



[image: image]













[image: image]
















Copyright © 2024 by Matthew J. Strassler


Cover design by Chin-Yee Lai


Cover copyright © 2024 by Hachette Book Group, Inc.


Hachette Book Group supports the right to free expression and the value of copyright. The purpose of copyright is to encourage writers and artists to produce the creative works that enrich our culture.


The scanning, uploading, and distribution of this book without permission is a theft of the author’s intellectual property. If you would like permission to use material from the book (other than for review purposes), please contact permissions@hbgusa.com. Thank you for your support of the author’s rights.


Basic Books


Hachette Book Group


1290 Avenue of the Americas, New York, NY 10104


www.basicbooks.com


First Edition: March 2024


Published by Basic Books, an imprint of Hachette Book Group, Inc. The Basic Books name and logo is a registered trademark of the Hachette Book Group.


The Hachette Speakers Bureau provides a wide range of authors for speaking events. To find out more, go to hachettespeakersbureau.com or email HachetteSpeakers@hbgusa.com.


Basic books may be purchased in bulk for business, educational, or promotional use. For more information, please contact your local bookseller or the Hachette Book Group Special Markets Department at special.markets@hbgusa.com.


The publisher is not responsible for websites (or their content) that are not owned by the publisher.


Illustrated by Cari Cesarotti


Figure 13: Atomic resolution STEM imaging of perovskite oxide La0.7Sr0.3MnO3. By Magnunor (Own work) CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0) via Wikimedia Commons.


Figure 31: “Wind Map” by Martin Wattenberg and Fernanda Viégas (hint.fm/wind).


Library of Congress Cataloging-in-Publication Data


Names: Sigmund, Karl, 1945– author.


Title: The waltz of reason: the entanglement of mathematics and philosophy / Karl Sigmund.


Description: First edition. | New York : Basic Books, 2023. | Includes bibliographical references and index.


Identifiers: LCCN 2023015358 | ISBN 9781541602694 (hardcover) | ISBN 9781541602700 (ebook)


Subjects: LCSH: Mathematics—Philosophy. | Mathematics—History. | Mathematics and civilization.


Classification: LCC QA8.4 .S5473 2023 | DDC 510.1—dc23/eng/20231012


LC record available at https://lccn.loc.gov/2023015358


ISBNs: 9781541603295 (hardcover), 9781541603301 (ebook)


E3-20240112-JV-NF-ORI














In memory of Ann Nelson and Joe Polchinski,


mentors, colleagues, friends,


gone too soon














Explore book giveaways, sneak peeks, deals, and more.









Tap here to learn more.







[image: Basic Books logo]















[image: image] 1 [image: image]



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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To be is to move. We are never stationary for long; living requires us to seek food, resources, companionship. Even when still, we continue to breathe; our hearts beat, our blood flows, and electrical currents run through our nervous systems. In every cell, the reading of our DNA and the carrying out of its instructions require motion at the molecular scale. And when we look down into the subatomic realm, we find that every fragment of our bodies is forever spinning, roving, vibrating.


We take motion for granted. Were it not for the insights of physics, we might never have noticed that it hides mysteries as deep as any that we confront in life.


Secrets and illusions permeate the human experience of the world, and our struggle to overcome them forms an important chapter in our species’ history. Foremost among cosmic secrets is the roundness of the Earth. Over two thousand years ago, Greek thinkers became experts in geometry and found clever tricks for estimating the Earth’s shape and size.1 Their discoveries were soon widely known not only in ancient Greece and Rome but also in India, across the Islamic world, and elsewhere. Despite what some schoolbooks still claim, educated Europeans were well aware that the Earth is round, even before Columbus, Magellan, and other explorers of the Renaissance set sail.


In our era of satellites, intercontinental shipping, and air travel, not to mention photographs from outer space, it is amazing that anyone could doubt that our planet is ball-shaped. Numerous technologies, including the Global Positioning System (GPS), widely used for navigation, rely upon it. Admittedly, though, Earth’s shape is not intuitively obvious, and that’s the problem. Despite occasional hills and valleys, the ground around us appears to stretch out like an approximately flat surface, as does the ocean on a calm day. It would be easy to take the Earth’s apparent flatness for granted were we not taught otherwise as children.


A simple fact of geometry explains this illusion. Any huge sphere will seem flat to tiny creatures that roam its surface. These creatures must transcend the limitations of their senses, using thoughtful observation and logical reasoning, if they are to recognize their intuition as naive.


As a species, we hold tightly to our intuitions, and we tend to believe them. But recent centuries of science have taught us that most assumptions we typically make about the material universe are founded upon misconceptions. This is among the most important lessons of human history: we must never ignore facts, but when we try to interpret them we must beware, for common sense is a thoroughly unreliable guide to the workings of the natural world. No matter how strong an intuition may be, we must be prepared to let it go.


Take for example the sensation of lying quietly in bed or sitting relaxed in a chair, as one might do while reading a book. It’s peaceful and still, perfect for a little nap.


And yet that sense of resting peacefully is a mirage. You and I and the Earth are careening along at over 150 miles every second as our planet and the Sun orbit the center of the Milky Way galaxy, the city of nearly a trillion stars that is our cosmic home. Each minute, the Earth travels (relative to the galaxy’s center) a distance comparable to its diameter (Fig. 1). Every second, we are carried across a span that by car would require a couple of hours, as from Philadelphia to New York, from Zurich to Basel, from Beijing to Tangshan. At this rate, more than twenty times the rapid pace of artificial satellites orbiting the Earth, we could circle our planet in under three minutes, land on the Moon in half an hour, and reach the Sun in a week.2
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Figure 1: As seen from our galaxy’s center, the Earth (shown at three locations one minute apart) travels at tremendous speed.








