
		
			
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		

	

PENGUIN BOOKS

WARPED PASSAGES

Lisa Randall is on a quest to explain the fabric of reality. She has become one of the world’s leading theoretical physicists and an expert on string theory. Her work has attracted enormous interest and is some of the best cited in all of science. She was the first tenured woman in the Princeton physics department and the first tenured woman theorist at MIT and Harvard.




LISA RANDALL

Warped Passages

Unravelling the Universe’s Hidden Dimensions

[image: Image]

PENGUIN BOOKS




PENGUIN BOOKS

Published by the Penguin Group
Penguin Books Ltd, 80 Strand, London WC2R 0RL, England
Penguin Group (USA) Inc., 375 Hudson Street, New York, New York 10014, USA
Penguin Group (Canada), 90 Eglinton Avenue East, Suite 700, Toronto, Ontario, Canada M4P 2Y3
(a division of Pearson Penguin Canada Inc.)
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 – 110017, India
Penguin Group (NZ), cnr Airborne and Rosedale Roads, Albany, Auckland 1310, 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 0RL, England

www.penguin.com

First published by Allen Lane 2005
Published in Penguin Books 2006
1

Copyright © Lisa Randall, 2005
All rights reserved

The moral right of the author has been asserted

Except in the United States of America, this book is sold subject to the condition that it shall not, by way of trade or otherwise, be lent, re-sold, hired out, or otherwise circulated without the publisher’s prior consent in any form of binding or cover other than that in which it is published and without a similar condition including this condition being imposed on the subsequent purchaser

EISBN: 978–0–141–90550–1




Contents

Preface and Acknowledgements

I. Dimensions of Space (and Thought)

Introduction

1 Entryway Passages: Demystifying Dimensions

2 Restricted Passages: Rolled-up Extra Dimensions

3 Exclusive Passages: Branes, Braneworlds, and the Bulk

4 Approaches to Theoretical Physics

II. Early Twentieth-Century Advances

5 Relativity: The Evolution of Einstein’s Gravity

6 Quantum Mechanics: Principled Uncertainty, the Principal Uncertainties, and the Uncertainty Principle

III. The Physics of Elementary Particles

7 The Standard Model of Particle Physics: Matter’s Most Basic Known Structure

8 Experimental Interlude: Verifying the Standard Model

9 Symmetry: The Essential Organizing Principle

10 The Origin of Elementary Particle Masses: Spontaneous Symmetry Breaking and the Higgs Mechanism

11 Scaling and Grand Unification: Relating Interactions at Different Lengths and Energies

12 The Hierarchy Problem: The Only Effective Trickle-Down Theory

13 Supersymmetry: A Leap Beyond the Standard Model

IV. String Theory and Branes

14 Allegro (Ma Non Troppo) Passage for Strings

15 Supporting Passages: Brane Development

16 Bustling Passages: Braneworlds

V. Proposals for Extra-Dimensional Universes

17 Sparsely Populated Passages: Multiverses and Sequestering

18 Leaky Passages: Fingerprints of Extra Dimensions

19 Voluminous Passages: Large Extra Dimensions

20 Warped Passage: A Solution to the Hierarchy Problem

21 The Warped Annotated “Alice”

22 Profound Passage: An Infinite Extra Dimension

23 A Reflective and Expansive Passage

VI. Closing Thoughts

24 Extra Dimensions: Are You In or Out?

25 (In)Conclusion

Glossary

Math Notes

Permissions

Index




Preface and Acknowledgments

When I was a young girl, I loved the play and intellectual games in math problems or in books like Alice in Wonderland. But although reading was one of my favorite activities, books about science usually seemed more remote and less inviting to me—I never felt sufficiently engaged or challenged. The tone often seemed condescending to readers, overly worshipful of scientists, or boring. I felt the authors mystified results or glorified the men who found them, rather than describing science itself and the process by which scientists made their connections. That was the part I actually wanted to know.

As I learned more science, I grew to love it. I didn’t always know that I would become a physicist and feel this way; no one I knew when I was young did science. But engaging with the unknown is irresistibly exciting. I found it thrilling to find connections between apparently disparate phenomena and to solve problems and predict surprising features of our world. As a physicist, I now understand that science is a living entity that continues to evolve. Not only the answers, but also the games and riddles and participation make it interesting.

When I decided to embark on this project, I envisioned a book that shares the excitement I feel about my work without compromising the presentation of the science. I hoped to convey the fascination of theoretical physics without simplifying the subject deceptively or presenting it as a collection of unchanging, finished monuments to be passively admired. Physics is far more creative and fun than people generally recognize. I wanted to share these aspects with people who hadn’t necessarily arrived at this realization on their own.

There’s a new world view pressing down upon us. Extra dimensions have changed the way physicists think about the universe. And because the connections of extra dimensions to the world could tie into many more well-established physics ideas, extra dimensions are a way to approach older, already-verified facts about the universe via new and intriguing pathways.

Some of the ideas I’ve included are abstract and speculative, but there’s no reason why they shouldn’t be understandable to anyone who is curious. I decided to let the fascination of theoretical physics speak for itself and chose not to over-emphasize history or personalities. I didn’t want to give the misleading impression that all physicists are modeled on a single archetype or that any one particular type of person should be interested in physics. Based on my experiences and conversations, I’m pretty sure there are many readers who are smart, interested, and open enough to want more of the real thing.

This book doesn’t skimp on the most advanced and intriguing theoretical ideas, but I’ve tried my best to make it self-contained. I’ve included both key conceptual advances and the physical phenomena to which they apply. The chapters are organized so that readers can tailor the book to their own backgrounds and interests. To help this process, I’ve bulleted the points that I’ll refer to later on when I present more recent ideas about extra dimensions. I’ve also used bullets at the end of the extra-dimensional chapters to clarify what distinguishes each of the possible options for extra-dimensional universes.

Because the idea of extra dimensions is probably new to many readers, in the first few chapters I’ve explained what I mean when I use these words and why extra dimensions can exist but be invisible and intangible. After that, I’ve outlined the theoretical methods with which particle physicists approach their work to clarify the kind of thinking that enters into this admittedly very speculative research.

The recent work on extra dimensions relies on both more traditional and more modern theoretical physics concepts to motivate the questions it answers and its methods. In order to explain what is driving such research, I’ve included an extensive review of twentieth-century physics. Feel free to skim through this review if you like. But if you do, you’ll miss a lot of good stuff!

The review begins with general relativity and quantum mechanics before turning to particle physics and the most important concepts that particle physicists employ today. I’ve presented some rather abstract ideas that are often neglected—in part because they are so abstract—but these concepts are now confirmed by experiment and enter into all research that we do today. Although not all of this material is essential for understanding the ideas you’ll see later on about extra dimensions, I believe many readers will be glad to get a more complete picture.

After this, I’ve described some newer, more speculative notions that have been studied for the last thirty years—namely supersymmetry and string theory. Traditionally, physics has involved an interplay between theory and experiment. Supersymmetry is an extension of known particle physics concepts and has a good chance of being tested in forthcoming experiments. String theory is different. It is based solely on theoretical questions and ideas and isn’t even completely mathematically formulated yet, so we can’t yet be certain of its predictions. As for me, I’m an agnostic on this subject—I don’t know what string theory will ultimately be or whether it will solve the questions of quantum mechanics and gravity it sets out to address. But string theory has been a rich resource for new ideas, some of which I’ve exploited in my own research on extra dimensions of space. These ideas exist independently of string theory, but string theory gives us a good reason to think some of their underlying assumptions could be right.

