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PRAISE FOR

How to Teach Relativity to Your Dog

“For the price of a book, Orzel delivers the heady, joyful experience of taking a small college class with a brilliant and funny professor who really knows how to teach. A thoroughly winning romp through a rock-solid presentation of a beautiful subject.”

—Louisa Gilder, author of The Age of Entanglement

 

“Move over, Krypto—there’s a new superdog in town! Chad Orzel’s dog Emmy, having mastered quantum physics, now helps us understand Einstein’s theories of relativity in a deep and accessible way. Get this dog a cape!”

—James Kakalios, Professor of Physics, University of Minnesota, and author of The Physics of Superheroes and The Amazing Story of Quantum Mechanics

 

“Everyone’s favorite physics-loving canine is back, this time giving us a dog’s eye view of Einstein and relativity. Physics professor Chad Orzel leads Emmy (and us) through an engaging tour of light speed, time dilation, and amazing shrinking bunnies (length contraction)—not to mention what all this means for the search for the elusive ‘bacon boson.’”

—Jennifer Ouellette, author of The Calculus Diaries

 

“With Nero, the egocentric cat who believes it is the center of the universe, and Emmy, the student dog whose questions and misunderstandings would drive any teacher to distraction, and whose interest in relativity is how E = mc2 can turn squirrels into energy, Chad Orzel has created a delightful cast of characters to make his introduction to relativity relatively painless. A cleverly crafted and beautifully explained narrative that guides readers carefully into the depths of relativity. Whether you are a hare or a tortoise, or even a dog, you will enjoy this.”

—Frank Close, author of The Infinity Puzzle

 

“Emmy may be one smart dog, but her owner also happens to be an uncommonly gifted communicator. Chad Orzel’s treatment of special and general relativity is comprehensive, informative, and amazingly accessible, yet it’s funny too. This is, by far, the most entertaining discussion of the subject that I’ve ever had the pleasure of reading.”

—Steve Nadis, coauthor of The Shape of Inner Space






For Claire. 
Did I type today? 
Yes I did, honey. 
I typed a lot.






INTRODUCTION
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IT’S COLD AND FLU SEASON AGAIN, and between teaching at the college and a toddler in day care, I get every single bug that goes around. I’m sitting at the dining room table grading exams when a coughing fit hits. When it finally stops, I take a drink of water, and then notice a thumping sound. I look over toward Emmy, on the floor next to the couch, and she’s thumping her tail on the floor with her tongue lolling out the side of her mouth: the dog equivalent of a laugh.

“Yeah, laugh it up, fuzzball. You think this is funny?”

“Sorry,” she says, “but at the end there, it sounded like you said—.” She barks twice, sounding a little like a cough. “That’s really funny in Dog.”

“Yeah? What’s it mean?”

“Well, it’s . . . umm . . . You know, if you can’t sniff your own butt, you won’t get the joke.”

“I’ll try to contain my disappointment, then.” I turn back to my grading.

“I’ll think about it, and see what I can come up with, but translating humor is really hard.”

“Translating anything is hard.” I say, not looking up.

“Yeah? What do you know about translation?”

“Well, it’s what I do for a living.”

“You’re a physicist, not a diplomat.”

“I’m a physics professor,” I say, putting my pen down. “In addition to doing physics, I teach physics to other people.”

“And dogs!”

“Yes, and dogs. Teaching physics necessarily involves translation. The natural way to express physics is through math, but most people don’t think in mathematical terms. So, a lot of the business of teaching physics is finding ways to translate physical ideas from mathematical equations into concepts drawing on everyday language and experience.”

“So, making analogies and stuff like that?”

“That’s part of it, yes. I also spend a lot of time dealing with people’s preconceptions about how the world works. Sometimes, our intuition about how everyday objects behave leads us astray when we think about physics, and the first step in teaching the subject is to break down those preconceptions. Basically, to start over.”

“You wouldn’t have that problem if you stuck to teaching dogs,” she says, looking pleased with herself and her species.

“No?”

“Nope. I have no clue at all about how things work. I’m a clean slate, when it comes to physics.”

“I wouldn’t go that far, but you at least have a different set of preconceptions than most humans do. Which means that thinking about physics as it appears to a dog can be a useful thing to do—looking at the problem from a different angle, and with an open mind, can sometimes give you insight that you wouldn’t get by going straight at your own misconceptions.”

“So, when you think about it, teaching physics to me helps you teach physics to humans.”

“Yeah, it does.”

“Which means that in a sense, it’s part of your job, right?” She trots over to me and sits down, looking hopeful.

“I know where you’re going with this, so let me remind you that grading these papers is also part of my job. I need to turn my final grades in tomorrow, so that’s the more important part right this minute.”

“Oh.” She deflates a little.

“But tomorrow is also the start of our break, so I’ll have time to spend talking to you about physics, if you want.”

“Preferably while taking long walks!”

“Sure, that works. So, let me finish grading these exams, while you think about what areas of physics you’d like to learn about, OK?”

“OK!” She trots off in the direction of the library, and I go back to my grading. As I start on the next paper, I hear her saying “Maybe I can finally find out what this Einstein guy was all about . . .”

 

Ask any human, or most dogs, to picture a scientist, and odds are good that their mental image will look a lot like the iconic pictures of Albert Einstein—white hair sticking in all directions, rumpled clothes, maybe even a German accent and a distracted air. This is a little unfair to scientists1—great scientists come in all sizes, shapes, races, genders, and nationalities (though not yet species)—but Einstein has captured the popular imagination to an amazing degree and dominates the popular image of a scientist. Even more than fifty years after his death, Einstein was the second most popular answer in a poll asking people to name a living scientist2.

Asked why Einstein is a famous scientist, even dogs can come up with the equation E=mc2, and possibly the words “theory of relativity.” Explaining what those mean, and where they come from, is beyond most humans, though, let alone dogs. This is an unfortunate state of affairs, as Einstein’s theory of relativity is one of the cornerstones of modern physics. Along with quantum mechanics, relativity completely revolutionized the way scientists view our universe. It provides insight into problems that classical physics can’t handle, and poses new problems that physicists still grapple with a hundred years later.

Unfortunately, the features that make relativity so essential to physics also make it extremely intimidating to non-physicists. Relativity deals with situations that are very foreign to our everyday experience of the universe—objects moving thousands of times faster than the fastest man-made objects, astronomical objects packing enormous masses into tiny spaces—and its predictions defy all our normal expectations. Relativity tells us that quantities that seem fundamental—distances through space, and duration in time—in fact vary from one observer to another. A moving clock ticks at a different rate than a stationary one. A clock near a massive object ticks at a different rate than one farther away. And space itself is stretched by the presence of mass, so the length of a path between two points depends on what you pass along the way.

These are all surprising predictions made by the theory of relativity. They are also unequivocally true, confirmed by countless experiments in the century since Einstein first introduced relativity in 1905. The universe we live in is a far stranger place than our everyday intuition leads us to expect. To fully understand it, we have to expand our conception of the universe to include the counterintuitive predictions of the theory of relativity.

This can seem a daunting task, but one way to make it more approachable is to think like a dog. As any pet owner knows, dogs look at the world in a very different way—not entirely without preconceptions, but at least with different preconceptions than their humans, often in ways that make physics easier to understand. To a dog, any time should be dinner time, so the idea of clocks running at different rates for moving observers, or observers in different places, is easier to accept.

If you can learn to think like a dog, to approach the world as an endless source of surprise and wonder, modern physics is much less intimidating. Looking at physics from a dog’s point of view allows us to shake off some of our human expectations about how things ought to work, and lets us appreciate the weird and wonderful world revealed by relativity.

This book reproduces a series of conversations with my dog about aspects of both special and general relativity. Each conversation is followed by a more detailed discussion of the physics involved, aimed at interested human readers. Some of the topics covered have achieved fame, or at least notoriety, in the wider culture, like Einstein’s famous equation E=mc2 (Chapter 7) or the idea of black holes (Chapter 10); others are less familiar to non-physicists, such as the merging of space and time (Chapter 5) or the effects of gravity on time (Chapter 9), but are just as essential to the modern understanding of physics. We’ll also talk about some of the innumerable experiments and observations confirming that the universe is a weird and wonderful place.

We won’t be able to cover everything that’s interesting about relativity—generations of scientists have dedicated their careers to the subject without managing to exhaust its wonders—but we hope this will provide an introduction to the subject giving human and canine readers some sense of what it’s about, and why it’s important. And the next time some pesky cat asks you to explain why Einstein is famous, you’ll have a good answer for them.

