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Praise for Putting Ourselves Back in the Equation


‘I couldn’t put this book down. The science of what makes reality tick, and what makes us conscious, all explored with lively, inviting prose that draws the reader in, from cover to cover.’


Susan Schneider, author of Artificial You: AI and the Future of the Mind


‘Putting Ourselves Back in the Equation is a remarkable book. It offers a wonderful treatment of bleeding edge issues in the physics of consciousness, asking whether we are sentient observers of the universe or whether the universe emerges from our sentient observations. George Musser leaves the reader with burning questions about our place in the universe (or vice versa)—questions whose answers seem tantalizingly within reach.’


Karl J. Friston FRS, professor of neuroscience at UCL


‘Fifty years ago, the great theoretical physicist P. W. Anderson wrote an essay titled “More is different.” He tried to explain how when “more” is large enough, it begets “new phenomena” entirely unlike the entities of which there are “more.” In this book, George Musser entices the reader to ask whether in the gap between consciousness, qualia, and free will, on the one hand, and neurons, networks, electrophysiology, quantum mechanics, and neuroanatomy on the other, there might now be a new scientific synthesis necessary. Putting Ourselves Back in the Equation is sprightly, a good read, and beguiled this reader into thinking once again about “More is different.”’


John Hopfield, professor emeritus at Princeton University and former president of the American Physical Society


‘George Musser delivers stunning clarity on mother nature’s toughest puzzles. The reader will discover some things they thought they understood they don’t. And mercifully, some things they thought they would never understand they now do. Putting Ourselves Back in the Equation is a great book.’


Michael S. Gazzaniga, author of The Consciousness Instinct


‘In Putting Ourselves Back in the Equation, George Musser takes us on a fascinating journey that links the deepest mechanisms of human consciousness to the most advanced developments in AI.’


Guido Tonelli, author of Genesis: The Story of How Everything Began
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THE TWIN HARD PROBLEMS




I GO TO A LOT of physics conferences, where I learn the latest about black holes, the Higgs boson, dark matter, and the deepest workings of the natural world. But about ten years ago, I started seeing an unexpected topic on the conference agendas: the mind. In the evening, when attendees gathered for drinks or dinner, I wouldn’t have to wait long before physicists brought up the topic of consciousness. This was new: physics has sought for ages to get our minds out of the picture—to transcend our everyday experience and reveal how puny humans are compared to the vastness of the cosmos.





People sometimes told me that an intensely personal experience had awakened their interest. The young Italian physicist Giovanni Rabuffo got his PhD in 2018 in quantum gravity—the branch of theoretical physics that seeks to comprehend the nature of space and time and, with them, the origins of the universe. He was first drawn to physics as a teenager growing up in a hill town southeast of Rome. “It’s so abstract, it’s so precise, and it really goes down to deep things,” he said. “It’s reshaping philosophy. It’s saying things about nature you could not discover using normal reasoning.”


In 2013, when he was twenty-three and studying for his master’s degree at the University of Pisa, Rabuffo heard about lucid dreaming: dreams when you know you’re dreaming. Curious to experience this phenomenon himself, he found a how-to guide that advised him to start practicing meditation, and over time he learned to quiet his thoughts. Although Rabuffo never hid his side interest from his classmates, neither did he go around advertising it. “In the field of physics, sometimes I found it hard to transmit this passion, this curiosity,” he said. “I found, in some people, a wall to these arguments. Not everyone: the community, in my experience, is really split.” His girlfriend couldn’t understand why anyone would be interested in lucid dreaming, he recalled: “She was like, ‘So what?’ So we broke up.”


One day while he was lying in bed, Rabuffo realized he was dreaming. Excited that he might finally be having a lucid dream, he imagined thrusting his arms out from his body—whereupon he found himself outside his body. This didn’t feel like a dream at all. “It was extremely, extremely realistic, like I was really there, awake,” he told me. Rabuffo saw that his room was dark, but dimly lit by a blue light. As he began to navigate his environment, he found the source of the light: “I moved toward the mirror, and I saw in the mirror, there was not me, there was this light moving,” he said. “As I was moving, the light was approaching the mirror, so I understood that that light was me.” He went to the door, tried to open it, and heard the handle make a rusty sound, before feeling himself pulled back to the bed and into his body. The experience lasted maybe a minute.


Rabuffo continued with his studies and eventually relocated to Marseille, France, to finish his PhD. But he couldn’t shake his fascination with what he’d experienced. He began knocking on neuroscientists’ doors until a leader of the European Human Brain Project offered him a postdoctoral position, where he has found that neuroscientists value his physics expertise in coping with a flood of data. “They need that mathematics,” he said. At the same time, he isn’t presumptuous: “The best quality you can have as a physicist is an open mind. You don’t pretend to know everything.” Rabuffo hopes one day to be able to study why the brain produces sensations such as his. “It is surprising how frequent are these unconventional experiences—and how much they are disregarded,” he said.


RABUFFO’S OUT-OF-BODY EXPERIENCE may be unusual, but he is hardly the only physicist in recent years to have pivoted from studying the workings of the cosmos to contemplating the intricacies of brains—both natural and artificial. Lenka Zdeborová, a Czech-born theorist who is now at the Swiss Federal Institute of Technology in Lausanne, specializes in statistical physics, which looks at the behavior of large groups of particles—billions of particles or more. It comes as no surprise that these vast hordes are complicated. What is much stranger is that their complexity begets simplicity. Through a marvelous and only hazily understood propensity for self-organization, particles spontaneously arrange themselves into collectives: crystals, gases, glasses, and other forms that are being discovered all the time.


In 2015, when Zdeborová was working on her application for a grant that required recipients to take their careers in an entirely new direction, she read about the renaissance of artificial intelligence (AI) after decades of dashed hopes. She thought back to playing chess as a teenager in the ’90s and watching IBM’s Deep Blue chess computer beat the human champion Garry Kasparov. Deep Blue, which relied on rules that had been painstakingly programmed into it, was the crowning achievement of traditional AI methods.1 But in a strange way it was a letdown. The machine worked largely by brute force, and its victory, though certainly impressive, was no more surprising than a computer calculating π to a trillion places. For real insight into the nature of intelligence, most researchers in the ’90s and early 2000s thought they were better off looking to the ancient Chinese strategy game of Go—now that’s a game you couldn’t mechanize so easily. It has too many possible moves. Playing it takes creativity and high-level thought, which seem quintessentially human. The idea of a computer “beating people in Go was for me like saying one day we will have power plants with nuclear fusion: that’s always fifty years ahead,” she said.