Having established the context, I’ll finally return to the many exciting new developments about extra dimensions. They tell us remarkable things, such as that extra dimensions can be infinite in size yet remain unseen, or that we can be living in a three-spatial-dimensional sinkhole in a higher-dimensional universe. We now also know reasons why there can be unseen parallel worlds with very different properties from our own.

Throughout the text, I’ve explained physics concepts without equations. But for those who are interested in more mathematical detail, I’ve included a mathematical appendix. In the text itself, I’ve tried to expand the range of metaphors that are used to explain scientific concepts. A lot of the descriptive vocabulary everyone uses come from spatial analogies, but these often fail in the tiny realm of elementary particles and the hard-to-picture space with extra dimensions. It seemed to me that less conventional metaphors, even ones about art and food and personal relations, might work at least as well in explaining abstract ideas.

To make the transition for the new ideas in each chapter, I’ve begun the chapters with a brief story that isolates a key concept using more familiar metaphors and settings. I’m having fun with these stories, so go back to catch the references after you’ve read the chapter if you like. You might think of the stories as a two-dimensional narrative going “down” through the chapters and “horizontally” across the book. Or you might treat them as a sort of playful homework problem that lets you gauge when you’ve absorbed the ideas in a chapter.

Many friends and colleagues helped me accomplish my goals for this book. Although I often knew what I was after, I didn’t always know when I had succeeded. A number of people deserve thanks for their generosity with their time, encouragement, and excitement and curiosity about the ideas I’m describing.

Several talented friends deserve particular thanks for their invaluable comments on the manuscript at various stages. Anna Christina Büchmann, a wonderful writer, gave beautifully detailed comments that helped me learn to complete the stories I was telling, both about physics and in general. She provided invaluable writing tips, always peppered with encouragement. Polly Shulman, another extremely talented friend, carefully read and commented on every chapter. I admire her logical and playful mind, and am very fortunate to have had her assistance. Lubos Motl, a brilliant physicist and dedicated science communicator (whose specious ideas about women in science we’ll ignore), read everything, even before it was readable, and gave extraordinarily useful suggestions and encouragement at every stage. Tom Levenson offered the important advice that only a skillful science writer could provide and contributed several critically important suggestions. Michael Gordin gave the perspective of a historian of science and a connoisseur of this type of literature. Jamie Robins gave insightful comments on more than one version of the manuscript. Esther Sung gave useful comments on the manuscript and the extremely helpful perspective of a smart, interested reader with a background outside the sciences. And I’m delighted that Cormac McCarthy volunteered valuable encouragement and suggestions in the final stages of this book.

Several people provided interesting stories and observations that helped me in the beginning stages of this project. Massimo Porrati is a storehouse of fascinating facts, some of which appear here. Gerald Holton’s insights into early twentieth-century physics enriched my ideas about quantum mechanics and relativity. Jochen Brocks gave useful insights about what he liked in science writing and stimulated some writing ideas. Conversations with Chris Haskett and Andy Singleton helped me understand what non-physicists might hope to learn. Albion Lawrence made some valuable contributions that helped me sort out some difficult chapters. And John Swain passed along a couple of nice ways of presenting material.

Many colleagues gave valuable comments and suggestions. Among the many others to whom I am grateful, Bob Cahn, Csaba and Zsusanna Csaki, Paolo Creminelli, Joshua Erlich, Ami Katz, and Neal Weiner all read substantial portions of the book and provided insightful commentary. I also thank Allan Adams, Nima Arkani-Hamed, Martin Gremm, Jonathan Flynn, Melissa Franklin, David Kaplan, Andreas Karch, Joe Lykken, Peter Lu, Ann Nelson, Amanda Peet, Riccardo Rattazzi, Dan Schrag, Lee Smolin, and Darien Wood, who all gave useful comments and advice. Howard Georgi advised me and many of the physicists listed above about the effective theory way of thinking that is espoused in this book. I also thank Peter Bohacek, Wendy Chun, Paul Graham, Victoria Gray, Paul Moor-house, Curt McMullen, Liam Murphy, Jeff Mrugan, Sesha Pretap, Dana Randall, Enrique Rodriguez, Ned Sahir, and Judith Surkis, who provided helpful criticism, suggestions, and encouragement. I am also grateful to Marjorie Caron, Tony Caron, Barry Ezarsky, Josh Feldman, Marsha Rosenberg, and other family members for helping me better understand my audience.

Greg Elliott and Jonathan Flynn executed the beautiful pictures contained in this book, and I’m extraordinarily grateful for their important contribution. I thank Rob Meyer and Laura Van Wyk for helping me obtain permissions for the many quotes throughout the book. I have made every effort to properly credit sources. If you think you have not been credited properly, please let me know.

I also want to thank my collaborators on my research that I describe in this book, particularly Raman Sundrum and Andreas Karch, who were both great to work with. And I’d like to acknowledge the contributions of the many physicists who have thought about these and related ideas, including those that I didn’t have room to discuss.

I’d also like to express my appreciation to my Ecco Press editors, Dan Halpern and Robert Grover, my Penguin editors, Stefan McGrath and Will Goodlad, and my copy editors in the U.S. and England, Lyman Lyons and John Woodruff, for their many helpful suggestions and for their support for this book. And I wish to thank my literary agent, John Brockman, as well as Katinka Matson, for their important commentary and advice, and for their invaluable help in getting this book launched. I’m also grateful to Harvard University and to the Radcliffe Institute for Advanced Study for providing some time to focus on this book, and to MIT, Princeton, Harvard, the National Science Foundation, the Department of Energy, and the Alfred P. Sloan Foundation for supporting my research.

Finally, I wish to thank my family: my parents, Richard Randall and Gladys Randall, and my sisters, Barbara Randall and Dana Randall, for backing my scientific career and for sharing their humor, thoughts, and encouragement over the years. Lynn Festa, Beth Lyman, Gene Lyman, and Jen Sacks were extremely supportive and I thank them all for their wonderful advice and suggestions along the way. And lastly, I’m so grateful to Stuart Hall for his insightful perspective, helpful comments, and unselfish support.

I thank you all and hope you find your contributions are repaid.

Lisa Randall

Cambridge, MA

April 2005




Introduction

Got to be good looking

’Cause he’s so hard to see.                The Beatles

The universe has its secrets. Extra dimensions of space might be one of them. If so, the universe has been hiding those dimensions, protecting them, keeping them coyly under wraps. From a casual glance, you would never suspect a thing.

The disinformation campaign began back in the crib, which first
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Figure 1. A baby’s three-dimensional world.

introduced you to three spatial dimensions. Those were the two dimensions in which you crawled, plus the remaining one by which you climbed out. Since that time, physical laws—not to mention common sense—have bolstered the belief in three dimensions, quelling any suspicion that there might be more.

But spacetime could be dramatically different from anything you’ve ever imagined. No physical theory we know of dictates that there should be only three dimensions of space. Dismissing the possibility of extra dimensions before even considering their existence might be very premature. Just as “up-down” is a different direction from “left-right” or “forward-backward,” other completely new dimensions could exist in our cosmos. Although we can’t see them with our eyes or feel them with our fingertips, additional dimensions of space are a logical possibility.

