathematics of quantum physics as a university student in Belfast, and he was not happy with what he found. To Bell, quantum physics was a vague mess. “I hesitated to think it was wrong,” said Bell, “but I knew it was rotten.”


The godfather of quantum physics, Niels Bohr, talked about a division between the world of big objects, where classical Newtonian physics ruled, and small objects, where quantum physics reigned. But Bohr was maddeningly unclear about the location of the boundary between the worlds. And Werner Heisenberg, the first person to discover the full mathematical form of quantum physics, was no better. Bohr and Heisenberg’s approach to quantum physics—known as the “Copenhagen interpretation,” named after the home of Bohr’s famous institute—was pervaded by the same vagueness that Bell had found in his quantum physics courses.


Shortly before Bell graduated from university in 1949, he stumbled upon a book by Max Born, another architect of quantum physics. Born’s book, Natural Philosophy of Cause and Chance, made quite an impression on Bell—especially the discussion of a proof by the great mathematician and physicist John von Neumann. According to Born, von Neumann had proven that the Copenhagen interpretation was the only possible way of understanding quantum physics. So either the Copenhagen interpretation was correct or quantum physics was wrong. And, given the wild success of quantum physics, it seemed that Copenhagen and its vagueness were here to stay.


Bell couldn’t read von Neumann’s original proof himself—it had been published only in German, which Bell didn’t speak. But after reading Born’s description of the proof, Bell “got on with more practical things” than his concerns about the Copenhagen interpretation. He went to work on Britain’s nuclear energy program and put his doubts about quantum physics aside. But, in 1952, Bell “saw the impossible done.” A new paper shattered his short-lived complacency about the problems of the Copenhagen interpretation.


Somehow, despite von Neumann’s proof, a physicist named David Bohm had found another way to understand quantum physics. How? Where had the mighty von Neumann gone wrong, and why hadn’t anyone seen it before Bohm? Bell couldn’t answer these questions without reading von Neumann’s proof. And by the time von Neumann’s book was published in English three years later, life had intervened: Bell had gotten married and gone off to Birmingham to get his PhD in quantum physics. But Bohm’s paper “was never completely out of my mind,” Bell said. “I always knew that it was waiting for me.” Over a decade later, Bell finally returned to it—and made the most profound discovery about the nature of reality since Einstein.













Part I



A Tranquilizing Philosophy




The people of Tlön are taught that the act of counting modifies the amount counted, turning indefinites into definites. The fact that several persons counting the same quantity come to the same result is for the psychologists of Tlön an example of the association of ideas or of memorization.


—Jorge Luis Borges, “Tlön, Uqbar, Orbus Tertius”






This epistemology-soaked orgy ought to come to an end.


—Albert Einstein, letter to Erwin Schrödinger, 1935

















1



The Measure of All Things


Two great theories shook the world and shattered the earth in the first quarter of the twentieth century, scattering the remains of the physics that had come before and forever altering our understanding of reality. One of these theories, relativity, was developed in true science-fiction fashion, by a lone genius working in splendid isolation, who had left the academy only to return triumphant with profound truth in his hand—this was, of course, Albert Einstein.


The other theory, quantum physics, had a more difficult birth. It was a collaborative effort involving dozens of physicists working over the course of nearly thirty years. Einstein was among them, but he was not their leader; the closest thing this disorganized and unruly band of revolutionaries had was Niels Bohr, the great Danish physicist. Bohr’s Institute for Theoretical Physics in Copenhagen was the mecca of quantum physics in its infancy, with nearly every big name in the field for fifty years studying there at one point or another. The physicists who worked there made profound discoveries across nearly every field of science: they developed the first genuine theory of quantum physics, found the underlying logic of the periodic table of the elements, and used the power of radioactivity to reveal the basic workings of living cells. And it was Bohr, along with a group of his most talented students and colleagues—Werner Heisenberg, Wolfgang Pauli, Max Born, Pascual Jordan, and others—who developed and championed the “Copenhagen interpretation,” which rapidly became the standard interpretation of the mathematics of quantum physics. What does quantum physics tell us about the world? According to the Copenhagen interpretation, this question has a very simple answer: quantum physics tells us nothing whatsoever about the world.


Rather than telling us a story about the quantum world that atoms and subatomic particles inhabit, the Copenhagen interpretation states that quantum physics is merely a tool for calculating the probabilities of various outcomes of experiments. According to Bohr, there isn’t a story about the quantum world because “there is no quantum world. There is only an abstract quantum physical description.” That description doesn’t allow us to do more than predict probabilities for quantum events, because quantum objects don’t exist in the same way as the everyday world around us. As Heisenberg put it, “The idea of an objective real world whose smallest parts exist objectively in the same sense as stones or trees exist, independently of whether or not we observe them, is impossible.” But the results of our experiments are very real, because we create them in the process of measuring them. Jordan said when measuring the position of a subatomic particle such as an electron, “the electron is forced to a decision. We compel it to assume a definite position; previously, it was, in general, neither here nor there.… We ourselves produce the results of measurement.”


Statements like these sounded ludicrous to Albert Einstein. “The theory reminds me a little of the system of delusions of an exceedingly intelligent paranoiac,” he said in a letter to a friend. Despite his crucial role in the development of quantum physics, Einstein couldn’t stand the Copenhagen interpretation. He called it a “tranquilizing philosophy—or religion” that provides a “soft pillow to the true believer… [but it] has so damned little effect on me.” Einstein demanded an interpretation of quantum physics that told a coherent story about the world, one that allowed answers to questions even when no measurement was taking place. He was exasperated with the Copenhagen interpretation’s refusal to answer such questions, calling it an “epistemology-soaked orgy.”


Yet Einstein’s pleas for a more complete theory went unheard, in part because of John von Neumann’s proof that no such theory was possible. Von Neumann was arguably the greatest mathematical genius alive. He had taught himself calculus by the age of eight, published his first paper on advanced mathematics at nineteen, and earned a PhD when he was twenty-two. He played a crucial role in building the atomic bomb, and he was one of the founding fathers of computer science. He was also fluent in seven languages. His colleagues at Princeton said, only half-joking, that von Neumann could prove anything—and anything he proved was correct.


Von Neumann published his proof as part of his textbook on quantum physics in 1932. There’s no evidence that Einstein was even aware of this proof, but many other physicists were—and for them, merely the idea of a proof from the mighty von Neumann was enough to settle the debate. The philosopher Paul Feyerabend experienced this firsthand after attending a public talk given by Bohr: “At the end of the lecture [Bohr] left, and the discussion proceeded without him. Some speakers attacked his qualitative arguments—there seemed to be lots of loopholes. The Bohrians did not clarify the arguments; they mentioned the alleged proof by von Neumann and that settled the matter… like magic, the mere name of ‘von Neumann’ and the mere word ‘proof’ silenced the objectors.”


