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The ultimate eye-opening journey through time and space, A Short History of Nearly Everything
is the biggest-selling popular science book of the 21st century and has sold over 2 million
copies.'Possibly the best scientific primer ever published.' Economist'Truly impressive...It's hard
to imagine a better rough guide to science.' Guardian'A travelogue of science, with a witty,
engaging, and well-informed guide' The TimesBill Bryson describes himself as a reluctant
traveller, but even when he stays safely at home he can't contain his curiosity about the world
around him. A Short History of Nearly Everything is his quest to understand everything that has
happened from the Big Bang to the rise of civilization - how we got from there, being nothing at
all, to here, being us.Bill Bryson's challenge is to take subjects that normally bore the pants off
most of us, like geology, chemistry and particle physics, and see if there isn't some way to
render them comprehensible to people who have never thought they could be interested in
science. As a result, A Short History of Nearly Everything reveals the world in a way most of us
have never seen it before.

While the environmental rights theme is well-trodden scholarly ground, David Boyd eloquently
frees this enquiry from the restrictive theoretical confines of the ivory tower by investigating the
actual impact that rights have on environmental governance. This has not been done before in
such a comprehensive, critical, and thorough manner. This work breaks new ground in terms of
approach, content, scope, and methodology and is well worth a place on the bookshelves of
anyone who takes environmental rights and governance seriously. - Louis J. Kotzé, Professor of
Law, North West University, South AfricaBoyd's is a book we wish we had written. We will turn to
it again and again in our own scholarship, teaching, and advice to litigating colleagues. No other
study has pulled together so much information on constitutional environmental rights. It will be
immensely useful to scholars searching for new material to explore and fruitful directions for
future research. Legislators seeking to implement environmental rights can turn to it for
guidance. Lawyers searching for court precedents will find a treasure trove of them here. The
book moves beyond the tired debates about whether environmental rights should exist by
focusing our attention instead on how the diverse legal systems of the world are actually putting
these rights into effect. Bravissimo! - Professors Svitlana Kravchenko and John E. Bonine,
University of Oregon, co-authors of Human Rights and the Environment: Cases, Law, and
PolicyBoyd's book is ambitious in scope, innovative in approach, persuasive in its arguments,
and inspiring in its conclusions. The Environmental Rights Revolution is an impressive piece of
comparative legal scholarship with practical implications for society's ongoing quest for a
sustainable future.- Professor Marie-Claire Cordonier Segger, Director of the Centre for
International Sustainable Development Law and Affiliated Fellow at the Lauterpacht Centre for



International Law, Cambridge UniversityDavid R. Boyd's thorough and carefully presented
research provides a clear and detailed account of how environmental rights are being
implemented throughout the world. After an initial orientation to the philosophical debates about
human rights and the environment, Boyd moves on deftly to investigate which arguments are
vindicated in practice. Identifying the evidence available about the practical effectiveness of
environmental rights, he provides an invaluable assessment of developments to date as well as
a guide to promising future directions of research. This extremely well written book is an
essential guide to environmental rights in theory and in practice. - Professor Tim Hayward,
University of Edinburgh, author of Constitutional Environmental RightsThis book is a must read
for scholars, jurists, and advocates of environmental law. Professor Boyd has single-handedly
brought the field of environmental human rights into the twenty-first century. - Lynda M. Collins,
Centre for Environmental Law & Global Sustainability, University of OttawaReview"Boyd's book
is ambitious in scope, innovative in approach, persuasive in its arguments, and inspiring in its
conclusions. The Environmental Rights Revolution is an impressive piece of comparative legal
scholarship with practical implications for society's ongoing quest for a sustainable
future."―Professor Marie-Claire Cordonier Segger, Director of the Centre for International
Sustainable Development Law and Affiliated Fellow at the Lauterpacht Centre for International
Law, Cambridge University"Boyd's is a book we wish we had written. We will turn to it again and
again in our own scholarship, teaching, and advice to litigating colleagues. No other study has
pulled together so much information on constitutional environmental rights. It will be immensely
useful to scholars searching for new material to explore and fruitful directions for future research.
Legislators seeking to implement environmental rights can turn to it for guidance. Lawyers
searching for court precedents will find a treasure trove of them here. The book moves beyond
the tired debates about whether environmental rights should exist by focusing our attention
instead on how the diverse legal systems of the world are actually putting these rights into effect.
Bravissimo!"―Professors Svitlana Kravchenko and John E. Bonine, University of Oregon, co-
authors of Human Rights and the Environment: Cases, Law, and Policy"David R. Boyd's
thorough and carefully presented research provides a clear and detailed account of how
environmental rights are being implemented throughout the world. After an initial orientation to
the philosophical debates about human rights and the environment, Boyd moves on deftly to
investigate which arguments are vindicated in practice. Identifying the evidence available about
the practical effectiveness of environmental rights, he provides an invaluable assessment of
developments to date as well as a guide to promising future directions of research. This
extremely well written book is an essential guide to environmental rights in theory and in
practice."―Professor Tim Hayward, University of Edinburgh, author of Constitutional
Environmental Rights"This book is a must read for scholars, jurists, and advocates of
environmental law. Professor Boyd has single-handedly brought the field of environmental
human rights into the twenty-first century."―Lynda M. Collins, Centre for Environmental Law &
Global Sustainability, University of Ottawa"While the environmental rights theme is well-trodden



scholarly ground, David Boyd eloquently frees this enquiry from the restrictive theoretical
confines of the ivory tower by investigating the actual impact that rights have on environmental
governance. This has not been done before in such a comprehensive, critical, and thorough
manner. This work breaks new ground in terms of approach, content, scope, and methodology
and is well worth a place on the bookshelves of anyone who takes environmental rights and
governance seriously."―Louis J. Kotzé, Professor of Law, North West University, South
AfricaBook DescriptionA pioneering account of the rapid spread of the constitutional right to a
healthy environment and its effect on laws, court decisions, and peoples’ everyday lives.From
the Inside FlapThe right to a healthy environment has been the subject of extensivephilosophical
debates that revolve around the question: Should rightsto clean air, water, and soil be
entrenched in law? David Boyd answersthis by moving beyond theoretical debate to measure
the practicaleffects of enshrining the right in constitutions. His pioneeringanalysis of 193
constitutions and the laws and court decisions of morethan 100 nations in Europe, Latin
America, Asia, and Africa reveals apositive correlation between constitutional protection and
strongerenvironmental laws, smaller ecological footprints, superiorenvironmental performance,
and improved quality of life.From the Back CoverThe right to a healthy environment has been the
subject of extensivephilosophical debates that revolve around the question: Should rightsto
clean air, water, and soil be entrenched in law? David Boyd answersthis by moving beyond
theoretical debate to measure the practicaleffects of enshrining the right in constitutions. His
pioneeringanalysis of 193 constitutions and the laws and court decisions of morethan 100
nations in Europe, Latin America, Asia, and Africa reveals apositive correlation between
constitutional protection and strongerenvironmental laws, smaller ecological footprints,
superiorenvironmental performance, and improved quality of life.About the AuthorDr. David R.
Boyd is one of Canada's leadingexperts in environmental law and policy and an adjunct
professor in theSchool of Resource and Environmental Management at Simon FraserUniversity.
He has advised the governments of Canada, Sweden, andIceland on environmental and
constitutional issues and is the co-chairof Vancouver's Greenest City Action Team along with
Mayor GregorRobertson. He is a member of the IUCN's Commission onEnvironmental Law, the
Global Network for the Study of Human Rights andthe Environment, the Forum for Leadership
on Water, and theEnvironmental Law Alliance Worldwide (ELAW).David Boyd is the author of
several bestselling and award-winningbooks as well as more than a hundred publications
related toenvironmental law and policy, including Unnatural Law:Rethinking Canadian
Environmental Law and Policy. His currentresearch focuses on the effects of enshrining
environmental rights andresponsibilities in national constitutions.Read more
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A hardcover edition of this book was published in 2003 by Broadway Books.Copyright © 2003
by Bill Bryson. All rights reserved. Published in the United States by Broadway Books, an imprint
of the Crown Publishing Group, a division of Random House, Inc., New York.No part of this book
may be reproduced or transmitted in any form or by any means, electronic or mechanical,
including photocopying, recording, or by any information storage and retrieval system, without
written permission from the publisher. For information, address Broadway Books, a division of
Random House, Inc.BROADWAY BOOKS and its logo, B\D\W\Y, are trademarks of Random
House, Inc.Visit our website atFirst trade paperback edition published 2004.Illustrated by Mary
Evans Picture LibraryThe Library of Congress has cataloged the hardcover edition as:Bryson,
Bill.A short history of nearly everything / Bill Bryson.p. cm.1. Science—Popular works. I.
Title.Q162.B88 2003500—dc212003046006rh_3.1_140174514_c0_r12CONTENTSCoverTitle
PageCopyrightEpigraphINTRODUCTIONPART I LOST IN THE COSMOS1 How to Build a
Universe2 Welcome to the Solar System3 The Reverend Evans’s UniversePART II THE SIZE OF
THE EARTH4 The Measure of Things5 The Stone-Breakers6 Science Red in Tooth and Claw7
Elemental MattersPART III A NEW AGE DAWNS8 Einstein’s Universe9 The Mighty Atom10
Getting the Lead Out11 Muster Mark’s Quarks12 The Earth MovesPART IV DANGEROUS
PLANET13 Bang!14 The Fire Below15 Dangerous BeautyPART V LIFE ITSELF16 Lonely
Planet17 Into the Troposphere18 The Bounding Main19 The Rise of Life20 Small World21 Life
Goes On22 Good-bye to All That23 The Richness of Being24 Cells25 Darwin’s Singular
Notion26 The Stuff of LifePART VI THE ROAD TO US27 Ice Time28 The Mysterious Biped29
The Restless Ape30 Good-byeDedicationAcknowledgmentsNotesBibliographyOther Books by
This AuthorAbout the AuthorAn Excerpt from Bill Bryson's One SummerThe physicist Leo
Szilard once announced to his friend Hans Bethe that he was thinking of keeping a diary: “I don’t
intend to publish. I am merely going to record the facts for the information of God.” “Don’t you
think God knows the facts?” Bethe asked. “Yes,” said Szilard. “He knows the facts, but He does
not know this version of the facts.”—Hans Christian von Baeyer, Taming the
AtomINTRODUCTIONWelcome. And congratulations. I am delighted that you could make it.
Getting here wasn’t easy, I know. In fact, I suspect it was a little tougher than you realize.To begin
with, for you to be here now trillions of drifting atoms had somehow to assemble in an intricate
and intriguingly obliging manner to create you. It’s an arrangement so specialized and particular
that it has never been tried before and will only exist this once. For the next many years (we
hope) these tiny particles will uncomplainingly engage in all the billions of deft, cooperative
efforts necessary to keep you intact and let you experience the supremely agreeable but
generally underappreciated state known as existence.Why atoms take this trouble is a bit of a
puzzle. Being you is not a gratifying experience at the atomic level. For all their devoted
attention, your atoms don’t actually care about you—indeed, don’t even know that you are there.
They don’t even know that they are there. They are mindless particles, after all, and not even



themselves alive. (It is a slightly arresting notion that if you were to pick yourself apart with
tweezers, one atom at a time, you would produce a mound of fine atomic dust, none of which
had ever been alive but all of which had once been you.) Yet somehow for the period of your
existence they will answer to a single overarching impulse: to keep you you.The bad news is that
atoms are fickle and their time of devotion is fleeting—fleeting indeed. Even a long human life
adds up to only about 650,000 hours. And when that modest milestone flashes past, or at some
other point thereabouts, for reasons unknown your atoms will shut you down, silently
disassemble, and go off to be other things. And that’s it for you.Still, you may rejoice that it
happens at all. Generally speaking in the universe it doesn’t, so far as we can tell. This is
decidedly odd because the atoms that so liberally and congenially flock together to form living
things on Earth are exactly the same atoms that decline to do it elsewhere. Whatever else it may
be, at the level of chemistry life is curiously mundane: carbon, hydrogen, oxygen, and nitrogen, a
little calcium, a dash of sulfur, a light dusting of other very ordinary elements—nothing you
wouldn’t find in any ordinary drugstore—and that’s all you need. The only thing special about the
atoms that make you is that they make you. That is of course the miracle of life.Whether or not
atoms make life in other corners of the universe, they make plenty else; indeed, they make
everything else. Without them there would be no water or air or rocks, no stars and planets, no
distant gassy clouds or swirling nebulae or any of the other things that make the universe so
usefully material. Atoms are so numerous and necessary that we easily overlook that they
needn’t actually exist at all. There is no law that requires the universe to fill itself with small
particles of matter or to produce light and gravity and the other physical properties on which our
existence hinges. There needn’t actually be a universe at all. For the longest time there wasn’t.
There were no atoms and no universe for them to float about in. There was nothing—nothing at
all anywhere.So thank goodness for atoms. But the fact that you have atoms and that they
assemble in such a willing manner is only part of what got you here. To be here now, alive in the
twenty-first century and smart enough to know it, you also had to be the beneficiary of an
extraordinary string of biological good fortune. Survival on Earth is a surprisingly tricky business.
Of the billions and billions of species of living thing that have existed since the dawn of time,
most—99.99 percent—are no longer around. Life on Earth, you see, is not only brief but
dismayingly tenuous. It is a curious feature of our existence that we come from a planet that is
very good at promoting life but even better at extinguishing it.The average species on Earth lasts
for only about four million years, so if you wish to be around for billions of years, you must be as
fickle as the atoms that made you. You must be prepared to change everything about yourself—
shape, size, color, species affiliation, everything—and to do so repeatedly. That’s much easier
said than done, because the process of change is random. To get from “protoplasmal primordial
atomic globule” (as Gilbert and Sullivan put it) to sentient upright modern human has required
you to mutate new traits over and over in a precisely timely manner for an exceedingly long
while. So at various periods over the last 3.8 billion years you have abhorred oxygen and then
doted on it, grown fins and limbs and jaunty sails, laid eggs, flicked the air with a forked tongue,



been sleek, been furry, lived underground, lived in trees, been as big as a deer and as small as a
mouse, and a million things more. The tiniest deviation from any of these evolutionary shifts, and
you might now be licking algae from cave walls or lolling walruslike on some stony shore or
disgorging air through a blowhole in the top of your head before diving sixty feet for a mouthful of
delicious sandworms.Not only have you been lucky enough to be attached since time
immemorial to a favored evolutionary line, but you have also been extremely—make that
miraculously—fortunate in your personal ancestry. Consider the fact that for 3.8 billion years, a
period of time older than the Earth’s mountains and rivers and oceans, every one of your
forebears on both sides has been attractive enough to find a mate, healthy enough to reproduce,
and sufficiently blessed by fate and circumstances to live long enough to do so. Not one of your
pertinent ancestors was squashed, devoured, drowned, starved, stranded, stuck fast, untimely
wounded, or otherwise deflected from its life’s quest of delivering a tiny charge of genetic
material to the right partner at the right moment in order to perpetuate the only possible
sequence of hereditary combinations that could result—eventually, astoundingly, and all too
briefly—in you.This is a book about how it happened—in particular how we went from there
being nothing at all to there being something, and then how a little of that something turned into
us, and also some of what happened in between and since. That’s a great deal to cover, of
course, which is why the book is called A Short History of Nearly Everything, even though it isn’t
really. It couldn’t be. But with luck by the time we finish it will feel as if it is.My own starting point,
for what it’s worth, was an illustrated science book that I had as a classroom text when I was in
fourth or fifth grade. The book was a standard-issue 1950s schoolbook—battered, unloved,
grimly hefty—but near the front it had an illustration that just captivated me: a cutaway diagram
showing the Earth’s interior as it would look if you cut into the planet with a large knife and
carefully withdrew a wedge representing about a quarter of its bulk.It’s hard to believe that there
was ever a time when I had not seen such an illustration before, but evidently I had not for I
clearly remember being transfixed. I suspect, in honesty, my initial interest was based on a
private image of streams of unsuspecting eastbound motorists in the American plains states
plunging over the edge of a sudden 4,000-mile-high cliff running between Central America and
the North Pole, but gradually my attention did turn in a more scholarly manner to the scientific
import of the drawing and the realization that the Earth consisted of discrete layers, ending in the
center with a glowing sphere of iron and nickel, which was as hot as the surface of the Sun,
according to the caption, and I remember thinking with real wonder: “How do they know that?”I
didn’t doubt the correctness of the information for an instant—I still tend to trust the
pronouncements of scientists in the way I trust those of surgeons, plumbers, and other
possessors of arcane and privileged information—but I couldn’t for the life of me conceive how
any human mind could work out what spaces thousands of miles below us, that no eye had ever
seen and no X ray could penetrate, could look like and be made of. To me that was just a
miracle. That has been my position with science ever since.Excited, I took the book home that
night and opened it before dinner—an action that I expect prompted my mother to feel my



forehead and ask if I was all right—and, starting with the first page, I read.And here’s the thing. It
wasn’t exciting at all. It wasn’t actually altogether comprehensible. Above all, it didn’t answer any
of the questions that the illustration stirred up in a normal inquiring mind: How did we end up with
a Sun in the middle of our planet? And if it is burning away down there, why isn’t the ground
under our feet hot to the touch? And why isn’t the rest of the interior melting—or is it? And when
the core at last burns itself out, will some of the Earth slump into the void, leaving a giant
sinkhole on the surface? And how do you know this? How did you figure it out?But the author
was strangely silent on such details—indeed, silent on everything but anticlines, synclines, axial
faults, and the like. It was as if he wanted to keep the good stuff secret by making all of it soberly
unfathomable. As the years passed, I began to suspect that this was not altogether a private
impulse. There seemed to be a mystifying universal conspiracy among textbook authors to make
certain the material they dealt with never strayed too near the realm of the mildly interesting and
was always at least a long-distance phone call from the frankly interesting.I now know that there
is a happy abundance of science writers who pen the most lucid and thrilling prose—Timothy
Ferris, Richard Fortey, and Tim Flannery are three that jump out from a single station of the
alphabet (and that’s not even to mention the late but godlike Richard Feynman)—but sadly none
of them wrote any textbook I ever used. All mine were written by men (it was always men) who
held the interesting notion that everything became clear when expressed as a formula and the
amusingly deluded belief that the children of America would appreciate having chapters end
with a section of questions they could mull over in their own time. So I grew up convinced that
science was supremely dull, but suspecting that it needn’t be, and not really thinking about it at
all if I could help it. This, too, became my position for a long time.Then much later—about four or
five years ago—I was on a long flight across the Pacific, staring idly out the window at moonlit
ocean, when it occurred to me with a certain uncomfortable forcefulness that I didn’t know the
first thing about the only planet I was ever going to live on. I had no idea, for example, why the
oceans were salty but the Great Lakes weren’t. Didn’t have the faintest idea. I didn’t know if the
oceans were growing more salty with time or less, and whether ocean salinity levels was
something I should be concerned about or not. (I am very pleased to tell you that until the late
1970s scientists didn’t know the answers to these questions either. They just didn’t talk about it
very audibly.)And ocean salinity of course represented only the merest sliver of my ignorance. I
didn’t know what a proton was, or a protein, didn’t know a quark from a quasar, didn’t
understand how geologists could look at a layer of rock on a canyon wall and tell you how old it
was, didn’t know anything really. I became gripped by a quiet, unwonted urge to know a little
about these matters and to understand how people figured them out. That to me remained the
greatest of all amazements—how scientists work things out. How does anybody know how
much the Earth weighs or how old its rocks are or what really is way down there in the center?
How can they know how and when the universe started and what it was like when it did? How do
they know what goes on inside an atom? And how, come to that—or perhaps above all—can
scientists so often seem to know nearly everything but then still can’t predict an earthquake or



even tell us whether we should take an umbrella with us to the races next Wednesday?So I
decided that I would devote a portion of my life—three years, as it now turns out—to reading
books and journals and finding saintly, patient experts prepared to answer a lot of outstandingly
dumb questions. The idea was to see if it isn’t possible to understand and appreciate—marvel
at, enjoy even—the wonder and accomplishments of science at a level that isn’t too technical or
demanding, but isn’t entirely superficial either.That was my idea and my hope, and that is what
the book that follows is intended to be. Anyway, we have a great deal of ground to cover and
much less than 650,000 hours in which to do it, so let’s begin.1 HOW TO BUILD A
UNIVERSENO MATTER HOW hard you try you will never be able to grasp just how tiny, how
spatially unassuming, is a proton. It is just way too small.A proton is an infinitesimal part of an
atom, which is itself of course an insubstantial thing. Protons are so small that a little dib of ink
like the dot on this i can hold something in the region of 500,000,000,000 of them, rather more
than the number of seconds contained in half a million years. So protons are exceedingly
microscopic, to say the very least.Now imagine if you can (and of course you can’t) shrinking
one of those protons down to a billionth of its normal size into a space so small that it would
make a proton look enormous. Now pack into that tiny, tiny space about an ounce of matter.
Excellent. You are ready to start a universe.I’m assuming of course that you wish to build an
inflationary universe. If you’d prefer instead to build a more old-fashioned, standard Big Bang
universe, you’ll need additional materials. In fact, you will need to gather up everything there is—
every last mote and particle of matter between here and the edge of creation—and squeeze it
into a spot so infinitesimally compact that it has no dimensions at all. It is known as a
singularity.In either case, get ready for a really big bang. Naturally, you will wish to retire to a safe
place to observe the spectacle. Unfortunately, there is nowhere to retire to because outside the
singularity there is no where. When the universe begins to expand, it won’t be spreading out to
fill a larger emptiness. The only space that exists is the space it creates as it goes.It is natural but
wrong to visualize the singularity as a kind of pregnant dot hanging in a dark, boundless void.
But there is no space, no darkness. The singularity has no “around” around it. There is no space
for it to occupy, no place for it to be. We can’t even ask how long it has been there—whether it
has just lately popped into being, like a good idea, or whether it has been there forever, quietly
awaiting the right moment. Time doesn’t exist. There is no past for it to emerge from.And so,
from nothing, our universe begins.In a single blinding pulse, a moment of glory much too swift
and expansive for any form of words, the singularity assumes heavenly dimensions, space
beyond conception. In the first lively second (a second that many cosmologists will devote
careers to shaving into ever-finer wafers) is produced gravity and the other forces that govern
physics. In less than a minute the universe is a million billion miles across and growing fast.
There is a lot of heat now, ten billion degrees of it, enough to begin the nuclear reactions that
create the lighter elements—principally hydrogen and helium, with a dash (about one atom in a
hundred million) of lithium. In three minutes, 98 percent of all the matter there is or will ever be
has been produced. We have a universe. It is a place of the most wondrous and gratifying



possibility, and beautiful, too. And it was all done in about the time it takes to make a
sandwich.When this moment happened is a matter of some debate. Cosmologists have long
argued over whether the moment of creation was 10 billion years ago or twice that or something
in between. The consensus seems to be heading for a figure of about 13.7 billion years, but
these things are notoriously difficult to measure, as we shall see further on. All that can really be
said is that at some indeterminate point in the very distant past, for reasons unknown, there
came the moment known to science as t = 0. We were on our way.There is of course a great deal
we don’t know, and much of what we think we know we haven’t known, or thought we’ve known,
for long. Even the notion of the Big Bang is quite a recent one. The idea had been kicking around
since the 1920s, when Georges Lemaître, a Belgian priest-scholar, first tentatively proposed it,
but it didn’t really become an active notion in cosmology until the mid-1960s when two young
radio astronomers made an extraordinary and inadvertent discovery.Their names were Arno
Penzias and Robert Wilson. In 1965, they were trying to make use of a large communications
antenna owned by Bell Laboratories at Holmdel, New Jersey, but they were troubled by a
persistent background noise—a steady, steamy hiss that made any experimental work
impossible. The noise was unrelenting and unfocused. It came from every point in the sky, day
and night, through every season. For a year the young astronomers did everything they could
think of to track down and eliminate the noise. They tested every electrical system. They rebuilt
instruments, checked circuits, wiggled wires, dusted plugs. They climbed into the dish and
placed duct tape over every seam and rivet. They climbed back into the dish with brooms and
scrubbing brushes and carefully swept it clean of what they referred to in a later paper as “white
dielectric material,” or what is known more commonly as bird shit. Nothing they tried
worked.Unknown to them, just thirty miles away at Princeton University, a team of scientists led
by Robert Dicke was working on how to find the very thing they were trying so diligently to get rid
of. The Princeton researchers were pursuing an idea that had been suggested in the 1940s by
the Russian-born astrophysicist George Gamow that if you looked deep enough into space you
should find some cosmic background radiation left over from the Big Bang. Gamow calculated
that by the time it crossed the vastness of the cosmos, the radiation would reach Earth in the
form of microwaves. In a more recent paper he had even suggested an instrument that might do
the job: the Bell antenna at Holmdel. Unfortunately, neither Penzias and Wilson, nor any of the
Princeton team, had read Gamow’s paper.The noise that Penzias and Wilson were hearing was,
of course, the noise that Gamow had postulated. They had found the edge of the universe, or at
least the visible part of it, 90 billion trillion miles away. They were “seeing” the first photons—the
most ancient light in the universe—though time and distance had converted them to
microwaves, just as Gamow had predicted. In his book The Inflationary Universe, Alan Guth
provides an analogy that helps to put this finding in perspective. If you think of peering into the
depths of the universe as like looking down from the hundredth floor of the Empire State Building
(with the hundredth floor representing now and street level representing the moment of the Big
Bang), at the time of Wilson and Penzias’s discovery the most distant galaxies anyone had ever



detected were on about the sixtieth floor, and the most distant things—quasars—were on about
the twentieth. Penzias and Wilson’s finding pushed our acquaintance with the visible universe to
within half an inch of the sidewalk.Still unaware of what caused the noise, Wilson and Penzias
phoned Dicke at Princeton and described their problem to him in the hope that he might suggest
a solution. Dicke realized at once what the two young men had found. “Well, boys, we’ve just
been scooped,” he told his colleagues as he hung up the phone.Soon afterward the
Astrophysical Journal published two articles: one by Penzias and Wilson describing their
experience with the hiss, the other by Dicke’s team explaining its nature. Although Penzias and
Wilson had not been looking for cosmic background radiation, didn’t know what it was when they
had found it, and hadn’t described or interpreted its character in any paper, they received the
1978 Nobel Prize in physics. The Princeton researchers got only sympathy. According to Dennis
Overbye in Lonely Hearts of the Cosmos, neither Penzias nor Wilson altogether understood the
significance of what they had found until they read about it in the New York Times.Incidentally,
disturbance from cosmic background radiation is something we have all experienced. Tune your
television to any channel it doesn’t receive, and about 1 percent of the dancing static you see is
accounted for by this ancient remnant of the Big Bang. The next time you complain that there is
nothing on, remember that you can always watch the birth of the universe.Although everyone
calls it the Big Bang, many books caution us not to think of it as an explosion in the conventional
sense. It was, rather, a vast, sudden expansion on a whopping scale. So what caused it?One
notion is that perhaps the singularity was the relic of an earlier, collapsed universe—that we’re
just one of an eternal cycle of expanding and collapsing universes, like the bladder on an oxygen
machine. Others attribute the Big Bang to what they call “a false vacuum” or “a scalar field” or
“vacuum energy”—some quality or thing, at any rate, that introduced a measure of instability into
the nothingness that was. It seems impossible that you could get something from nothing, but
the fact that once there was nothing and now there is a universe is evident proof that you can. It
may be that our universe is merely part of many larger universes, some in different dimensions,
and that Big Bangs are going on all the time all over the place. Or it may be that space and time
had some other forms altogether before the Big Bang—forms too alien for us to imagine—and
that the Big Bang represents some sort of transition phase, where the universe went from a form
we can’t understand to one we almost can. “These are very close to religious questions,” Dr.
Andrei Linde, a cosmologist at Stanford, told the New York Times in 2001.The Big Bang theory
isn’t about the bang itself but about what happened after the bang. Not long after, mind you. By
doing a lot of math and watching carefully what goes on in particle accelerators, scientists
believe they can look back to 1043 seconds after the moment of creation, when the universe
was still so small that you would have needed a microscope to find it. We mustn’t swoon over
every extraordinary number that comes before us, but it is perhaps worth latching on to one from
time to time just to be reminded of their ungraspable and amazing breadth. Thus 1043 is 0.0000
00000 00000 00000 00000 00000 00000 00000 0001, or one 10 million trillion trillion
trillionths of a second.*Most of what we know, or believe we know, about the early moments of



the universe is thanks to an idea called inflation theory first propounded in 1979 by a junior
particle physicist, then at Stanford, now at MIT, named Alan Guth. He was thirty-two years old
and, by his own admission, had never done anything much before. He would probably never
have had his great theory except that he happened to attend a lecture on the Big Bang given by
none other than Robert Dicke. The lecture inspired Guth to take an interest in cosmology, and in
particular in the birth of the universe.The eventual result was the inflation theory, which holds
that a fraction of a moment after the dawn of creation, the universe underwent a sudden
dramatic expansion. It inflated—in effect ran away with itself, doubling in size every 1034
seconds. The whole episode may have lasted no more than 1030 seconds—that’s one million
million million million millionths of a second—but it changed the universe from something you
could hold in your hand to something at least 10,000,000,000,000,000,000,000,000 times
bigger. Inflation theory explains the ripples and eddies that make our universe possible. Without
it, there would be no clumps of matter and thus no stars, just drifting gas and everlasting
darkness.According to Guth’s theory, at one ten-millionth of a trillionth of a trillionth of a trillionth
of a second, gravity emerged. After another ludicrously brief interval it was joined by
electromagnetism and the strong and weak nuclear forces—the stuff of physics. These were
joined an instant later by swarms of elementary particles—the stuff of stuff. From nothing at all,
suddenly there were swarms of photons, protons, electrons, neutrons, and much else—between
1079 and 1089 of each, according to the standard Big Bang theory.Such quantities are of
course ungraspable. It is enough to know that in a single cracking instant we were endowed with
a universe that was vast—at least a hundred billion light-years across, according to the theory,
but possibly any size up to infinite—and perfectly arrayed for the creation of stars, galaxies, and
other complex systems.What is extraordinary from our point of view is how well it turned out for
us. If the universe had formed just a tiny bit differently—if gravity were fractionally stronger or
weaker, if the expansion had proceeded just a little more slowly or swiftly—then there might
never have been stable elements to make you and me and the ground we stand on. Had gravity
been a trifle stronger, the universe itself might have collapsed like a badly erected tent, without
precisely the right values to give it the right dimensions and density and component parts. Had it
been weaker, however, nothing would have coalesced. The universe would have remained
forever a dull, scattered void.This is one reason that some experts believe there may have been
many other big bangs, perhaps trillions and trillions of them, spread through the mighty span of
eternity, and that the reason we exist in this particular one is that this is one we could exist in. As
Edward P. Tryon of Columbia University once put it: “In answer to the question of why it
happened, I offer the modest proposal that our Universe is simply one of those things which
happen from time to time.” To which adds Guth: “Although the creation of a universe might be
very unlikely, Tryon emphasized that no one had counted the failed attempts.”Martin Rees,
Britain’s astronomer royal, believes that there are many universes, possibly an infinite number,
each with different attributes, in different combinations, and that we simply live in one that
combines things in the way that allows us to exist. He makes an analogy with a very large



clothing store: “If there is a large stock of clothing, you’re not surprised to find a suit that fits. If
there are many universes, each governed by a differing set of numbers, there will be one where
there is a particular set of numbers suitable to life. We are in that one.”Rees maintains that six
numbers in particular govern our universe, and that if any of these values were changed even
very slightly things could not be as they are. For example, for the universe to exist as it does
requires that hydrogen be converted to helium in a precise but comparatively stately manner—
specifically, in a way that converts seven one-thousandths of its mass to energy. Lower that
value very slightly—from 0.007 percent to 0.006 percent, say—and no transformation could take
place: the universe would consist of hydrogen and nothing else. Raise the value very slightly—to
0.008 percent—and bonding would be so wildly prolific that the hydrogen would long since have
been exhausted. In either case, with the slightest tweaking of the numbers the universe as we
know and need it would not be here.I should say that everything is just right so far. In the long
term, gravity may turn out to be a little too strong, and one day it may halt the expansion of the
universe and bring it collapsing in upon itself, till it crushes itself down into another singularity,
possibly to start the whole process over again. On the other hand it may be too weak and the
universe will keep racing away forever until everything is so far apart that there is no chance of
material interactions, so that the universe becomes a place that is inert and dead, but very
roomy. The third option is that gravity is just right—“critical density” is the cosmologists’ term for it
—and that it will hold the universe together at just the right dimensions to allow things to go on
indefinitely. Cosmologists in their lighter moments sometimes call this the Goldilocks effect—that
everything is just right. (For the record, these three possible universes are known respectively as
closed, open, and flat.)Now the question that has occurred to all of us at some point is: what
would happen if you traveled out to the edge of the universe and, as it were, put your head
through the curtains? Where would your head be if it were no longer in the universe? What
would you find beyond? The answer, disappointingly, is that you can never get to the edge of the
universe. That’s not because it would take too long to get there—though of course it would—but
because even if you traveled outward and outward in a straight line, indefinitely and
pugnaciously, you would never arrive at an outer boundary. Instead, you would come back to
where you began (at which point, presumably, you would rather lose heart in the exercise and
give up). The reason for this is that the universe bends, in a way we can’t adequately imagine, in
conformance with Einstein’s theory of relativity (which we will get to in due course). For the
moment it is enough to know that we are not adrift in some large, ever-expanding bubble.
Rather, space curves, in a way that allows it to be boundless but finite. Space cannot even
properly be said to be expanding because, as the physicist and Nobel laureate Steven Weinberg
notes, “solar systems and galaxies are not expanding, and space itself is not expanding.” Rather,
the galaxies are rushing apart. It is all something of a challenge to intuition. Or as the biologist J.
B. S. Haldane once famously observed: “The universe is not only queerer than we suppose; it is
queerer than we can suppose.”The analogy that is usually given for explaining the curvature of
space is to try to imagine someone from a universe of flat surfaces, who had never seen a



