

Lee Smolin



EINSTEIN’S UNFINISHED REVOLUTION

The Search for What Lies Beyond the Quantum

[image: Penguin Books]



PENGUIN BOOKS

EINSTEIN’S UNFINISHED REVOLUTION

‘A superb and sweeping book … masterful’ Stuart Kauffman, author of At Home in the Universe

‘Smolin’s promised solution, when it comes, is just comprehensible enough for us to see that it’s beautiful’ Stephen Bleach, The Times

‘As the latest entry into the conversation, Smolin’s book feels the most immediate and personal. Here is no detached narrator, but an active participant in the fray who perceives the debate over the nature of reality in personal terms … While the way forward remains elusive, Smolin and others who seek to illuminate how physics got to where it is today are at least making the quest for answers a bit less costly’ Globe and Mail

‘Well-written and engaging’ Sabine Hossenfelder, Backreaction

‘Smolin is an extremely creative thinker who has been a leader in theoretical physics for many years. He is also a gifted writer who manages to translate his own insights about how science works into engaging language and compelling stories … Smolin’s description of how quantum mechanics works is both elegant and accessible’ NPR

‘A tantalizing glimpse of the theoretical possibilities beyond Einstein’s grasp’ Booklist

‘Smolin elucidates complex science without equations … and demonstrates there isn’t a thing in nature whose “contemplation cannot be a route to a wordless sense of wonder and gratitude just to be a part of it all”’ Publishers Weekly




For Dina and Kai




All a musician can do is to get closer to the sources of nature, and so feel that he is in communion with the natural laws.

—JOHN COLTRANE

I can safely say that nobody understands quantum mechanics.

—RICHARD FEYNMAN




Preface

We human beings have always had a problem with the boundary between reality and fantasy. To explain the world to ourselves we make up stories and then, because we are good storytellers, we get infatuated by them and confuse our representations of the world with the world itself. This confusion afflicts scientists as much as laypeople; indeed, it affects us more, because we have such powerful stories in our tool kits.

As we go deeper into our understanding of the natural world, moving to smaller and more elementary phenomena, our successes impose barriers to further progress. To avoid getting stuck, we must balance our well-justified confidence in the power of established knowledge with an acute consciousness of just how hypothetical even our most successful hypotheses are. A hard lesson to learn is that our sensations are partly caused by reality, but are fully constructed by our brains to present the world to us in just the form we need to make our way in nature. Beyond those sensations, nature hovers, fundamentally mysterious and just at the edge of what we can know.

The most important features of nature, as we understand them now, were not perceived. The simplest general facts we know about the world—that matter is made of atoms, for example, or that the Earth is a spherical shell of rock surrounding a molten core and enveloped within a thin atmosphere, which moves, suspended in a near vacuum, as it orbits a natural thermonuclear reactor—these plain facts we learn just out of our cribs are the result of centuries of intense effort by scholars and scientists. Each of these facts arose as an almost crazy idea in conflict with a much more obvious and reasonable—but wrong—hypothesis.

To have a scientific mind is to respect the consensus facts, which are the resolution of generations of dispute, while maintaining an open mind about the still unknown. It helps to have a humble sense of the essential mystery of the world, for the aspects that are known become even more mysterious when we examine them further. The more we know, the more curious it all is. There is not a thing in nature so ordinary that its contemplation cannot be a route to a wordless sense of wonder and gratitude just to be a part of it all.

This spring morning the air coming through the open window carries fresh smells from the garden—but by what miracle does that happen? How are molecules wafted by a breeze turned by a nose into that happy scent? We see vivid colors, and we recall that there is a story about how different wavelengths of light excite different neurons. But how could the sensations of redness or blueness possibly be caused by different neurons being excited? What kinds of things are the sensations, the qualia, as the philosophers call them, of the different colors, or the different scents? In what way are scents different from colors, and why do they differ, if it is all electrical impulses in neurons? Who is the I that wakes and what is the universe that surrounds me when I open my eyes? The simplest facts about our existence and our relationship to the world are mysteries.

Let us tiptoe past the hard question of consciousness to simpler questions. As a scientist, I believe that is the best way to get somewhere. Let’s start with one very basic question: What is matter? My son has left a rock on the table. I pick it up; its weight and shape fit comfortably in my hand—surely an ancient feeling.

But what is a rock?

We know what the rock looks like, what it feels like. But these are at least as much about us as they are about the rock. Little in a rock’s feel or appearance gives a hint as to what, essentially, constitutes the existence—the rockness—of a rock. We know most of the rock is empty space in which atoms are arranged. The solidity and hardness of the rock is a construction of our minds, which integrate perceptions on scales very coarse compared to the sizes of the atoms.

Matter comes in many forms, some of which, like the rock, like the organic material woven into our blankets, sheets, and clothes, we know must be complex. So let’s consider first a simpler form of matter: the water in our glass. What is it?

To our eyes and to our touch, water appears to be smooth, continuous. Until relatively recently, a bit more than a century ago, physicists thought that matter was entirely continuous. Early in the twentieth century, Albert Einstein showed that was wrong and that water is made of myriad atoms. In water, these are organized into triplets, bound together into molecules, each consisting of two hydrogen and an oxygen.