At least one person did notice a problem with von Neumann’s proof shortly after it was published. Grete Hermann, a German mathematician and philosopher, published a paper in 1935 criticizing von Neumann’s proof. Hermann pointed out that von Neumann failed to justify a crucial step, and thus the whole proof was flawed. But nobody listened to her, partly because she was an outsider to the physics community—and partly because she was a woman.


Despite the flaw in von Neumann’s proof, the Copenhagen interpretation remained totally dominant. Einstein was painted as an old man out of touch with the rest of the world, and questioning the Copenhagen interpretation became tantamount to questioning the massive success of quantum physics itself. And so quantum physics continued for the next twenty years, piling success upon success, without any further questions about the hole at its heart.
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Why does quantum physics need an interpretation? Why doesn’t it simply tell us what the world is like? Why was there any dispute between Einstein and Bohr at all? Einstein and Bohr certainly agreed that quantum physics worked. If they both believed the theory, how could they disagree about what the theory said?


Quantum physics needs an interpretation because it’s not immediately clear what the theory is saying about the world. The mathematics of quantum physics is unfamiliar and abstruse, and the connection between that mathematics and the world we live in is hard to see. This is in stark contrast with the theory quantum physics replaced, the physics of Isaac Newton. Newton’s physics describes a familiar and simple world with three dimensions, filled with solid objects that move in straight lines until something knocks them off their paths. The math of Newtonian physics specifies the location of an object using a set of three numbers, one for each dimension, known as a vector. If I’m on a ladder, two meters off the ground, and that ladder is three meters in front of you, then I could describe my position as (zero, three, two). The zero says that I’m not off to one side or the other, the three says I’m three meters in front of you, and the two says I’m two meters above you. It’s fairly straightforward—nobody runs around deeply worried about how to interpret Newtonian physics.


But quantum physics is significantly stranger than Newtonian physics, and its math is stranger too. If you want to know where an electron is, you need more than three numbers—you need an infinity of them. Quantum physics uses infinite collections of numbers called wave functions to describe the world. These numbers are assigned to different locations: a number for every point in space. If you had an app on your phone that measured a single electron’s wave function, the screen would just display a single number, the number assigned to the spot where your phone is. Where you’re sitting right now, the Wave-Function-O-Meter™ might display the number 5. Half a block down the street, it’d display 0.02. That’s what a wave function is, at its simplest: a set of numbers, fixed at different places.


Everything has a wave function in quantum physics: this book, the chair you’re sitting in, even you. So do the atoms in the air around you, and the electrons and other particles inside those atoms. An object’s wave function determines its behavior, and the behavior of an object’s wave function is determined in turn by the Schrödinger equation, the central equation of quantum physics, discovered in 1925 by the Austrian physicist Erwin Schrödinger. The Schrödinger equation ensures that wave functions always change smoothly—the number that a wave function assigns to a particular location never hops instantly from 5 to 500. Instead, the numbers flow perfectly predictably: 5.1, 5.2, 5.3, and so on. A wave function’s numbers can go up and down again, like a wave—hence the name—but they’ll always undulate smoothly like waves too, never jerking around too crazily.


Wave functions aren’t too complicated, but it’s a little weird that quantum physics needs them. Newton could give you the location of any object using just three numbers. Apparently, quantum physics needs an infinity of numbers, scattered across the universe, just to describe the location of a single electron. But maybe electrons are weird—maybe they don’t behave the way that rocks or chairs or people do. Maybe they’re smeared out, and the wave function describes how much of the electron is in a particular place.


But, as it turns out, that can’t be right. Nobody’s ever seen half of an electron, or anything less than a whole electron in one well-defined place. The wave function doesn’t tell you how much of the electron is in one place—it tells you the probability that the electron is in that place. The predictions of quantum physics are generally in terms of probabilities, not certainties. And that’s strange, because the Schrödinger equation is totally deterministic—probability doesn’t enter into it at all. You can use the Schrödinger equation to predict with perfect accuracy how any wave function will behave, forever.


Except that’s not quite true either. Once you do find that electron, a funny thing happens to its wave function. Rather than following the Schrödinger equation like a good wave function, it collapses—it instantly becomes zero everywhere except in the place where you found the electron. Somehow, the laws of physics seem to behave differently when you make a measurement: the Schrödinger equation holds all the time, except when you make a measurement, at which point the Schrödinger equation is temporarily suspended and the wave function collapses everywhere except a random point. This is so weird that it gets a special name: the measurement problem (Figure 1.1).
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Figure 1.1. The measurement problem. Left: The wave function of a ball in a box undulates smoothly, like ripples on the surface of a pond, governed by the Schrödinger equation. The ball could be anywhere in the box. Right: The ball’s location is measured and found in a particular spot. The wave function immediately and violently collapses, radically disobeying the Schrödinger equation. Why does the Schrödinger equation—a law of nature—apply only when measurements are not occurring? And what counts as a “measurement” anyhow?


Why does the Schrödinger equation only apply when measurements aren’t happening? That doesn’t seem to be how laws of nature work—we think of laws of nature as applying all the time, no matter what we’re doing. If a leaf detaches from a maple tree, it will fall whether or not anyone is there to see it happen. Gravity doesn’t care whether anyone is around to watch.


But maybe quantum physics really is different. Maybe measurements do change the laws that govern the quantum world. That’s certainly strange, but it doesn’t seem impossible. But even if that’s true, it still doesn’t solve the measurement problem, because now we have a new challenge: what is a “measurement,” anyhow? Does a measurement require a measurer? Does the quantum world depend on whether it has an audience? Can anyone at all collapse a wave function? Do you need to be awake and conscious for it, or can a comatose person do it? What about a newborn baby? Is it limited to humans, or can chimps do it too? “When a mouse observes, does that change the [quantum] state of the universe?” Einstein once asked. Bell asked, “Was the world wavefunction waiting to jump for thousands of millions of years until a single-celled living creature appeared? Or did it have to wait a little longer for some more highly qualified measurer—with a Ph.D.?” If measurement has nothing to do with living observers, then what does it involve? Does it just mean that a small object, governed by quantum physics, has interacted with a big one, which is somehow exempt from quantum physics? In that case, doesn’t that mean that measurements are happening basically all of the time, and the Schrödinger equation should almost never apply? But then why does the Schrödinger equation work at all? And where’s the divide between the quantum world of the small and the Newtonian world of the large?