Such hypothetical unseen dimensions don’t yet have a name. But should they exist, they would be new directions along which something might travel. So when I need a name for an extra dimension, I’ll sometimes call it a passage. (And when I explicitly discuss extra dimensions, I’ll use chapter names with “passages” in the title.)

These passages could be flat, like the dimensions we are accustomed to. Or they could be warped, like reflections in a fun-house mirror. They might be tiny—far smaller than an atom—until recently, that’s what anyone who believed in extra dimensions assumed. But new work has shown that extra dimensions might also be big, or even infinite in size, yet still be hard to see. Our senses register only three large dimensions, so an infinite extra dimension might sound incredible. But an infinite unseen dimension is one of many bizarre possibilities for what might exist in the cosmos, and in this book we’ll see why.

Research into extra dimensions has also led to other remarkable concepts—ones that might fulfill a science fiction aficionado’s fantasy—such as parallel universes, warped geometry, and three-dimensional sinkholes. I’m afraid such ideas might sound more like the province of novelists and lunatics than the focus of real scientific inquiry. But outlandish as they might seem at the moment, they are genuine scientific scenarios that could arise in an extra-dimensional world. (Don’t worry if you are not yet familiar with these words or ideas; we’ll introduce and investigate them later on.)

Why Consider Unseen Dimensions?

Even if physics with extra spatial dimensions permit these intriguing scenarios, you might still wonder why physicists concerned with making predictions about observable phenomena would bother to take them seriously. The answer is as dramatic as the idea of extra dimensions itself. Recent advances suggest that extra dimensions, not yet experienced and not yet entirely understood, might nonetheless resolve some of the most basic mysteries of our universe. Extra dimensions could have implications for the world we see, and ideas about them might ultimately reveal connections that we miss in three-dimensional space.

We wouldn’t understand why Inuit and Chinese people share physical features, either, if we failed to include the dimension of time that lets us recognize their common ancestry. Similarly, the connections that can occur with additional dimensions of space might illuminate perplexing aspects of particle physics, shedding light on decades-old mysteries. Relationships between particle properties and forces that seemed inexplicable when space was shackled to three dimensions seem to fit together elegantly in a world with more dimensions of space.

Do I believe in extra dimensions? I confess I do. In the past, I’ve mostly viewed speculations about physics beyond what’s been measured—including my own ideas—with fascination, but also with some degree of skepticism. I like to think this keeps me interested, but honest. Sometimes, however, an idea seems like it must contain a germ of truth. One day on my way to work about five years ago, as I was crossing the Charles River into Cambridge, I suddenly realized that I really believed that some form of extra dimensions must exist. I looked around and contemplated the many dimensions I couldn’t see. I had the same shock of surprise at my altered worldview that I experienced when I realized that I, a native New Yorker, was rooting for the Red Sox during a playoff game against the Yankees—something else I never anticipated I’d do.

Greater familiarity with extra dimensions has only increased my confidence in their existence. Arguments against them have too many holes to be reliable, and physical theories without them leave too many questions unanswered. Furthermore, as we’ve explored extra dimensions in the last few years, we’ve expanded the range of possible extra-dimensional universes that can mimic our own, suggesting that we’ve identified only the tip of the iceberg. Even if extra dimensions don’t conform precisely to the pictures I will present, I think they are very likely to be there, in one form or another, and their implications are bound to be surprising and remarkable.

You might be intrigued to know that there could be a vestige of extra dimensions hidden in your kitchen cabinet—on a nonstick frying pan coated with quasicrystals. Quasicrystals are fascinating structures whose underlying order is revealed only with extra dimensions. A crystal is a highly symmetric latticework of atoms and molecules with one basic element repeated many times. In three dimensions we know what structures crystals can form, and which patterns are possible. However, the arrangement of atoms and molecules in quasicrystals does not conform to any of these patterns.

An example of a quasicrystalline pattern is shown in Figure 2. It lacks the precise regularity you would see in a true crystal, which would look more like the kind of grid you would see on a piece of graph paper. The most elegant way of explaining the pattern of molecules in these strange
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Figure 2. This is a “Penrose tiling.” It is a projection of a five-dimensional crystalline structure onto two dimensions.

materials is with a projection—a sort of three-dimensional shadow—of a higher-dimensional crystalline pattern, which reveals the symmetry of the pattern in a higher-dimensional space. What looked like a completely inexplicable pattern in three dimensions reflects an ordered structure in a higher-dimensional world. The nonstick frying pans that are coated with quasicrystals exploit the structural differences between the projections of higher-dimensional crystals in the pan’s coating and the more mundane structure of ordinary three-dimensional food. The different arrangements of atoms, which keeps them from binding to each other, is a tantalizing suggestion that extra dimensions exist and explain some observable physical phenomena.

Overview

Just as extra dimensions help us understand the confusing arrangement of molecules in a quasicrystal, physicists today speculate that theories of extra dimensions also will illuminate connections in particle physics and cosmology—connections that are difficult to understand with only three dimensions.

For thirty years, physicists have relied on a theory called the Standard Model of particle physics, which tells us about the fundamental nature of matter and the forces through which elementary constituents interact.* Physicists have tested the Standard Model by creating particles that have not been present in our world since the earliest seconds of the universe, and they’ve found that the Standard Model describes many of their properties extremely well. Yet the Standard Model leaves some fundamental questions unanswered—questions so basic that their resolution promises new insight into the building blocks of our world and their interactions.

This book tells about how I and others searched for answers to Standard Model puzzles and found ourselves in extra-dimensional worlds. The new developments with extra dimensions will ultimately take center stage, but I’ll first introduce the supporting players—the revolutionary physics advances of the twentieth century. The recent ideas that I discuss later are grounded in these stupendous breakthroughs.

The review topics we’ll encounter will, broadly, divide into three categories: early-twentieth-century physics, particle physics, and string theory. We’ll investigate the key ideas of relativity and quantum mechanics, as well as the current state of particle physics and the problems that extra dimensions might address. We’ll also consider the concepts that underlie string theory, which many physicists think is the leading contender for a theory that incorporates both quantum mechanics and gravity. String theory, which postulates that the most basic units in nature are not particles but fundamental, oscilllating strings, has provided much of the impetus for studying extra dimensions, because it requires more than three dimensions of space. And I will also describe the role of branes, membrane-like objects within string theory, which are as essential to the theory as strings themselves. We’ll consider both the successes of these theories and the questions they leave open—the ones that motivate current research.

One of the chief mysteries is why gravity is so much weaker than the other known forces. Gravity might not feel weak when you’re hiking up a mountain, but that’s because the entire Earth is pulling on you. A tiny magnet can lift a paper clip, even though all the mass of the Earth is pulling it in the opposite direction. Why is gravity so defenseless against the small tug of a tiny magnet? In standard three-dimensional particle physics, the weakness of gravity is a huge puzzle. But extra dimensions might provide an answer. In 1998, my collaborator Raman Sundrum and I showed one reason this might be so.

Our proposal is based on warped geometry, a notion that arises in Einstein’s theory of general relativity. According to this theory, space and time are integrated into a single spacetime fabric that gets distorted, or warped, by matter and energy. Raman and I applied this theory in a new, extra-dimensional context. We found a configuration in which spacetime warps so severely that even if gravity is strong in one region of space, it is feeble everywhere else.