For tens of thousands of years, humans hadn’t the faintest idea that we roam the cosmos. Even once we suspected it, we could not easily guess our speed and direction. Only in recent decades have our motions, relative to our own galaxy and to other galaxies, become clear.
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Relativity


The Greatest Illusion


The fact that we aren’t aware of our spectacular velocity reflects another great cosmic secret. We can’t sense this motion because steady motion in a straight line—travel at a constant speed and in a constant direction—cannot be detected in our universe.


Specifically, suppose you are in a closed room and can’t look outside. Then it is impossible, by pure feel or by any scientific measurement, to distinguish being in smooth and steady motion from being perfectly stationary. Nor can you figure out how fast you might be moving or in what direction. It cannot be done. Period.


This is the principle of relativity, or at least its most elemental, durable, and disquieting part. To put it another way, in quiet, undisturbed conditions, within an isolated bubble with no access to the outside world, there is absolutely nothing you can do to establish either the amount or direction of your motion.


As stated, this principle might seem abstract to the point of irrelevance. The ideal isolated bubble would be a thick-walled, windowless spaceship far out in interstellar space, gliding gently with its rocket engine switched off.1 Such a craft is fun to think about, perhaps, but few if any of us will ever travel in one. We might well question the merit of putting something so remote from human experience at the core of science.


Yet nearly isolated bubbles play a surprisingly large role in our lives. An example is the Earth itself. It’s not completely isolated, and careful scientific experiments can measure Earth’s spin and its motion relative to nearby planets and distant stars. But those experiments are challenging; neither you nor I can perform them with our senses, or even with simple equipment such as portable amateur telescopes. And so for us, in daily life, the Earth does act as though it were an isolated bubble. That’s why our incessant and rapid motion goes unnoticed.


Other nearly isolated bubbles include a more realistic spaceship with thin walls and windows, or even an airplane in tranquil air, especially if we’re sitting far from a window or looking out into the night over a dark ocean or cloud deck. The principle of relativity explains why simple experiences of life—breathing, walking, drinking—are unaltered inside such a plane. Even a train or car can serve as a bubble if its motion is straight and smooth, the windows are closed, and your eyes are shut. It’s true that if you take advantage of all the clues around you, you usually don’t need a fancy experiment to tell you that your plane, train, or car is moving relative to the ground. But the relativity principle assures that when you restrict your actions to the interior of a smoothly coasting vehicle, and you fail by choice or accident to take in information from outside it, then your informal experience inside that conveyance will be just as though it were an isolated bubble.


Meanwhile, the relativity principle has a surprising amount of influence at the atomic and subatomic levels. Atoms and other collections of subatomic particles often act (briefly) as though they are isolated. That’s why relativity is important not only for astronomers but also for particle physicists.


So yes, we do often encounter isolated bubbles, albeit approximate and temporary ones. To the extent that we’re within one, we can observe some of the consequences of the principle of relativity. But even then it takes a concerted effort. That’s because we are never isolated from other objects that are with us inside the bubble: floors, walls, chairs, tables, air, water. Our intuition about the world comes from our interactions with these types of objects, which are remarkably effective at obscuring the relativity principle and distracting us from its implications. They conceal precisely those aspects of the cosmos that would otherwise help us make intuitive sense of it.


Although the relativity principle is easily stated in a few words—steady motion is undetectable—it runs counter to human psychology. It violates assumptions about the world that all of us, including future physicists, develop as children. It’s almost as though daily life were designed to put basic physics out of the reach of the human mind.


This is why the relativity principle escaped even the brilliant mathematicians and philosophers of ancient Greece. Though they proved that the Earth is a sphere and measured its size without traveling far from home, they never concluded that the Earth moves. A few individuals did suggest that the Earth spins and travels, but the most influential thinkers, believing any such motion ought to be easily perceived, argued otherwise. It took many more centuries for humans to learn that motion need not be easily felt. Our planet rotates and roams the heavens, but our motion is nearly steady. That makes it nearly undetectable, thanks to Galileo’s principle.2


Really, it’s an underappreciated triumph that our species ever managed to overcome this psychological obstacle. To do so required a series of our greatest thinkers, building on each other’s insights.



2.1 Galileo’s Ship


Today, the concept of relativity is commonly associated with Einstein’s notions of space and time, developed in the first decades of the twentieth century. But the issue of relativity goes back centuries before him. It addresses fundamental questions about reality: Does a particular way of looking at the world, or a certain property of an object in the world, depend on your perspective? If it does, how? If it does not, why? Or, to put it more scientifically, which aspects of the universe are relative—dependent on an observer’s perspective—and which ones are not? And for those that are relative, how exactly can you translate between one person’s perspective and another’s? These were already questions for Galileo, and he gave them initial answers long before Einstein came along and amended them.


Galileo articulated the principle of relativity after performing a series of experiments on motion. In his book Dialogue Concerning the Two Chief World Systems, published in 1632, he explained it to his contemporaries in literary form. “Shut yourself up with some friend in the main cabin belowdecks on some large ship,” it begins, and the ensuing five hundred words may be boiled down to a single sentence: a person belowdecks on a smoothly sailing ship cannot hope to determine whether the ship is in motion or, if so, what is its speed.


Beautifully expressed as Galileo’s argument is, his seafaring isolated bubble must have seemed abstract to the point of uselessness to most of his contemporaries, almost as abstract as my spacefaring bubble seems to us. Most people experienced travel only by foot, horse, or cart, which are neither smooth nor protected from the air flowing by. To appreciate Galileo’s insights and the true nature of the world, they would have needed to imagine what boat travel is like belowdecks. Even today reality is so obscured by the complexity of ordinary life that we need imagination to recognize how simple it truly is. In this, there is considerable irony.


Progress after Galileo’s insight was hardly instantaneous. Decades passed before Newton, embracing specific ideas of René Descartes, Christiaan Huygens, and others, built his comprehensive understanding of motion upon Galileo’s principle. This foundation of physics remained stable for two centuries, until Einstein realized that even the time that elapses between one event and another is a matter of perspective. Yet despite Einstein’s revolutionary ideas, he preserved the central principle that steady motion is undetectable. This core precept of relativity may well be the oldest law of physics never to have been rejected or significantly improved.


