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Overture

Imagine yourself clinging, like a character in a spy thriller, to the roof of a bullet train hurtling along at 150 miles per hour. Your situation is extremely precarious. As you are dragged along, the air resists your passage, and a hurricane-force wind threatens to push you off the back of the train. Your hair flies around wildly as you hang on for dear life.

And yet, as you read the opening words of this book, you may well have forgotten that you are sailing across the cosmos at 150 miles per second.1 That’s over 500,000 miles per hour. You are carried along with the Earth and Sun, in their orbit of our galaxy’s center, thousands of times faster than the imaginary train. Nevertheless, you feel no space resistance. There is no “space wind” blowing your hair about. You travel through empty space as though it’s not even there.

This wouldn’t be puzzling if space were the benign, boring nothingness that we once thought it was. But after Einstein suggested that gravity reflects the bending of space and time, we learned that empty space itself can warp, stretch, and ripple. It is hard to imagine that nothingness could do these things, which seem more characteristic of materials such as fabric or rubber. Yet if space behaves like rubber, why can we move through it as though it’s not there?

We do have some clues as to how empty space is distinct from rubber, air, or water. For instance, the waves in ordinary materials can always be overtaken: a speedboat can travel faster than ocean waves, and a plane can travel supersonically, outpacing its own sound. But you cannot catch up to ripples of space, known as “gravitational waves.”

This would seem to violate common sense. No matter how quickly these ripples traverse the cosmos, you might imagine that a spacecraft with a powerful rocket engine could relentlessly increase its speed and eventually pass them by. But it just can’t be done. Empty space is sort of like an ocean, and yet, in the end, it’s not. There’s something almost illogical about it.

As unusual as gravitational waves are, they’re not alone; experiments have confirmed that light waves can’t be overtaken, either. Moreover, they travel at the same rate as gravitational waves. These commonalities are striking, and in stark contrast to ripples in ordinary materials. Not only can sound waves, ocean waves, and earthquake waves be outrun, they each proceed at their own clip, as do ripples along ropes and in rubber sheets. So the fact that waves of light and undulations of space share remarkable properties suggests that the two might be profoundly interrelated. Perhaps they are different facets of a single, underlying structure.

It doesn’t end there. Our own bodies are also made from tiny waves, mainly electrons and quarks, which we refer to as “elementary particles.” Unlike light waves, these basic building blocks of ordinary material need not move at a fixed speed. This flexibility, crucial in allowing them to form atoms, rocks, and humans, arises from the fact that they have a property called “mass.” They obtain their mass from a strange space-suffusing entity, an enigmatic presence known as the “Higgs field.”

Yet though their speeds can vary, they are capped. Their motion cannot exceed the speed of gravitational and light waves—about 186,000 miles (300,000 kilometers) per second, or 670 million miles per hour—which seems to serve as an unbreakable cosmic speed limit. Why is there a single speed restriction that applies to all these different objects? Perhaps electrons and quarks, too, are a part of the same structure that incorporates light, gravitational waves, and space.

If so, what might this mysterious structure or system be, and how might it work? Our knowledge is limited. But we have a name for it. We call it “universe.”

I don’t just mean The Universe, as written with a capital “U” and spoken into a microphone with lots of echo—the gigantic black spaces that we typically block out of our minds except on clear, dark nights. I’m referring to the universe writ small as well as large, as it plays out in daily living: in our own bodies, in our homes, and in everything we encounter during every moment of every ordinary day.

Here’s another curious fact, perhaps another clue. Obviously, you and I can’t move through solid rock; we’d face stiff rock resistance, far more severe and destructive than the air resistance that would endanger us atop a bullet train. Yet seismic waves, waves in the Earth’s rock caused by earthquakes and volcanoes, don’t have this problem. They can travel directly across our planet from one side to the other facing no resistance whatsoever.

How do they manage this little miracle? It’s not so mysterious. To the rock, our bodies are alien; the rock resists our presence in its territory. But seismic waves are vibrations of the rock itself. They belong there.