sphere, being brought to Earth. No matter how far he roamed across the planet’s surface, he
would never find an edge. He might eventually return to the spot where he had started, and
would of course be utterly confounded to explain how that had happened. Well, we are in the
same position in space as our puzzled flatlander, only we are flummoxed by a higher
dimension.Just as there is no place where you can find the edge of the universe, so there is no
place where you can stand at the center and say: “This is where it all began. This is the
centermost point of it all.” We are all at the center of it all. Actually, we don’t know that for sure;
we can’t prove it mathematically. Scientists just assume that we can’t really be the center of the
universe—think what that would imply—but that the phenomenon must be the same for all
observers in all places. Still, we don’t actually know.For us, the universe goes only as far as light
has traveled in the billions of years since the universe was formed. This visible universe—the
universe we know and can talk about—is a million million million million (that’s
1,000,000,000,000,000,000,000,000) miles across. But according to most theories the universe
at large—the meta-universe, as it is sometimes called—is vastly roomier still. According to Rees,
the number of light-years to the edge of this larger, unseen universe would be written not “with
ten zeroes, not even with a hundred, but with millions.” In short, there’s more space than you can
imagine already without going to the trouble of trying to envision some additional beyond.For a
long time the Big Bang theory had one gaping hole that troubled a lot of people—namely that it
couldn’t begin to explain how we got here. Although 98 percent of all the matter that exists was
created with the Big Bang, that matter consisted exclusively of light gases: the helium, hydrogen,
and lithium that we mentioned earlier. Not one particle of the heavy stuff so vital to our own being
—carbon, nitrogen, oxygen, and all the rest—emerged from the gaseous brew of creation. But—
and here’s the troubling point—to forge these heavy elements, you need the kind of heat and
energy of a Big Bang. Yet there has been only one Big Bang and it didn’t produce them. So
where did they come from?Interestingly, the man who found the answer to that question was a
cosmologist who heartily despised the Big Bang as a theory and coined the term “Big Bang”
sarcastically, as a way of mocking it. We’ll get to him shortly, but before we turn to the question of
how we got here, it might be worth taking a few minutes to consider just where exactly “here”
is.*A word on scientific notation: Since very large numbers are cumbersome to write and nearly
impossible to read, scientists use a shorthand involving powers (or multiples) of ten in which, for
instance, 10,000,000,000 is written 1010 and 6,500,000 becomes 6.5 × 106. The principle is
based very simply on multiples of ten: 10 × 10 (or 100) becomes 102; 10 × 10 × 10 (or 1,000) is
103; and so on, obviously and indefinitely. The little superscript number signifies the number of
zeroes following the larger principal number. Negative notations provide essentially a mirror
image, with the superscript number indicating the number of spaces to the right of the decimal
point (so 104 means 0.0001). Though I salute the principle, it remains an amazement to me that
anyone seeing “1.4 × 109 km3” would see at once that that signifies 1.4 billion cubic kilometers,
and no less a wonder that they would choose the former over the latter in print (especially in a
book designed for the general reader, where the example was found). On the assumption that



many general readers are as unmathematical as I am, I will use them sparingly, though they are
occasionally unavoidable, not least in a chapter dealing with things on a cosmic scale.2
WELCOME TO THE SOLAR SYSTEMASTRONOMERS THESE DAYS can do the most
amazing things. If someone struck a match on the Moon, they could spot the flare. From the
tiniest throbs and wobbles of distant stars they can infer the size and character and even
potential habitability of planets much too remote to be seen—planets so distant that it would
take us half a million years in a spaceship to get there. With their radio telescopes they can
capture wisps of radiation so preposterously faint that the total amount of energy collected from
outside the solar system by all of them together since collecting began (in 1951) is “less than the
energy of a single snowflake striking the ground,” in the words of Carl Sagan.In short, there isn’t
a great deal that goes on in the universe that astronomers can’t find when they have a mind to.
Which is why it is all the more remarkable to reflect that until 1978 no one had ever noticed that
Pluto has a moon. In the summer of that year, a young astronomer named James Christy at the
U.S. Naval Observatory in Flagstaff, Arizona, was making a routine examination of photographic
images of Pluto when he saw that there was something there—something blurry and uncertain
but definitely other than Pluto. Consulting a colleague named Robert Harrington, he concluded
that what he was looking at was a moon. And it wasn’t just any moon. Relative to the planet, it
was the biggest moon in the solar system.This was actually something of a blow to Pluto’s status
as a planet, which had never been terribly robust anyway. Since previously the space occupied
by the moon and the space occupied by Pluto were thought to be one and the same, it meant
that Pluto was much smaller than anyone had supposed—smaller even than Mercury. Indeed,
seven moons in the solar system, including our own, are larger.Now a natural question is why it
took so long for anyone to find a moon in our own solar system. The answer is that it is partly a
matter of where astronomers point their instruments and partly a matter of what their instruments
are designed to detect, and partly it’s just Pluto. Mostly it’s where they point their instruments. In
the words of the astronomer Clark Chapman: “Most people think that astronomers get out at
night in observatories and scan the skies. That’s not true. Almost all the telescopes we have in
the world are designed to peer at very tiny little pieces of the sky way off in the distance to see a
quasar or hunt for black holes or look at a distant galaxy. The only real network of telescopes
that scans the skies has been designed and built by the military.”We have been spoiled by
artists’ renderings into imagining a clarity of resolution that doesn’t exist in actual astronomy.
Pluto in Christy’s photograph is faint and fuzzy—a piece of cosmic lint—and its moon is not the
romantically backlit, crisply delineated companion orb you would get in a National Geographic
painting, but rather just a tiny and extremely indistinct hint of additional fuzziness. Such was the
fuzziness, in fact, that it took seven years for anyone to spot the moon again and thus
independently confirm its existence.One nice touch about Christy’s discovery was that it
happened in Flagstaff, for it was there in 1930 that Pluto had been found in the first place. That
seminal event in astronomy was largely to the credit of the astronomer Percival Lowell. Lowell,
who came from one of the oldest and wealthiest Boston families (the one in the famous ditty



about Boston being the home of the bean and the cod, where Lowells spoke only to Cabots,
while Cabots spoke only to God), endowed the famous observatory that bears his name, but is
most indelibly remembered for his belief that Mars was covered with canals built by industrious
Martians for purposes of conveying water from polar regions to the dry but productive lands
nearer the equator.Lowell’s other abiding conviction was that there existed, somewhere out
beyond Neptune, an undiscovered ninth planet, dubbed Planet X. Lowell based this belief on
irregularities he detected in the orbits of Uranus and Neptune, and devoted the last years of his
life to trying to find the gassy giant he was certain was out there. Unfortunately, he died suddenly
in 1916, at least partly exhausted by his quest, and the search fell into abeyance while Lowell’s
heirs squabbled over his estate. However, in 1929, partly as a way of deflecting attention away
from the Mars canal saga (which by now had become a serious embarrassment), the Lowell
Observatory directors decided to resume the search and to that end hired a young man from
Kansas named Clyde Tombaugh.Tombaugh had no formal training as an astronomer, but he
was diligent and he was astute, and after a year’s patient searching he somehow spotted Pluto,
a faint point of light in a glittery firmament. It was a miraculous find, and what made it all the more
striking was that the observations on which Lowell had predicted the existence of a planet
beyond Neptune proved to be comprehensively erroneous. Tombaugh could see at once that the
new planet was nothing like the massive gasball Lowell had postulated, but any reservations he
or anyone else had about the character of the new planet were soon swept aside in the delirium
that attended almost any big news story in that easily excited age. This was the first American-
discovered planet, and no one was going to be distracted by the thought that it was really just a
distant icy dot. It was named Pluto at least partly because the first two letters made a monogram
from Lowell’s initials. Lowell was posthumously hailed everywhere as a genius of the first order,
and Tombaugh was largely forgotten, except among planetary astronomers, who tend to revere
him.A few astronomers continue to think there may be a Planet X out there—a real whopper,
perhaps as much as ten times the size of Jupiter, but so far out as to be invisible to us. (It would
receive so little sunlight that it would have almost none to reflect.) The idea is that it wouldn’t be
a conventional planet like Jupiter or Saturn—it’s much too far away for that; we’re talking perhaps
4.5 trillion miles—but more like a sun that never quite made it. Most star systems in the cosmos
are binary (double-starred), which makes our solitary sun a slight oddity.As for Pluto itself,
nobody is quite sure how big it is, or what it is made of, what kind of atmosphere it has, or even
what it really is. A lot of astronomers believe it isn’t a planet at all, but merely the largest object
so far found in a zone of galactic debris known as the Kuiper belt. The Kuiper belt was actually
theorized by an astronomer named F. C. Leonard in 1930, but the name honors Gerard Kuiper, a
Dutch native working in America, who expanded the idea. The Kuiper belt is the source of what
are known as short-period comets—those that come past pretty regularly—of which the most
famous is Halley’s comet. The more reclusive long-period comets (among them the recent
visitors Hale-Bopp and Hyakutake) come from the much more distant Oort cloud, about which
more presently.It is certainly true that Pluto doesn’t act much like the other planets. Not only is it



runty and obscure, but it is so variable in its motions that no one can tell you exactly where Pluto
will be a century hence. Whereas the other planets orbit on more or less the same plane, Pluto’s
orbital path is tipped (as it were) out of alignment at an angle of seventeen degrees, like the brim
of a hat tilted rakishly on someone’s head. Its orbit is so irregular that for substantial periods on
each of its lonely circuits around the Sun it is closer to us than Neptune is. For most of the 1980s
and 1990s, Neptune was in fact the solar system’s most far-flung planet. Only on February 11,
1999, did Pluto return to the outside lane, there to remain for the next 228 years.So if Pluto really
is a planet, it is certainly an odd one. It is very tiny: just one-quarter of 1 percent as massive as
Earth. If you set it down on top of the United States, it would cover not quite half the lower forty-
eight states. This alone makes it extremely anomalous; it means that our planetary system
consists of four rocky inner planets, four gassy outer giants, and a tiny, solitary iceball. Moreover,
there is every reason to suppose that we may soon begin to find other even larger icy spheres in
the same portion of space. Then we will have problems. After Christy spotted Pluto’s moon,
astronomers began to regard that section of the cosmos more attentively and as of early
December 2002 had found over six hundred additional Trans-Neptunian Objects, or Plutinos as
they are alternatively called. One, dubbed Varuna, is nearly as big as Pluto’s moon. Astronomers
now think there may be billions of these objects. The difficulty is that many of them are awfully
dark. Typically they have an albedo, or reflectiveness, of just 4 percent, about the same as a
lump of charcoal—and of course these lumps of charcoal are about four billion miles away.And
how far is that exactly? It’s almost beyond imagining. Space, you see, is just enormous—just
enormous. Let’s imagine, for purposes of edification and entertainment, that we are about to go
on a journey by rocketship. We won’t go terribly far—just to the edge of our own solar system—
but we need to get a fix on how big a place space is and what a small part of it we occupy.Now
the bad news, I’m afraid, is that we won’t be home for supper. Even at the speed of light, it would
take seven hours to get to Pluto. But of course we can’t travel at anything like that speed. We’ll
have to go at the speed of a spaceship, and these are rather more lumbering. The best speeds
yet achieved by any human object are those of the Voyager 1 and 2 spacecraft, which are now
flying away from us at about thirty-five thousand miles an hour.The reason the Voyager craft
were launched when they were (in August and September 1977) was that Jupiter, Saturn,
Uranus, and Neptune were aligned in a way that happens only once every 175 years. This
enabled the two Voyagers to use a “gravity assist” technique in which the craft were successively
flung from one gassy giant to the next in a kind of cosmic version of “crack the whip.” Even so, it
took them nine years to reach Uranus and a dozen to cross the orbit of Pluto. The good news is
that if we wait until January 2006 (which is when NASA’s New Horizons spacecraft is tentatively
scheduled to depart for Pluto) we can take advantage of favorable Jovian positioning, plus some
advances in technology, and get there in only a decade or so—though getting home again will
take rather longer, I’m afraid. At all events, it’s going to be a long trip.Now the first thing you are
likely to realize is that space is extremely well named and rather dismayingly uneventful. Our
solar system may be the liveliest thing for trillions of miles, but all the visible stuff in it—the Sun,



the planets and their moons, the billion or so tumbling rocks of the asteroid belt, comets, and
other miscellaneous drifting detritus—fills less than a trillionth of the available space. You also
quickly realize that none of the maps you have ever seen of the solar system were remotely
drawn to scale. Most schoolroom charts show the planets coming one after the other at
neighborly intervals—the outer giants actually cast shadows over each other in many illustrations
—but this is a necessary deceit to get them all on the same piece of paper. Neptune in reality
isn’t just a little bit beyond Jupiter, it’s way beyond Jupiter—five times farther from Jupiter than
Jupiter is from us, so far out that it receives only 3 percent as much sunlight as Jupiter.Such are
the distances, in fact, that it isn’t possible, in any practical terms, to draw the solar system to
scale. Even if you added lots of fold-out pages to your textbooks or used a really long sheet of
poster paper, you wouldn’t come close. On a diagram of the solar system to scale, with Earth
reduced to about the diameter of a pea, Jupiter would be over a thousand feet away and Pluto
would be a mile and a half distant (and about the size of a bacterium, so you wouldn’t be able to
see it anyway). On the same scale, Proxima Centauri, our nearest star, would be almost ten
thousand miles away. Even if you shrank down everything so that Jupiter was as small as the
period at the end of this sentence, and Pluto was no bigger than a molecule, Pluto would still be
over thirty-five feet away.So the solar system is really quite enormous. By the time we reach
Pluto, we have come so far that the Sun—our dear, warm, skin-tanning, life-giving Sun—has
shrunk to the size of a pinhead. It is little more than a bright star. In such a lonely void you can
begin to understand how even the most significant objects—Pluto’s moon, for example—have
escaped attention. In this respect, Pluto has hardly been alone. Until the Voyager expeditions,
Neptune was thought to have two moons; Voyager found six more. When I was a boy, the solar
system was thought to contain thirty moons. The total now is “at least ninety,” about a third of
which have been found in just the last ten years.The point to remember, of course, is that when
considering the universe at large we don’t actually know what is in our own solar system.Now
the other thing you will notice as we speed past Pluto is that we are speeding past Pluto. If you
check your itinerary, you will see that this is a trip to the edge of our solar system, and I’m afraid
we’re not there yet. Pluto may be the last object marked on schoolroom charts, but the system
doesn’t end there. In fact, it isn’t even close to ending there. We won’t get to the solar system’s
edge until we have passed through the Oort cloud, a vast celestial realm of drifting comets, and
we won’t reach the Oort cloud for another—I’m so sorry about this—ten thousand years. Far
from marking the outer edge of the solar system, as those schoolroom maps so cavalierly imply,
Pluto is barely one-fifty-thousandth of the way.Of course we have no prospect of such a journey.
A trip of 240,000 miles to the Moon still represents a very big undertaking for us. A manned
mission to Mars, called for by the first President Bush in a moment of passing giddiness, was
quietly dropped when someone worked out that it would cost $450 billion and probably result in
the deaths of all the crew (their DNA torn to tatters by high-energy solar particles from which
they could not be shielded).Based on what we know now and can reasonably imagine, there is
absolutely no prospect that any human being will ever visit the edge of our own solar system—



ever. It is just too far. As it is, even with the Hubble telescope, we can’t see even into the Oort
cloud, so we don’t actually know that it is there. Its existence is probable but entirely
hypothetical.*About all that can be said with confidence about the Oort cloud is that it starts
somewhere beyond Pluto and stretches some two light-years out into the cosmos. The basic unit
of measure in the solar system is the Astronomical Unit, or AU, representing the distance from
the Sun to the Earth. Pluto is about forty AUs from us, the heart of the Oort cloud about fifty
thousand. In a word, it is remote.But let’s pretend again that we have made it to the Oort cloud.
The first thing you might notice is how very peaceful it is out here. We’re a long way from
anywhere now—so far from our own Sun that it’s not even the brightest star in the sky. It is a
remarkable thought that that distant tiny twinkle has enough gravity to hold all these comets in
orbit. It’s not a very strong bond, so the comets drift in a stately manner, moving at only about
220 miles an hour. From time to time some of these lonely comets are nudged out of their normal
orbit by some slight gravitational perturbation—a passing star perhaps. Sometimes they are
ejected into the emptiness of space, never to be seen again, but sometimes they fall into a long
orbit around the Sun. About three or four of these a year, known as long-period comets, pass
through the inner solar system. Just occasionally these stray visitors smack into something solid,
like Earth. That’s why we’ve come out here now—because the comet we have come to see has
just begun a long fall toward the center of the solar system. It is headed for, of all places,
Manson, Iowa. It is going to take a long time to get there—three or four million years at least—so
we’ll leave it for now, and return to it much later in the story.So that’s your solar system. And what
else is out there, beyond the solar system? Well, nothing and a great deal, depending on how
you look at it.In the short term, it’s nothing. The most perfect vacuum ever created by humans is
not as empty as the emptiness of interstellar space. And there is a great deal of this nothingness
until you get to the next bit of something. Our nearest neighbor in the cosmos, Proxima Centauri,
which is part of the three-star cluster known as Alpha Centauri, is 4.3 light-years away, a sissy
skip in galactic terms, but that is still a hundred million times farther than a trip to the Moon. To
reach it by spaceship would take at least twenty-five thousand years, and even if you made the
trip you still wouldn’t be anywhere except at a lonely clutch of stars in the middle of a vast
nowhere. To reach the next landmark of consequence, Sirius, would involve another 4.6 light-
years of travel. And so it would go if you tried to star-hop your way across the cosmos. Just
reaching the center of our own galaxy would take far longer than we have existed as
beings.Space, let me repeat, is enormous. The average distance between stars out there is 20
million million miles. Even at speeds approaching those of light, these are fantastically
challenging distances for any traveling individual. Of course, it is possible that alien beings travel
billions of miles to amuse themselves by planting crop circles in Wiltshire or frightening the
daylights out of some poor guy in a pickup truck on a lonely road in Arizona (they must have
teenagers, after all), but it does seem unlikely.Still, statistically the probability that there are other
thinking beings out there is good. Nobody knows how many stars there are in the Milky Way—
estimates range from 100 billion or so to perhaps 400 billion—and the Milky Way is just one of



140 billion or so other galaxies, many of them even larger than ours. In the 1960s, a professor at
Cornell named Frank Drake, excited by such whopping numbers, worked out a famous equation
designed to calculate the chances of advanced life in the cosmos based on a series of
diminishing probabilities.Under Drake’s equation you divide the number of stars in a selected
portion of the universe by the number of stars that are likely to have planetary systems; divide
that by the number of planetary systems that could theoretically support life; divide that by the
number on which life, having arisen, advances to a state of intelligence; and so on. At each such
division, the number shrinks colossally—yet even with the most conservative inputs the number
of advanced civilizations just in the Milky Way always works out to be somewhere in the
millions.What an interesting and exciting thought. We may be only one of millions of advanced
civilizations. Unfortunately, space being spacious, the average distance between any two of
these civilizations is reckoned to be at least two hundred light-years, which is a great deal more
than merely saying it makes it sound. It means for a start that even if these beings know we are
here and are somehow able to see us in their telescopes, they’re watching light that left Earth
two hundred years ago. So they’re not seeing you and me. They’re watching the French
Revolution and Thomas Jefferson and people in silk stockings and powdered wigs—people who
don’t know what an atom is, or a gene, and who make their electricity by rubbing a rod of amber
with a piece of fur and think that’s quite a trick. Any message we receive from them is likely to
begin “Dear Sire,” and congratulate us on the handsomeness of our horses and our mastery of
whale oil. Two hundred light-years is a distance so far beyond us as to be, well, just beyond
us.So even if we are not really alone, in all practical terms we are. Carl Sagan calculated the
number of probable planets in the universe at large at 10 billion trillion—a number vastly beyond
imagining. But what is equally beyond imagining is the amount of space through which they are
lightly scattered. “If we were randomly inserted into the universe,” Sagan wrote, “the chances
that you would be on or near a planet would be less than one in a billion trillion trillion.” (That’s
1033, or a one followed by thirty-three zeroes.) “Worlds are precious.”Which is why perhaps it is
good news that in February 1999 the International Astronomical Union ruled officially that Pluto
is a planet. The universe is a big and lonely place. We can do with all the neighbors we can
get.*Properly called the Öpik-Oort cloud, it is named for the Estonian astronomer Ernst Öpik,
who hypothesized its existence in 1932, and for the Dutch astronomer Jan Oort, who refined the
calculations eighteen years later.3 THE REVEREND EVANS’S UNIVERSEWHEN THE SKIES
are clear and the Moon is not too bright, the Reverend Robert Evans, a quiet and cheerful man,
lugs a bulky telescope onto the back deck of his home in the Blue Mountains of Australia, about
fifty miles west of Sydney, and does an extraordinary thing. He looks deep into the past and finds
dying stars.Looking into the past is of course the easy part. Glance at the night sky and what you
see is history and lots of it—the stars not as they are now but as they were when their light left
them. For all we know, the North Star, our faithful companion, might actually have burned out last
January or in 1854 or at any time since the early fourteenth century and news of it just hasn’t
reached us yet. The best we can say—can ever say—is that it was still burning on this date 680



years ago. Stars die all the time. What Bob Evans does better than anyone else who has ever
tried is spot these moments of celestial farewell.By day, Evans is a kindly and now semiretired
minister in the Uniting Church in Australia, who does a bit of freelance work and researches the
history of nineteenth-century religious movements. But by night he is, in his unassuming way, a
titan of the skies. He hunts supernovae.Supernovae occur when a giant star, one much bigger
than our own Sun, collapses and then spectacularly explodes, releasing in an instant the energy
of a hundred billion suns, burning for a time brighter than all the stars in its galaxy. “It’s like a
trillion hydrogen bombs going off at once,” says Evans. If a supernova explosion happened within
five hundred light-years of us, we would be goners, according to Evans—“it would wreck the
show,” as he cheerfully puts it. But the universe is vast, and supernovae are normally much too
far away to harm us. In fact, most are so unimaginably distant that their light reaches us as no
more than the faintest twinkle. For the month or so that they are visible, all that distinguishes
them from the other stars in the sky is that they occupy a point of space that wasn’t filled before.
It is these anomalous, very occasional pricks in the crowded dome of the night sky that the
Reverend Evans finds.To understand what a feat this is, imagine a standard dining room table
covered in a black tablecloth and someone throwing a handful of salt across it. The scattered
grains can be thought of as a galaxy. Now imagine fifteen hundred more tables like the first one—
enough to fill a Wal-Mart parking lot, say, or to make a single line two miles long—each with a
random array of salt across it. Now add one grain of salt to any table and let Bob Evans walk
among them. At a glance he will spot it. That grain of salt is the supernova.Evans’s is a talent so
exceptional that Oliver Sacks, in An Anthropologist on Mars, devotes a passage to him in a
chapter on autistic savants—quickly adding that “there is no suggestion that he is autistic.”
Evans, who has not met Sacks, laughs at the suggestion that he might be either autistic or a
savant, but he is powerless to explain quite where his talent comes from.“I just seem to have a
knack for memorizing star fields,” he told me, with a frankly apologetic look, when I visited him
and his wife, Elaine, in their picture-book bungalow on a tranquil edge of the village of
Hazelbrook, out where Sydney finally ends and the boundless Australian bush begins. “I’m not
particularly good at other things,” he added. “I don’t remember names well.”“Or where he’s put
things,” called Elaine from the kitchen.He nodded frankly again and grinned, then asked me if I’d
like to see his telescope. I had imagined that Evans would have a proper observatory in his
backyard—a scaled-down version of a Mount Wilson or Palomar, with a sliding domed roof and
a mechanized chair that would be a pleasure to maneuver. In fact, he led me not outside but to a
crowded storeroom off the kitchen where he keeps his books and papers and where his
telescope—a white cylinder that is about the size and shape of a household hot-water tank—
rests in a homemade, swiveling plywood mount. When he wishes to observe, he carries them in
two trips to a small deck off the kitchen. Between the overhang of the roof and the feathery tops
of eucalyptus trees growing up from the slope below, he has only a letter-box view of the sky, but
he says it is more than good enough for his purposes. And there, when the skies are clear and
the Moon not too bright, he finds his supernovae.The term supernova was coined in the 1930s



by a memorably odd astrophysicist named Fritz Zwicky. Born in Bulgaria and raised in
Switzerland, Zwicky came to the California Institute of Technology in the 1920s and there at
once distinguished himself by his abrasive personality and erratic talents. He didn’t seem to be
outstandingly bright, and many of his colleagues considered him little more than “an irritating
buffoon.” A fitness buff, he would often drop to the floor of the Caltech dining hall or other public
areas and do one-armed pushups to demonstrate his virility to anyone who seemed inclined to
doubt it. He was notoriously aggressive, his manner eventually becoming so intimidating that his
closest collaborator, a gentle man named Walter Baade, refused to be left alone with him.
Among other things, Zwicky accused Baade, who was German, of being a Nazi, which he was
not. On at least one occasion Zwicky threatened to kill Baade, who worked up the hill at the
Mount Wilson Observatory, if he saw him on the Caltech campus.But Zwicky was also capable
of insights of the most startling brilliance. In the early 1930s, he turned his attention to a question
that had long troubled astronomers: the appearance in the sky of occasional unexplained points
of light, new stars. Improbably he wondered if the neutron—the subatomic particle that had just
been discovered in England by James Chadwick, and was thus both novel and rather
fashionable—might be at the heart of things. It occurred to him that if a star collapsed to the sort
of densities found in the core of atoms, the result would be an unimaginably compacted core.
Atoms would literally be crushed together, their electrons forced into the nucleus, forming
neutrons. You would have a neutron star. Imagine a million really weighty cannonballs squeezed
down to the size of a marble and—well, you’re still not even close. The core of a neutron star is
so dense that a single spoonful of matter from it would weigh 200 billion pounds. A spoonful! But
there was more. Zwicky realized that after the collapse of such a star there would be a huge
amount of energy left over—enough to make the biggest bang in the universe. He called these
resultant explosions supernovae. They would be—they are—the biggest events in creation.On
January 15, 1934, the journal Physical Review published a very concise abstract of a
presentation that had been conducted by Zwicky and Baade the previous month at Stanford
University. Despite its extreme brevity—one paragraph of twenty-four lines—the abstract
contained an enormous amount of new science: it provided the first reference to supernovae
and to neutron stars; convincingly explained their method of formation; correctly calculated the
scale of their explosiveness; and, as a kind of concluding bonus, connected supernova
explosions to the production of a mysterious new phenomenon called cosmic rays, which had
recently been found swarming through the universe. These ideas were revolutionary to say the
least. Neutron stars wouldn’t be confirmed for thirty-four years. The cosmic rays notion, though
considered plausible, hasn’t been verified yet. Altogether, the abstract was, in the words of
Caltech astrophysicist Kip S. Thorne, “one of the most prescient documents in the history of
physics and astronomy.”Interestingly, Zwicky had almost no understanding of why any of this
would happen. According to Thorne, “he did not understand the laws of physics well enough to
be able to substantiate his ideas.” Zwicky’s talent was for big ideas. Others—Baade mostly—
were left to do the mathematical sweeping up.Zwicky also was the first to recognize that there



wasn’t nearly enough visible mass in the universe to hold galaxies together and that there must
be some other gravitational influence—what we now call dark matter. One thing he failed to see
was that if a neutron star shrank enough it would become so dense that even light couldn’t
escape its immense gravitational pull. You would have a black hole. Unfortunately, Zwicky was
held in such disdain by most of his colleagues that his ideas attracted almost no notice. When,
five years later, the great Robert Oppenheimer turned his attention to neutron stars in a
landmark paper, he made not a single reference to any of Zwicky’s work even though Zwicky
had been working for years on the same problem in an office just down the hall. Zwicky’s
deductions concerning dark matter wouldn’t attract serious attention for nearly four decades. We
can only assume that he did a lot of pushups in this period.Surprisingly little of the universe is
visible to us when we incline our heads to the sky. Only about 6,000 stars are visible to the
naked eye from Earth, and only about 2,000 can be seen from any one spot. With binoculars the
number of stars you can see from a single location rises to about 50,000, and with a small two-
inch telescope it leaps to 300,000. With a sixteen-inch telescope, such as Evans uses, you
begin to count not in stars but in galaxies. From his deck, Evans supposes he can see between
50,000 and 100,000 galaxies, each containing tens of billions of stars. These are of course
respectable numbers, but even with so much to take in, supernovae are extremely rare. A star
can burn for billions of years, but it dies just once and quickly, and only a few dying stars
explode. Most expire quietly, like a campfire at dawn. In a typical galaxy, consisting of a hundred
billion stars, a supernova will occur on average once every two or three hundred years. Finding a
supernova therefore was a little bit like standing on the observation platform of the Empire State
Building with a telescope and searching windows around Manhattan in the hope of finding, let us
say, someone lighting a twenty-first-birthday cake.So when a hopeful and softspoken minister
got in touch to ask if they had any usable field charts for hunting supernovae, the astronomical
community thought he was out of his mind. At the time Evans had a ten-inch telescope—a very
respectable size for amateur stargazing but hardly the sort of thing with which to do serious
cosmology—and he was proposing to find one of the universe’s rarer phenomena. In the whole
of astronomical history before Evans started looking in 1980, fewer than sixty supernovae had
been found. (At the time I visited him, in August of 2001, he had just recorded his thirty-fourth
visual discovery; a thirty-fifth followed three months later and a thirty-sixth in early 2003.)Evans,
however, had certain advantages. Most observers, like most people generally, are in the
northern hemisphere, so he had a lot of sky largely to himself, especially at first. He also had
speed and his uncanny memory. Large telescopes are cumbersome things, and much of their
operational time is consumed with being maneuvered into position. Evans could swing his little
sixteen-inch telescope around like a tail gunner in a dogfight, spending no more than a couple of
seconds on any particular point in the sky. In consequence, he could observe perhaps four
hundred galaxies in an evening while a large professional telescope would be lucky to do fifty or
sixty.Looking for supernovae is mostly a matter of not finding them. From 1980 to 1996 he
averaged two discoveries a year—not a huge payoff for hundreds of nights of peering and



peering. Once he found three in fifteen days, but another time he went three years without
finding any at all.“There is actually a certain value in not finding anything,” he said. “It helps
cosmologists to work out the rate at which galaxies are evolving. It’s one of those rare areas
where the absence of evidence is evidence.”On a table beside the telescope were stacks of
photos and papers relevant to his pursuits, and he showed me some of them now. If you have
ever looked through popular astronomical publications, and at some time you must have, you will
know that they are generally full of richly luminous color photos of distant nebulae and the like—
fairy-lit clouds of celestial light of the most delicate and moving splendor. Evans’s working
images are nothing like that. They are just blurry black-and-white photos with little points of
haloed brightness. One he showed me depicted a swarm of stars with a trifling flare that I had to
put close to my face to see.This, Evans told me, was a star in a constellation called Fornax from
a galaxy known to astronomy as NGC1365. (NGC stands for New General Catalogue, where
these things are recorded. Once it was a heavy book on someone’s desk in Dublin; today,
needless to say, it’s a database.) For sixty million silent years, the light from the star’s
spectacular demise traveled unceasingly through space until one night in August of 2001 it
arrived at Earth in the form of a puff of radiance, the tiniest brightening, in the night sky. It was of
course Robert Evans on his eucalypt-scented hillside who spotted it.“There’s something
satisfying, I think,” Evans said, “about the idea of light traveling for millions of years through
space and just at the right moment as it reaches Earth someone looks at the right bit of sky and
sees it. It just seems right that an event of that magnitude should be witnessed.”Supernovae do
much more than simply impart a sense of wonder. They come in several types (one of them
discovered by Evans) and of these one in particular, known as a Ia supernova, is important to
astronomy because it always explodes in the same way, with the same critical mass. For this
reason it can be used as a standard candle to measure the expansion rate of the universe.In
1987 Saul Perlmutter at the Lawrence Berkeley lab in California, needing more Ia supernovae
than visual sightings were providing, set out to find a more systematic method of searching for
them. Perlmutter devised a nifty system using sophisticated computers and charge-coupled
devices—in essence, really good digital cameras. It automated supernova hunting. Telescopes
could now take thousands of pictures and let a computer detect the telltale bright spots that
marked a supernova explosion. In five years, with the new technique, Perlmutter and his
colleagues at Berkeley found forty-two supernovae. Now even amateurs are finding supernovae
with charge-coupled devices. “With CCDs you can aim a telescope at the sky and go watch
television,” Evans said with a touch of dismay. “It took all the romance out of it.”I asked him if he
was tempted to adopt the new technology. “Oh, no,” he said, “I enjoy my way too much.
Besides”—he gave a nod at the photo of his latest supernova and smiled—“I can still beat them
sometimes.”The question that naturally occurs is “What would it be like if a star exploded
nearby?” Our nearest stellar neighbor, as we have seen, is Alpha Centauri, 4.3 light-years away. I
had imagined that if there were an explosion there we would have 4.3 years to watch the light of
this magnificent event spreading across the sky, as if tipped from a giant can. What would it be



like if we had four years and four months to watch an inescapable doom advancing toward us,
knowing that when it finally arrived it would blow the skin right off our bones? Would people still
go to work? Would farmers plant crops? Would anyone deliver them to the stores?Weeks later,
back in the town in New Hampshire where I live, I put these questions to John Thorstensen, an
astronomer at Dartmouth College. “Oh no,” he said, laughing. “The news of such an event travels
out at the speed of light, but so does the destructiveness, so you’d learn about it and die from it
in the same instant. But don’t worry because it’s not going to happen.”For the blast of a
supernova explosion to kill you, he explained, you would have to be “ridiculously close”—
probably within ten light-years or so. “The danger would be various types of radiation—cosmic
rays and so on.” These would produce fabulous auroras, shimmering curtains of spooky light
that would fill the whole sky. This would not be a good thing. Anything potent enough to put on
such a show could well blow away the magnetosphere, the magnetic zone high above the Earth
that normally protects us from ultraviolet rays and other cosmic assaults. Without the
magnetosphere anyone unfortunate enough to step into sunlight would pretty quickly take on the
appearance of, let us say, an overcooked pizza.The reason we can be reasonably confident that
such an event won’t happen in our corner of the galaxy, Thorstensen said, is that it takes a
particular kind of star to make a supernova in the first place. A candidate star must be ten to
twenty times as massive as our own Sun and “we don’t have anything of the requisite size that’s
that close. The universe is a mercifully big place.” The nearest likely candidate he added, is
Betelgeuse, whose various sputterings have for years suggested that something interestingly
unstable is going on there. But Betelgeuse is fifty thousand light-years away.Only half a dozen
times in recorded history have supernovae been close enough to be visible to the naked eye.
One was a blast in 1054 that created the Crab Nebula. Another, in 1604, made a star bright
enough to be seen during the day for over three weeks. The most recent was in 1987, when a
supernova flared in a zone of the cosmos known as the Large Magellanic Cloud, but that was
only barely visible and only in the southern hemisphere—and it was a comfortably safe 169,000
light-years away.Supernovae are significant to us in one other decidedly central way. Without
them we wouldn’t be here. You will recall the cosmological conundrum with which we ended the
first chapter—that the Big Bang created lots of light gases but no heavy elements. Those came
later, but for a very long time nobody could figure out how they came later. The problem was that
you needed something really hot—hotter even than the middle of the hottest stars—to forge
carbon and iron and the other elements without which we would be distressingly immaterial.
Supernovae provided the explanation, and it was an English cosmologist almost as singular in
manner as Fritz Zwicky who figured it out.He was a Yorkshireman named Fred Hoyle. Hoyle,
who died in 2001, was described in an obituary in Nature as a “cosmologist and controversialist”
and both of those he most certainly was. He was, according to Nature’s obituary, “embroiled in
controversy for most of his life” and “put his name to much rubbish.” He claimed, for instance,
and without evidence, that the Natural History Museum’s treasured fossil of an Archaeopteryx
was a forgery along the lines of the Piltdown hoax, causing much exasperation to the museum’s