Yes, but what is an atom? It took less than a decade after Einstein for it to be understood that each atom is like a tiny solar system, with a nucleus in the center in place of the Sun and the planets represented by electrons.

So far so good, but then what is an electron? We know that electrons come in discrete units, each one carrying a certain quantity of mass and charge. An electron can have a location in space. It can move: when we first look it is here; when we look again it is there.

Beyond those attributes it is not easy to give a picture of what an electron is. It will take much of this book.

The best understanding of what rocks are, what water is, what molecules and atoms and electrons are, is expressed by the branch of science called quantum physics. But, as it seems everyone knows by now, that is a realm full of paradox and mystery. Quantum physics describes a world in which nothing has a stable existence: an atom or an electron may be a wave or a particle, depending on how you look at it; cats are both alive and dead. This is great for popular culture, which has made “quantum” a buzzword for cool, geek mystification. But it’s terrible for those of us who want to understand the world we live in, for there seems to be no easy answer to the simple question, “What is a rock?”

In the first quarter of the twentieth century a theory called quantum mechanics was developed to explain quantum physics. This theory has been, ever since its inception, the golden child of science. It is the basis of our understanding of atoms, radiation, and so much else, from the elementary particles and basic forces to the behavior of materials. It also has been, for just as long, a troubled child. From the beginning, its inventors were deeply split over what to make of it. Some expressed shock and misgivings, even outrage. Others declared it a revolutionary new kind of science, which shattered the metaphysical assumptions about nature and our relationship to it that previous generations had thought essential for the success of science.

In these chapters I hope to convince you that the conceptual problems and raging disagreements that have bedeviled quantum mechanics since its inception are unsolved and unsolvable, for the simple reason that the theory is wrong. It is highly successful, but incomplete. Our task—if we are to have simple answers to our simple questions about what rocks are—must be to go beyond quantum mechanics to a description of the world on an atomic scale that makes sense.

This task might seem overwhelmingly difficult, were it not for one almost forgotten and long-ignored aspect of the history of quantum mechanics. Since the very beginning of the quantum era, in the 1920s, there has been an alternative version of quantum physics that does make complete sense. This shadow theory resolves the apparent paradoxes and mysteries of the quantum domain. The scandal—and I believe that term is warranted—is that this alternative form of quantum theory is rarely taught. It is seldom mentioned, either in textbooks for budding physicists or in popularizations for laypeople.

There are several alternative formulations of quantum physics that make consistent sense. The challenge now is to build on these to find the right way to understand quantum physics—the one that nature uses. I believe this will have wide repercussions, because the new form of quantum physics will be the basis of the solutions to many of the outstanding problems in physics. Problems such as quantum gravity and the unification of the forces, on which we have made little definitive progress, are, I believe, foundering because at the foundations of our theorizing is an incorrect theory.

Physicists agree about how the quantum world behaves. We agree that atoms and radiation behave differently than rocks and cats, and we agree that quantum mechanics works to predict some aspects of that behavior. But we don’t agree about what it means that our world is a quantum world. It is clear that some radical change in our understanding of nature is required, but we disagree as to what that change needs to be. Some argue that we must give up holding any picture of reality and settle for a theory which describes only the knowledge we can have of the world. Others claim that our notion of reality must be vastly extended to embrace an infinitude of parallel realities.

In fact, neither is necessary. The alternative ways of understanding the quantum world do not require us to give up the idea that physics describes a reality independent of our knowledge of it. Nor do they require that we expand that reality beyond the commonsense notion that there is one world and it is what we see when we look around us. As I’ll explain in these pages, commonsense realism, according to which science can aspire to give a complete picture of the natural world as it is, or would be in our absence, is not actually threatened by anything we know about quantum physics.

It is thus both unfortunate and unnecessary that the quantum realm has been presented as mysterious and counterintuitive. One of the aims of this book is to present the alternative quantum theories to laypeople and, by doing so, to lift the mystery and present the quantum world in a way that is intuitive and accessible to people who are not specialists in physics.

I imagine my reader as someone with a strong curiosity about nature, who may follow science through news, blogs, and popular books, but whose education has not included the mathematics usually assumed as the language of physics. Instead I use words and pictures to convey the basic phenomena we find in the quantum world as well as the principles their study has inspired. After an introduction, the book starts with three short chapters which describe the bare-bones basics of quantum physics. These will equip us to explore the diverse conceptual universes which arise from the different forms of quantum theory that have been proposed.

What is at stake in the argument over quantum mechanics? Why does it matter if our fundamental theory of the natural world is mysterious and paradoxical?

Behind the century-long argument over quantum mechanics is a fundamental disagreement about the nature of reality—a disagreement which, unresolved, escalates into an argument about the nature of science.

Two questions underlie the schism.

First off, does the natural world exist independently of our minds? More precisely, does matter have a stable set of properties in and of itself, without regard to our perceptions and knowledge?