And we found something even more remarkable. Although physicists have assumed for eighty years that extra dimensions must be tiny in order to explain why we haven’t seen them, in 1999 Raman and I discovered that not only can warped space explain gravity’s feebleness, but also that an invisible extra dimension can stretch out to infinity, provided it is suitably distorted in a curved spacetime. An extra dimension can be infinite in size–but nonetheless be hidden. (Not all physicists immediately accepted our proposal. But my non-physicist friends were more quickly convinced I was on to something—not because they fully grasped the physics, but because when I attended a conference banquet after speaking about my work, Stephen Hawking saved me a seat.)

I will explain the physical principles underlying these and other theoretical developments and the new notions about space that make them conceivable. And later on, we’ll also encounter an even weirder possibility, which the physicist Andreas Karch and I discovered a year later: we could be living in a three-dimensional pocket of space, even though the rest of the universe behaves as if it is higher-dimensional. This result opens a host of new possibilities for the fabric of spacetime, which could consist of distinct regions, each appearing to contain a different number of dimensions. Not only are we not in the center of the universe, as Copernicus shocked the world by suggesting five hundred years ago, but we just might be living in an isolated neighborhood with three spatial dimensions that’s part of a higher-dimensional cosmos.

The newly-studied membrane-like objects called branes are important components of the rich higher-dimensional landscapes. If extra dimensions are a physicist’s playground, then braneworlds—hypothesized universes in which we live on a brane—are the tantalizing, multi-layered, multi-faceted jungle gyms.* This book will take you to braneworlds and universes with curled-up, warped, large, and infinite dimensions, some of which contain a single brane and others of which have multiple branes housing unseen worlds. All of these are within the realm of possibility.

The Excitement of the Unknown

The postulated braneworlds are a theoretical leap of faith, and the ideas they contain are speculative. However, as with the stock market, riskier ventures might fail but they could also reward you with greater returns.

Imagine the sight of the snow under a ski chairlift on the first sunny day after a storm, when untracked powder tempts you from below. You know that no matter what, once you hit the snow, it’s going to be a great day. Some runs will be steep and full of bumps, some will be easy cruisers, and some will be tricky routes through trees. But even if you take the occasional wrong turn, most of the day will be wonderfully rewarding.

For me, model building—which is what physicists call the search for theories that might underlie current observations—has this same irresistible appeal. Model building is adventure travel through concepts and ideas. Sometimes new ideas are obvious, and sometimes they are tricky to find and negotiate. However, even when we don’t know where they’re heading, interesting new models often explore untouched, delightful terrain.

We will not know right away which of the theories gets it right about our place in the universe. For some of them, we might never know. But, incredibly, that is not true for all extra-dimensional theories. The most exciting feature of any extra-dimensional theory that explains the weakness of gravity is that if it is correct, we will soon find out. Experiments that study very energetic particles could discover evidence supporting these proposals and the extra dimensions they contain within the next five years—as soon as the Large Hadron Collider (LHC), a very high energy particle collider near Geneva, is up and running.

This collider, which turns on in 2007, will bang together tremendously energetic particles that could turn into new types of matter we have never seen before. If any of these extra-dimensional theories is right, it could leave visible signs at the LHC. The evidence would include particles called Kaluza-Klein modes, which travel in the extra dimensions yet leave traces of their existence here in the familiar three dimensions. Kaluza-Klein modes would be fingerprints of extra dimensions in our three-dimensional world. And if we’re very lucky, experiments will register other clues as well, perhaps even higher-dimensional black holes.

The detectors that will record these objects will be large and impressive—so much so that working on them will require climbing gear like harnesses and helmets. In fact, I once took advantage of this gear when I went glacier hiking in Switzerland close to the European Organization for Particle Research (CERN), the physics center that will house the LHC. These enormous detectors will record particle properties that physicists will use to reconstruct what passed through.

Admittedly, the evidence for extra dimensions will be somewhat indirect, and we will have to piece together various clues. But that is true of almost all recent physics discoveries. As physics evolved in the twentieth century, it moved away from things that can be directly observed with the naked eye to things that can be “seen” only through measurements coupled with a theoretical train of logic. For example, quarks, components of the proton and neutron familiar from highschool physics, never appear in isolation; we find them by following the trail of evidence they leave behind them as they influence other particles. It’s the same with the intriguing kinds of stuff known as dark energy and dark matter. We don’t know where most of the energy in the universe comes from or the nature of most of the matter that the universe contains. Yet we know that dark matter and dark energy exist in the universe, not because we’ve detected them directly, but because they have noticeable effects on matter that surrounds them. Like quarks or dark matter and dark energy, whose existence we only indirectly ascertain, extra dimensions will not appear to us directly. Nonetheless, signatures of extra dimensions, even when indirect, could ultimately reveal their existence.

Let me say at the outset that obviously not all new ideas prove correct, and that many physicists are skeptical about any new theories. The theories I present here are no exception. But speculation is the only way to make progress in our understanding. Even if it turns out that the details don’t all align with reality, a new theoretical idea can still illuminate physical principles at work in the true theory of the cosmos. I’m fairly certain that the ideas about extra dimensions we’ll encounter in this book contain more than a germ of truth.

When engaging with the unknown and working with speculative ideas, I find it comforting to recall that the discovery of fundamental structure has always come as a surprise and been met with skepticism and resistance. Oddly enough, not just the general populace, but sometimes even the very people who suggest underlying structures have been reluctant to believe in them at first.

James Clerk Maxwell, for example, who developed the classical theory of electricity and magnetism, didn’t believe in the existence of fundamental units of charge such as electrons. George Stoney, who at the end of the nineteenth century proposed the electron as a fundamental unit of charge, didn’t believe that scientists would ever isolate electrons from the atoms of which they are components. (In fact, all it takes is heat or an electric field.) Dmitri Mendeleev, creator of the periodic table, resisted the notion of valence, which his table encoded. Max Planck, who proposed that the energy carried by light was discontinuous, didn’t believe in the reality of the light quanta that were implicit in his own idea. Albert Einstein, who suggested these quanta of light, didn’t know that their mechanical properties would permit them to be identified as particles—the photons we now know them to be. Not everyone with correct new ideas has denied their connection to reality, however. Many ideas, whether believed-in or mistrusted, have turned out to be true.

Is there more waiting to be discovered? For the answer to that question, I turn to the all-too-mortal words of George Gamow, the prominent nuclear physicist and science popularizer. In 1945 he wrote, “Instead of a rather large number of ‘indivisible atoms’ of classical physics, we are now left with only three essentially different entities; nucleons, electrons, and neutrinos… Thus it seems that we have actually hit the bottom in our search for the basic elements from which matter is formed.” When Gamow wrote this, he had no idea that the nucleons are composites of quarks, which would be discovered within thirty years!

Wouldn’t it be strange if we turn out to be the first people for whom the search for further underlying structure ceased to be fruitful? So strange, in fact, that it seems hardly credible? Inconsistencies in existing theories tell us they can’t be the final word. Earlier generations had neither the tools nor the motivations of today’s physicists for exploring the extra-dimensional arenas that this book will describe. Extra dimensions, or whatever underlies the Standard Model of particle physics, would be a discovery of major importance.