Despite popular lore, Einstein certainly did not say that “everything is relative.” Such a statement is false, in fact. As we’ll see in this book, there are a number of concepts that aren’t relative—everyone agrees on them—and they are among the most reliable aspects of the universe.


But one thing that’s certainly relative is speed. In steady motion, no one can justifiably claim that “I’m moving and you’re not” or “you’re moving and I’m not” or “we’re both moving.” Such statements are mere matters of perspective.


If you’re sitting on a park bench, you may see yourself as stationary. If I drive past you, traveling north at 40 miles an hour, my perspective is that I’m stationary in my car, while you and your bench are moving south at 40 miles an hour. From the perspective of someone sitting on the Moon, we’re both moving at hundreds of miles per hour as our planet spins. That’s the thing about different perspectives: no one’s point of view is in any sense better. They’re just different ways of viewing exactly the same thing. When something’s relative, everyone disagrees, yet no one is wrong.


Galileo’s principle takes advantage of this relativity of motion. Inside a steadily moving isolated bubble, where you have no view of, contact with, or perspective on the outside world, your motion is undetectable because it has no perspective-independent meaning in our universe.


This is not in any sense obvious. Certainly it wasn’t to me before I read books on the subject. It’s not an accident that it took the greatest of minds to figure out how relativity works.


Here’s another strange aspect of motion. Each of us, lying in bed or sitting at our desks, may feel that we’re stationary. But in fact, we’re all moving relative to one another. That’s due to the Earth’s rotation, which carries us along at different speeds and directions; see Fig. 2. As seen from Earth’s center, those of us near the equator travel faster than those of us near the poles; those of us on opposite sides of the Earth move in opposite directions. More generally, two people at the same longitude but different latitudes travel at different speeds around the Earth, while two people at the same latitude but different longitudes travel around the Earth at the same speed but in different directions.


Unlike motion in a straight line, to which Galileo’s principle applies, motion in a circle is often easy to detect. Remember, back in childhood, when an adult swung you around and around? You could certainly feel it even if your eyes were closed. The same goes for circular rides in amusement parks. Each of us makes a daily circle around the Earth’s axis, so why can’t we perceive that motion?


The reason is one I just mentioned: because the relativity principle assures that straight-ahead steady motion is completely undetectable, it assures that steady motion in a nearly straight line can’t easily be felt, either. Our daily paths around the Earth curve very gently, differing from a straight line by just one degree every four minutes. That’s far too gradual for us to notice. Just as a huge planet seems flat to tiny creatures on its surface, steady motion on a giant circle around a slowly rotating planet feels much like steady motion in a straight line.3
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Figure 2: Sleeping babies are all in motion relative to one another. As seen from our planet’s north pole, their speeds and directions (black arrows) vary with their latitude and longitude. Any one location on the planet will be seen, from another location, as traveling in a daily circle.








This helps explain why we each feel stationary when we’re sitting or lying down. We are oblivious to our own motion, and also to the relative motion between ourselves and our friends in other parts of the world. That relative motion isn’t slow. If people sitting in Boston were to measure carefully, they’d see people standing in Miami as moving at 215 miles per hour; meanwhile, those in Miami would perceive their friends in Boston as moving at 215 miles per hour in the opposite direction.


But wait: The distance from Miami to Boston, 1,257 miles, never changes, so how can there be relative motion between those two cities? It’s because Bostonians view Miami as moving in a daily circle, one that leaves the distance between the two cities always unchanged—and vice versa. You can get a hint of this from Fig. 2; if you turn the picture in a circle centered on any one of the black dots, you’ll see that dot as stationary while the other two dots move around it.


The same Bostonians are viewed as moving at 689 miles per hour by people working in San Francisco, 825 miles per hour by people at a London pub, and 1,517 miles per hour by people half asleep in Sydney. In each case, the reverse is true, too; Boston folks regard their distant friends as the ones moving.


Because these speeds, like all motions, are relative, the wide diversity of opinions poses no contradiction. Everyone is right. The Bostonians, who think themselves stationary, are seen quite differently by people scattered around the globe. The same is true for each of us no matter where we are. We’re all in motion relative to our distant friends and family, even when we think we’re going nowhere.


A friend of mine, whom I’d met for coffee, tried to wrap her head around this. “So you’re saying that everyone around the world who is sitting down and thinks they’re stationary—they’re all wrong?”


“It’s not that they’re simply mistaken,” I explained. “To say ‘I am stationary’ is meaningless.”


She gave me a confused look.


“It’s the same as with any other word that’s a relative term,” I pointed out. “It’s like someone describing me as tall.”


“Umm…” she tittered. “I wouldn’t have said that.…”


“But relative to whom?” I asked. “I’m tiny relative to redwood trees, but to a mouse I’m a giant. That makes me both tall and short at the same time. And that, in turn, makes it impossible to claim unambiguously that I’m either one.


“Sure, when someone says, ‘I’m tall,’ they usually mean, implicitly, ‘I’m tall relative to the average human.’ And when someone says, ‘I’m stationary,’ they implicitly mean ‘I’m stationary relative to the objects in my immediate surroundings.’ But without a context, statements like ‘I’m tall’ or ‘I’m strong’ or ‘I’m loud’ have no meaning. In the same way, simply saying ‘I’m moving quickly’ or ‘I’m not moving at all’ has no meaning in a universe like ours, in which all speed is relative and steady motion can’t be detected. One can imagine universes in which such statements might make sense. But they’re meaningless in this one. Your motion always has to be expressed as relative to some other person or thing.”


She pondered this for a few moments. “So when I say my car’s going at 60 miles an hour, you’re saying I’m secretly comparing the car to the road it’s on. And not to roads on another continent, compared to which it would be moving at some other speed. Is that your point?”