Second, can those properties be comprehended and described by us? Can we understand enough about the laws of nature to explain the history of our universe and predict its future?

The answers we give to these two questions have implications for larger questions about the nature and aim of science, and the role of science in the larger human project. These are, indeed, questions about the boundary between reality and fantasy.

People who answer yes to these two questions are called realists. Einstein was a realist. I am also a realist. We realists believe that there is a real world out there, whose properties in no way depend on our knowledge or perception of it. This is nature—as it would be, and mostly is, in our absence. We also believe that the world may be understood and described precisely enough to explain how any system in the natural world behaves.

If you are a realist, you believe that science is the systematic search for that explanation. This is based on a naive notion of truth. Assertions about objects or systems in nature are true to the extent that they correspond to genuine properties of nature.

If you answer no to one or both of these questions, you are an anti-realist.

Most scientists are realists about everyday objects on the human scale. Things we can see, pick up, and throw around have simple and easily comprehended properties. They exist at each moment somewhere in space. When they move, they follow a trajectory, and that trajectory has, relative to someone describing them, a definite speed. They have mass and weight.

When we tell our partner that the red notebook they are looking for is on the table, we expect that this is simply true or false, absolutely independent of our knowledge or perception.

The description of matter at this level, from the smallest scales we can see with our eyes up to stars and planets, is called classical physics. It was invented by Galileo, Kepler, and Newton. Einstein’s theories of relativity are its crowning achievements.

But it is not easy, or obvious, for us to be realists about matter on the scale of individual atoms. This is because of quantum mechanics.

Quantum mechanics is presently our best theory of nature at the atomic scale. That theory has, as I have alluded to, certain very puzzling features. It is widely believed that those features preclude realism. That is, quantum mechanics requires that we say no to one or both of the two questions I asked above. To the extent that quantum mechanics is the correct description of nature, we are forced to give up realism.

Most physicists are not realists about atoms, radiation, and elementary particles. Their belief, for the most part, does not stem from a desire to reject realism on the basis of radical philosophical positions. Instead, it is because they are convinced quantum mechanics is correct and they believe, as they have been taught, that quantum mechanics precludes realism.

If it is true that quantum mechanics requires that we give up realism, then, if you are a realist, you must believe that quantum mechanics is false. It may be temporarily successful, but it cannot be the fully correct description of nature at an atomic scale. This led Einstein to reject quantum mechanics as anything more than a temporary expedient.

Einstein and other realists believe that quantum mechanics gives us an incomplete description of nature, which is missing features necessary for a full understanding of the world. Einstein sometimes imagined that there were “hidden variables” which would complete the description of the world given by quantum theory. He believed that the full description, including those missing features, would be consistent with realism.

Thus, if you are a realist and a physicist, there is one overriding imperative, which is to go beyond quantum mechanics to discover those missing features and use that knowledge to construct a true theory of the atoms. This was Einstein’s unfinished mission, and it is mine.

There are different kinds of anti-realists, which leads to different views on quantum mechanics.

Some anti-realists believe that the properties we ascribe to atoms and elementary particles are not inherent in those objects, but are created only by our interactions with them, and exist only at the time when we measure them. We can call these radical anti-realists. The most influential of these was Niels Bohr. He was the first to apply quantum theory to the atom, after which he became the leader and mentor to the next generation of quantum revolutionaries. His radical anti-realism colored much of how quantum theory came to be understood.

Another group of anti-realists believes that science, as a whole, does not deal in or talk about what is real in nature, but rather only ever talks about our knowledge of the world. In their view, the properties physics ascribes to an atom are not about that atom; they are instead only about the knowledge we have of the atom. These scientists can be called quantum epistemologists.

And then there are the operationalists, a group of anti-realists who are agnostic about whether there is a fundamental reality independent of us or not. Quantum mechanics, they argue, is not in any case about reality; it is rather a set of procedures for interrogating atoms. It is not about the atoms themselves; it is about what happens when atoms come into contact with the big devices we use to measure them. Heisenberg, the best of Bohr’s protégés, who invented the equations of quantum mechanics, was, at least partly, an operationalist.

In contrast to the disputes between radical anti-realists, quantum epistemologists, and operationalists, all realists share a similar perspective—we agree about the answer to both questions I posed above. But we differ on how we answer a third question: Does the natural world consist mainly of the kinds of objects that we see when we look around ourselves, and the things that constitute them? In other words, is what we see when we look around typical of the universe as a whole?

Those of us who say yes to this question can call ourselves simple or naive realists. I should alert the reader that I use the adjective “naive” to mean strong, fresh, uncomplicated. For me, a view is naive if it is not in need of sophisticated arguments or convoluted justifications. I would argue that a naive realism is, whenever possible, to be preferred.

There are realists who are not naive in this sense. They believe that reality is vastly different from the world we perceive and measure.