When it comes to the world around us, is there any choice but to explore?
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Entryway Passages: Demystifying Dimensions

You can go your own way.

Go your own way.

Fleetwood Mac

“Ike, I’m not so sure about this story I’m writing. I’m considering adding more dimensions. What do you think of that idea?”

“Athena, your big brother knows very little about fixing stories. But odds are it won’t hurt to add new dimensions. Do you plan to add new characters, or flesh out your current ones some more?”

“Neither; that’s not what I meant. I plan to introduce new dimensions—as in new dimensions of space.”

“You’re kidding, right? You’re going to write about alternative realities—like places where people have alternative spiritual experiences or where they go when they die, or when they have near-death experiences?* I didn’t think you went in for that sort of thing.”

“Come on, Ike. You know I don’t. I’m talking about different spatial dimensions—not different spiritual planes!”

“But how can different spatial dimensions change anything? Why would using paper with different dimensions—11″ × 8″ instead of 12″ × 9″, for example—make any difference at all?”

“Stop teasing. That’s not what I’m talking about either. I’m really planning to introduce new dimensions of space, just like the dimensions we see, but along entirely new directions.”

“Dimensions we don’t see? I thought three dimensions is all there are.”

“Hang on, Ike. We’ll soon see about that.”

The word “dimension,” like so many words that describe space or motion through it, has many interpretations—and by now I think I’ve heard them all. Because we see things in spatial pictures we tend to describe many concepts, including time and thought, in spatial terms. This means that many words that apply to space have multiple meanings. And when we employ such words for technical purposes, the alternative uses of the words can make their definitions sound confusing.

The phrase “extra dimensions” is especially baffling because even when we apply those words to space, that space is beyond our sensory experience. Things that are difficult to visualize are generally harder to describe. We’re just not physiologically designed to process more than three dimensions of space. Light, gravity, and all our tools for making observations present a world that appears to contain only three dimensions of space.

Because we don’t directly perceive extra dimensions—even if they exist—some people fear that trying to grasp them will make their head hurt. At least, that’s what a BBC newscaster once said to me during an interview. However, it’s not thinking about extra dimensions but trying to picture them that threatens to be unsettling. Trying to draw a higher-dimensional world inevitably leads to complications.

Thinking about extra dimensions is another thing altogether. We are perfectly capable of considering their existence. And when my colleagues and I use the words “dimensions,” and “extra dimensions,” we have precise ideas in mind. So before taking another step forward or exploring how new ideas fit into our picture of the universe—note the spatial phrases—I will explain the words “dimensions” and “extra dimensions” and what I will mean when I use them later on.

We’ll soon see that when there are more than three dimensions, words (and equations) can be worth a thousand pictures.

What Are Dimensions?

Working with spaces that have many dimensions is actually something everyone does every day, although admittedly most of us don’t think of it that way. But consider all the dimensions that enter into your calculations when you make an important decision, like buying a house. You might consider the size, the schools nearby, the proximity to places of interest, the architecture, the noise level—and the list goes on. You need to optimize in a multidimensional context, enumerating all your desires and needs.

The number of dimensions is the number of quantities you need to know to completely pin down a point in a space. The multidimensional space might be an abstract one, such as the space of features you are looking for in a house, or it might be concrete, like the real physical space we will soon consider. But when buying a house, you can think of the number of dimensions as the number of quantities you would record in each entry in a database—the number of quantities you find worth investigating.

A more frivolous example applies dimensions to people. When you peg someone as one-dimensional, you actually have something rather specific in mind: you mean that the person has only a single interest. For example, Sam, who does nothing but sit at home watching sports, can be described with just one piece of information. If you felt so inclined, you could picture this information as a dot on a one-dimensional graph: Sam’s proclivity to watch sports, for example. In drawing this graph you need to specify your units so that someone else can understand what the distance along this single axis means. Figure 3 shows a plot with Sam as a point along a horizontal axis. This plot represents the number of hours Sam spends per week watching sports on TV. (Fortunately, Sam won’t be insulted by this
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Figure 3. The one-dimensional Sam plot.

example; he is not among the multidimensional readers of this book.)

Let’s explore this notion a little further. Icarus Rushmore III (Ike in the above story), a Boston resident, is a more complex character. In fact, he is three dimensional. Ike is twenty-one, drives fast cars, and loses money at Wonderland, a town near Boston with a dog-racing track. In Figure 4 I’ve plotted Ike. Although I’ve drawn it on the two-dimensional surface of a piece of paper, the three axes tell us that Ike is definitely three-dimensional.*
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Figure 4. The three-dimensional Ike plot. The solid notched lines are the coordinate axes of the three-dimensional plot. The point that is labeled Ike corresponds to a 21-year-old boy who loses 24 dollars at Wonderland every month and drives his fast car (on average) 3.3 times a week.

When we describe most people, however, we usually assign them more than one, or even three, characteristics. Athena, Ike’s sister, is an eleven-year-old who reads avidly, excels at math, keeps abreast of current events, and raises pet owls. You might want to plot this too (though why, exactly, I’m not really sure). In that case, Athena would have to be plotted as a point in a five-dimensional space with axes corresponding to age, number of books read per week, average math test score, number of minutes spent reading the newspaper per day, and number of owls she owns. However, I’m having trouble drawing such a graph. It would require a five-dimensional space, which is very hard to draw. Even computer programs only have 3D graphics.

Nonetheless, in an abstract sense, there exists a five-dimensional space with a collection of five numbers, such as (11, 3, 100, 45, 4), which tells us that Athena is eleven, that she reads three books on the average each week, that she never gets a math question wrong, that she reads the newspaper for forty-five minutes each day, and that she has four owls at the moment. With these five numbers, I’ve described Athena. If you knew her, you could recognize her from this point in five dimensions.

The number of dimensions for each of the three people above was the number of attributes I used to identify them: one for Sam, three for Ike, and five for Athena. Real people, of course, are generally more difficult to capture with so few items of information.

In the following chapters, we’ll use dimensionality to explore not people, but space itself. By “space” I mean the region in which matter exists and physical processes take place. A space of a particular dimension is a space requiring a particular number of quantities to specify a point. In one dimension, that would be a point on a plot with a single x axis; in two dimensions, a point on a plot with an x and a y axis; in three dimensions, it would be a point on a plot with an x, a y, and a z axis.1,* Those axes are shown in Figure 5.

In three-dimensional space, three numbers are all you ever need to know your precise location. The numbers you specify might be latitude, longitude, and altitude; or length, width, and height; or you might have a different way to choose your three numbers. The critical thing is that three dimensions means you need precisely three numbers.
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Figure 5. The three coordinate axes that we use for three-dimensional space.

In two-dimensional space you need two numbers, and in higher-dimensional space you need more.

More dimensions means freedom to move in a greater number of completely different directions. A point in a four-dimensional space simply requires one additional axis—again, difficult to draw. But it should not be hard to imagine its existence. We’ll think about it using words and mathematical terms.

String theory suggests even more dimensions: it postulates six or seven extra spatial dimensions, meaning that six or seven additional coordinates are needed to plot a point. And very recent work in string theory has shown that there could be even more dimensions than that. In this book, I’ll keep an open mind and entertain the possibility of any number of extra dimensions. It is too soon to say how many dimensions the universe actually contains. Many of the concepts about extra dimensions that I will describe apply to any number of extra dimensions. In the rare cases when that isn’t true, I will make sure that it is clear.