 

“Don’t forget me!”

“I’m not forgetting you. How am I forgetting you?”

“Oh, sure, you mention the conversations at the start of the chapters. But you didn’t tell them that I’ll be keeping an eye on you in the middles, too. If you try to leave anything out, or sneak something past without explanation, I’ll make sure you get it right.”

“You mean, like you’re doing now?”

“Yeah. Oh, wait—is this bit going in the book?”

“Yes.”

“Oh. Well, then, I guess they’re informed. But they should know that I’ll be keeping an eye on you, and I’m an excellent watchdog.”

“I think you’ve made that point.”

“Also, I’m really cute, and I like long walks, and belly rubs, and chasing bunnies, and bacon. I really like bacon. Also, cheese. And peanut butter.”

“I fail to see how this is relevant.”

“Well, you know, in case they want to mail me presents. You know, because I’m an excellent physics dog, and all. You are going to put our address in the book, right? So they can send me stuff.”

“I think that’s just about enough out of you.”

“Oh, all right. You’re no fun, though.”

“Can we please get started with the physics discussions?”

“Sure, absolutely. Lay some physics on me—I’m ready for anything!”






Chapter 1

RELATIVE DOG MOTION: THE DESCRIPTION OF MOTION
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AS I’M DRIVING DOWN THE STREET, a squirrel darts out into the road a block or so ahead of me. From the back seat, Emmy says, “Gun it! Hit the squirrel, hit the squirrel, hitthesquirrel!”

“Will you sit down and be quiet?” We’re having some work done on the house, and I’m taking her to campus with me so she’s not underfoot for the contractors.

The squirrel makes it to the other side of the road and up a tree to safety. “Aw.w.ww,” Emmy says. “Dude, you totally could’ve gotten that one. This car is way faster than a stupid squirrel.”

“That may be, but I have a class to teach. I don’t have time to careen around like a maniac chasing squirrels with the car.”

“No, no—you’d have plenty of time. Time slows down when you go faster.”

I look in the rearview mirror. Emmy’s standing on the seat, wagging her tail and looking pleased with herself.

“Oh, God,” I say. “Don’t tell me you’ve started reading about relativity.”

“OK, I won’t tell you.” She’s quiet for a few seconds, then, “Relativity is pretty cool, though. I can slow time!”

This is not going anywhere good, I can tell. We come to a traffic light, and I stop.

“One thing I don’t understand, though . . .”

I sigh. “OK, what is it you want me to explain?”

“Why do they call it that?”

“Why do they call what, what?”

“Why do they call relativity ‘relativity’? Why not something cooler, like superfast time-slowing squirrel-catching dynamics?”

“Well, for starters, physicists don’t care much about squirrels. More importantly, though, the name ‘relativity’ comes from one of the theory’s most basic elements: the idea that relative motion is the only thing that matters. There is no absolute frame of reference against which we can measure the motion of everything in the universe.” The light changes, and I start driving again.

“Yeah, but that’s silly. Of course there’s a fixed frame of reference.”

“Really? What is it?”

“Well, our house, silly. And the yard, with the big oak tree. And the other tree. And the other, other tree. And—”

“OK, OK, I get it.”

“The house is where I keep my stuff!”

“Yeah, OK. But the house only looks like it’s a fixed frame of reference. I mean, it’s on the Earth, right? And the Earth is rotating.”

“I guess so . . .”

“And it also moves around the sun, which is why we have seasons. The thing you’re using as a fixed reference point is really in constant motion, and all you’re doing is measuring your motion relative to it.”

“OK, but I can still tell the difference between when I’m standing still and when I’m moving.”

“How?”

“Well, when I’m moving, I walk past stuff, and sniff things, and chase bunnies and squirrels. When I’m not, I just sit there.”

“Sure, but how can you tell the difference between a situation where you’re moving, and a situation where you’re sitting still and everything else is moving in the opposite direction?”

“Well, that would be silly.” We come to another red light, and I stop again. “Anyway, I can tell that I’m the one moving, because my legs are moving.”

“OK, but how about when you’re in the car, like we are now?”

“What do you mean?”

“Well, we’re sitting still right now, but when we start moving again . . .” The light changes, just at the right moment. I accelerate a bit, then cruise at a constant speed. “How can you tell that we’re moving, rather than sitting still and watching the rest of the world move by?”

“Ummm . . . the engine is going.”

“Yeah, but we could be on a treadmill, with fake scenery moving past us. This whole trip could be a fiendish illusion.”

Emmy looks worried. “I don’t like fiendish illusions.”

“Calm down, it’s just a hypothetical.” She looks somewhat mollified. “Anyway, the answer is that there’s no physics measurement you can do to distinguish between sitting still and moving at a constant velocity, the way we are now. You can detect acceleration, like this”—I step on the gas and speed up—“but when we’re moving at a constant speed, all the laws of physics are exactly the same as when you’re standing still.”

“So how do you tell when you’re moving?”

“You can’t. All you can say is that you’re moving relative to some other object—which is why the theory is called relativity.”

I check the mirror, and she’s looking thoughtful. “So,” she says, “the only thing we can measure is relative velocity?”

“Exactly.”

“Like your velocity relative to that car with the lights?”

“What?” I look behind us and see a police car pulling out, lights flashing. I look down and realize my foot is still on the gas. “Crap! Well, maybe he’s after someone else . . .”

The cop car pulls in behind me. “I don’t think so,” Emmy says cheerfully. “He’s got you nailed.”

I pull over. “This is all your fault, you know,” I say as I kill the engine.

“Yeah? Good luck explaining that to the cop.” She turns toward the window and wags her tail cutely, just in case the police officer has dog treats.

 

Einstein’s theory of relativity is one of the cornerstones of modern physics and requires a complete and dramatic rethinking of ordinary concepts of space and time. Its most famous predictions—the equivalence of mass and energy, the slowing of time for fast-moving observers, the warping of space near black holes—have captured the popular imagination and are staples of science fiction.

Relativity is exotic and exciting precisely because it runs so counter to our usual intuition—we don’t notice its effects when going about our everyday lives. The effects of relativity only show up when we are dealing with either extremely small, fast-moving objects, like the subatomic particles being smashed together in particle accelerators, or extremely large, massive objects like black holes and galaxy clusters. It may seem surprising, then, that the place to start understanding the physics of relativity is with the motion of ordinary, everyday objects like dogs and cars.




NO MATTER WHERE YOU GO, THERE YOU ARE: DESCRIBING MOTION 

While we associate the word “relativity” most strongly with Albert Einstein, the central idea goes back long before him. Einstein himself, in his popular book Relativity: The Special and the General Theory,3 attributes the   concept to Galileo Galilei (1564–1642) and Sir Isaac Newton (1643–1727), who lived almost three centuries before he was even born.

The central idea of relativity is that the laws of physics must appear the same to all observers. Whether you’re moving or standing still, physics should work in exactly the same way: objects should accelerate when pushed, energy and momentum should be conserved, and so on. This is just common sense—if the laws of physics were different for running dogs than dogs sitting calmly on the ground, it would be almost impossible to understand the world around us or to predict the motion of objects like bouncing balls or thrown treats. Since even dogs without a deep knowledge of physics can track down tennis balls and snatch treats out of the air, the simple version of relativity must be true.

Of course, human physicists aren’t satisfied with “Watch me catch this tennis ball” as proof, so we need to be more precise about what we mean when we talk about moving objects. The key insights that led Einstein to the theory of relativity start from very careful and exact definitions of motion. Following in his footsteps, then, we need to talk about how physicists describe moving objects.

Emmy the canine physicist, sitting in her living room watching the world outside, can describe the positions of moving objects—Winthrop the basset hound walking by on the street, say, or a human child bicycling past—by measuring the distance from her spot by the window to the object in question. At some instant, Winthrop may be 9 meters (m) due south of her, for example. A child on a bike may be 8m south and 6m east.

Emmy can measure the motion of the creatures on the street by recording their positions at one time, waiting a bit, then looking at their new positions and comparing the two, as shown in Figure 1.1. If the small human on wheels moved from 8m south and 6m east to 8m due south in one second, our canine physicist would say that the child has a velocity of 6 meters per second (m/s) due west.4 If Winthrop moves from 9m due south to 9m south and 3m east in the same time, he has a velocity of 3 m/s due east.