An example of such a view is the Many Worlds Interpretation, which teaches that the world we perceive is only one of a vast and ever-growing number of parallel worlds. Its proponents call themselves realists, and they have some claim to that designation by virtue of their answering yes to the first two questions. But, in my opinion, they are realists only in the most technical, academic sense. They may perhaps be called magical realists, for they believe that what is real is far beyond the world we perceive. Magical realism in this sense is almost a form of mysticism, for it implies that the true world is hidden from our perception.

Is it possible to formulate a theory of atoms that is realist in the most general and naive sense, and so answers yes to all three questions? It is, and that is the story I want to tell in this book. But that theory is not quantum mechanics, and if it is right, then quantum mechanics is wrong, in the sense that quantum mechanics must then give a very incomplete description of nature.

Part of the story I want to tell here is how this naively realistic theory of nature was pushed aside, while a theory that required us to embrace either anti-realism or mysticism thrived. But I will end on a hopeful note, by sketching a way we may progress to a realist view of nature that encompasses the quantum.

This all matters because science is under attack in the early twenty-first century. Science is under attack, and with it the belief in a real world in which facts are either true or false. Quite literally, parts of our society appear to be losing their grip on the boundary between reality and fantasy.

Science is under attack from those who find its conclusions inconvenient for their political and business objectives. Climate change should not be a political issue; it is not a matter of ideology, but an issue of national security, and should be treated as such. It is a real problem, which will require evidence-based solutions. Science is also under attack from religious fundamentalists who insist ancient texts are the teachings of unchanging truths by God.

In my view, there is little reason for conflict between most religions and science. Many religions accept—and even celebrate—science as the way to knowledge about the natural world. Beyond that, there is mystery enough in the existence and meaning of the world, which both science and religion can inspire us to discuss, but neither can resolve.

All that is required is that religions not attack or seek to undermine those scientific discoveries which are considered to be established knowledge because they are supported by overwhelming evidence, as judged by those educated sufficiently to evaluate their validity. This is indeed the view of many religious leaders from all faiths. In return, scientists should view these enlightened leaders as allies in the work for a better world.

In addition, science is under attack from a fashion among some humanist academics—who should know better—who hold that science is no more than a social construction that yields only one of an array of equally valid perspectives.

For science to respond clearly and strongly to these challenges, it must itself be uncorrupted by its own practitioners’ mystical yearnings and metaphysical agendas. Individual scientists may be—and, let’s face it, sometimes are—motivated by mystical feelings and metaphysical preconceptions. This doesn’t hurt science as long as the narrow criteria that distinguish hypothesis and hunch from established truth are universally understood and adhered to.

But when fundamental physics itself gets hijacked by an anti-realist philosophy, we are in danger. We risk giving up on the centuries-old project of realism, which is nothing less than the continual adjustment, bit by bit as knowledge progresses, of the boundary between our knowledge of reality and the realm of fantasy.

One danger of anti-realism is to the practice of physics itself. Anti-realism lowers our ambition for a totally clear understanding of nature, and hence weakens our standards as to what constitutes an understanding of a physical system.

In the wake of the triumph of anti-realism about the atomic world, we have had to contend with anti-realist speculations about nature on the largest possible scale. A vocal minority of cosmologists proclaims that the universe we see around us is only a bubble in a vast ocean called the multiverse that contains an infinity of other bubbles. And, whereas it is safe to hypothesize that the galaxies we can see are typical of the rest of our universe, one must regard the other invisible bubbles as governed by diverse and randomly assigned laws, so our universe is far from typical of the whole. This, together with the fact that all, or almost all, of the other bubbles are forever out of range of our observations, means the multiverse hypothesis can never be tested or falsified. This puts this fantasy outside the bounds of science. Nonetheless, this idea is championed by not a few highly regarded physicists and mathematicians.

It would be a mistake to confuse this multiverse fantasy for the Many Worlds Interpretation of quantum mechanics. They are distinct ideas. Nonetheless, they share a magical-realist subversion of the aim of science to explain the world we see around us in terms of only itself. I would suggest that the harm done to clarity about the aim and purpose of science by the enthusiastic proponents of the multiverse would not have been possible had not the majority of physicists uncritically adopted anti-realist versions of quantum physics.

Certainly, quantum mechanics explains many aspects of nature, and it does so with supreme elegance. Physicists have developed a very powerful tool kit for explaining diverse phenomena in terms of quantum mechanics, so when you master quantum mechanics you control a lot about nature. At the same time, physicists are always dancing around the gaping holes that quantum mechanics leaves in our understanding of nature. The theory fails to provide a picture of what is going on in individual processes, and it often fails to explain why an experiment turns out one way rather than another.

These gaps and failures matter because they underlie the fact that we have gotten only partway toward solving the central problems in science before seeming to run out of steam. I believe that we have not yet succeeded in unifying quantum theory with gravity and spacetime (which is what we mean by quantizing gravity), or in unifying the interactions, because we have been working with an incomplete and incorrect quantum theory.

But I suspect that the implications of building science on incorrect foundations go further and deeper. The trust in science as a method to resolve disagreements and locate truth is undermined when a radical strand of anti-realism flourishes at the foundations of science. When those who set the standard for what constitutes explanation are seduced by a virulent mysticism, the resulting confusion is felt throughout the culture.