Describing a physical space involves more than just identifying points, however. You need also to specify a metric, which establishes the measurement scale, or the physical distance between two points. These are the markings along the axis of a graph. It’s not enough to know that the distance between a pair of points is 17 unless you know whether 17 means 17 centimeters, 17 miles, or 17 light-years. A metric is required to tell us how to measure distance: what the distance between two points on a graph corresponds to in the world that the graph represents. A metric gives a measuring rod that reveals your choice of units in order to set the scale, just like on a map, where a half-inch might represent one mile, or as in the metric system, which gives us a meter stick we all agree on.

But that is not all a metric specifies. It also tells us whether space bends or curls around, like the surface of a balloon when it is blown up into a sphere. The metric contains all the information about the shape of space. A metric for curved space tells us about both distances and angles. Just as an inch can represent different distances, an angle can correspond to different shapes. I’ll go into this later on when we explore the connection between curved space and gravity. For now, let’s just say that the surface of a sphere is not the same as the surface of a flat piece of paper. Triangles on one don’t look like triangles on the other, and the difference between these two-dimensional spaces can be seen in their metrics.2

As physics has evolved, so has the amount of information stored in the metric. When Einstein developed relativity, he recognized that a fourth dimension—time—is inseparable from the three dimensions of space. Time, too, needs a scale, so Einstein formulated gravity by using a metric for four-dimensional spacetime, adding the dimension of time to the three dimensions of space.

And more recent developments have shown that additional spatial dimensions might also exist. In that case, the true spacetime metric will involve more than three dimensions of space. The number of dimensions and the metric for those dimensions is how one describes such a multidimensional space. But before we explore metrics and metrics for multidimensional spaces any further, let’s think more about the meaning of the term “multidimensional space.”

Playful Passages Through Extra Dimensions

In Roald Dahl’s Charlie and the Chocolate Factory, Willy Wonka introduced visitors to his “Wonkavator.” In his words, “An elevator can only go up and down, but a Wonkavator goes sideways and slantways and longways and backways and frontways and squareways and any other ways that you can think of…”* Really, what he had was a device that moved in any direction, so long as it was a direction in the three dimensions we know. It was a nice, imaginative idea.

However, the Wonkavator didn’t really go any way “you can think of.” Willy Wonka was remiss in that he neglected extra-dimensional passages. Extra dimensions are other directions entirely. They are hard to describe, but they may be easier to understand by analogy.

In 1884, to explain the notion of extra dimensions, the English mathematician Edwin A. Abbott wrote a novel called Flatland.† It takes place in a fictitious two-dimensional universe—the Flatland of the title—where two-dimensional beings (of various geometric shapes) reside. Abbott shows us why Flatlanders, who live their whole lives in two dimensions—on a table top, for example—are as mystified by three dimensions as people in our world are by the idea of four.

For us, more than three dimensions requires a stretch of the imagination, but in Flatland three dimensions are beyond its inhabitants’ comprehension. Everyone thinks it is obvious that the universe holds no more than their two perceived dimensions. Flatlanders are as insistent about this as most people here are about three.

The book’s narrator, A. Square (the namesake of the author, Edwin A2), is introduced to the reality of a third dimension. In the first stage of his education, while he is still confined to Flatland, he watches a three-dimensional sphere travel vertically through his two-dimensional world. Because A. Square is confined to Flatland, he sees a series of disks that increase and then decrease in size, which are slices of the sphere as it passes through A. Square’s plane (see Figure 6).

This is initially perplexing to the two-dimensional narrator, who has never imagined more than two dimensions and has never contemplated a three-dimensional object like a sphere. It is not until A. Square has been lifted out of Flatland into the surrounding three-dimensional world that he can truly imagine a sphere. From his new perspective, he recognizes the sphere as the shape made by gluing together the two-dimensional slices he witnessed. Even in his two-dimensional
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Figure 6. If a sphere passes through a plane, a two-dimensional observer would see a disk. The sequence of disks that the observer sees over time comprises the sphere.

world, A. Square could have plotted the disks he sees as a function of time (as in Figure 6) to construct the sphere. But it wasn’t until his trip through a third dimension opened his eyes that he fully comprehended the sphere and its third spatial dimension.

By analogy, we know that if a hypersphere (a sphere with four spatial dimensions) were to pass through our universe, it would appear to us as a time sequence of three-dimensional spheres that increase, then decrease, in size.3 Unfortunately, we don’t have the opportunity to journey through an extra dimension. We will never see a static hypersphere in its entirety. Nonetheless, we can make deductions about how objects look in spaces of different dimensions—even dimensions that we don’t see. We can confidently deduce that our perception of a hypersphere passing through three dimensions would look like a series of three-dimensional spheres.

As another example, let’s imagine the construction of a hypercube—a generalization of a cube to more than three dimensions. A line segment of one dimension consists of two points connected by a straight, one-dimensional line. We can generalize this in two dimensions to a square by putting one of these one-dimensional line segments above another and connecting them with two additional segments. We can generalize further in three dimensions to a cube, which we can construct by placing one two-dimensional square above the other and connecting them with four additional squares, one on each edge of the original squares (see Figure 7).
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Figure 7. How we put together lower-dimensional objects to make higher-dimensional ones. We connect two points to make a line segment, two line segments to make a square, two squares to make a cube, and (not pictured since it’s too difficult to draw) two cubes to make a hypercube.

We can generalize in four dimensions to a hypercube, and in five dimensions to something for which we don’t yet have a name. Even though we three-dimensional mortals have never seen these two objects, we can generalize the procedure that worked in lower dimensions. To construct a hypercube (also known as a tesseract), put one cube above the other, and connect them by adding six additional cubes, connecting the faces of the two original cubes. This construction is an abstraction and difficult to draw, but that doesn’t make the hypercube any less real.

In high school, I spent a summer at math camp (which was far more entertaining than you might think), where we were shown a film version of Flatland.* At the end, the narrator, in a delightful British accent, tried futilely to point to the third dimension that was inaccessible to Flatlanders, saying, “Upward, not Northward.” Unfortunately, we have the same frustration if we try to point to a fourth spatial dimension, a passage. But just as Flatlanders didn’t see or travel through the third dimension, even though it existed in Abbott’s story, our not having yet seen another dimension doesn’t mean there is none. So although we haven’t yet observed or traveled through such a dimension, the subtext throughout Warped Passages will be, “Not Northward, but Forward along a passage.” Who knows what exists that we haven’t yet seen?

Three from Two

For the rest of this chapter, rather than thinking about spaces that have more than three dimensions, I will talk about how, with our limited visual capacity, we go about thinking and drawing three dimensions using two-dimensional images. Understanding how we perform this translation from two-dimensional images to three-dimensional reality will be useful later on when interpreting lower-dimensional “pictures” of higher-dimensional worlds. Think of this section as a warm-up exercise for wrapping your mind around extra dimensions. It might be good to remember that you cope with dimensionality all the time in ordinary life. It really isn’t that unfamiliar.

Often all we can see are parts of the surface of things, the surface being only the exterior. This exterior has two dimensions, even though it curves through three-dimensional space, because you only need two numbers to identify any point. We deduce that the surface isn’t three-dimensional because it has no thickness.