Finding this Pandora’s box of weird questions lying at the heart of fundamental physics is disturbing, to say the least. Yet despite all this weirdness, quantum physics is wildly successful at describing the world—much more so than simple old Newtonian physics (which was already pretty good). Without quantum physics, we wouldn’t have any understanding of why diamonds are so hard, what atoms are made of, or how to build electronics. So wave functions, with their numbers scattered across the universe, must somehow be related to the everyday stuff we see around us in the world, otherwise quantum physics wouldn’t be any good at making predictions. But this makes the measurement problem even more urgent—it means there’s something about the nature of reality that we don’t understand.


So how should we interpret this strange and wonderful theory? What story is quantum physics telling us about the world?


Rather than answering that question—which seems like it would be difficult—we could deny that it’s a legitimate question at all. We can claim that making predictions about the outcomes of measurements is all that matters in quantum physics. Now we don’t have to worry about what’s happening when we’re not making measurements, and all these difficult questions melt away. What is the wave function? How is it connected to the objects in the world around us? Easy, comforting solutions are at hand: the wave function is merely a mathematical device, a bookkeeping tool to allow us to make predictions about measurements. And it has no connection to the world around us at all—it’s merely a useful piece of mathematics. It doesn’t matter that wave functions behave differently when we’re not looking, because between measurements, nothing matters. Even talking about the existence of things between measurements is unscientific. This, strangely enough, is the orthodox view of quantum physics—the “soft pillow” of the Copenhagen interpretation.


These suspiciously easy answers raise another question, one without an obvious solution. Physics is the science of the material world. And quantum theory purports to be the physics governing the most fundamental constituents of that world. Yet the Copenhagen interpretation says that it’s meaningless to ask about what’s actually going on in quantum physics. So what is real? Copenhagen’s reply is silence—and a look of stern disapproval for having the temerity to ask the question in the first place.


This is, at best, a profoundly unsatisfying answer. But this is also the standard answer. The physicists who pursued the question anyhow—physicists like Einstein, and later on, Bell and Bohm—did so in open defiance of Copenhagen. So the quest for reality is also the story of that rebellion, a rebellion as old as quantum physics itself.
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Something Rotten in the Eigenstate of Denmark


The call had finally come for Werner Heisenberg. The fresh-faced physicist, all of twenty-four years old, had been invited to give a talk at the University of Berlin, the center of physics in Germany and arguably the world. He would be explaining his astonishing new ideas in front of Einstein himself.


“Since this was my first chance to meet so many famous men, I took great care to give a clear account of the concepts and mathematical foundations of what was then a most unconventional theory,” Heisenberg recalled decades later. “I apparently managed to arouse Einstein’s interest, for he invited me to walk home with him so that we might discuss the new ideas at greater length.”


As they walked to his apartment on that spring day in 1926, Einstein innocuously asked Heisenberg about his education and background, careful not to turn the subject to Heisenberg’s new theory. He waited until they were safely indoors before he sprung the trap.
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Heisenberg’s “most unconventional theory” was an enormous breakthrough. It promised to solve the outstanding scientific challenge of his day: the nature of the quantum world. Physicists had known for nearly three decades that something was wrong, that a change was desperately needed to understand what was happening in the world of the very small—the world of atoms. But they were working blind. Atoms are simply too small to see through any normal microscope, no matter the magnification. The wavelength of visible light is thousands of times larger than the size of an individual atom. But atoms do give off different colors of light when heated, and different kinds of atoms each have their own distinct spectrum of colors, like a fingerprint. While physicists of the late nineteenth and early twentieth centuries learned to recognize these fingerprints, they didn’t understand what kind of internal atomic structure could be producing these spectra. There were hints of mathematical regularity among the spectra, and every so often someone managed to devise a way of understanding part of one of them—most notably, Niels Bohr.


In 1913, inspired by the experimental work of New Zealand–born physicist Ernest Rutherford, Bohr proposed a “planetary” model of the structure of an atom, with a tiny yet massive nucleus surrounded by orbiting electrons. In Bohr’s model, the electrons were restricted to a particular set of allowed orbits. Electrons could never be between Bohr’s allowed orbits, but they could “jump” from one orbit to another. Each orbit corresponded to a different energy, and, as the electrons jumped, they would emit or absorb light equal to the change in their energy, producing the spectrum seen in the lab. These discontinuous jumps of certain energies were known as quanta, from the Latin for “how much”—hence the new science of the atomic world came to be known as “quantum physics.”


Bohr’s model worked astonishingly well for the simplest kind of atom, hydrogen—so well that Bohr won the Nobel Prize for his idea in 1922. Bohr’s model seems simple in retrospect, but that’s a result of how profoundly it altered and shaped the idea of an atom. When you hear the word “atom,” the cartoon image of electrons orbiting a nucleus that pops into your head is almost entirely due to Bohr. His model was a truly brilliant and original insight into the workings of nature. But it was also incomplete, as Bohr well knew. His model utterly failed to predict the correct spectrum of colors for any other kind of atom, even helium, the next simplest after hydrogen. And even for hydrogen, Bohr’s model could only explain so much. It could explain the colors in hydrogen’s spectrum but not the relative brightness of those colors. It incorrectly predicted single colors where pairs or triplets of closely spaced colors appeared instead. And finally, atomic spectra were susceptible to external influences, some of which couldn’t be fully accounted for by Bohr’s model. Put an atom in a magnetic field, and its spectrum changed. Put it in an electric field, and its spectrum changed in a different way. Colors shifted, blurred, and split, dimmed and brightened, with no larger pattern in sight—until Heisenberg.


In June 1925, Heisenberg came down with a hideous case of hay fever. Sneezing and nearly blind, with tears streaming down his impressively swollen face, the desperate young physicist took two weeks’ vacation to the island of Heligoland, a small barren island in the North Sea, utterly devoid of trees and flowers. After several days on the island, he recovered and resumed his research. Ignoring everything Bohr’s model said about the orbits of electrons in atoms, Heisenberg focused on what he could actually see: the spectrum of light emitted from the jumps between energy levels themselves. Working alone at three in the morning, in a shack on a rock battered by a frigid sea, his hands shaking, excitedly fumbling over “countless arithmetical errors,” Heisenberg made a breakthrough. “I had the feeling that, through the surface of atomic phenomena, I was looking at a strangely beautiful interior, and felt almost giddy at the thought that I now had to probe this wealth of mathematical structures nature had so generously spread out before me.” Heisenberg had developed a strange new mathematics on the fly, one in which simple statements like “three times two equals two times three” were not always true. Using this unwieldy math, Heisenberg had found a way to predict the spectrum of a quantum oscillator—a tiny pendulum—which, in turn, allowed him to predict how atomic spectra respond to magnetic fields.