paleontologists, who had to spend days fielding phone calls from journalists from all over the
world. He also believed that Earth was not only seeded by life from space but also by many of its
diseases, such as influenza and bubonic plague, and suggested at one point that humans
evolved projecting noses with the nostrils underneath as a way of keeping cosmic pathogens
from falling into them.It was he who coined the term “Big Bang,” in a moment of facetiousness,
for a radio broadcast in 1952. He pointed out that nothing in our understanding of physics could
account for why everything, gathered to a point, would suddenly and dramatically begin to
expand. Hoyle favored a steady-state theory in which the universe was constantly expanding
and continually creating new matter as it went. Hoyle also realized that if stars imploded they
would liberate huge amounts of heat—100 million degrees or more, enough to begin to generate
the heavier elements in a process known as nucleosynthesis. In 1957, working with others,
Hoyle showed how the heavier elements were formed in supernova explosions. For this work, W.
A. Fowler, one of his collaborators, received a Nobel Prize. Hoyle, shamefully, did not.According
to Hoyle’s theory, an exploding star would generate enough heat to create all the new elements
and spray them into the cosmos where they would form gaseous clouds—the interstellar
medium as it is known—that could eventually coalesce into new solar systems. With the new
theories it became possible at last to construct plausible scenarios for how we got here. What
we now think we know is this:About 4.6 billion years ago, a great swirl of gas and dust some 15
billion miles across accumulated in space where we are now and began to aggregate. Virtually
all of it—99.9 percent of the mass of the solar system—went to make the Sun. Out of the floating
material that was left over, two microscopic grains floated close enough together to be joined by
electrostatic forces. This was the moment of conception for our planet. All over the inchoate
solar system, the same was happening. Colliding dust grains formed larger and larger clumps.
Eventually the clumps grew large enough to be called planetesimals. As these endlessly
bumped and collided, they fractured or split or recombined in endless random permutations, but
in every encounter there was a winner, and some of the winners grew big enough to dominate
the orbit around which they traveled.It all happened remarkably quickly. To grow from a tiny
cluster of grains to a baby planet some hundreds of miles across is thought to have taken only a
few tens of thousands of years. In just 200 million years, possibly less, the Earth was essentially
formed, though still molten and subject to constant bombardment from all the debris that
remained floating about.At this point, about 4.5 billion years ago, an object the size of Mars
crashed into Earth, blowing out enough material to form a companion sphere, the Moon. Within
weeks, it is thought, the flung material had reassembled itself into a single clump, and within a
year it had formed into the spherical rock that companions us yet. Most of the lunar material, it is
thought, came from the Earth’s crust, not its core, which is why the Moon has so little iron while
we have a lot. The theory, incidentally, is almost always presented as a recent one, but in fact it
was first proposed in the 1940s by Reginald Daly of Harvard. The only recent thing about it is
people paying any attention to it.When Earth was only about a third of its eventual size, it was
probably already beginning to form an atmosphere, mostly of carbon dioxide, nitrogen, methane,



and sulfur. Hardly the sort of stuff that we would associate with life, and yet from this noxious
stew life formed. Carbon dioxide is a powerful greenhouse gas. This was a good thing because
the Sun was significantly dimmer back then. Had we not had the benefit of a greenhouse effect,
the Earth might well have frozen over permanently, and life might never have gotten a toehold.
But somehow life did.For the next 500 million years the young Earth continued to be pelted
relentlessly by comets, meteorites, and other galactic debris, which brought water to fill the
oceans and the components necessary for the successful formation of life. It was a singularly
hostile environment and yet somehow life got going. Some tiny bag of chemicals twitched and
became animate. We were on our way.Four billion years later people began to wonder how it had
all happened. And it is there that our story next takes us.4 THE MEASURE OF THINGSIF YOU
HAD to select the least convivial scientific field trip of all time, you could certainly do worse than
the French Royal Academy of Sciences’ Peruvian expedition of 1735. Led by a hydrologist
named Pierre Bouguer and a soldier-mathematician named Charles Marie de La Condamine, it
was a party of scientists and adventurers who traveled to Peru with the purpose of triangulating
distances through the Andes.At the time people had lately become infected with a powerful
desire to understand the Earth—to determine how old it was, and how massive, where it hung in
space, and how it had come to be. The French party’s goal was to help settle the question of the
circumference of the planet by measuring the length of one degree of meridian (or 1/360 of the
distance around the planet) along a line reaching from Yarouqui, near Quito, to just beyond
Cuenca in what is now Ecuador, a distance of about two hundred miles.*Almost at once things
began to go wrong, sometimes spectacularly so. In Quito, the visitors somehow provoked the
locals and were chased out of town by a mob armed with stones. Soon after, the expedition’s
doctor was murdered in a misunderstanding over a woman. The botanist became deranged.
Others died of fevers and falls. The third most senior member of the party, a man named Jean
Godin, ran off with a thirteen-year-old girl and could not be induced to return.At one point the
group had to suspend work for eight months while La Condamine rode off to Lima to sort out a
problem with their permits. Eventually he and Bouguer stopped speaking and refused to work
together. Everywhere the dwindling party went it was met with the deepest suspicions from
officials who found it difficult to believe that a group of French scientists would travel halfway
around the world to measure the world. That made no sense at all. Two and a half centuries later
it still seems a reasonable question. Why didn’t the French make their measurements in France
and save themselves all the bother and discomfort of their Andean adventure?The answer lies
partly with the fact that eighteenth-century scientists, the French in particular, seldom did things
simply if an absurdly demanding alternative was available, and partly with a practical problem
that had first arisen with the English astronomer Edmond Halley many years before—long before
Bouguer and La Condamine dreamed of going to South America, much less had a reason for
doing so.Halley was an exceptional figure. In the course of a long and productive career, he was
a sea captain, a cartographer, a professor of geometry at the University of Oxford, deputy
controller of the Royal Mint, astronomer royal, and inventor of the deep-sea diving bell. He wrote



authoritatively on magnetism, tides, and the motions of the planets, and fondly on the effects of
opium. He invented the weather map and actuarial table, proposed methods for working out the
age of the Earth and its distance from the Sun, even devised a practical method for keeping fish
fresh out of season. The one thing he didn’t do, interestingly enough, was discover the comet
that bears his name. He merely recognized that the comet he saw in 1682 was the same one
that had been seen by others in 1456, 1531, and 1607. It didn’t become Halley’s comet until
1758, some sixteen years after his death.For all his achievements, however, Halley’s greatest
contribution to human knowledge may simply have been to take part in a modest scientific
wager with two other worthies of his day: Robert Hooke, who is perhaps best remembered now
as the first person to describe a cell, and the great and stately Sir Christopher Wren, who was
actually an astronomer first and architect second, though that is not often generally remembered
now. In 1683, Halley, Hooke, and Wren were dining in London when the conversation turned to
the motions of celestial objects. It was known that planets were inclined to orbit in a particular
kind of oval known as an ellipse—“a very specific and precise curve,” to quote Richard Feynman
—but it wasn’t understood why. Wren generously offered a prize worth forty shillings (equivalent
to a couple of weeks’ pay) to whichever of the men could provide a solution.Hooke, who was
well known for taking credit for ideas that weren’t necessarily his own, claimed that he had
solved the problem already but declined now to share it on the interesting and inventive grounds
that it would rob others of the satisfaction of discovering the answer for themselves. He would
instead “conceal it for some time, that others might know how to value it.” If he thought any more
on the matter, he left no evidence of it. Halley, however, became consumed with finding the
answer, to the point that the following year he traveled to Cambridge and boldly called upon the
university’s Lucasian Professor of Mathematics, Isaac Newton, in the hope that he could
help.Newton was a decidedly odd figure—brilliant beyond measure, but solitary, joyless, prickly
to the point of paranoia, famously distracted (upon swinging his feet out of bed in the morning he
would reportedly sometimes sit for hours, immobilized by the sudden rush of thoughts to his
head), and capable of the most riveting strangeness. He built his own laboratory, the first at
Cambridge, but then engaged in the most bizarre experiments. Once he inserted a bodkin—a
long needle of the sort used for sewing leather—into his eye socket and rubbed it around
“betwixt my eye and the bone as near to [the] backside of my eye as I could” just to see what
would happen. What happened, miraculously, was nothing—at least nothing lasting. On another
occasion, he stared at the Sun for as long as he could bear, to determine what effect it would
have upon his vision. Again he escaped lasting damage, though he had to spend some days in a
darkened room before his eyes forgave him.Set atop these odd beliefs and quirky traits,
however, was the mind of a supreme genius—though even when working in conventional
channels he often showed a tendency to peculiarity. As a student, frustrated by the limitations of
conventional mathematics, he invented an entirely new form, the calculus, but then told no one
about it for twenty-seven years. In like manner, he did work in optics that transformed our
understanding of light and laid the foundation for the science of spectroscopy, and again chose



not to share the results for three decades.For all his brilliance, real science accounted for only a
part of his interests. At least half his working life was given over to alchemy and wayward
religious pursuits. These were not mere dabblings but wholehearted devotions. He was a secret
adherent of a dangerously heretical sect called Arianism, whose principal tenet was the belief
that there had been no Holy Trinity (slightly ironic since Newton’s college at Cambridge was
Trinity). He spent endless hours studying the floor plan of the lost Temple of King Solomon in
Jerusalem (teaching himself Hebrew in the process, the better to scan original texts) in the belief
that it held mathematical clues to the dates of the second coming of Christ and the end of the
world. His attachment to alchemy was no less ardent. In 1936, the economist John Maynard
Keynes bought a trunk of Newton’s papers at auction and discovered with astonishment that
they were overwhelmingly preoccupied not with optics or planetary motions, but with a single-
minded quest to turn base metals into precious ones. An analysis of a strand of Newton’s hair in
the 1970s found it contained mercury—an element of interest to alchemists, hatters, and
thermometer-makers but almost no one else—at a concentration some forty times the natural
level. It is perhaps little wonder that he had trouble remembering to rise in the morning.Quite
what Halley expected to get from him when he made his unannounced visit in August 1684 we
can only guess. But thanks to the later account of a Newton confidant, Abraham DeMoivre, we
do have a record of one of science’s most historic encounters:In 1684 Dr Halley came to visit at
Cambridge [and] after they had some time together the Dr asked him what he thought the curve
would be that would be described by the Planets supposing the force of attraction toward the
Sun to be reciprocal to the square of their distance from it.This was a reference to a piece of
mathematics known as the inverse square law, which Halley was convinced lay at the heart of
the explanation, though he wasn’t sure exactly how.Sr Isaac replied immediately that it would be
an [ellipse]. The Doctor, struck with joy & amazement, asked him how he knew it. ‘Why,’ saith he,
‘I have calculated it,’ whereupon Dr Halley asked him for his calculation without farther delay, Sr
Isaac looked among his papers but could not find it.This was astounding—like someone saying
he had found a cure for cancer but couldn’t remember where he had put the formula. Pressed by
Halley, Newton agreed to redo the calculations and produce a paper. He did as promised, but
then did much more. He retired for two years of intensive reflection and scribbling, and at length
produced his masterwork: the Philosophiae Naturalis Principia Mathematica or Mathematical
Principles of Natural Philosophy, better known as the Principia.Once in a great while, a few times
in history, a human mind produces an observation so acute and unexpected that people can’t
quite decide which is the more amazing—the fact or the thinking of it. Principia was one of those
moments. It made Newton instantly famous. For the rest of his life he would be draped with
plaudits and honors, becoming, among much else, the first person in Britain knighted for
scientific achievement. Even the great German mathematician Gottfried von Leibniz, with whom
Newton had a long, bitter fight over priority for the invention of the calculus, thought his
contributions to mathematics equal to all the accumulated work that had preceded him. “Nearer
the gods no mortal may approach,” wrote Halley in a sentiment that was endlessly echoed by his



contemporaries and by many others since.Although the Principia has been called “one of the
most inaccessible books ever written” (Newton intentionally made it difficult so that he wouldn’t
be pestered by mathematical “smatterers,” as he called them), it was a beacon to those who
could follow it. It not only explained mathematically the orbits of heavenly bodies, but also
identified the attractive force that got them moving in the first place—gravity. Suddenly every
motion in the universe made sense.At Principia’s heart were Newton’s three laws of motion
(which state, very baldly, that a thing moves in the direction in which it is pushed; that it will keep
moving in a straight line until some other force acts to slow or deflect it; and that every action has
an opposite and equal reaction) and his universal law of gravitation. This states that every object
in the universe exerts a tug on every other. It may not seem like it, but as you sit here now you
are pulling everything around you—walls, ceiling, lamp, pet cat—toward you with your own little
(indeed, very little) gravitational field. And these things are also pulling on you. It was Newton
who realized that the pull of any two objects is, to quote Feynman again, “proportional to the
mass of each and varies inversely as the square of the distance between them.” Put another
way, if you double the distance between two objects, the attraction between them becomes four
times weaker. This can be expressed with the formulawhich is of course way beyond anything
that most of us could make practical use of, but at least we can appreciate that it is elegantly
compact. A couple of brief multiplications, a simple division, and, bingo, you know your
gravitational position wherever you go. It was the first really universal law of nature ever
propounded by a human mind, which is why Newton is regarded with such universal
esteem.Principia’s production was not without drama. To Halley’s horror, just as work was
nearing completion Newton and Hooke fell into dispute over the priority for the inverse square
law and Newton refused to release the crucial third volume, without which the first two made little
sense. Only with some frantic shuttle diplomacy and the most liberal applications of flattery did
Halley manage finally to extract the concluding volume from the erratic professor.Halley’s
traumas were not yet quite over. The Royal Society had promised to publish the work, but now
pulled out, citing financial embarrassment. The year before the society had backed a costly flop
called The History of Fishes, and they now suspected that the market for a book on
mathematical principles would be less than clamorous. Halley, whose means were not great,
paid for the book’s publication out of his own pocket. Newton, as was his custom, contributed
nothing. To make matters worse, Halley at this time had just accepted a position as the society’s
clerk, and he was informed that the society could no longer afford to provide him with a
promised salary of £50 per annum. He was to be paid instead in copies of The History of
Fishes.Newton’s laws explained so many things—the slosh and roll of ocean tides, the motions
of planets, why cannonballs trace a particular trajectory before thudding back to Earth, why we
aren’t flung into space as the planet spins beneath us at hundreds of miles an hour†—that it
took a while for all their implications to seep in. But one revelation became almost immediately
controversial.This was the suggestion that the Earth is not quite round. According to Newton’s
theory, the centrifugal force of the Earth’s spin should result in a slight flattening at the poles and



a bulging at the equator, which would make the planet slightly oblate. That meant that the length
of a degree wouldn’t be the same in Italy as it was in Scotland. Specifically, the length would
shorten as you moved away from the poles. This was not good news for those people whose
measurements of the Earth were based on the assumption that the Earth was a perfect sphere,
which was everyone.For half a century people had been trying to work out the size of the Earth,
mostly by making very exacting measurements. One of the first such attempts was by an English
mathematician named Richard Norwood. As a young man Norwood had traveled to Bermuda
with a diving bell modeled on Halley’s device, intending to make a fortune scooping pearls from
the seabed. The scheme failed because there were no pearls and anyway Norwood’s bell didn’t
work, but Norwood was not one to waste an experience. In the early seventeenth century
Bermuda was well known among ships’ captains for being hard to locate. The problem was that
the ocean was big, Bermuda small, and the navigational tools for dealing with this disparity
hopelessly inadequate. There wasn’t even yet an agreed length for a nautical mile. Over the
breadth of an ocean the smallest miscalculations would become magnified so that ships often
missed Bermuda-sized targets by dismaying margins. Norwood, whose first love was
trigonometry and thus angles, decided to bring a little mathematical rigor to navigation and to
that end he determined to calculate the length of a degree.Starting with his back against the
Tower of London, Norwood spent two devoted years marching 208 miles north to York,
repeatedly stretching and measuring a length of chain as he went, all the while making the most
meticulous adjustments for the rise and fall of the land and the meanderings of the road. The
final step was to measure the angle of the Sun at York at the same time of day and on the same
day of the year as he had made his first measurement in London. From this, he reasoned he
could determine the length of one degree of the Earth’s meridian and thus calculate the distance
around the whole. It was an almost ludicrously ambitious undertaking—a mistake of the slightest
fraction of a degree would throw the whole thing out by miles—but in fact, as Norwood proudly
declaimed, he was accurate to “within a scantling”—or, more precisely, to within about six
hundred yards. In metric terms, his figure worked out at 110.72 kilometers per degree of arc.In
1637, Norwood’s masterwork of navigation, The Seaman’s Practice, was published and found
an immediate following. It went through seventeen editions and was still in print twenty-five years
after his death. Norwood returned to Bermuda with his family, becoming a successful planter
and devoting his leisure hours to his first love, trigonometry. He survived there for thirty-eight
years and it would be pleasing to report that he passed this span in happiness and adulation. In
fact, he didn’t. On the crossing from England, his two young sons were placed in a cabin with the
Reverend Nathaniel White, and somehow so successfully traumatized the young vicar that he
devoted much of the rest of his career to persecuting Norwood in any small way he could think
of.Norwood’s two daughters brought their father additional pain by making poor marriages. One
of the husbands, possibly incited by the vicar, continually laid small charges against Norwood in
court, causing him much exasperation and necessitating repeated trips across Bermuda to
defend himself. Finally in the 1650s witch trials came to Bermuda and Norwood spent his final



years in severe unease that his papers on trigonometry, with their arcane symbols, would be
taken as communications with the devil and that he would be treated to a dreadful execution. So
little is known of Norwood that it may in fact be that he deserved his unhappy declining years.
What is certainly true is that he got them.Meanwhile, the momentum for determining the Earth’s
circumference passed to France. There, the astronomer Jean Picard devised an impressively
complicated method of triangulation involving quadrants, pendulum clocks, zenith sectors, and
telescopes (for observing the motions of the moons of Jupiter). After two years of trundling and
triangulating his way across France, in 1669 he announced a more accurate measure of 110.46
kilometers for one degree of arc. This was a great source of pride for the French, but it was
predicated on the assumption that the Earth was a perfect sphere—which Newton now said it
was not.To complicate matters, after Picard’s death the father-and-son team of Giovanni and
Jacques Cassini repeated Picard’s experiments over a larger area and came up with results that
suggested that the Earth was fatter not at the equator but at the poles—that Newton, in other
words, was exactly wrong. It was this that prompted the Academy of Sciences to dispatch
Bouguer and La Condamine to South America to take new measurements.They chose the
Andes because they needed to measure near the equator, to determine if there really was a
difference in sphericity there, and because they reasoned that mountains would give them good
sightlines. In fact, the mountains of Peru were so constantly lost in cloud that the team often had
to wait weeks for an hour’s clear surveying. On top of that, they had selected one of the most
nearly impossible terrains on Earth. Peruvians refer to their landscape as muy accidentado
—“much accidented”—and this it most certainly is. The French had not only to scale some of the
world’s most challenging mountains—mountains that defeated even their mules—but to reach
the mountains they had to ford wild rivers, hack their way through jungles, and cross miles of
high, stony desert, nearly all of it uncharted and far from any source of supplies. But Bouguer
and La Condamine were nothing if not tenacious, and they stuck to the task for nine and a half
long, grim, sun-blistered years. Shortly before concluding the project, they received word that a
second French team, taking measurements in northern Scandinavia (and facing notable
discomforts of their own, from squelching bogs to dangerous ice floes), had found that a degree
was in fact longer near the poles, as Newton had promised. The Earth was forty-three kilometers
stouter when measured equatorially than when measured from top to bottom around the
poles.Bouguer and La Condamine thus had spent nearly a decade working toward a result they
didn’t wish to find only to learn now that they weren’t even the first to find it. Listlessly, they
completed their survey, which confirmed that the first French team was correct. Then, still not
speaking, they returned to the coast and took separate ships home.Something else conjectured
by Newton in the Principia was that a plumb bob hung near a mountain would incline very
slightly toward the mountain, affected by the mountain’s gravitational mass as well as by the
Earth’s. This was more than a curious fact. If you measured the deflection accurately and worked
out the mass of the mountain, you could calculate the universal gravitational constant—that is,
the basic value of gravity, known as G—and along with it the mass of the Earth.Bouguer and La



Condamine had tried this on Ecuador’s Mount Chimborazo, but had been defeated by both the
technical difficulties and their own squabbling, and so the notion lay dormant for another thirty
years until resurrected in England by Nevil Maskelyne, the astronomer royal. In Dava Sobel’s
popular book Longitude, Maskelyne is presented as a ninny and villain for failing to appreciate
the brilliance of the clockmaker John Harrison, and this may be so, but we are indebted to him in
other ways not mentioned in her book, not least for his successful scheme to weigh the Earth.
Maskelyne realized that the nub of the problem lay with finding a mountain of sufficiently regular
shape to judge its mass.At his urging, the Royal Society agreed to engage a reliable figure to
tour the British Isles to see if such a mountain could be found. Maskelyne knew just such a
person—the astronomer and surveyor Charles Mason. Maskelyne and Mason had become
friends eleven years earlier while engaged in a project to measure an astronomical event of
great importance: the passage of the planet Venus across the face of the Sun. The tireless
Edmond Halley had suggested years before that if you measured one of these passages from
selected points on the Earth, you could use the principles of triangulation to work out the
distance to the Sun, and from that calibrate the distances to all the other bodies in the solar
system.Unfortunately, transits of Venus, as they are known, are an irregular occurrence. They
come in pairs eight years apart, but then are absent for a century or more, and there were none
in Halley’s lifetime.‡ But the idea simmered and when the next transit came due in 1761, nearly
two decades after Halley’s death, the scientific world was ready—indeed, more ready than it had
been for an astronomical event before.With the instinct for ordeal that characterized the age,
scientists set off for more than a hundred locations around the globe—to Siberia, China, South
Africa, Indonesia, and the woods of Wisconsin, among many others. France dispatched thirty-
two observers, Britain eighteen more, and still others set out from Sweden, Russia, Italy,
Germany, Ireland, and elsewhere.It was history’s first cooperative international scientific venture,
and almost everywhere it ran into problems. Many observers were waylaid by war, sickness, or
shipwreck. Others made their destinations but opened their crates to find equipment broken or
warped by tropical heat. Once again the French seemed fated to provide the most memorably
unlucky participants. Jean Chappe spent months traveling to Siberia by coach, boat, and sleigh,
nursing his delicate instruments over every perilous bump, only to find the last vital stretch
blocked by swollen rivers, the result of unusually heavy spring rains, which the locals were swift
to blame on him after they saw him pointing strange instruments at the sky. Chappe managed to
escape with his life, but with no useful measurements.Unluckier still was Guillaume Le Gentil,
whose experiences are wonderfully summarized by Timothy Ferris in Coming of Age in the Milky
Way. Le Gentil set off from France a year ahead of time to observe the transit from India, but
various setbacks left him still at sea on the day of the transit—just about the worst place to be
since steady measurements were impossible on a pitching ship.Undaunted, Le Gentil continued
on to India to await the next transit in 1769. With eight years to prepare, he erected a first-rate
viewing station, tested and retested his instruments, and had everything in a state of perfect
readiness. On the morning of the second transit, June 4, 1769, he awoke to a fine day, but, just



as Venus began its pass, a cloud slid in front of the Sun and remained there for almost exactly
the duration of the transit: three hours, fourteen minutes, and seven seconds.Stoically, Le Gentil
packed up his instruments and set off for the nearest port, but en route he contracted dysentery
and was laid up for nearly a year. Still weakened, he finally made it onto a ship. It was nearly
wrecked in a hurricane off the African coast. When at last he reached home, eleven and a half
years after setting off, and having achieved nothing, he discovered that his relatives had had him
declared dead in his absence and had enthusiastically plundered his estate.In comparison, the
disappointments experienced by Britain’s eighteen scattered observers were mild. Mason found
himself paired with a young surveyor named Jeremiah Dixon and apparently they got along well,
for they formed a lasting partnership. Their instructions were to travel to Sumatra and chart the
transit there, but after just one night at sea their ship was attacked by a French frigate. (Although
scientists were in an internationally cooperative mood, nations weren’t.) Mason and Dixon sent a
note to the Royal Society observing that it seemed awfully dangerous on the high seas and
wondering if perhaps the whole thing oughtn’t to be called off. In reply they received a swift and
chilly rebuke, noting that they had already been paid, that the nation and scientific community
were counting on them, and that their failure to proceed would result in the irretrievable loss of
their reputations. Chastened, they sailed on, but en route word reached them that Sumatra had
fallen to the French and so they observed the transit inconclusively from the Cape of Good
Hope. On the way home they stopped on the lonely Atlantic outcrop of St. Helena, where they
met Maskelyne, whose observations had been thwarted by cloud cover. Mason and Maskelyne
formed a solid friendship and spent several happy, and possibly even mildly useful, weeks
charting tidal flows.Soon afterward, Maskelyne returned to England where he became
astronomer royal, and Mason and Dixon—now evidently more seasoned—set off for four long
and often perilous years surveying their way through 244 miles of dangerous American
wilderness to settle a boundary dispute between the estates of William Penn and Lord Baltimore
and their respective colonies of Pennsylvania and Maryland. The result was the famous Mason
and Dixon line, which later took on symbolic importance as the dividing line between the slave
and free states. (Although the line was their principal task, they also contributed several
astronomical surveys, including one of the century’s most accurate measurements of a degree
of meridian—an achievement that brought them far more acclaim in England than the settling of
a boundary dispute between spoiled aristocrats.)Back in Europe, Maskelyne and his
counterparts in Germany and France were forced to the conclusion that the transit
measurements of 1761 were essentially a failure. One of the problems, ironically, was that there
were too many observations, which when brought together often proved contradictory and
impossible to resolve. The successful charting of a Venusian transit fell instead to a little-known
Yorkshire-born sea captain named James Cook, who watched the 1769 transit from a sunny
hilltop in Tahiti, and then went on to chart and claim Australia for the British crown. Upon his
return there was now enough information for the French astronomer Joseph Lalande to calculate
that the mean distance from the Earth to the Sun was a little over 150 million kilometers. (Two



further transits in the nineteenth century allowed astronomers to put the figure at 149.59 million
kilometers, where it has remained ever since. The precise distance, we now know, is
149.597870691 million kilometers.) The Earth at last had a position in space.As for Mason and
Dixon, they returned to England as scientific heroes and, for reasons unknown, dissolved their
partnership. Considering the frequency with which they turn up at seminal events in eighteenth-
century science, remarkably little is known about either man. No likenesses exist and few written
references. Of Dixon the Dictionary of National Biography notes intriguingly that he was “said to
have been born in a coal mine,” but then leaves it to the reader’s imagination to supply a
plausible explanatory circumstance, and adds that he died at Durham in 1777. Apart from his
name and long association with Mason, nothing more is known.Mason is only slightly less
shadowy. We know that in 1772, at Maskelyne’s behest, he accepted the commission to find a
suitable mountain for the gravitational deflection experiment, at length reporting back that the
mountain they needed was in the central Scottish Highlands, just above Loch Tay, and was
called Schiehallion. Nothing, however, would induce him to spend a summer surveying it. He
never returned to the field again. His next known movement was in 1786 when, abruptly and
mysteriously, he turned up in Philadelphia with his wife and eight children, apparently on the
verge of destitution. He had not been back to America since completing his survey there
eighteen years earlier and had no known reason for being there, or any friends or patrons to
greet him. A few weeks later he was dead.With Mason refusing to survey the mountain, the job
fell to Maskelyne. So for four months in the summer of 1774, Maskelyne lived in a tent in a
remote Scottish glen and spent his days directing a team of surveyors, who took hundreds of
measurements from every possible position. To find the mass of the mountain from all these
numbers required a great deal of tedious calculating, for which a mathematician named Charles
Hutton was engaged. The surveyors had covered a map with scores of figures, each marking an
elevation at some point on or around the mountain. It was essentially just a confusing mass of
numbers, but Hutton noticed that if he used a pencil to connect points of equal height, it all
became much more orderly. Indeed, one could instantly get a sense of the overall shape and
slope of the mountain. He had invented contour lines.Extrapolating from his Schiehallion
measurements, Hutton calculated the mass of the Earth at 5,000 million million tons, from which
could reasonably be deduced the masses of all the other major bodies in the solar system,
including the Sun. So from this one experiment we learned the masses of the Earth, the Sun, the
Moon, the other planets and their moons, and got contour lines into the bargain—not bad for a
summer’s work.Not everyone was satisfied with the results, however. The shortcoming of the
Schiehallion experiment was that it was not possible to get a truly accurate figure without
knowing the actual density of the mountain. For convenience, Hutton had assumed that the
mountain had the same density as ordinary stone, about 2.5 times that of water, but this was
little more than an educated guess.One improbable-seeming person who turned his mind to the
matter was a country parson named John Michell, who resided in the lonely Yorkshire village of
Thornhill. Despite his remote and comparatively humble situation, Michell was one of the great



scientific thinkers of the eighteenth century and much esteemed for it.Among a great deal else,
he perceived the wavelike nature of earthquakes, conducted much original research into
magnetism and gravity, and, quite extraordinarily, envisioned the possibility of black holes two
hundred years before anyone else—a leap of intuitive deduction that not even Newton could
make. When the German-born musician William Herschel decided his real interest in life was
astronomy, it was Michell to whom he turned for instruction in making telescopes, a kindness for
which planetary science has been in his debt ever since.§But of all that Michell accomplished,
nothing was more ingenious or had greater impact than a machine he designed and built for
measuring the mass of the Earth. Unfortunately, he died before he could conduct the
experiments and both the idea and the necessary equipment were passed on to a brilliant but
magnificently retiring London scientist named Henry Cavendish.Cavendish is a book in himself.
Born into a life of sumptuous privilege—his grandfathers were dukes, respectively, of Devonshire
and Kent—he was the most gifted English scientist of his age, but also the strangest. He
suffered, in the words of one of his few biographers, from shyness to a “degree bordering on
disease.” Any human contact was for him a source of the deepest discomfort.Once he opened
his door to find an Austrian admirer, freshly arrived from Vienna, on the front step. Excitedly the
Austrian began to babble out praise. For a few moments Cavendish received the compliments
as if they were blows from a blunt object and then, unable to take any more, fled down the path
and out the gate, leaving the front door wide open. It was some hours before he could be coaxed
back to the property. Even his housekeeper communicated with him by letter.Although he did
sometimes venture into society—he was particularly devoted to the weekly scientific soirées of
the great naturalist Sir Joseph Banks—it was always made clear to the other guests that
Cavendish was on no account to be approached or even looked at. Those who sought his views
were advised to wander into his vicinity as if by accident and to “talk as it were into vacancy.” If
their remarks were scientifically worthy they might receive a mumbled reply, but more often than
not they would hear a peeved squeak (his voice appears to have been high pitched) and turn to
find an actual vacancy and the sight of Cavendish fleeing for a more peaceful corner.His wealth
and solitary inclinations allowed him to turn his house in Clapham into a large laboratory where
he could range undisturbed through every corner of the physical sciences—electricity, heat,
gravity, gases, anything to do with the composition of matter. The second half of the eighteenth
century was a time when people of a scientific bent grew intensely interested in the physical
properties of fundamental things—gases and electricity in particular—and began seeing what
they could do with them, often with more enthusiasm than sense. In America, Benjamin Franklin
famously risked his life by flying a kite in an electrical storm. In France, a chemist named Pilatre
de Rozier tested the flammability of hydrogen by gulping a mouthful and blowing across an open
flame, proving at a stroke that hydrogen is indeed explosively combustible and that eyebrows
are not necessarily a permanent feature of one’s face. Cavendish, for his part, conducted
experiments in which he subjected himself to graduated jolts of electrical current, diligently
noting the increasing levels of agony until he could keep hold of his quill, and sometimes his



consciousness, no longer.In the course of a long life Cavendish made a string of signal
discoveries—among much else he was the first person to isolate hydrogen and the first to
combine hydrogen and oxygen to form water—but almost nothing he did was entirely divorced
from strangeness. To the continuing exasperation of his fellow scientists, he often alluded in
published work to the results of contingent experiments that he had not told anyone about. In his
secretiveness he didn’t merely resemble Newton, but actively exceeded him. His experiments
with electrical conductivity were a century ahead of their time, but unfortunately remained
undiscovered until that century had passed. Indeed the greater part of what he did wasn’t known
until the late nineteenth century when the Cambridge physicist James Clerk Maxwell took on the
task of editing Cavendish’s papers, by which time credit had nearly always been given to
others.Among much else, and without telling anyone, Cavendish discovered or anticipated the
law of the conservation of energy, Ohm’s law, Dalton’s Law of Partial Pressures, Richter’s Law of
Reciprocal Proportions, Charles’s Law of Gases, and the principles of electrical conductivity.
That’s just some of it. According to the science historian J. G. Crowther, he also foreshadowed
“the work of Kelvin and G. H. Darwin on the effect of tidal friction on slowing the rotation of the
earth, and Larmor’s discovery, published in 1915, on the effect of local atmospheric
cooling … the work of Pickering on freezing mixtures, and some of the work of Rooseboom on
heterogeneous equilibria.” Finally, he left clues that led directly to the discovery of the group of
elements known as the noble gases, some of which are so elusive that the last of them wasn’t
found until 1962. But our interest here is in Cavendish’s last known experiment when in the late
summer of 1797, at the age of sixty-seven, he turned his attention to the crates of equipment
that had been left to him—evidently out of simple scientific respect—by John Michell.When
assembled, Michell’s apparatus looked like nothing so much as an eighteenth-century version of
a Nautilus weight-training machine. It incorporated weights, counterweights, pendulums, shafts,
and torsion wires. At the heart of the machine were two 350-pound lead balls, which were
suspended beside two smaller spheres. The idea was to measure the gravitational deflection of
the smaller spheres by the larger ones, which would allow the first measurement of the elusive
force known as the gravitational constant, and from which the weight (strictly speaking, the
mass) of the Earth could be deduced.Because gravity holds planets in orbit and makes falling
objects land with a bang, we tend to think of it as a powerful force, but it is not really. It is only
powerful in a kind of collective sense, when one massive object, like the Sun, holds on to
another massive object, like the Earth. At an elemental level gravity is extraordinarily unrobust.
Each time you pick up a book from a table or a dime from the floor you effortlessly overcome the
combined gravitational exertion of an entire planet. What Cavendish was trying to do was
measure gravity at this extremely featherweight level.Delicacy was the key word. Not a whisper
of disturbance could be allowed into the room containing the apparatus, so Cavendish took up a
position in an adjoining room and made his observations with a telescope aimed through a
peephole. The work was incredibly exacting and involved seventeen delicate, interconnected
measurements, which together took nearly a year to complete. When at last he had finished his