But as Zdeborová was preparing to give her oral presentation for the grant, Google DeepMind’s AlphaGo program thrashed some of the world’s top human Go players.2 These victories marked the coming of age of an AI technology based on neural networks, which learned by doing—as a human does—rather than being programmed with rules as Deep Blue was. What gives these systems their almost humanlike (if still narrow) abilities? Raw computing power is part of the answer, but only part. “Fundamentally, we still don’t know,” Zdeborová said. “And so this makes it very interesting. It’s the kind of puzzle that physics loves.” She made such a strong case for crossing disciplines in her presentation that she convinced not only the grant agency but even herself. “Some of the criteria that you have in grant writing are purely annoying. You write something around them, and you’re not really honest. But sometimes it actually helps to find the right direction for you,” she said.


Like Rabuffo, she was acutely aware of physicists’ reputation for barging into other fields, assuming they already know it all. “Physicists are infamously known to do that. Sometimes we are too arrogant!” she told me. So she was careful to spell out exactly what she thought physics has to offer neural network research.


Neural networks can contain billions of computing units—their “neurons,” so to speak. Billions of neurons, billions of particles: they’re not so different. Both neurons and particles interact with others of their kind. Particles attract or repel one another magnetically or electrically; artificial neurons fire off signals through wires, natural ones through axons. One particle might flip another upside down; one neuron might trigger another to start firing. The physical details of these interactions differ, but at an abstract level these particles and neurons are doing exactly the same thing: organizing and reorganizing en masse. “The way we train these neural networks, they really are systems of particles,” Zdeborová said.


Systems of particles and systems of neurons are also alike in their inscrutability. It is hopeless to try to track each and every molecule in a roomful of air (hence the “statistical” in statistical physics, which describes the behavior of particles in terms of probabilities). Neural networks, too, are so enormous that you can’t predict with absolute certainty what they’ll do. This makes them like humans—and this isn’t necessarily what their users want. Because they are too complex to program in the traditional way and must instead be taught, they can be misled. Set loose to learn from information on the internet, for instance, they absorb all its racism and sexism.3 They have been exposed to enough human psychology to be capable of manipulating us, as we are now beginning to see with AI-powered chatbots.4 For these reasons, achieving some deeper understanding of neural networks is essential to designing and using them wisely. “Without really new ideas, just with pure engineering power, there are things we will not overcome,” Zdeborová said.


As chapter 2 will explore, the methods of physics readily carry over to neural networks. You can conduct experiments on networks as if they were gases or crystals and discover the laws governing their behavior. “It’s so complicated, nobody understands,” Zdeborová said. “So it’s the same as if it were real nature. So it’s an object for physics. It’s too complicated to understand elementarily. We really need to look at [a neural network] as a product of nature and treat it as if it was a physical experimental system.” She and others seek a general theory of intelligence that will apply not just to artificial brains, but to ours as well.


Lots of young physicists are following in her footsteps. “I’m very overbooked with student interest,” Zdeborová said. “They just tell me, ‘Oh, I fell in love with the subject. I don’t know really why.’” It doesn’t hurt that students see AI as a brighter career path. The physics life is hard: jobs are scarce, hours are long, progress takes decades. There’s a long history of physicists colonizing other fields for lack of opportunities in their own.5


One of the highest-profile physicists to change the direction of his career is Max Tegmark, a cosmologist at the Massachusetts Institute of Technology (MIT). I got to know him in 1998, when he was a postdoc analyzing measurements of the primordial universe. Later we worked together on an article in Scientific American arguing that our universe is only one among many—that we live in a vast, perhaps infinite, multiverse.6


During an afternoon coffee break a few years ago, Tegmark told me: “When I was a teenager and I realized I loved mysteries—the bigger they were, the more I really loved them—it felt to me that the two greatest mysteries of all were our universe out there and the universe in here.” He tapped his forehead. Tegmark had devoted the first twenty-five years of his career to the former universe because it seemed premature to tackle the latter. Now, consciousness—specifically what philosophers call phenomenal consciousness, the nature of our subjective experience—strikes him as ripe for progress. “It doesn’t feel premature anymore,” he said. “It feels like cosmology’s peaked in some ways.”


Tegmark, who has been applying cosmological data-analysis techniques to brain imaging, thinks scientists can begin to gain traction on consciousness through integrated information theory, which contends that the brain is conscious to the extent that its parts act together in harmony. (Chapter 3 will delve into this theory.) The cerebrum’s vast network of neurons works as a unified whole, fusing sights, sounds, and memories into a seamless field of experience. Its cohesiveness is not unlike the collective order that Zdeborová finds in particle systems, and Tegmark thinks the same mathematical methods that describe those systems should apply to the brain, too. “There’s probably some equation: if information processing obeys this, there’s an experience; otherwise not,” he said.


Lest you think he has neglected the big picture, Tegmark thinks of intelligence as a cosmic phenomenon. Like the late theoretical physicist Freeman Dyson, he believes that in the far future, our distant descendants may be an astrophysical force on a par with natural ones.7 So, cosmologists who make predictions about the fate of the universe need to consider the goals and abilities of intelligent beings. But Tegmark is worried this may be a moot point if humanity can’t survive the many existential perils it has created for itself, such as nuclear war and superintelligent robots. (He’s also concerned that we may not have seen any extraterrestrial civilizations because they all blew themselves up—not a promising precedent for us.) Tegmark notes that scientists have expertise on these threats and, to be frank, have played a role in creating them. “We therefore have a special responsibility to weigh in to counterbalance ‘fake news’ and ‘alternative facts,’” he said. In 2014 he cofounded the Future of Life Institute to that end.


These physicists still consider themselves physicists. They don’t feel that they have left the field, just that they are pursuing it by other means. Not only do they think they might be able to help neuroscientists and philosophers of mind, they also think researchers in other disciplines can help them. As we’ll see, the latest advances in physics present scientists with a paradox: We can’t understand the measurable, material universe beyond our minds without first understanding our minds. Physics seeks objective reality, but can’t get away from the subjective element. As Tegmark put it: “If you look at the problems that we’re still stumped on in foundational physics, pretty much all of them trace back to consciousness.”