When Heisenberg returned to his job at the University of Göttingen, he cautiously sent a draft of his new theory to his friend, the brilliant physicist Wolfgang Pauli—“generally my severest critic,” as Heisenberg recollected years later—who greeted the new theory with effusive praise. “[Heisenberg’s ideas offer] a new hope, and a renewed enjoyment of life.… Although it is not the solution to the riddle, I believe that it is now once again possible to move forward,” said Pauli. Max Born, Heisenberg’s supervisor, agreed. Born and his student Pascual Jordan helped Heisenberg to elucidate the structure and implications of his new theory, which Born dubbed “matrix mechanics” after the unfamiliar mathematical objects at its heart. Heisenberg’s matrix mechanics was technically forbidding and impossible to visualize—but it offered the prospect of a theory not just for atomic spectra but for the entire quantum world.
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Einstein had started his own revolution in physics twenty years earlier, when he was Heisenberg’s age—and in a kind of isolation as well, though it wasn’t brought on by hay fever. In 1905, while working as a patent clerk in Switzerland, Einstein published his theory of special relativity, resolving a long-standing debate over the nature of light. Before Einstein, light was thought to be a wave in some kind of as-yet-undetected medium with the (spectacularly nineteenth-century) name of luminiferous aether. But in 1887, physicists Albert Michelson and Edward Morley had attempted to detect the motion of the Earth through the aether, and failed. Increasingly complex ad hoc ideas were thrown around to account for the results of the experiment. One physicist suggested that the results could be a sign that the aether compressed objects as they moved through it. Another physicist pointed out that wouldn’t be enough—the aether would also have to slow down all physical processes in objects moving through it! Yet allowing the aether to have these strange properties, all while maintaining its insubstantial nature, was increasingly difficult to believe or understand.


Einstein resolved the confusion in a brilliant stroke, the kind that is obvious only in hindsight. The aether, he proposed, was difficult to imagine because it didn’t exist at all. Light was simply a wave of electromagnetic fields, with no medium necessary, always traveling at a constant speed. From that simple assumption, Einstein spun out an entire theory of motion, the theory of special relativity. Special relativity was able to account for the negative result of the Michelson-Morley experiment, and it derived from first principles all of the strange effects—length contraction, time dilation—that others had only been able to assume.


Special relativity also made novel predictions. One consequence of the theory was that the speed of light was an absolute speed limit: no object or signal could go faster than the speed of light in a vacuum. The mathematics of special relativity dictated that any object approaching the speed of light would require an infinite amount of energy to get there. And an object that did somehow manage to travel faster than light could, in theory, travel into its own past and prevent itself from leaving in the first place—a paradox. Light speed is still plenty fast—about 300,000 kilometers per second—but Einstein had discovered that speed was the fastest any object could travel, signal, or influence any other object.


In a follow-up paper the same year, Einstein extended his theory of relativity to modify Newton’s laws of motion, discovering in the process his famous equation that shows mass is a form of energy: E = mc². And these were just two of the papers Einstein published during his “miraculous year” of 1905. He also published two more seminal papers, on the behavior of atoms and the interaction of light and matter—the work for which he later won a Nobel Prize.


In his work on relativity, Einstein was guided, in part, by the work of the Austrian physicist and philosopher Ernst Mach. Mach believed that science should be based on descriptive laws that don’t make any claims about the true nature of the world—he dismissed such claims as unnecessary for the practice of science. To Mach, one of the worst offenders was the great god of physics, Isaac Newton himself. Newton’s masterwork, the Principia, opened with the assumption that space and time were absolute entities unto themselves, with real existence out in the world. This “conceptual monstrosity of absolute space” was, in Mach’s view, “purely a thought-thing which cannot be pointed to in experience.” Mach thought that a proper science of mechanics would dispense with these kinds of ontological claims—claims about what things actually exist in the real world—and instead simply lay down descriptive, mathematical laws that accurately predict the observed motion of all objects. Good theories, according to Mach, were about connecting observations, not about positing things that couldn’t be observed at all.


The laws of thermodynamics, developed in the early 1800s, were the very model of a modern physical theory, according to Mach. As laid down by Carnot, Joule, and others, thermodynamics simply quantified the observable behavior of heat in steam engines and elsewhere in the world, allowing prediction without positing any extraneous unobservable ideas about the nature of heat itself. Thermodynamics didn’t rely on abstruse, unverifiable ideas about what was actually in the world—it simply described the world.


Einstein had read Mach’s History of Mechanics as a student and was deeply impressed with his criticism of the Newtonian ideas of absolute space and time. “This book exercised a profound influence on me,” he wrote decades later. Taking Mach’s ideas about eliminating extraneous unobservable entities to heart, Einstein had tackled the problem of the aether, finding it to be an unnecessary hypothesis in special relativity. And, better still, special relativity also consigned to oblivion the absolute space and time that Mach had so despised.


Einstein had, in short, used Mach’s ideas to brilliant effect. Machians took inspiration from his work for years, thinking that relativity’s success vindicated their approach to the world. Mach’s views, they figured, were obviously shared by Einstein, since they played such an important role in his most famous and profound work. But when Mach’s followers actually spoke with Einstein himself, they were surprised to find that he was not a dogmatic Machian after all—far from it. Although his theory of relativity dismissed the idea of absolute space and time, it replaced those notions with a different absolute: spacetime, a combination of space and time, which is the same for all observers. And the name “relativity” itself, which suggests a rejection of absolutes, was introduced by the physicist Max Planck, not Einstein—Einstein disliked the name “relativity” precisely because it connoted a kind of relativism. He preferred the name “invariant theory,” which conjures up a very different set of associations. (The “invariants” in relativity are quantities like spacetime that all observers agree upon—and there are many of these in the theory.) And, later in life, Einstein himself said repeatedly that he did not think that Mach’s ideas were to be taken too seriously. “Mach’s epistemology… appears to me to be essentially untenable,” Einstein wrote. “It cannot give birth to anything living. It can only exterminate harmful vermin.” While Mach believed that physics was merely about organizing perceptions of the world, to Einstein, physics was about the world itself. “Science,” he said, “has the sole purpose of determining what is.”