calculations, Cavendish announced that the Earth weighed a little over
13,000,000,000,000,000,000,000 pounds, or six billion trillion metric tons, to use the modern
measure. (A metric ton is 1,000 kilograms or 2,205 pounds.)Today, scientists have at their
disposal machines so precise they can detect the weight of a single bacterium and so sensitive
that readings can be disturbed by someone yawning seventy-five feet away, but they have not
significantly improved on Cavendish’s measurements of 1797. The current best estimate for
Earth’s weight is 5.9725 billion trillion metric tons, a difference of only about 1 percent from
Cavendish’s finding. Interestingly, all of this merely confirmed estimates made by Newton 110
years before Cavendish without any experimental evidence at all.So, by the late eighteenth
century scientists knew very precisely the shape and dimensions of the Earth and its distance
from the Sun and planets; and now Cavendish, without even leaving home, had given them its
weight. So you might think that determining the age of the Earth would be relatively
straightforward. After all, the necessary materials were literally at their feet. But no. Human
beings would split the atom and invent television, nylon, and instant coffee before they could
figure out the age of their own planet.To understand why, we must travel north to Scotland and
begin with a brilliant and genial man, of whom few have ever heard, who had just invented a new
science called geology.*Triangulation, their chosen method, was a popular technique based on
the geometric fact that if you know the length of one side of a triangle and the angles of two
corners, you can work out all its other dimensions without leaving your chair. Suppose, by way of
example, that you and I decided we wished to know how far it is to the Moon. Using triangulation,
the first thing we must do is put some distance between us, so let’s say for argument that you
stay in Paris and I go to Moscow and we both look at the Moon at the same time. Now if you
imagine a line connecting the three principals of this exercise—that is, you and I and the Moon—
it forms a triangle. Measure the length of the baseline between you and me and the angles of our
two corners and the rest can be simply calculated. (Because the interior angles of a triangle
always add up to 180 degrees, if you know the sum of two of the angles you can instantly
calculate the third; and knowing the precise shape of a triangle and the length of one side tells
you the lengths of the other sides.) This was in fact the method use by a Greek astronomer,
Hipparchus of Nicaea, in 150 B.C. to work out the Moon’s distance from Earth. At ground level,
the principles of triangulation are the same, except that the triangles don’t reach into space but
rather are laid side to side on a map. In measuring a degree of meridian, the surveyors would
create a sort of chain of triangles marching across the landscape.†How fast you are spinning
depends on where you are. The speed of the Earth’s spin varies from a little over 1,000 miles an
hour at the equator to zero at the poles.‡The next transit will be on June 8, 2004, with a second
in 2012. There were none in the twentieth century.§In 1781 Herschel became the first person in
the modern era to discover a planet. He wanted to call it George, after the British monarch, but
was overruled. Instead it became Uranus. To a physicist, mass and weight are two quite
different things. Your mass stays the same wherever you go, but your weight varies depending
on how far you are from the center of some other massive object like a planet. Travel to the Moon



and you will be much lighter but no less massive. On Earth, for all practical purposes, mass and
weight are the same and so the terms can be treated as synonymous, at least outside the
classroom.5 THE STONE-BREAKERSAT JUST THE time that Henry Cavendish was completing
his experiments in London, four hundred miles away in Edinburgh another kind of concluding
moment was about to take place with the death of James Hutton. This was bad news for Hutton,
of course, but good news for science as it cleared the way for a man named John Playfair to
rewrite Hutton’s work without fear of embarrassment.Hutton was by all accounts a man of the
keenest insights and liveliest conversation, a delight in company, and without rival when it came
to understanding the mysterious slow processes that shaped the Earth. Unfortunately, it was
beyond him to set down his notions in a form that anyone could begin to understand. He was, as
one biographer observed with an all but audible sigh, “almost entirely innocent of rhetorical
accomplishments.” Nearly every line he penned was an invitation to slumber. Here he is in his
1795 masterwork, A Theory of the Earth with Proofs and Illustrations,
discussing … something:The world which we inhabit is composed of the materials, not of the
earth which was the immediate predecessor of the present, but of the earth which, in ascending
from the present, we consider as the third, and which had preceded the land that was above the
surface of the sea, while our present land was yet beneath the water of the ocean.Yet almost
singlehandedly, and quite brilliantly, he created the science of geology and transformed our
understanding of the Earth. Hutton was born in 1726 into a prosperous Scottish family, and
enjoyed the sort of material comfort that allowed him to pass much of his life in a genially
expansive round of light work and intellectual betterment. He studied medicine, but found it not
to his liking and turned instead to farming, which he followed in a relaxed and scientific way on
the family estate in Berwickshire. Tiring of field and flock, in 1768 he moved to Edinburgh, where
he founded a successful business producing sal ammoniac from coal soot, and busied himself
with various scientific pursuits. Edinburgh at that time was a center of intellectual vigor, and
Hutton luxuriated in its enriching possibilities. He became a leading member of a society called
the Oyster Club, where he passed his evenings in the company of men such as the economist
Adam Smith, the chemist Joseph Black, and the philosopher David Hume, as well as such
occasional visiting sparks as Benjamin Franklin and James Watt.In the tradition of the day,
Hutton took an interest in nearly everything, from mineralogy to metaphysics. He conducted
experiments with chemicals, investigated methods of coal mining and canal building, toured salt
mines, speculated on the mechanisms of heredity, collected fossils, and propounded theories on
rain, the composition of air, and the laws of motion, among much else. But his particular interest
was geology.Among the questions that attracted interest in that fanatically inquisitive age was
one that had puzzled people for a very long time—namely, why ancient clamshells and other
marine fossils were so often found on mountaintops. How on earth did they get there? Those
who thought they had a solution fell into two opposing camps. One group, known as the
Neptunists, was convinced that everything on Earth, including seashells in improbably lofty
places, could be explained by rising and falling sea levels.They believed that mountains, hills,



and other features were as old as the Earth itself, and were changed only when water sloshed
over them during periods of global flooding.Opposing them were the Plutonists, who noted that
volcanoes and earthquakes, among other enlivening agents, continually changed the face of the
planet but clearly owed nothing to wayward seas. The Plutonists also raised awkward questions
about where all the water went when it wasn’t in flood. If there was enough of it at times to cover
the Alps, then where, pray, was it during times of tranquility, such as now? Their belief was that
the Earth was subject to profound internal forces as well as surface ones. However, they couldn’t
convincingly explain how all those clamshells got up there.It was while puzzling over these
matters that Hutton had a series of exceptional insights. From looking at his own farmland, he
could see that soil was created by the erosion of rocks and that particles of this soil were
continually washed away and carried off by streams and rivers and redeposited elsewhere. He
realized that if such a process were carried to its natural conclusion then Earth would eventually
be worn quite smooth. Yet everywhere around him there were hills. Clearly there had to be some
additional process, some form of renewal and uplift, that created new hills and mountains to
keep the cycle going. The marine fossils on mountaintops, he decided, had not been deposited
during floods, but had risen along with the mountains themselves. He also deduced that it was
heat within the Earth that created new rocks and continents and thrust up mountain chains. It is
not too much to say that geologists wouldn’t grasp the full implications of this thought for two
hundred years, when finally they adopted plate tectonics. Above all, what Hutton’s theories
suggested was that Earth processes required huge amounts of time, far more than anyone had
ever dreamed. There were enough insights here to transform utterly our understanding of the
Earth.In 1785, Hutton worked his ideas up into a long paper, which was read at consecutive
meetings of the Royal Society of Edinburgh. It attracted almost no notice at all. It’s not hard to
see why. Here, in part, is how he presented it to his audience:In the one case, the forming cause
is in the body which is separated; for, after the body has been actuated by heat, it is by the
reaction of the proper matter of the body, that the chasm which constitutes the vein is formed. In
the other case, again, the cause is extrinsic in relation to the body in which the chasm is formed.
There has been the most violent fracture and divulsion; but the cause is still to seek; and it
appears not in the vein; for it is not every fracture and dislocation of the solid body of our earth,
in which minerals, or the proper substances of mineral veins, are found.Needless to say, almost
no one in the audience had the faintest idea what he was talking about. Encouraged by his
friends to expand his theory, in the touching hope that he might somehow stumble onto clarity in
a more expansive format, Hutton spent the next ten years preparing his magnum opus, which
was published in two volumes in 1795.Together the two books ran to nearly a thousand pages
and were, remarkably, worse than even his most pessimistic friends had feared. Apart from
anything else, nearly half the completed work now consisted of quotations from French sources,
still in the original French. A third volume was so unenticing that it wasn’t published until 1899,
more than a century after Hutton’s death, and the fourth and concluding volume was never
published at all. Hutton’s Theory of the Earth is a strong candidate for the least read important



book in science (or at least would be if there weren’t so many others). Even Charles Lyell, the
greatest geologist of the following century and a man who read everything, admitted he couldn’t
get through it.Luckily Hutton had a Boswell in the form of John Playfair, a professor of
mathematics at the University of Edinburgh and a close friend, who could not only write silken
prose but—thanks to many years at Hutton’s elbow—actually understood what Hutton was
trying to say, most of the time. In 1802, five years after Hutton’s death, Playfair produced a
simplified exposition of the Huttonian principles, entitled Illustrations of the Huttonian Theory of
the Earth. The book was gratefully received by those who took an active interest in geology,
which in 1802 was not a large number. That, however, was about to change. And how.In the
winter of 1807, thirteen like-minded souls in London got together at the Freemasons Tavern at
Long Acre, in Covent Garden, to form a dining club to be called the Geological Society. The idea
was to meet once a month to swap geological notions over a glass or two of Madeira and a
convivial dinner. The price of the meal was set at a deliberately hefty fifteen shillings to
discourage those whose qualifications were merely cerebral. It soon became apparent, however,
that there was a demand for something more properly institutional, with a permanent
headquarters, where people could gather to share and discuss new findings. In barely a decade
membership grew to four hundred—still all gentlemen, of course—and the Geological was
threatening to eclipse the Royal as the premier scientific society in the country.The members
met twice a month from November until June, when virtually all of them went off to spend the
summer doing fieldwork. These weren’t people with a pecuniary interest in minerals, you
understand, or even academics for the most part, but simply gentlemen with the wealth and time
to indulge a hobby at a more or less professional level. By 1830, there were 745 of them, and the
world would never see the like again.It is hard to imagine now, but geology excited the
nineteenth century—positively gripped it—in a way that no science ever had before or would
again. In 1839, when Roderick Murchison published The Silurian System, a plump and
ponderous study of a type of rock called greywacke, it was an instant bestseller, racing through
four editions, even though it cost eight guineas a copy and was, in true Huttonian style,
unreadable. (As even a Murchison supporter conceded, it had “a total want of literary
attractiveness.”) And when, in 1841, the great Charles Lyell traveled to America to give a series
of lectures in Boston, sellout audiences of three thousand at a time packed into the Lowell
Institute to hear his tranquilizing descriptions of marine zeolites and seismic perturbations in
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AtomINTRODUCTIONWelcome. And congratulations. I am delighted that you could make it.
Getting here wasn’t easy, I know. In fact, I suspect it was a little tougher than you realize.To begin
with, for you to be here now trillions of drifting atoms had somehow to assemble in an intricate
and intriguingly obliging manner to create you. It’s an arrangement so specialized and particular
that it has never been tried before and will only exist this once. For the next many years (we
hope) these tiny particles will uncomplainingly engage in all the billions of deft, cooperative



efforts necessary to keep you intact and let you experience the supremely agreeable but
generally underappreciated state known as existence.Why atoms take this trouble is a bit of a
puzzle. Being you is not a gratifying experience at the atomic level. For all their devoted
attention, your atoms don’t actually care about you—indeed, don’t even know that you are there.
They don’t even know that they are there. They are mindless particles, after all, and not even
themselves alive. (It is a slightly arresting notion that if you were to pick yourself apart with
tweezers, one atom at a time, you would produce a mound of fine atomic dust, none of which
had ever been alive but all of which had once been you.) Yet somehow for the period of your
existence they will answer to a single overarching impulse: to keep you you.The bad news is that
atoms are fickle and their time of devotion is fleeting—fleeting indeed. Even a long human life
adds up to only about 650,000 hours. And when that modest milestone flashes past, or at some
other point thereabouts, for reasons unknown your atoms will shut you down, silently
disassemble, and go off to be other things. And that’s it for you.Still, you may rejoice that it
happens at all. Generally speaking in the universe it doesn’t, so far as we can tell. This is
decidedly odd because the atoms that so liberally and congenially flock together to form living
things on Earth are exactly the same atoms that decline to do it elsewhere. Whatever else it may
be, at the level of chemistry life is curiously mundane: carbon, hydrogen, oxygen, and nitrogen, a
little calcium, a dash of sulfur, a light dusting of other very ordinary elements—nothing you
wouldn’t find in any ordinary drugstore—and that’s all you need. The only thing special about the
atoms that make you is that they make you. That is of course the miracle of life.Whether or not
atoms make life in other corners of the universe, they make plenty else; indeed, they make
everything else. Without them there would be no water or air or rocks, no stars and planets, no
distant gassy clouds or swirling nebulae or any of the other things that make the universe so
usefully material. Atoms are so numerous and necessary that we easily overlook that they
needn’t actually exist at all. There is no law that requires the universe to fill itself with small
particles of matter or to produce light and gravity and the other physical properties on which our
existence hinges. There needn’t actually be a universe at all. For the longest time there wasn’t.
There were no atoms and no universe for them to float about in. There was nothing—nothing at
all anywhere.So thank goodness for atoms. But the fact that you have atoms and that they
assemble in such a willing manner is only part of what got you here. To be here now, alive in the
twenty-first century and smart enough to know it, you also had to be the beneficiary of an
extraordinary string of biological good fortune. Survival on Earth is a surprisingly tricky business.
Of the billions and billions of species of living thing that have existed since the dawn of time,
most—99.99 percent—are no longer around. Life on Earth, you see, is not only brief but
dismayingly tenuous. It is a curious feature of our existence that we come from a planet that is
very good at promoting life but even better at extinguishing it.The average species on Earth lasts
for only about four million years, so if you wish to be around for billions of years, you must be as
fickle as the atoms that made you. You must be prepared to change everything about yourself—
shape, size, color, species affiliation, everything—and to do so repeatedly. That’s much easier



said than done, because the process of change is random. To get from “protoplasmal primordial
atomic globule” (as Gilbert and Sullivan put it) to sentient upright modern human has required
you to mutate new traits over and over in a precisely timely manner for an exceedingly long
while. So at various periods over the last 3.8 billion years you have abhorred oxygen and then
doted on it, grown fins and limbs and jaunty sails, laid eggs, flicked the air with a forked tongue,
been sleek, been furry, lived underground, lived in trees, been as big as a deer and as small as a
mouse, and a million things more. The tiniest deviation from any of these evolutionary shifts, and
you might now be licking algae from cave walls or lolling walruslike on some stony shore or
disgorging air through a blowhole in the top of your head before diving sixty feet for a mouthful of
delicious sandworms.Not only have you been lucky enough to be attached since time
immemorial to a favored evolutionary line, but you have also been extremely—make that
miraculously—fortunate in your personal ancestry. Consider the fact that for 3.8 billion years, a
period of time older than the Earth’s mountains and rivers and oceans, every one of your
forebears on both sides has been attractive enough to find a mate, healthy enough to reproduce,
and sufficiently blessed by fate and circumstances to live long enough to do so. Not one of your
pertinent ancestors was squashed, devoured, drowned, starved, stranded, stuck fast, untimely
wounded, or otherwise deflected from its life’s quest of delivering a tiny charge of genetic
material to the right partner at the right moment in order to perpetuate the only possible
sequence of hereditary combinations that could result—eventually, astoundingly, and all too
briefly—in you.This is a book about how it happened—in particular how we went from there
being nothing at all to there being something, and then how a little of that something turned into
us, and also some of what happened in between and since. That’s a great deal to cover, of
course, which is why the book is called A Short History of Nearly Everything, even though it isn’t
really. It couldn’t be. But with luck by the time we finish it will feel as if it is.My own starting point,
for what it’s worth, was an illustrated science book that I had as a classroom text when I was in
fourth or fifth grade. The book was a standard-issue 1950s schoolbook—battered, unloved,
grimly hefty—but near the front it had an illustration that just captivated me: a cutaway diagram
showing the Earth’s interior as it would look if you cut into the planet with a large knife and
carefully withdrew a wedge representing about a quarter of its bulk.It’s hard to believe that there
was ever a time when I had not seen such an illustration before, but evidently I had not for I
clearly remember being transfixed. I suspect, in honesty, my initial interest was based on a
private image of streams of unsuspecting eastbound motorists in the American plains states
plunging over the edge of a sudden 4,000-mile-high cliff running between Central America and
the North Pole, but gradually my attention did turn in a more scholarly manner to the scientific
import of the drawing and the realization that the Earth consisted of discrete layers, ending in the
center with a glowing sphere of iron and nickel, which was as hot as the surface of the Sun,
according to the caption, and I remember thinking with real wonder: “How do they know that?”I
didn’t doubt the correctness of the information for an instant—I still tend to trust the
pronouncements of scientists in the way I trust those of surgeons, plumbers, and other



possessors of arcane and privileged information—but I couldn’t for the life of me conceive how
any human mind could work out what spaces thousands of miles below us, that no eye had ever
seen and no X ray could penetrate, could look like and be made of. To me that was just a
miracle. That has been my position with science ever since.Excited, I took the book home that
night and opened it before dinner—an action that I expect prompted my mother to feel my
forehead and ask if I was all right—and, starting with the first page, I read.And here’s the thing. It
wasn’t exciting at all. It wasn’t actually altogether comprehensible. Above all, it didn’t answer any
of the questions that the illustration stirred up in a normal inquiring mind: How did we end up with
a Sun in the middle of our planet? And if it is burning away down there, why isn’t the ground
under our feet hot to the touch? And why isn’t the rest of the interior melting—or is it? And when
the core at last burns itself out, will some of the Earth slump into the void, leaving a giant
sinkhole on the surface? And how do you know this? How did you figure it out?But the author
was strangely silent on such details—indeed, silent on everything but anticlines, synclines, axial
faults, and the like. It was as if he wanted to keep the good stuff secret by making all of it soberly
unfathomable. As the years passed, I began to suspect that this was not altogether a private
impulse. There seemed to be a mystifying universal conspiracy among textbook authors to make
certain the material they dealt with never strayed too near the realm of the mildly interesting and
was always at least a long-distance phone call from the frankly interesting.I now know that there
is a happy abundance of science writers who pen the most lucid and thrilling prose—Timothy
Ferris, Richard Fortey, and Tim Flannery are three that jump out from a single station of the
alphabet (and that’s not even to mention the late but godlike Richard Feynman)—but sadly none
of them wrote any textbook I ever used. All mine were written by men (it was always men) who
held the interesting notion that everything became clear when expressed as a formula and the
amusingly deluded belief that the children of America would appreciate having chapters end
with a section of questions they could mull over in their own time. So I grew up convinced that
science was supremely dull, but suspecting that it needn’t be, and not really thinking about it at
all if I could help it. This, too, became my position for a long time.Then much later—about four or
five years ago—I was on a long flight across the Pacific, staring idly out the window at moonlit
ocean, when it occurred to me with a certain uncomfortable forcefulness that I didn’t know the
first thing about the only planet I was ever going to live on. I had no idea, for example, why the
oceans were salty but the Great Lakes weren’t. Didn’t have the faintest idea. I didn’t know if the
oceans were growing more salty with time or less, and whether ocean salinity levels was
something I should be concerned about or not. (I am very pleased to tell you that until the late
1970s scientists didn’t know the answers to these questions either. They just didn’t talk about it
very audibly.)And ocean salinity of course represented only the merest sliver of my ignorance. I
didn’t know what a proton was, or a protein, didn’t know a quark from a quasar, didn’t
understand how geologists could look at a layer of rock on a canyon wall and tell you how old it
was, didn’t know anything really. I became gripped by a quiet, unwonted urge to know a little
about these matters and to understand how people figured them out. That to me remained the



greatest of all amazements—how scientists work things out. How does anybody know how
much the Earth weighs or how old its rocks are or what really is way down there in the center?
How can they know how and when the universe started and what it was like when it did? How do
they know what goes on inside an atom? And how, come to that—or perhaps above all—can
scientists so often seem to know nearly everything but then still can’t predict an earthquake or
even tell us whether we should take an umbrella with us to the races next Wednesday?So I
decided that I would devote a portion of my life—three years, as it now turns out—to reading
books and journals and finding saintly, patient experts prepared to answer a lot of outstandingly
dumb questions. The idea was to see if it isn’t possible to understand and appreciate—marvel
at, enjoy even—the wonder and accomplishments of science at a level that isn’t too technical or
demanding, but isn’t entirely superficial either.That was my idea and my hope, and that is what
the book that follows is intended to be. Anyway, we have a great deal of ground to cover and
much less than 650,000 hours in which to do it, so let’s begin.INTRODUCTIONWelcome. And
congratulations. I am delighted that you could make it. Getting here wasn’t easy, I know. In fact, I
suspect it was a little tougher than you realize.To begin with, for you to be here now trillions of
drifting atoms had somehow to assemble in an intricate and intriguingly obliging manner to
create you. It’s an arrangement so specialized and particular that it has never been tried before
and will only exist this once. For the next many years (we hope) these tiny particles will
uncomplainingly engage in all the billions of deft, cooperative efforts necessary to keep you
intact and let you experience the supremely agreeable but generally underappreciated state
known as existence.Why atoms take this trouble is a bit of a puzzle. Being you is not a gratifying
experience at the atomic level. For all their devoted attention, your atoms don’t actually care
about you—indeed, don’t even know that you are there. They don’t even know that they are
there. They are mindless particles, after all, and not even themselves alive. (It is a slightly
arresting notion that if you were to pick yourself apart with tweezers, one atom at a time, you
would produce a mound of fine atomic dust, none of which had ever been alive but all of which
had once been you.) Yet somehow for the period of your existence they will answer to a single
overarching impulse: to keep you you.The bad news is that atoms are fickle and their time of
devotion is fleeting—fleeting indeed. Even a long human life adds up to only about 650,000
hours. And when that modest milestone flashes past, or at some other point thereabouts, for
reasons unknown your atoms will shut you down, silently disassemble, and go off to be other
things. And that’s it for you.Still, you may rejoice that it happens at all. Generally speaking in the
universe it doesn’t, so far as we can tell. This is decidedly odd because the atoms that so
liberally and congenially flock together to form living things on Earth are exactly the same atoms
that decline to do it elsewhere. Whatever else it may be, at the level of chemistry life is curiously
mundane: carbon, hydrogen, oxygen, and nitrogen, a little calcium, a dash of sulfur, a light
dusting of other very ordinary elements—nothing you wouldn’t find in any ordinary drugstore—
and that’s all you need. The only thing special about the atoms that make you is that they make
you. That is of course the miracle of life.Whether or not atoms make life in other corners of the



universe, they make plenty else; indeed, they make everything else. Without them there would
be no water or air or rocks, no stars and planets, no distant gassy clouds or swirling nebulae or
any of the other things that make the universe so usefully material. Atoms are so numerous and
necessary that we easily overlook that they needn’t actually exist at all. There is no law that
requires the universe to fill itself with small particles of matter or to produce light and gravity and
the other physical properties on which our existence hinges. There needn’t actually be a
universe at all. For the longest time there wasn’t. There were no atoms and no universe for them
to float about in. There was nothing—nothing at all anywhere.So thank goodness for atoms. But
the fact that you have atoms and that they assemble in such a willing manner is only part of what
got you here. To be here now, alive in the twenty-first century and smart enough to know it, you
also had to be the beneficiary of an extraordinary string of biological good fortune. Survival on
Earth is a surprisingly tricky business. Of the billions and billions of species of living thing that
have existed since the dawn of time, most—99.99 percent—are no longer around. Life on Earth,
you see, is not only brief but dismayingly tenuous. It is a curious feature of our existence that we
come from a planet that is very good at promoting life but even better at extinguishing it.The
average species on Earth lasts for only about four million years, so if you wish to be around for
billions of years, you must be as fickle as the atoms that made you. You must be prepared to
change everything about yourself—shape, size, color, species affiliation, everything—and to do
so repeatedly. That’s much easier said than done, because the process of change is random. To
get from “protoplasmal primordial atomic globule” (as Gilbert and Sullivan put it) to sentient
upright modern human has required you to mutate new traits over and over in a precisely timely
manner for an exceedingly long while. So at various periods over the last 3.8 billion years you
have abhorred oxygen and then doted on it, grown fins and limbs and jaunty sails, laid eggs,
flicked the air with a forked tongue, been sleek, been furry, lived underground, lived in trees,
been as big as a deer and as small as a mouse, and a million things more. The tiniest deviation
from any of these evolutionary shifts, and you might now be licking algae from cave walls or
lolling walruslike on some stony shore or disgorging air through a blowhole in the top of your
head before diving sixty feet for a mouthful of delicious sandworms.Not only have you been
lucky enough to be attached since time immemorial to a favored evolutionary line, but you have
also been extremely—make that miraculously—fortunate in your personal ancestry. Consider
the fact that for 3.8 billion years, a period of time older than the Earth’s mountains and rivers and
oceans, every one of your forebears on both sides has been attractive enough to find a mate,
healthy enough to reproduce, and sufficiently blessed by fate and circumstances to live long
enough to do so. Not one of your pertinent ancestors was squashed, devoured, drowned,
starved, stranded, stuck fast, untimely wounded, or otherwise deflected from its life’s quest of
delivering a tiny charge of genetic material to the right partner at the right moment in order to
perpetuate the only possible sequence of hereditary combinations that could result—eventually,
astoundingly, and all too briefly—in you.This is a book about how it happened—in particular how
we went from there being nothing at all to there being something, and then how a little of that



something turned into us, and also some of what happened in between and since. That’s a great
deal to cover, of course, which is why the book is called A Short History of Nearly Everything,
even though it isn’t really. It couldn’t be. But with luck by the time we finish it will feel as if it is.My
own starting point, for what it’s worth, was an illustrated science book that I had as a classroom
text when I was in fourth or fifth grade. The book was a standard-issue 1950s schoolbook—
battered, unloved, grimly hefty—but near the front it had an illustration that just captivated me: a
cutaway diagram showing the Earth’s interior as it would look if you cut into the planet with a
large knife and carefully withdrew a wedge representing about a quarter of its bulk.It’s hard to
believe that there was ever a time when I had not seen such an illustration before, but evidently I
had not for I clearly remember being transfixed. I suspect, in honesty, my initial interest was
based on a private image of streams of unsuspecting eastbound motorists in the American
plains states plunging over the edge of a sudden 4,000-mile-high cliff running between Central
America and the North Pole, but gradually my attention did turn in a more scholarly manner to
the scientific import of the drawing and the realization that the Earth consisted of discrete layers,
ending in the center with a glowing sphere of iron and nickel, which was as hot as the surface of
the Sun, according to the caption, and I remember thinking with real wonder: “How do they know
that?”I didn’t doubt the correctness of the information for an instant—I still tend to trust the
pronouncements of scientists in the way I trust those of surgeons, plumbers, and other
possessors of arcane and privileged information—but I couldn’t for the life of me conceive how
any human mind could work out what spaces thousands of miles below us, that no eye had ever
seen and no X ray could penetrate, could look like and be made of. To me that was just a
miracle. That has been my position with science ever since.Excited, I took the book home that
night and opened it before dinner—an action that I expect prompted my mother to feel my
forehead and ask if I was all right—and, starting with the first page, I read.And here’s the thing. It
wasn’t exciting at all. It wasn’t actually altogether comprehensible. Above all, it didn’t answer any
of the questions that the illustration stirred up in a normal inquiring mind: How did we end up with
a Sun in the middle of our planet? And if it is burning away down there, why isn’t the ground
under our feet hot to the touch? And why isn’t the rest of the interior melting—or is it? And when
the core at last burns itself out, will some of the Earth slump into the void, leaving a giant
sinkhole on the surface? And how do you know this? How did you figure it out?But the author
was strangely silent on such details—indeed, silent on everything but anticlines, synclines, axial
faults, and the like. It was as if he wanted to keep the good stuff secret by making all of it soberly
unfathomable. As the years passed, I began to suspect that this was not altogether a private
impulse. There seemed to be a mystifying universal conspiracy among textbook authors to make
certain the material they dealt with never strayed too near the realm of the mildly interesting and
was always at least a long-distance phone call from the frankly interesting.I now know that there
is a happy abundance of science writers who pen the most lucid and thrilling prose—Timothy
Ferris, Richard Fortey, and Tim Flannery are three that jump out from a single station of the
alphabet (and that’s not even to mention the late but godlike Richard Feynman)—but sadly none



of them wrote any textbook I ever used. All mine were written by men (it was always men) who
held the interesting notion that everything became clear when expressed as a formula and the
amusingly deluded belief that the children of America would appreciate having chapters end
with a section of questions they could mull over in their own time. So I grew up convinced that
science was supremely dull, but suspecting that it needn’t be, and not really thinking about it at
all if I could help it. This, too, became my position for a long time.Then much later—about four or
five years ago—I was on a long flight across the Pacific, staring idly out the window at moonlit
ocean, when it occurred to me with a certain uncomfortable forcefulness that I didn’t know the
first thing about the only planet I was ever going to live on. I had no idea, for example, why the
oceans were salty but the Great Lakes weren’t. Didn’t have the faintest idea. I didn’t know if the
oceans were growing more salty with time or less, and whether ocean salinity levels was
something I should be concerned about or not. (I am very pleased to tell you that until the late
1970s scientists didn’t know the answers to these questions either. They just didn’t talk about it
very audibly.)And ocean salinity of course represented only the merest sliver of my ignorance. I
didn’t know what a proton was, or a protein, didn’t know a quark from a quasar, didn’t
understand how geologists could look at a layer of rock on a canyon wall and tell you how old it
was, didn’t know anything really. I became gripped by a quiet, unwonted urge to know a little
about these matters and to understand how people figured them out. That to me remained the
greatest of all amazements—how scientists work things out. How does anybody know how
much the Earth weighs or how old its rocks are or what really is way down there in the center?
How can they know how and when the universe started and what it was like when it did? How do
they know what goes on inside an atom? And how, come to that—or perhaps above all—can
scientists so often seem to know nearly everything but then still can’t predict an earthquake or
even tell us whether we should take an umbrella with us to the races next Wednesday?So I
decided that I would devote a portion of my life—three years, as it now turns out—to reading
books and journals and finding saintly, patient experts prepared to answer a lot of outstandingly
dumb questions. The idea was to see if it isn’t possible to understand and appreciate—marvel
at, enjoy even—the wonder and accomplishments of science at a level that isn’t too technical or
demanding, but isn’t entirely superficial either.That was my idea and my hope, and that is what
the book that follows is intended to be. Anyway, we have a great deal of ground to cover and
much less than 650,000 hours in which to do it, so let’s begin.INTRODUCTIONWelcome. And
congratulations. I am delighted that you could make it. Getting here wasn’t easy, I know. In fact, I
suspect it was a little tougher than you realize.To begin with, for you to be here now trillions of
drifting atoms had somehow to assemble in an intricate and intriguingly obliging manner to
create you. It’s an arrangement so specialized and particular that it has never been tried before
and will only exist this once. For the next many years (we hope) these tiny particles will
uncomplainingly engage in all the billions of deft, cooperative efforts necessary to keep you
intact and let you experience the supremely agreeable but generally underappreciated state
known as existence.Why atoms take this trouble is a bit of a puzzle. Being you is not a gratifying



experience at the atomic level. For all their devoted attention, your atoms don’t actually care
about you—indeed, don’t even know that you are there. They don’t even know that they are
there. They are mindless particles, after all, and not even themselves alive. (It is a slightly
arresting notion that if you were to pick yourself apart with tweezers, one atom at a time, you
would produce a mound of fine atomic dust, none of which had ever been alive but all of which
had once been you.) Yet somehow for the period of your existence they will answer to a single
overarching impulse: to keep you you.The bad news is that atoms are fickle and their time of
devotion is fleeting—fleeting indeed. Even a long human life adds up to only about 650,000
hours. And when that modest milestone flashes past, or at some other point thereabouts, for
reasons unknown your atoms will shut you down, silently disassemble, and go off to be other
things. And that’s it for you.Still, you may rejoice that it happens at all. Generally speaking in the
universe it doesn’t, so far as we can tell. This is decidedly odd because the atoms that so
liberally and congenially flock together to form living things on Earth are exactly the same atoms
that decline to do it elsewhere. Whatever else it may be, at the level of chemistry life is curiously
mundane: carbon, hydrogen, oxygen, and nitrogen, a little calcium, a dash of sulfur, a light
dusting of other very ordinary elements—nothing you wouldn’t find in any ordinary drugstore—
and that’s all you need. The only thing special about the atoms that make you is that they make
you. That is of course the miracle of life.Whether or not atoms make life in other corners of the
universe, they make plenty else; indeed, they make everything else. Without them there would
be no water or air or rocks, no stars and planets, no distant gassy clouds or swirling nebulae or
any of the other things that make the universe so usefully material. Atoms are so numerous and
necessary that we easily overlook that they needn’t actually exist at all. There is no law that
requires the universe to fill itself with small particles of matter or to produce light and gravity and
the other physical properties on which our existence hinges. There needn’t actually be a
universe at all. For the longest time there wasn’t. There were no atoms and no universe for them
to float about in. There was nothing—nothing at all anywhere.So thank goodness for atoms. But
the fact that you have atoms and that they assemble in such a willing manner is only part of what
got you here. To be here now, alive in the twenty-first century and smart enough to know it, you
also had to be the beneficiary of an extraordinary string of biological good fortune. Survival on
Earth is a surprisingly tricky business. Of the billions and billions of species of living thing that
have existed since the dawn of time, most—99.99 percent—are no longer around. Life on Earth,
you see, is not only brief but dismayingly tenuous. It is a curious feature of our existence that we
come from a planet that is very good at promoting life but even better at extinguishing it.The
average species on Earth lasts for only about four million years, so if you wish to be around for
billions of years, you must be as fickle as the atoms that made you. You must be prepared to
change everything about yourself—shape, size, color, species affiliation, everything—and to do
so repeatedly. That’s much easier said than done, because the process of change is random. To
get from “protoplasmal primordial atomic globule” (as Gilbert and Sullivan put it) to sentient
upright modern human has required you to mutate new traits over and over in a precisely timely