So what does it mean that we move through empty space—through the universe—without space resistance? Our drawings and descriptions of basic physics subtly lead us to imagine ourselves as made from ingredients that exist within the universe. But perhaps that’s not so. It seems as though we are made from waves of the universe.

I do not mean this in a spiritual or metaphorical sense, though there’s no harm in those resonances if you are inclined to hear them. My meaning here is concrete, tangible, real in the scientific sense. I am suggesting that our very substance is the cosmos in action. From this perspective, we are not merely residents of the universe, living within it as we live within our houses and apartments. Nor do we swim through the universe as fish swim through the sea. We are aspects of the universe, as seismic waves are aspects of rock and as sound waves are aspects of the air.

A better understanding of how the cosmos works, then, is a path to a better understanding of ourselves. We can gain insight into our senses, our muscles, our brains, our conception of what we are. Our connections to the outside world and to each other—our ability to see, hear, touch, interpret, communicate—become clearer. Central to all of these are fundamental though counterintuitive principles of physics, conventionally thought to be accessible only to experts. But perhaps it’s time for conventional thinking to change.

My intention in this book is to bring these elements of the cosmos, and our place in it, within reach of a nonexpert reader, one who may have no background in science. But I’ll be honest: the trail I’ve laid out is not a light walk in the park, for the universe’s secrets are subtle and require serious thought. To paraphrase a quotation often incorrectly attributed to Einstein, everything in this book has been made as simple as possible, but not simpler.2 There’s no math, only concepts. I’ve avoided jargon wherever possible. I haven’t assumed that you remember any science from school other than a vague flashback to a near-forgotten chemistry class. Nevertheless, you may find it helpful, as I did when I was first learning science, to read certain sections more than once.

Why did I write this book, and why do I hope you’ll read it? There are many answers, some of which I’ll come to later. But here is perhaps the most important one. If you, like me, harbor deep and existential questions regarding why we are here and what life is about or ought to be about, and if you stare into the empty eyes of the night wondering what it means to be a human being, then I suspect you might find insight, more than you may imagine, through a better understanding of how the universe functions within us. A personal lesson that I myself have learned, drawing upon my long experience as a physicist, is this: it is only with a clear image of how mind and body intersect with the world that one may hope to find a road to thorough self-knowledge, and to a full appreciation of what it means to be alive.

Although this book’s purpose is to illuminate how the most esoteric-seeming physics affects every aspect of human existence, my initial goals were less ambitious. I was originally motivated by a simple fairy tale, a seemingly harmless little lie.

In 2012, physicists at the world’s largest particle accelerator, the Large Hadron Collider (or LHC for short), discovered a long-sought type of particle called the Higgs boson. The media enjoys calling it the “God Particle.” But most particle physicists, including Peter Higgs himself, think this name is a bit silly. Higgs bosons play no role in daily life or in the wider cosmos. You won’t find them lying on the ground or wandering between the stars, and they haven’t done anything of interest since the early moments of the universe. The reason is simple: a Higgs boson, once created, disintegrates in a billionth of a trillionth of a second.

This is why physicists needed the LHC in the first place. In order to have any hope of discovering these elusive beasts, we humans had to try to make new ones from scratch. But why bother to make these ephemeral particles at all? This was an important question, since building the LHC and its predecessors took a great deal of money and time.

The answer is that the search for Higgs bosons wasn’t an end in itself. Instead, it was a means to a far more important end. The rationale for the endeavor was that finding the Higgs boson would prove the existence of something of much greater significance: the Higgs field.

This field, unlike the corresponding particle, is long-lasting and has been a cosmic presence since the universe was born. Over billions of years, it’s been switched on, steady, constant, and uniform across the entire visible universe—around Earth, within Earth, and within us, too.

While it is sometimes said that “the Higgs field gives everything in the universe its mass,” this is a considerable overstatement. But still, the Higgs field is responsible for the masses of certain crucial elementary particles, including the electrons found in every atom. If electrons had no mass, atoms would never have formed, and neither we nor the Earth would exist. Thus, the importance of the Higgs field is beyond debate. Our lives depend upon it.