But perhaps most convincing and revealing about Einstein’s true stance toward Mach in 1905 are his two other celebrated papers from that year. In one, Einstein explained Brownian motion, the random motion of microscopic dust motes in a fluid. The botanist Robert Brown had noticed this phenomenon nearly eighty years earlier (and Jan Ingenhousz, the discoverer of photosynthesis, had seen it forty years before that) but nobody had been able to satisfactorily explain it. Einstein did so masterfully—and he did it by rejecting Mach’s approach to physics. Instead, Einstein adopted the approach of Mach’s nemesis, Ludwig Boltzmann, who claimed that the world was made of a phenomenal number of tiny atoms. Mach had loudly and repeatedly proclaimed that he did not believe in atoms, as they were too small to be observable in principle. But Boltzmann had managed to show that the statistical behavior of massive numbers of atoms led directly to the laws of thermodynamics that Mach had been so eager to simply assume. (There was also evidence for atoms from chemistry, which had by then accepted the existence of atoms for over half a century.) Mach was unconvinced by Boltzmann’s arguments. But Einstein found them compelling and elegant, and happily subscribed to the existence of atoms in order to solve the problem at hand. Using Boltzmann’s statistical methods, Einstein showed that Brownian motion was caused by the dust motes bouncing off of the atoms in the fluid. In one stroke, Einstein not only explained a century-old puzzle, but conclusively demonstrated that Boltzmann’s statistical, atom-based approach to physics was both sound and useful.


As bad as Einstein’s Brownian motion paper was from a Machian perspective, his other paper was even worse. In it, Einstein again proposed a solution for an old puzzle, the photoelectric effect, in which shining light on a metal plate could cause a current to jump through the air to a nearby wire. The puzzling thing about the photoelectric effect was that the color of the light involved seemed to matter: if the light was too far toward the red end of the spectrum, then no matter how bright the light was, no current was seen. Einstein accounted for this strange behavior by proposing light was composed of a totally new particle, the photon. This was an audacious hypothesis that not only flew in the face of Machian philosophy but also seemingly contradicted a century of experimental evidence that light was a wave, not a particle. Einstein certainly knew that light was an electromagnetic wave—the idea was crucial inspiration for his theory of relativity—but was nonetheless proposing that light was somehow also a particle, or had some kind of particle-like nature. In defense of this strange idea, Einstein could only point to the photoelectric effect itself, along with a strange quirk of the “black-body radiation law” discovered by German physicist Max Planck five years earlier. For nearly two decades, almost nobody other than Einstein believed in photons. Even Planck himself didn’t think his work suggested that light was made of particles (though, years later, Planck’s work was hailed as the start of the quantum revolution). Only when Arthur Compton actually caught photons in the act of bouncing off of electrons, in 1923, did the physics community finally come around to Einstein’s way of thinking—and even then there were a few holdouts.


But Einstein was accustomed to isolation. He had changed the world in 1905 working alone in a Swiss patent office and continued that habit for the rest of his life. Einstein once said he went through life as a “one-horse cart”; he rarely collaborated with other physicists and almost never took on students of his own. He was eternally suspicious of the status quo, both scientifically and elsewhere; he characterized common sense as the collection of prejudices accumulated by the age of eighteen. So when Heisenberg’s astonishing new theory arrived on the scene in 1925, Einstein was unsurprisingly skeptical. “Heisenberg has laid a big quantum egg,” he wrote to his friend Paul Ehrenfest shortly after Heisenberg’s ideas were first published. “In Göttingen they believe in it. I don’t.” Presented with the opportunity to interrogate Heisenberg at close quarters, Einstein pounced.
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Safely ensconced in his apartment, Einstein finally asked Heisenberg what he really wanted to know. “You assume the existence of electrons inside the atom, and you are probably quite right to do so. But you refuse to consider their orbits.… I should very much like to hear more about your reasons for making such strange assumptions.”


“We cannot observe electron orbits inside the atom,” replied Heisenberg. He pointed out that only the spectrum of light from an atom is really observable and concluded with a rather Machian statement. “Since a good theory must be based on directly observable magnitudes, I thought it more fitting to restrict myself to these.”


In Heisenberg’s later retelling of this encounter, Einstein was shocked at this. “But you don’t seriously believe that none but observable magnitudes must go into a physical theory?”


“Isn’t that precisely what you have done with relativity?” replied Heisenberg.


“Possibly I did use this kind of reasoning, but it is nonsense all the same,” said Einstein. “On principle, it is quite wrong to try founding a theory on observable magnitudes alone. In reality the very opposite happens. It is the theory which decides what we can observe.” Einstein then went on to explain that the information about the world around us that we receive from scientific instruments—or even from our own senses—would be totally incomprehensible without some kind of theory about the way the world works. When you use a thermometer to test the temperature of a chicken you’ve cooked in the oven, you’re assuming the thermometer accurately indicates the temperature inside of the chicken—and that the light that reflected off of the thermometer and entered your eyes accurately indicates the reading of the thermometer. In other words, you have a theory about how the world works, and you’re using that (very well-justified!) theory to inform your use of the thermometer. Similarly, Einstein pointed out to Heisenberg that, when looking at the spectrum of an atom, “you quite obviously assume that the whole mechanism of light transmission from the vibrating atom to the spectroscope or to the eye works just as one has always supposed it does.”


Heisenberg was “completely taken aback by Einstein’s attitude,” as he recalled later. Falling back on the seemingly solid ground of Mach’s philosophy, Heisenberg replied, “The idea that a good theory is no more than a condensation of observations… surely goes back to Mach, and it has, in fact, been said that your relativity theory makes decisive use of Machian concepts. But what you have just told me seems to indicate the very opposite. What am I to make of all this, or rather what do you yourself think about it?”


“Mach rather neglects the fact that the world really exists, that our sense impressions are based on something objective,” Einstein replied. “He pretends that we know perfectly well what the word ‘observe’ means, and that this exempts him from having to discriminate between ‘objective’ and ‘subjective’ phenomena.… I have a strong suspicion that, precisely because of the problems we have just been discussing, your theory will one day get you into hot water.”