When we look at pictures, movies, computer screens, or the figures in this book, we are generally looking at two-dimensional, not three-dimensional representations. But we can nonetheless deduce the three-dimensional reality that is being portrayed.

We can use two-dimensional information to construct three dimensions. This involves suppressing information in making two-dimensional representations while trying to keep enough information to reproduce essential elements of the original object. Let’s now reflect on the methods we often use to reduce higher-dimensional objects to lower dimensions—slicing, projection, holography, and sometimes just ignoring the dimension—and how we work backwards to deduce the three-dimensional objects they represent.

The least complicated way of seeing beyond the surface is to make slices. Each slice is two-dimensional, but the combination of the slices forms a real three-dimensional object. For example, when you order ham at the deli, the three-dimensional lump of ham is readily exchanged for many two-dimensional slices.* By stacking all the slices you could reconstruct the full three-dimensional shape.

This book is three-dimensional. However, its pages have only two dimensions. The union of the two-dimensional pages comprises the book.† We could illustrate this union of pages in many ways. One is shown in Figure 8, in which we view the book edge on. In this picture we’ve again played with dimensionality, since each line represents a page. So long as we all know that the lines represent two-dimensional pages, this illustration should be clear. Later on, we’ll use a similar shorthand when we depict objects in multidimensional worlds.

Slicing is only one way to replace higher dimensions with lower
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Figure 8. A three-dimensional book is made up of two-dimensional pages.

ones. Projection, a technical term borrowed from geometry, is another. A projection gives a definite prescription for creating a lower-dimensional representation of an object. A shadow on a wall is an example of a two-dimensional projection of a three-dimensional object. Figure 9 illustrates how information is lost when we (or rabbits) make a projection. Points on the shadow are identified by only two coordinates, left-right or up-down along the wall. But the object that is projected also has a third spatial dimension that the projection doesn’t retain.
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Figure 9. A projection carries less information than the higher-dimensional object.

The simplest way to make a projection is to just ignore one dimension. For example, Figure 10 shows a cube in three dimensions being projected onto two dimensions. The projections can take many forms, the simplest of which is a square.

To return to our earlier examples of the graphs of Ike and Athena, we might make a two-dimensional plot of Ike by neglecting his driving fast cars. And we might not really want to know the number of owls Athena raises, and might therefore make a four-dimensional rather than a five-dimensional plot. Disregarding Athena’s owls is a projection.
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Figure 10. Projections of a cube. Notice that the projection can be a square, as we see in the middle diagram, but that projections can also take other shapes.

A projection discards information from the original, higher-dimensional object (see Figure 9). However, when we make a lower-dimensional picture using a projection, we sometime include information to help retain some of what was lost. The additional information might be shading or color, as in a painting or photograph. It might be a number, as in a topographic map to illustrate height. Or there might be no label at all, in which case the two-dimensional characterization simply offers less information.

Without both our eyes, which work together to let us reconstruct three dimensions, everything we see would be projections. Depth perception is tougher when you close one of your eyes. A single eye constructs a two-dimensional projection of three-dimensional reality. You need two eyes to reproduce three dimensions.

I am nearsighted in one eye and farsighted in the other, so I don’t properly combine the images from both eyes unless I’m wearing glasses—which is rarely the case. Although I was told I should have trouble reconstructing three dimensions, I don’t usually notice any problem: things still look three-dimensional to me. That is because I rely on shading and perspective (and my familiarity with the world) to reconstruct three-dimensional images.

But one day in the desert, a friend and I were trying to reach a distant cliff. My friend kept telling me that we could walk directly there, and I couldn’t understand why he was insisting that we should walk straight through a piece of rock. It turned out the rock that I thought projected directly from the cliff, so that it would completely block our way, was in fact located much closer to us, in front of the cliff. The rock I had thought would bar our path wasn’t actually attached to the cliff at all. This misunderstanding occurred because we were near the cliff around noon, when there were no shadows, and I had no way to construct the third dimension that would have told me how the distant cliffs and rocks were lined up. I wasn’t really conscious of my compensating strategy of using shading and perspective until then, when it failed.

Painting and drawing have always required artists to reduce what they see to projected images. Medieval art did this in the simplest manner. Figure 11 shows a mosaic image of a city as a two-dimensional projection. This mosaic doesn’t tell us anything about a third dimension; there are no labels or indications of its existence.

Since medieval times, painters have developed ways to make projections that partially redress painting’s loss of a dimension. One approach that opposes the medieval flattening of space is the method used by the cubists in the twentieth century. A cubist painting (for example Picasso’s Portrait of Dora Maar, Figure 12) presents several projections simultaneously, each from a different angle, and thereby conveys the subject’s three-dimensionality.
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Figure 11. A two-dimensional medieval mosaic.
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Figure 12. Portrait of Dora Maar, a cubist painting by Picasso.
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Figure 13. Dali’s Crucifixion (Corpus Hypercubus).

Most Western painters since the Renaissance, however, have used perspective and shading to create the illusion of a third dimension. One of the essential skills in painting is the ability to reduce a three-dimensional world to a two-dimensional representation that allows the observer to reverse the process and reconstitute the initial three-dimensional scene or object. We are acculturated to know how to decode the images, even though not all of the three-dimensional information is there.

Artists have even tried representing higher-dimensional objects on two-dimensional surfaces. For example, Salvador Dali’s Crucifixion (Corpus Hypercubus) (see Figure 13) shows the cross as an opened-up hypercube. A hypercube consists of eight cubes attached in four-dimensional space. These are the cubes he has drawn. I’ve shown a few projections of a hypercube in Figure 14.
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Figure 14. Projections of a hypercube.

I have already mentioned a physics example: quasicrystals, which look like the projection of a higher-dimensional crystal into our three-dimensional world. Projections can also be used for practical, not just artistic purposes. Medicine contains many examples where three-dimensional objects are projected onto two dimensions. An X-ray always records a two-dimensional projection. CAT (computer-assisted tomography) scans combine multiple X-ray images to reconstruct a more informative three-dimensional representation. With X-rays taken from sufficiently many angles, one can use interpolation to piece together full three-dimensional images. An MRI (magnetic resonance imaging) scan, on the other hand, reconstructs a three-dimensional object from slices.

A holographic image is another way to record three dimensions on a two-dimensional surface. Although a holographic image is recorded on a lower-dimensional surface, it actually carries all the information of the original higher-dimensional space. You probably have an example of this technique in your wallet: the three-dimensional-looking image on your credit card is a hologram.

A holographic image records relationships between light in different places, so that the full higher-dimensional image can be recovered. This principle is much the same as that used in a good stereo, which lets you hear where instruments were being played in relation to each other when they were recorded. With the information stored in a hologram, the eye can truly reconstruct the three-dimensional object it represents.

These methods tell us how we might get more information from a lower-dimensional image. But maybe all you really need is less information. Sometimes you just don’t care about all three dimensions. For example, something might be so thin in the third dimension that nothing interesting happens in this direction: even though the ink on this paper is really three-dimensional, we lose nothing by thinking of it as two-dimensional. Unless we look at the page under a microscope, we simply don’t have the necessary resolution to see the ink’s thickness. A wire looks one-dimensional even though, on closer inspection, you can see it has a two-dimensional cross-section and therefore three dimensions in all.