“It’s part of the point,” I said. “Another part is that the car isn’t moving at all relative to its driver and passengers. So it’s stationary and moving, and it’s fast and it’s slow—just as I’m tall and I’m short.”


“But then, is there anything in the universe that’s truly stationary?” she ventured.


“It’s impossible for an object to be stationary, and it’s impossible for it not to be stationary,” I insisted. “You are always stationary with respect to yourself and generally some other objects around you, such as your shirt, but you are always moving relative to most things in the universe and even to most things on this planet. And you are moving at many different speeds and directions relative to those things.”


Our coffee drinks appeared at the bar, so we paused briefly to retrieve them. I’ll take this moment to admit that what I’d just said to my friend—that we’re always both stationary and not stationary—is not exactly true. It would be 100 percent true if we were in steady motion in straight lines, but when we’re moving in a tight circle, as when we round a sharp curve, we can tell we’re not stationary. Nevertheless, when sitting or moving steadily upon an immense, slowly rotating planet, in circular motion that’s so nearly straight over minutes that we can’t sense it, my remark is essentially true, both for practical purposes and as far as it affects our daily experiences. And it’s 100 percent true that our motion is always ambiguous; we cannot ever say what it is without stating it relative to something else.


“You know,” I continued as we sat down again, “it’s really hard to express these ideas clearly. I mean, all this about being stationary and moving at the same time, and not being able to say which direction you’re going in or how fast… if you didn’t know better, you might think I was crazy. It’s almost impossible to describe it using sentences that sound logical, partly because we just don’t have the right words and concepts in our language.”


“Well,” she countered, “that’s not very surprising, is it? We rarely have words for things that we don’t actually experience.”


“What do you mean?” I exclaimed, spreading my arms wide. “We never experience anything else!”


She stopped short, her expression frozen. Then, after a long moment, she started to laugh.


“Gosh, this is hard to keep straight. But I’m getting there, and I think I’m starting to see your point. And maybe you do need a word for it. What about…” She paused. “What about polymotional?”


“Hmm,” I replied. “That’s not bad! Or maybe even omnimotional. Pick any speed and direction you like; that’s our motion relative to some particle out there in the universe.” There are hordes of subatomic particles flying about the cosmos. Choose any one of them. From our perspective, it’s moving and we’re not, but who is to say it’s not the other way around?


“Ambimotional?” she offered.


The conversation brought to mind a famous line composed by Canadian humorist and economist Stephen Leacock:




Ronald flung himself from the room, flung himself upon his horse, and rode madly off in all directions.4






2.2 Relativity and Intuition


All sorts of common experiences make the relativity principle counterintuitive. Under normal circumstances, we can usually tell when our car or train is moving across the ground; we sense the vibration and noise that come from a rubber tire rolling on asphalt or a metal wheel moving on an imperfect rail. But this noise and vibration aren’t caused by the motion itself. They arise from the wheels rolling on the asphalt or on the rail—from direct contact between a part of the vehicle that’s moving in one way and something on the ground that’s moving in a different way. Suppose that this contact between vehicle and ground were somehow removed, as in a magnetically levitated train. Then it would become extremely difficult to guess, with eyes closed, whether we were in motion, how fast we were going, or in which direction.


Try for a moment to imagine what it would be like if we were in outer space on a spaceship. Then there’d be no wheels to cause noise and no road to cause vibration. The motion across the emptiness of space would be smooth and silent, and there’d be no clues as to our steady motion.


In fact, no imagination is needed. Just look around you. We are already in outer space on a spaceship, which we call Earth. Its swift motion produces neither noise nor vibration, which is why we don’t notice it.


When I pointed this out to a friend, he expressed disbelief. “Spaceship? But the Earth doesn’t have a rocket!” The analogy between an artificial spaceship and the Earth rang false to him. But my friend had been misled by confusing and confused movies that imply that spaceships fire their rockets to keep themselves moving. This isn’t true.


The rockets on a spaceship are needed only to speed up, slow down, or change direction.5 Once the craft is moving as desired, the rockets are extinguished and are unneeded for most of the trip. With its engines off, the ship cruises through space, moving without vibration or other disturbance.6


This contrasts with airplanes, which always battle air resistance, and with cars, which battle friction from the road, from air turbulence, and from their internal moving parts sliding past one another. An airplane without a running engine must glide to the ground to avoid crashing; a car with its engine turned off will soon grind to a halt. Not so a spaceship.


Often science fiction films and television shows get this wrong. For example, there’s an episode of Doctor Who (mild spoiler alert) in which the Doctor, visiting a large spaceship on a long voyage, notices that there’s no vibration throughout the ship. From this he deduces that the spacecraft has no running engine. As this seems impossible to him, he concludes that it must be traveling through space via some unconventional means.


Well, this made me chuckle, because the poor Doctor gets the principle of relativity exactly backward. In fact, the presence of vibration, rather than its absence, would have been a clue that something was amiss. No engine is necessary merely to cruise at a steady speed through empty space; just ask the Earth.


The writers of the episode applied common sense, obtained from our experiences of motion through air and water, to motion through empty space, where such intuition goes badly awry. But my point is not to criticize them. Their errors are so natural! The seventeenth-century genius Johannes Kepler held similar misconceptions. Besides, Doctor Who is science fiction; its very premise involves scientific inconsistencies. A few misunderstandings of the cosmos are worth a good story. Nevertheless, this story and others like it reinforce the psychological assumptions that make science fact so difficult for humans to grasp.


As for the Earth, it never needed a rocket or any other means of propulsion. It was born in motion, emerging along with our solar system’s other planets out of a spinning disk of dust that surrounded the infant Sun. Its engineless travels will continue, influenced only by gravity’s weak pull, until a bloated, dying Sun brings them to an end.7


Airplanes, unlike spaceships, run their engines continuously. They need the air to keep them afloat, but at a price: they must always push their way through it, and so they’re forever fighting air resistance.


