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A PLUME BOOK

THE THEORY OF ALMOST EVERYTHING

ROBERT OERTER teaches physics at George Mason University. He received his Ph.D. from the University of Maryland. He has done research in the area of supergravity, especially as applied to superstring theories, and in the quantum mechanics of chaotic systems. He lives in Maryland.




“In an era when enormous attention is being paid to the promising
but highly speculative superstring/M-theory, a great triumph of science
has gone nearly unnoticed, except by physicists. Robert Oerter
provides here an accessible introduction to the Standard Model—a
towering example of human creativity. He outlines how the Standard
Model can serve as the launching pad for humanity to—paraphrasing
Einstein—see better the secrets of ‘the Ancient One.’ ”


—S. J. Gates Jr., John S. Toll Professor of Physics and director of the Center for String and Particle Theory, University of Maryland

 

“We always hear about black holes, the big bang, and the search for
life in the universe. But rare is the book that celebrates the Standard
Model of Elementary Particles—a triumph of twentieth-century science
that underpins nearly all we know about physical reality.
Oerter’s The Theory of Almost Everything belongs on anyone’s shelf
who cares about how the universe really works.”


—Neil deGrasse Tyson, astrophysicist and author of Origins:  Fourteen Billion Years of Cosmic Evolution

 

“The tried and true Standard Model of particle physics isn’t getting the respect it deserves. Physicist Robert Oerter is out to set the record straight, and in this book he reveals the Standard Model in all its glory.”

—New Scientist

 

“Accessible and engaging ... This book is for anyone interested in modern physics and ultimate answers about the universe.”

—Science News

 

“The material is deep and rich. The exposition is very clear ... interested laypersons will find this book rewarding reading.”

—Choice

 

“This highly accessible volume explains the Standard Model to the everyman, using literary references and easy-to-follow analogies to make clear mind-bending physics principles.”

—Publishers Weekly




[image: 001]




PLUME 
Published by Penguin Group 
Penguin Group (USA) Inc., 375 Hudson Street, New York, New York 10014, U.S.A. 
Penguin Group (Canada), 90 Eglinton Avenue East, Suite 700, 
Toronto, Ontario, M4P 2Y3, Canada (a division of Pearson Penguin Canada Inc.) 
Penguin Books Ltd., 80 Strand, London WC2R ORL, England 
Penguin Ireland, 25 St. Stephen’s Green, Dublin 2, Ireland 
(a division of Penguin Books Ltd.) 
Penguin Group (Australia), 250 Camberwell Road, Camberwell, 
Victoria 3124, Australia (a division of Pearson Australia Group Pty. Ltd.) 
Penguin Books India Pvt. Ltd., 11 Community Centre, Panchsheel Park, 
New Delhi - 110 017, India 
Penguin Books (NZ), 67 Apollo Drive, Rosedale, North Shore 0632, 
New Zealand (a division of Pearson New Zealand Ltd.) 
Penguin Books (South Africa) (Pty.) Ltd., 24 Sturdee Avenue, 
Rosebank, Johannesburg 2196, South Africa

Penguin Books Ltd., Registered Offices: 80 Strand, London WC2R ORL, England 
Published by Plume, a member of Penguin Group (USA) Inc. Previously published 
in a Pi Press edition.

 

First Plume Printing, October 2006 


 

Copyright © Robert Oerter, 2006

All rights reserved

[image: 002]REGISTERED TRADEMARK—MARCA REGISTRADA

CIP data is available.

eISBN : 978-1-101-12674-5



 

Without limiting the rights under copyright reserved above, no part of this publication may be reproduced, stored in or introduced into a retrieval system, or transmitted, in any form, or by any means (electronic, mechanical, photocopying, recording, or otherwise), without the prior written permission of both the copyright owner and the above publisher of this book.

PUBLISHER’S NOTE

The scanning, uploading, and distribution of this book via the Internet or via any other means without the permission of the publisher is illegal and punishable by law. Please purchase only authorized electronic editions, and do not participate in or encourage electronic piracy of copyrighted materials. Your support of the author’s rights is appreciated.

BOOKS ARE AVAILABLE AT QUANTITY DISCOUNTS WHEN USED TO PROMOTE PRODUCTS OR SERVICES. FOR INFORMATION PLEASE WRITE TO PREMIUM MARKETING DIVISION, PENGUIN GROUP (USA) INC., 375 HUDSON STREET, NEW YORK, NEW YORK 10014.

http://us.penguingroup.com




In Memory of George William Oerter




Introduction

People are always asking for the latest developments in the unification of this theory with that theory, and they don’t give us a chance to tell them anything about one of the theories that we know pretty well... What I’d like to talk about is a part of physics that is known, rather than a part that is unknown.

—Richard Feynman, QED:  The Strange Theory of Light and Matter



 

 

 

 

There is a theory in physics that explains, at the deepest level, nearly all of the phenomena that rule our daily lives. It summarizes everything we know about the fundamental structure of matter and energy. It provides a detailed picture of the basic building blocks from which everything is made. It describes the reactions that power the sun and the interactions that cause fluorescent lights to glow. It explains the behavior of light, radio waves, and X rays. It has implications for our understanding of the very first moments of the universe’s existence, and for how matter itself came into being. It surpasses in precision, in universality, in its range of applicability from the very small to the astronomically large, every scientific theory that has ever existed. This theory bears the unassuming name “The Standard Model of Elementary Particles,” or the “Standard Model,” for short. It deserves to be better known, and it deserves a better name. I call it “The Theory of Almost Everything.”

The Standard Model has a surprisingly low profile for such a fundamental and successful theory. It has deeper implications for the nature of the universe than chaos theory, and unlike string theory, which is purely speculative in nature, it has a strong experimental basis—but it is not as widely known as either. In physics news items, the Standard  Model usually plays the whipping boy. Reports of successful experimental tests of the theory have an air of disappointment, and every hint of the theory’s inadequacy is greeted with glee. It is the Rodney Dangerfield of physical theories, it “don’t get no respect.” But it is, perhaps, the pinnacle of human intellectual achievement to date.

Some of the Standard Model’s architects are perhaps more visible than the theory itself: the clownish iconoclast Richard Feynman and the egotistical polymath Murray Gell-Mann have both written and been the subject of books. Many other names, though, are practically unknown outside specialist circles: Sin-Itiro Tomonaga, Julian Schwinger, George Zweig, Abdus Salam, Steven Weinberg, Yuval Ne‘eman, Sheldon Glashow, Martin Veltman, Gerard t’Hooft. Perhaps part of the reason for the Standard Model’s neglect is the sheer number of people involved. There is no solitary, rejected genius—no Einstein working alone in the patent office, no theory springing full-blown into existence overnight. Instead, the Standard Model was cobbled together by many brilliant minds over the course of nearly the whole of the twentieth century, sometimes driven forward by new experimental discoveries, sometimes by theoretical advances. It was a collaborative effort in the largest sense, spanning continents and decades.

The Standard Model is truly “a tapestry woven by many hands,” as Sheldon Glashow put it.1 It is, in this, a much better paradigm for how science is actually done than is the myth of the lone genius. But it conflicts with our prejudices about science and with the way popular physics is usually presented.

News reports and general-interest books about the Standard Model often emphasize the particles in the theory: the discovery of quarks, finding the W and Z bosons, looking for neutrino mass, the search for the Higgs particle. This emphasis misses the underlying structure of the theory. It is as if you were asked to describe a Christmas tree and you talked entirely about the ornaments and the lights, and never mentioned the tree itself: the piney smell, the color of the  needles and the bark, the feathering of the branches, the symmetrical shape.

To a theoretical physicist, the quarks, electrons, and neutrinos are like the ornaments on the tree. Pretty, yes, but not what’s fundamentally important. The structure of the theory itself is what’s really fascinating. The Standard Model belongs to a class of theories called  relativistic quantum field theories. Dream up any set of particles you like and you can write a relativistic quantum field theory to describe it. (I’ll show you how to do this in Chapter 9.) All such theories incorporate the strangeness both of special relativity, with its paradoxes of time and motion, and of quantum mechanics, with its fields that are neither wave nor particle. The framework of relativistic quantum field theory adds some weirdness of its own: particles that pop into existence out of pure energy, and disappear again, literally in a flash of light. This structure encodes the rather bizarre worldview of the physicist. It tells what can be known about the universe, and what must remain forever mysterious. This structure, the deep symmetries of the universe that are hidden within this structure, and its implications for our understanding of the physical world, are what I want to tell you about in this book.