With the two men seemingly at an impasse, Heisenberg decided to change the subject. For several days, he had been struggling with a difficult professional decision. Heisenberg had spent seven productive months working with Bohr in Copenhagen a year earlier, shortly before his fateful trip to Heligoland. Now, Bohr had offered Heisenberg an opportunity to come to Copenhagen again, this time as Bohr’s assistant. Heisenberg, naturally, had jumped at the opportunity. But, a few days later, he found himself in an incredibly fortunate dilemma. Heisenberg had been offered a tenured professorship in Leipzig—a permanent and prestigious position, and unheard of for someone so young. Unsure of what to do, he asked Einstein’s advice. Einstein told him to go work with Bohr. Three days later, Heisenberg was on his way to Copenhagen, to once again sit at the feet of the quantum master himself.
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Bohr and Einstein were friends—after their first meeting in 1920, Einstein wrote to Bohr that “seldom in my life has a person given me such pleasure by his mere presence as you have.” Writing to his close friend Paul Ehrenfest, Einstein said Bohr “is like a sensitive child and walks about this world in a kind of hypnosis.” Both Einstein and Bohr were great physicists of the same generation, and each had an enormous impact on the development of quantum physics. But the similarity mostly ends there. Unlike Einstein, Bohr continually worked with other physicists. Over the course of nearly half a century, Bohr took dozens of young physicists under his wing, mentoring them not only in physics but in all aspects of life. His enormous charisma and force of personality left a huge impression on all visitors to his institute in Copenhagen. “Even to the big shots, Bohr was the great God,” as Richard Feynman, the American physicist, put it. To students and younger colleagues, Bohr was a father figure and sage of superhuman wisdom, who was the “wisest of living men,” according to the American physicist David Frisch. John Wheeler, one of Bohr’s most illustrious and influential students, compared Bohr’s wisdom to “Confucius and Buddha, Jesus and Pericles, Erasmus and Lincoln.” And, to many of Bohr’s colleagues, he was a near-mystical figure, a font of unalloyed scientific truth. “We all look up to you as the profoundest thinker in science,” wrote the English chemist Frederick Donnan in a letter to Bohr, “the Heaven-sent expounder of the real meaning of these modern advances.… I can and will think of you walking in your beautiful gardens, and stealing some moments of peace whilst the leaves and the flowers and the birds whisper their secrets to you.”


Bohr’s remarkable charisma was enhanced by his immense institutional power. The Danish government created and funded a research institute with the sole purpose of giving Bohr an environment to work in. The Danish Academy of Arts and Sciences chose Bohr to be the resident of the Carlsberg House of Honor, built and funded by the Carlsberg corporation, the great Danish beer-brewing company. The scion of a leading Danish intellectual family, Bohr regularly entertained at his home not only physicists but artists, politicians, and even the Danish royal family. For the young physicists who came to Copenhagen, “Bohr could provide intellectual stimulation and help in advancing careers, spiritual fulfillment and down-to-earth fun, material benefits and psychological counsel,” as the historian of science Mara Beller put it. “He became a father figure who many young scientists were eager to honor and whose authority not many dared to challenge.” Indeed, Bohr’s influence on his students’ lives often went well beyond the professional into the intensely personal: according to Victor Weisskopf, one of Bohr’s most brilliant students, “any physicist working with Bohr was certain to be married after no more than two years.”


Visiting the great sage of Copenhagen was intellectually and emotionally overwhelming, especially for young scientists. “Bohr had invited a number of us out to Carlsberg where, sipping our coffee after dinner, we sat close to him—some literally at his feet, on the floor—so as not to miss a word,” wrote Otto Frisch, another of Bohr’s students. “Here, I felt, was Socrates come to life again, tossing us challenges in his gentle way, lifting each argument onto a higher plane, drawing wisdom out of us which we didn’t know was in us (and which, of course, wasn’t). Our conversations ranged from religion to genetics, from politics to art; and when I cycled home through the streets of Copenhagen, fragrant with lilac or wet with rain, I felt intoxicated with the heady spirit of Platonic dialogue.”


But Bohr was a peculiar kind of sage—brilliant and insightful, yet plodding and obscure, sometimes infuriatingly so. “It is practically impossible to describe Niels Bohr to a person who has never worked with him,” said George Gamow, a Russian physicist and former student of Bohr (who had a famously large personality himself). “Probably his most characteristic property was the slowness of his thinking and comprehension.” Gamow then described the frustration that was watching a movie with the father of quantum physics:




The only movies Bohr liked were those called The Gun Fight at the Lazy Gee Ranch or The Lone Ranger and a Sioux Girl. But it was hard to go with Bohr to the movies. He could not follow the plot, and was constantly asking us, to the great annoyance of the rest of the audience, questions like this: “Is that the sister of that cowboy who shot the Indian who tried to steal a herd of cattle belonging to her brother-in-law?” The same slowness of reaction was apparent at scientific meetings. Many a time, a visiting young physicist (most physicists visiting Copenhagen were young) would deliver a brilliant talk about his recent calculations on some intricate problem of the quantum theory. Everybody in the audience would understand the argument quite clearly, but Bohr wouldn’t. So everybody would start to explain to Bohr the simple point he had missed, and in the resulting turmoil everybody would stop understanding anything. Finally, after a considerable period of time, Bohr would begin to understand, and it would turn out that what he understood about the problem presented by the visitor was quite different from what the visitor meant, and was correct, while the visitor’s interpretation was wrong.





For his students and colleagues, the pull of Bohr’s reputation, and his sheer force of personality, overcame the annoyances and peculiarities of working with him. If anything, those peculiarities endeared Bohr to his students more, for Bohr’s quirks allowed them to see that it was not simply that they needed Bohr—he also needed them. Bohr’s working style was slow, intense, and collaborative by nature. He was constantly wording and rewording his ideas and bouncing them off others. Writing was a painful process for Bohr, and nearly impossible for him to accomplish without help. In fact, in the years encompassing the crucial infancy of quantum theory, from 1922 to 1930, Bohr did not publish a single paper alone. And where Einstein’s writing was clear and deceptively simple, Bohr’s writing was tortuous and obscure, with famously long and convoluted sentences. Here, for example, is one of his shorter and more straightforward sentences, in which he is explaining that quantum “jumps” are the key difference between quantum physics and Newton’s classical physics:




Notwithstanding the difficulties which, hence, are involved in the formulation of the quantum theory, it seems, as we shall see, that its essence may be expressed in the so-called quantum postulate, which attributes to any atomic process an essential discontinuity, or rather individuality, completely foreign to the classical theories and symbolized by Planck’s quantum of action.





Bohr was no more clear in speech than in writing. “At [a] 1932 conference, Bohr gave a fundamental report on the current difficulties of atomic theory,” recalled his student Carl von Weizsäcker. “With an expression of suffering, his head held to one side, he stumbled over incomplete sentences.” And Bohr’s difficulties with expressing himself weren’t limited to public talks. Describing a private conversation, Weizsäcker wrote that Bohr’s “stumbling way of talking… would become less and less intelligible the more important the subject became.” (Strangely, Bohr purportedly told his students to “never express yourself more clearly than you are able to think.”) Yet this obscurity of thought merely added to Bohr’s sagelike qualities. He could say a single word and leave his students puzzling over it for hours or days on end. And his obscurity did not diminish his students’ feelings for him. Rudolf Peierls, one of Bohr’s students (who later supervised the PhD of a young John Bell), said that “although often we could not understand [Bohr], we admired him almost without reservation and loved him without limits.”
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Three days after leaving Einstein in Berlin, Heisenberg arrived in Copenhagen. Since his previous stint at Bohr’s institute, he had successfully defended his PhD, developed matrix mechanics, and been offered a faculty position. But, rather than returning victorious, Heisenberg was frustrated. His matrix mechanics was revolutionary—but his triumph had been short-lived. Six months after Heisenberg’s work had first appeared in print, the Viennese physicist Erwin Schrödinger published a competing theory of quantum physics: wave mechanics.