A “TICKING TIME BOMB”


Physics is the science of hard, elemental stuff, while the mind is messy and mushy—it can’t be captured in an elegant equation or graphed using x and y axes. You can write the equations describing the behavior of light in a few lines and derive all the principles of optics from them; at the same time, you can read a thousand-page novel and still not feel you understand the characters, or spend your whole life in therapy and still not fully know yourself. Physicists have traditionally left subjective experience to psychologists, poets, and pastors, and those specialists, in turn, have had little use for physics.


This disciplinary divide isn’t temporary or easily overcome; it is inherent in the four-hundred-year-old trade-off that opened the way for modern science. Physics was born from the split between mind and matter. The scientific revolutionaries of seventeenth-century Europe, notably Galileo Galilei and René Descartes, defined their domain as what is externally observable and quantifiable.8 Basically, that meant motion: the paths of cannonballs, planets, pendulums, and so on. You can measure them, plot them, mathematize them. The study of motion, known as mechanics, is still the first thing that physics students engage with. When I was in college, I actively resented that. I wanted to get to relativity theory, quantum fields, the big bang—the juicy stuff. But with age I have come to appreciate the simple things. Swing a pendulum or throw a stone in a pond, and you are already demonstrating essential concepts of advanced physics: oscillation, momentum, energy. The genius (or luck) of Galileo and Descartes was that almost the entire physical universe can be analyzed in terms of movement.


These early scientists weren’t uninterested in the functioning of the mind—Descartes was as much the founder of cognitive science as of physics9—but they recognized it would be harder to explain, and so effectively bracketed it. This split enabled the divide-and-conquer strategy that made science so successful. But the split between subjective and objective was also, in the words of the University of Toronto philosopher William Seager, a “ticking time bomb,” because some things just can’t be conquered by dividing them.10 Clearly, any investigation of the brain requires scientists to integrate mind with matter. Less obviously, so do the problems in foundational physics Tegmark was alluding to, in which our understanding of matter hinges on the nature of consciousness. Scientists could kick these interdisciplinary problems down the road for only so long.


For today’s physicists, nothing forces the issue more than the puzzles of quantum mechanics. Quantum theory underpins our modern description of matter. It governs everything from DNA mutations to supernova explosions and enables technologies from transistors to lasers. No exception to quantum mechanics has ever been found. But there is a troubling superficiality to its success: scratch the surface, and the theory makes no sense. Put three physicists in a room, and you will get four ideas about what it means. I know, because I’ve been in many such rooms. Once I was at a formal dinner with a panel of Nobel laureates and other distinguished physicists and philosophers who had gathered to debate the meaning of quantum mechanics; some had flown halfway around the world for the occasion. But they were so divided that they ended up talking mostly about international economic development instead. Consider how divisive quantum mechanics must be in order for politics to be the more polite subject!


What really riles up quantum physicists is that conscious observers seem to play an essential role in quantum theory—we seem to shape reality by looking at it. Of course we affect reality to some extent just by living and breathing, but quantum mechanics goes way beyond that. Suppose we want to measure the position of a particle. In classical (prequantum) physics, we presume that the particle is somewhere in the lab and that our instruments will tell us where. Those instruments will probably disturb the particle a bit, but with better engineering we can minimize that; there is no theoretical limit to the finesse of our experimental equipment. In quantum mechanics, the measurement process is much less intuitive. The quantities we measure take on their values only when we conduct the measurement; before we do, quantum theory tells us those quantities are undefined, blanks not yet filled in. A particle may start off not having a definite location, not sitting anywhere in particular. But when you go to look for it, lo and behold, you find it in some specific place. Had you not gone to look for it, the particle would have remained in its ambiguous state.


What is more, quantum theory says the position of the particle cannot be pinned down by a piece of equipment registering it mechanically; that merely transfers the ambiguity from the particle to the equipment. Now the measurement equipment, too, no matter how sophisticated, is in a muddle of not detecting the particle in any one place. As physicists realized in the early 1930s, there’s only one thing we know of that unambiguously discerns the particle in one place or another and thereby fixes its properties: the mind of the observer.11 This is strange and unsettling. And in addition to failing to explain why sentient observers should have this godlike power, the theory doesn’t even spell out what an observer is. As one physicist quipped, Does an amoeba count? A human? Any human? Does the human need a PhD?12


Reaching for an explanation, most physicists latch on to the word “seem.” Sure, it may seem that observers play this special role, but they don’t really. Somehow we are misconstruing the theory. Maybe the ambiguity is an artifact of our own limited understanding rather than a fact of nature—the particle has a position all along, even if the theory doesn’t capture it. Or maybe observers are just a stand-in for something else that is more solidly defined—the particle might need to interact with anything substantially bigger than itself, not necessarily a conscious being. As I will return to in chapter 4, the debate around these and other options has been logjammed for the better part of a century. Physicists need fresh ideas.


THE INSIDE/OUTSIDE PROBLEM


Another place where you hear a lot of discussion of observers is at conferences devoted to cosmology. If you had to vote for which branch of science is least likely to have anything to do with the mind, you’d probably pick cosmology. The universe is shaped by mindless, elemental forces, and on the scale of entire galaxies, the human brain is hardly a speck of dust. Yet ironically the universe’s vast size is the very reason that cosmologists these days contemplate the brain.


The universe probably extends much farther than the outer limits of our vision, perhaps infinitely far. Cosmologists think most of it looks nothing like the part that is close enough for light to have reached us over the past 13.8 billion years. The universe’s visible volume may be a violent place, filled with radiation, asteroids, and countless other hazards, but it is downright homey compared to what lies beyond view. Because of a process called cosmological or cosmic inflation, most of the space out there is filled with a peculiarly destructive form of energy, and not so much as a star or planet can form.13 Our corner of outer space is hopelessly unrepresentative of the whole, so we have to be careful when we draw conclusions from it about the cosmos in general.


We live in one of the universe’s rare comparatively habitable patches for the simple reason that there is no other place where we could live. What we see is skewed by our very existence—statisticians refer to this phenomenon as an observer selection effect or survivorship bias. It’s common in everyday life, too: historic buildings seem so sturdily built that you are tempted to exclaim, “They don’t make ’em like they used to,” but you’re only seeing the ones that lasted. To correct for this bias, cosmologists must spell out what a universe needs in order to contain minds able to perceive it. The requirements should be independent of the specifics of life as we know it because minds elsewhere may not inhabit bodies like ours, and even if they do, their bodies need not be carbon-based.