Still, inside the plane you’re protected from that air resistance, and the aircraft’s interior acts as though it were an isolated bubble. You can tell the plane is moving if the air is turbulent, making the motion unsteady and unpredictable, and you can feel when the plane is speeding up, slowing down, or beginning to climb or descend. But when its motion is steady enough, you will not be able to prove that you’re moving at all.


A reader of my blog related the following anecdote. “I had the experience,” he wrote, “of waking up after a nap on a big jet—one of those monster A380s that’s incredibly quiet if you’re on the upper deck—and it was so peaceful that it took me half a minute to realize that we were still in flight. I thought I’d slept through the landing!”


Even on a louder plane, you can have fun trying to guess how fast you’re going. If the plane’s motion is steady, there’s no way to tell (without looking outside—no cheating!—or listening very closely to the air rushing by the fuselage) whether your airspeed is 200, 300, or 400 miles an hour. Life feels perfectly normal inside the plane; at any constant speed, you can play catch in an airplane aisle as easily as on the ground.


Here’s another game: go to the back of a plane, close your eyes, and turn around a few times while trying to forget your original orientation. Then, before you open your eyes, try to guess the direction in which the plane is headed. It’s not easy, thanks to the principle of relativity.


Or if you’re sure nobody’s watching, jump straight up as high as you can. You’ll find that your jump feels the same as when you’re at home; you’ll come straight down again, relative to the plane’s floor. Don’t ask me how I know this. (Okay, okay; I was eleven. I was quite surprised at the outcome.) Even though the plane is moving toward its nose while you’re in midjump, the rear wall of the plane will not approach you, any more than a wall of your house would approach you if you jumped straight up in your own bedroom. In both cases, your experience will be exactly as shown at the left of Fig. 3. Meanwhile, a person on the ground watching you would see your jump as forming an arc, as shown at right in Fig. 3, but the plane would move with you in just such a way that at all times you’d remain above the same spot on the plane’s floor.


Grasping the relativity of speed is crucial for pilots, who must separately keep track of their ground speed and their airspeed. The airspeed, the speed of the wings relative to the air, determines whether the plane can fly; if that speed’s too low, the plane will fall out of the sky, and if it’s too high, the plane will break apart. Airspeed determines when a plane can take off because it’s the air rushing over the wings that provides the lift that allows the plane to rise. But it’s ground speed that determines how quickly a plane is approaching the end of the runway and how quickly it moves from its departure airport to its destination. The two speeds can differ significantly in strong winds. Once, on my way from the New York area to visit the LHC in Geneva, I flew across the Atlantic Ocean at nearly the speed of sound! Had that been our airspeed, my plane would have disintegrated. But the flight was perfectly safe; with the aircraft pushed along by a tailwind roaring at 200 miles per hour, only its ground speed was unusual.
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Figure 3: If you’re at home and jump straight up (left), you will land where you started; the bag sitting a foot away will still be there when you land. If you jump in an airplane overhead, your own experience of the jump will be the same as at home (left). Someone on the ground will see your jump as an arc (right), but your motion will seem synchronized with the plane’s motion, assuring that you jump and land at the same spot on the plane’s floor.








Relativity also explains why airplanes take off into the wind whenever possible, as illustrated in Fig. 4. For the wings to generate enough lift for flight, a plane needs a minimum airspeed. If it starts its takeoff roll into a headwind, then the air rushes over the wings faster than the wheels move over the ground—the airspeed is higher than the ground speed—and so it can take off when its ground speed is still rather low. If it takes off into a tailwind, the situation is reversed, and so a much higher ground speed is needed to reach the required airspeed for liftoff. To get to that higher ground speed requires much more runway, and so there’s much less margin if anything goes wrong. The same goes for landing: when flying into the wind, the plane can stay afloat with a much lower ground speed and therefore needs less runway to come to a stop.8


But one thing pilots don’t keep track of, as it has no effects on either planes or passengers, is space speed—speed relative to the universe itself. There’s no such thing. The whole idea is meaningless.
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Figure 4: (Top) A plane flying into a headwind can take off with a ground speed lower than its airspeed. (Bottom) A plane with a tailwind requires a ground speed higher than its airspeed and thus more runway for its takeoff.
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Coasting


Easier Than It Appears


Where am I? And where am I going?


Existential questions such as these pop up repeatedly in life as we make our way through the inevitable troubles of human affairs. We usually ask them metaphorically. But if we take them as concrete, serious questions, we find that they cannot be answered.


At best, they can be partially addressed by referring our position and motion to other objects in the universe, as when we establish where we are on Earth and how fast we move relative to the ground beneath us. When we try to say where the Earth is and how fast it travels, we are led to explain this relative to the Sun or even to our galaxy’s center. We can then pinpoint our galaxy’s position relative to other galaxies. To finish the job, we would need to say where those other galaxies are and determine their speed and direction. But although we can say where they are relative to one another, we cannot say where they truly are in space. There’s no grid crossing the universe, no array of cosmic streets, that would allow us to state or even define the spatial address of a galaxy, or of anything else.1


The fact that our universe lacks unambiguous notions of location, both in position and in time, is central to why we’re poly/omni/ambimotional. Suppose we could measure our current position in the universe, independent of any other object, and suppose, one minute from now, we could similarly measure our new position. Comparing the two positions, we would know how far we’d moved in that minute, revealing our motion’s speed and direction across the universe without reference to any other object. Such knowledge would contradict Galileo’s principle, which claims that we can’t ever tell, if our motion is steady, what our speed and direction might be. Thus, any definite concept of location in our cosmos is forbidden by the principle of relativity itself, and steady motion can be specified only relative to other objects, whose position and motion are equally unspecified except relative to us or yet another object, and so on.


Like most children, I grew up implicitly assuming that time, position, and speed can all be meaningfully ascertained using clocks, maps, and speedometers. It was disorienting to realize that this isn’t true. In our universe, there’s no place to anchor. We will spend our entire lives unable to state conclusively where we are or where we are going, and that’s something we simply have to accept.