I was privileged to meet a few of the second generation of the founders of twentieth-century physics. One of the most contradictory was John Archibald Wheeler. A nuclear theorist and a mystic, he transmitted the legacies of Albert Einstein and Niels Bohr to my generation through the stories he told us of his friendships with them. Wheeler was a committed cold warrior who worked on the hydrogen bomb even as he pioneered the study of quantum universes and black holes. He was also a great mentor who counted among his students Richard Feynman, Hugh Everett, and several of the pioneers of quantum gravity. And he might have been my mentor, had I had better judgment.

A true student of Bohr, Wheeler spoke in riddles and paradoxes. His blackboard was unlike any I’d ever encountered. It had no equations, and only a few elegantly written aphorisms, each set out in a box, distilling a lifetime of seeking the reason why our world is a quantum universe. A typical example was “It from bit.” (Yes, read it again—slowly! Wheeler was an early adopter of the current fashion to regard the world as constituted of information, so that information is more fundamental than what it describes. This is a form of anti-realism we will discuss later.) Here is another: “No phenomenon is a real phenomenon until it is an observed phenomenon.” Here is the kind of conversation one had with Wheeler: He asked me, “Suppose when you die and go up before Saint Peter for your final, final exam, he asks you just one question: ‘Why the quantum?’” (I.e., why do we live in a world described by quantum mechanics?) “What will you say to him?”

Much of my life has been spent searching for a satisfying answer to that question. As I write these pages, I find myself vividly recalling my first encounters with quantum physics. When I was a seventeen-year-old high school dropout, I used to browse the shelves at the University of Cincinnati Physics Library. There I came upon a book with a chapter by Louis de Broglie (we will meet him in chapter 7), who was the first to propose that electrons are waves as well as particles. That chapter introduced his pilot wave theory, which was the first realist formulation of quantum mechanics. It was in French, a language I read fitfully after two years of high school study, but I recall well my excitement as I understood the basics. I still can close my eyes and see a page of the book, displaying the equation that relates wavelength to momentum.

My first actual course in quantum mechanics was the next spring at Hampshire College. That course, taught by Herbert Bernstein, ended with a presentation of the fundamental theorem of John Bell,1 which, in brief, demonstrates that the quantum world fits uneasily into space. I vividly recall that when I understood the proof of the theorem, I went outside in the warm afternoon and sat on the steps of the college library, stunned. I pulled out a notebook and immediately wrote a poem to a girl I had a crush on, in which I told her that each time we touched there were electrons in our hands which from then on would be entangled with each other. I no longer recall who she was or what she made of my poem, or if I even showed it to her. But my obsession with penetrating the mystery of nonlocal entanglement, which began that day, has never left me; nor has my urgency to make better sense of the quantum diminished over the decades since. In my career, the puzzles of quantum physics have been the central mystery to which I’ve returned again and again. I hope in these pages to inspire in you a similar fascination.

The story I tell in this book is shaped like a play in three acts. Part 1 teaches the basic concepts of quantum mechanics we will need while tracing the story of its invention. The main theme here is the triumph of the anti-realists, led by Bohr and Heisenberg, over the realists, whose champion was Einstein. Please note that the story I tell here is just a sketch; the real history is far more complex. Part 2 traces the revival of realist approaches to quantum mechanics, beginning in the 1950s, and explains their strong and weak points. The heroes here are an American physicist named David Bohm and an Irish theorist, John Bell.

The conclusion of part 2 will be that realist approaches are possible, and work well enough to undermine the claims that quantum physics requires us all to become anti-realists. Still, for me, none of these approaches have the ring of truth. I believe we can do better; indeed, for reasons I will explain, I would venture that the correct completion of quantum mechanics will also solve the problem of quantum gravity, as well as give us a good cosmological theory. Part 3 introduces contemporary efforts to construct this realist theory of everything, some mine, some by others.

Welcome to the quantum world. Feel at home, for it is our world, and it is our good fortune that its mysteries remain for us to solve.
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ONE

Nature Loves to Hide


Reality is the business of physics.

—ALBERT EINSTEIN



Quantum mechanics has been the core of our understanding of nature for nine decades. It is ubiquitous, but it is also deeply mysterious. Little of modern science would make sense without it. But experts have a hard time agreeing what it asserts about nature.

Quantum mechanics explains why there are atoms, and why those atoms are stable and have distinct chemical properties. Quantum mechanics also explains how atoms combine into diverse molecules. As a result, it is the basis for how we understand the shapes and interactions of those molecules. Life would be incomprehensible without the quantum. From the behavior of water to the shapes of proteins to the fidelity and transmittal of information by DNA and RNA, everything in biology depends on the quantum.

Quantum mechanics explains the properties of materials, such as what makes a metal a conductor of electricity, while another is an insulator. It explains light and radioactivity, and is the basis of nuclear physics. Without it we wouldn’t understand how the stars shine. Nor could we have invented the chips or the lasers on which so much of our technology is based. Quantum mechanics is the language that we use to write the standard model of particle physics, which contains all we know about the elementary particles and the fundamental forces by which they interact.