Very few scientists are claiming that our minds play, or even seem to play, a direct, physical role at the level of the cosmos. If Dyson is right, one day our descendants will rearrange stars and mine black holes for energy, but for now we’re still just specks of dust. In this respect, the puzzles of cosmology and quantum mechanics are very different. In other ways, though, they are quite similar. Both hinge on a disconnect between what physics says is out there and what we see. In the quantum zone, physics says particles sometimes have no position, whereas we always see them as having one. In cosmology, physics says most regions of outer space seethe with lethal energy, yet we see it as almost sublimely empty.


And as subsequent chapters will explore, this discrepancy occurs across other branches of fundamental physics, too. Physics says that time has no directionality, yet to us it marches forward. Physics says causation is a fiction, yet cause and effect are evident every time we flip a switch and make the light come on. Physics says all is atoms and void, yet the world is much more ornately structured to our eyes than such a bare-bones picture would suggest.


Maybe our theories are wrong. But they hold up so well in other respects that some think the problem has to do with that ticking time bomb. Physics theories are written in the third person; they aim to represent the world as it is, standing outside any one observer’s perspective. But our observations are necessarily all from our own, first-person perspective—filtered through our senses, our habits of thought, our bodily limitations, and the simple fact that in being part of the system we study, we are unable to stand outside it. Very often, these two perspectives don’t align, and we get the above situations where theory conflicts with what we see. The influential German Enlightenment philosopher Immanuel Kant famously argued that we have no direct access to reality; we may perceive the world a certain way because it is the only way we can perceive it.


There’s no generally accepted term for the relation between first- and third-person perspectives, or for their failure to align—which is strange, because philosophers love naming things. I’ll call it the “inside/outside problem.” It is one aspect of the subject known as epistemology. Many eminent twentieth-century physicists have argued that epistemology is as much the purview of physics as of philosophy. Albert Einstein developed his theories of relativity by thinking about how observers embedded within the world make measurements of it. By analogy, at a concert you may think you are clapping in time with the music, but the drummer may think your rhythm is off—and both of you may be right, because sound takes time to travel. An absolute notion of “simultaneous” presumes an unattainable God’s-eye view. To make progress, we have to let it go.


Quantum theory forced an even deeper rethinking of epistemology. In 1948 Erwin Schrödinger said: “The scientist subconsciously, almost inadvertently, simplifies his problem of understanding Nature by disregarding or cutting out of the picture to be constructed, himself.... It leaves gaps, enormous lacunae, leads to paradoxes.”14 A few years later, Werner Heisenberg wrote: “The familiar classification of the world into subject and object, inner and outer world, body and soul, somehow no longer quite applies.”15 John Wheeler, a pioneering gravity theorist and cosmologist, put it this way in the 1970s: “The observer is as essential to the creation of the universe as the universe is to the creation of the observer.”16 Yet these sentiments were little more than just that—sentiments. Physics needs to make room for observers and perhaps for their conscious experience: Yeah, we get that. But how?


Physicists have tended to form their views on the observer question or inside/outside problem in a bubble, based on their own hunches about the mind, without bothering to ask for help from the experts in philosophy or neuroscience. That insularity is now breaking down. No one is quite sure what will happen as physicists and neuroscientists explore the uncharted territory that has always lain between them.


THE HARD PROBLEM OF CONSCIOUSNESS


When you talk to physicists about consciousness, it’s only a matter of time before they mention David Chalmers, a philosopher now at New York University. In a much-cited 1994 lecture, he introduced a new phrase into the language of science: the “hard problem.”17


By “hard,” Chalmers meant impossible. Science as we now practice it, he argued, is inherently unable to explain consciousness; it can’t get any traction on this aspect of the inside/outside problem. He pointed out that this is a failing not of any specific neuroscience theory, but of theorizing in general. Scientific explanation is reductionist. It treats material objects like IKEA furniture: you lay out their parts, bolt them together, and pray the box isn’t missing some essential piece. Science gives you the assembly instructions: it tells you how the parts relate to one another and how they interact to create something larger than themselves. And even outside what we commonly think of as science, humans typically understand things by breaking them down into parts and relating each part to the others.


Chalmers suggested that a reductionist style of explanation doesn’t work on the mind. The brain consists of parts—neurons and associated cells—and in principle you could trace all the signals passing among them (although, to borrow from George Eliot, if we could hear the billions of miniature lightning bolts zapping through our heads, we should die of that roar). But how does that quantifi-able activity relate to our inner experience? Our experiences of the beguiling scent of a rose and the awfulness of fingernails on a chalkboard are not decomposable into smaller pieces. These experiences are also impossible to grasp by reference to anything else. To convey scarlet to somebody who has never seen that color, where would you even begin? Is it to crimson what the smell of an orange is to that of a grapefruit?18 You can be as evocative as you want with your metaphors, but ultimately others will need to see for themselves.19 The qualities of experience, known as “qualia” (“quale” in the singular), can’t be grasped intellectually. They must be experienced firsthand.


The inadequacy of our explanatory framework for the mental realm goes back to the mind-matter split, when physics and science in general were defined as that which is not mental. “Perception and that which depends on it cannot be explained mechanically, that is, by means of shapes and motions,” the German philosopher Gottfried Leibniz wrote in 1714. “And if we suppose that there were a machine whose structure makes it think, feel, and have perception, we could imagine it increased in size while keeping the same proportions, so that one could enter it as one does with a mill. If we were then to go around inside it, we would see only parts pushing one another, and never anything which would explain a perception.”20 For most of Leibniz’s contemporaries, this posed no problem, because they still accepted the mind as a separate category. They had no expectation that physical science had to accommodate subjective experience.


But by the mid-1800s the success of science had encouraged a different view: forget mind; matter is all there is.21 Especially in the wake of Charles Darwin, the mind began to seem like an unnecessary, even supernatural add-on. It must somehow arise from the workings of matter. In the 1870s neuroscientists began to study animals and people with neurological conditions, notably epilepsy, to see which parts of the brain were responsible for consciousness, a line of thinking that inspired Sigmund Freud to explore the depths of our interior lives.22 But many felt that neuroscience methods just didn’t—and couldn’t—get at the deepest questions.