Learning this, curious journalists and politicians asked the physicists further questions. “How does it work, this Higgs field? How does it give things their mass?”

By the time you reach the final third of this book, you’ll know the answers. But the journalists and politicians weren’t asking for a book; they wanted a quick reply, a sound bite. To satisfy them, a little story was invented.

I’m hesitant to call this story an outright lie; its inventors and purveyors were well-meaning and weren’t seeking to mislead anyone, even though they knew what they were saying wasn’t really true. I can’t really call it a myth or a fable or a fairy tale, either. It’s a very special type of falsehood common in explanations of physics for nonexperts, so I’ll call it a physics fib or, more simply, a phib.

Phibs are often found in articles and books about the universe. They arise when well-intentioned physicists, faced with a nonexpert’s question, are trying to concoct a short, memorable tale to serve as a compromise between giving no answer at all and giving a correct but incomprehensible one. This is a challenge that physicists often confront, especially when meeting with politicians or journalists who want at most a paragraph and perhaps no more than a sentence. Typical phibs are mostly harmless and are quickly forgotten. But sometimes a phib spreads widely and is taken far more seriously than its author ever intended. Then it may do more harm than good.

The Higgs phib has a number of variants. Here’s a short version of one of them: There’s this substance, like a soup, that fills the universe; that’s the Higgs field. As objects move through it, the soup slows them down, and that’s how they get mass.

It’s remarkable that such a short story can be wrong about so many things at once—wrong about the “soup,” wrong about mass, wrong about motion. As we’ll see later, it involves a sleight of hand that makes it sound far more sensible than it is. But should it bother us when particle physicists misrepresent this detail of their research? I’ll try to convince you that it should.

For one thing, as I’ve just explained, the Higgs field is more than a detail; it belongs on the top-ten list of essential ingredients for life. Something so foundational to existence ought to be explained properly, it seems to me.

Yet there’s an even more important issue. This apparently innocent yarn about slowing and soup tears a hole in the heart of a cosmic principle, one that lies at the core of our conception of the universe.

At stake is nothing less than the principle of relativity.

This principle is arguably the most durable of all known laws of physics. It has had broad historical and cultural significance, too. Occasionally suggested over the millennia, only to disappear repeatedly in a cloud of confusion, it was finally put on a firm footing by the icons of modern physics: Galileo Galilei (1564–1642), Isaac Newton (1642–1727), and Albert Einstein (1879–1955). Without it, the universe is rendered incomprehensible.

Simply put, the Higgs phib butchers the relativity principle. This makes its explanation of the Higgs field’s role in nature—or rather, its pretense of an explanation—completely counterproductive, in that it diminishes human understanding rather than augmenting it. We are led to wonder what mission it actually serves.

To be sure, describing the Higgs field requires more than a sound bite. It requires a book, the one I originally intended to write. But to explain how the Higgs field does its job, I had to draw together many of the most important concepts of modern physics, from Einstein’s time to the present day. And so, as this book took shape, I found its aspirations becoming more lofty, extending beyond its initial aims to encompass physicists’ contemporary view of the cosmos.

In an effort to convey that worldview to a broad audience, I have tried to make this text largely self-contained and nontechnical. (Inevitably, there are topics and technicalities that can’t fit within its pages; asterisks in the endnotes indicate subjects that I have explored further on my website, whose address is given at the back of the book, prior to the endnotes.) By the end, we will encounter some of the most startling and sophisticated issues in modern physics, ranging from the nature of space and the role of the Higgs field to the existence of atoms and of macroscopic objects made from them. But we will start with ideas that long predate Einstein.

The book’s first third will explore a few foundational concepts from a modern perspective. These notions—motion, mass, and energy—pervade our daily lives. For those who’ve read about physics or even studied it, this may seem familiar territory, but I’ll draw your attention to critical details that are often overlooked or scrambled. Central to this opening section will be Galileo’s version of the principle of relativity. Then we’ll jump three centuries to Einstein, his updated version of relativity, and his most famous (and often misunderstood) formula. As we come to see how mass, motion, and energy are intertwined, we’ll encounter challenging puzzles concerning the origin and nature of mass, especially that of the electron.