According to our best theory of the early universe, all matter, along with the patterns that eventually coalesced into the galaxies, was yanked into existence from the quantum randomness of the vacuum of empty space by the rapid expansion of the universe. I don’t expect the reader to understand precisely what this means, but perhaps the words evoke an image. In any case, if this is right, then without quantum physics there would literally be nothing except empty spacetime.

Yet for all its success, there is a stubborn puzzle at the heart of quantum mechanics. The quantum world behaves in ways that challenge our intuition. It is often said that in quantum physics an atom can be in two places at once, but that is only the start; the full story is far weirder than that. If an atom can be here or there, we must speak of states in which it is, somehow, simultaneously both here and there. This is called a superposition.

If you are new to the quantum world, you are undoubtedly wondering what it means for an atom to be somehow both here and there. Don’t be discouraged if you find this confusing. You are absolutely right to wonder what it means. This is one of the central mysteries of quantum mechanics. It is enough, for now, if you just accept this as a mystery, to which we attach the term “superposition.” Later we will be able to demystify it.

Here is a first step. When we say that a quantum particle is in a “superposition of being here and there,” this is related to the wavelike nature of matter, for a wave is a disturbance that is spread out, and so it can be both here and there.

We speak of elementary particles, but everything quantum, including atoms and molecules, is both a particle and a wave. Here is a taste of what that means. If we do an experiment that asks where an atom is, the result will be that it is somewhere definite. But between measurements, when we are not looking for it, it turns out to be impossible to project where it might be. It is as if the likelihood or propensity of finding the particle spreads as a wave when we are not looking. But as soon as we look again, it is always somewhere.

Imagine playing a game of hide-and-seek with an atom. We open our eyes, or turn on a detector, and we see it somewhere. But when we close our eyes it dissolves into a wave of potentiality. Open our eyes again and it is always somewhere.

Another feature unique to the quantum world is called entanglement. If two particles interact, and then move apart, they remain intertwined in the sense that they seem to share properties which cannot be broken down to properties each enjoys individually.

We can stretch our imagination to apply these new concepts to atoms and molecules which are too small to see directly. We must study them indirectly, and to do that we employ large and complex measurement devices.

Those measurement devices are part of the everyday, familiar world of large objects. One thing we can be sure of is that big everyday things display none of the bizarre behavior quantum mechanics describes. A chair is here or it is there, never in a combination of such states. When we wake up in the middle of the night in a strange hotel room, we may be unsure where the chair is, but we can be sure it is somewhere. And after we collide with it in the dark, our future does not become entangled with its future.

In the world as we experience it, cats are either alive or dead, even if they are locked in a box. When we open the box, the cat does not suddenly resolve from a combination of dead and alive to dead. If we find it dead it will likely have been so for some time, as we will instantly smell.

Ordinary objects appear to share none of the quantum weirdnesses of the atoms of which they are made. This seems obvious, but it raises a mystery. Quantum mechanics is the core theory of nature. As such it must be universal. If it applies to an atom it must apply to two atoms, or ten or ninety. And we have excellent experimental evidence that it does. Delicate experiments, in which large molecules are put in quantum superpositions, show us that they are just as quantum weird as electrons. For one thing, they diffract and interfere as waves.

But then quantum mechanics must apply to the vast collections of atoms that make up you or me or our cat or the chair on which she is perched. But it doesn’t seem to. Nor does quantum mechanics appear to apply to any of the instruments and machines we employ to image the atoms and reveal their quantum weirdnesses.

How can this be?

In particular, when we measure a property of an atom, we employ big devices. The atoms may be in superpositions of states and so be several places at once, but the measuring instrument always indicates just one out of the possible answers to the questions we pose. Why is that? Why does quantum mechanics not apply to the very devices we use to measure quantum systems?

This is called the measurement problem. It has been controversial and unresolved since the 1920s. The fact that, after all this time, we have found no agreement among experts means there is something basic about nature we have yet to understand.

So there is somewhere a transition between the quantum world, in which an atom can be several places at once, and the ordinary world, in which everything is always somewhere. If a molecule made from ten or ninety atoms can be described by quantum mechanics, but a cat cannot, then somewhere between the two there is a line delineating where the quantum world stops. An answer to the measurement problem would tell us where that line is and explain the transition.

There are people who are sure they know the answer to the measurement problem. We will meet some of them and their ideas later on. We will want to look out for what price we have to pay to expunge this quantum insanity from our understanding of the world.

Broadly speaking, the people who aim to address the mysteries of quantum mechanics fall into two classes.

The first group assumes that the theory as it was formulated in the 1920s is essentially correct. They believe the problem is not with quantum theory; it is instead with how we understand it or speak about it. This strategy to mitigate the strangeness of quantum mechanics goes back to some of the founders, beginning with Niels Bohr.

Niels Bohr was a Danish physicist who, while still in his twenties, was the first to apply quantum theory to atoms. As he grew older he became the de facto leader of the quantum revolution, partly due to the attractiveness of his ideas and partly because he educated and mentored many of the young quantum revolutionaries.