Chalmers updated these worries for modern scholars at a propitious moment, when consciousness research was flowering as never before. And telling physicists that something is impossible is sure to get them interested. Not only will they want to prove you wrong, but proofs of genuine impossibility are themselves profound insights into nature. Entire branches of physics are built on understanding why it is that we can’t do things like build a perpetual motion machine or travel faster than light. Other times, theories say that something is impossible when it clearly isn’t, which betrays a subtle flaw in those theories. For nearly a century, fundamental physics has been stuck on the problem of creating a unified theory. It seems impossible to unite our two bedrock theories, quantum mechanics and Einstein’s general theory of relativity, which describes gravity; they are too dissimilar. For instance, they involve different conceptions of time, as chapter 8 will discuss. But it must be possible to unify them, because we observe nature to be a unity; the conflict between our theories does not appear out in the real world. The seeming impossibility just means that some new big discovery awaits us. Most physicists think it will all make sense one day.


The same goes for consciousness. We are composed of matter, and we are conscious, and therefore it must be possible to reconcile those two facts. It may seem impossible, but that just means we’re missing something, and neuroscience on its own may not be able to fill it in. Physicists have a track record of taking things that seemed utterly different, such as matter and energy or electricity and magnetism, and showing they are essentially the same. Can they do that for matter and mind? Although the hard problem of consciousness originated in neuroscience and philosophy, it is equally an issue for physics, because it means that at least one phenomenon still lies outside our present scientific framework. This almost guarantees that a new scientific revolution awaits us. And when that revolution comes, physicists may find the answers to those other inside/outside problems that hinge on consciousness. “We won’t have a theory of everything without a theory of consciousness,” Chalmers routinely tells physicists when he gives lectures to them.23 Having cracked open protons and scoured the skies for things that current theories can’t explain, they are humbled to learn that the biggest exception of all may lie in our skulls.


Admittedly, Chalmers plays to a physicist crowd. Theoretical physicists like to entertain crazy ideas, and are resigned to the fact that the rest of the world considers them crazy. (I had a friend in graduate school who told a girl he met at a bar that he was an astrophysicist. She immediately got up and walked away.) So along comes Chalmers, telling them that neuroscientists need crazy ideas—keep ’em coming. What’s not to like about that?


It flatters physicists that consciousness should fall into their academic inbox—that explaining our inner experience might require new physics. Perhaps mind is a basic ingredient of nature, and just as particles have mass or electric charge, they also have mental properties. Or perhaps there is some new fundamental law, in addition to the laws governing how objects move, that determines whether they have inner experience or not. As the coming chapters will lay out, down that path lies panpsychism, the ancient idea that all the world is sentient, so physics-inspired theories of consciousness tend to be panpsychist. A lot of neuroscientists are unhappy with panpsychism. To them, it doesn’t explain consciousness so much as deny that it has an explanation and, even if true, would not solve the puzzle of why our conscious experience has the specific structure we observe it to have.24 Most neuroscientists I have spoken to prefer to think that consciousness is a specialized function limited to humans and a few other animal species, and that even humans might lack consciousness had evolution unfolded some other way.25 If so, the answers lie in the biology of the brain, not in any broader revision to our understanding of nature. Physicists are certainly invited to pitch in on data-crunching, but should otherwise keep their crazy ideas to themselves.


Most physicists I’ve talked to see both sides of this debate. They don’t think consciousness can be as straightforward as adding mental properties to their fundamental theories, and they defer to neuroscientists as the ultimate authorities, yet they are struck that the mind poses foundational questions. If the mind calls for a new style of explanation that goes beyond reductionism, physicists definitely have a professional interest in that.


THE OTHER HARD PROBLEM


In one chapter of his 1996 book The Conscious Mind: In Search of a Fundamental Theory, Chalmers mentioned a second hard problem. Not as widely known, it is slowly getting more attention; as if the hard problem of mind weren’t enough, there is also the hard problem of matter.26


Whereas the hard problem of mind comes from neuroscience and philosophy of mind, the hard problem of matter is internal to physics. Physics describes how things are put together—the relations among their parts. That’s why, as I mentioned above, it is mismatched to the mind: conscious experiences can’t be reduced to parts and can’t be described in relation to anything else. For the same reason, physics provides an incomplete picture even of material things. The laws of physics tell you what things do, but not what they are. A quantity such as mass or electric charge tells you how an object will speed up or change direction, yet the nature of the object slips through your fingers.27


The hard problem of matter is not new; it goes back, again, to Leibniz.28 Physicists are mostly unaware of this history, but they recognize the problem from their struggles to comprehend quantum mechanics and the more advanced theory that is based on it, quantum field theory. Quantum particles have so little individual identity that you can swap two of them and absolutely nothing changes. Even to call them particles paints a picture of localized scraps of material that isn’t really justified. Two or more of them can also bind together in such a way that they lose whatever innate properties they had and exist only in relation to one another. Everyone who works in this area has their own idea about what the fundamental objects of quantum theory really are, or even whether there are any, and experiments cannot help us decide among these options. So we are in the strange position of not knowing what we are talking about.


Like the inability of physics as currently conceived to describe the mind, this diﬃculty is not a small bump in the road, but the consequence of a basic trade-off that physicists make. It comes, first, from their reliance on mathematics. The number two could refer to two apples, two teardrops, two galaxies: the nature of the object is abstracted away. Abstraction gives physics tremendous power, but at a cost.


Physicists’ search for a unified theory also contributes to the problem. Since the dawn of their field, they have discovered that things that seem very different are alternative arrangements of the same few types of building blocks. The distinctness of things is a product of how those building blocks behave rather than of their intrinsic nature. A table feels solid, but is mostly empty space; an apple is red, but its protons and electrons are colorless. Solidity and redness result from how those building blocks repel one another and interact with light. The building blocks themselves have hardly any properties; it is what they do, rather than what they are, that explains what we see. And every time physicists zoom in to a finer grain of building block, the building blocks lose a few more properties. Physicists have reached the point where almost nothing is left. One candidate unified theory, string theory, holds that the fundamental constituents of the universe have no fixed properties at all.29


Maybe that’s OK. Some physicists and philosophers have concluded that, deep down, the entire category of “thing” is misguided and only relations exist. Things may emerge at higher levels without having any fundamental existence. But reducing everything to relations seems to lose the stuffness of stuff. How can there be relations if there’s nothing to relate? Isn’t that like a tryst without lovers?30


The hard problem of matter—this mystery of what physics is ultimately investigating—is intriguingly similar to the hard problem of mind. A purely relational description of matter leaves a universe that consists of nothing. Likewise, a purely relational description of the mind omits the experiential quality of experience—our sense that our mental life isn’t reducible to information, that it has some extra fizz to it. Chalmers and others have speculated that the twin hard problems are linked and that the nature of matter is related to the nature of mind. The details are hazy at the moment, but the takeaway message is that physics needs to reach outside itself to answer its most fundamental questions.