There is symmetry all around us: the shape of a snowflake or a daffodil, the crystal symmetry of a perfectly cut diamond, the volcanic beauty of Mount Kilimanjaro. We desire symmetry. Architects, artists, and composers incorporate symmetry into their creations. We judge faces with symmetric features more beautiful. When selecting a Christmas tree, the buyer walks all around it to see if it is attractive from all sides. And yet, too much symmetry is boring. A well-proportioned house is beautiful, but an endless row of identical houses is repellant. A musical phrase repeated over and over becomes monotonous, loses our interest, and soon becomes annoying. In a Jackson Pollock painting, one section of the canvas looks much like any other section, but no two areas are identical. Symmetry need not be perfect, it must not be perfect, to achieve beauty. As Francis Bacon  said, “There is no excellent beauty that hath not some strangeness in the proportion”.23

A tree, for example, displays many kinds of symmetry, not all of them obvious at first glance. Draw an imaginary vertical line through the center of the tree and you split it into two halves, each of which is a mirror image of the other, albeit an imperfect one. Symmetry of another kind can be found in the branching structure of the tree limbs. This structure is repeated for smaller branches, then for twigs, creating a kind of symmetry of scale. Select a small portion of a photograph of the tree and blow it up, then select a portion of the enlargement and blow that up. Each time the new photograph looks very similar to the previous one. This branching structure is repeated underground in the tree’s roots, making the bottom half of the tree a distorted mirror image of the top half.

Symmetry can be destroyed. A building collapses in an earthquake; a wine glass shatters when dropped. A tree, buffeted by wind, falls over. When you walk around the fallen tree, it no longer looks the same from every side. Its crown is crushed by the ground: now, when you draw a line through the trunk, the two sides are no longer mirror images.

The story of fundamental physics in the twentieth century is a story of symmetry: symmetry perfect and imperfect, symmetry discovered and symmetry destroyed. The symmetries involved are not ones that can be seen with the naked eye, however. To discover them we must dive into the tree’s inner structure. Its wood, viewed under a microscope, is made of cells, the cells built up of chains of molecules. The molecules in turn consist of atoms, which are constructed from still smaller particles. In a process of discovery that lasted the entire twentieth century, physicists learned that these smallest constituents of matter have symmetries of their own. If we could reach into the atom and give each of the particles a certain kind of twist, and if we could simultaneously give the same twist to every other particle in the universe, the world would go on exactly as if we had done nothing.

With a perfectly symmetrical face, you can’t tell if you are looking at a photograph or a mirror image. The deep symmetries of the fundamental particles are exact—there is no way to tell if the twist has been made or not. Beyond these exact symmetries, not visible even in the fundamental particles but hidden in physicists’ theories, lies yet another symmetry, one that existed in the first moments of the universe’s existence, but has since been shattered. This symmetry and its downfall is the reason that matter as we know it exists, the reason for stars, planets, daffodils, and you and me.

The Standard Model is a theory of almost everything. Specifically, it is a theory of everything except gravity. Gravity may seem to be a major omission; in everyday life, gravity is certainly the force we feel most strongly. Without magnetism, the photos of your niece would fall off the refrigerator; without electricity, you could walk across a rug on a dry day and not get shocked when you touch the doorknob; but without gravity, you would go floating up off the Earth into space and asphyxiate.

Paradoxically, gravity is more noticeable to us because it is the weakest force. A proton, for example, has the smallest electric charge that it’s possible to isolate in nature, yet the electric force between two protons is immensely larger (by a factor of 1036!) than the gravitational force between them. Because the electric force is so strong, matter tends to hang out in neutral clumps, with equal amounts of positive and negative charges. The positive and negative charges cancel each other, and the resulting neutral clump doesn’t feel any electric force from other neutral clumps. This is why we never see, for instance, an apple flying up out of a tree due to electrical repulsion from the Earth. The Earth is nearly neutral, apples are nearly neutral, so the net electric force is small compared to the gravitational force. Whenever an imbalance of charge is created, as when you shuffle across a rug, picking up extra negatively charged electrons from the rug, the imbalance will correct itself at the first opportunity. When you touch the doorknob, the extra electrons try to escape your body,  repelled not by your personality, but by their mutual electric force and attracted toward any extra positive charges in the doorknob. The same thing happens in lightning strikes, when a large amount of charge flows back to the Earth from an electrically charged cloud, restoring electric neutrality.

Electric and magnetic forces, however, are much more important in everyday life than refrigerator magnets and static cling. The electric engine that runs the refrigerator contains magnets and uses electricity, as do the engines for your vacuum cleaner, your weed whacker, and your car’s starter. Electricity flows whenever you turn on a light, a TV, a stereo, pick up the phone, cook on an electric range, or play electric guitar. Light is an electromagnetic effect, whether it comes from a light bulb or from the Sun. Your nerves send electric signals, so by the act of reading this sentence, you are causing a multitude of electrical events in your brain and your body. What’s more, all chemical reactions may be traced to the electric and magnetic interactions of the atoms and molecules involved. Your body operates by way of chemical reactions, so electric forces are ultimately responsible for your movement, digestion, breathing, and thinking. It is electric forces that hold matter together, so the chair you are sitting in would not exist without electric forces. Far from being irrelevant for everyday life, electric and magnetic forces, together with gravity, are everyday life, or at least they are the substrate that makes life possible.

The Standard Model contains a complete theory of electric and magnetic forces, together with a description of the particles on which the forces act: protons, electrons, neutrons, and many more that are not as well known. So, in a sense, the Standard Model “explains” all those everyday phenomena, from the structure of the chair you sit on, to your very thoughts. It is not possible, though, to write an equation that describes your chair using the equations of the Standard Model (much less an equation for your thoughts!). The Standard Model equations can only be solved in very simple cases, say one electron interacting with one proton. In those simple cases, however,  the Standard Model gives us such incredibly accurate predictions that we have a great deal of confidence that that is really how electrons and protons behave. (Other parts of the Standard Model, for instance the internal structure of the proton, are still not solved, and so our confidence is somewhat less for those areas.) Even though we cannot  in practice use the Standard Model to describe a chair, we can say that a chair consists of protons, neutrons, and electrons in various configurations, and so, in principle, the Standard Model “explains” the chair at its most fundamental level.

Consider a computer as an analogy. The computer is made of wires, integrated circuits, a power supply, and so forth. Fundamentally, all that is “really” happening in a computer is that little bunches of electrons are being shuffled around through these circuits. However, when your computer tells you “ERROR 1175: ILLEGAL OPERATION, APPLICATION WILL BE SHUT DOWN,” it is not very useful to pull out the circuit diagram for your CPU. Although it is possible in principle to describe what happened in terms of the circuits (“When memory locations A, B, and C have such-and-such a number of electrons, and some other number of electrons come down wire Q, then...”), this description would be useless for avoiding the problem. Instead, you need to be told something like, “Your operating system will only let you open four programs at a time. Shut down the excess programs before starting this one, and you won’t get that error message.” We can’t locate “the operating system” or “program” on the circuit diagram—it is a higher level of description. Can we understand the error message by looking at the circuit diagram? No. Can we really understand the operation of the computer without understanding the circuits? No again. (Try building your own computer using only the Windows 2000 reference manual!) Both levels of description are necessary to “understand the computer,” but the higher-level (operating system and program) functions can be explained in terms of the lower-level (circuitry) processes, and not the other way around. This is why we call the lower-level description the more fundamental one.

The Standard Model describes the “circuitry” of the universe. We can’t understand everything in the universe using the Standard Model (even if we omit gravity), but we can’t really understand anything at the most fundamental level without the Standard Model. Suppose you are a biologist who wants to understand the function of blood in the body. You need to investigate the penetration of oxygen across membranes, and its uptake by hemoglobin. Your biological question turns out to depend on chemical questions. To understand how fast oxygen is fixed by hemoglobin, you need to know about the configuration of the electrons in the oxygen and hemoglobin molecules. These configurations are determined by the electric and magnetic forces between the electrons and the nuclei, in other words, by the Standard Model.

To tell the story of the Standard Model and its symmetries, this book will follow a roughly chronological sequence. The reader should not be misled by this into thinking I am writing a history of the Standard Model. My goal is to give the reader an understanding of the theory itself. To give an accurate historical picture of the development of the theory, with all of the vagaries of blind theoretical alleys and inconclusive or incorrect experiments, would take us too far from our main goal. I have included some of the history so that the reader can understand the motivation for each new step taken, and to emphasize that the theory was developed in response to specific new discoveries about the way particles behave. It was not invented out of whole cloth by some theorist isolated in an office, but was painstakingly pieced together from the hints that experimenters managed to tease out of nature. The chronological approach may, at times, give a mistaken impression that the Standard Model developed by an orderly series of experimental and theoretical advances. This is far from the truth: the actual historical development was much more messy and interesting than I can convey here. The interested reader should consult the suggestions for further reading at the end of this book.

The story of the Standard Model must begin with the nineteenth-century worldview. Decades of careful experimentation had convinced physicists that everything that happened in the universe was a result of the interaction of particles and fields. Everything material, be it solid, liquid, or gas, consisted of unimaginably small particles, the atoms. They were pictured as tiny billiard balls moving in straight lines unless a force acted on them. A particle was endowed with the capability to generate a field filling all the space around it and influencing the motion of other particles. All forces arose from these fields. Particle generates field, field influences particle: this was all that ever happened in the universe.