manner for an exceedingly long while. So at various periods over the last 3.8 billion years you
have abhorred oxygen and then doted on it, grown fins and limbs and jaunty sails, laid eggs,
flicked the air with a forked tongue, been sleek, been furry, lived underground, lived in trees,
been as big as a deer and as small as a mouse, and a million things more. The tiniest deviation
from any of these evolutionary shifts, and you might now be licking algae from cave walls or
lolling walruslike on some stony shore or disgorging air through a blowhole in the top of your
head before diving sixty feet for a mouthful of delicious sandworms.Not only have you been
lucky enough to be attached since time immemorial to a favored evolutionary line, but you have
also been extremely—make that miraculously—fortunate in your personal ancestry. Consider
the fact that for 3.8 billion years, a period of time older than the Earth’s mountains and rivers and
oceans, every one of your forebears on both sides has been attractive enough to find a mate,
healthy enough to reproduce, and sufficiently blessed by fate and circumstances to live long
enough to do so. Not one of your pertinent ancestors was squashed, devoured, drowned,
starved, stranded, stuck fast, untimely wounded, or otherwise deflected from its life’s quest of
delivering a tiny charge of genetic material to the right partner at the right moment in order to
perpetuate the only possible sequence of hereditary combinations that could result—eventually,
astoundingly, and all too briefly—in you.This is a book about how it happened—in particular how
we went from there being nothing at all to there being something, and then how a little of that
something turned into us, and also some of what happened in between and since. That’s a great
deal to cover, of course, which is why the book is called A Short History of Nearly Everything,
even though it isn’t really. It couldn’t be. But with luck by the time we finish it will feel as if it is.My
own starting point, for what it’s worth, was an illustrated science book that I had as a classroom
text when I was in fourth or fifth grade. The book was a standard-issue 1950s schoolbook—
battered, unloved, grimly hefty—but near the front it had an illustration that just captivated me: a
cutaway diagram showing the Earth’s interior as it would look if you cut into the planet with a
large knife and carefully withdrew a wedge representing about a quarter of its bulk.It’s hard to
believe that there was ever a time when I had not seen such an illustration before, but evidently I
had not for I clearly remember being transfixed. I suspect, in honesty, my initial interest was
based on a private image of streams of unsuspecting eastbound motorists in the American
plains states plunging over the edge of a sudden 4,000-mile-high cliff running between Central
America and the North Pole, but gradually my attention did turn in a more scholarly manner to
the scientific import of the drawing and the realization that the Earth consisted of discrete layers,
ending in the center with a glowing sphere of iron and nickel, which was as hot as the surface of
the Sun, according to the caption, and I remember thinking with real wonder: “How do they know
that?”I didn’t doubt the correctness of the information for an instant—I still tend to trust the
pronouncements of scientists in the way I trust those of surgeons, plumbers, and other
possessors of arcane and privileged information—but I couldn’t for the life of me conceive how
any human mind could work out what spaces thousands of miles below us, that no eye had ever
seen and no X ray could penetrate, could look like and be made of. To me that was just a



miracle. That has been my position with science ever since.Excited, I took the book home that
night and opened it before dinner—an action that I expect prompted my mother to feel my
forehead and ask if I was all right—and, starting with the first page, I read.And here’s the thing. It
wasn’t exciting at all. It wasn’t actually altogether comprehensible. Above all, it didn’t answer any
of the questions that the illustration stirred up in a normal inquiring mind: How did we end up with
a Sun in the middle of our planet? And if it is burning away down there, why isn’t the ground
under our feet hot to the touch? And why isn’t the rest of the interior melting—or is it? And when
the core at last burns itself out, will some of the Earth slump into the void, leaving a giant
sinkhole on the surface? And how do you know this? How did you figure it out?But the author
was strangely silent on such details—indeed, silent on everything but anticlines, synclines, axial
faults, and the like. It was as if he wanted to keep the good stuff secret by making all of it soberly
unfathomable. As the years passed, I began to suspect that this was not altogether a private
impulse. There seemed to be a mystifying universal conspiracy among textbook authors to make
certain the material they dealt with never strayed too near the realm of the mildly interesting and
was always at least a long-distance phone call from the frankly interesting.I now know that there
is a happy abundance of science writers who pen the most lucid and thrilling prose—Timothy
Ferris, Richard Fortey, and Tim Flannery are three that jump out from a single station of the
alphabet (and that’s not even to mention the late but godlike Richard Feynman)—but sadly none
of them wrote any textbook I ever used. All mine were written by men (it was always men) who
held the interesting notion that everything became clear when expressed as a formula and the
amusingly deluded belief that the children of America would appreciate having chapters end
with a section of questions they could mull over in their own time. So I grew up convinced that
science was supremely dull, but suspecting that it needn’t be, and not really thinking about it at
all if I could help it. This, too, became my position for a long time.Then much later—about four or
five years ago—I was on a long flight across the Pacific, staring idly out the window at moonlit
ocean, when it occurred to me with a certain uncomfortable forcefulness that I didn’t know the
first thing about the only planet I was ever going to live on. I had no idea, for example, why the
oceans were salty but the Great Lakes weren’t. Didn’t have the faintest idea. I didn’t know if the
oceans were growing more salty with time or less, and whether ocean salinity levels was
something I should be concerned about or not. (I am very pleased to tell you that until the late
1970s scientists didn’t know the answers to these questions either. They just didn’t talk about it
very audibly.)And ocean salinity of course represented only the merest sliver of my ignorance. I
didn’t know what a proton was, or a protein, didn’t know a quark from a quasar, didn’t
understand how geologists could look at a layer of rock on a canyon wall and tell you how old it
was, didn’t know anything really. I became gripped by a quiet, unwonted urge to know a little
about these matters and to understand how people figured them out. That to me remained the
greatest of all amazements—how scientists work things out. How does anybody know how
much the Earth weighs or how old its rocks are or what really is way down there in the center?
How can they know how and when the universe started and what it was like when it did? How do



they know what goes on inside an atom? And how, come to that—or perhaps above all—can
scientists so often seem to know nearly everything but then still can’t predict an earthquake or
even tell us whether we should take an umbrella with us to the races next Wednesday?So I
decided that I would devote a portion of my life—three years, as it now turns out—to reading
books and journals and finding saintly, patient experts prepared to answer a lot of outstandingly
dumb questions. The idea was to see if it isn’t possible to understand and appreciate—marvel
at, enjoy even—the wonder and accomplishments of science at a level that isn’t too technical or
demanding, but isn’t entirely superficial either.That was my idea and my hope, and that is what
the book that follows is intended to be. Anyway, we have a great deal of ground to cover and
much less than 650,000 hours in which to do it, so let’s begin.1 HOW TO BUILD A
UNIVERSENO MATTER HOW hard you try you will never be able to grasp just how tiny, how
spatially unassuming, is a proton. It is just way too small.A proton is an infinitesimal part of an
atom, which is itself of course an insubstantial thing. Protons are so small that a little dib of ink
like the dot on this i can hold something in the region of 500,000,000,000 of them, rather more
than the number of seconds contained in half a million years. So protons are exceedingly
microscopic, to say the very least.Now imagine if you can (and of course you can’t) shrinking
one of those protons down to a billionth of its normal size into a space so small that it would
make a proton look enormous. Now pack into that tiny, tiny space about an ounce of matter.
Excellent. You are ready to start a universe.I’m assuming of course that you wish to build an
inflationary universe. If you’d prefer instead to build a more old-fashioned, standard Big Bang
universe, you’ll need additional materials. In fact, you will need to gather up everything there is—
every last mote and particle of matter between here and the edge of creation—and squeeze it
into a spot so infinitesimally compact that it has no dimensions at all. It is known as a
singularity.In either case, get ready for a really big bang. Naturally, you will wish to retire to a safe
place to observe the spectacle. Unfortunately, there is nowhere to retire to because outside the
singularity there is no where. When the universe begins to expand, it won’t be spreading out to
fill a larger emptiness. The only space that exists is the space it creates as it goes.It is natural but
wrong to visualize the singularity as a kind of pregnant dot hanging in a dark, boundless void.
But there is no space, no darkness. The singularity has no “around” around it. There is no space
for it to occupy, no place for it to be. We can’t even ask how long it has been there—whether it
has just lately popped into being, like a good idea, or whether it has been there forever, quietly
awaiting the right moment. Time doesn’t exist. There is no past for it to emerge from.And so,
from nothing, our universe begins.In a single blinding pulse, a moment of glory much too swift
and expansive for any form of words, the singularity assumes heavenly dimensions, space
beyond conception. In the first lively second (a second that many cosmologists will devote
careers to shaving into ever-finer wafers) is produced gravity and the other forces that govern
physics. In less than a minute the universe is a million billion miles across and growing fast.
There is a lot of heat now, ten billion degrees of it, enough to begin the nuclear reactions that
create the lighter elements—principally hydrogen and helium, with a dash (about one atom in a



hundred million) of lithium. In three minutes, 98 percent of all the matter there is or will ever be
has been produced. We have a universe. It is a place of the most wondrous and gratifying
possibility, and beautiful, too. And it was all done in about the time it takes to make a
sandwich.When this moment happened is a matter of some debate. Cosmologists have long
argued over whether the moment of creation was 10 billion years ago or twice that or something
in between. The consensus seems to be heading for a figure of about 13.7 billion years, but
these things are notoriously difficult to measure, as we shall see further on. All that can really be
said is that at some indeterminate point in the very distant past, for reasons unknown, there
came the moment known to science as t = 0. We were on our way.There is of course a great deal
we don’t know, and much of what we think we know we haven’t known, or thought we’ve known,
for long. Even the notion of the Big Bang is quite a recent one. The idea had been kicking around
since the 1920s, when Georges Lemaître, a Belgian priest-scholar, first tentatively proposed it,
but it didn’t really become an active notion in cosmology until the mid-1960s when two young
radio astronomers made an extraordinary and inadvertent discovery.Their names were Arno
Penzias and Robert Wilson. In 1965, they were trying to make use of a large communications
antenna owned by Bell Laboratories at Holmdel, New Jersey, but they were troubled by a
persistent background noise—a steady, steamy hiss that made any experimental work
impossible. The noise was unrelenting and unfocused. It came from every point in the sky, day
and night, through every season. For a year the young astronomers did everything they could
think of to track down and eliminate the noise. They tested every electrical system. They rebuilt
instruments, checked circuits, wiggled wires, dusted plugs. They climbed into the dish and
placed duct tape over every seam and rivet. They climbed back into the dish with brooms and
scrubbing brushes and carefully swept it clean of what they referred to in a later paper as “white
dielectric material,” or what is known more commonly as bird shit. Nothing they tried
worked.Unknown to them, just thirty miles away at Princeton University, a team of scientists led
by Robert Dicke was working on how to find the very thing they were trying so diligently to get rid
of. The Princeton researchers were pursuing an idea that had been suggested in the 1940s by
the Russian-born astrophysicist George Gamow that if you looked deep enough into space you
should find some cosmic background radiation left over from the Big Bang. Gamow calculated
that by the time it crossed the vastness of the cosmos, the radiation would reach Earth in the
form of microwaves. In a more recent paper he had even suggested an instrument that might do
the job: the Bell antenna at Holmdel. Unfortunately, neither Penzias and Wilson, nor any of the
Princeton team, had read Gamow’s paper.The noise that Penzias and Wilson were hearing was,
of course, the noise that Gamow had postulated. They had found the edge of the universe, or at
least the visible part of it, 90 billion trillion miles away. They were “seeing” the first photons—the
most ancient light in the universe—though time and distance had converted them to
microwaves, just as Gamow had predicted. In his book The Inflationary Universe, Alan Guth
provides an analogy that helps to put this finding in perspective. If you think of peering into the
depths of the universe as like looking down from the hundredth floor of the Empire State Building



(with the hundredth floor representing now and street level representing the moment of the Big
Bang), at the time of Wilson and Penzias’s discovery the most distant galaxies anyone had ever
detected were on about the sixtieth floor, and the most distant things—quasars—were on about
the twentieth. Penzias and Wilson’s finding pushed our acquaintance with the visible universe to
within half an inch of the sidewalk.Still unaware of what caused the noise, Wilson and Penzias
phoned Dicke at Princeton and described their problem to him in the hope that he might suggest
a solution. Dicke realized at once what the two young men had found. “Well, boys, we’ve just
been scooped,” he told his colleagues as he hung up the phone.Soon afterward the
Astrophysical Journal published two articles: one by Penzias and Wilson describing their
experience with the hiss, the other by Dicke’s team explaining its nature. Although Penzias and
Wilson had not been looking for cosmic background radiation, didn’t know what it was when they
had found it, and hadn’t described or interpreted its character in any paper, they received the
1978 Nobel Prize in physics. The Princeton researchers got only sympathy. According to Dennis
Overbye in Lonely Hearts of the Cosmos, neither Penzias nor Wilson altogether understood the
significance of what they had found until they read about it in the New York Times.Incidentally,
disturbance from cosmic background radiation is something we have all experienced. Tune your
television to any channel it doesn’t receive, and about 1 percent of the dancing static you see is
accounted for by this ancient remnant of the Big Bang. The next time you complain that there is
nothing on, remember that you can always watch the birth of the universe.Although everyone
calls it the Big Bang, many books caution us not to think of it as an explosion in the conventional
sense. It was, rather, a vast, sudden expansion on a whopping scale. So what caused it?One
notion is that perhaps the singularity was the relic of an earlier, collapsed universe—that we’re
just one of an eternal cycle of expanding and collapsing universes, like the bladder on an oxygen
machine. Others attribute the Big Bang to what they call “a false vacuum” or “a scalar field” or
“vacuum energy”—some quality or thing, at any rate, that introduced a measure of instability into
the nothingness that was. It seems impossible that you could get something from nothing, but
the fact that once there was nothing and now there is a universe is evident proof that you can. It
may be that our universe is merely part of many larger universes, some in different dimensions,
and that Big Bangs are going on all the time all over the place. Or it may be that space and time
had some other forms altogether before the Big Bang—forms too alien for us to imagine—and
that the Big Bang represents some sort of transition phase, where the universe went from a form
we can’t understand to one we almost can. “These are very close to religious questions,” Dr.
Andrei Linde, a cosmologist at Stanford, told the New York Times in 2001.The Big Bang theory
isn’t about the bang itself but about what happened after the bang. Not long after, mind you. By
doing a lot of math and watching carefully what goes on in particle accelerators, scientists
believe they can look back to 1043 seconds after the moment of creation, when the universe
was still so small that you would have needed a microscope to find it. We mustn’t swoon over
every extraordinary number that comes before us, but it is perhaps worth latching on to one from
time to time just to be reminded of their ungraspable and amazing breadth. Thus 1043 is 0.0000



00000 00000 00000 00000 00000 00000 00000 0001, or one 10 million trillion trillion
trillionths of a second.*Most of what we know, or believe we know, about the early moments of
the universe is thanks to an idea called inflation theory first propounded in 1979 by a junior
particle physicist, then at Stanford, now at MIT, named Alan Guth. He was thirty-two years old
and, by his own admission, had never done anything much before. He would probably never
have had his great theory except that he happened to attend a lecture on the Big Bang given by
none other than Robert Dicke. The lecture inspired Guth to take an interest in cosmology, and in
particular in the birth of the universe.The eventual result was the inflation theory, which holds
that a fraction of a moment after the dawn of creation, the universe underwent a sudden
dramatic expansion. It inflated—in effect ran away with itself, doubling in size every 1034
seconds. The whole episode may have lasted no more than 1030 seconds—that’s one million
million million million millionths of a second—but it changed the universe from something you
could hold in your hand to something at least 10,000,000,000,000,000,000,000,000 times
bigger. Inflation theory explains the ripples and eddies that make our universe possible. Without
it, there would be no clumps of matter and thus no stars, just drifting gas and everlasting
darkness.According to Guth’s theory, at one ten-millionth of a trillionth of a trillionth of a trillionth
of a second, gravity emerged. After another ludicrously brief interval it was joined by
electromagnetism and the strong and weak nuclear forces—the stuff of physics. These were
joined an instant later by swarms of elementary particles—the stuff of stuff. From nothing at all,
suddenly there were swarms of photons, protons, electrons, neutrons, and much else—between
1079 and 1089 of each, according to the standard Big Bang theory.Such quantities are of
course ungraspable. It is enough to know that in a single cracking instant we were endowed with
a universe that was vast—at least a hundred billion light-years across, according to the theory,
but possibly any size up to infinite—and perfectly arrayed for the creation of stars, galaxies, and
other complex systems.What is extraordinary from our point of view is how well it turned out for
us. If the universe had formed just a tiny bit differently—if gravity were fractionally stronger or
weaker, if the expansion had proceeded just a little more slowly or swiftly—then there might
never have been stable elements to make you and me and the ground we stand on. Had gravity
been a trifle stronger, the universe itself might have collapsed like a badly erected tent, without
precisely the right values to give it the right dimensions and density and component parts. Had it
been weaker, however, nothing would have coalesced. The universe would have remained
forever a dull, scattered void.This is one reason that some experts believe there may have been
many other big bangs, perhaps trillions and trillions of them, spread through the mighty span of
eternity, and that the reason we exist in this particular one is that this is one we could exist in. As
Edward P. Tryon of Columbia University once put it: “In answer to the question of why it
happened, I offer the modest proposal that our Universe is simply one of those things which
happen from time to time.” To which adds Guth: “Although the creation of a universe might be
very unlikely, Tryon emphasized that no one had counted the failed attempts.”Martin Rees,
Britain’s astronomer royal, believes that there are many universes, possibly an infinite number,



each with different attributes, in different combinations, and that we simply live in one that
combines things in the way that allows us to exist. He makes an analogy with a very large
clothing store: “If there is a large stock of clothing, you’re not surprised to find a suit that fits. If
there are many universes, each governed by a differing set of numbers, there will be one where
there is a particular set of numbers suitable to life. We are in that one.”Rees maintains that six
numbers in particular govern our universe, and that if any of these values were changed even
very slightly things could not be as they are. For example, for the universe to exist as it does
requires that hydrogen be converted to helium in a precise but comparatively stately manner—
specifically, in a way that converts seven one-thousandths of its mass to energy. Lower that
value very slightly—from 0.007 percent to 0.006 percent, say—and no transformation could take
place: the universe would consist of hydrogen and nothing else. Raise the value very slightly—to
0.008 percent—and bonding would be so wildly prolific that the hydrogen would long since have
been exhausted. In either case, with the slightest tweaking of the numbers the universe as we
know and need it would not be here.I should say that everything is just right so far. In the long
term, gravity may turn out to be a little too strong, and one day it may halt the expansion of the
universe and bring it collapsing in upon itself, till it crushes itself down into another singularity,
possibly to start the whole process over again. On the other hand it may be too weak and the
universe will keep racing away forever until everything is so far apart that there is no chance of
material interactions, so that the universe becomes a place that is inert and dead, but very
roomy. The third option is that gravity is just right—“critical density” is the cosmologists’ term for it
—and that it will hold the universe together at just the right dimensions to allow things to go on
indefinitely. Cosmologists in their lighter moments sometimes call this the Goldilocks effect—that
everything is just right. (For the record, these three possible universes are known respectively as
closed, open, and flat.)Now the question that has occurred to all of us at some point is: what
would happen if you traveled out to the edge of the universe and, as it were, put your head
through the curtains? Where would your head be if it were no longer in the universe? What
would you find beyond? The answer, disappointingly, is that you can never get to the edge of the
universe. That’s not because it would take too long to get there—though of course it would—but
because even if you traveled outward and outward in a straight line, indefinitely and
pugnaciously, you would never arrive at an outer boundary. Instead, you would come back to
where you began (at which point, presumably, you would rather lose heart in the exercise and
give up). The reason for this is that the universe bends, in a way we can’t adequately imagine, in
conformance with Einstein’s theory of relativity (which we will get to in due course). For the
moment it is enough to know that we are not adrift in some large, ever-expanding bubble.
Rather, space curves, in a way that allows it to be boundless but finite. Space cannot even
properly be said to be expanding because, as the physicist and Nobel laureate Steven Weinberg
notes, “solar systems and galaxies are not expanding, and space itself is not expanding.” Rather,
the galaxies are rushing apart. It is all something of a challenge to intuition. Or as the biologist J.
B. S. Haldane once famously observed: “The universe is not only queerer than we suppose; it is



queerer than we can suppose.”The analogy that is usually given for explaining the curvature of
space is to try to imagine someone from a universe of flat surfaces, who had never seen a
sphere, being brought to Earth. No matter how far he roamed across the planet’s surface, he
would never find an edge. He might eventually return to the spot where he had started, and
would of course be utterly confounded to explain how that had happened. Well, we are in the
same position in space as our puzzled flatlander, only we are flummoxed by a higher
dimension.Just as there is no place where you can find the edge of the universe, so there is no
place where you can stand at the center and say: “This is where it all began. This is the
centermost point of it all.” We are all at the center of it all. Actually, we don’t know that for sure;
we can’t prove it mathematically. Scientists just assume that we can’t really be the center of the
universe—think what that would imply—but that the phenomenon must be the same for all
observers in all places. Still, we don’t actually know.For us, the universe goes only as far as light
has traveled in the billions of years since the universe was formed. This visible universe—the
universe we know and can talk about—is a million million million million (that’s
1,000,000,000,000,000,000,000,000) miles across. But according to most theories the universe
at large—the meta-universe, as it is sometimes called—is vastly roomier still. According to Rees,
the number of light-years to the edge of this larger, unseen universe would be written not “with
ten zeroes, not even with a hundred, but with millions.” In short, there’s more space than you can
imagine already without going to the trouble of trying to envision some additional beyond.For a
long time the Big Bang theory had one gaping hole that troubled a lot of people—namely that it
couldn’t begin to explain how we got here. Although 98 percent of all the matter that exists was
created with the Big Bang, that matter consisted exclusively of light gases: the helium, hydrogen,
and lithium that we mentioned earlier. Not one particle of the heavy stuff so vital to our own being
—carbon, nitrogen, oxygen, and all the rest—emerged from the gaseous brew of creation. But—
and here’s the troubling point—to forge these heavy elements, you need the kind of heat and
energy of a Big Bang. Yet there has been only one Big Bang and it didn’t produce them. So
where did they come from?Interestingly, the man who found the answer to that question was a
cosmologist who heartily despised the Big Bang as a theory and coined the term “Big Bang”
sarcastically, as a way of mocking it. We’ll get to him shortly, but before we turn to the question of
how we got here, it might be worth taking a few minutes to consider just where exactly “here”
is.*A word on scientific notation: Since very large numbers are cumbersome to write and nearly
impossible to read, scientists use a shorthand involving powers (or multiples) of ten in which, for
instance, 10,000,000,000 is written 1010 and 6,500,000 becomes 6.5 × 106. The principle is
based very simply on multiples of ten: 10 × 10 (or 100) becomes 102; 10 × 10 × 10 (or 1,000) is
103; and so on, obviously and indefinitely. The little superscript number signifies the number of
zeroes following the larger principal number. Negative notations provide essentially a mirror
image, with the superscript number indicating the number of spaces to the right of the decimal
point (so 104 means 0.0001). Though I salute the principle, it remains an amazement to me that
anyone seeing “1.4 × 109 km3” would see at once that that signifies 1.4 billion cubic kilometers,



and no less a wonder that they would choose the former over the latter in print (especially in a
book designed for the general reader, where the example was found). On the assumption that
many general readers are as unmathematical as I am, I will use them sparingly, though they are
occasionally unavoidable, not least in a chapter dealing with things on a cosmic scale.1 HOW
TO BUILD A UNIVERSENO MATTER HOW hard you try you will never be able to grasp just how
tiny, how spatially unassuming, is a proton. It is just way too small.A proton is an infinitesimal part
of an atom, which is itself of course an insubstantial thing. Protons are so small that a little dib of
ink like the dot on this i can hold something in the region of 500,000,000,000 of them, rather
more than the number of seconds contained in half a million years. So protons are exceedingly
microscopic, to say the very least.Now imagine if you can (and of course you can’t) shrinking
one of those protons down to a billionth of its normal size into a space so small that it would
make a proton look enormous. Now pack into that tiny, tiny space about an ounce of matter.
Excellent. You are ready to start a universe.I’m assuming of course that you wish to build an
inflationary universe. If you’d prefer instead to build a more old-fashioned, standard Big Bang
universe, you’ll need additional materials. In fact, you will need to gather up everything there is—
every last mote and particle of matter between here and the edge of creation—and squeeze it
into a spot so infinitesimally compact that it has no dimensions at all. It is known as a
singularity.In either case, get ready for a really big bang. Naturally, you will wish to retire to a safe
place to observe the spectacle. Unfortunately, there is nowhere to retire to because outside the
singularity there is no where. When the universe begins to expand, it won’t be spreading out to
fill a larger emptiness. The only space that exists is the space it creates as it goes.It is natural but
wrong to visualize the singularity as a kind of pregnant dot hanging in a dark, boundless void.
But there is no space, no darkness. The singularity has no “around” around it. There is no space
for it to occupy, no place for it to be. We can’t even ask how long it has been there—whether it
has just lately popped into being, like a good idea, or whether it has been there forever, quietly
awaiting the right moment. Time doesn’t exist. There is no past for it to emerge from.And so,
from nothing, our universe begins.In a single blinding pulse, a moment of glory much too swift
and expansive for any form of words, the singularity assumes heavenly dimensions, space
beyond conception. In the first lively second (a second that many cosmologists will devote
careers to shaving into ever-finer wafers) is produced gravity and the other forces that govern
physics. In less than a minute the universe is a million billion miles across and growing fast.
There is a lot of heat now, ten billion degrees of it, enough to begin the nuclear reactions that
create the lighter elements—principally hydrogen and helium, with a dash (about one atom in a
hundred million) of lithium. In three minutes, 98 percent of all the matter there is or will ever be
has been produced. We have a universe. It is a place of the most wondrous and gratifying
possibility, and beautiful, too. And it was all done in about the time it takes to make a
sandwich.When this moment happened is a matter of some debate. Cosmologists have long
argued over whether the moment of creation was 10 billion years ago or twice that or something
in between. The consensus seems to be heading for a figure of about 13.7 billion years, but



these things are notoriously difficult to measure, as we shall see further on. All that can really be
said is that at some indeterminate point in the very distant past, for reasons unknown, there
came the moment known to science as t = 0. We were on our way.There is of course a great deal
we don’t know, and much of what we think we know we haven’t known, or thought we’ve known,
for long. Even the notion of the Big Bang is quite a recent one. The idea had been kicking around
since the 1920s, when Georges Lemaître, a Belgian priest-scholar, first tentatively proposed it,
but it didn’t really become an active notion in cosmology until the mid-1960s when two young
radio astronomers made an extraordinary and inadvertent discovery.Their names were Arno
Penzias and Robert Wilson. In 1965, they were trying to make use of a large communications
antenna owned by Bell Laboratories at Holmdel, New Jersey, but they were troubled by a
persistent background noise—a steady, steamy hiss that made any experimental work
impossible. The noise was unrelenting and unfocused. It came from every point in the sky, day
and night, through every season. For a year the young astronomers did everything they could
think of to track down and eliminate the noise. They tested every electrical system. They rebuilt
instruments, checked circuits, wiggled wires, dusted plugs. They climbed into the dish and
placed duct tape over every seam and rivet. They climbed back into the dish with brooms and
scrubbing brushes and carefully swept it clean of what they referred to in a later paper as “white
dielectric material,” or what is known more commonly as bird shit. Nothing they tried
worked.Unknown to them, just thirty miles away at Princeton University, a team of scientists led
by Robert Dicke was working on how to find the very thing they were trying so diligently to get rid
of. The Princeton researchers were pursuing an idea that had been suggested in the 1940s by
the Russian-born astrophysicist George Gamow that if you looked deep enough into space you
should find some cosmic background radiation left over from the Big Bang. Gamow calculated
that by the time it crossed the vastness of the cosmos, the radiation would reach Earth in the
form of microwaves. In a more recent paper he had even suggested an instrument that might do
the job: the Bell antenna at Holmdel. Unfortunately, neither Penzias and Wilson, nor any of the
Princeton team, had read Gamow’s paper.The noise that Penzias and Wilson were hearing was,
of course, the noise that Gamow had postulated. They had found the edge of the universe, or at
least the visible part of it, 90 billion trillion miles away. They were “seeing” the first photons—the
most ancient light in the universe—though time and distance had converted them to
microwaves, just as Gamow had predicted. In his book The Inflationary Universe, Alan Guth
provides an analogy that helps to put this finding in perspective. If you think of peering into the
depths of the universe as like looking down from the hundredth floor of the Empire State Building
(with the hundredth floor representing now and street level representing the moment of the Big
Bang), at the time of Wilson and Penzias’s discovery the most distant galaxies anyone had ever
detected were on about the sixtieth floor, and the most distant things—quasars—were on about
the twentieth. Penzias and Wilson’s finding pushed our acquaintance with the visible universe to
within half an inch of the sidewalk.Still unaware of what caused the noise, Wilson and Penzias
phoned Dicke at Princeton and described their problem to him in the hope that he might suggest



a solution. Dicke realized at once what the two young men had found. “Well, boys, we’ve just
been scooped,” he told his colleagues as he hung up the phone.Soon afterward the
Astrophysical Journal published two articles: one by Penzias and Wilson describing their
experience with the hiss, the other by Dicke’s team explaining its nature. Although Penzias and
Wilson had not been looking for cosmic background radiation, didn’t know what it was when they
had found it, and hadn’t described or interpreted its character in any paper, they received the
1978 Nobel Prize in physics. The Princeton researchers got only sympathy. According to Dennis
Overbye in Lonely Hearts of the Cosmos, neither Penzias nor Wilson altogether understood the
significance of what they had found until they read about it in the New York Times.Incidentally,
disturbance from cosmic background radiation is something we have all experienced. Tune your
television to any channel it doesn’t receive, and about 1 percent of the dancing static you see is
accounted for by this ancient remnant of the Big Bang. The next time you complain that there is
nothing on, remember that you can always watch the birth of the universe.Although everyone
calls it the Big Bang, many books caution us not to think of it as an explosion in the conventional
sense. It was, rather, a vast, sudden expansion on a whopping scale. So what caused it?One
notion is that perhaps the singularity was the relic of an earlier, collapsed universe—that we’re
just one of an eternal cycle of expanding and collapsing universes, like the bladder on an oxygen
machine. Others attribute the Big Bang to what they call “a false vacuum” or “a scalar field” or
“vacuum energy”—some quality or thing, at any rate, that introduced a measure of instability into
the nothingness that was. It seems impossible that you could get something from nothing, but
the fact that once there was nothing and now there is a universe is evident proof that you can. It
may be that our universe is merely part of many larger universes, some in different dimensions,
and that Big Bangs are going on all the time all over the place. Or it may be that space and time
had some other forms altogether before the Big Bang—forms too alien for us to imagine—and
that the Big Bang represents some sort of transition phase, where the universe went from a form
we can’t understand to one we almost can. “These are very close to religious questions,” Dr.
Andrei Linde, a cosmologist at Stanford, told the New York Times in 2001.The Big Bang theory
isn’t about the bang itself but about what happened after the bang. Not long after, mind you. By
doing a lot of math and watching carefully what goes on in particle accelerators, scientists
believe they can look back to 1043 seconds after the moment of creation, when the universe
was still so small that you would have needed a microscope to find it. We mustn’t swoon over
every extraordinary number that comes before us, but it is perhaps worth latching on to one from
time to time just to be reminded of their ungraspable and amazing breadth. Thus 1043 is 0.0000
00000 00000 00000 00000 00000 00000 00000 0001, or one 10 million trillion trillion
trillionths of a second.*Most of what we know, or believe we know, about the early moments of
the universe is thanks to an idea called inflation theory first propounded in 1979 by a junior
particle physicist, then at Stanford, now at MIT, named Alan Guth. He was thirty-two years old
and, by his own admission, had never done anything much before. He would probably never
have had his great theory except that he happened to attend a lecture on the Big Bang given by