 



Figure 1.1.
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To start thinking about relativity, we need to ask how these objects appear to another observer—for example, my parents’ yellow Lab, Bodie, in a car headed east along the street at, say, 10 m/s. That dog would measure the motion of the various other creatures by recording their distances from his own position in the car—

 

“No way, dude. Don’t even go there.”

“What?”

“You’re about to say that dogs are very self-centered creatures and always measure positions relative to themselves. It’s an unfair stereotype of dogs, and I won’t stand for it.”

“But that’s how the whole thing works. If you want to understand relativity, you need to look at positions and velocities as measured by a moving observer.”

“That may be, but that’s not how dogs do it. We always measure positions relative to fixed points, like our houses.”

“Look, I need a moving observer for this explanation to work out. Otherwise, this book is going to be a huge mess.”

“You can have a moving observer, just don’t make it a dog.”

 



Figure 1.2.
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“Fine. How about a cat, then?”

“Oh, yeah, that’s fine. Cats are incredibly self-centered.”

 

To start thinking about relativity, we need to ask how these objects appear to another observer, for example, my sister’s cat Nero riding in a car headed east along the street at, say, 10 m/s. The cat, being incredibly self-centered, would measure the motion of the various other creatures by recording their distances from his own position in the car. From Nero’s point of view, shown in Figure 1.2, he is perfectly stationary, and the rest of the world moves around him. The barking dog at the window is actually moving west at 10 m/s, as are the house, the trees in the yard, and everything else in the world, according to Nero.

According to Nero in the car heading east, the westbound child on the bike is not moving at the 6 m/s measured by the stationary dog but at a higher speed. If the child is 20m east of the cat at some instant, one second later, the distance is down to just 4m: the child has pedaled her way west by 6m, while the road and everything on it has moved 10m west. The velocity of the bicycling child is now 16 m/s due west, or the speed of the car plus the speed of the bike.

Regarding Winthrop the eastbound hound, Emmy at the window and Nero in the car disagree about not only his speed but also his direction of motion. In the one-second interval between measurements, Winthrop has moved 3m east, but the road he is on has moved 10m west (according to Nero), so the distance between the two has actually decreased. According to Nero in the car, Winthrop is headed west at 7 m/s, rather than east at 3 m/s, as measured by Emmy in the window.

 

“I like this version much better. Cats are so dumb.”

“He’s got it right, though, at least in a mathematical sense.”

“What do you mean? The house isn’t moving west—that would be ridiculous.”

“It seems ridiculous because we’re used to thinking of the Earth as a fixed reference point and measuring motion relative to it. If you want to calculate what happens in interactions between Nero and some other object, though, it’s much easier to work things out using his frame of reference.”

“Frame of reference? Is the cat in a picture, now?”

“Sorry. Frame of reference is a physics term that refers to the measurements made by a particular observer. The dog in the window occupies a frame of reference in which she is stationary, and all distances are measured from her position. The cat in the car is in a different frame of reference, in which he is stationary, and all distances are measured from his position in the car.”

“Yeah, but he’s moving, and I’m not.”

“In your frame, that’s true. In his frame, though, you’re moving, and he’s standing still. The whole point of relativity is that these are equally valid ways of looking at the world. Both you and Nero can use physics to predict the motion of other objects, according to your own measurements, and get the right answers. And if you know how to convert measurements in one frame to measurements in another frame, you’ll see that their answers are the same.”

“So how do you convert from one frame to another?”

“I was getting to that when you interrupted me.”

“Oh. Well, carry on, then.”

 

The effect of changing frames is obvious for measured velocities, but observers moving at different speeds necessarily see different positions for things as well. Emmy sees Nero’s position at one instant as 10m west of her window. One second later, he is exactly even with the window, and one second after that, he is 10m east of the window. Nero, on the other hand, sees Emmy start out 10m east of his position. One second later, she’s even with the car, and one second after that, she’s 10m west.

Physicists, whether canine or human, like to assign numbers to things, and position is measured by assigning three coordinates measuring the distance from some point of reference (Emmy’s spot in the window or Nero’s seat in the car) along each of three perpendicular directions—east-west, north-south, and up-down. We also know the time at which the measurements were made, so we can describe each using four numbers giving its “location” in space and time. The three space coordinates are traditionally referred to as x, y, and z, and time is t. We’ll use x for the east-west direction, y for north-south, and z for up-down. To get from the reference point (x = 0, y = 0, z = 0) to the point (x = 3m, y = 4m, z = 0m), you would move 3m east, 4m north, and remain at ground level.5

To keep the numbers simple, let’s call the point when Emmy the dog and Nero the cat have the same east-west coordinate time zero. In this case, Emmy would record Nero’s coordinates as (t = 0; x = 0m, y = –10m, z = 0m). One second earlier, he was 10m west, so (t =–1s; x =–10m, y =–10m, z = 0m); one second later, he will be 10m east, so (t = +1s; x = +10m, y =–10m, z = 0m). From Emmy’s point of view, her position remains constant at (x = 0, y = 0, z = 0) for all three times.

Nero, on the other hand, will record Emmy’s position at these three moments as (t =–1s; x = +10m, y = +10m, z = 0m), (t = 0s; x = 0m, y =   +10m, z = 0m), and (t = +1s; x =–10m, y = +10m, z = 0m). The cat records his own position as (x = 0, y = 0, z = 0) for all three times. The space coordinates for times t =–1s and t = 0s are marked on Figures 1.1 and 1.2.

If you play around with these numbers a little, you can come up with a simple recipe for converting between Nero’s measurements and Emmy’s: you simply take the east-west coordinate measured by Nero, and subtract his speed (10 m/s) multiplied by the time. A little more fiddling around will show you that getting from Emmy’s measurement to Nero’s involves just the reverse: you take the east-west coordinate measured by Emmy, and add to it Nero’s speed multiplied by the time. In this way, you can take any measurement made by Nero and convert it into a measurement that will make sense to Emmy, and vice versa.

We also see that the other coordinates don’t change in time. Nero’s measurement of the north-south position is always equal to Emmy’s measurement plus 10m (the distance between her spot in the window and his car on the street), and they both agree that they’re at ground level, not moving up or down. This is a very convenient feature of moving from one reference frame to another—coordinates that are perpendicular to the direction of motion do not change their values. For this reason, we will almost always deal with motion directed along one of the axes—that way, we don’t have to worry about what happens to the other two position coordinates as we move from one frame to another.

The same recipe will work for converting any set of measurements made by one creature into another’s frame of reference. You take the position measured by Nero and add his speed multiplied by the time to the x-coordinate; that gives you the x-coordinate measured by Emmy. Similarly, if you take the east-west velocity measured by Emmy and subtract Nero’s velocity (keeping in mind that westbound velocities are represented by negative numbers), that gives you Nero’s velocity measurement.

 

“Hey, dude? I thought relativity was all about moving really fast and catching squirrels and converting them into energy and stuff. When do we get to the squirrels?”

“We’ll get there, but this background stuff is important. In relativity, even more than in other branches of physics, it’s important to be extremely precise regarding what you’re talking about. Otherwise, you get tied in knots.”

“Yeah, but this stuff is sooooooo obvious. I mean, I see the cat moving, the moving cat thinks I’m moving, blah, blah, blah. I want to talk about Einstein!”

“Einstein’s biggest contribution was showing that when you think extremely carefully about what it means to measure the motion of objects, relativity isn’t weird at all. It’s actually inevitable—relativity is the only possible way that the world could work.”

“Yeah, but all this stuff about measuring positions . . .”

“The whole first section of Einstein’s first paper on special relativity talks about how to synchronize two clocks at different locations.”

“Oh.”

“The second section talks about defining position via a giant three-dimensional grid of meter sticks filling the entire universe. His popular book does the same thing.”

“Oh.”

“So, cats in cars don’t seem so bad, do they?”

“Cats are way more interesting than meter sticks, that’s for sure. Carry on.”




EVERYTHING HAS ALWAYS BEEN RELATIVE: ORIGINS OF RELATIVITY 

We now know how to reconcile the different measurements of position and velocity made by observers who are moving relative to one another by adding or subtracting a factor that depends on the relative velocity. Given the position and velocity of an object as measured by one observer at some instant in time, we can determine the position and velocity measured by a different observer at the same time. The two sets of measurements will look different but are connected by a very simple operation.

Physics is about more than just describing motion, though—it’s about predicting the future behavior of objects based on simple physical laws.  While it’s nice to be able to reconcile measurements made by cats and dogs, what we really want is to use Emmy’s measurements to predict what Nero will observe in the future, or vice versa.