The nineteenth-century worldview, known as classical physics, was stirred but not shaken by the discovery of a new symmetry in 1905. In everyday experience, space and time are completely different. We can move about in space; we can return home as many times as we like. Time, on the other hand, moves inexorably forward; there is no return. Albert Einstein’s theory of special relativity forced physicists to change their perception of space and time. They are intricately intertwined—they are, in fact, two aspects of a single reality, which was termed spacetime.

Classical physics was shaken to its foundations by another set of discoveries around the turn of the century. The odd couple that triggered the earthquake was radioactivity and neon lights. According to quantum physics, which was developed to deal with the new phenomena, particles sometimes behaved like waves, as if they were not small and hard but spread out like a field. At the same time, fields could behave like particles. The two entities, particles and fields, that had seemed so different were starting to show a family resemblance.

By mid-century, physicists had successfully woven together the old, classical field idea and the new theories of special relativity and quantum mechanics. The framework that emerged from this union, known as relativistic quantum field theory, would prove remarkably  robust. Indeed, it would be the framework used for fundamental physics for the rest of the century and the language in which the Standard Model would be expressed.

The discovery of quarks, hidden inside protons and neutrons, led to the discovery of a new and unsuspected symmetry, a new kind of “twist” of the quarks that leaves the world unchanged. This symmetry, called color symmetry, is intimately connected with the force that binds quarks into protons and neutrons, the strong force.

The great breakthrough that made a Theory of Almost Everything possible came with the realization that a symmetry (of the color symmetry type) could break spontaneously, just as a tree can spontaneously fall. We will learn how spontaneous symmetry breaking allowed physicists to predict the existence of new, never before observed particles. The discovery of all but one of those particles, with precisely the properties predicted by the theory, was the crowning achievement that confirmed the Standard Model. This downfall of symmetry is responsible for the very existence of matter as we know it.

Particles, fields, and symmetry: These are the great themes of twentieth-century physics. At the same time that it answers many questions, the Standard Model raises many new ones. Why do quarks come in six different “flavors”? Why are electrons so much lighter than the quarks, and neutrinos so much lighter than electrons? What’s the deal with that remaining particle of the Standard Model, the Higgs particle, which hasn’t been detected (yet)? What about dark matter and dark energy—where do they fit in? Perhaps the answer lies with new particles, or with new symmetries. Perhaps a completely new approach is needed. We will learn the current ideas and peek at what lies ahead for physics.

If all that had been accomplished in the past century were that a hundred or so fundamental atoms had been replaced by seventeen fundamental subatomic particles, it would still have been a great simplification in our understanding of matter. However, the Standard  Model goes much further. With a handful of additional parameters, it specifies all of the interactions between the particles. Including the parameters needed to specify the properties of the seventeen particles, there are just eighteen numbers needed to specify the Standard Model. Instead of an infinite number of possible groupings of atoms into molecules, and therefore an infinite number of chemical reactions whose rates must be measured, we have a mere eighteen parameters. All but one of the particles have now been produced in accelerator experiments, and the values of most of the parameters have been measured. The Standard Model puts us much closer to a complete understanding of the fundamental processes of the universe.

For this reason, the Standard Model is the greatest accomplishment of twentieth-century science. All you need is to measure the values of the eighteen parameters, and you know everything there is to know about everything in the universe, always excepting gravity. In principle, you could deduce the laws of thermodynamics, of optics, of electricity and magnetism, of nuclear energy, from the Standard Model. You could go on to explain the functioning of a star, a microbe, a galaxy, a human being, on the basis of those eighteen numbers.

If this is true, why haven’t we been deafened with the popping of champagne corks, the cries of triumph, and the collective sighs of physicists retiring with the knowledge of a job well done? Why, instead, do we hear mysterious rumors of supersymmetry, string theory, and ten-dimensional spacetimes? One answer is the obvious omission of gravity from the Standard Model. Clearly, the job isn’t done if such a major piece of the puzzle is missing. One might think that we could just tack a theory of gravity onto the Standard Model, call the result the New Standard Model, and be done. Unfortunately, the longer physicists work to do this, the more impossible the task appears. Our best theory of gravity (Einstein’s theory of general relativity) and our best Theory of Almost Everything (the Standard Model) describe the universe in fundamentally different ways. It is far  from clear how, or even if, these different structures can be reconciled. A two-word description of the structure of general relativity is  curved spacetime, and that’s about all I’m going to say about it. The structure of the Standard Model is what the rest of this book is about.

There is another reason why physicists aren’t content to rest on their laurels and call it quits with the Standard Model: eighteen parameters are still too many! Why six quarks, rather than three, or two, or one? The top quark only showed up when physicists built a huge particle accelerator designed specifically to look for it. Couldn’t the world have gotten along without it? A famous physicist derided the Standard Model saying, “Give me eighteen parameters and I can design an elephant.” We would like the world to be even simpler, even more symmetrical, at its root. Ideally, physicists would prefer a single entity (maybe a string?) instead of the seventeen particles, and one law with one, or maybe no, parameters to be measured. (The great physicist John Archibald Wheeler has suggested that the ultimate laws of the universe, when we at last discover them, will seem so clear and obvious that everyone will nod their heads and agree that the world couldn’t be any other way.) All of the known particles would arise from this fundamental entity behaving in different ways, like different notes played on a bugle.

Finally, the Standard Model can’t be the end of the story because it fails to account for several important phenomena that have been discovered recently. Neutrinos have mass, according to recent experiments, whereas in the Standard Model they are massless. As we will see, neutrino masses can be accommodated in the Standard Model, but only somewhat awkwardly. Then there is the “dark matter” that astronomers tell us makes up most of the mass of the universe. Any theory that misses the majority of the stuff in the universe can’t be complete!

But I am getting ahead of the story. To understand the greatest scientific accomplishment of the twentieth century, we need to back up and discover what physics was like back in the nineteenth century.




Chapter 1

The First Unifications

If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one sentence passed on to the next generation of creatures, what statement would contain the most information in the fewest words? I believe it is the atomic hypothesis... that all things are made of atoms—tittle particles that move around in perpetual motion, attracting each other when they are a little distance apart, but repelling upon being squeezed into one another.

—Richard Feynman, The Feynman Lectures on Physics

 

 

 

 

Find a rock. Hit it with a sledgehammer. Take the smallest piece and hit it again. How many times can you repeat this procedure? As the bits of rock get smaller and smaller, you will need new tools and techniques. A razor blade, say, to divide the fragment, and a microscope to see what you’re doing. There are only two possibilities: either you can go on dividing the pieces forever, or else you can’t. If you can’t, there must be some smallest uncuttable piece.

Leucippus and his pupil Democritus, Greek philosophers of the fifth century B.C., proposed that the division process had to end somewhere. The smallest piece was termed the atom, meaning “uncuttable.” The atomic hypothesis flew in the face of common sense and everyday experience. Can you show us one of these atoms? Leucippus’s opponents asked. No, replied the atomists. They are too small to be seen, invisible as well as indivisible.

More than 2000 years later, a new version of the atomic hypothesis was taking hold among scientists. By the beginning of the nineteenth century, it was becoming clear that all objects are composed of many small particles. The new concept of an atom was quite different from  the Greek atom. For the Greeks, geometry ruled: atoms were supposed to be distinguished by their shape, even if that shape couldn’t be seen. The new atoms were distinguished instead by their weight and their chemical properties. By the end of the nineteenth century, it was clear that atoms were not the whole story. Rather, there are two kinds of stuff in the world: particles and fields. Everything that we can see and touch is made up of indivisible particles. These particles communicate with each other by way of invisible fields that permeate all of space the way air fills a room. Fields are not made of atoms; they have no smallest unit. The particles determine where the fields will be stronger or weaker, and the fields tell the particles how to move.

The discovery of quantum mechanics in the twentieth century would overturn the straightforward view of a universe full of particles and fields. Another half century would pass before quantum mechanics and special relativity were assimilated into elementary particle physics to produce the most robust and successful scientific theory ever, the Standard Model of Elementary Particles. This chapter will reveal how the concepts of particles and fields were developed in the nineteenth century into powerful tools that brought unity to the diversity of physical theory.

Physics is the study of fundamental processes, of how the universe works at its most basic level. What is everything made of, and how do those components interact? There has been much talk in recent years of a “Theory of Everything,” with string theory the leading candidate. For the physicist, that would be the ultimate achievement: a coherent set of concepts and equations that describe all of the fundamental processes of nature. The search for unifying descriptions of natural phenomena has a long history. Physicists have always tried to do more with less, to find the most economical description of the phenomena. The current drive for unification is but the latest in a long series of simplifications.

In the nineteenth century, physics was divided into many subdisciplines.