Schrödinger had come up with wave mechanics while shacked up with his mistress in a resort in the Swiss Alps in December 1925. His theory was written in the relatively simple mathematical language of waves, with smoothly changing wave functions governed by the Schrödinger equation (as we saw in Chapter 1). Heisenberg was worried that Schrödinger’s accomplishment would eclipse his own, and rightly so. The abstruse mathematics of Heisenberg’s matrix mechanics was unfamiliar to most physicists at the time, and it had no obvious picture of the world to go along with it. Schrödinger’s theory, meanwhile, used familiar mathematics with simple physical ideas; it was easy to handle and easy to think about. Schrödinger boasted that with his theory, physicists didn’t have to “suppress intuition and to operate only with abstract concepts such as transition probabilities, energy levels, and the like.” Much of the physics community agreed, even Heisenberg’s erstwhile allies. Arnold Sommerfeld, Heisenberg’s PhD adviser, said, “Although the truth of matrix mechanics is indubitable, its handling is extremely intricate and frighteningly abstract. Schrödinger has now come to our rescue.” Born described Schrödinger’s wave mechanics as “the deepest form of the quantum laws.” Pauli, meanwhile, used Schrödinger’s theory to do what he had been unable to accomplish with matrix mechanics alone—he managed to derive the brightness of the spectral lines in hydrogen, solving a problem that had been outstanding for more than seventy years.
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Figure 2.1. Architects of the Copenhagen interpretation at the Niels Bohr Institute, 1936. Left to right: Bohr, Heisenberg, and Pauli.


Yet for all the successes of wave mechanics—and for all Schrödinger’s bluster—it seemed that in the areas they overlapped, Schrödinger’s wave mechanics gave the same results as Heisenberg’s matrix mechanics. Schrödinger’s theory, like Heisenberg’s, reproduced the spectrum of the hydrogen atom perfectly: the different energy levels of Bohr’s atom were, in Schrödinger’s theory, associated with energy “eigenstates,” special wave functions with constant energies. As Schrödinger soon discovered, matrix mechanics and wave mechanics were mathematically equivalent, using different tools to describe the same ideas: a single new theory of quantum mechanics. Problems like the brightness of spectral lines had been solved first with wave mechanics only because Schrödinger’s equation was mathematically easier to handle than Heisenberg’s matrices in most situations. But the two versions of quantum mechanics still differed radically in their interpretation. Schrödinger was sure that he could find a way to interpret all quantum phenomena as the smooth movement of the waves his equation described. Heisenberg was unconvinced. “The more I think about the physical portion of the Schrödinger theory, the more repulsive I find it,” he wrote to Pauli. “What Schrödinger writes about the visualizability of his theory is ‘probably not quite right,’ in other words it’s crap.”


Yet Schrödinger’s waves seemed more natural to most physicists than Heisenberg’s matrices. Heisenberg, frustrated by the situation and fearful that Schrödinger’s ideas would eclipse his own, wrote to his mentor Bohr. Bohr in turn wrote to Schrödinger, inviting him to visit Copenhagen to have “some discussions for the narrower circle of those who work here at the Institute, in which we can deal more deeply with the open questions of atomic theory.” Schrödinger arrived by train on the first of October, 1926, and the debate started immediately, as Heisenberg later recalled:




Bohr’s discussions with Schrödinger began at the railway station and were continued daily from early morning until late at night. Schrödinger stayed in Bohr’s house so that nothing would interrupt the conversations. And although Bohr was normally most considerate and friendly in his dealings with people, he now struck me as an almost remorseless fanatic, one who was not prepared to make the least concession or grant that he could ever be mistaken. It is hardly possible to convey just how passionate the discussions were, just how deeply rooted the convictions of each, a fact that marked their every utterance.





Schrödinger believed that his wave equation’s success meant that all quantum phenomena could eventually be explained away as the behavior of continuous waves. Yet Bohr and Heisenberg pointed out that there were phenomena that seemed to demand quantum “jumps,” like electrons jumping from one orbit to another in Bohr’s atom, which could not be explained away by the smooth movement of waves. Schrödinger disagreed. “If all this damned quantum jumping were really here to stay, I should be sorry I ever got involved with quantum theory,” he complained. Eventually, Schrödinger, worn out by Bohr’s relentless questioning, caught a “feverish cold” in the damp dark Danish autumn and took to his bed in the Bohrs’ house. While Margrethe, Bohr’s wife, brought Schrödinger tea and cake, Bohr continued to press his advantage, sitting on the edge of Schrödinger’s bed and saying in his quiet voice, “But you must surely admit that.…”


With neither side convinced by the other, Schrödinger went home. “No understanding could be expected, since, at the time, neither side was able to offer a complete and coherent interpretation of quantum mechanics,” Heisenberg recalled. “For all that, we in Copenhagen felt convinced toward the end of Schrödinger’s visit that we were on the right track.” Fundamentally, the problem was that the meaning of Schrödinger’s wave function was still not clear. But Max Born had discovered a piece of the puzzle that summer. He found that a particle’s wave function in a location yields the probability of measuring the particle in that location—and that the wave function collapses once measurement happens. Born’s insight ultimately won him a Nobel Prize, and rightly so. But Born’s rule for handling wave functions also left physicists with new puzzles: What was a measurement? And why did wave functions behave differently when they were being measured, whatever that might mean? Born’s idea and Schrödinger’s mathematics had unlocked the quantum world, but at a price. The measurement problem had arrived.
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Heisenberg wasn’t particularly concerned with solving the measurement problem. He was more concerned with getting another offer for a tenured professorship. He was worried that Schrödinger’s accomplishments had eclipsed his own and that he had made a mistake in returning to Copenhagen rather than accepting the permanent professional safety that had been offered by Leipzig. Hungry for another major insight to improve his chances on the job market—and to one-up Schrödinger—Heisenberg turned his attention to measurement, but not the measurement problem. Instead, he focused on something less difficult and more likely to yield results: the limitations on what we can learn about quantum objects. Combining Born’s new idea with some of Einstein’s suggestions from their meeting in Berlin, Heisenberg uncovered a pithy new truth that, he thought, put the lie to Schrödinger’s idea of an orderly quantum world.