To make this work requires the principle of relativity:

 

The laws of physics work the same way for an observer who is moving at constant velocity as for an observer who is standing still.

Two observers looking at the same events will both agree that the same laws of physics are in play, provided they are moving with constant speed relative to one another. They can each use the same laws of physics to predict the future position of a thrown object, or the operation of some mechanical device, once they know its position and velocity at some instant.

This might seem surprising, given that a moving object will have a different position and velocity according to each observer, but the world has to work this way. As we all know, a clever dog can catch a tennis ball thrown right to where she is sitting, and she can also run down a ball thrown into the yard. She can do both because the ball’s motion is determined using the same physical laws in both frames. If the principle of relativity didn’t work, a moving dog would need a different set of rules to predict the future position of a ball than a stationary dog, and a fast-moving dog would need a different set of rules than a slow-moving dog. Figuring out where the ball would land, and getting there before other dogs or humans, would be nearly impossible if the rules governing the motion of the ball changed depending on the speed of the dog.

This idea of relativity was introduced by the great Italian scientist Galileo Galilei, who used it in his Dialogue Concerning the Two Chief World Systems. The Dialogue was published in 1632 and consists of an imaginary conversation between three characters, one of whom, Salviati, tries to convince the other two of the validity of the Copernican theory that the Earth orbits the sun, rather than the other way around. Another character, Simplicio, puts forth various arguments against the Copernican view, all of  which are deftly demolished by Salviati.6

One of Simplicio’s arguments is that the Earth can’t be moving around the sun, because it doesn’t feel like we’re moving. If we were moving, surely we’d know. Salviati disposes of this idea via a simple thought experiment:Shut yourself up with some friend in the main cabin below decks on some large ship, and have with you there some flies, butterflies, and other small flying animals. Have a large bowl of water with some fish in it; hang up a bottle that empties drop by drop into a wide vessel beneath it. With the ship standing still, observe carefully how the little animals fly with equal speed to all sides of the cabin. The fish swim indifferently in all directions; the drops fall into the vessel beneath; and, in throwing something to your friend, you need throw it no more strongly in one direction than another, the distances being equal; jumping with your feet together, you pass equal spaces in every direction. When you have observed all these things carefully (though doubtless when the ship is standing still everything must happen in this way), have the ship proceed with any speed you like, so long as the motion is uniform and not fluctuating this way and that. You will discover not the least change in all the effects named, nor could you tell from any of them whether the ship was moving or standing still. In jumping, you will pass on the floor the same spaces as before, nor will you make larger jumps toward the stern than toward the prow even though the ship is moving quite rapidly, despite the fact that during the time that you are in the air the floor under you will be going in a direction opposite to your jump.7





This passage introduces a common formulation of the principle of relativity: there is no experimental way to distinguish between a frame of reference that is standing still and one that is moving at constant speed. A cat riding on a cruise ship will, like Salviati’s imaginary passenger, see all objects around him behaving in exactly the same way whether the ship is docked in a port or moving at speed through calm seas.

 

“Wait a minute—why is a cat on the cruise ship? I want to be on a cruise ship!”

“You objected when I wanted the moving observer to be a dog, so I made it a cat. Now you’re stuck with cats as moving observers.”

“Aw.w.www . . . I want to go on a cruise!”

“Those are the breaks, sorry.”

“Anyway, it doesn’t work.”

“What do you mean?”

“Well, I can easily tell that I’m on a moving boat, because all the trees and stuff look like they’re moving. Trees don’t move, so if they look like they’re moving, then I must be the one doing the moving.”

“That’s not an experiment on the boat, though. There is no test you can do on the boat that would indicate that you’re moving rather than standing still. You can look outside the ship and apply logic, but remember, you could be duped by a fiendish illusion. Somebody could put a bunch of trees on rollers and make it look like you’re moving when you’re not.”

“Oh, right. Stupid fiendish illusions.”

 

In Galileo’s day, the laws of physics hadn’t been nailed down yet, so he wasn’t able to do anything more quantitative than an appeal to common sense and experience. That had to wait for Isaac Newton, whose Philosophiae Naturalis Principia Mathematica (published in 1687)8 is widely regarded as the work that first established physics as a mathematical science. In it, he set forth three laws of motion that govern the behavior of moving objects and form the core of “classical” physics.

Newton’s first law is the principle of inertia: objects at rest tend to remain at rest, and objects in motion tend to remain in motion in a straight line at constant speed unless acted on by an external force. Newton’s second law tells you how much force you need to change the speed of a given object and is often written as F = ma, or force equals mass times acceleration. Newton’s third law says that for every action there is an equal and opposite reaction—a force of equal strength in the opposite direction.

With Newton’s laws of motion in hand, we can make a concrete comparison between the laws of physics as seen by a stationary observer and the laws of physics seen by a moving observer. Let’s consider the case of our two observers, Emmy and Nero, looking at the motion of a simple object, say, a ball thrown up into the air by a human standing next to the dog.

Emmy sees the ball fly straight up into the air, as shown in Figure 1.3. In accordance with Newton’s laws, it doesn’t move side to side at all, because there’s no force acting on it in that direction. In the vertical direction, though, the force of gravity causes it to slow down, stop for an instant at the peak of its flight, then accelerate back down toward her. Meanwhile, the cat moves by from right to left at a constant speed, because there are no left-right forces acting on him.

So, what does Nero see? In Nero’s frame of reference, shown in Figure 1.4, he is always stationary at x = 0, while the dog is moving from left to right. He sees the thrown ball move up and to the right, slowing gradually, then fall down and to the right, speeding up, tracing out a parabolic arc.

Nero’s observations are also consistent with Newton’s laws of motion. Emmy and the ball each move from left to right, and they each move the same amount. No force causes either the dog or the ball to change its motion in the horizontal direction, so they move at constant speed horizontally. The only force that acts is gravity, which only affects the vertical motion of the ball, causing it to slow down, reverse direction, then speed up, just as in Emmy’s frame. At the very peak of the motion, Emmy sees the ball as completely stationary for an infinitesimal instant, while Nero sees the ball as moving from left to right with no up-down speed but the same left-right speed it’s had all along.

 



Figure 1.3.
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Figure 1.4.
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Cats and dogs don’t agree on much, but this cat and this dog both agree that Newton’s laws of motion govern the flight of the ball. The same would be true if Nero had thrown the ball. In his frame, he would see the ball go straight up and come straight back down, remaining directly above his head the whole time. Emmy, on the other hand, would see the ball trace out a parabolic arc, moving from right to left at the same speed as Nero, though she would agree that the ball is always directly above him.

 

“Yeah, yeah, yeah. Everybody always agrees that the laws of physics work. Get on with it.”

“Actually, that’s not true. Observers who are moving at constant speed relative to one another agree that the laws of physics work in the same way. There are other observers, though, who see something different.”

“Like what?”

“Well, you remember that time I left a soda on the dashboard of the car?”

“Yeah. When you stepped on the gas, it fell off, and spilled all over the place. That was pretty funny. Also, yummy, because I got to lick soda off the seat.”

“Well, that’s an example of a situation where different observers would disagree about what happened. A stationary observer would say that the soda fell because there was no force acting on it, so in keeping with Newton’s first law, it remained where it was while the dashboard accelerated out from under it.”

“Sure, that makes sense.”

“To an observer moving with the car, though, it looks like the soda spontaneously started moving by itself. A cat in the car would agree that nothing pushes the soda, but he would see it start accelerating toward the back of the car all the same, the minute I stepped on the gas. That observer would not agree that Newton’s laws of motion applied to the cup of soda.”

“So, if you’re speeding up or slowing down, physics doesn’t work?”

“Physics still works, but not as nicely as when you’re dealing with motion at constant speed. Observers moving at constant speed relative to each other define a special group of inertial frames, so called because they are frames of reference in which Newton’s principle of inertia (the first law) holds true.”

“There are lots of other things you can do, though. Like, I can speed up, or slow down, or chase my tail around in a circle, or . . .”

“Exactly. We’ll talk about some of that stuff later on, but for now, we’re just going to deal with inertial frames, OK?”

“In a minute. First, I want to chase my tail for a bit. Wheee!”

“You’re ridiculous.”

“Maybe so, but I’m still better than some stupid moving cat. Why should I care what a moving cat sees?”

“The principle of relativity is useful for things other than converting between frames. You can use it to make a complicated problem that you don’t know how to solve look like a simple one you do know how to solve.”