 • Dynamics—The laws of motion. A sliding hockey puck, a ball rolling down a hill, a collision between two billiard balls could all be analyzed using these laws. Together with Newton’s law of universal gravitation, dynamics describes the motions of planets, moons, and comets.
• Thermodynamics—The laws of temperature and heat energy, as well as the behavior of solids, liquids, and gases in bulk: expansion and contraction, freezing, melting, and boiling.
• Waves—The study of oscillations of continuous media; vibrations of solids, water waves, sound waves in air.
• Optics—The study of light. How a rainbow forms, and why a ruler looks bent when you dip it into a fish tank.
• Electricity—Why do my socks stick together when I take them out of the dryer? Where does lightning come from? How does a battery work?
• Magnetism—Why does a compass always point north? Why does a magnet stick to the refrigerator door?

By the beginning of the twentieth century, these branches had been reduced to two. Because of the atomic hypothesis, thermodynamics and wave mechanics were swallowed up by dynamics. The theory of electromagnetic fields subsumed optics, electricity, and magnetism. All of physics, it seemed, could be explained in terms of particles (the atoms) and fields.

The strongest evidence for the atomic hypothesis came from chemistry rather than physics. The law of definite proportions, proposed in 1799 by the French chemist Joseph-Lois Proust, declared that chemicals combine in fixed ratios when forming compounds. A volume of oxygen, for instance, always combines with twice that volume of hydrogen to produce water. The explanation comes from the atomic hypothesis: if water is compounded of one oxygen atom and two  hydrogen atoms (H20), then two parts hydrogen and one part oxygen will combine completely to form water, with nothing left over.

By the end of the nineteenth century, it was already becoming clear that these chemical atoms were not, in fact, indivisible. In 1899, J. J. Thomson announced that the process of ionization involves removing an electron from an atom, and therefore “essentially involves the splitting of the atom.”1 In the early twentieth century, atoms would be further subdivided. “Splitting the atom” acquired a different meaning, namely, breaking apart the atomic nucleus by removing some of the protons and neutrons of which it is composed. An atom composed of neutrons, protons, and electrons was of course no longer uncuttable, but by that time the term atom was firmly established—it was too late to change. The most basic constituents of matter, those bits that could not be decomposed in any way, came to be called elementary (or fundamental) particles.

How does the atomic hypothesis allow thermodynamics to be reduced to dynamics? Take as an example the ideal gas law. Physicists experimenting with gases in the eighteenth and nineteenth centuries discovered that as a gas was heated, the pressure it exerted on its container increased in direct proportion to the temperature. No explanation was known for this behavior; it was an experimental thermodynamic law.

Let’s apply the atomic hypothesis: Consider the gas in the container to consist of many small “atoms” that are continually in motion, colliding into each other and into the walls of the container like children in a daycare center. Now heat the gas to give the gas molecules more energy, raising their average speed. The pressure on the container walls is the cumulative result of many molecules colliding with the walls. As the temperature goes up, the faster-moving molecules hit the walls more frequently and with more force, so the pressure goes up.

A mathematical analysis proves that when you average over the effects of a large number of molecular collisions, the resulting pressure  on the wall is indeed proportional to the temperature of the gas. What was formerly an experimental observation has become a theorem of dynamics. The properties of the gas are seen to be a direct result of its underlying structure and composition.




Dreams of Fields 

To get an idea of the nineteenth century understanding of a field, start with a simple question: How does a compass needle know which direction is north? The compass needle, isolated inside its case, is not touching or being touched by anything other than the case itself, yet no matter how you twist and turn the case, the needle always returns to north. Like a magician levitating a body, some power reaches in with ghostly fingers and turns the needle to the correct position. Giving it the label magnetism doesn’t answer the fundamental question: how can one object influence another without physical contact?

Isaac Newton struggled with the same question when he put forth his law of universal gravitation in 1687. He realized that the fall of an apple was caused by the same force that holds the moon in orbit around the earth, namely the earth’s gravity. But how could the earth reach across 400,000 kilometers of empty space to clutch at the moon?

That gravity should be innate, inherent and essential to matter, so that one body may act upon another at a distance thro’ a vacuum, without the mediation of anything else, by and through which their action and force may be conveyed from one to another, is to me so great an absurdity, that I believe no man who has in philosophical matters a competent faculty of thinking, can ever fall into it. Gravity must be caused by an agent acting constantly according to certain laws; but whether this agent be material or immaterial, I have left to the consideration of my readers.2 3


The solution of this problem of “action at a distance,” as it was called, came 200 years later in the field concept.

Imagine starting a barbecue in your backyard. Soon neighbors start dropping by: “How’s it going? Oh, having a barbecue? Got an extra burger?” There’s no need to contact them directly to tell them about the cookout, the aroma of the food carries the message. A (magnetic or electric) field works in a similar manner. Objects that display electric or magnetic properties are said to have an electric charge. This charge produces a field, rather like the barbecue produces an aroma. The larger the charge, the larger the field. A distant object doesn’t need to be told of the presence of the charge, it only needs to sniff out the field in its immediate neighborhood, just as your neighbors sniffed out your barbecue. Thus, we say that the Earth behaves like a magnetic “charge” and creates a magnetic field filling the space around it. A compass needle, which is also a magnet, sniffs out the magnetic field and points along it. The compass, whether near the Earth or thousands of kilometers out in space, doesn’t need to know where the Earth is or what it is doing. The compass responds to whatever magnetic field it detects, whether that field is generated by a distant Earth or a nearby refrigerator magnet.

Physicists represent a field by arrows. A bar magnet, for instance, is surrounded by a magnetic field that looks something like this:[image: 003]



The stronger the field, the longer the arrow. Think of the magnetic field like a field of wheat: Each wheat stalk is an arrow, and the “field” is the entire collection of arrows. Unlike the wheat field, which only has a stalk every few feet or so, the magnetic field has an arrow at every spatial point. That is, to specify the magnetic field completely, one must give the strength of the field (length of the arrow) and direction of the field (direction of the arrow) at every point in the entire universe.  Obviously, it would be impossible to experimentally determine the magnetic field at every point, even for a limited region, as it would require an infinite number of measurements. In real life, physicists must be content with having a pretty good idea of the field values in some limited region of space. To a physicist, the field is everywhere: in the air around you, penetrating the walls of your house, inside the wood of your chair, even inside your own body.

Around 600 B.C., the philosopher Thales of Miletos noticed that an amber rod rubbed with a silk cloth gained the power to attract small objects. We know this phenomenon as static electricity. (The word electricity comes from the Greek work for amber, electron.) You can perform Thales’s experiment yourself. Tear some small bits off a piece of paper. Now rub a plastic comb on your shirt and hold the comb near the paper bits. If you are quick (and the humidity is low), you will see the paper jump and cling to the comb. This is a different force than magnetism: even a powerful magnet will not pick up the paper shreds, nor will the comb and the magnet exert a force on each other the way two magnets do. We call this new force the electric force. When you comb your hair and it stands out from your head, or when you take your clothes out of the dryer and they cling to each other, you are experiencing the electric force.

In all of these cases, there is a transfer of electric charge from one object to another. Benjamin Franklin discovered in 1747 that there are two types of electric charge, which he termed positive and negative.  Ordinarily, objects like your socks have equal amounts of positive and negative charge, and so are electrically neutral (or uncharged).  Tumbling in the dryer, the socks pass negatively charged electrons back and forth like school children trading Pokemon cards. As a result, one sock ends up with excess negative charge and the other ends with excess positive charge. Opposites attract, according to the electric force law, so your socks cling together. When combing your hair, the comb strips electrons from your hair. Like charges repel, so your hairs try to get as far from one another as possible.

Electric interactions can be described in either a force picture or a  field picture. In the force picture, we postulate a law of universal electricity (analogous to Newton’s law of universal gravitation) that states, “every charged object in the Universe is attracted to (or repelled from, according to whether the charges are alike or opposite) every other charged object with a force proportional to the electric charge of both objects.”

The field picture instead postulates a two-step process. In the first step, each charged object creates an electric field. (This is a different field from the magnetic field, but it can also be represented by drawing arrows at every point in space.) In the second step, each object feels a force proportional to the electric field at its location generated by all the other charged objects.

Mathematically speaking, there is one law to tell us what sort of field is produced by a given set of charges and another law to describe the force on a charge due to the electric and magnetic fields at the location of that charge. The sock doesn’t need to “know” the location of every other charged object in the universe; it only needs to “know” the electric field at the sock’s current location. In the field picture, objects respond to the conditions in their immediate surroundings rather than to the positions and movements of distant objects.

This may seem like a cheat: If both the force and field concepts give the same result, aren’t they really saying the same thing in different words? Haven’t we just hidden the “magic” action-at-a-distance behind an equally magical electric field? Indeed, it seems that the question of “How does the object know what distant objects are doing?” has merely  been replaced with that of “How does the electric field know what distant objects are doing?”