3.1 How Relativity Shaped the Modern World


The principle of relativity has played a significant role in human history and culture, at least in some parts of the world. That’s a bold claim, so let me try to justify it.


If you watch the Sun and the stars in their daily cycle, rising in the east and setting in the west, it naively seems clear that everything in the heavens circles the Earth once each day. The Earth, meanwhile, appears to be stationary, unique among all things in the cosmos. And that puts the Earth—and human beings—at the dead center of the universe. It’s just common sense.


For millennia, the centrality and motionlessness of the Earth were considered self-evident in many cultures. How important we seemed! How wrong we were! Once it’s clear that steady motion is undetectable, the slide down the slippery slope has begun.


Quite a few people across history are known to have suggested that the Earth is spinning. Among them were Heraclides of Pontus from ancient Greece, Aryabhata from the Gupta empire of India, and Abu Sa’id al-Sijzi from Iran a thousand years ago; there were probably many more. Then there was Nicolaus Copernicus five centuries ago, at the dawn of modern European science. But all risked being ridiculed for having no common sense. If we’re carried along at hundreds of miles an hour by the Earth’s rotation,2 why don’t we feel it? Why doesn’t it make us dizzy? Worse, why don’t we go flying off the Earth?


These are fair questions. If you place some grains of rice on a spinning plate, the rice will go flying off in all directions. A spinning Earth, it seems, should do the same to us. So serious were these objections that even as late as 1600, long after Copernicus’s death in 1543, his view of the solar system was rejected by many astronomers, including Kepler’s employer Tycho Brahe. Though convinced by Copernicus and by his own precise observations that the other planets orbit the Sun, Brahe believed that the Sun and stars circle the Earth daily and that the Earth is stationary. “Such a fast motion,” he wrote, “could not belong to the Earth, a body very heavy and dense and opaque.” His viewpoint had merit: by denying that the Earth moves, he explained why we don’t feel its motion.


But in fact, these questions have answers. Today we know that gravity’s pull toward the Earth’s center is far stronger than needed to counter our tendency to go flying. (In the same sense, if you put something sticky on the spinning plate and embedded the rice grains in it, they’d no longer fly off the plate so readily; to shake them loose, you’d have to rotate the plate at very high speed.) Were the Earth’s spin so rapid that a day lasted just a few hours, a person near the equator would have significantly looser ties to our planet than a person at midlatitudes. With our languid twenty-four-hour day, however, any latitude-dependent consequences are too small to notice; they are detectable only with precise measurements.


Furthermore, as I pointed out earlier, our rapid motion around the Earth is at a constant speed and in a nearly straight line, one that curves by only one degree every four minutes. Thanks to the principle of relativity, such near-steady motion is nearly undetectable, and that’s why we don’t feel it.


Unfortunately, these answers are much more subtle than basic common sense and weren’t available in pre-Newtonian days. Since no one yet had a complete understanding of either gravity or motion, it was difficult to have a conclusive debate about these issues.


A spinning Earth could still, in principle, be located at the center of the universe. But it’s not so; as Kepler’s precise measurements confirmed, our planet circles the Sun at 20 miles per second. This faster, steadier motion also goes unnoticed thanks to Galileo’s principle.3


Once we recognized that Earth is in orbit, we knew the cosmic center lies elsewhere. Yet the Sun still seemed unique, outshining all other lights in the heavens, and all the other planets orbit it, too, as if it is the hub of the universe. By virtue of our proximity to this dominant and central source of light and heat, we still claimed special status.


But oh, the fall that was to come. Even in classical Greek times, it had been considered that the Sun might just be an ordinary star, viewed close up. The idea received scientific scrutiny from the seventeenth century onward and was confirmed in the nineteenth. Shortly after the turn of the twentieth century, it became clear that we live within a giant star-city, a megalopolis of suns—a galaxy. Galileo’s telescope had already revealed that the Milky Way, the white band crossing our night skies, is made of a myriad of glowing points of light; you can check this yourself with good binoculars. Today we know that it is an edge-on view of our home galaxy, an immense spiral-shaped cloud of seemingly innumerable stars.


Within this vast city, the Sun is an unremarkable star, a bit above average in some respects but certainly not extraordinary. It is located far outside our galaxy’s dense urban core, relegated to the quiet suburbs, the realm of its looping spiral arms.


The Milky Way galaxy, fairly large but still rather ordinary, is one of many billions scattered across a gigantic expanding universe, and there’s no evidence that it lies anywhere near the universe’s center. In fact, no such center seems to exist. The galaxies move across the emptiness at great speeds relative to one another. The Sun, the Earth, and the human species are carried along, oblivious to the big picture.


In fact, we have no idea how big the picture is, either in space or in time. Scientists often say that the universe is nearly fourteen billion years old and describe it as though we can see all of it. I will do so myself in this book. But by “universe,” they and I are really referring only to the region of the universe that we can observe with our many types of telescopes, which would more accurately be called the visible universe or the known universe. This may be just one small patch in a vastly larger and/or older cosmos, one whose totality is far grander in scope. We can only speculate as to whether there might exist other cosmic patches, much farther away or more ancient, and whether their basic laws of nature might be completely different from those of our own. (A universe with a patchwork of laws is sometimes called a multiverse, though I won’t use the term in this book.) Do keep these limitations on our knowledge in the back of your mind.


The undetectability of steady motion made it seem that human beings live at the stable, central core of the cosmos. It supported the naive intuition that our existence is fundamentally tied to the universe’s creation. The discovery of the principle of relativity helped us learn humility, revealing to us that we live in the middle of nowhere and aren’t near the center of anything. We wander an immense void at great but pointless speed, with no destination. It’s no longer easy to argue that Earth and its creatures are uniquely special.