For all these reasons, physicists are beginning to take up neuroscience and AI—in essence, they have no choice. What a robust theory of consciousness will look like, scientists don’t yet know. But they are in the midst of building and testing concrete models that illuminate the mind and its relation to the universe. Their enthusiasm has infected me, so over the past several years I’ve been talking with physicists, neuroscientists, AI researchers, and philosophers, trying to learn more about this strange new territory at the intersection of their fields. In the following chapters, I’ll dive into these puzzles, starting with what physicists might be able to say about the mind and building up to what a theory of the mind might tell them about physics.
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THE NEURAL NETWORK REVOLUTION




JOHN HOPFIELD REMEMBERS THE WISPS of silicon smoke. It was early in 1985, when he was a Caltech professor and newly famous for proposing a novel type of artificial neural network, and he was visiting his coauthor and fellow physicist David Tank at Bell Labs to see what they could do with it. The two of them realized that the network could breeze through problems that ordinary computers choked on, and they were eager to give it a try. “We thought, Why not build one?” Hopfield recalled. “Why don’t we build one tonight? I wasn’t doing anything; David wasn’t married yet.”




Hopfield and Tank got to the lab at eight o’clock in the evening. They started with an empty circuit board, the size of a pad of paper, on which they could mount electronic parts. Then they rummaged through drawers. Operational amplifiers, or op-amps, would be the neurons of their artificial brain. Figuring they could wire together the network straight from the math, Hopfield didn’t bother drawing a circuit diagram or adding parts to limit the electric current in event of a wiring mistake. “Protection resistors were not in our macho mindset,” he said. Consequently, they fried some of the amplifiers: “David would have to tell you how many op-amps we threw out. I got to be very familiar with the smell of very hot silicon.” In fact, they ran out of the devices and had to “borrow” some from another lab. “My analytical capabilities were somewhat dimmed by two beers at dinner,” Hopfield recalled. At two in the morning, he called it a night, while Tank kept at it. The next morning, Hopfield came in to find a graph-paper plot proving the network worked.


Neural networks have become the defining technology of the twenty-first century, but few outside the field realize the crucial role that physicists have played in inventing, refining, and understanding them. Whatever the word “neural” might suggest, these networks are inspired as much by physics as by biology. And precisely because they are treated as outsiders to the field of AI, physicists have been immune to its academic politics. The idea of neural networks goes back to the 1870s, and the first working systems were built in the 1950s.1 But for reasons that those who were around at the time still chew over—and that had as much to do with personality conflicts as with any rational argument—AI researchers and funding agencies turned their backs on them in the ’60s and ’70s.2 “It was taboo,” the eminent neural-network researcher Yann LeCun of Facebook (now Meta) told me. “You could not publish papers about neural networks anymore.” Hopfield, Tank, and other physicists, as well as most biologists, were happily oblivious to this checkered history. “Physicists and biologists had no stigma. Hopfield made it respectable,” said LeCun.


Neural networks are webs of basic computing units—the neurons, either natural or artificial—that are wired together electrically. A good picture to keep in mind is a rail or airline route network consisting of interconnected terminals. A biological neuron is a complex little computer in its own right, but in artificial networks each unit can be as simple as an on-off switch. Each unit monitors the output of multiple other units, and switches on if enough of them are on, as if taking a vote. The output of a unit is disproportionate to its input: a large input might evoke no response, and then a small change will suddenly release an output.


That balance of insensitivity and sensitivity, which mathematicians call nonlinearity, lets neurons serve as universal computational building blocks. String enough of them together, and you can perform whatever mathematical operation you like. Crucially, the wiring among neurons is not fixed; it can be adjusted to make the network perform the desired operation. For instance, suppose you represent the operation by drawing a curve on a sheet of graph paper. The horizontal axis is the input, and the vertical axis is the output. No matter what this curve looks like, the neural network can mimic it to a high degree of approximation. Each individual neuron fills in a piece of the curve, and a large number of them, adjusted just so and summed together, create a complete line, like snapping together Lego bricks of varying sizes to build a stairway or an archway. In this way, networks can perform operations as basic as adding two numbers or as complicated as converting image pixel data to humanreadable labels such as “kitten” and “puppy.”
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2.1. FEEDFORWARD NEURAL NETWORK. A basic neural network consists of simple computing units (circles) connected by wires (lines). Engineers train it by adjusting the wiring to ensure it produces the desired output for a given input. For example, you enter image pixel data at the left, and the network outputs the probability that the image is of a cat. To make this assessment, the intermediate, or “hidden,” layers typically assemble the raw data into increasingly refined geometric shapes.





There are several ways to build an artificial neural network. Hopfield and Tank wired together their artificial neurons using actual wires. I once built such a network using the children’s electronic kit Snap Circuits.3 On other occasions, Hopfield wrote code to simulate his networks on a standard computer, using a matrix of numbers to represent the interconnections. Researchers can also—in a fascinating new approach—culture biological neurons in a petri dish and let them link up on their own, as they would in a living brain.4 Today, networks are usually simulated, as will be true of most of the networks I describe from here on. In each case, engineers adjust the interconnections by an automated process of trial and error, otherwise known as “training” the network. They might feed a network images labeled “kitten” or “puppy.” For each picture, the network assigns a trial label, checks whether it was right, and tweaks its neuronal connections if not. Its guesses are random at first, but they get better; after perhaps ten thousand examples, it knows its pets. By the way, puppies and kittens aren’t just an example I’ve concocted. Researchers routinely use pet pictures to test their networks—the internet has no shortage of cats.


Because neural networks are so powerful and yet so simple, they are fun to work with. That—along with the big bucks—is a big draw for many physicists. Networks collapse the distance between having an idea and showing it works. Hopfield and Tank were able to build their hardware version in a single all-nighter. Once when I was at a hole-in-the-wall restaurant in Tokyo with a group of conference attendees, one of them, eager to make a point, pulled out his laptop, tapped in a dozen lines of code, and was showing us data before we had time to order another round of sake.