To see the full power of the field concept, change the question from “How?” to “When?” Suppose one of your two electrically charged socks is suddenly moved to a new position: When does the other sock learn of the new circumstances? In the force picture, each sock responds to the current location of the other, so the force on one must change to a new direction as soon as the other is moved. In the field picture, however, we can imagine the possibility of a time lag between the movement of the sock and the change of the distant field. For locations near the new position of the sock that was moved, the field is centered at that new position, but for locations far away, the field is still centered at the original position of the sock.
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If there is a time lag, there must be kinks in the field between the two regions. Perhaps as time goes on, the kinks move outward and the inner region that “knows about” the new location of the sock grows larger and larger. Can the theory of the electric field be modified to turn this “perhaps” into a definite prediction? To find the answer, we first need to find the connection between the two types of field: electric and magnetic.




The Marriage of Electricity and Magnetism 

The first proof of a connection between electricity and magnetism was discovered by a Danish physicist, Hans Christian Oersted, in 1820. He set up a simple circuit with a battery and a wire. With the switch open, no current flowed in the wire and a compass held over the wire pointed north, as usual. When he closed the switch, allowing electric charge to flow along the wire from one terminal of the battery to the other, the compass needle was deflected away from north and instead pointed in a direction perpendicular to the wire. This proved that an electric current (that is, a flow of electric charge) produces a magnetic field.

After Oersted’s breakthrough demonstration, many more connections between electricity and magnetism were discovered. Michael Faraday, an English physicist, reasoned that if an electric current could cause a magnetic field, then a magnetic field should be able to cause an electric current. He was able to generate a current in a loop of wire by changing the magnetic field through the loop. A stationary magnet creates no current in a loop of wire. But if the magnet is moved toward the loop, the magnetic field passing through the loop grows stronger. As this happens, current flows in the wire.

So, a changing magnetic field initiates a flow of charge in the wire. How could Faraday explain this phenomenon using the field picture? Think back to the two-step process: One law tells how fields are generated by charges; the second law tells how charges are affected by fields.  In Faraday’s time, the second step was described by the Lorentz force law. According to this law, only an electric field can speed up or slow down a charge. A magnetic field can only change the direction of a charge that is already moving. Before the magnet starts moving, the electrons in the wire are stationary; the current meter indicates zero. Why, then, do the electrons in the wire begin to move when the magnet moves? Maybe the Lorentz force law is wrong, or maybe a moving magnet produces a brand new kind of force. Faraday, however, had a simpler explanation. If a moving charge could produce a magnetic field in Oersted’s experiment, it seemed reasonable that a moving magnet could produce an electric field. It is this electric field that makes the current flow in the wire. Faraday took his experiment as proof that a changing magnetic field creates an electric field.

It was a Scotsman named James Clerk Maxwell who, in 1865, took the field concept (invented by Faraday) and gave it a clear mathematical formulation, incorporating the electric and magnetic force laws into a set of four equations, now known as Maxwell’s equations. In developing these equations, Maxwell realized there would be an inconsistency unless it was possible for a changing electric field to generate a magnetic field. When Maxwell included this crucial modification in his equations for the electric and magnetic fields, he suddenly realized that not only all electric and magnetic phenomena, but also all the discoveries in optics, could be explained by his four equations, together with the Lorentz force law.

To understand the connection with optics, recall the kinks in the electric field that form when a charge is suddenly moved. As the charge moves, the electric field in its immediate area changes: We know from Maxwell’s discovery that a changing electric field gives rise to a magnetic field, so the charge is now surrounded by both an electric and a magnetic field. Before the charge was moved, there was no magnetic field; in other words, there has been a change of magnetic field as well. According to Faraday, a changing magnetic field produces an electric field. A self-sustaining process arises, in which a changing electric field  gives rise to a changing magnetic field, which in turn generates an additional electric field, and so on. The two effects reinforce each other, carrying the kinks in the field ever outward. The region near the charge that “knows about” the new location of the charge grows as the kinks move away from the charge.

This self-sustaining combination of changing electric and magnetic fields is called an electromagnetic wave. Maxwell found that the speed of these waves was related in a simple way to the two constants appearing in his equations. The numerical values of these constants were known from experiments that measured the strength of the electric and magnetic fields. Maxwell used the known values to find the speed of his electromagnetic waves, and discovered that they move at the speed of light. This could not be a coincidence: ordinary visible light must be an electromagnetic wave. The connection between light and electromagnetism has since been confirmed in many experiments.

A successful theory should not only explain phenomena that have already been observed and provide a framework for understanding them; it should also predict new phenomena. Experiments can then be designed to look for the new phenomena and test the theory. If Maxwell was right about light being a type of electromagnetic wave, there should be other forms of “light”—electromagnetic waves with a wavelength greater or less than that of visible light. There was nothing in his equations to prevent such waves; all that was necessary to produce them was to find some method of wiggling electric charges at the correct rate. The German physicist Heinrich Hertz set out to look for such things. He charged two metal balls that were separated by a small space. When the charge got high enough, a spark would jump across the space, carrying the negative charge over to the positively charged ball. The sudden movement of charge from one ball to the other created a kink in the electric field: an electromagnetic wave, according to Maxwell. On the other side of the laboratory, he set a loop of wire that had a tiny air gap in it. He knew that the wave should travel across the room at the speed of the light. When the wave hit the loop of the wire,  it should cause an electric current to flow in the wire. Because of the air gap, this could only happen if a spark jumped across the gap. With the laboratory darkened, Hertz peered at the air gap and waited as the charge on the two balls built up. Whenever the spark jumped between the two balls, Hertz, on the other side of the room, saw a second tiny spark jump across the air gap in the wire loop.

Hertz found that his waves had a wavelength of about two feet, which is a million times longer than the wavelength of light. Electromagnetic waves with wavelengths of this size are now known as radio waves. Hertz’s “broadcast,” although not as gripping or informative as the Home Shopping Network, was nevertheless a tremendous accomplishment: the first radio transmission. The experiment provided direct proof that an electromagnetic wave was able to cross a room without the aid of wires.

It was later discovered how to produce electromagnetic waves with wavelengths between those of radio and light, and these were named  microwaves and infrared radiation. Shorter wavelengths could be produced too, giving us ultraviolet radiation, X rays, and gamma rays. Today’s society would not function without our knowledge of Maxwell’s equations: We use radio waves for radio and TV reception, microwaves for microwave ovens and cellular phone links, infrared for heat lamps, ultraviolet for tanning booths and black light discos, X rays for medicine, and gamma rays for food decontamination. Visible light, running from red (the longest visible wavelength) to violet (the shortest), is only a small fraction of the electromagnetic spectrum.

Most of the electromagnetic “rainbow” is invisible to us. We can “see” ultraviolet waves in a vague, indistinct way, but not with our eyes: Our skin detects them and reacts with sunburn. The higher-energy X and gamma rays penetrate further into the body and can cause cell damage to internal organs. Mostly, though, we need to use specialized instruments as artificial eyes to expose the wavelengths we can’t see directly. A radio or cell phone receiver uses an antenna and an electronic circuit, a dentist’s x-ray machine uses photographic film to  transform these signals into a form our senses can handle. Although generated and detected in a variety of ways, these waves are all fundamentally the same—traveling, self-sustaining electric and magnetic fields.

Thanks to Maxwell, electric and magnetic fields are much more than the cheat they might have at first seemed. The fields are not merely another way to talk about forces between particles. Electric and magnetic fields can combine to form electromagnetic waves that carry energy and information across great distances. Radio waves carry a signal from the station to your receiver, where they are decoded into news, music, and advertisements, without which your life would be incomplete. Light from the Sun traverses millions of miles of empty space; without this light, there wouldn’t be life at all. Fields really exist and are a vital part of the world around us.

By the end of the nineteenth century, physicists had a clear picture of the basic physical interactions. According to this picture, everything in the universe is made of particles that interact by way of fields. Particles produce and respond to fields according to definite mathematical laws. The crowning achievements of physics were the two great unifications: the kinetic theory of thermodynamics, based on the atomic model, and Maxwell’s electromagnetic field theory. These theories not only brought together many diverse phenomena, they made predictions about new phenomena and led to new experiments, new techniques, and new technology. The combined picture was so successful and so compelling that some physicists thought there was little left to do. Albert Michelson, a leading American physicist, said this in 1894:It seems probable that most of the grand underlying principles have been firmly established and that further advances are to be sought chiefly in the rigorous application of these principles to all phenomena which come under our notice... The future truths of Physics are to be looked for in the sixth place of decimals.3




The timing of such a pronouncement could hardly have been worse. By the end of the century, new phenomena were being discovered that were, to say the least, puzzling when considered according to the known laws of physics. In fact, two revolutions were about to occur in physics, and when the dust settled, the field and particle concepts would both be altered beyond recognition.




Chapter 2

Einstein’s Relativity and Noether’s Theorem

How deep is time? How far down into the life of matter do we have to go before we understand what time is?