Other discoveries in science have given us additional perspective on our place in the universe. Recently we’ve learned that many stars are accompanied by multiple planets; our Sun is not unusual in this regard. The biology of all large Earth organisms is based on similar biochemical molecules, indicating that we’re just one species among many, with a common history. Meanwhile, the intelligence and emotional depth of whales, dolphins, elephants, and chimpanzees aren’t as limited, compared to ours, as many used to think. Every day it becomes harder to believe that we’re the only creatures in the whole cosmos capable of intricate language, abstract thought, and complex emotion.


But in answering the questions of Brahe and other skeptics, the principle of relativity helped to settle the debate over Copernicus’s proposal and to open our eyes to the potential vastness and changeability of the cosmos. These realizations permanently dislodged us from our self-appointed throne, our supremacy over a small, illusory kingdom founded on common sense. Looking back, it’s all rather embarrassing.


The principle of relativity played a pivotal role in the development of modern science, too. Decades after Galileo first recognized it, Newton took it as the foundation of his principles of motion and of gravity, including his three “laws of motion”—i.e., rules by which the world seems to operate. The second and third laws have been revised over time. But the first, often known as the law of inertia and proposed already by Galileo and even by several earlier thinkers, has survived several centuries of intense scientific investigation. Because the word inertia has multiple meanings, it leads to confusion, and so I will not use it here; instead, I will refer to this law as the coasting law.


Tightly intertwined with the principle of relativity, the coasting law asserts the following. An object, if moving steadily and if left on its own (specifically, if unaffected by any push or pull created by other objects), will coast forever; it will continue to move steadily at the same speed and in the same direction.


This statement includes objects that, from your perspective, aren’t moving at all. In other words, a stationary object left alone will remain stationary.


As stated, this law might seem to contradict what we know about animals and about machines with engines. We humans needn’t remain stationary—we can just decide to start walking—and a spaceship can use a rocket engine to accelerate without any external push. But in fact, these situations violate the premise of the coasting law, which applies only to a single isolated object (or an isolated collection of objects). A walking creature is not “on its own”—it’s on the Earth and pushing its feet against it. And a spaceship with an engine is not a single isolated object, either; the ship and the exhaust from its engine consist of multiple components, and the coasting law therefore cannot be applied to the ship alone.


The coasting law confuses many students who encounter it in a first-year physics class because it runs afoul of our ordinary intuition. Just ask any child. If you’d told me about this law at a young age, before I started reading about physics, I’d have insisted that it can’t be right. “Coast? That’s just silly! Everything comes to a stop eventually!”


It’s just common sense. Throw a ball. Smash a glass. Sweep dust across the floor. First, there’s motion; then, after a little while, it ceases.


But as Newton explained to the rest of us, the main reason nothing coasts on Earth is because of friction, the rubbing of one object against another. Often this friction creates drag, a force that acts as though it were “trying” to keep objects that are in contact from moving past each other. Every object you see in daily life is subject to friction, and so to understand why the coasting law is true requires moving beyond your daily experience. It requires imagination. You have to imagine how things would behave in the absence of friction.


For instance, take a book and slide it across a table. The book scrapes against the table, and the rubbing of their surfaces causes drag, which slows the book’s motion until it comes to rest on the tabletop. But now imagine taking the same book and sliding it across a frozen pond. The book will travel farther, and slow down more gradually, because the ice is slippery and causes much less drag than a typical table. With a thin layer of water or oil on the ice, there’s even less friction. The slicker the surface, the more gradually the book slows and the farther it can go.


If we affixed magnets to the underside of the book and put it on a surface made of a special material called a superconductor, the superconductivity of the surface would cause the magnets to levitate and the book to float. If we then pushed the book, it would glide over the surface without touching it and would experience no drag. Instead, it would coast, just as Newton claimed, until it reached the edge of the superconducting surface.4


What we need to do, then, is imagine what the world would be like if every surface were infinitely slippery and if there were no air resistance. Then we begin to see the world as Newton understood it. Now if someone pushes you, you’ll coast through the room, unable to stop until you hit a chair or wall. You mustn’t bump your dinner plate, as it will drift across the table and over the edge. Pieces of a shattered glass bottle can easily slide across an entire parking lot. Don’t try to walk normally; if you try to stride on a frictionless surface, you’ll go nowhere, like a person flailing hopelessly on an icy sidewalk. Only with thoughts like these can we discern how friction dominates our lives and forms the foundation for our common sense about motion.


Long before Galileo and Newton, there was Aristotle’s law of motion, or the resting law. This law, which was once widely viewed as obvious, asserts that the natural state of all solid objects is to be stationary—i.e., at rest. According to Aristotle, moving objects, left alone, will slow down and come to a stop. An object can continue in steady motion only if it is being pushed, perhaps by a person or by an engine.


Nowadays, with our understanding of how moons, planets, and stars move, we know that the resting law can’t apply to everything in the universe. If it did, the Sun, Earth, and Moon would all slow down. As this happened, gravity would pull them together; first the Moon would crash into the Earth, and then their molten remnants would disappear into the Sun. In fact, all planets and moons in our solar system, and those around all stars in the universe, would suffer the same fate. Finally, the stars would fall into their galaxies’ centers. Gravity would rule the universe, destroying everything in it.


This hasn’t happened—there’s not the slightest sign of it—so observation disproves the resting law as far as outer space is concerned. It’s more challenging to prove that it’s false on Earth. But fundamentally, the resting law suffers from a deep conceptual problem: it conflicts with the relativity principle. In a universe that operates according to Galileo’s principle, the coasting law must be true and the resting law false. Here’s why.


The coasting law and the resting law agree that stationary objects will remain stationary. But about moving objects, they differ: the coasting law says they coast, while the resting law says they decelerate and stop. Therefore, if a moving object declares that it wants to travel forever in steady motion, the coasting law smiles and says, “No problem at all; just make yourself comfortable, and go read a book or take a nap.” But the resting law frowns and shakes its head, saying, “Hmmm, that will be expensive. You’ll need an engine and an inexhaustible supply of fuel, unless you can convince someone with infinite stamina to push you.”