“Yeah? How?”

“Well . . .”




RELATIVITY IN RIVER CITY: USING THE PRINCIPLE OF RELATIVITY TO UNDERSTAND COLLISIONS 

The principle of relativity may seem like an abstract exercise, but in fact it’s an essential tool for physics. If you know how to solve a simple problem in a stationary frame, you can often solve more complicated problems by moving to a frame of reference in which the complicated problem resembles the simple problem you know how to solve. You then use your knowledge of the simple problem to determine what happens in the moving frame, and you use the Galilean recipe for converting back to the stationary frame you started in to get the answer you need.

The easiest way to see this in action is in the context of collisions. It’s difficult to come up with a good canine example for this, but in a direct head-on collision between a moving object and a stationary object of equal mass—

 

“The moving object stops, and the stationary one moves off with the same speed and direction as the original moving object.”

“Well, yeah. How do you know that?”

“It happens all the time in pool.”

“Wait, pool? You play pool?”

“Of course not, silly, the tables are way too high. Plus it’s hard to work the cue with my mouth.”

“How do you know anything about pool, then?”

“Oh, it’s on cable a lot in the middle of the afternoon. It’s very relaxing to watch on days when I don’t feel like reading your physics books.”

“. . .”

“What? It’s boring when you’re not there!”

 

As any billiards-loving dog knows, when a moving object, such as a cue ball, hits a stationary object of equal mass, such as the eight ball, after the collision the eight ball will move off in the direction that the cue ball was headed, while the cue ball will come to a stop at the spot where it made contact with the eight ball. This is a simple example of a one-dimensional  collision—the actual collision takes place in three dimensions, but as long as the cue ball hits the eight ball squarely, without spin, we can treat this like a situation where the balls only move in one dimension.

A more complicated situation also involving a one-dimensional collision between identical objects is the case where both balls are moving. This is still one-dimensional, provided the collision is head-on, but it’s not as obvious what will happen. We can use the principle of relativity to understand this, though, by making the complicated case of two moving balls look like the simple case of one moving ball hitting one stationary ball.

 

“Unless, of course, your extensive TV watching has given you the answer to this one as well.”

“No, you don’t see that very often in pool. I have no idea what to expect.”

“I’m going to start hiding the TV remote when I go to work, you know.”

“Look, I can watch TV, or I can chew on the furniture. Your choice, dude.”

 

Let’s imagine the collision between two moving billiard balls as seen by a dog sitting at rest in the pool hall and a cat in motion. To be concrete, let’s imagine the cue ball moving east at 10 m/s, while the eight ball is moving west at 5 m/s. Nero the cat sees that Emmy is engrossed in watching pool and takes this opportunity to slink across the room for some nefarious purpose, moving west at the same speed as the eight ball. In Emmy’s frame of reference, the two moving balls come together, collide, and then move apart. It’s not obvious, however, what the final speeds of the two balls should be—we can determine it using the physics of momentum and energy, but it takes a good deal of math.

We can simplify the problem tremendously, though, by asking what the collision looks like according to Nero. As he moves west at 5 m/s, the eight ball appears to be standing still, while the cue ball is moving not at its Emmy-frame speed of 10 m/s but at 15 m/s (the 10 m/s speed of the ball plus the 5 m/s speed of the cat moving in the opposite direction). In Nero’s frame of reference, the collision looks exactly like the simple collision we understand from watching pool: the moving cue ball stops, while the stationary eight ball moves off at the 15 m/s speed of the cue ball.

The principle of relativity tells us that the laws of physics will work the same way in both Nero’s moving frame and Emmy’s stationary frame, as long as we convert from one to the other properly. We can use the simple result in Nero’s frame, then, to predict what Emmy sees when both balls are moving. Nero sees the cue ball as stationary after the collision, which means that, in Emmy’s frame of reference, it is moving west at the same speed as Nero, 5 m/s. Nero sees the eight ball moving east at 15 m/s, which means that in Emmy’s frame of reference, it’s moving east at 10 m/s (the speed Nero sees, minus his speed according to Emmy). In other words, when the collision takes place, the two balls exchange velocities—the eight ball moves off with the same speed and in the same direction as the incoming cue ball, and vice versa.

 

“That’s pretty cool. Does that work for all collisions?”

“It’s only true for head-on collisions between objects of the same mass. And even then, it only works if the collision is elastic—that is, if the two objects collide and separate without getting dented or losing energy in other ways.”

“Oh. That’s not that many collisions.”

“No, but then this is just an illustration of the basic idea. You can use the same trick of changing frames to understand other types of collisions, though. For example, what happens if you toss a light racquetball off a stationary basketball?”

“Ummmm . . . the racquetball bounces back the way it came, and the basketball barely moves.”

“Right. Now, what happens when the basketball is moving toward the racquetball at the same speed?”

“I have no idea.”

“You can understand what’s going to happen by looking at the situation from the point of view of somebody moving with the basketball. And you can demonstrate it by taking a racquetball, putting it on top of a basketball, and dropping both of them on the ground. Just after the basketball hits the ground, it moves up and collides with the racquetball coming down.”

“So, in the basketball’s frame, it’s stationary, and the racquetball bounces off it. In the stationary frame, then, the racquetball’s final speed is its initial speed plus the speed of the basketball. So it comes out moving faster than it went in!”

“Right. If you drop them just right, the racquetball shoots way up into the air. It’s a good physics party trick.”

“I bet. Especially since you get to chase the racquetball afterwards. Chasing bouncy balls is fun!”

 

The mathematical description of motion in different frames may seem complicated when you first encounter it, but if you back up and look at the big picture, it’s just common sense codified into simple mathematical recipes. To convert the position measured by a stationary dog to that measured by a moving cat, you subtract the cat’s velocity multiplied by the time from the dog’s measurements along the direction of motion, leaving measurements in the other two directions unchanged. To convert the velocity measured by the dog to the velocity measured by the cat, you subtract the cat’s velocity from the dog’s measurements along the direction of the cat’s motion, leaving the other two directions unchanged.

When Einstein began thinking about the physics of moving objects in the late 1800s, this combination of Newton’s laws and Galileo’s principle of relativity was still the state of the art as far as moving objects were concerned. The laws of physics had expanded to include a great many new phenomena unknown to Newton, though, and these proved more difficult to reconcile with the Galilean idea of relativity. As we’ll see in the next chapter, the new physics of electromagnetism conflicted with the commonsense Galilean view of relative motion, a conflict that common sense would ultimately lose.

 

“Wait a minute—so all that stuff with adding velocities was a lie? Why did we spend all this time writing it down?”

“It’s not a lie, just an imperfect approximation. Galilean relativity works very well for essentially all everyday situations, but it’s not the complete  picture. And it breaks down when you start to think about really fast motion, and especially when you start to think about electromagnetism.”

“How can it break down, though? I mean, it’s all so obvious, it has to be right.”

“It seems really obvious, but there’s a hidden assumption being made in the Galilean case that turns out to be incorrect. Einstein’s key contribution was to point this out.”

“What’s the assumption?”

“That’s in the next chapter—you’ll have to wait for it.”

“Humph. I don’t like waiting. I want to get to the part where I convert squirrels into energy!”

“This is important background information. You need to understand what the historical notion of relativity was before you can understand where it went wrong and how Einstein’s theory fixes it. Anyway, your other plan was apparently to watch TV, so it’s not like you were going to do anything better with the time.”

“I could’ve been chasing squirrels. Or bunnies. Or even my tail.”

“I don’t think that counts as a better use of your time.”

“Sure it does. Wheeee!”






Chapter 2

FAKE PROOFS AND FAILED EXPERIMENTS: HISTORICAL ORIGINS OF RELATIVITY
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I’M WATCHING PARDON THE INTERRUPTION AFTER WORK, and they’re talking about the Belmont Stakes. They show a clip of horses running, and Emmy pipes up, “I like horses!” She does this whenever she feels I’m not paying her enough attention.

“Horses are okay,” I say.

“Okay? Horses are really neat!” She thumps her tail on the floor to emphasize the point.

“I guess.” An evil idea comes to me. “Say, did you know that horses have an infinite number of legs?”

“What?”

“Yeah,” I say, pausing the DVR. “Horses have an infinite number of legs, and I can prove it with logic.”

“How?”

“Well, we know that horses have an even number of legs, right?”

“Well, yeah.”

“And we also know that horses have both forelegs and back legs, right?”

“Sure.”