That researcher—Nicholas Guttenberg, a physicist who now works at Cross Labs, a small Japanese AI research institute—encourages everybody to give it a go. Lots of apps now let you play with a simple neural network without having to write code at all. “Everyone should have experience of training a neural network, because you begin to think like an AI,” Guttenberg said. “These things are idiosyncratic, and they have a kind of psychology.” Knowing their quirks and their mechanisms can help to dispel Terminator scenarios of AIs taking over by brute force. “Part of the reason I’m not that afraid of this stuff—I don’t think neural networks are going to rise up and kill us—is because I work with them,” he said. The real risk, he thinks, is that people will use these systems uncritically, relying directly on their output for important decisions without checking whether it makes any sense.


Skeletal though they are, neural networks are capable of incredible complexity. Unlike most computers, which execute a program step by step, they are highly parallel systems with millions of interweaving logical paths. Each neuron acts independently: it does not have to wait its turn; it responds to its own inputs. Data flows through a network like water gushing over a waterfall, filling every void, eddying in some places and plummeting straight down in others—not by some grand design, but through droplets following whatever path their neighbors let them follow. Neural networks have an organic messiness that seems true to biological brains. They do well at the sorts of tasks our brains do well at: recognition, association, categorization. They have trouble with the tasks we have trouble with: logic, math, precision. And like us, they are not programmed, but taught.


Neural networks also bear a remarkable resemblance to the systems that physicists study. These, too, consist of simple units—particles, ions, molecules—that interact with one another and assemble into complicated structures such as crystals and glasses. We don’t normally think of a snowflake crystal or a glass window as performing a computation, but, as we will see, molecular interactions are entirely equivalent to neural interconnections.


So using physics to understand these machines may tell us something about ourselves, too—not merely in the superficial sense that we are likewise made of particles, but in a deeper sense. There is a remarkable parallel between how inanimate matter organizes itself and how human perception, intelligence, and, perhaps, consciousness arise. Our brains, and those of our machine cousins, mirror the structure of physical reality. Mind and mindless are not such distinct categories as they may seem.


THE MACHINE IN THE GHOST


The concept behind neural networks is rooted in early efforts to reunite mind and matter not long after Galileo and Descartes split them apart. Other seventeenth- and eighteenth-century natural philosophers, starting with Thomas Hobbes, set out to do for the mental realm what Galileo and Descartes had done for the physical: identify simple unifying principles.5 These thinkers zeroed in on a principle known as the association of ideas, which originated with Aristotle.6


Aristotle argued that the elemental mental act is the formation of an association—a connection between two or more ideas, so that recalling one evokes the other. Our brains weave vast webs of associations, giving human thought its richness. Sensations pour in, eliciting some initial associations, which summon other associations, ultimately leading to the actions we take and the utterances we make. Dip a madeleine into tea and memories flood your mind. Based on this old concept, Hobbes and others hoped to create a mechanistic theory of thought, both for its own sake and for the broader project of explaining the universe. Without a theory of the mind, how can we be sure that we are able to apprehend what’s really out there? These natural philosophers put forward laws that governed which associations would form and when. Importantly, they argued that our brains learn these connections from experience; they do not need to be born with them. In short, they introduced the two essential features of today’s neural networks: that they are cat’s cradles of linked information, and that they acquire this information by taking it in rather than being preprogrammed with it.


In 1749 the English doctor and philosopher David Hartley combined this psychological theory of association of ideas with early physiological speculations by Descartes and Isaac Newton.7 Hartley proposed that nerve tissue pulses with vibrations like ripples in a pond or sound waves in a room. As they meet one another, he thought, the vibrations reinforce or coalesce, forming physical associations that are the basis of the psychological ones. He suggested that just as individual voices blend in a chorus, simple ideas can combine to form compound ideas. Hartley conceived of memories as reverberating echoes that are spread across the brain, rather than as records that are filed into separated compartments, as others had argued.8 In fact, modern neural networks store information in just such a distributed way.


As innovative as Hartley’s theory was, he openly admitted that those vibrations were the product of speculation. Toward the end of the 1700s, scientists discovered that nerve signals are actually electrical. Studying them required the skill sets of both physics and biology. Driven, like Hobbes and Hartley, by the conviction that the brain should be comprehensible in the same basic terms as the rest of the physical world, German researchers calling themselves “organic physicists” made huge strides in the mid-1800s.9 Their progress inspired philosophers of mind such as the Scotsman Alexander Bain and the American William James in the late 1800s.10 Bain and James were struck by how microscope images of nerve tissue showed an interconnected network—it was as though philosophical abstractions had coalesced into physical form. In their books they drew diagrams of what we now recognize as neural networks.11


These networks provided a solidly grounded mechanism for the association of ideas. In Bain’s model, a signal entering the network stimulates a cascade of nerve activity. If two signals enter the network at the same time, they unleash two cascades, and if the brain strengthens the linkages between the two affected groups of nerves, it will form a memory of the pairing.12 This simple learning mechanism later got a pithy catchphrase—“Neurons that fire together, wire together”—and really does seem to occur in our brains: the chemical activity at synapses, where the output of one neuron meets the input of another, is self-reinforcing.13 For Bain, who coined the term “stream of consciousness” to describe energy surging through the network, a conscious experience was a transition occurring within the network—the adjustment it made in response to a change in the world.14 This hypothesis anticipated the modern theories of consciousness that I will discuss in chapter 3.


Having joined forces on these problems, physicists and psychologists parted ways again.15 Decades later, in the 1940s, psychologists teamed with mathematicians, engineers, and physiologists to develop neural networks into a rigorous field of inquiry under the rubric of “cybernetics,” a precursor of what we now call artificial intelligence.16 Cybernetics inspired the first hardware neural networks in the ’50s.17 Although this program drew on ideas from physics, physicists weren’t much involved18—they were making a bigger splash in molecular biology, which stands to reason, since the development of quantum physics in the 1920s and ’30s made it possible to understand structures as small as viruses and DNA. Many Nobel laureates in this new field, such as Francis Crick, Maurice Wilkins, and Max Delbrück, were ex-physicists.19 Some of these physicists turned molecular biologists later pivoted to study the brain, but the next big contribution by physics to neural-network research came from an unexpected direction: the study of gases, crystals, and other collective systems.