none other than Robert Dicke. The lecture inspired Guth to take an interest in cosmology, and in
particular in the birth of the universe.The eventual result was the inflation theory, which holds
that a fraction of a moment after the dawn of creation, the universe underwent a sudden
dramatic expansion. It inflated—in effect ran away with itself, doubling in size every 1034
seconds. The whole episode may have lasted no more than 1030 seconds—that’s one million
million million million millionths of a second—but it changed the universe from something you
could hold in your hand to something at least 10,000,000,000,000,000,000,000,000 times
bigger. Inflation theory explains the ripples and eddies that make our universe possible. Without
it, there would be no clumps of matter and thus no stars, just drifting gas and everlasting
darkness.According to Guth’s theory, at one ten-millionth of a trillionth of a trillionth of a trillionth
of a second, gravity emerged. After another ludicrously brief interval it was joined by
electromagnetism and the strong and weak nuclear forces—the stuff of physics. These were
joined an instant later by swarms of elementary particles—the stuff of stuff. From nothing at all,
suddenly there were swarms of photons, protons, electrons, neutrons, and much else—between
1079 and 1089 of each, according to the standard Big Bang theory.Such quantities are of
course ungraspable. It is enough to know that in a single cracking instant we were endowed with
a universe that was vast—at least a hundred billion light-years across, according to the theory,
but possibly any size up to infinite—and perfectly arrayed for the creation of stars, galaxies, and
other complex systems.What is extraordinary from our point of view is how well it turned out for
us. If the universe had formed just a tiny bit differently—if gravity were fractionally stronger or
weaker, if the expansion had proceeded just a little more slowly or swiftly—then there might
never have been stable elements to make you and me and the ground we stand on. Had gravity
been a trifle stronger, the universe itself might have collapsed like a badly erected tent, without
precisely the right values to give it the right dimensions and density and component parts. Had it
been weaker, however, nothing would have coalesced. The universe would have remained
forever a dull, scattered void.This is one reason that some experts believe there may have been
many other big bangs, perhaps trillions and trillions of them, spread through the mighty span of
eternity, and that the reason we exist in this particular one is that this is one we could exist in. As
Edward P. Tryon of Columbia University once put it: “In answer to the question of why it
happened, I offer the modest proposal that our Universe is simply one of those things which
happen from time to time.” To which adds Guth: “Although the creation of a universe might be
very unlikely, Tryon emphasized that no one had counted the failed attempts.”Martin Rees,
Britain’s astronomer royal, believes that there are many universes, possibly an infinite number,
each with different attributes, in different combinations, and that we simply live in one that
combines things in the way that allows us to exist. He makes an analogy with a very large
clothing store: “If there is a large stock of clothing, you’re not surprised to find a suit that fits. If
there are many universes, each governed by a differing set of numbers, there will be one where
there is a particular set of numbers suitable to life. We are in that one.”Rees maintains that six
numbers in particular govern our universe, and that if any of these values were changed even



very slightly things could not be as they are. For example, for the universe to exist as it does
requires that hydrogen be converted to helium in a precise but comparatively stately manner—
specifically, in a way that converts seven one-thousandths of its mass to energy. Lower that
value very slightly—from 0.007 percent to 0.006 percent, say—and no transformation could take
place: the universe would consist of hydrogen and nothing else. Raise the value very slightly—to
0.008 percent—and bonding would be so wildly prolific that the hydrogen would long since have
been exhausted. In either case, with the slightest tweaking of the numbers the universe as we
know and need it would not be here.I should say that everything is just right so far. In the long
term, gravity may turn out to be a little too strong, and one day it may halt the expansion of the
universe and bring it collapsing in upon itself, till it crushes itself down into another singularity,
possibly to start the whole process over again. On the other hand it may be too weak and the
universe will keep racing away forever until everything is so far apart that there is no chance of
material interactions, so that the universe becomes a place that is inert and dead, but very
roomy. The third option is that gravity is just right—“critical density” is the cosmologists’ term for it
—and that it will hold the universe together at just the right dimensions to allow things to go on
indefinitely. Cosmologists in their lighter moments sometimes call this the Goldilocks effect—that
everything is just right. (For the record, these three possible universes are known respectively as
closed, open, and flat.)Now the question that has occurred to all of us at some point is: what
would happen if you traveled out to the edge of the universe and, as it were, put your head
through the curtains? Where would your head be if it were no longer in the universe? What
would you find beyond? The answer, disappointingly, is that you can never get to the edge of the
universe. That’s not because it would take too long to get there—though of course it would—but
because even if you traveled outward and outward in a straight line, indefinitely and
pugnaciously, you would never arrive at an outer boundary. Instead, you would come back to
where you began (at which point, presumably, you would rather lose heart in the exercise and
give up). The reason for this is that the universe bends, in a way we can’t adequately imagine, in
conformance with Einstein’s theory of relativity (which we will get to in due course). For the
moment it is enough to know that we are not adrift in some large, ever-expanding bubble.
Rather, space curves, in a way that allows it to be boundless but finite. Space cannot even
properly be said to be expanding because, as the physicist and Nobel laureate Steven Weinberg
notes, “solar systems and galaxies are not expanding, and space itself is not expanding.” Rather,
the galaxies are rushing apart. It is all something of a challenge to intuition. Or as the biologist J.
B. S. Haldane once famously observed: “The universe is not only queerer than we suppose; it is
queerer than we can suppose.”The analogy that is usually given for explaining the curvature of
space is to try to imagine someone from a universe of flat surfaces, who had never seen a
sphere, being brought to Earth. No matter how far he roamed across the planet’s surface, he
would never find an edge. He might eventually return to the spot where he had started, and
would of course be utterly confounded to explain how that had happened. Well, we are in the
same position in space as our puzzled flatlander, only we are flummoxed by a higher



dimension.Just as there is no place where you can find the edge of the universe, so there is no
place where you can stand at the center and say: “This is where it all began. This is the
centermost point of it all.” We are all at the center of it all. Actually, we don’t know that for sure;
we can’t prove it mathematically. Scientists just assume that we can’t really be the center of the
universe—think what that would imply—but that the phenomenon must be the same for all
observers in all places. Still, we don’t actually know.For us, the universe goes only as far as light
has traveled in the billions of years since the universe was formed. This visible universe—the
universe we know and can talk about—is a million million million million (that’s
1,000,000,000,000,000,000,000,000) miles across. But according to most theories the universe
at large—the meta-universe, as it is sometimes called—is vastly roomier still. According to Rees,
the number of light-years to the edge of this larger, unseen universe would be written not “with
ten zeroes, not even with a hundred, but with millions.” In short, there’s more space than you can
imagine already without going to the trouble of trying to envision some additional beyond.For a
long time the Big Bang theory had one gaping hole that troubled a lot of people—namely that it
couldn’t begin to explain how we got here. Although 98 percent of all the matter that exists was
created with the Big Bang, that matter consisted exclusively of light gases: the helium, hydrogen,
and lithium that we mentioned earlier. Not one particle of the heavy stuff so vital to our own being
—carbon, nitrogen, oxygen, and all the rest—emerged from the gaseous brew of creation. But—
and here’s the troubling point—to forge these heavy elements, you need the kind of heat and
energy of a Big Bang. Yet there has been only one Big Bang and it didn’t produce them. So
where did they come from?Interestingly, the man who found the answer to that question was a
cosmologist who heartily despised the Big Bang as a theory and coined the term “Big Bang”
sarcastically, as a way of mocking it. We’ll get to him shortly, but before we turn to the question of
how we got here, it might be worth taking a few minutes to consider just where exactly “here”
is.*A word on scientific notation: Since very large numbers are cumbersome to write and nearly
impossible to read, scientists use a shorthand involving powers (or multiples) of ten in which, for
instance, 10,000,000,000 is written 1010 and 6,500,000 becomes 6.5 × 106. The principle is
based very simply on multiples of ten: 10 × 10 (or 100) becomes 102; 10 × 10 × 10 (or 1,000) is
103; and so on, obviously and indefinitely. The little superscript number signifies the number of
zeroes following the larger principal number. Negative notations provide essentially a mirror
image, with the superscript number indicating the number of spaces to the right of the decimal
point (so 104 means 0.0001). Though I salute the principle, it remains an amazement to me that
anyone seeing “1.4 × 109 km3” would see at once that that signifies 1.4 billion cubic kilometers,
and no less a wonder that they would choose the former over the latter in print (especially in a
book designed for the general reader, where the example was found). On the assumption that
many general readers are as unmathematical as I am, I will use them sparingly, though they are
occasionally unavoidable, not least in a chapter dealing with things on a cosmic scale.1 HOW
TO BUILD A UNIVERSENO MATTER HOW hard you try you will never be able to grasp just how
tiny, how spatially unassuming, is a proton. It is just way too small.A proton is an infinitesimal part



of an atom, which is itself of course an insubstantial thing. Protons are so small that a little dib of
ink like the dot on this i can hold something in the region of 500,000,000,000 of them, rather
more than the number of seconds contained in half a million years. So protons are exceedingly
microscopic, to say the very least.Now imagine if you can (and of course you can’t) shrinking
one of those protons down to a billionth of its normal size into a space so small that it would
make a proton look enormous. Now pack into that tiny, tiny space about an ounce of matter.
Excellent. You are ready to start a universe.I’m assuming of course that you wish to build an
inflationary universe. If you’d prefer instead to build a more old-fashioned, standard Big Bang
universe, you’ll need additional materials. In fact, you will need to gather up everything there is—
every last mote and particle of matter between here and the edge of creation—and squeeze it
into a spot so infinitesimally compact that it has no dimensions at all. It is known as a
singularity.In either case, get ready for a really big bang. Naturally, you will wish to retire to a safe
place to observe the spectacle. Unfortunately, there is nowhere to retire to because outside the
singularity there is no where. When the universe begins to expand, it won’t be spreading out to
fill a larger emptiness. The only space that exists is the space it creates as it goes.It is natural but
wrong to visualize the singularity as a kind of pregnant dot hanging in a dark, boundless void.
But there is no space, no darkness. The singularity has no “around” around it. There is no space
for it to occupy, no place for it to be. We can’t even ask how long it has been there—whether it
has just lately popped into being, like a good idea, or whether it has been there forever, quietly
awaiting the right moment. Time doesn’t exist. There is no past for it to emerge from.And so,
from nothing, our universe begins.In a single blinding pulse, a moment of glory much too swift
and expansive for any form of words, the singularity assumes heavenly dimensions, space
beyond conception. In the first lively second (a second that many cosmologists will devote
careers to shaving into ever-finer wafers) is produced gravity and the other forces that govern
physics. In less than a minute the universe is a million billion miles across and growing fast.
There is a lot of heat now, ten billion degrees of it, enough to begin the nuclear reactions that
create the lighter elements—principally hydrogen and helium, with a dash (about one atom in a
hundred million) of lithium. In three minutes, 98 percent of all the matter there is or will ever be
has been produced. We have a universe. It is a place of the most wondrous and gratifying
possibility, and beautiful, too. And it was all done in about the time it takes to make a
sandwich.When this moment happened is a matter of some debate. Cosmologists have long
argued over whether the moment of creation was 10 billion years ago or twice that or something
in between. The consensus seems to be heading for a figure of about 13.7 billion years, but
these things are notoriously difficult to measure, as we shall see further on. All that can really be
said is that at some indeterminate point in the very distant past, for reasons unknown, there
came the moment known to science as t = 0. We were on our way.There is of course a great deal
we don’t know, and much of what we think we know we haven’t known, or thought we’ve known,
for long. Even the notion of the Big Bang is quite a recent one. The idea had been kicking around
since the 1920s, when Georges Lemaître, a Belgian priest-scholar, first tentatively proposed it,



but it didn’t really become an active notion in cosmology until the mid-1960s when two young
radio astronomers made an extraordinary and inadvertent discovery.Their names were Arno
Penzias and Robert Wilson. In 1965, they were trying to make use of a large communications
antenna owned by Bell Laboratories at Holmdel, New Jersey, but they were troubled by a
persistent background noise—a steady, steamy hiss that made any experimental work
impossible. The noise was unrelenting and unfocused. It came from every point in the sky, day
and night, through every season. For a year the young astronomers did everything they could
think of to track down and eliminate the noise. They tested every electrical system. They rebuilt
instruments, checked circuits, wiggled wires, dusted plugs. They climbed into the dish and
placed duct tape over every seam and rivet. They climbed back into the dish with brooms and
scrubbing brushes and carefully swept it clean of what they referred to in a later paper as “white
dielectric material,” or what is known more commonly as bird shit. Nothing they tried
worked.Unknown to them, just thirty miles away at Princeton University, a team of scientists led
by Robert Dicke was working on how to find the very thing they were trying so diligently to get rid
of. The Princeton researchers were pursuing an idea that had been suggested in the 1940s by
the Russian-born astrophysicist George Gamow that if you looked deep enough into space you
should find some cosmic background radiation left over from the Big Bang. Gamow calculated
that by the time it crossed the vastness of the cosmos, the radiation would reach Earth in the
form of microwaves. In a more recent paper he had even suggested an instrument that might do
the job: the Bell antenna at Holmdel. Unfortunately, neither Penzias and Wilson, nor any of the
Princeton team, had read Gamow’s paper.The noise that Penzias and Wilson were hearing was,
of course, the noise that Gamow had postulated. They had found the edge of the universe, or at
least the visible part of it, 90 billion trillion miles away. They were “seeing” the first photons—the
most ancient light in the universe—though time and distance had converted them to
microwaves, just as Gamow had predicted. In his book The Inflationary Universe, Alan Guth
provides an analogy that helps to put this finding in perspective. If you think of peering into the
depths of the universe as like looking down from the hundredth floor of the Empire State Building
(with the hundredth floor representing now and street level representing the moment of the Big
Bang), at the time of Wilson and Penzias’s discovery the most distant galaxies anyone had ever
detected were on about the sixtieth floor, and the most distant things—quasars—were on about
the twentieth. Penzias and Wilson’s finding pushed our acquaintance with the visible universe to
within half an inch of the sidewalk.Still unaware of what caused the noise, Wilson and Penzias
phoned Dicke at Princeton and described their problem to him in the hope that he might suggest
a solution. Dicke realized at once what the two young men had found. “Well, boys, we’ve just
been scooped,” he told his colleagues as he hung up the phone.Soon afterward the
Astrophysical Journal published two articles: one by Penzias and Wilson describing their
experience with the hiss, the other by Dicke’s team explaining its nature. Although Penzias and
Wilson had not been looking for cosmic background radiation, didn’t know what it was when they
had found it, and hadn’t described or interpreted its character in any paper, they received the



1978 Nobel Prize in physics. The Princeton researchers got only sympathy. According to Dennis
Overbye in Lonely Hearts of the Cosmos, neither Penzias nor Wilson altogether understood the
significance of what they had found until they read about it in the New York Times.Incidentally,
disturbance from cosmic background radiation is something we have all experienced. Tune your
television to any channel it doesn’t receive, and about 1 percent of the dancing static you see is
accounted for by this ancient remnant of the Big Bang. The next time you complain that there is
nothing on, remember that you can always watch the birth of the universe.Although everyone
calls it the Big Bang, many books caution us not to think of it as an explosion in the conventional
sense. It was, rather, a vast, sudden expansion on a whopping scale. So what caused it?One
notion is that perhaps the singularity was the relic of an earlier, collapsed universe—that we’re
just one of an eternal cycle of expanding and collapsing universes, like the bladder on an oxygen
machine. Others attribute the Big Bang to what they call “a false vacuum” or “a scalar field” or
“vacuum energy”—some quality or thing, at any rate, that introduced a measure of instability into
the nothingness that was. It seems impossible that you could get something from nothing, but
the fact that once there was nothing and now there is a universe is evident proof that you can. It
may be that our universe is merely part of many larger universes, some in different dimensions,
and that Big Bangs are going on all the time all over the place. Or it may be that space and time
had some other forms altogether before the Big Bang—forms too alien for us to imagine—and
that the Big Bang represents some sort of transition phase, where the universe went from a form
we can’t understand to one we almost can. “These are very close to religious questions,” Dr.
Andrei Linde, a cosmologist at Stanford, told the New York Times in 2001.The Big Bang theory
isn’t about the bang itself but about what happened after the bang. Not long after, mind you. By
doing a lot of math and watching carefully what goes on in particle accelerators, scientists
believe they can look back to 1043 seconds after the moment of creation, when the universe
was still so small that you would have needed a microscope to find it. We mustn’t swoon over
every extraordinary number that comes before us, but it is perhaps worth latching on to one from
time to time just to be reminded of their ungraspable and amazing breadth. Thus 1043 is 0.0000
00000 00000 00000 00000 00000 00000 00000 0001, or one 10 million trillion trillion
trillionths of a second.*Most of what we know, or believe we know, about the early moments of
the universe is thanks to an idea called inflation theory first propounded in 1979 by a junior
particle physicist, then at Stanford, now at MIT, named Alan Guth. He was thirty-two years old
and, by his own admission, had never done anything much before. He would probably never
have had his great theory except that he happened to attend a lecture on the Big Bang given by
none other than Robert Dicke. The lecture inspired Guth to take an interest in cosmology, and in
particular in the birth of the universe.The eventual result was the inflation theory, which holds
that a fraction of a moment after the dawn of creation, the universe underwent a sudden
dramatic expansion. It inflated—in effect ran away with itself, doubling in size every 1034
seconds. The whole episode may have lasted no more than 1030 seconds—that’s one million
million million million millionths of a second—but it changed the universe from something you



could hold in your hand to something at least 10,000,000,000,000,000,000,000,000 times
bigger. Inflation theory explains the ripples and eddies that make our universe possible. Without
it, there would be no clumps of matter and thus no stars, just drifting gas and everlasting
darkness.According to Guth’s theory, at one ten-millionth of a trillionth of a trillionth of a trillionth
of a second, gravity emerged. After another ludicrously brief interval it was joined by
electromagnetism and the strong and weak nuclear forces—the stuff of physics. These were
joined an instant later by swarms of elementary particles—the stuff of stuff. From nothing at all,
suddenly there were swarms of photons, protons, electrons, neutrons, and much else—between
1079 and 1089 of each, according to the standard Big Bang theory.Such quantities are of
course ungraspable. It is enough to know that in a single cracking instant we were endowed with
a universe that was vast—at least a hundred billion light-years across, according to the theory,
but possibly any size up to infinite—and perfectly arrayed for the creation of stars, galaxies, and
other complex systems.What is extraordinary from our point of view is how well it turned out for
us. If the universe had formed just a tiny bit differently—if gravity were fractionally stronger or
weaker, if the expansion had proceeded just a little more slowly or swiftly—then there might
never have been stable elements to make you and me and the ground we stand on. Had gravity
been a trifle stronger, the universe itself might have collapsed like a badly erected tent, without
precisely the right values to give it the right dimensions and density and component parts. Had it
been weaker, however, nothing would have coalesced. The universe would have remained
forever a dull, scattered void.This is one reason that some experts believe there may have been
many other big bangs, perhaps trillions and trillions of them, spread through the mighty span of
eternity, and that the reason we exist in this particular one is that this is one we could exist in. As
Edward P. Tryon of Columbia University once put it: “In answer to the question of why it
happened, I offer the modest proposal that our Universe is simply one of those things which
happen from time to time.” To which adds Guth: “Although the creation of a universe might be
very unlikely, Tryon emphasized that no one had counted the failed attempts.”Martin Rees,
Britain’s astronomer royal, believes that there are many universes, possibly an infinite number,
each with different attributes, in different combinations, and that we simply live in one that
combines things in the way that allows us to exist. He makes an analogy with a very large
clothing store: “If there is a large stock of clothing, you’re not surprised to find a suit that fits. If
there are many universes, each governed by a differing set of numbers, there will be one where
there is a particular set of numbers suitable to life. We are in that one.”Rees maintains that six
numbers in particular govern our universe, and that if any of these values were changed even
very slightly things could not be as they are. For example, for the universe to exist as it does
requires that hydrogen be converted to helium in a precise but comparatively stately manner—
specifically, in a way that converts seven one-thousandths of its mass to energy. Lower that
value very slightly—from 0.007 percent to 0.006 percent, say—and no transformation could take
place: the universe would consist of hydrogen and nothing else. Raise the value very slightly—to
0.008 percent—and bonding would be so wildly prolific that the hydrogen would long since have



been exhausted. In either case, with the slightest tweaking of the numbers the universe as we
know and need it would not be here.I should say that everything is just right so far. In the long
term, gravity may turn out to be a little too strong, and one day it may halt the expansion of the
universe and bring it collapsing in upon itself, till it crushes itself down into another singularity,
possibly to start the whole process over again. On the other hand it may be too weak and the
universe will keep racing away forever until everything is so far apart that there is no chance of
material interactions, so that the universe becomes a place that is inert and dead, but very
roomy. The third option is that gravity is just right—“critical density” is the cosmologists’ term for it
—and that it will hold the universe together at just the right dimensions to allow things to go on
indefinitely. Cosmologists in their lighter moments sometimes call this the Goldilocks effect—that
everything is just right. (For the record, these three possible universes are known respectively as
closed, open, and flat.)Now the question that has occurred to all of us at some point is: what
would happen if you traveled out to the edge of the universe and, as it were, put your head
through the curtains? Where would your head be if it were no longer in the universe? What
would you find beyond? The answer, disappointingly, is that you can never get to the edge of the
universe. That’s not because it would take too long to get there—though of course it would—but
because even if you traveled outward and outward in a straight line, indefinitely and
pugnaciously, you would never arrive at an outer boundary. Instead, you would come back to
where you began (at which point, presumably, you would rather lose heart in the exercise and
give up). The reason for this is that the universe bends, in a way we can’t adequately imagine, in
conformance with Einstein’s theory of relativity (which we will get to in due course). For the
moment it is enough to know that we are not adrift in some large, ever-expanding bubble.
Rather, space curves, in a way that allows it to be boundless but finite. Space cannot even
properly be said to be expanding because, as the physicist and Nobel laureate Steven Weinberg
notes, “solar systems and galaxies are not expanding, and space itself is not expanding.” Rather,
the galaxies are rushing apart. It is all something of a challenge to intuition. Or as the biologist J.
B. S. Haldane once famously observed: “The universe is not only queerer than we suppose; it is
queerer than we can suppose.”The analogy that is usually given for explaining the curvature of
space is to try to imagine someone from a universe of flat surfaces, who had never seen a
sphere, being brought to Earth. No matter how far he roamed across the planet’s surface, he
would never find an edge. He might eventually return to the spot where he had started, and
would of course be utterly confounded to explain how that had happened. Well, we are in the
same position in space as our puzzled flatlander, only we are flummoxed by a higher
dimension.Just as there is no place where you can find the edge of the universe, so there is no
place where you can stand at the center and say: “This is where it all began. This is the
centermost point of it all.” We are all at the center of it all. Actually, we don’t know that for sure;
we can’t prove it mathematically. Scientists just assume that we can’t really be the center of the
universe—think what that would imply—but that the phenomenon must be the same for all
observers in all places. Still, we don’t actually know.For us, the universe goes only as far as light



has traveled in the billions of years since the universe was formed. This visible universe—the
universe we know and can talk about—is a million million million million (that’s
1,000,000,000,000,000,000,000,000) miles across. But according to most theories the universe
at large—the meta-universe, as it is sometimes called—is vastly roomier still. According to Rees,
the number of light-years to the edge of this larger, unseen universe would be written not “with
ten zeroes, not even with a hundred, but with millions.” In short, there’s more space than you can
imagine already without going to the trouble of trying to envision some additional beyond.For a
long time the Big Bang theory had one gaping hole that troubled a lot of people—namely that it
couldn’t begin to explain how we got here. Although 98 percent of all the matter that exists was
created with the Big Bang, that matter consisted exclusively of light gases: the helium, hydrogen,
and lithium that we mentioned earlier. Not one particle of the heavy stuff so vital to our own being
—carbon, nitrogen, oxygen, and all the rest—emerged from the gaseous brew of creation. But—
and here’s the troubling point—to forge these heavy elements, you need the kind of heat and
energy of a Big Bang. Yet there has been only one Big Bang and it didn’t produce them. So
where did they come from?Interestingly, the man who found the answer to that question was a
cosmologist who heartily despised the Big Bang as a theory and coined the term “Big Bang”
sarcastically, as a way of mocking it. We’ll get to him shortly, but before we turn to the question of
how we got here, it might be worth taking a few minutes to consider just where exactly “here”
is.*A word on scientific notation: Since very large numbers are cumbersome to write and nearly
impossible to read, scientists use a shorthand involving powers (or multiples) of ten in which, for
instance, 10,000,000,000 is written 1010 and 6,500,000 becomes 6.5 × 106. The principle is
based very simply on multiples of ten: 10 × 10 (or 100) becomes 102; 10 × 10 × 10 (or 1,000) is
103; and so on, obviously and indefinitely. The little superscript number signifies the number of
zeroes following the larger principal number. Negative notations provide essentially a mirror
image, with the superscript number indicating the number of spaces to the right of the decimal
point (so 104 means 0.0001). Though I salute the principle, it remains an amazement to me that
anyone seeing “1.4 × 109 km3” would see at once that that signifies 1.4 billion cubic kilometers,
and no less a wonder that they would choose the former over the latter in print (especially in a
book designed for the general reader, where the example was found). On the assumption that
many general readers are as unmathematical as I am, I will use them sparingly, though they are
occasionally unavoidable, not least in a chapter dealing with things on a cosmic scale.*A word
on scientific notation: Since very large numbers are cumbersome to write and nearly impossible
to read, scientists use a shorthand involving powers (or multiples) of ten in which, for instance,
10,000,000,000 is written 1010 and 6,500,000 becomes 6.5 × 106. The principle is based very
simply on multiples of ten: 10 × 10 (or 100) becomes 102; 10 × 10 × 10 (or 1,000) is 103; and so
on, obviously and indefinitely. The little superscript number signifies the number of zeroes
following the larger principal number. Negative notations provide essentially a mirror image, with
the superscript number indicating the number of spaces to the right of the decimal point (so 104
means 0.0001). Though I salute the principle, it remains an amazement to me that anyone



seeing “1.4 × 109 km3” would see at once that that signifies 1.4 billion cubic kilometers, and no
less a wonder that they would choose the former over the latter in print (especially in a book
designed for the general reader, where the example was found). On the assumption that many
general readers are as unmathematical as I am, I will use them sparingly, though they are
occasionally unavoidable, not least in a chapter dealing with things on a cosmic scale.2
WELCOME TO THE SOLAR SYSTEMASTRONOMERS THESE DAYS can do the most
amazing things. If someone struck a match on the Moon, they could spot the flare. From the
tiniest throbs and wobbles of distant stars they can infer the size and character and even
potential habitability of planets much too remote to be seen—planets so distant that it would
take us half a million years in a spaceship to get there. With their radio telescopes they can
capture wisps of radiation so preposterously faint that the total amount of energy collected from
outside the solar system by all of them together since collecting began (in 1951) is “less than the
energy of a single snowflake striking the ground,” in the words of Carl Sagan.In short, there isn’t
a great deal that goes on in the universe that astronomers can’t find when they have a mind to.
Which is why it is all the more remarkable to reflect that until 1978 no one had ever noticed that
Pluto has a moon. In the summer of that year, a young astronomer named James Christy at the
U.S. Naval Observatory in Flagstaff, Arizona, was making a routine examination of photographic
images of Pluto when he saw that there was something there—something blurry and uncertain
but definitely other than Pluto. Consulting a colleague named Robert Harrington, he concluded
that what he was looking at was a moon. And it wasn’t just any moon. Relative to the planet, it
was the biggest moon in the solar system.This was actually something of a blow to Pluto’s status
as a planet, which had never been terribly robust anyway. Since previously the space occupied
by the moon and the space occupied by Pluto were thought to be one and the same, it meant
that Pluto was much smaller than anyone had supposed—smaller even than Mercury. Indeed,
seven moons in the solar system, including our own, are larger.Now a natural question is why it
took so long for anyone to find a moon in our own solar system. The answer is that it is partly a
matter of where astronomers point their instruments and partly a matter of what their instruments
are designed to detect, and partly it’s just Pluto. Mostly it’s where they point their instruments. In
the words of the astronomer Clark Chapman: “Most people think that astronomers get out at
night in observatories and scan the skies. That’s not true. Almost all the telescopes we have in
the world are designed to peer at very tiny little pieces of the sky way off in the distance to see a
quasar or hunt for black holes or look at a distant galaxy. The only real network of telescopes
that scans the skies has been designed and built by the military.”We have been spoiled by
artists’ renderings into imagining a clarity of resolution that doesn’t exist in actual astronomy.
Pluto in Christy’s photograph is faint and fuzzy—a piece of cosmic lint—and its moon is not the
romantically backlit, crisply delineated companion orb you would get in a National Geographic
painting, but rather just a tiny and extremely indistinct hint of additional fuzziness. Such was the
fuzziness, in fact, that it took seven years for anyone to spot the moon again and thus
independently confirm its existence.One nice touch about Christy’s discovery was that it



happened in Flagstaff, for it was there in 1930 that Pluto had been found in the first place. That
seminal event in astronomy was largely to the credit of the astronomer Percival Lowell. Lowell,
who came from one of the oldest and wealthiest Boston families (the one in the famous ditty
about Boston being the home of the bean and the cod, where Lowells spoke only to Cabots,
while Cabots spoke only to God), endowed the famous observatory that bears his name, but is
most indelibly remembered for his belief that Mars was covered with canals built by industrious
Martians for purposes of conveying water from polar regions to the dry but productive lands
nearer the equator.Lowell’s other abiding conviction was that there existed, somewhere out
beyond Neptune, an undiscovered ninth planet, dubbed Planet X. Lowell based this belief on
irregularities he detected in the orbits of Uranus and Neptune, and devoted the last years of his
life to trying to find the gassy giant he was certain was out there. Unfortunately, he died suddenly
in 1916, at least partly exhausted by his quest, and the search fell into abeyance while Lowell’s
heirs squabbled over his estate. However, in 1929, partly as a way of deflecting attention away
from the Mars canal saga (which by now had become a serious embarrassment), the Lowell
Observatory directors decided to resume the search and to that end hired a young man from
Kansas named Clyde Tombaugh.Tombaugh had no formal training as an astronomer, but he
was diligent and he was astute, and after a year’s patient searching he somehow spotted Pluto,
a faint point of light in a glittery firmament. It was a miraculous find, and what made it all the more
striking was that the observations on which Lowell had predicted the existence of a planet
beyond Neptune proved to be comprehensively erroneous. Tombaugh could see at once that the
new planet was nothing like the massive gasball Lowell had postulated, but any reservations he
or anyone else had about the character of the new planet were soon swept aside in the delirium
that attended almost any big news story in that easily excited age. This was the first American-
discovered planet, and no one was going to be distracted by the thought that it was really just a
distant icy dot. It was named Pluto at least partly because the first two letters made a monogram
from Lowell’s initials. Lowell was posthumously hailed everywhere as a genius of the first order,
and Tombaugh was largely forgotten, except among planetary astronomers, who tend to revere
him.A few astronomers continue to think there may be a Planet X out there—a real whopper,
perhaps as much as ten times the size of Jupiter, but so far out as to be invisible to us. (It would
receive so little sunlight that it would have almost none to reflect.) The idea is that it wouldn’t be
a conventional planet like Jupiter or Saturn—it’s much too far away for that; we’re talking perhaps
4.5 trillion miles—but more like a sun that never quite made it. Most star systems in the cosmos
are binary (double-starred), which makes our solitary sun a slight oddity.As for Pluto itself,
nobody is quite sure how big it is, or what it is made of, what kind of atmosphere it has, or even
what it really is. A lot of astronomers believe it isn’t a planet at all, but merely the largest object
so far found in a zone of galactic debris known as the Kuiper belt. The Kuiper belt was actually
theorized by an astronomer named F. C. Leonard in 1930, but the name honors Gerard Kuiper, a
Dutch native working in America, who expanded the idea. The Kuiper belt is the source of what
are known as short-period comets—those that come past pretty regularly—of which the most



famous is Halley’s comet. The more reclusive long-period comets (among them the recent
visitors Hale-Bopp and Hyakutake) come from the much more distant Oort cloud, about which
more presently.It is certainly true that Pluto doesn’t act much like the other planets. Not only is it
runty and obscure, but it is so variable in its motions that no one can tell you exactly where Pluto
will be a century hence. Whereas the other planets orbit on more or less the same plane, Pluto’s
orbital path is tipped (as it were) out of alignment at an angle of seventeen degrees, like the brim
of a hat tilted rakishly on someone’s head. Its orbit is so irregular that for substantial periods on
each of its lonely circuits around the Sun it is closer to us than Neptune is. For most of the 1980s
and 1990s, Neptune was in fact the solar system’s most far-flung planet. Only on February 11,
1999, did Pluto return to the outside lane, there to remain for the next 228 years.So if Pluto really
is a planet, it is certainly an odd one. It is very tiny: just one-quarter of 1 percent as massive as
Earth. If you set it down on top of the United States, it would cover not quite half the lower forty-
eight states. This alone makes it extremely anomalous; it means that our planetary system
consists of four rocky inner planets, four gassy outer giants, and a tiny, solitary iceball. Moreover,
there is every reason to suppose that we may soon begin to find other even larger icy spheres in
the same portion of space. Then we will have problems. After Christy spotted Pluto’s moon,
astronomers began to regard that section of the cosmos more attentively and as of early
December 2002 had found over six hundred additional Trans-Neptunian Objects, or Plutinos as
they are alternatively called. One, dubbed Varuna, is nearly as big as Pluto’s moon. Astronomers
now think there may be billions of these objects. The difficulty is that many of them are awfully
dark. Typically they have an albedo, or reflectiveness, of just 4 percent, about the same as a
lump of charcoal—and of course these lumps of charcoal are about four billion miles away.And
how far is that exactly? It’s almost beyond imagining. Space, you see, is just enormous—just
enormous. Let’s imagine, for purposes of edification and entertainment, that we are about to go
on a journey by rocketship. We won’t go terribly far—just to the edge of our own solar system—
but we need to get a fix on how big a place space is and what a small part of it we occupy.Now
the bad news, I’m afraid, is that we won’t be home for supper. Even at the speed of light, it would
take seven hours to get to Pluto. But of course we can’t travel at anything like that speed. We’ll
have to go at the speed of a spaceship, and these are rather more lumbering. The best speeds
yet achieved by any human object are those of the Voyager 1 and 2 spacecraft, which are now
flying away from us at about thirty-five thousand miles an hour.The reason the Voyager craft
were launched when they were (in August and September 1977) was that Jupiter, Saturn,
Uranus, and Neptune were aligned in a way that happens only once every 175 years. This
enabled the two Voyagers to use a “gravity assist” technique in which the craft were successively
flung from one gassy giant to the next in a kind of cosmic version of “crack the whip.” Even so, it
took them nine years to reach Uranus and a dozen to cross the orbit of Pluto. The good news is
that if we wait until January 2006 (which is when NASA’s New Horizons spacecraft is tentatively
scheduled to depart for Pluto) we can take advantage of favorable Jovian positioning, plus some
advances in technology, and get there in only a decade or so—though getting home again will