“Now, four legs plus two back legs is six legs, which is an odd number of legs for a horse.”

“I guess, but . . .”

“We already said that horses have an even number of legs. And the only number that is both even and odd is infinity. Therefore, all horses have an infinite number of legs.”

She stares at me with huge eyes. “Whoa, I think you just blew my mind.”

“Pretty good, huh?”

“Dude, I had no idea . . .” She continues to look amazed. “But why do they look like they only have four legs on TV?”

“No, no—it’s a joke. They really do only have four legs.”

“But . . . you used logic.... What about the back legs?”

“It’s not really logic. It’s a kind of Groucho Marx fast-talking fake logic. It puns off ‘forelegs,’ meaning the two front legs, and acting as if it means ‘four legs,’ giving the number of legs.”

“Oh.” She still looks confused. “Why would you do that, though?”

“It’s an old math joke. There’s a whole bunch of joke math proofs out there if you look for them. There’s a bunch of different ways to ‘prove’ that 1 = 2, as well.” I do the wiggly fingers for the quotation marks, just to make sure she gets the point. Being a dog, she sometimes misses those little details. It’s very trying.

“Why would anybody want to do that?”

“Well, for one thing, it’s funny.” She cocks her head sideways. “Okay, fine, it’s funny if you have the right sort of personality. It’s also a useful reminder about the importance of checking all your assumptions.”

“How’s that?”

“Well, the proofs that 1 = 2 rely on slipping in some illegitimate operation in a way that looks plausible. You always end up dividing by zero, or something like that, but if you’re not paying close attention, you can miss the incorrect step.”

“I guess that makes sense. But how many reminders to be careful about math do humans need, anyway?”

“More than you might think. Whole fields of math and physics have been created by people realizing that they were assuming something that wasn’t true.”

“Like what?”

“Well, relativity, for example. One of the key realizations in Einstein’s special theory of relativity is that time is different for different observers. Prior to 1905, people kept running into contradictions when they thought about light emitted by moving objects. Common sense says that light from moving objects should move at a different speed than light from stationary ones, but Maxwell’s equations of electromagnetism give you a single, constant speed of light, no matter what speed the source or the observer has.”

“That doesn’t seem right . . .”

“It’s weird but true. It doesn’t seem right because you’re making the same hidden assumption as the nineteenth-century physicists who were struggling with the problem: you’re assuming that there’s a single, universal time that all observers can agree upon.”

“There isn’t?” She looks confused.

“It looks that way, but when you think really carefully about how to measure time, it turns out that there is no such thing as an absolute time. Special relativity flows from the realization that different observers will disagree about the timing of events. Once you have that idea, you can work out the rest of it relatively easily.”

“Pardon the pun . . .”

“Yeah, pardon the pun. Anyway, the point is, joke proofs are useful. In addition to being funny.”

“I still don’t see the humor, but whatever.”

“Right, whatever.” I sit back again, and hit play. Mike and Tony resume talking about racing.

“Anyway, as I was saying, horses are neat!”

“Even if they don’t have an infinite number of legs.”

“Yeah,” she thumps her tail enthusiastically. “Their crap smells fantastic!”

I don’t know what to say to that, so I just don’t say anything.

 

Every profession has its share of inside jokes that only make sense to members of that profession, and physics and math are no exception.9 Some of the jokes in mathematics serve an educational purpose, though—they’re as much puzzles as jokes, reminders of the importance of thinking clearly and completely about a problem and the assumptions made in trying to understand it.

The joke proof that opens this chapter relies on fast-talking wordplay and exploits the natural tendency of dogs and humans to believe that one sentence will follow logically from the preceding sentences. Real fake proofs are more formal but ultimately rely on a similar mistake—making an incorrect assumption so basic you don’t even notice it.10 This sort of error in thinking can trip up even professional physicists and mathematicians, leading to apparent paradoxes. Only when the incorrect assumption is identified and corrected do we understand what’s really going on, at which point the paradoxes turn out not to be paradoxical at all. This theme of hidden assumptions leading to apparent paradoxes runs through all of physics, but it’s particularly pronounced in relativity, as we’ll see many times in coming chapters.

In many ways, the problematic situation of physics at the end of the nineteenth century is similar to that of a student encountering one of these joke proofs in mathematics. By the 1800s, the laws of motion and the mathematical machinery for describing motion laid out by Galileo and Newton were well enough established to seem like the codification   of common sense. New physics discovered in the middle of the century, though, seemed to set up a paradox, particularly when new experiments began to call into question some cherished assumptions about the nature of motion.

In this chapter, we discuss how the new physics of electromagnetism creates an apparent paradox when using the Galilean recipe for converting from one frame of reference to another. We also talk about the greatest failed experiment in the history of physics and how it set the stage for Einstein and others to correct the hidden assumption at the heart of classical physics and to reconcile the apparent paradox—at the cost of a complete rethinking of the nature of space and time.




NEW PHYSICS FOR THE NINETEENTH CENTURY: ELECTRICITY AND MAGNETISM 

In Galileo’s day, the study of physics was more or less restricted to looking at the motion of objects, but by the end of the nineteenth century, a whole new branch of physics had been established: the study of electricity and magnetism (affectionately known as “E&M” to physicists), codified in Maxwell’s equations. E&M is concerned with the behavior of charged particles and magnets, and while these may seem like very different phenomena, in 1861 the full mathematical description of both electricity and magnetism was published by the Scottish physicist James Clerk Maxwell. This theory shows that electricity and magnetism are, in fact, different aspects of the same fundamental interaction and that light can be explained as an electromagnetic wave.

Maxwell’s theory of electromagnetism consists of four short equations.11 If you know the right sort of nerds, you may have seen them on a T-shirt or coffee mug in the following form:

“God said:[image: 010]



And there was light.”

 

“Umm, dude, the Genesis reference is cute and all, but I’m not getting a lot out of these equations.”

“You don’t need to understand them in detail. They’re just decorative.”

“I can think of a lot of things that would be more decorative. Pictures of me, say. Or pictures of big fat bunnies that I could chase. Or pictures of steak. Or actual steak.”

“The logistical issues of putting actual steak in a book are a little beyond me. But as equations go, you have to admit that these are kind of pretty.”

“Has anyone ever told you you’re an incredible nerd?”

“I’m a physicist. That’s pretty much a given.”

“True enough.”

 

While Maxwell’s equations may look intimidating in mathematical notation, they’re actually very simple to translate into English. They’re a set of rules for determining the behavior of electric fields (represented by E) and magnetic fields (represented by B). If you know the electric and magnetic fields, you can use them to predict everything about the motion of charged particles like electrons or protons. The four equations translate into four rules:1. The strength of an electric field depends on the amount of charge in the vicinity.
2. A magnet will always have both north and south poles.
3. An electric field is created by a changing magnetic field.
4. A magnetic field is created by either a current or a changing electric field.


These four rules tell you absolutely everything you need to know about electric and magnetic fields, which in turn tells you everything you need to know about the behavior of charged particles and magnets. You can use Maxwell’s equations to understand how static electricity makes balloons stick to the ceiling after they’re rubbed on a dog’s fur, or how electric current flows to power all the appliances humans have for storing and preparing food, and even how to use spinning turbines attached to magnets to generate the electricity needed to maintain comfortable homes for humans and dogs.

You can also use Maxwell’s equations to understand light. This might not seem immediately obvious, but it follows rather simply from the third and fourth rules. In the absence of any current flowing, these state,3. An electric field is created by a changing magnetic field.
4. A magnetic field is created by a changing electric field.



Going back and forth between these two lets you create a mutually sustaining electromagnetic wave: A changing magnetic field creates an electric field. That (changing) electric field creates a magnetic field. That magnetic field, in turn, creates an electric field, which creates a magnetic field, and so on. The end result is an oscillating electric field coupled with an oscillating magnetic field, which move along together through space in a direction perpendicular to both the electric and magnetic fields. An electric field oscillating vertically, sometimes pointing up and sometimes down, paired with an east-west magnetic field will move either north or south.

In 1887 the German physicist Heinrich Hertz demonstrated the existence of oscillating electromagnetic waves traveling through space by mapping out the waves generated by an electric spark.12 The unit of frequency for an oscillating system is named in his honor: one hertz (Hz) is   one oscillation per second. While Hertz himself did not fully appreciate the meaning of his accomplishment,13 these waves were soon identified as light, providing a nearly complete description of classical optics as well.