—Don DeLillo, Underworld

 

 

 

 

Take a peek into an alternate universe:“Good morning, ma’am, Yellow Cab Company.”

“Of course we can take you to the train station. How far from it do you live?”

“Thirty miles? We’ll need to leave at least an hour early. Can’t drive over 30 miles per hour—it’s the law, you know.”

“Well yes, if you bring your laptop you can get some work done on the way. But I wouldn’t worry about that too much if I were you. The trip only takes 10 minutes.”

“No, no! We need to leave your house more than an hour before the train’s departure. Thirty miles at almost 30 miles an hour means we need more than an hour to get there. But your ride in the cab will only take 10 minutes. It’s the Time Effect, you know. The cab travels at 29.6 miles per hour. That’s pretty close to the speed limit.”

“May I ask where you’re going? Washington to Los Angeles! That’s a long trip. If you leave on Sunday you’ll arrive

Thursday. You’ll want your laptop—the train ride is 14 hours.”

“Sure, you’d have a shorter trip if you went by plane. That’s only a one-hour trip. The plane goes faster, nearly 29.998 miles per hour.”

“No, you’ll still arrive on Thursday. The plane only saves you travel time, not ground time. Of course, you pay through the nose for it.”

“Right, then. Train it is. We’ll pick you up on Sunday. Have a good trip!”




What is going on here? The speed of light in this alternate universe is just 30 miles per hour. According to special relativity, nothing can travel faster than the speed of light. (“It’s not just a good idea, it’s the law.”) So, a trip of 30 miles will always take at least an hour, and a trip of 2,500 miles (Washington, DC to Los Angeles) will take at least three and a half days, in “ground time” as the cab dispatcher calls it. However, special relativity also tells us that there is a Time Effect: time runs at different rates depending on your state of motion. The effect gets stronger as you travel closer to the speed limit. The 83-hour (ground time) trip from DC to LA only takes 14 hours for train passengers (traveling at 29.6 miles per hour), and only one hour for plane passengers (at 29.998 miles per hour).

The strange effects of special relativity described in the alternate universe actually occur in our universe. However, these relativistic effects only become significant at speeds close to the speed of light. The reason we don’t hear conversations like the one above is that the speed of light in our universe is 300,000 kilometers per second (186,000 miles per second), instead of 30 miles per hour, so the Time Effect is normally much too small to notice.

Let’s return to our own world. Picture a flight attendant on an airplane traveling with a constant velocity in level flight. A bag of peanuts slips out of her fingers and falls to the floor. Now, intuition might lead  us to think that, since the plane is moving forward during the time the peanut bag is falling, the bag will land toward the back of the plane from where the flight attendant is standing. This isn’t what happens, however. The peanut bag lands right at her feet, exactly as if she had been standing on the ground.

In fact, life aboard a plane is remarkably unremarkable: coffee pours the same way it does on the ground, electrical devices function normally, voices sound the same. It is only when air turbulence suddenly lifts or drops the plane that cookies fly off trays and coffee leaps out of cups. As long as the plane is in uniform level motion, no experiment performed on the plane will reveal that it is in motion. Only by looking at an outside reference point (the ground, say) can it be determined that the plane is moving. We can summarize this in the principle of relativity:All steady motion is relative and cannot be detected without reference to an outside point.




Galileo propounded this principle already in the seventeenth century, when he noticed that if you dropped an object from the mast of a moving ship it landed at the base of the mast, in the same position relative to the ship as it would land if the ship was at rest.

The laws of physics tell us about the locations of objects at a particular time, and those locations must be measured from some reference point. The location of the falling peanut bag, for instance, might be specified as “20 meters from the back wall of the passenger compartment and 1 meter above the floor.” We also need to choose a reference time, some event that tells us when to start the stopwatch. Such a choice of reference points in space and time is called a frame of reference. A frame of reference allows physics to become mathematics: Instead of a vague description—for instance, “the ball falls to the floor” —we can say where the ball is and when it is there. The numbers that specify the where and the when are meaningful because we have defined the reference points with respect to which they are measured.

The plane’s frame of reference is in uniform motion with respect to the ground, as long as the plane is in straight, level flight at constant speed. Now, suppose some law of physics is different when in motion; the law of fluid flow, say, so that coffee pours differently when the plane is in motion. Then, all we would have to do to find out if we are moving would be to test that law by pouring a cup of coffee. If it pours as in a stationary frame, we must be at rest; if it pours as in a moving frame, we must be in motion. We would then have a way of detecting motion without reference to any outside point. Thus, another way to state the principle of relativity is this:The laws of physics are the same in any uniformly moving frame of reference.







A Relatively Moving Experience 

As a high school student in the 1890s, Albert Einstein wondered about relative motion. What would happen, he asked himself, if you traveled fast enough to catch up with a light beam? What would it look like? Was there such a thing as light that stayed in one place?

Ten years later, Einstein had finished a degree in physics and had taken a position as a patent examiner third class in Bern, Switzerland. During his studies, he had learned Maxwell’s equations, which purported to encapsulate everything there was to know about light. What would Maxwell’s equations say about Einstein’s high school conundrum? To his astonishment, Einstein found that it was simply impossible, according to Maxwell’s equations, to move at the same speed as a light beam. This was a shocking discovery. Nothing in Newton’s laws of motion suggested the possibility of an ultimate speed limit. Could the 200-year-old laws of motion be in error?

Other physicists who were aware of the dilemma assumed that it was the recently discovered electromagnetic equations that were incorrect. Einstein, younger and impatient with authority, assumed the opposite. What if Maxwell’s equations were correct and Newton’s laws of motion were wrong? Once the audacious first step was taken, the logical consequences could be derived using high school algebra. In a paper published in 1905 titled “On the electrodynamics of moving bodies,” Einstein laid the foundations of a new dynamics, replacing Newton’s laws of motion with the laws now known as special relativity.

Einstein’s bold step was to add a new postulate to go along with the principle of relativity.

Einstein’s Postulate: The speed of light is the same in all reference frames.


All of the weirdness of the Time Effect stems from this deceptively simple postulate. To see how, let’s return to the airplane. Suppose a second flight attendant standing at the rear of the passenger compartment tosses a new bag of peanuts to the first attendant, who is 20 meters away. Let’s suppose the bag was in the air for one second. From the reference frame of the plane, the speed of the bag was 20 meters per second.

However, things look different from the ground. During the time the peanut bag was in flight, the plane moved forward some distance, say 200 meters.
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So, the bag went 200 meters + 20 meters = 220 meters, as viewed from the ground. Since the bag was in flight for one second, we conclude that its speed with respect to the ground was 220 meters per second. In other words, velocities add: The speed of the bag with respect to the ground is the sum of its speed as measured with respect to the plane and the plane’s speed with respect to the ground.

We would expect the same thing to happen if the flight attendant had a flashlight instead of a bag of peanuts. Light travels at 300,000 kilometers per second, so one second after the flashlight is turned on, the forward edge of the beam will be 300,000 kilometers from the attendant. (We have to allow the flashlight beam to pass through the windshield of the airplane, or else assume we have a very long airplane!) Viewed from the ground, though, the beam will have traveled farther, just as the bag of peanuts traveled farther in the previous example.

In the reference frame of the ground, the beam, it seems, has traveled (300,000 kilometers + 200 meters) in one second. The beam moves a larger distance, but in the same amount of time: The speed of the beam is larger in the reference frame of the ground than in the reference frame of the plane. The addition-of-velocities rule clearly contradicts Einstein’s postulate: If Einstein is right, the addition-of velocities rule must be wrong. But we came to the addition-of-velocities rule considering only the everyday properties of distance and time. If the addition-of-velocities rule is wrong, our intuition about those “everyday” properties must be wrong. Our intuition about space and time comes from experiences with relative speeds much below the speed of light. Because the relativistic effects are so small at these speeds, we don’t notice them. When talking about the speed of the flashlight beam, we assumed (incorrectly) that “one second” on the plane is the same as “one second” on the ground. If we lived in the alternative universe where the speed of light is 30 miles per hour, the time effect would be so familiar that we would never make that mistake.

If the speed of light is to be the same in both reference frames, it must be the case that either distance or time is measured differently in the two frames, or, perhaps, both. The answer, Einstein discovered, was “both.” Neither time nor distance is absolute; they both depend on the relative motion of the observer. Space and time are thus inextricably intertwined. If you alter your rate of movement through space, you also alter your movement through time. As Hermann Minkowski put it in one of the first public lectures on special relativity, “Henceforth space by itself, and time by itself, are doomed to fade away into mere shadows, and only a kind of union of the two will preserve an independent reality.”1 The union of the two is what we now call spacetime.