The second group has concluded that the theory is incomplete. It can’t be made sense of because it is not the whole story. They seek a completion of the theory that will tell us the rest of the story and, by doing so, resolve the mysteries of quantum mechanics. This strategy goes back to Albert Einstein.

More than anyone else, Einstein was responsible for initiating the quantum revolution. He was the first to articulate the dual nature of light as a particle and a wave. He is by now better known for his theory of relativity, but his Nobel Prize was for his work on quantum theory, and he himself admitted that he spent much more time on quantum theory than on relativity. Yet, even if he initiated the quantum revolution, Einstein did not become one of its leaders, because his realism required that he reject the theory as it was developed in the late 1920s.

In the language introduced in the preface, those in the first group are mostly anti-realists or magical realists. Realists find themselves in the second group.

Those who argue for the incompleteness of quantum mechanics point to the fact that in most cases it can only make statistical predictions for the results of experiments. Rather than saying what will happen, it gives probabilities for what might happen. In a letter to his friend Max Born in 1926, Einstein wrote:


Quantum mechanics is certainly imposing. But an inner voice tells me that it is not yet the real thing. The theory says a lot, but does not really bring us any closer to the secret of the ‘old one’. I, at any rate, am convinced that He is not playing at dice.1



Einstein was also friends with Niels Bohr, and their divergent responses to quantum mechanics fueled a passionate debate between them that lasted more than forty years, till Einstein’s death. It continues between their intellectual descendants to this day. Einstein was the first person to clearly articulate the need for a revolutionary new theory of atoms and radiation, but he was unable to accept that quantum mechanics was that theory. His first response to quantum mechanics was to argue that it was inconsistent. When that failed, he argued instead that quantum mechanics gives an incomplete description of nature, which leaves out an essential part of the picture.

I believe that Einstein was unable to accept quantum mechanics as a definitive theory because he had exceedingly high aspirations for science. He was driven by the hope of transcending subjective opinion and discovering a true mirror of nature that exhibits the essence of reality in a few timeless mathematical laws. For him, science aimed to capture the true essence of the world, and that essence is independent of us and can have nothing to do with what we believe or know about it.

Einstein, of all people, must have felt he had the right to demand this because he had achieved it in his discoveries of special and general relativity. Having laid the groundwork for quantum physics, he sought to capture the essence of the atomic world in a complete description of atoms, electrons, and light.

Bohr replied that atomic physics required a revolutionary revision in how we understand what science is, as well as in our conception of the relationship between reality and our knowledge of it. This stemmed from the fact that we are a part of the world, so we must interact with the atoms we seek to describe.

Bohr asserted that once we absorbed this revolutionary change in our thinking, the completeness of quantum mechanics would be unavoidable, because it was built into our being participants in the world we seek to describe. From Bohr’s perspective, quantum theory is complete in the sense that there is no more-complete description of the world to be had.

If we refuse these philosophical revolutions and insist on maintaining an old-fashioned, commonsense view of reality and its relation to our observations and knowledge, we have to pay a different kind of price. We have to contemplate that we are wrong about some aspect of nature. We have to find out which common assumption is wrong and replace it with a radically new physical hypothesis that opens the way to a new theory that will complete quantum mechanics.

Thanks to a combination of theory and experiment, starting with a paper by Einstein and two collaborators in 1935, we know one aspect of this completion. The new theory must violate the commonplace assumption that things interact only with other things that are near them in space.

This assumption is called locality. A big part of the story I will be telling in later chapters is how this commonsense idea must be transcended in the theory which will replace quantum mechanics.

This book has three purposes. First, I want to explain to laypeople just what the puzzles at the heart of quantum mechanics are. After more than a century of studying quantum physics, it is remarkable that there continues to this day to be no agreement on the solution of these puzzles.

But having explained the reasons for the debate in a way that is fair to both sides, I will not stay impartial. In the great debate about whether quantum mechanics is the last word or not, I side with Einstein. I believe that there is a layer of reality deeper than that described by Bohr, which can be understood without compromising old-fashioned notions of reality and our ability to comprehend and describe it.

Thus, my second purpose is to advocate a point of view about the puzzles of quantum mechanics. This is that the problems can be resolved only by progress in science which will uncover a world beyond quantum mechanics. Where quantum mechanics is mysterious and confusing, this deeper theory will be entirely comprehensible.

I can make this claim because we have known since the invention of quantum mechanics how to present the theory in a way that dissolves the mysteries and resolves the puzzles. In this approach, there is no challenge to our usual beliefs in an objective reality, a reality unaffected by what we know or do about it, and about which it is possible to have complete knowledge. In this reality, there is just one universe, and when we observe something about it, it is because it is true. This can justly be called a realist approach to the quantum world.