Maxwell’s equations are a great triumph of nineteenth-century physics, providing a complete mathematical theory of charged particles and light. Together with the laws of thermodynamics, which were developed at the same time, and Newton’s well-established laws of motion and gravitation, they let many late-nineteenth-century physicists feel as if they were on the verge of a complete description of the universe. In many books, you can find some famous physicist of that time quoted as saying, “There is nothing new to be discovered in physics now. All that remains is more and more precise measurement.”14 In fact, physics was on the verge of two major crises as it entered the twentieth century, each crisis requiring a revolutionary new theory to resolve the problem. One crisis, having to do with the nature of matter, led to the development of quantum mechanics, which is a subject for a different book.15 The other crisis, having to do with the nature of space and time, led to the theory of relativity, which is the story we’ll be telling here.




LIGHT-CARRYING WAVY STUFF: THE LUMINIFEROUS AETHER AND THE SPEED OF LIGHT 

Einstein’s first paper laying out the special theory of relativity is titled “On the Electrodynamics of Moving Bodies,”16 which may seem surprising given that we started our discussion by talking about moving cats and   dogs, but the theory of relativity is intimately connected with electromagnetism. In fact, Maxwell’s equations contain the seeds of the crisis to which relativity is the solution.

As described above, the third and fourth Maxwell equations let us create electromagnetic waves consisting of oscillating electric and magnetic fields that support each other as they travel through space. The full mathematical treatment of this gives the speed at which these waves travel, traditionally given as the symbol c, which is a very simple mathematical relation:

[image: 011]

The speed of light predicted by Maxwell’s equations is one over the square root of the product of two constants of nature, µ0 and ε0. 17

What’s most important about this equation is what’s not found in it—namely, any reference to the speed of the source of the waves or the observer. Maxwell’s equations predict the existence of electromagnetic waves, now identified with light, but they don’t provide any way of including the effects of motion. This seems to put Maxwell’s equations in direct conflict with the principle of relativity.

As we saw in the previous chapter, two observers who are moving with respect to one another—a dog in the window and a cat in a passing car—will disagree about the speed of a moving object. If Emmy the dog sees a child on a bicycle moving west at 6 m/s and Nero the cat moving east at 10 m/s, Nero will say that the child is moving at 16 m/s—the speed seen by Emmy, plus his speed relative to Emmy.

Simple logic suggests that this Galilean recipe for converting from one frame of reference to another ought to carry over to the case of light waves. That is, if the bicycling child turns on her headlight, she should see the light leaving the headlight at the speed of light, Emmy should see the light leaving the lamp moving at the speed of light plus 6 m/s (the speed of the bike relative to Emmy), and Nero should see the light coming toward him at the speed of light plus 16 m/s (the speed of the bike relative   to Nero). And yet, Maxwell’s equations don’t provide for a variable speed of light: according to the equations, light always and everywhere moves at exactly the same speed, no matter how fast the source of the light is moving or how fast the observer seeing the light is moving.

 

“Wait, doesn’t it depend on what’s waving?”

“What do you mean?”

“You know, what carries the waves. Like, the waves in the pond in the backyard are carried by the water in the pond, and the sound waves when I bark are carried by the air in the house. Light waves must be carried by some sort of light-carrying wavy stuff.”

“The luminiferous aether.”

“Ooh! That’s a great name. What’s it mean?”

“‘Light-carrying wavy stuff,’ more or less. In Latin.”

“Latin sounds so much cooler than English. You should teach me Latin.”

“I’ll get right on that. Anyway, you’ve hit on one of the great historical attempts to explain the propagation of light. ‘Luminiferous aether’ is the name of the mysterious substance that was imagined to carry light waves even before Maxwell’s equations came along, and it provides a possible way to weasel out of the problem of the single speed of light.”

“How is that?”

“Well, if you imagine that light waves are propagating through some aether, that aether must fill the entire universe, since we see light waves coming to us from very distant stars and galaxies.”

“That’s a lot of aether, isn’t it?”

“At the time, nobody knew how incredibly mind-bogglingly huge the universe really is, but even so, you’re right that it’s a lot of space to fill with stuff. The aether itself would need to be extremely light, though, so it might not amount to all that much mass. Anyway, the idea is that the light waves always propagate through this aether that is everywhere and fixed in space. If that’s the case, then the single speed predicted by Maxwell’s equations would be the speed of light waves with respect to the aether.”

“So, no matter how fast you were moving when you flipped on the lights, the light would travel through the aether at the same speed.”

“Right. If you use that model, then you could say that the speed of light relative to the aether was fixed, and the speed of light according to any observer would depend on the speed of that observer relative to the aether—which you could figure out using the Galilean rules we talked about last chapter.”

“That’s great! I fixed the problem! I’m a genius dog.”

“Not so fast. The aether model was popular, but it had a lot of problems.”

“Like what?”

“Well, for one thing, the aether would need to be absurdly light—the British physicist Lord Kelvin estimated the density of the aether and came up with a figure of 10–21 kilograms (kg) per cubic centimeter (cm3). That’s the mass of only about a million hydrogen atoms.”

“A million’s kind of big, though, right?”

“If you’re talking about dogs or people, not atoms. That’s around a hundred trillion times less dense than air.”

“Oh.”

“It would also need to be fantastically stiff—way more rigid than any known substance—but at the same time allow ordinary matter to pass through it almost undisturbed.”

“That’s . . . really weird. Kind of hard to believe, really.”

“Exactly. More importantly, people have done lots of experiments looking for it, one of which we’ll talk about next, and never found any hint of it—which is why nobody really believes in it as a theory of physics anymore.”

“OK, so it doesn’t solve the problem. It’s still good for one thing, though.”

“What’s that?”

“Luminiferous Aether would be a great name for a band.”




THE WORLD’S GREATEST FAILED EXPERIMENT: THE MICHELSON-MORLEY EXPERIMENT 

Any time two theories of science come into conflict, the resolution is always achieved through experiments. The business of science, particularly  physics, is to provide a mathematical description of reality, and the ultimate test of any theory is whether its predictions are borne out in reality. In this case, the two theories make very distinct predictions: Maxwell’s equations say that light has a single speed independent of the motion of the observer, while aether theories predict that the observed speed depends on the observer’s motion relative to the aether. This question can be settled experimentally by measuring the speed of light in different conditions.

Of course, measuring the speed of light is a challenge even today, as the speed of light is incredibly fast—just under 300 million meters per second. 18 Measuring changes in that speed due to the motion of macroscopic objects requires both a really fast-moving test object and an extremely sensitive measurement technique.

The most famous experiment to look for the effects of motion on the speed of light is known to physicists as the Michelson-Morley experiment; it was carried out by American physicist Albert Michelson19 with the assistance of Edward Morley, starting in the 1880s. It is widely regarded as one of the most important and influential experiments in the history of physics, despite the fact that it failed in its original purpose.

For their moving object, Michelson and Morley chose the fastest-moving object available to them, which also happens to be the fastest-moving object available today: the motion of Earth in its orbit around the sun. Earth orbits the sun once per year at a distance of around 150 million kilometers (km), which works out to a speed in its orbit of around 30,000 m/s.20 The   fastest man-made object in history is the Voyager I space probe, currently leaving the solar system at about 17,000 m/s, just over half the speed of the orbiting Earth.

As fast as it is, though, the speed of the Earth is still only 1 / 10,000th that of light. In order to measure changes in the speed of light at that level, Michelson needed to invent a new measurement technique that makes use of the wave nature of light to attain incredible sensitivity.

The center of a Michelson interferometer is a beam splitter, a glass plate that lets half of the light falling on it pass through, while the other half is reflected. The beam splitter is arranged so that it splits a beam of light into two pieces that follow perpendicular paths (if the light is initially headed east, half of it continues to the east, while the other half is reflected to the north). Each of these paths ends at a mirror that reflects the light back on itself, returning to the beam splitter. Half of each beam is sent toward a detector by the beam splitter (half of the light from the north-south arm is transmitted, while half of the light from the east-west arm is reflected to the south), where the intensity of the light is recorded.21

You might expect that the detector would always see half of the input intensity (it receives two beams that are each one-quarter the original intensity), but in fact, the intensity at the detector can range from zero to the full intensity of the light source, thanks to a wave phenomenon known as interference. When we add together the light waves, what we get depends on whether the peaks of one wave fall in the same places as the peaks of the other. If the peaks line up, as shown in Figure 2.1, the resulting wave is twice as large as either of the original waves (this is called constructive interference ). If the peaks of one wave fall in the valleys of the other, though, the waves cancel each other out, leaving no light at all (destructive interference).