It may not be immediately obvious how these puzzles relate to the book’s middle third, which begins with vibrations, waves, and the fundamentals of music. After a brief survey of the physics and physiology of sound and light, we will turn to the waves of the universe itself. This will bring us to the subtle subject of fields. Even for those who have learned about fields in a first-year physics class, this material will cover new ground, because the perspective I will take differs from that of most physics courses. Though we won’t fully explore Einstein’s view of relativity, I’ll draw your attention to the strange nature of space and time and to the importance of Galileo’s relativity principle in Einstein’s thinking.

Physicists’ understanding of fields is both profound in some senses and quite limited in others. Because of this, I will have to leave certain obvious and important questions unanswered. I hope to make clear both what we know and what we don’t.

The last third of the book enters the quantum realm. We will not need to dive deeply into the most confusing intricacies of quantum physics; instead, we will focus on key principles. After clarifying the relation between particles, waves, and fields, we will solve a variety of mysteries from earlier in the book. The nature of the electron’s mass and that of other particles will finally be revealed, along with the reason that all electrons are literally identical. Then, assembling insights from many previous chapters, we will learn what it really means to say “the Higgs field gives the electron its mass.”

The discovery of the Higgs boson confirmed the existence of the Higgs field, resolving some long-standing questions about the universe, but it left other puzzles unaddressed and posed many new ones. After describing and exploring these unsolved problems, I’ll conclude the book by considering how the cosmos and quantum physics intersect with one another and with the everyday world. By highlighting the ways in which these peculiar features of the universe affect our lives, I hope to offer you a clearer sense of how we fit into the cosmos and of how the ordinary emerges from the inconceivable.

The worldview I’ll describe here is one I came to over decades as a theoretical physicist. It has been shaped by years of physics research, naturally, but other factors have also played a role. Growing up in a rural part of the United States, in the state of Massachusetts, where I live and work today, I had a childhood of star-filled dark skies, towering trees, and animals both wild and domestic. Those early experiences influenced how I view nature and the place of humans within it. Another constant in my life has been a love of music, which plays a central role in this book.

During my career as a professional physicist I worked at several universities and research institutes, investigating the nature and behavior of particles, fields, and strings. I taught in settings formal and informal, explaining physics to undergraduate students, adult nonscientists, budding experts, and personal friends. At a certain point I went into semiretirement, and, while continuing to do research and train young physicists, I turned to blogging and other ways of communicating science to a broad audience. This was a natural step for me; I’ve always loved telling people about the amazing universe we live in, whether they’ve wanted to hear about it or not. (My first science lecture, about the planets, was given voluntarily at the age of five. “It’s very cold on Pluto,” I told my fellow kindergarteners.)

Finally, I have turned to the writing of a book. But my choice of subject might seem surprising. It’s been more than ten years since the Higgs boson’s discovery and over a century since Einstein’s great breakthroughs. You might well wonder whether there’s anything left to explain.

I think there is. What’s been missing, to my mind, is the full story of how modern physics and human life fit together. It’s not easy to tell that story. To do so without relying on phibs requires breaking down and repackaging concepts that at first appear technical and impenetrable. But it seems I have a knack for repackaging the impenetrable—luckily for me, for without that skill, I could not have been a successful physicist. I have always been surrounded by people much smarter than I am. If I hadn’t quickly found ways to disentangle their complex ideas, I would never have mastered the subject.

I hope this skill has borne fruit in this book, in which I have tried to create an account that is both comprehensible and accurate, doing my best to avoid exaggeration, speculation, and phibs. In presenting a contemporary viewpoint common among professional physicists, I’ve tried to satisfy the desire of many readers, a desire I know is out there, for a straightforward, honest depiction of the cosmos as best we understand it. By shining as clear a light as possible on what we know, I hope I’m also demarcating the darkness—the edges of that yawning abyss of ignorance that draws physicists of the present ever onward, and into which physicists of the future, including perhaps some of you, will carry a lantern.
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