Effective Theories

There is nothing wrong with ignoring an extra dimension that’s too small to be seen. Not only the visual effects, but also the physical effects of tiny, undetectable processes can usually be ignored. Scientists often average over or ignore (often unwittingly) physical processes that occur on immeasurably small scales when formulating their theories or setting up their calculations. Newton’s laws of motion work at the distances and speeds he could observe. He didn’t need the details of general relativity to make successful predictions. When biologists study a cell, they don’t need to know about quarks inside the proton.

Selecting relevant information and suppressing details is the sort of pragmatic fudging everyone does every day. It’s a way of coping with too much information. For almost anything you see, hear, taste, smell, or touch, you have the choice between examining details by scrutinizing very closely, and looking at the “big picture” with its other priorities. Whether you are staring at a painting, tasting wine, reading philosophy, or planning your next trip, you automatically parcel your thoughts into the categories of interest—be they sizes or flavors or ideas—and the categories that you don’t find relevant at the time. When appropriate, you ignore some details so that you can focus on the issue of interest, and not obscure it with inessential details.

This procedure of disregarding small-scale information should be familiar because it’s actually a conceptual leap people make all the time. Take New Yorkers, for example. New Yorkers living in the thick of the city see the details and variation within Manhattan. To them, downtown is funkier, older, with narrower, more crooked streets. Uptown has more real estate that was designed for human beings to actually live in, as well as Central Park and most of the museums. Although such distinctions are blurred from far away, within the city they are very real.

But now think about how people far away see New York. To them, it’s a dot on a map. An important dot, perhaps, a dot with a distinctive character; but from outside New York, a dot nonetheless. Even with all their variety, New Yorkers are in a single category when viewed from the Midwest or Kazakhstan, for example. When I mentioned this analogy to my cousin who lives downtown (in the West Village, to be precise), he confirmed my point by balking at the suggestion of grouping together New Yorkers living uptown and downtown. Nonetheless, as any non-New Yorker could tell him, the distinctions are too small to matter to people not living in their midst.

It is common practice in physics to formalize this intuition, and organize categories in terms of the distance or energy that is relevant. Physicists accept this practice and have given it a name—effective theory. The effective theory concentrates on the particles and forces that have “effects” at the distance in question. Rather than describing particles and interactions in terms of unmeasurable parameters that describe ultra-high-energy behavior, we formulate observations in terms of the things that are actually relevant to the scales we might detect. The effective theory at any single distance scale doesn’t go into the details of an underlying short-distance physical theory; it only asks about things you could hope to measure or see. If something is beyond the resolution of the scales at which you are working, you don’t need its detailed structure. This practice is not scientific fraud, but a way of disregarding the clutter of superfluous information. It is an “effective” way to obtain accurate answers efficiently.

Everyone, including physicists, is happy to return to a three-dimensional universe when higher-dimensional details are beyond our resolution. Just as physicists will often treat a wire as if it is one-dimensional, we will also describe a higher-dimensional universe in lower-dimensional terms when the extra dimensions are minuscule and higher-dimensional details are too tiny to matter. Such a lower-dimensional description would summarize the observable effects of all possible higher-dimensional theories in which the extra dimensions are too tiny to see. For many purposes, such a lower-dimensional description is adequate, independent of the number, size, and shape of the additional dimensions.

The lower-dimensional quantities are not providing the fundamental description, but they are a convenient way of organizing observations and predictions. If you do know the short-distance details, or the microstructure, of a theory, you can use them to derive the quantities that appear in the low-energy description. Otherwise, those quantities are just unknowns to be experimentally determined.

The following chapter elaborates these ideas and considers the consequences of tiny rolled-up extra dimensions. The dimensions we’ll consider first are minuscule, too tiny to make any difference at all. Later on, when we return to extra dimensions, we’ll explore both the large and the infinite dimensions that recently radically revised this picture.


2

Restricted Passages: Rolled-up Extra Dimensions

No way out

None whatsoever.

Jefferson Starship

Athena awoke with a start. The previous day she had read Alice in Wonderland and Flatland in order to seek some inspiration about dimensions. But that night she had the strangest dream, which, when fully conscious, she recognized as the result of having read the two books on the same day.*

Athena dreamed she had turned into Alice, slipped into a rabbit hole, and met the resident Rabbit, who had pushed her out into an unfamiliar world. Athena had thought it a rather rude way to convey a guest. Even so, she had eagerly looked forward to her upcoming adventure in Wonderland.

Athena was in for a disappointment, however. The resident Rabbit, who was fond of puns, had sent her instead to OneDLand, a strange, not so wonderful, one-dimensional world. Athena looked around—or, I should say, to her left and right—and discovered that all she could see were two points—one to her left and another to her right (but in a prettier color, she thought).

In OneDLand, all the one-dimensional people with their one-dimensional possessions were lined up along this single dimension like long, thin beads strung out along a thread. But even with her limited purview, Athena knew there must be more to OneDLand than met her eyes because of the outrageous din that met her ears. A Red Queen was well hidden behind a dot, but Athena couldn’t miss her strident yells: “This is the most ridiculous chess game I have ever seen! I can’t move any pieces, not even to castle!” Athena was relieved when she realized her one-dimensional existence shielded her from the wrath of the Red Queen.

But Athena’s cozy universe did not last long. Slipping through a gap in OneDLand, she returned to the dreamworld’s rabbit hole, which had an elevator that could take her to hypothetical, other-dimensional universes. Almost immediately, the Rabbit announced, “Next stop: TwoDLand—a two-dimensional world.” Athena didn’t think “TwoDLand” a very nice name, but she cautiously entered all the same.

Athena needn’t have been so hesitant. Almost everything in Two D-Land looked the same as in OneDLand. She did notice one difference—a vial labeled “Drink me.” Bored with one dimension, Athena promptly obeyed. She quickly shrank to a tiny size, and as she became smaller, a second dimension came into view. This second dimension was not very big—it was wrapped around in a fairly small circle. Her surroundings now resembled the surface of an extremely long tube. A Dodo was racing around this circular dimension, but he wanted to stop. So he kindly offered Athena, who looked rather hungry, some cake.

When Athena ate a morsel of the Dodo’s dreamcake, she started to grow. After only a few bites (she was quite sure of this, as she was still rather hungry), the cake very nearly disappeared; all that remained was a very tiny crumb. At least Athena thought there was a crumb, but she could see it only when she squinted very hard. And the cake wasn’t the only thing that had vanished from view: when Athena returned to her usual size, the entire second dimension had disappeared.

She thought to herself, “TwoDLand is very odd indeed. I’d best be getting home.” Her return journey was not without further adventures, but those will be kept for another time.

Even if we don’t know why three spatial dimensions are special, we can ask how. How is it possible that the universe could appear to have only three dimensions of space if the fundamental underlying spacetime contains more? If Athena is in a two-dimensional world, why does she sometimes see only one? If string theory is the correct description of nature, and there are nine dimensions of space (plus one of time), what has become of the missing six spatial dimensions? Why aren’t they visible? Do they have any discernible impact on the world we see?

The last three questions are central to this book. However, the first order of business is to determine whether there is any way in which the evidence of extra dimensions can be hidden so that Athena’s two-dimensional world would appear as one-dimensional, or a universe with extra dimensions would appear to have the three-spatial-dimensional structure we observe around us. If we’re to accept the idea of a world with extra dimensions, whatever theory they come from, there must be a
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