This interference effect makes the Michelson interferometer an incredibly sensitive method for measuring small differences between the two arms of the interferometer. If you move one mirror farther from the beam splitter    by just one-quarter of the wavelength of the light,22 as shown in Figure 2.2, the light on that path travels an extra half wavelength. During this extra travel time, the wave completes another half oscillation, so when the two waves are combined, the peaks of one fall in the valleys of the other. Moving another one-quarter of the wavelength will return to constructive interference, giving a bright spot at the detector: the wave on the longer path completes one full extra oscillation, so the peaks overlap again, and so on. If you continue to move one mirror back, you will see a series of bright and dark spots, referred to as interference fringes. Counting the number of these fringes that go by when moving a mirror from one place to another lets you measure changes in the mirror’s position to within a few nanometers 23 (nm).

 



Figure 2.1. A Michelson interferometer, showing constructive interference of the light waves. Light from the source hits a beam splitter, and half of it travels up to the top mirror, while the other half continues straight through to the mirror on the right. The mirrors direct the beams back to the beam splitter, where half of each beam is sent downward toward the detector. When the two waves follow paths of the same length, as they do here, the waves from the two paths interfere constructively, so the peaks of one fall on top of the peaks of the other, making a bright spot at the detector.

[image: 012]

The same interference effect that makes the interferometer a sensitive detector of changes in the length of one of the two arms also allows it to measure changes in the speed of light. Light passing through a transparent substance like air or glass moves slower than light traveling through empty    space. If you remove all the air from one arm of a Michelson interferometer, leaving the other arm alone, the light at the detector goes from bright to dark and back many times as the air is pumped away. The number of these interference fringes tells you the difference between the speed of light in air and the speed of light in a vacuum, which is only about 0.03 percent of the speed (90,000 m/s) but is readily observable using an interferometer.

 



Figure 2.2. The same Michelson interferometer, with one mirror moved back by one-quarter of a wavelength. The extra distance traveled by the light hitting that mirror puts the peaks of that wave in the valleys of the wave from the other path, causing destructive interference and a dark spot at the detector.

[image: 013]

The Michelson-Morley experiment used an interferometer to look for motion of the Earth through the luminiferous aether. If the single speed of light predicted by Maxwell’s equations is the speed of the light relative to the aether, then as the Earth moves through the aether, light traveling along the direction of motion must travel at a different speed relative to the Earth than light moving at right angles to the motion. Of course, there’s no way to stop the Earth’s motion to do the comparison, but Michelson and Morley found an ingenious way around that problem: they set their interferometer up with one arm pointed in the direction of the Earth’s motion, then rotated it by 90 degrees. After the rotation, the arm that had been along the motion was now perpendicular to it, while the arm that had been perpendicular to the motion was now aligned along the motion. If light traveling out and back along the direction of Earth’s motion moved at a different speed than light traveling at right angles to the motion, rotating the interferometer should exchange the roles of the  two arms. Rotating the arms should produce a shift in the amount of light at the detector as the speed changes from one value to the other, exactly as happens when air is pumped out of one arm.

Michelson and Morley built a huge interferometer, with arms 11m in length, and mounted it on a large block of granite to minimize any chance of vibrations moving the mirrors. They floated their two-ton granite block on a vat of mercury to ensure smooth rotation of the apparatus24 and repeated the experiment at different times of day and different points during the year. They measured no significant change in the speed of light—a very conservative interpretation of their measurements said that the Earth’s velocity relative to the aether had to be less than one-sixth of the orbital speed of the Earth.

 

“But, wait, doesn’t that just mean that the aether is moving with the Earth?”

“That’s one possible way to explain the negative result—that the Earth drags the aether in its vicinity along with it, so that the relative speed of the Earth and the aether is much smaller than it would be otherwise. This runs into problems with other measurements, though, looking at the positions of stars at different times of the year.”

“What’s that got to do with anything?”

“The motion of the Earth relative to the light coming from a distant star causes a small shift in the apparent position of the star that depends on the direction of motion. This stellar aberration means that stars sort of wobble around during the course of the year. This wobble had been observed back in the 1700s and was well established by the time Michelson and Morley did their experiments.”

“How does Earth’s motion make stars move?”

“Well, it’s sort of like walking in the rain with an umbrella. Even if the rain is falling straight down, you need to tip the umbrella forward a little bit because your motion relative to the rain makes it look like the rain   comes in with a little horizontal velocity. In the same way, the motion of the Earth relative to the light requires you to tilt the telescope at a slight angle, which makes the star look like it’s in a different position. If the Earth was really dragging the aether along with it enough to explain the Michelson-Morley result, you would see a smaller aberration than we do.”

“Okay, I guess. There’s one problem with your explanation, though.”

“What’s that?”

“When we walk in the rain, you’re the one holding the umbrella, not me. No matter how you tilt it, I still get soaked.”

“Oh. Well, sorry about that.”

 

The Michelson-Morley experiment is arguably the greatest failed experiment in the history of physics. Morley himself didn’t believe their initial results and spent the next couple of decades putting together better and better tests, but numerous repetitions of the experiment over the last 125 years have confirmed the initial negative result. The speed of light is independent of the motion of the Earth to within a small fraction of a meter per second.

The Michelson-Morley experiment was a significant step in forcing physicists to accept that Maxwell’s equations accurately describe reality: light moves through empty space with a single speed, no matter what the observer is doing. This requires a dramatic modification of the way that we look at motion in different frames of reference, which seems to run counter to common sense in the form of the Galilean rules we discussed earlier.

The mistaken assumption that led Michelson and Morley to think they could measure Earth’s speed relative to the aether is subtle and difficult to spot, like the incorrect step in a good fake mathematical proof, and it hinges on the nature of time. The interferometer is sensitive to motion through the aether because a different speed of light along the direction of motion changes the time required for light to travel out and back along that arm of the interferometer. This implicitly assumes, however, that this time is the same for all observers—that an experimenter moving with the interferometer and a hypothetical dog at rest with respect to the aether watching the Earth zooming past will measure the same round-trip time.

That may seem too obvious to count as an assumption, let alone an incorrect one, but it’s the crucial flaw. If the observer with the apparatus sees time passing at a different rate than the dog in the aether, then the negative result of the Michelson-Morley experiment can be explained as a logical consequence of this behavior. Correcting this mistaken assumption is the key step that underlies the entire theory of relativity.

The Michelson-Morley result was also the first step in the process of removing the luminiferous aether from modern physics. The properties required for such a substance were already known to be problematic, and the failure to measure any motion relative to the aether helped convince physicists to abandon the idea altogether. Modern physics holds that electric and magnetic fields do not require any medium to support them but exist on their own in empty space. The various Michelson-Morley tests over the years haven’t found any motion relative to the aether for the very simple reason that there is no aether to move relative to.

The mathematical tools needed to understand the Michelson-Morley result were developed not long after the experiments by Irish physicist George FitzGerald and Dutch physicist Hendrik Lorentz. The necessary techniques produce some very strange results—in addition to disagreement about timing, the interferometer must shrink along the direction of motion—so they weren’t generally accepted until Einstein published his first relativity papers in 1905, almost twenty years after the Michelson-Morley result. Einstein succeeded where others had failed by showing that a careful treatment of time and motion make these effects inevitable. The strange phenomena are not a weird and arbitrary mathematical fiction but the unavoidable result of the fundamental structure of our universe.

 

“Wait—Einstein didn’t come up with relativity on his own?”

“No. Other people worked out all of the mathematical apparatus before him. Hendrik Lorentz worked out the equations that physicists use to correctly determine what moving observers see, now called the Lorentz transformation equations in his honor. FitzGerald predicted the phenomenon of length contraction, which we’ll talk about in Chapter 4, and  the French physicist Henri Poincaré almost put the whole thing together a little before Einstein.”

“So, why is Einstein all famous, while I haven’t heard of these other guys?”

“Because they all balked at the weirdness of the predictions, so none of them quite got it right. Poincaré was the closest, but even he stubbornly stuck with the aether idea of defining a preferred frame of reference for the motion of light and treating all the rest of the predictions as convenient fictions needed to make the math work out. Einstein was the first to put the whole package together, and more importantly, he made a convincing argument that this was how things have to be.”

“Yeah? What’s the argument?”

“That’s what’s in the next chapter.”

“You’re enjoying dragging this out, aren’t you?”






End of sample
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