Time runs differently for different observers: This is the explanation of the cab dispatcher’s apparently nonsensical comments in the story that began this chapter. The 30-mile trip to the airport takes only 10 minutes for the person in the cab, but you still need to leave an hour early. When the passenger gets out of the cab, her watch will show that 10 minutes have passed since the cab ride began. For everyone else, however, an hour will have passed. Similarly, the plane trip from Washington, DC, to Los Angeles takes only an hour, but on arrival she will find that three and a half days have passed since she got on the plane.

Even more mind-boggling is that relativity requires that the situation be symmetric. If someone on the ground looked in through the windows of the train as it passed they would see the passengers moving in slow motion, breathing, talking, and eating six times slower than normal. The passengers in the train, on the other hand, look out of the window at people on the ground and see them in motion relative to the train, so those on the ground are seen as moving in slow motion.

Here, we have an apparent paradox: If each reference frame sees the other as slowed down, whose clock will be ahead when the passengers leave the train? The resolution of the paradox comes from the fact that the train must slow down and come to a stop in order for the passengers to disembark and compare watches with those on the ground.

When slowing down, the train is no longer in uniform motion, so the situation is no longer symmetric. It took Einstein 10 more years to extend his theory to cover nonuniform motion. The result was general relativity, a theory that dealt with cases of nonuniform motion, and incorporated gravity as well.

In the real world, the speed of light is not 30 miles per hour but 186,000 miles per second. The Time Effect only becomes large for speeds very close to the speed of light. Even the space shuttle moves at only a tiny fraction of light speed, so we do not notice these effects in everyday life. For elementary particle physicists, who accelerate particles to 99.999995 percent of the speed of light, the effect is enormous. These fast-moving but short-lived particles survive 3,000 times longer when in motion than at rest. If you could travel at that speed in a spaceship for a year, when you returned to earth 3,000 years would have passed. For the particles (and the physicists who study them), there is no if: The effect happens just as Einstein predicted. The Time Effect isn’t science fiction or wild speculation; it is science fact.




The World’s Most Famous Equation 

Plant an acorn, and watch as it grows year by year to a tall tree. The tree’s bulk obviously wasn’t contained in the acorn. Where, then, did it come from? Some early scientists thought there must be a vital force associated with living things that created matter from nothing. Later, careful experiments showed that this was not the case. If you kept track of the water added, the weight of the soil, and, especially, the gases absorbed by the tree from the air, the mass of the tree was completely accounted for. The tree grows, not from nothing, but literally from thin air.

By the nineteenth century, the principle of conservation of mass was well established: Mass can neither be created nor destroyed. Technically, mass is a measure of the inertia of an object: how much it  resists being pushed. More loosely, we can associate mass with the weight of an object. Think of a sealed box from which nothing can escape. Put anything you like inside the box before sealing it: a chemistry experiment, a potted plant with a battery-powered grow light, a pair of gerbils with enough air, food, and water for a lifetime. The conservation of mass implies that no matter what physical processes or chemical reactions are going on inside the box, no matter what creatures are being born there, growing, or dying, the box will always weigh the same.

Energy, according to nineteenth century physics, is a completely different beast. An object’s energy depends on both its velocity and its mass. A bullet thrown by hand won’t do any damage, but the same bullet projected at high speed from a gun can be lethal. A loaded dump truck that crashes when traveling 60 miles per hour will cause a worse wreck than a compact car traveling the same speed. An electromagnetic wave also carries energy, even though it is not made of particles—it is “pure” energy. In 1847, Hermann von Helmholtz proposed the law of conservation of energy: Energy can neither be created nor destroyed; it can only be converted from one form to another. For instance, sunlight shining into a car carries electromagnetic energy that is absorbed by the car seat and converted to heat energy.

In special relativity, energy and mass are no longer independent concepts. Einstein considered an object that emits electromagnetic waves. From the special relativity postulates, Einstein deduced that the object loses an amount of mass equal to the energy of the wave (E) divided by the speed of light (c) squared, (old mass) -  (new mass) = E/c2. He concluded that mass is really another form of energy. If the object could continue radiating energy until all its mass is gone, it would release an amount of electromagnetic energy equal to E = mc2. The speed of light is very large: c = 300,000 kilometers per second, so a tiny amount of mass produces a large amount of energy. A grain of salt, if all its mass could be converted to energy, could power a light bulb for a year.

To put it another way, suppose you had a microwave oven that didn’t just heat the food, it actually created it out of electrical energy. No need to put anything into the oven, just spin the dial to Hamburger, press Start, and out pops a steaming quarter-pounder. Sound enticing? But it would take about three billion kilowatt-hours of electricity, at a cost of about a hundred million dollars. Suddenly McDonald’s is looking pretty good.

Even Einstein had misgivings about overturning the time-honored conservation laws of mass and energy. In a letter to a friend, he wondered “if the dear Lord ... has been leading me around by the nose”2  about mass-energy equivalence. Today, the conversion of mass into energy is a matter of course: Nuclear power plants operate on this principle. Perhaps the most dramatic demonstration occurred when the first atomic bomb was exploded in New Mexico on July 16, 1945, converting a raisin-sized amount of mass into energy.

The equation E = mc2 is valid for an object at rest. For an object moving with speed v, Einstein derived a different formula:[image: 006]



According to this equation, as the object’s speed approaches the speed of light, its energy grows to infinity. An infinite amount of energy is impossible to achieve, therefore nothing having mass can ever reach the speed of light. It’s like a race in which the contestants move halfway to the finish line each time a whistle blows: They never reach the finish because they always have half of the distance remaining. Similarly, each time energy is added to an object the increase in speed is less. When the object is moving at a speed very close to c, it takes an immense amount of energy to increase the speed by even a small amount. Particle physicists spend vast amounts of the taxpayers’ money to build huge machines to nudge the particles a bit closer to the speed of light. As we will see, it is not the tiny increase in speed that interests these researchers, but the great gain in energy that accompanies it. 

A massless particle, however, can travel at the speed of light; in fact, it must do so. If such a particle could exist, it would carry energy, but it could never be brought to rest and weighed. For this reason, physicists say such particles have no rest mass. Because they have energy, it isn’t strictly correct to call them massless. A box full of such particles zipping back and forth would weigh (very slightly) more than the same box when empty. These massless particles will reappear in later chapters; keep in mind, though, that we’re using the word “massless” to mean particles that have no rest mass, carry energy, and always move at the speed of light.

The idea that the amount of “stuff” in the universe doesn’t change—that is, that mass is conserved—makes intuitive sense: You can saw up a log into boards, but the total weight of the boards, plus the weight of the splinters, shreds of bark, and sawdust left over from the sawing must be the same as the weight of the original log. Energy is a much more abstract idea. A fast-moving object has more energy than the same object when moving slowly. Only by making careful measurements and combining the measured values in the correct mathematical relationship do we discover that the particular combination we call energy has the same value at all times. Einstein’s discovery of the equivalence of mass and energy reveals that energy is just as fundamental as mass; energy counts as part of the “stuff” of the universe, too. What Helmholtz’s principle of energy conservation had hinted at, special relativity made indisputable. Energy is not just a mathematical tool; it is a fundamental physical entity.

In addition to the equivalence of mass and energy, the space/time connection in special relativity also has deep philosophical consequences. Physical facts have meaning only insofar as they pertain to a particular observer. If Albert and Betty clap nearly simultaneously, one observer may report that Albert clapped first, whereas a second observer, in motion with respect to the first, may report that Betty clapped first. It makes no sense to ask, “Who really clapped first?” The question assumes that one viewpoint, one reference frame, is valid or  “real” and the other is not. But time is not absolute; it is a property of a particular frame of reference. Both observers’ viewpoints are equally valid. Do not be confused by the term viewpoint into thinking that the difference is merely a matter of opinion. A viewpoint here has the very specific meaning of a frame of reference, a choice of reference points in space and in time from which all measurements are made. We are talking about differences of measurement, not of opinion. Moreover, an observer who understands special relativity can easily change viewpoints, converting all his measurements into the reference frame of the other person. Doing so allows him to understand the other’s conclusion about the order in which the events occurred.

Special relativity taught physicists that only things that can be measured have meaning: There is no way to measure which event really happened first, so the question is meaningless. It was the beginning of a fundamental shift of philosophy in science, from asking questions of what is to asking what can be known. This shift would become even more prominent in the rise of quantum mechanics.




A Radically Conservative Idea 

There is a deeper meaning behind the conservation of mass-energy: It is a necessary consequence of a fundamental symmetry of the physical universe. The connection between symmetries of nature and conservation laws was discovered by a young German mathematician, Amalie Emmy Noether, who had been working with the great mathematician David Hilbert on Albert Einstein’s new theory of gravity, the general theory of relativity.