take rather longer, I’m afraid. At all events, it’s going to be a long trip.Now the first thing you are
likely to realize is that space is extremely well named and rather dismayingly uneventful. Our
solar system may be the liveliest thing for trillions of miles, but all the visible stuff in it—the Sun,
the planets and their moons, the billion or so tumbling rocks of the asteroid belt, comets, and
other miscellaneous drifting detritus—fills less than a trillionth of the available space. You also
quickly realize that none of the maps you have ever seen of the solar system were remotely
drawn to scale. Most schoolroom charts show the planets coming one after the other at
neighborly intervals—the outer giants actually cast shadows over each other in many illustrations
—but this is a necessary deceit to get them all on the same piece of paper. Neptune in reality
isn’t just a little bit beyond Jupiter, it’s way beyond Jupiter—five times farther from Jupiter than
Jupiter is from us, so far out that it receives only 3 percent as much sunlight as Jupiter.Such are
the distances, in fact, that it isn’t possible, in any practical terms, to draw the solar system to
scale. Even if you added lots of fold-out pages to your textbooks or used a really long sheet of
poster paper, you wouldn’t come close. On a diagram of the solar system to scale, with Earth
reduced to about the diameter of a pea, Jupiter would be over a thousand feet away and Pluto
would be a mile and a half distant (and about the size of a bacterium, so you wouldn’t be able to
see it anyway). On the same scale, Proxima Centauri, our nearest star, would be almost ten
thousand miles away. Even if you shrank down everything so that Jupiter was as small as the
period at the end of this sentence, and Pluto was no bigger than a molecule, Pluto would still be
over thirty-five feet away.So the solar system is really quite enormous. By the time we reach
Pluto, we have come so far that the Sun—our dear, warm, skin-tanning, life-giving Sun—has
shrunk to the size of a pinhead. It is little more than a bright star. In such a lonely void you can
begin to understand how even the most significant objects—Pluto’s moon, for example—have
escaped attention. In this respect, Pluto has hardly been alone. Until the Voyager expeditions,
Neptune was thought to have two moons; Voyager found six more. When I was a boy, the solar
system was thought to contain thirty moons. The total now is “at least ninety,” about a third of
which have been found in just the last ten years.The point to remember, of course, is that when
considering the universe at large we don’t actually know what is in our own solar system.Now
the other thing you will notice as we speed past Pluto is that we are speeding past Pluto. If you
check your itinerary, you will see that this is a trip to the edge of our solar system, and I’m afraid
we’re not there yet. Pluto may be the last object marked on schoolroom charts, but the system
doesn’t end there. In fact, it isn’t even close to ending there. We won’t get to the solar system’s
edge until we have passed through the Oort cloud, a vast celestial realm of drifting comets, and
we won’t reach the Oort cloud for another—I’m so sorry about this—ten thousand years. Far
from marking the outer edge of the solar system, as those schoolroom maps so cavalierly imply,
Pluto is barely one-fifty-thousandth of the way.Of course we have no prospect of such a journey.
A trip of 240,000 miles to the Moon still represents a very big undertaking for us. A manned
mission to Mars, called for by the first President Bush in a moment of passing giddiness, was
quietly dropped when someone worked out that it would cost $450 billion and probably result in



the deaths of all the crew (their DNA torn to tatters by high-energy solar particles from which
they could not be shielded).Based on what we know now and can reasonably imagine, there is
absolutely no prospect that any human being will ever visit the edge of our own solar system—
ever. It is just too far. As it is, even with the Hubble telescope, we can’t see even into the Oort
cloud, so we don’t actually know that it is there. Its existence is probable but entirely
hypothetical.*About all that can be said with confidence about the Oort cloud is that it starts
somewhere beyond Pluto and stretches some two light-years out into the cosmos. The basic unit
of measure in the solar system is the Astronomical Unit, or AU, representing the distance from
the Sun to the Earth. Pluto is about forty AUs from us, the heart of the Oort cloud about fifty
thousand. In a word, it is remote.But let’s pretend again that we have made it to the Oort cloud.
The first thing you might notice is how very peaceful it is out here. We’re a long way from
anywhere now—so far from our own Sun that it’s not even the brightest star in the sky. It is a
remarkable thought that that distant tiny twinkle has enough gravity to hold all these comets in
orbit. It’s not a very strong bond, so the comets drift in a stately manner, moving at only about
220 miles an hour. From time to time some of these lonely comets are nudged out of their normal
orbit by some slight gravitational perturbation—a passing star perhaps. Sometimes they are
ejected into the emptiness of space, never to be seen again, but sometimes they fall into a long
orbit around the Sun. About three or four of these a year, known as long-period comets, pass
through the inner solar system. Just occasionally these stray visitors smack into something solid,
like Earth. That’s why we’ve come out here now—because the comet we have come to see has
just begun a long fall toward the center of the solar system. It is headed for, of all places,
Manson, Iowa. It is going to take a long time to get there—three or four million years at least—so
we’ll leave it for now, and return to it much later in the story.So that’s your solar system. And what
else is out there, beyond the solar system? Well, nothing and a great deal, depending on how
you look at it.In the short term, it’s nothing. The most perfect vacuum ever created by humans is
not as empty as the emptiness of interstellar space. And there is a great deal of this nothingness
until you get to the next bit of something. Our nearest neighbor in the cosmos, Proxima Centauri,
which is part of the three-star cluster known as Alpha Centauri, is 4.3 light-years away, a sissy
skip in galactic terms, but that is still a hundred million times farther than a trip to the Moon. To
reach it by spaceship would take at least twenty-five thousand years, and even if you made the
trip you still wouldn’t be anywhere except at a lonely clutch of stars in the middle of a vast
nowhere. To reach the next landmark of consequence, Sirius, would involve another 4.6 light-
years of travel. And so it would go if you tried to star-hop your way across the cosmos. Just
reaching the center of our own galaxy would take far longer than we have existed as
beings.Space, let me repeat, is enormous. The average distance between stars out there is 20
million million miles. Even at speeds approaching those of light, these are fantastically
challenging distances for any traveling individual. Of course, it is possible that alien beings travel
billions of miles to amuse themselves by planting crop circles in Wiltshire or frightening the
daylights out of some poor guy in a pickup truck on a lonely road in Arizona (they must have



teenagers, after all), but it does seem unlikely.Still, statistically the probability that there are other
thinking beings out there is good. Nobody knows how many stars there are in the Milky Way—
estimates range from 100 billion or so to perhaps 400 billion—and the Milky Way is just one of
140 billion or so other galaxies, many of them even larger than ours. In the 1960s, a professor at
Cornell named Frank Drake, excited by such whopping numbers, worked out a famous equation
designed to calculate the chances of advanced life in the cosmos based on a series of
diminishing probabilities.Under Drake’s equation you divide the number of stars in a selected
portion of the universe by the number of stars that are likely to have planetary systems; divide
that by the number of planetary systems that could theoretically support life; divide that by the
number on which life, having arisen, advances to a state of intelligence; and so on. At each such
division, the number shrinks colossally—yet even with the most conservative inputs the number
of advanced civilizations just in the Milky Way always works out to be somewhere in the
millions.What an interesting and exciting thought. We may be only one of millions of advanced
civilizations. Unfortunately, space being spacious, the average distance between any two of
these civilizations is reckoned to be at least two hundred light-years, which is a great deal more
than merely saying it makes it sound. It means for a start that even if these beings know we are
here and are somehow able to see us in their telescopes, they’re watching light that left Earth
two hundred years ago. So they’re not seeing you and me. They’re watching the French
Revolution and Thomas Jefferson and people in silk stockings and powdered wigs—people who
don’t know what an atom is, or a gene, and who make their electricity by rubbing a rod of amber
with a piece of fur and think that’s quite a trick. Any message we receive from them is likely to
begin “Dear Sire,” and congratulate us on the handsomeness of our horses and our mastery of
whale oil. Two hundred light-years is a distance so far beyond us as to be, well, just beyond
us.So even if we are not really alone, in all practical terms we are. Carl Sagan calculated the
number of probable planets in the universe at large at 10 billion trillion—a number vastly beyond
imagining. But what is equally beyond imagining is the amount of space through which they are
lightly scattered. “If we were randomly inserted into the universe,” Sagan wrote, “the chances
that you would be on or near a planet would be less than one in a billion trillion trillion.” (That’s
1033, or a one followed by thirty-three zeroes.) “Worlds are precious.”Which is why perhaps it is
good news that in February 1999 the International Astronomical Union ruled officially that Pluto
is a planet. The universe is a big and lonely place. We can do with all the neighbors we can
get.*Properly called the Öpik-Oort cloud, it is named for the Estonian astronomer Ernst Öpik,
who hypothesized its existence in 1932, and for the Dutch astronomer Jan Oort, who refined the
calculations eighteen years later.2 WELCOME TO THE SOLAR SYSTEMASTRONOMERS
THESE DAYS can do the most amazing things. If someone struck a match on the Moon, they
could spot the flare. From the tiniest throbs and wobbles of distant stars they can infer the size
and character and even potential habitability of planets much too remote to be seen—planets so
distant that it would take us half a million years in a spaceship to get there. With their radio
telescopes they can capture wisps of radiation so preposterously faint that the total amount of



energy collected from outside the solar system by all of them together since collecting began (in
1951) is “less than the energy of a single snowflake striking the ground,” in the words of Carl
Sagan.In short, there isn’t a great deal that goes on in the universe that astronomers can’t find
when they have a mind to. Which is why it is all the more remarkable to reflect that until 1978 no
one had ever noticed that Pluto has a moon. In the summer of that year, a young astronomer
named James Christy at the U.S. Naval Observatory in Flagstaff, Arizona, was making a routine
examination of photographic images of Pluto when he saw that there was something there—
something blurry and uncertain but definitely other than Pluto. Consulting a colleague named
Robert Harrington, he concluded that what he was looking at was a moon. And it wasn’t just any
moon. Relative to the planet, it was the biggest moon in the solar system.This was actually
something of a blow to Pluto’s status as a planet, which had never been terribly robust anyway.
Since previously the space occupied by the moon and the space occupied by Pluto were
thought to be one and the same, it meant that Pluto was much smaller than anyone had
supposed—smaller even than Mercury. Indeed, seven moons in the solar system, including our
own, are larger.Now a natural question is why it took so long for anyone to find a moon in our
own solar system. The answer is that it is partly a matter of where astronomers point their
instruments and partly a matter of what their instruments are designed to detect, and partly it’s
just Pluto. Mostly it’s where they point their instruments. In the words of the astronomer Clark
Chapman: “Most people think that astronomers get out at night in observatories and scan the
skies. That’s not true. Almost all the telescopes we have in the world are designed to peer at very
tiny little pieces of the sky way off in the distance to see a quasar or hunt for black holes or look
at a distant galaxy. The only real network of telescopes that scans the skies has been designed
and built by the military.”We have been spoiled by artists’ renderings into imagining a clarity of
resolution that doesn’t exist in actual astronomy. Pluto in Christy’s photograph is faint and fuzzy—
a piece of cosmic lint—and its moon is not the romantically backlit, crisply delineated
companion orb you would get in a National Geographic painting, but rather just a tiny and
extremely indistinct hint of additional fuzziness. Such was the fuzziness, in fact, that it took seven
years for anyone to spot the moon again and thus independently confirm its existence.One nice
touch about Christy’s discovery was that it happened in Flagstaff, for it was there in 1930 that
Pluto had been found in the first place. That seminal event in astronomy was largely to the credit
of the astronomer Percival Lowell. Lowell, who came from one of the oldest and wealthiest
Boston families (the one in the famous ditty about Boston being the home of the bean and the
cod, where Lowells spoke only to Cabots, while Cabots spoke only to God), endowed the
famous observatory that bears his name, but is most indelibly remembered for his belief that
Mars was covered with canals built by industrious Martians for purposes of conveying water from
polar regions to the dry but productive lands nearer the equator.Lowell’s other abiding conviction
was that there existed, somewhere out beyond Neptune, an undiscovered ninth planet, dubbed
Planet X. Lowell based this belief on irregularities he detected in the orbits of Uranus and
Neptune, and devoted the last years of his life to trying to find the gassy giant he was certain



was out there. Unfortunately, he died suddenly in 1916, at least partly exhausted by his quest,
and the search fell into abeyance while Lowell’s heirs squabbled over his estate. However, in
1929, partly as a way of deflecting attention away from the Mars canal saga (which by now had
become a serious embarrassment), the Lowell Observatory directors decided to resume the
search and to that end hired a young man from Kansas named Clyde Tombaugh.Tombaugh had
no formal training as an astronomer, but he was diligent and he was astute, and after a year’s
patient searching he somehow spotted Pluto, a faint point of light in a glittery firmament. It was a
miraculous find, and what made it all the more striking was that the observations on which
Lowell had predicted the existence of a planet beyond Neptune proved to be comprehensively
erroneous. Tombaugh could see at once that the new planet was nothing like the massive
gasball Lowell had postulated, but any reservations he or anyone else had about the character
of the new planet were soon swept aside in the delirium that attended almost any big news story
in that easily excited age. This was the first American-discovered planet, and no one was going
to be distracted by the thought that it was really just a distant icy dot. It was named Pluto at least
partly because the first two letters made a monogram from Lowell’s initials. Lowell was
posthumously hailed everywhere as a genius of the first order, and Tombaugh was largely
forgotten, except among planetary astronomers, who tend to revere him.A few astronomers
continue to think there may be a Planet X out there—a real whopper, perhaps as much as ten
times the size of Jupiter, but so far out as to be invisible to us. (It would receive so little sunlight
that it would have almost none to reflect.) The idea is that it wouldn’t be a conventional planet
like Jupiter or Saturn—it’s much too far away for that; we’re talking perhaps 4.5 trillion miles—but
more like a sun that never quite made it. Most star systems in the cosmos are binary (double-
starred), which makes our solitary sun a slight oddity.As for Pluto itself, nobody is quite sure how
big it is, or what it is made of, what kind of atmosphere it has, or even what it really is. A lot of
astronomers believe it isn’t a planet at all, but merely the largest object so far found in a zone of
galactic debris known as the Kuiper belt. The Kuiper belt was actually theorized by an
astronomer named F. C. Leonard in 1930, but the name honors Gerard Kuiper, a Dutch native
working in America, who expanded the idea. The Kuiper belt is the source of what are known as
short-period comets—those that come past pretty regularly—of which the most famous is
Halley’s comet. The more reclusive long-period comets (among them the recent visitors Hale-
Bopp and Hyakutake) come from the much more distant Oort cloud, about which more
presently.It is certainly true that Pluto doesn’t act much like the other planets. Not only is it runty
and obscure, but it is so variable in its motions that no one can tell you exactly where Pluto will
be a century hence. Whereas the other planets orbit on more or less the same plane, Pluto’s
orbital path is tipped (as it were) out of alignment at an angle of seventeen degrees, like the brim
of a hat tilted rakishly on someone’s head. Its orbit is so irregular that for substantial periods on
each of its lonely circuits around the Sun it is closer to us than Neptune is. For most of the 1980s
and 1990s, Neptune was in fact the solar system’s most far-flung planet. Only on February 11,
1999, did Pluto return to the outside lane, there to remain for the next 228 years.So if Pluto really



is a planet, it is certainly an odd one. It is very tiny: just one-quarter of 1 percent as massive as
Earth. If you set it down on top of the United States, it would cover not quite half the lower forty-
eight states. This alone makes it extremely anomalous; it means that our planetary system
consists of four rocky inner planets, four gassy outer giants, and a tiny, solitary iceball. Moreover,
there is every reason to suppose that we may soon begin to find other even larger icy spheres in
the same portion of space. Then we will have problems. After Christy spotted Pluto’s moon,
astronomers began to regard that section of the cosmos more attentively and as of early
December 2002 had found over six hundred additional Trans-Neptunian Objects, or Plutinos as
they are alternatively called. One, dubbed Varuna, is nearly as big as Pluto’s moon. Astronomers
now think there may be billions of these objects. The difficulty is that many of them are awfully
dark. Typically they have an albedo, or reflectiveness, of just 4 percent, about the same as a
lump of charcoal—and of course these lumps of charcoal are about four billion miles away.And
how far is that exactly? It’s almost beyond imagining. Space, you see, is just enormous—just
enormous. Let’s imagine, for purposes of edification and entertainment, that we are about to go
on a journey by rocketship. We won’t go terribly far—just to the edge of our own solar system—
but we need to get a fix on how big a place space is and what a small part of it we occupy.Now
the bad news, I’m afraid, is that we won’t be home for supper. Even at the speed of light, it would
take seven hours to get to Pluto. But of course we can’t travel at anything like that speed. We’ll
have to go at the speed of a spaceship, and these are rather more lumbering. The best speeds
yet achieved by any human object are those of the Voyager 1 and 2 spacecraft, which are now
flying away from us at about thirty-five thousand miles an hour.The reason the Voyager craft
were launched when they were (in August and September 1977) was that Jupiter, Saturn,
Uranus, and Neptune were aligned in a way that happens only once every 175 years. This
enabled the two Voyagers to use a “gravity assist” technique in which the craft were successively
flung from one gassy giant to the next in a kind of cosmic version of “crack the whip.” Even so, it
took them nine years to reach Uranus and a dozen to cross the orbit of Pluto. The good news is
that if we wait until January 2006 (which is when NASA’s New Horizons spacecraft is tentatively
scheduled to depart for Pluto) we can take advantage of favorable Jovian positioning, plus some
advances in technology, and get there in only a decade or so—though getting home again will
take rather longer, I’m afraid. At all events, it’s going to be a long trip.Now the first thing you are
likely to realize is that space is extremely well named and rather dismayingly uneventful. Our
solar system may be the liveliest thing for trillions of miles, but all the visible stuff in it—the Sun,
the planets and their moons, the billion or so tumbling rocks of the asteroid belt, comets, and
other miscellaneous drifting detritus—fills less than a trillionth of the available space. You also
quickly realize that none of the maps you have ever seen of the solar system were remotely
drawn to scale. Most schoolroom charts show the planets coming one after the other at
neighborly intervals—the outer giants actually cast shadows over each other in many illustrations
—but this is a necessary deceit to get them all on the same piece of paper. Neptune in reality
isn’t just a little bit beyond Jupiter, it’s way beyond Jupiter—five times farther from Jupiter than



Jupiter is from us, so far out that it receives only 3 percent as much sunlight as Jupiter.Such are
the distances, in fact, that it isn’t possible, in any practical terms, to draw the solar system to
scale. Even if you added lots of fold-out pages to your textbooks or used a really long sheet of
poster paper, you wouldn’t come close. On a diagram of the solar system to scale, with Earth
reduced to about the diameter of a pea, Jupiter would be over a thousand feet away and Pluto
would be a mile and a half distant (and about the size of a bacterium, so you wouldn’t be able to
see it anyway). On the same scale, Proxima Centauri, our nearest star, would be almost ten
thousand miles away. Even if you shrank down everything so that Jupiter was as small as the
period at the end of this sentence, and Pluto was no bigger than a molecule, Pluto would still be
over thirty-five feet away.So the solar system is really quite enormous. By the time we reach
Pluto, we have come so far that the Sun—our dear, warm, skin-tanning, life-giving Sun—has
shrunk to the size of a pinhead. It is little more than a bright star. In such a lonely void you can
begin to understand how even the most significant objects—Pluto’s moon, for example—have
escaped attention. In this respect, Pluto has hardly been alone. Until the Voyager expeditions,
Neptune was thought to have two moons; Voyager found six more. When I was a boy, the solar
system was thought to contain thirty moons. The total now is “at least ninety,” about a third of
which have been found in just the last ten years.The point to remember, of course, is that when
considering the universe at large we don’t actually know what is in our own solar system.Now
the other thing you will notice as we speed past Pluto is that we are speeding past Pluto. If you
check your itinerary, you will see that this is a trip to the edge of our solar system, and I’m afraid
we’re not there yet. Pluto may be the last object marked on schoolroom charts, but the system
doesn’t end there. In fact, it isn’t even close to ending there. We won’t get to the solar system’s
edge until we have passed through the Oort cloud, a vast celestial realm of drifting comets, and
we won’t reach the Oort cloud for another—I’m so sorry about this—ten thousand years. Far
from marking the outer edge of the solar system, as those schoolroom maps so cavalierly imply,
Pluto is barely one-fifty-thousandth of the way.Of course we have no prospect of such a journey.
A trip of 240,000 miles to the Moon still represents a very big undertaking for us. A manned
mission to Mars, called for by the first President Bush in a moment of passing giddiness, was
quietly dropped when someone worked out that it would cost $450 billion and probably result in
the deaths of all the crew (their DNA torn to tatters by high-energy solar particles from which
they could not be shielded).Based on what we know now and can reasonably imagine, there is
absolutely no prospect that any human being will ever visit the edge of our own solar system—
ever. It is just too far. As it is, even with the Hubble telescope, we can’t see even into the Oort
cloud, so we don’t actually know that it is there. Its existence is probable but entirely
hypothetical.*About all that can be said with confidence about the Oort cloud is that it starts
somewhere beyond Pluto and stretches some two light-years out into the cosmos. The basic unit
of measure in the solar system is the Astronomical Unit, or AU, representing the distance from
the Sun to the Earth. Pluto is about forty AUs from us, the heart of the Oort cloud about fifty
thousand. In a word, it is remote.But let’s pretend again that we have made it to the Oort cloud.



The first thing you might notice is how very peaceful it is out here. We’re a long way from
anywhere now—so far from our own Sun that it’s not even the brightest star in the sky. It is a
remarkable thought that that distant tiny twinkle has enough gravity to hold all these comets in
orbit. It’s not a very strong bond, so the comets drift in a stately manner, moving at only about
220 miles an hour. From time to time some of these lonely comets are nudged out of their normal
orbit by some slight gravitational perturbation—a passing star perhaps. Sometimes they are
ejected into the emptiness of space, never to be seen again, but sometimes they fall into a long
orbit around the Sun. About three or four of these a year, known as long-period comets, pass
through the inner solar system. Just occasionally these stray visitors smack into something solid,
like Earth. That’s why we’ve come out here now—because the comet we have come to see has
just begun a long fall toward the center of the solar system. It is headed for, of all places,
Manson, Iowa. It is going to take a long time to get there—three or four million years at least—so
we’ll leave it for now, and return to it much later in the story.So that’s your solar system. And what
else is out there, beyond the solar system? Well, nothing and a great deal, depending on how
you look at it.In the short term, it’s nothing. The most perfect vacuum ever created by humans is
not as empty as the emptiness of interstellar space. And there is a great deal of this nothingness
until you get to the next bit of something. Our nearest neighbor in the cosmos, Proxima Centauri,
which is part of the three-star cluster known as Alpha Centauri, is 4.3 light-years away, a sissy
skip in galactic terms, but that is still a hundred million times farther than a trip to the Moon. To
reach it by spaceship would take at least twenty-five thousand years, and even if you made the
trip you still wouldn’t be anywhere except at a lonely clutch of stars in the middle of a vast
nowhere. To reach the next landmark of consequence, Sirius, would involve another 4.6 light-
years of travel. And so it would go if you tried to star-hop your way across the cosmos. Just
reaching the center of our own galaxy would take far longer than we have existed as
beings.Space, let me repeat, is enormous. The average distance between stars out there is 20
million million miles. Even at speeds approaching those of light, these are fantastically
challenging distances for any traveling individual. Of course, it is possible that alien beings travel
billions of miles to amuse themselves by planting crop circles in Wiltshire or frightening the
daylights out of some poor guy in a pickup truck on a lonely road in Arizona (they must have
teenagers, after all), but it does seem unlikely.Still, statistically the probability that there are other
thinking beings out there is good. Nobody knows how many stars there are in the Milky Way—
estimates range from 100 billion or so to perhaps 400 billion—and the Milky Way is just one of
140 billion or so other galaxies, many of them even larger than ours. In the 1960s, a professor at
Cornell named Frank Drake, excited by such whopping numbers, worked out a famous equation
designed to calculate the chances of advanced life in the cosmos based on a series of
diminishing probabilities.Under Drake’s equation you divide the number of stars in a selected
portion of the universe by the number of stars that are likely to have planetary systems; divide
that by the number of planetary systems that could theoretically support life; divide that by the
number on which life, having arisen, advances to a state of intelligence; and so on. At each such



division, the number shrinks colossally—yet even with the most conservative inputs the number
of advanced civilizations just in the Milky Way always works out to be somewhere in the
millions.What an interesting and exciting thought. We may be only one of millions of advanced
civilizations. Unfortunately, space being spacious, the average distance between any two of
these civilizations is reckoned to be at least two hundred light-years, which is a great deal more
than merely saying it makes it sound. It means for a start that even if these beings know we are
here and are somehow able to see us in their telescopes, they’re watching light that left Earth
two hundred years ago. So they’re not seeing you and me. They’re watching the French
Revolution and Thomas Jefferson and people in silk stockings and powdered wigs—people who
don’t know what an atom is, or a gene, and who make their electricity by rubbing a rod of amber
with a piece of fur and think that’s quite a trick. Any message we receive from them is likely to
begin “Dear Sire,” and congratulate us on the handsomeness of our horses and our mastery of
whale oil. Two hundred light-years is a distance so far beyond us as to be, well, just beyond
us.So even if we are not really alone, in all practical terms we are. Carl Sagan calculated the
number of probable planets in the universe at large at 10 billion trillion—a number vastly beyond
imagining. But what is equally beyond imagining is the amount of space through which they are
lightly scattered. “If we were randomly inserted into the universe,” Sagan wrote, “the chances
that you would be on or near a planet would be less than one in a billion trillion trillion.” (That’s
1033, or a one followed by thirty-three zeroes.) “Worlds are precious.”Which is why perhaps it is
good news that in February 1999 the International Astronomical Union ruled officially that Pluto
is a planet. The universe is a big and lonely place. We can do with all the neighbors we can
get.*Properly called the Öpik-Oort cloud, it is named for the Estonian astronomer Ernst Öpik,
who hypothesized its existence in 1932, and for the Dutch astronomer Jan Oort, who refined the
calculations eighteen years later.2 WELCOME TO THE SOLAR SYSTEMASTRONOMERS
THESE DAYS can do the most amazing things. If someone struck a match on the Moon, they
could spot the flare. From the tiniest throbs and wobbles of distant stars they can infer the size
and character and even potential habitability of planets much too remote to be seen—planets so
distant that it would take us half a million years in a spaceship to get there. With their radio
telescopes they can capture wisps of radiation so preposterously faint that the total amount of
energy collected from outside the solar system by all of them together since collecting began (in
1951) is “less than the energy of a single snowflake striking the ground,” in the words of Carl
Sagan.In short, there isn’t a great deal that goes on in the universe that astronomers can’t find
when they have a mind to. Which is why it is all the more remarkable to reflect that until 1978 no
one had ever noticed that Pluto has a moon. In the summer of that year, a young astronomer
named James Christy at the U.S. Naval Observatory in Flagstaff, Arizona, was making a routine
examination of photographic images of Pluto when he saw that there was something there—
something blurry and uncertain but definitely other than Pluto. Consulting a colleague named
Robert Harrington, he concluded that what he was looking at was a moon. And it wasn’t just any
moon. Relative to the planet, it was the biggest moon in the solar system.This was actually



something of a blow to Pluto’s status as a planet, which had never been terribly robust anyway.
Since previously the space occupied by the moon and the space occupied by Pluto were
thought to be one and the same, it meant that Pluto was much smaller than anyone had
supposed—smaller even than Mercury. Indeed, seven moons in the solar system, including our
own, are larger.Now a natural question is why it took so long for anyone to find a moon in our
own solar system. The answer is that it is partly a matter of where astronomers point their
instruments and partly a matter of what their instruments are designed to detect, and partly it’s
just Pluto. Mostly it’s where they point their instruments. In the words of the astronomer Clark
Chapman: “Most people think that astronomers get out at night in observatories and scan the
skies. That’s not true. Almost all the telescopes we have in the world are designed to peer at very
tiny little pieces of the sky way off in the distance to see a quasar or hunt for black holes or look
at a distant galaxy. The only real network of telescopes that scans the skies has been designed
and built by the military.”We have been spoiled by artists’ renderings into imagining a clarity of
resolution that doesn’t exist in actual astronomy. Pluto in Christy’s photograph is faint and fuzzy—
a piece of cosmic lint—and its moon is not the romantically backlit, crisply delineated
companion orb you would get in a National Geographic painting, but rather just a tiny and
extremely indistinct hint of additional fuzziness. Such was the fuzziness, in fact, that it took seven
years for anyone to spot the moon again and thus independently confirm its existence.One nice
touch about Christy’s discovery was that it happened in Flagstaff, for it was there in 1930 that
Pluto had been found in the first place. That seminal event in astronomy was largely to the credit
of the astronomer Percival Lowell. Lowell, who came from one of the oldest and wealthiest
Boston families (the one in the famous ditty about Boston being the home of the bean and the
cod, where Lowells spoke only to Cabots, while Cabots spoke only to God), endowed the
famous observatory that bears his name, but is most indelibly remembered for his belief that
Mars was covered with canals built by industrious Martians for purposes of conveying water from
polar regions to the dry but productive lands nearer the equator.Lowell’s other abiding conviction
was that there existed, somewhere out beyond Neptune, an undiscovered ninth planet, dubbed
Planet X. Lowell based this belief on irregularities he detected in the orbits of Uranus and
Neptune, and devoted the last years of his life to trying to find the gassy giant he was certain
was out there. Unfortunately, he died suddenly in 1916, at least partly exhausted by his quest,
and the search fell into abeyance while Lowell’s heirs squabbled over his estate. However, in
1929, partly as a way of deflecting attention away from the Mars canal saga (which by now had
become a serious embarrassment), the Lowell Observatory directors decided to resume the
search and to that end hired a young man from Kansas named Clyde Tombaugh.Tombaugh had
no formal training as an astronomer, but he was diligent and he was astute, and after a year’s
patient searching he somehow spotted Pluto, a faint point of light in a glittery firmament. It was a
miraculous find, and what made it all the more striking was that the observations on which
Lowell had predicted the existence of a planet beyond Neptune proved to be comprehensively
erroneous. Tombaugh could see at once that the new planet was nothing like the massive



gasball Lowell had postulated, but any reservations he or anyone else had about the character
of the new planet were soon swept aside in the delirium that attended almost any big news story
in that easily excited age. This was the first American-discovered planet, and no one was going
to be distracted by the thought that it was really just a distant icy dot. It was named Pluto at least
partly because the first two letters made a monogram from Lowell’s initials. Lowell was
posthumously hailed everywhere as a genius of the first order, and Tombaugh was largely
forgotten, except among planetary astronomers, who tend to revere him.A few astronomers
continue to think there may be a Planet X out there—a real whopper, perhaps as much as ten
times the size of Jupiter, but so far out as to be invisible to us. (It would receive so little sunlight
that it would have almost none to reflect.) The idea is that it wouldn’t be a conventional planet
like Jupiter or Saturn—it’s much too far away for that; we’re talking perhaps 4.5 trillion miles—but
more like a sun that never quite made it. Most star systems in the cosmos are binary (double-
starred), which makes our solitary sun a slight oddity.As for Pluto itself, nobody is quite sure how
big it is, or what it is made of, what kind of atmosphere it has, or even what it really is. A lot of
astronomers believe it isn’t a planet at all, but merely the largest object so far found in a zone of
galactic debris known as the Kuiper belt. The Kuiper belt was actually theorized by an
astronomer named F. C. Leonard in 1930, but the name honors Gerard Kuiper, a Dutch native
working in America, who expanded the idea. The Kuiper belt is the source of what are known as
short-period comets—those that come past pretty regularly—of which the most famous is
Halley’s comet. The more reclusive long-period comets (among them the recent visitors Hale-
Bopp and Hyakutake) come from the much more distant Oort cloud, about which more
presently.It is certainly true that Pluto doesn’t act much like the other planets. Not only is it runty
and obscure, but it is so variable in its motions that no one can tell you exactly where Pluto will
be a century hence. Whereas the other planets orbit on more or less the same plane, Pluto’s
orbital path is tipped (as it were) out of alignment at an angle of seventeen degrees, like the brim
of a hat tilted rakishly on someone’s head. Its orbit is so irregular that for substantial periods on
each of its lonely circuits around the Sun it is closer to us than Neptune is. For most of the 1980s
and 1990s, Neptune was in fact the solar system’s most far-flung planet. Only on February 11,
1999, did Pluto return to the outside lane, there to remain for the next 228 years.So if Pluto really
is a planet, it is certainly an odd one. It is very tiny: just one-quarter of 1 percent as massive as
Earth. If you set it down on top of the United States, it would cover not quite half the lower forty-
eight states. This alone makes it extremely anomalous; it means that our planetary system
consists of four rocky inner planets, four gassy outer giants, and a tiny, solitary iceball. Moreover,
there is every reason to suppose that we may soon begin to find other even larger icy spheres in
the same portion of space. Then we will have problems. After Christy spotted Pluto’s moon,
astronomers began to regard that section of the cosmos more attentively and as of early
December 2002 had found over six hundred additional Trans-Neptunian Objects, or Plutinos as
they are alternatively called. One, dubbed Varuna, is nearly as big as Pluto’s moon. Astronomers
now think there may be billions of these objects. The difficulty is that many of them are awfully



dark. Typically they have an albedo, or reflectiveness, of just 4 percent, about the same as a
lump of charcoal—and of course these lumps of charcoal are about four billion miles away.And
how far is that exactly? It’s almost beyond imagining. Space, you see, is just enormous—just
enormous. Let’s imagine, for purposes of edification and entertainment, that we are about to go
on a journey by rocketship. We won’t go terribly far—just to the edge of our own solar system—
but we need to get a fix on how big a place space is and what a small part of it we occupy.Now
the bad news, I’m afraid, is that we won’t be home for supper. Even at the speed of light, it would
take seven hours to get to Pluto. But of course we can’t travel at anything like that speed. We’ll
have to go at the speed of a spaceship, and these are rather more lumbering. The best speeds
yet achieved by any human object are those of the Voyager 1 and 2 spacecraft, which are now
flying away from us at about thirty-five thousand miles an hour.The reason the Voyager craft
were launched when they were (in August and September 1977) was that Jupiter, Saturn,
Uranus, and Neptune were aligned in a way that happens only once every 175 years. This
enabled the two Voyagers to use a “gravity assist” technique in which the craft were successively
flung from one gassy giant to the next in a kind of cosmic version of “crack the whip.” Even so, it
took them nine years to reach Uranus and a dozen to cross the orbit of Pluto. The good news is
that if we wait until January 2006 (which is when NASA’s New Horizons spacecraft is tentatively
scheduled to depart for Pluto) we can take advantage of favorable Jovian positioning, plus some
advances in technology, and get there in only a decade or so—though getting home again will
take rather longer, I’m afraid. At all events, it’s going to be a long trip.Now the first thing you are
likely to realize is that space is extremely well named and rather dismayingly uneventful. Our
solar system may be the liveliest thing for trillions of miles, but all the visible stuff in it—the Sun,
the planets and their moons, the billion or so tumbling rocks of the asteroid belt, comets, and
other miscellaneous drifting detritus—fills less than a trillionth of the available space. You also
quickly realize that none of the maps you have ever seen of the solar system were remotely
drawn to scale. Most schoolroom charts show the planets coming one after the other at
neighborly intervals—the outer giants actually cast shadows over each other in many illustrations
—but this is a necessary deceit to get them all on the same piece of paper. Neptune in reality
isn’t just a little bit beyond Jupiter, it’s way beyond Jupiter—five times farther from Jupiter than
Jupiter is from us, so far out that it receives only 3 percent as much sunlight as Jupiter.Such are
the distances, in fact, that it isn’t possible, in any practical terms, to draw the solar system to
scale. Even if you added lots of fold-out pages to your textbooks or used a really long sheet of
poster paper, you wouldn’t come close. On a diagram of the solar system to scale, with Earth
reduced to about the diameter of a pea, Jupiter would be over a thousand feet away and Pluto
would be a mile and a half distant (and about the size of a bacterium, so you wouldn’t be able to
see it anyway). On the same scale, Proxima Centauri, our nearest star, would be almost ten
thousand miles away. Even if you shrank down everything so that Jupiter was as small as the
period at the end of this sentence, and Pluto was no bigger than a molecule, Pluto would still be
over thirty-five feet away.So the solar system is really quite enormous. By the time we reach