Heisenberg started thinking about what would happen if you tried to measure the position of a single particle, like an electron, to very high precision. He realized that you could do this the same way you’d look for a lost wallet in a dark field: shine a flashlight around until you’ve found what you’re looking for. An ordinary flashlight wouldn’t work for an electron, though—the wavelength of visible light is far too large for that. But Heisenberg knew you could find an electron using higher-energy light, with a shorter wavelength: gamma rays. Shine a gamma-ray flashlight around the room, and you’ll find your electron. But gamma rays pack a punch—bounce one gamma-ray photon off an electron, and the electron will go careening off in some random direction. So you’ll know where the electron was, but you won’t know how fast it’s going or where it’s heading now.


Heisenberg wondered if this kind of trade-off between measuring an object’s position and its momentum was unavoidable, or if it was just an artifact of his thought experiment. To his delight, he discovered that these limits on measurement were fundamental: buried in the mathematics of Schrödinger’s wave mechanics, Heisenberg found a precise formulation of how much information you have to give up about an object’s momentum in order to learn more about its position, and vice versa. You could know a lot about where an object was or a lot about how it was moving—but you couldn’t know both at the same time.


At Bohr’s urging, Heisenberg used the term “uncertainty principle” to describe this insight. Heisenberg’s uncertainty paper paid off as he had hoped: the University of Leipzig again offered him a tenured professorship. He accepted, and in June 1927, Heisenberg, at twenty-five, became the youngest tenured professor in all of Germany.


Meanwhile, Bohr found that Heisenberg’s uncertainty principle meshed well with his own new ideas about the true nature of the quantum world, which he called “complementarity.” In typical Bohr fashion, his paper on complementarity became bogged down in a series of drafts filled with sentences that refused to end. But that September, Bohr ran out of time for rewrites. The International Physics Conference was meeting on the shores of alpine Lake Como, in northern Italy, and Bohr was scheduled to give the keynote address. Frantically revising his prepared statements up through the day of his talk, Bohr took the stage, speaking softly and haltingly.


Bohr started from the idea that “our usual description of physical phenomena is based entirely on the idea that the phenomena concerned may be observed without disturbing them appreciably.” But, as Heisenberg’s uncertainty principle made clear, “any observation of atomic phenomena will involve an interaction with the agency of observation not to be neglected.” Therefore, Bohr continued, “an independent reality in the ordinary physical sense can neither be ascribed to the phenomena nor to the agencies of observation.” In other words, one could not ask what was really happening inside of an atom when nobody looked—according to Bohr, the quantum world could only be considered real in conjunction with some kind of measurement apparatus to study that world. And the behavior of the objects in that world, as indicated by such an apparatus, would be best described as either particles or waves, but never both simultaneously. These descriptions are contradictory—a particle has a definite location, which waves don’t; waves have frequencies and wavelengths, which particles don’t—yet Bohr claimed that this “inevitable dilemma” was not a problem for quantum physics. “We are not dealing with contradictory but with complementary pictures of the phenomena,” claimed Bohr, which are “indispensable for a description of experience.”


This “wave-particle duality” shows up in all quantum phenomena. For example, in an old cathode-ray-tube TV, electrons shoot from the back of the TV toward the phosphorescent screen at the front of the TV, which lights up when an electron hits it. When an electron is shot out into the tube, its wave function obeys the Schrödinger equation, undulating and propagating outward like a wave. But when the electron hits the phosphorescent screen, it hits in one location, lighting up a particular spot on the screen, like a particle. So sometimes the electron behaves like a wave, and sometimes it behaves like a particle, but never both. According to Bohr, there cannot be a more complete description of an electron, or of anything—merely incomplete and incompatible analogies that never overlap. This, Bohr said, was the heart of complementarity, and it was inevitable and unavoidable. The new quantum theory had shown it was impossible to give a single consistent account of an electron that would work at all times.


Bohr pointed to the Heisenberg uncertainty principle as further justification for the inevitability of complementarity. Using Heisenberg’s gamma-ray flashlight as an example, he pointed out that there was no way to avoid altering the momentum of an electron when observing its position, and vice versa. Bohr then echoed Mach, as Heisenberg had, and claimed the impossibility of measuring both properties of an electron simultaneously meant that it could not have both properties simultaneously. Position and momentum, like particles and waves, were complementary—never used at once but both needed for the complete description of a situation.


But Bohr was wrong. There was nothing inevitable or necessary about complementarity—other interpretations of quantum physics are possible. Indeed, the claim of inevitability is an awfully strong and strange claim to make about any interpretive issue in science, precisely because it is always possible to reinterpret any theory. Yet Bohr was convinced that complementarity was the deepest insight into nature found within the quantum theory.


Stranger still is Bohr’s use of the gamma-ray flashlight to bolster his claims. It’s certainly true that the thought experiment illustrates a world in which there are limits on our knowledge, but it’s also a world where particles have well-defined positions and momenta at all times. Hitting an electron with a gamma ray can’t alter the electron’s momentum unless it has a momentum in the first place. We don’t know what that momentum is—but that’s certainly not the same thing as saying it doesn’t exist.


As is always the case with Bohr, it’s hard to be sure what he was actually trying to say, because his writing is so convoluted and obscure. But this is certainly how complementarity has often been understood. And as for Bohr’s audience at Como, it’s not clear what they understood at all. The reaction to his talk was muted. Many of the people in the audience were his students and colleagues—Heisenberg, Pauli, Born—and had spent much time in Copenhagen listening to Bohr expound on these ideas before. Many others were simply unimpressed. “[Complementarity] doesn’t provide you with any equations which you didn’t have before,” said the English physicist Paul Dirac. (Dirac wasn’t merely sniping—he had in fact discovered a new equation himself. He had skillfully fused quantum physics with special relativity, leading to a new theory of particle physics that came to be known as quantum field theory. Dirac’s theory correctly predicted the existence of antimatter, a feat that would win him a Nobel Prize in 1933.) Eugene Wigner, the brilliant Hungarian mathematical physicist, agreed, stating that “Bohr’s principle will not change the way we do physics.” Schrödinger, of course, vehemently disagreed with Bohr—but Schrödinger wasn’t there. He had just received a cushy appointment as professor of physics in Berlin and was still dealing with his move there from Switzerland. And there was nothing for Einstein to love in Bohr’s ideas, but Einstein was also absent. Five years earlier, the fascist Benito Mussolini had taken control of Italy by marching on Rome with 30,000 Blackshirts, and Einstein had resolved to boycott all events in Italy as long as Mussolini and his thugs were in power. But, the next month, Bohr and many of the physicists at Como assembled again, for a prestigious invitation-only conference in Brussels—and this time, Einstein, Schrödinger, and more besides were all there. The stage for the quantum showdown was set.
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