Noether was forced to struggle against the institutional sexism of her time. Hilbert tried to get her a paid position at the University of Göttingen in 1915, but was turned down on the basis of “unmet legal requirements,” a roundabout way of saying “we don’t hire women professors.” At a faculty meeting, Hilbert replied, “I do not see that the  sex of the candidate is an argument against her admission as Privat-dozent (Lecturer). After all, we are a university, not a bathing establishment.” Unfortunately, his eloquence was ineffective. After several years as an unpaid lecturer at Göttingen, she was finally given a paid position in 1923 and was allowed to oversee doctoral dissertations. She became one of the founders of a new branch of mathematics known as abstract algebra. This is not the same algebra you learned in school. Ordinary high-school algebra deals with the properties of numbers and the rules for manipulating them. The algebraists noticed that other mathematical objects obey some of the same algebraic rules as ordinary numbers. By abstracting and generalizing the principles of algebra, abstract algebra pulled together results for numbers, vectors, matrices, and functions. Results proved in the general theory automatically applied to any system that obeyed the general rules. Abstract algebra is still a corner-stone of mathematics today.

Because of her Jewish background, Noether was forced to give up her position at Göttingen when the Nazis came into power. She moved to the United States to take a teaching position at Bryn Mawr College, a small women’s college in Pennsylvania. Norbert Weiner wrote in support of her application, “Leaving all questions of sex aside, she is one of the ten or twelve leading mathematicians of the present generation in the entire world and has founded ... the Modern School of Algebraists.” 3 4 Sadly, she died only two years later after a surgical procedure.

To the mathematician, Emmy Noether is the founder of a fundamentally important branch of mathematics and the author of many important theorems. To the physicist, there is one result of hers that is so important it is known among physicists simply as Noether’s theorem. This was a minor part of her post-doctoral work that grew out of her work on general relativity. Noether’s theorem (as I shall call it, too, since this is a book about physics, and bar my door against enraged mathematicians) relates the symmetries of a physical system to the conserved quantities, like energy, that can be found for the system.

We usually think of symmetry in terms of objects like snowflakes.

[image: 007]

If someone were to rotate a perfect snowflake by 1/6 of a full circle (or 60°) when you are not looking, you would have no way of knowing it was rotated. The snowflake is said to be invariant under such a rotation. It is also invariant under rotations of 120°, 180°, 240°, 300°, and, of course, 360°.

The snowflake is also invariant under mirror symmetry: It looks just the same when viewed in a mirror. The human body very nearly possesses mirror symmetry; however, if you part your hair on one side rather than in the center you will look different in the mirror than in a photograph. Even if you attempt to part your hair exactly down the center, there are subtle asymmetries that will give the game away. The procedure of replacing something with its mirror image is called the parity operation; if the situation remains unchanged it is said to be invariant under parity.

It is easy to think of objects with other symmetries. The 12-sided dodecagon is invariant under rotations of one twelfth of a circle (30°), or any multiple of 30°. A perfect circle, on the other hand, is invariant under any rotation whatsoever. Because the circle can be continuously rotated, it is said to be invariant under a continuous symmetry. Rotations by discrete amounts, as for the snowflake and dodecagon, are called discrete symmetries. Parity (invariance) is another discrete symmetry.

Symmetry in physical systems carries a different meaning than simple geometrical invariance. Instead of asking whether an experiment looks identical when rotated (geometrical invariance), we ask  whether the laws of physics are invariant. In other words, do objects behave in the same way when the system is rotated? A collision between two billiard balls doesn’t have geometrical symmetry; it is easy to tell if the billiard table has been rotated. In physical terms, though, nothing important has changed. If the speed of the incoming balls and the angle between them is the same in both experiments, the speed of the outgoing balls will also be identical in the two experiments, as will the angle between them. It is in this sense that physicists talk of the rotational  invariance of a physical system. Rotating the initial setup leads to a rotated, but otherwise identical, outcome. Rotational invariance is a continuous symmetry; the billiard table can be rotated by any amount without affecting the outcome.

Suppose we have a theory that we want to check for rotational invariance. We obviously can’t solve the equations of the theory for every experiment that could conceivably be done, and then check that we get the same answer again when the experiment is rotated. Fortunately, this is not necessary. We can instead check the equations themselves for symmetry. The equations may involve directional quantities, those quantities that are represented by arrows (known as vectors). For instance, the Lorentz force law involves the particle’s velocity, the electric field, and the magnetic field, all of which are vectors. Other quantities, such as the mass of a particle, have no direction associated with them and so are unchanged by a rotation. To check the equations for rotational invariance, we mathematically rotate all of the directional quantities, plug the rotated values back into the equations, and check if the resulting equations have the same form as the original equations. If they do, the theory is rotationally invariant. Maxwell’s equations, the Lorentz force law, the laws of dynamics, indeed, all known laws of physics, are rotationally invariant.

Most physical systems are endowed with two additional continuous symmetries, which we can call the space shift and time shift symmetries. (Physicists call them spatial translation invariance and time translation invariance.) We expect that any experiment can be moved  four feet to the left, or moved to New York, Helsinki, or Canberra, without affecting the outcome. Assuming, that is, that any purely local conditions, like the altitude, temperature, or local magnetic field, don’t affect the outcome. A system that can be moved from place to place without affecting the outcome has space shift invariance. Similarly, we expect that it won’t make a difference what time we start an experiment. Starting two hours later, or a week from next Thursday, will only change the timing of the subsequent events, not the ultimate outcome. Again, local effects must be excluded: If you have a date for tonight you’d better not try the experiment of showing up a week from next Thursday! Setting a time for the date creates a local condition: All times are no longer equivalent, so the situation no longer has time shift invariance. The laws of physics admit no privileged time: They have time shift invariance.

Here’s where Noether’s theorem comes in. The theorem declares that there is a conserved quantity associated with every continuous symmetry of a physical system. Previously in this chapter, we discovered that energy is a conserved quantity—it can’t be created or destroyed, only converted from one form to another. Is there a corresponding symmetry? Yes, in fact, it is time shift invariance. Noether’s theorem provides the connection: From the time invariance of the theory, the expression for the conserved quantity can be derived, and it turns out to be just what we call the energy.

The other two continuous symmetries we have encountered, space shift invariance and rotational invariance, naturally correspond to other conserved quantities. The conserved quantity corresponding to space shift invariance is momentum, the inertia of an object due to its forward motion. Conservation of momentum is what tells us that, in a head-on collision between a Mack truck and a VW Beetle, the combined wreckage will be traveling in the direction the Mack truck had been traveling before the collision. The conserved quantity corresponding to rotational invariance is called angular momentum, which is,  roughly speaking, the amount of spin of an object. Conservation of angular momentum explains why an ice skater who is in a spin will rotate faster when he pulls his arms in. (It’s fun to test this yourself using a swivel chair. Hold your arms out to the side and start the chair spinning, then pull in your arms. The effect is increased if you hold a heavy book in each hand.)

As an example of space shift invariance, think about a skateboarder in a half-pipe. Viewed from the side, the half-pipe doesn’t have space shift invariance. If the pipe were suddenly shifted to the left, the skateboarder would find herself in midair. A space shift in this direction causes a change in the physics of the situation. Viewed lengthwise, however, the half-pipe does have space shift invariance.

[image: 008]

If the pipe were suddenly shifted lengthwise, the skateboarder wouldn’ t notice that anything had changed. As long as she wasn’t near either end of the pipe, she could complete her maneuver as if nothing had happened.

As a result, there is a conservation law for the lengthwise direction, but not for the crosswise direction. A skateboarder riding lengthwise down the pipe moves at constant velocity. Here, velocity is the conserved quantity. Actually, the conserved quantity for space shift symmetry is momentum, which is mass times velocity. In this case, the skateboarder’s mass isn’t changing, so constant momentum implies constant velocity. In the cross-pipe direction, though, momentum and velocity are not constant. The skateboarder speeds up as she descends the pipe and slows again going up the other side. No symmetry means no conservation law.

Noether’s theorem guarantees that whenever a theory is invariant under a continuous symmetry, there will be a conserved quantity. It allows us to go from the seemingly trivial observation that the result of an experiment doesn’t depend on what time of day the experiment begins to the deep fact that there is a quantity, the energy, that remains the same before, during, and after the experiment. Equally important for elementary particle physics is the fact that we can sometimes go the other direction: If we notice that some quantity is conserved in all our experiments, the theory we are looking for may be invariant under some symmetry. Identifying the correct symmetry may lead us to the correct theory. There is as well a beauty to a symmetrical theory, as with a symmetrical face. Although experimental test is the ultimate arbiter, aesthetics can sometimes be a guide in developing new theories. The most beautiful theory is not necessarily the best theory, but it sometimes happens that theories developed for purely mathematical reasons turn out to be useful in describing nature. The search for symmetries has been a fundamental guiding principle of elementary particle physics for the last 50 years, and has led in the end to the Standard Model.

Special relativity dramatically changed physicists’ ideas about space and time, mass and energy. It left intact the concepts of particles and fields as the stuff of which things are made. The actors remained the same; only the stage on which they were acting was changed. Quantum mechanics, the other great conceptual development of early twentieth-century physics, would retain nineteenth-century ideas of space and time but would revolutionize ideas about particles and fields.
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