In this way, the resting law insists that being in steady motion is fundamentally different and distinguishable from being stationary. This conflicts with the principle of relativity. Something has to give: Aristotle’s law or Galileo’s principle.


By contrast, the coasting law coexists comfortably with Galileo’s principle. In the absence of complicating effects such as friction, both steady motion and no motion are equally effortless; there’s no observable difference between them. Neither needs an engine or an external push.


Over nearly four hundred years, these notions of coasting and relativity have remained intact and intertwined. They survived even the great scientific revolutions of the early twentieth century, when Einstein and his colleagues revised our notions of space, time, and gravity, turning much of physics on its ear.


Yet our common sense has trouble with the coasting law, because we never see ordinary objects coast. Our everyday motion, whether by foot, bike, or car, never comes for free; without exertion or fuel consumption, we soon come to a halt.


Experiencing the effortless nature of motion is easier outside Earth’s atmosphere. Though jogging a few miles on Earth’s surface will leave you sweating and out of breath, astronauts on space walks outside the International Space Station can cover that distance every second, relative to Earth’s surface, without laboring at all. They float quietly in the airless regions above our planet, all while traversing oceans and continents in minutes. To cross those continents within the atmosphere, in a jet aircraft fighting air resistance all the way, requires engines and lots of fuel (Fig. 5). Similarly, a car on Earth can travel only a few hours and a few hundred miles before needing to be refueled or recharged, but a car launched into space can cruise in wide loops around the Sun, like any planet or asteroid, for billions of years.






[image: image]

Figure 5: An airplane, flying through the atmosphere, must run its engines continuously to fight air resistance. But a satellite above the atmosphere can coast at much higher speeds than a plane without using an engine.








The Earth, too, glides easily through empty space, as there’s no friction that could keep it from coasting. It needs no engine, no fuel, no friendly giant to keep it in its orbit. For this we should be grateful.


I’ve been referring repeatedly to empty space, but I haven’t really defined it. You might wonder whether it’s the same as outer space, which I’ve also referred to. But the two ideas are different, even though there’s a lot of pretty empty space in outer space.


In many contexts, outer space means “far enough away from the Earth to be outside its atmosphere.” In others, it refers to any part of the universe far from all stars, planets, moons, and other rocky things, which is also sometimes called deep space. (NASA brings the term “deep space” closer to home, but I’ll use it, as astronomers often do, to mean intergalactic space—the exceptionally empty regions between galaxies.) But while it’s true that outer space is mostly empty, and deep space even more so, what I mean by empty space is a region of the universe that has been made as empty as it can be.


If you have a box, and you remove everything from it that can possibly be removed—all the atoms and subatomic particles of all sorts—what you’re left with inside the box is empty space. It’s also sometimes called the vacuum. It’s the closest thing to nothingness. Yet it has turned out to be remarkably interesting, as we will see later in this book, to an extent that would have surprised physicists before Einstein.



3.2 The Phib and the Principle


Now that we are well armed with the principle of relativity, let’s return to the Higgs phib. Even without knowing what mass is or what fields are, we can already appreciate that the tale can’t be right. Here it is again, in a more elaborate version.


Once upon a time, at the earliest moments of the universe, the Higgs field slept. Lacking mass, objects zoomed rapidly and aimlessly about, alone and glum.


But then the Higgs field woke. It filled the universe from end to end, from side to side, from top to bottom, and forevermore.


Ever since that moment, the Higgs field has surrounded us like a vast sea of molasses—or, in other versions of the tale, like an endless soup, a dense thicket, a great crowd of people, or a thick blanket of snow. As objects try to move through the Higgs field, it slows them down. By slowing them down, it gives them mass; the more it impedes their motion, the more mass they acquire.


That’s how objects in the universe were endowed with the mass they have today. Able now to congregate, they made new friendships and began to dance together around the cosmos. Soon, as the sky filled with stars, the universe became the one we know.


For a moment, the phib might sound plausible. But it’s a swindle. By asserting that objects with mass do not coast but instead slow down, it contradicts the coasting law. It violates the principle of relativity, too, since it claims that the Higgs field would do one thing to steadily moving objects (it would act to slow them down) and a different thing to stationary objects (nothing at all). If this were true, it would require that the Higgs field do something deemed impossible by the principle of relativity: distinguish steady motion from no motion.


You, too, would be able to determine your motion, even inside an isolated bubble. The phib alleges that because you and the bubble have mass, the Higgs field would slow you down if you were moving. But you can detect slowing down even in an isolated bubble. You know this from experience: when the car or plane that you’re in decelerates quickly, you feel as though you’re being pushed forward in your seat. So if you were moving and the Higgs field were slowing your motion, you’d feel it. In contrast, if you were stationary, there’d be no slowing, and you’d feel nothing. The difference would allow you to determine easily whether you were moving or not. That would be completely incompatible with Galileo’s principle.


Fortunately, the Higgs field isn’t and never was in the business of slowing things down. Had it been, then the resting law would have been true, with all its catastrophic consequences. All objects would have ground to a halt thanks to the Higgs field.


Back when the resting law was widely believed, and before anyone understood the nature of the Moon, Sun, or planets, many protoscientists did think slowing and mass were connected. But in truth, slowing things down doesn’t give them mass, and mass doesn’t make things slow down. Steady motion, at a sprint or at a crawl, is just as acceptable for giant planets as for subatomic particles. And all objects, no matter what their mass or speed, will coast if left alone.


The Higgs phib is thus flagrantly inconsistent with Galileo, Newton, and Einstein. It touts a premodern view of the cosmos and injects a profound internal contradiction into the heart of physics. Only by abandoning it can we hope to maintain a coherent conception of the universe, preserving the principle of relativity at its core.


It’s much easier to cast shade than to shed light. Though I’ve quickly exposed the problems with the Higgs phib, to replace it with something honest and comprehensible will take much longer. But before this book comes to an end, we will see how the Higgs field and the relativity principle can live in harmony.
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