THE HOPFIELD NETWORK


While I was a visitor at the Institute for Advanced Study in Princeton several years ago, I often went to the cafeteria to have lunch with John Hopfield. He was eighty-five years old then and slow on his feet, but not in his thought; he remained an active researcher. Hopfield told me he went into physics because, unlike other sciences, it doesn’t make students retain long lists of chemical elements, reaction mechanisms, and anatomical parts. “That was actually my strength: not being able to memorize,” he said. “When I listened to a seminar, I was not trying to absorb the details. I was trying to see, how does this thing fit together?”


In grad school he studied how light interacts with solid materials, and in 1958 he got a job at Bell Labs in Murray Hill, New Jersey. Those were the glory days of Bell Labs—he rubbed shoulders with the inventors of the transistor, the laser, the communications satellite, and the UNIX computer operating system. He learned Go from the future Nobel laureate in physics Philip Anderson. Though hired to study semiconductors, Hopfield was encouraged to explore new fields, and at one point a colleague suggested biochemistry. Not knowing much about biochemistry, he did what many scientists in those days did when they wanted to master a new field: he taught a university course on it, as a sideline to his main job. Nothing forces you to learn like having to teach.


His first papers in biology came out of that course in 1974 and caught the attention of Francis Schmitt at MIT. Schmitt had coined the term “neuroscience”—a merger of biology and psychology—and conjured the field into existence by running a series of miniconferences.20 To add physics to the mix, he invited Hopfield to join. Now that he was expected to give a talk, Hopfield realized he had better come up with something to talk about. “That pushed me to try to do anything they might be able to connect with,” he said.


He noted that while biologists studied individual neurons and psychologists studied rats in mazes, nobody studied what came in the middle: how basic physiology resulted in outward behavior. “There were just no real connections between those people,” he said. Like Hartley two centuries earlier, Hopfield thought physics could plug this gap. He inaugurated the trend that I mentioned in the previous chapter: leveraging the insights of statistical physics, which specializes in how massive numbers of particles give rise to collective effects. As billions of molecules configure and reconfigure themselves, basic properties of the world around us, such as temperature and pressure, emerge. What individual molecules do is lost in the shuﬄe; only their averaged behavior matters. If molecules can behave this way, why not neurons? The core functions of the brain might be collective effects, too. “When I puzzle over what is consciousness, I have a feeling, still, that it’s probably emergent,” he said.


Others in Schmitt’s group were dubious. “If somebody has spent their life studying calcium channels, they would look at what I was doing and say, ‘Your model doesn’t have calcium channels. They’re very important!’” Hopfield said. “To them, everything works through the details. To me, if you chase down the details, you’ll never keep track of all of them; you’ll never understand how it works. You’re focused at the wrong level.”


When Hopfield described his sources of inspiration to me, one was conspicuously absent: the neural networks that had been built in the ’50s. He said he didn’t think much of them. They were oneway, or “feedforward,” systems, which are like computational assembly lines. Data flows in one side, it goes through various stages of processing, and the network spits out a result. Given an image, the network breaks it down and gradually works out whether it shows a puppy or a kitten. Until you give the network something, it just sits there, waiting. As he was developing his ideas in the late ’70s, Hopfield doubted the brain was so straightforward. Biologists had shown it to be a “feedback” system. Its neural circuits are not oneway, but every-which-way. They loop back on themselves and are able to adapt. They need no external input to get them going. Even if you do nothing to it, a feedback system will rouse itself to activity.


To capture that dynamism in a simplified model, Hopfield fused together various concepts from cybernetics and physics—for example, the Ising model of magnetism, which is basically a description of how particles, acting like iron filings, snap into or out of alignment with one another under the influence of a magnet or even just on their own. The result was a neural network, later dubbed a Hopfield network, of an entirely different sort from the networks of the ’50s.21 The artificial neurons in it exchange signals and flip on and off in response to what other neurons are doing. One neuron might cause another to turn on, prompting others to turn on or off in a cascade effect, perhaps changing the status of the original neuron. There is no controller governing the system. The neurons develop collective patterns all on their own.


The smallest such network has just two neurons. You can set it up so that if one is on, the other goes off, and vice versa. Consider what happens if one is initially on: The other will turn off if it isn’t already off. In response, the first neuron will want to turn on, but it is already on. Thus this situation—one on, one off—is a selfsustaining, stable state. When you add more neurons, the system can have multiple stable states, or “attractors.” Neurons might receive conflicting signals to turn both on and off, which will require the network as a whole to strike a compromise. It is not obvious what this compromise will be, which is why physicists find these systems fascinating.
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2.2. HOPFIELD NEURAL NETWORK. A Hopfield network is a type of feedback, or recurrent, neural network. The basic computing units (circles) are not arrayed in layers, but are completely interconnected. Because of this connectivity, the network has its own internal dynamics, independent of what input it may be receiving. Like other neural networks, it is trained by adjusting the wiring (lines).





In two important respects, the Hopfield network vindicated the early network concepts proposed by Hartley and Bain. First, its artifi-cial neurons could be trained using the “fire together, wire together” principle, like real neurons in the brain. Second, the network stored information in a distributed form. Hopfield demonstrated both these features by training the network to act as an advanced type of computer memory.


The memory in your laptop or phone is like an immaculately organized desk where every piece of paper is properly filed into its respective folder. When you store, say, a telephone number, the computer assigns it an address, as if dropping it into one folder. To retrieve the number, the computer has to specify the address. Much of computer coding consists of moving information from one location to another and keeping track of what is where. Hopfield’s neural network, on the other hand, is more like a desk covered with sprawling papers and tottering piles, whose occupant can nonetheless find anything, because the arrangement has an organic quality that captures not only a piece of information but an entire thought process.


First Hopfield input some data by manually turning neurons on or off. Then he adjusted the wiring connecting the neurons. If, say, the first and third neurons were on, he strengthened the connection between those neurons by allowing more current to flow between them. That way they reinforced each other, and the pairing of those two neurons became an attractor state of the network. If he input additional data, he could create other attractor states. The network would not lose the earlier entry; it would still be there. To retrieve information, he did not need to specify its address. Rather, he gave the network part of the data, which was enough to identify which attractor state it corresponded to, and thereby evoked all of it. With phone numbers, for example, he could give the network a few digits and it would fill in the rest. Human memory is like this. Not only can we recall information from partial clues, we can also form unexpected associations—that’s almost the definition of creativity. Associative memory is also the linchpin of the neural networks that, since 2017, have revolutionized language translation such as Google Translate and chatbots such as ChatGPT.22
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