An anti-realist approach ascribes the mysteries of quantum mechanics to subtleties having to do with how we gain knowledge about nature. Such approaches have radical proposals to make about epistemology, which is the branch of philosophy concerned with how we know things. Realist approaches assume we are able to arrive sooner or later at a true representation of the world and so are deliberately naive about epistemology. Instead, realists are interested in ontology, which is the study of what exists. By contrast, anti-realists believe we cannot know what really exists, apart from our representation of the knowledge we have of the world, which is gained only through interacting with it.

So I will endeavor to reassure readers that quantum mechanics can be understood completely within a realist perspective in which the external world can be completely comprehended as independent from us. There is no mysterious effect of the observer on the observed. Reality is out there, recalcitrant to our will and the choices we make. That reality is fully comprehensible. And that reality consists of a single world.

The existence of these realist approaches to quantum mechanics does not by itself mean that the philosophically more extravagant proposals are wrong. But it does mean that there is no strong scientific reason to believe in them, because realism is always to be preferred in science, when it can be achieved.

Why, then, is so much of the talk about quantum theory inspired by the weirder ideas in which reality depends on our knowledge of it or there are multiple realities? This is a problem for historians of ideas. One such historian, Paul Forman, has tied the dominance of Bohr and Heisenberg’s anti-realist philosophy within the scientific community in the 1920s and 1930s to the embrace of chaos and irrationality advocated by Spengler and others in the wake of the First World War.

That history is fascinating, but it is for scholars to do justice to it. I am not a scholar, I am a scientist, and this brings me to my third purpose in writing this book.

I have been on Einstein’s side in the search for a deeper but simpler reality behind quantum mechanics since first reading him on the subject as a high school dropout. My journey in physics began with reading Einstein’s autobiographical notes, where, in the last few years of his life, in the 1950s, he reflected on the two main tasks he felt were left incomplete in physics. These were to make sense of quantum physics and, after that, to unify the new understanding of the quantum with gravity, by which he meant his general theory of relativity. I recall thinking that maybe I could try to help. I was unlikely to succeed, but perhaps here was something worth striving for.

After, as it were, getting my mission from reading Einstein’s autobiographical notes, I found that book by de Broglie, talked my way into a good college, found great teachers, and got lucky several times in my applications for graduate school and beyond. I’m having a wonderful life, and as a scientist on the frontier, I’ve had many chances to take a shot on goal, aimed at solving Einstein’s two big questions.

I haven’t succeeded, at least so far. Very unfortunately, neither has anyone else. At the same time, over the past several decades there has at least been progress toward understanding the problem. That is not nearly as good as it would be to solve the problem, but neither is it nothing. We know much better than Einstein did the obstacles that a theory that transcends the limits of quantum mechanics must overcome. And because of that, some very interesting proposals and hypotheses have been put forward, which may frame the deeper theory for which we search.fn1

I have been thinking about the question of how to go beyond quantum mechanics since the mid-1970s, and I’ve never been more excited and optimistic about the prospects for success. So this is my third reason for writing this book, which is to bring to a wider audience a report from the front in our search for the world beyond the quantum.
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If we break quantum mechanics down to its most essential principle, it is this:


We can only know half of what we would need to know if we wanted to completely control, or precisely predict, the future.



This disrupts the basic ambition of physics, which is to be able to predict the future. It was hoped that this power would follow if only we could give the physical world a complete description. By describing fully the motion of every particle and the action of every force, we would be able to work out exactly what would happen in the future. Before quantum mechanics was formulated in the 1920s, we physicists were confident that if we could learn the laws that govern the fundamental particles, we would be able to predict and explain everything that happened in the world.

The hypothesis that the future is completely determined by the laws of physics acting on the present configuration of the world is called determinism. This is an extraordinarily powerful idea, whose influence can be seen in diverse fields. If you appreciate the extent to which determinism dominated thought in the nineteenth century, you can begin to understand the revolutionary impact of quantum mechanics across all fields, because quantum mechanics precludes determinism.

To emphasize this point, I like to quote from Tom Stoppard’s play Arcadia, in which his precocious heroine, Thomasina, explains to her tutor:


If you could stop every atom in its position and direction, and if your mind could comprehend all the actions thus suspended, then if you were really, really good at algebra you could write the formula for all the future; and although nobody can be so clever as to do it, the formula must exist just as if one could.1



A complete description of nature, at a given time, is called a state. For example, if we think of the world as composed of particles whizzing around, the state tells us where each of them is, and how fast and in what direction each is moving, at that moment.

The power of physics comes from its laws, which dictate how nature changes in time. They do this by transforming the state of the world as it is now to the state at any future time. A law of physics functions in some ways like a computer program: it reads in input and puts out output. The input is the state at a given time; the output is the state at some future time.fn1

Along with the computation comes an explanation of how the world changes in time. The law acting on the present state causes the future states. A successful prediction of the future state is taken as a validation of that explanation. The prediction is deterministic, in that a precise input leads to a precise output. This confirms a belief that the information that went into describing the state is in fact a complete description of the world at one moment of time.

This concept







	If we knew both A and B at a given time, we could precisely predict the future of the system.

	We can choose to measure A or we can choose to measure B; and in each case we will succeed. But we can’t do better. We cannot choose to simultaneously measure both A and B.
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