Pluto, we have come so far that the Sun—our dear, warm, skin-tanning, life-giving Sun—has
shrunk to the size of a pinhead. It is little more than a bright star. In such a lonely void you can
begin to understand how even the most significant objects—Pluto’s moon, for example—have
escaped attention. In this respect, Pluto has hardly been alone. Until the Voyager expeditions,
Neptune was thought to have two moons; Voyager found six more. When I was a boy, the solar
system was thought to contain thirty moons. The total now is “at least ninety,” about a third of
which have been found in just the last ten years.The point to remember, of course, is that when
considering the universe at large we don’t actually know what is in our own solar system.Now
the other thing you will notice as we speed past Pluto is that we are speeding past Pluto. If you
check your itinerary, you will see that this is a trip to the edge of our solar system, and I’m afraid
we’re not there yet. Pluto may be the last object marked on schoolroom charts, but the system
doesn’t end there. In fact, it isn’t even close to ending there. We won’t get to the solar system’s
edge until we have passed through the Oort cloud, a vast celestial realm of drifting comets, and
we won’t reach the Oort cloud for another—I’m so sorry about this—ten thousand years. Far
from marking the outer edge of the solar system, as those schoolroom maps so cavalierly imply,
Pluto is barely one-fifty-thousandth of the way.Of course we have no prospect of such a journey.
A trip of 240,000 miles to the Moon still represents a very big undertaking for us. A manned
mission to Mars, called for by the first President Bush in a moment of passing giddiness, was
quietly dropped when someone worked out that it would cost $450 billion and probably result in
the deaths of all the crew (their DNA torn to tatters by high-energy solar particles from which
they could not be shielded).Based on what we know now and can reasonably imagine, there is
absolutely no prospect that any human being will ever visit the edge of our own solar system—
ever. It is just too far. As it is, even with the Hubble telescope, we can’t see even into the Oort
cloud, so we don’t actually know that it is there. Its existence is probable but entirely
hypothetical.*About all that can be said with confidence about the Oort cloud is that it starts
somewhere beyond Pluto and stretches some two light-years out into the cosmos. The basic unit
of measure in the solar system is the Astronomical Unit, or AU, representing the distance from
the Sun to the Earth. Pluto is about forty AUs from us, the heart of the Oort cloud about fifty
thousand. In a word, it is remote.But let’s pretend again that we have made it to the Oort cloud.
The first thing you might notice is how very peaceful it is out here. We’re a long way from
anywhere now—so far from our own Sun that it’s not even the brightest star in the sky. It is a
remarkable thought that that distant tiny twinkle has enough gravity to hold all these comets in
orbit. It’s not a very strong bond, so the comets drift in a stately manner, moving at only about
220 miles an hour. From time to time some of these lonely comets are nudged out of their normal
orbit by some slight gravitational perturbation—a passing star perhaps. Sometimes they are
ejected into the emptiness of space, never to be seen again, but sometimes they fall into a long
orbit around the Sun. About three or four of these a year, known as long-period comets, pass
through the inner solar system. Just occasionally these stray visitors smack into something solid,
like Earth. That’s why we’ve come out here now—because the comet we have come to see has



just begun a long fall toward the center of the solar system. It is headed for, of all places,
Manson, Iowa. It is going to take a long time to get there—three or four million years at least—so
we’ll leave it for now, and return to it much later in the story.So that’s your solar system. And what
else is out there, beyond the solar system? Well, nothing and a great deal, depending on how
you look at it.In the short term, it’s nothing. The most perfect vacuum ever created by humans is
not as empty as the emptiness of interstellar space. And there is a great deal of this nothingness
until you get to the next bit of something. Our nearest neighbor in the cosmos, Proxima Centauri,
which is part of the three-star cluster known as Alpha Centauri, is 4.3 light-years away, a sissy
skip in galactic terms, but that is still a hundred million times farther than a trip to the Moon. To
reach it by spaceship would take at least twenty-five thousand years, and even if you made the
trip you still wouldn’t be anywhere except at a lonely clutch of stars in the middle of a vast
nowhere. To reach the next landmark of consequence, Sirius, would involve another 4.6 light-
years of travel. And so it would go if you tried to star-hop your way across the cosmos. Just
reaching the center of our own galaxy would take far longer than we have existed as
beings.Space, let me repeat, is enormous. The average distance between stars out there is 20
million million miles. Even at speeds approaching those of light, these are fantastically
challenging distances for any traveling individual. Of course, it is possible that alien beings travel
billions of miles to amuse themselves by planting crop circles in Wiltshire or frightening the
daylights out of some poor guy in a pickup truck on a lonely road in Arizona (they must have
teenagers, after all), but it does seem unlikely.Still, statistically the probability that there are other
thinking beings out there is good. Nobody knows how many stars there are in the Milky Way—
estimates range from 100 billion or so to perhaps 400 billion—and the Milky Way is just one of
140 billion or so other galaxies, many of them even larger than ours. In the 1960s, a professor at
Cornell named Frank Drake, excited by such whopping numbers, worked out a famous equation
designed to calculate the chances of advanced life in the cosmos based on a series of
diminishing probabilities.Under Drake’s equation you divide the number of stars in a selected
portion of the universe by the number of stars that are likely to have planetary systems; divide
that by the number of planetary systems that could theoretically support life; divide that by the
number on which life, having arisen, advances to a state of intelligence; and so on. At each such
division, the number shrinks colossally—yet even with the most conservative inputs the number
of advanced civilizations just in the Milky Way always works out to be somewhere in the
millions.What an interesting and exciting thought. We may be only one of millions of advanced
civilizations. Unfortunately, space being spacious, the average distance between any two of
these civilizations is reckoned to be at least two hundred light-years, which is a great deal more
than merely saying it makes it sound. It means for a start that even if these beings know we are
here and are somehow able to see us in their telescopes, they’re watching light that left Earth
two hundred years ago. So they’re not seeing you and me. They’re watching the French
Revolution and Thomas Jefferson and people in silk stockings and powdered wigs—people who
don’t know what an atom is, or a gene, and who make their electricity by rubbing a rod of amber



with a piece of fur and think that’s quite a trick. Any message we receive from them is likely to
begin “Dear Sire,” and congratulate us on the handsomeness of our horses and our mastery of
whale oil. Two hundred light-years is a distance so far beyond us as to be, well, just beyond
us.So even if we are not really alone, in all practical terms we are. Carl Sagan calculated the
number of probable planets in the universe at large at 10 billion trillion—a number vastly beyond
imagining. But what is equally beyond imagining is the amount of space through which they are
lightly scattered. “If we were randomly inserted into the universe,” Sagan wrote, “the chances
that you would be on or near a planet would be less than one in a billion trillion trillion.” (That’s
1033, or a one followed by thirty-three zeroes.) “Worlds are precious.”Which is why perhaps it is
good news that in February 1999 the International Astronomical Union ruled officially that Pluto
is a planet. The universe is a big and lonely place. We can do with all the neighbors we can
get.*Properly called the Öpik-Oort cloud, it is named for the Estonian astronomer Ernst Öpik,
who hypothesized its existence in 1932, and for the Dutch astronomer Jan Oort, who refined the
calculations eighteen years later.*Properly called the Öpik-Oort cloud, it is named for the
Estonian astronomer Ernst Öpik, who hypothesized its existence in 1932, and for the Dutch
astronomer Jan Oort, who refined the calculations eighteen years later.3 THE REVEREND
EVANS’S UNIVERSEWHEN THE SKIES are clear and the Moon is not too bright, the Reverend
Robert Evans, a quiet and cheerful man, lugs a bulky telescope onto the back deck of his home
in the Blue Mountains of Australia, about fifty miles west of Sydney, and does an extraordinary
thing. He looks deep into the past and finds dying stars.Looking into the past is of course the
easy part. Glance at the night sky and what you see is history and lots of it—the stars not as they
are now but as they were when their light left them. For all we know, the North Star, our faithful
companion, might actually have burned out last January or in 1854 or at any time since the early
fourteenth century and news of it just hasn’t reached us yet. The best we can say—can ever say
—is that it was still burning on this date 680 years ago. Stars die all the time. What Bob Evans
does better than anyone else who has ever tried is spot these moments of celestial farewell.By
day, Evans is a kindly and now semiretired minister in the Uniting Church in Australia, who does
a bit of freelance work and researches the history of nineteenth-century religious movements.
But by night he is, in his unassuming way, a titan of the skies. He hunts supernovae.Supernovae
occur when a giant star, one much bigger than our own Sun, collapses and then spectacularly
explodes, releasing in an instant the energy of a hundred billion suns, burning for a time brighter
than all the stars in its galaxy. “It’s like a trillion hydrogen bombs going off at once,” says Evans. If
a supernova explosion happened within five hundred light-years of us, we would be goners,
according to Evans—“it would wreck the show,” as he cheerfully puts it. But the universe is vast,
and supernovae are normally much too far away to harm us. In fact, most are so unimaginably
distant that their light reaches us as no more than the faintest twinkle. For the month or so that
they are visible, all that distinguishes them from the other stars in the sky is that they occupy a
point of space that wasn’t filled before. It is these anomalous, very occasional pricks in the
crowded dome of the night sky that the Reverend Evans finds.To understand what a feat this is,



imagine a standard dining room table covered in a black tablecloth and someone throwing a
handful of salt across it. The scattered grains can be thought of as a galaxy. Now imagine fifteen
hundred more tables like the first one—enough to fill a Wal-Mart parking lot, say, or to make a
single line two miles long—each with a random array of salt across it. Now add one grain of salt
to any table and let Bob Evans walk among them. At a glance he will spot it. That grain of salt is
the supernova.Evans’s is a talent so exceptional that Oliver Sacks, in An Anthropologist on Mars,
devotes a passage to him in a chapter on autistic savants—quickly adding that “there is no
suggestion that he is autistic.” Evans, who has not met Sacks, laughs at the suggestion that he
might be either autistic or a savant, but he is powerless to explain quite where his talent comes
from.“I just seem to have a knack for memorizing star fields,” he told me, with a frankly apologetic
look, when I visited him and his wife, Elaine, in their picture-book bungalow on a tranquil edge of
the village of Hazelbrook, out where Sydney finally ends and the boundless Australian bush
begins. “I’m not particularly good at other things,” he added. “I don’t remember names well.”“Or
where he’s put things,” called Elaine from the kitchen.He nodded frankly again and grinned, then
asked me if I’d like to see his telescope. I had imagined that Evans would have a proper
observatory in his backyard—a scaled-down version of a Mount Wilson or Palomar, with a
sliding domed roof and a mechanized chair that would be a pleasure to maneuver. In fact, he led
me not outside but to a crowded storeroom off the kitchen where he keeps his books and papers
and where his telescope—a white cylinder that is about the size and shape of a household hot-
water tank—rests in a homemade, swiveling plywood mount. When he wishes to observe, he
carries them in two trips to a small deck off the kitchen. Between the overhang of the roof and
the feathery tops of eucalyptus trees growing up from the slope below, he has only a letter-box
view of the sky, but he says it is more than good enough for his purposes. And there, when the
skies are clear and the Moon not too bright, he finds his supernovae.The term supernova was
coined in the 1930s by a memorably odd astrophysicist named Fritz Zwicky. Born in Bulgaria
and raised in Switzerland, Zwicky came to the California Institute of Technology in the 1920s and
there at once distinguished himself by his abrasive personality and erratic talents. He didn’t
seem to be outstandingly bright, and many of his colleagues considered him little more than “an
irritating buffoon.” A fitness buff, he would often drop to the floor of the Caltech dining hall or
other public areas and do one-armed pushups to demonstrate his virility to anyone who seemed
inclined to doubt it. He was notoriously aggressive, his manner eventually becoming so
intimidating that his closest collaborator, a gentle man named Walter Baade, refused to be left
alone with him. Among other things, Zwicky accused Baade, who was German, of being a Nazi,
which he was not. On at least one occasion Zwicky threatened to kill Baade, who worked up the
hill at the Mount Wilson Observatory, if he saw him on the Caltech campus.But Zwicky was also
capable of insights of the most startling brilliance. In the early 1930s, he turned his attention to a
question that had long troubled astronomers: the appearance in the sky of occasional
unexplained points of light, new stars. Improbably he wondered if the neutron—the subatomic
particle that had just been discovered in England by James Chadwick, and was thus both novel



and rather fashionable—might be at the heart of things. It occurred to him that if a star collapsed
to the sort of densities found in the core of atoms, the result would be an unimaginably
compacted core. Atoms would literally be crushed together, their electrons forced into the
nucleus, forming neutrons. You would have a neutron star. Imagine a million really weighty
cannonballs squeezed down to the size of a marble and—well, you’re still not even close. The
core of a neutron star is so dense that a single spoonful of matter from it would weigh 200 billion
pounds. A spoonful! But there was more. Zwicky realized that after the collapse of such a star
there would be a huge amount of energy left over—enough to make the biggest bang in the
universe. He called these resultant explosions supernovae. They would be—they are—the
biggest events in creation.On January 15, 1934, the journal Physical Review published a very
concise abstract of a presentation that had been conducted by Zwicky and Baade the previous
month at Stanford University. Despite its extreme brevity—one paragraph of twenty-four lines—
the abstract contained an enormous amount of new science: it provided the first reference to
supernovae and to neutron stars; convincingly explained their method of formation; correctly
calculated the scale of their explosiveness; and, as a kind of concluding bonus, connected
supernova explosions to the production of a mysterious new phenomenon called cosmic rays,
which had recently been found swarming through the universe. These ideas were revolutionary
to say the least. Neutron stars wouldn’t be confirmed for thirty-four years. The cosmic rays
notion, though considered plausible, hasn’t been verified yet. Altogether, the abstract was, in the
words of Caltech astrophysicist Kip S. Thorne, “one of the most prescient documents in the
history of physics and astronomy.”Interestingly, Zwicky had almost no understanding of why any
of this would happen. According to Thorne, “he did not understand the laws of physics well
enough to be able to substantiate his ideas.” Zwicky’s talent was for big ideas. Others—Baade
mostly—were left to do the mathematical sweeping up.Zwicky also was the first to recognize that
there wasn’t nearly enough visible mass in the universe to hold galaxies together and that there
must be some other gravitational influence—what we now call dark matter. One thing he failed to
see was that if a neutron star shrank enough it would become so dense that even light couldn’t
escape its immense gravitational pull. You would have a black hole. Unfortunately, Zwicky was
held in such disdain by most of his colleagues that his ideas attracted almost no notice. When,
five years later, the great Robert Oppenheimer turned his attention to neutron stars in a
landmark paper, he made not a single reference to any of Zwicky’s work even though Zwicky
had been working for years on the same problem in an office just down the hall. Zwicky’s
deductions concerning dark matter wouldn’t attract serious attention for nearly four decades. We
can only assume that he did a lot of pushups in this period.Surprisingly little of the universe is
visible to us when we incline our heads to the sky. Only about 6,000 stars are visible to the
naked eye from Earth, and only about 2,000 can be seen from any one spot. With binoculars the
number of stars you can see from a single location rises to about 50,000, and with a small two-
inch telescope it leaps to 300,000. With a sixteen-inch telescope, such as Evans uses, you
begin to count not in stars but in galaxies. From his deck, Evans supposes he can see between



50,000 and 100,000 galaxies, each containing tens of billions of stars. These are of course
respectable numbers, but even with so much to take in, supernovae are extremely rare. A star
can burn for billions of years, but it dies just once and quickly, and only a few dying stars
explode. Most expire quietly, like a campfire at dawn. In a typical galaxy, consisting of a hundred
billion stars, a supernova will occur on average once every two or three hundred years. Finding a
supernova therefore was a little bit like standing on the observation platform of the Empire State
Building with a telescope and searching windows around Manhattan in the hope of finding, let us
say, someone lighting a twenty-first-birthday cake.So when a hopeful and softspoken minister
got in touch to ask if they had any usable field charts for hunting supernovae, the astronomical
community thought he was out of his mind. At the time Evans had a ten-inch telescope—a very
respectable size for amateur stargazing but hardly the sort of thing with which to do serious
cosmology—and he was proposing to find one of the universe’s rarer phenomena. In the whole
of astronomical history before Evans started looking in 1980, fewer than sixty supernovae had
been found. (At the time I visited him, in August of 2001, he had just recorded his thirty-fourth
visual discovery; a thirty-fifth followed three months later and a thirty-sixth in early 2003.)Evans,
however, had certain advantages. Most observers, like most people generally, are in the
northern hemisphere, so he had a lot of sky largely to himself, especially at first. He also had
speed and his uncanny memory. Large telescopes are cumbersome things, and much of their
operational time is consumed with being maneuvered into position. Evans could swing his little
sixteen-inch telescope around like a tail gunner in a dogfight, spending no more than a couple of
seconds on any particular point in the sky. In consequence, he could observe perhaps four
hundred galaxies in an evening while a large professional telescope would be lucky to do fifty or
sixty.Looking for supernovae is mostly a matter of not finding them. From 1980 to 1996 he
averaged two discoveries a year—not a huge payoff for hundreds of nights of peering and
peering. Once he found three in fifteen days, but another time he went three years without
finding any at all.“There is actually a certain value in not finding anything,” he said. “It helps
cosmologists to work out the rate at which galaxies are evolving. It’s one of those rare areas
where the absence of evidence is evidence.”On a table beside the telescope were stacks of
photos and papers relevant to his pursuits, and he showed me some of them now. If you have
ever looked through popular astronomical publications, and at some time you must have, you will
know that they are generally full of richly luminous color photos of distant nebulae and the like—
fairy-lit clouds of celestial light of the most delicate and moving splendor. Evans’s working
images are nothing like that. They are just blurry black-and-white photos with little points of
haloed brightness. One he showed me depicted a swarm of stars with a trifling flare that I had to
put close to my face to see.This, Evans told me, was a star in a constellation called Fornax from
a galaxy known to astronomy as NGC1365. (NGC stands for New General Catalogue, where
these things are recorded. Once it was a heavy book on someone’s desk in Dublin; today,
needless to say, it’s a database.) For sixty million silent years, the light from the star’s
spectacular demise traveled unceasingly through space until one night in August of 2001 it



arrived at Earth in the form of a puff of radiance, the tiniest brightening, in the night sky. It was of
course Robert Evans on his eucalypt-scented hillside who spotted it.“There’s something
satisfying, I think,” Evans said, “about the idea of light traveling for millions of years through
space and just at the right moment as it reaches Earth someone looks at the right bit of sky and
sees it. It just seems right that an event of that magnitude should be witnessed.”Supernovae do
much more than simply impart a sense of wonder. They come in several types (one of them
discovered by Evans) and of these one in particular, known as a Ia supernova, is important to
astronomy because it always explodes in the same way, with the same critical mass. For this
reason it can be used as a standard candle to measure the expansion rate of the universe.In
1987 Saul Perlmutter at the Lawrence Berkeley lab in California, needing more Ia supernovae
than visual sightings were providing, set out to find a more systematic method of searching for
them. Perlmutter devised a nifty system using sophisticated computers and charge-coupled
devices—in essence, really good digital cameras. It automated supernova hunting. Telescopes
could now take thousands of pictures and let a computer detect the telltale bright spots that
marked a supernova explosion. In five years, with the new technique, Perlmutter and his
colleagues at Berkeley found forty-two supernovae. Now even amateurs are finding supernovae
with charge-coupled devices. “With CCDs you can aim a telescope at the sky and go watch
television,” Evans said with a touch of dismay. “It took all the romance out of it.”I asked him if he
was tempted to adopt the new technology. “Oh, no,” he said, “I enjoy my way too much.
Besides”—he gave a nod at the photo of his latest supernova and smiled—“I can still beat them
sometimes.”The question that naturally occurs is “What would it be like if a star exploded
nearby?” Our nearest stellar neighbor, as we have seen, is Alpha Centauri, 4.3 light-years away. I
had imagined that if there were an explosion there we would have 4.3 years to watch the light of
this magnificent event spreading across the sky, as if tipped from a giant can. What would it be
like if we had four years and four months to watch an inescapable doom advancing toward us,
knowing that when it finally arrived it would blow the skin right off our bones? Would people still
go to work? Would farmers plant crops? Would anyone deliver them to the stores?Weeks later,
back in the town in New Hampshire where I live, I put these questions to John Thorstensen, an
astronomer at Dartmouth College. “Oh no,” he said, laughing. “The news of such an event travels
out at the speed of light, but so does the destructiveness, so you’d learn about it and die from it
in the same instant. But don’t worry because it’s not going to happen.”For the blast of a
supernova explosion to kill you, he explained, you would have to be “ridiculously close”—
probably within ten light-years or so. “The danger would be various types of radiation—cosmic
rays and so on.” These would produce fabulous auroras, shimmering curtains of spooky light
that would fill the whole sky. This would not be a good thing. Anything potent enough to put on
such a show could well blow away the magnetosphere, the magnetic zone high above the Earth
that normally protects us from ultraviolet rays and other cosmic assaults. Without the
magnetosphere anyone unfortunate enough to step into sunlight would pretty quickly take on the
appearance of, let us say, an overcooked pizza.The reason we can be reasonably confident that



such an event won’t happen in our corner of the galaxy, Thorstensen said, is that it takes a
particular kind of star to make a supernova in the first place. A candidate star must be ten to
twenty times as massive as our own Sun and “we don’t have anything of the requisite size that’s
that close. The universe is a mercifully big place.” The nearest likely candidate he added, is
Betelgeuse, whose various sputterings have for years suggested that something interestingly
unstable is going on there. But Betelgeuse is fifty thousand light-years away.Only half a dozen
times in recorded history have supernovae been close enough to be visible to the naked eye.
One was a blast in 1054 that created the Crab Nebula. Another, in 1604, made a star bright
enough to be seen during the day for over three weeks. The most recent was in 1987, when a
supernova flared in a zone of the cosmos known as the Large Magellanic Cloud, but that was
only barely visible and only in the southern hemisphere—and it was a comfortably safe 169,000
light-years away.Supernovae are significant to us in one other decidedly central way. Without
them we wouldn’t be here. You will recall the cosmological conundrum with which we ended the
first chapter—that the Big Bang created lots of light gases but no heavy elements. Those came
later, but for a very long time nobody could figure out how they came later. The problem was that
you needed something really hot—hotter even than the middle of the hottest stars—to forge
carbon and iron and the other elements without which we would be distressingly immaterial.
Supernovae provided the explanation, and it was an English cosmologist almost as singular in
manner as Fritz Zwicky who figured it out.He was a Yorkshireman named Fred Hoyle. Hoyle,
who died in 2001, was described in an obituary in Nature as a “cosmologist and controversialist”
and both of those he most certainly was. He was, according to Nature’s obituary, “embroiled in
controversy for most of his life” and “put his name to much rubbish.” He claimed, for instance,
and without evidence, that the Natural History Museum’s treasured fossil of an Archaeopteryx
was a forgery along the lines of the Piltdown hoax, causing much exasperation to the museum’s
paleontologists, who had to spend days fielding phone calls from journalists from all over the
world. He also believed that Earth was not only seeded by life from space but also by many of its
diseases, such as influenza and bubonic plague, and suggested at one point that humans
evolved projecting noses with the nostrils underneath as a way of keeping cosmic pathogens
from falling into them.It was he who coined the term “Big Bang,” in a moment of facetiousness,
for a radio broadcast in 1952. He pointed out that nothing in our understanding of physics could
account for why everything, gathered to a point, would suddenly and dramatically begin to
expand. Hoyle favored a steady-state theory in which the universe was constantly expanding
and continually creating new matter as it went. Hoyle also realized that if stars imploded they
would liberate huge amounts of heat—100 million degrees or more, enough to begin to generate
the heavier elements in a process known as nucleosynthesis. In 1957, working with others,
Hoyle showed how the heavier elements were formed in supernova explosions. For this work, W.
A. Fowler, one of his collaborators, received a Nobel Prize. Hoyle, shamefully, did not.According
to Hoyle’s theory, an exploding star would generate enough heat to create all the new elements
and spray them into the cosmos where they would form gaseous clouds—the interstellar



medium as it is known—that could eventually coalesce into new solar systems. With the new
theories it became possible at last to construct plausible scenarios for how we got here. What
we now think we know is this:About 4.6 billion years ago, a great swirl of gas and dust some 15
billion miles across accumulated in space where we are now and began to aggregate. Virtually
all of it—99.9 percent of the mass of the solar system—went to make the Sun. Out of the floating
material that was left over, two microscopic grains floated close enough together to be joined by
electrostatic forces. This was the moment of conception for our planet. All over the inchoate
solar system, the same was happening. Colliding dust grains formed larger and larger clumps.
Eventually the clumps grew large enough to be called planetesimals. As these endlessly
bumped and collided, they fractured or split or recombined in endless random permutations, but
in every encounter there was a winner, and some of the winners grew big enough to dominate
the orbit around which they traveled.It all happened remarkably quickly. To grow from a tiny
cluster of grains to a baby planet some hundreds of miles across is thought to have taken only a
few tens of thousands of years. In just 200 million years, possibly less, the Earth was essentially
formed, though still molten and subject to constant bombardment from all the debris that
remained floating about.At this point, about 4.5 billion years ago, an object the size of Mars
crashed into Earth, blowing out enough material to form a companion sphere, the Moon. Within
weeks, it is thought, the flung material had reassembled itself into a single clump, and within a
year it had formed into the spherical rock that companions us yet. Most of the lunar material, it is
thought, came from the Earth’s crust, not its core, which is why the Moon has so little iron while
we have a lot. The theory, incidentally, is almost always presented as a recent one, but in fact it
was first proposed in the 1940s by Reginald Daly of Harvard. The only recent thing about it is
people paying any attention to it.When Earth was only about a third of its eventual size, it was
probably already beginning to form an atmosphere, mostly of carbon dioxide, nitrogen, methane,
and sulfur. Hardly the sort of stuff that we would associate with life, and yet from this noxious
stew life formed. Carbon dioxide is a powerful greenhouse gas. This was a good thing because
the Sun was significantly dimmer back then. Had we not had the benefit of a greenhouse effect,
the Earth might well have frozen over permanently, and life might never have gotten a toehold.
But somehow life did.For the next 500 million years the young Earth continued to be pelted
relentlessly by comets, meteorites, and other galactic debris, which brought water to fill the
oceans and the components necessary for the successful formation of life. It was a singularly
hostile environment and yet somehow life got going. Some tiny bag of chemicals twitched and
became animate. We were on our way.Four billion years later people began to wonder how it had
all happened. And it is there that our story next takes us.3 THE REVEREND EVANS’S
UNIVERSEWHEN THE SKIES are clear and the Moon is not too bright, the Reverend Robert
Evans, a quiet and cheerful man, lugs a bulky telescope onto the back deck of his home in the
Blue Mountains of Australia, about fifty miles west of Sydney, and does an extraordinary thing.
He looks deep into the past and finds dying stars.Looking into the past is of course the easy
part. Glance at the night sky and what you see is history and lots of it—the stars not as they are



now but as they were when their light left them. For all we know, the North Star, our faithful
companion, might actually have burned out last January or in 1854 or at any time since the early
fourteenth century and news of it just hasn’t reached us yet. The best we can say—can ever say
—is that it was still burning on this date 680 years ago. Stars die all the time. What Bob Evans
does better than anyone else who has ever tried is spot these moments of celestial farewell.By
day, Evans is a kindly and now semiretired minister in the Uniting Church in Australia, who does
a bit of freelance work and researches the history of nineteenth-century religious movements.
But by night he is, in his unassuming way, a titan of the skies. He hunts supernovae.Supernovae
occur when a giant star, one much bigger than our own Sun, collapses and then spectacularly
explodes, releasing in an instant the energy of a hundred billion suns, burning for a time brighter
than all the stars in its galaxy. “It’s like a trillion hydrogen bombs going off at once,” says Evans. If
a supernova explosion happened within five hundred light-years of us, we would be goners,
according to Evans—“it would wreck the show,” as he cheerfully puts it. But the universe is vast,
and supernovae are normally much too far away to harm us. In fact, most are so unimaginably
distant that their light reaches us as no more than the faintest twinkle. For the month or so that
they are visible, all that distinguishes them from the other stars in the sky is that they occupy a
point of space that wasn’t filled before. It is these anomalous, very occasional pricks in the
crowded dome of the night sky that the Reverend Evans finds.To understand what a feat this is,
imagine a standard dining room table covered in a black tablecloth and someone throwing a
handful of salt across it. The scattered grains can be thought of as a galaxy. Now imagine fifteen
hundred more tables like the first one—enough to fill a Wal-Mart parking lot, say, or to make a
single line two miles long—each with a random array of salt across it. Now add one grain of salt
to any table and let Bob Evans walk among them. At a glance he will spot it. That grain of salt is
the supernova.Evans’s is a talent so exceptional that Oliver Sacks, in An Anthropologist on Mars,
devotes a passage to him in a chapter on autistic savants—quickly adding that “there is no
suggestion that he is autistic.” Evans, who has not met Sacks, laughs at the suggestion that he
might be either autistic or a savant, but he is powerless to explain quite where his talent comes
from.“I just seem to have a knack for memorizing star fields,” he told me, with a frankly apologetic
look, when I visited him and his wife, Elaine, in their picture-book bungalow on a tranquil edge of
the village of Hazelbrook, out where Sydney finally ends and the boundless Australian bush
begins. “I’m not particularly good at other things,” he added. “I don’t remember names well.”“Or
where he’s put things,” called Elaine from the kitchen.He nodded frankly again and grinned, then
asked me if I’d like to see his telescope. I had imagined that Evans would have a proper
observatory in his backyard—a scaled-down version of a Mount Wilson or Palomar, with a
sliding domed roof and a mechanized chair that would be a pleasure to maneuver. In fact, he led
me not outside but to a crowded storeroom off the kitchen where he keeps his books and papers
and where his telescope—a white cylinder that is about the size and shape of a household hot-
water tank—rests in a homemade, swiveling plywood mount. When he wishes to observe, he
carries them in two trips to a small deck off the kitchen. Between the overhang of the roof and



the feathery tops of eucalyptus trees growing up from the slope below, he has only a letter-box
view of the sky, but he says it is more than good enough for his purposes. And there, when the
skies are clear and the Moon not too bright, he finds his supernovae.The term supernova was
coined in the 1930s by a memorably odd astrophysicist named Fritz Zwicky. Born in Bulgaria
and raised in Switzerland, Zwicky came to the California Institute of Technology in the 1920s and
there at once distinguished himself by his abrasive personality and erratic talents. He didn’t
seem to be outstandingly bright, and many of his colleagues considered him little more than “an
irritating buffoon.” A fitness buff, he would often drop to the floor of the Caltech dining hall or
other public areas and do one-armed pushups to demonstrate his virility to anyone who seemed
inclined to doubt it. He was notoriously aggressive, his manner eventually becoming so
intimidating that his closest collaborator, a gentle man named Walter Baade, refused to be left
alone with him. Among other things, Zwicky accused Baade, who was German, of being a Nazi,
which he was not. On at least one occasion Zwicky threatened to kill Baade, who worked up the
hill at the Mount Wilson Observatory, if he saw him on the Caltech campus.But Zwicky was also
capable of insights of the most startling brilliance. In the early 1930s, he turned his attention to a
question that had long troubled astronomers: the appearance in the sky of occasional
unexplained points of light, new stars. Improbably he wondered if the neutron—the subatomic
particle that had just been discovered in England by James Chadwick, and was thus both novel
and rather fashionable—might be at the heart of things. It occurred to him that if a star collapsed
to the sort of densities found in the core of atoms, the result would be an unimaginably
compacted core. Atoms would literally be crushed together, their electrons forced into the
nucleus, forming neutrons. You would have a neutron star. Imagine a million really weighty
cannonballs squeezed down to the size of a marble and—well, you’re still not even close. The
core of a neutron star is so dense that a single spoonful of matter from it would weigh 200 billion
pounds. A spoonful! But there was more. Zwicky realized that after the collapse of such a star
there would be a huge amount of energy left over—enough to make the biggest bang in the
universe. He called these resultant explosions supernovae. They would be—they are—the
biggest events in creation.On January 15, 1934, the journal Physical Review published a very
concise abstract of a presentation that had been conducted by Zwicky and Baade the previous
month at Stanford University. Despite its extreme brevity—one paragraph of twenty-four lines—
the abstract contained an enormous amount of new science: it provided the first reference to
supernovae and to neutron stars; convincingly explained their method of formation; correctly
calculated the scale of their explosiveness; and, as a kind of concluding bonus, connected
supernova explosions to the production of a mysterious new phenomenon called cosmic rays,
which had recently been found swarming through the universe. These ideas were revolutionary
to say the least. Neutron stars wouldn’t be confirmed for thirty-four years. The cosmic rays
notion, though considered plausible, hasn’t been verified yet. Altogether, the abstract was, in the
words of Caltech astrophysicist Kip S. Thorne, “one of the most prescient documents in the
history of physics and astronomy.”Interestingly, Zwicky had almost no understanding of why any



of this would happen. According to Thorne, “he did not understand the laws of physics well
enough to be able to substantiate his ideas.” Zwicky’s talent was for big ideas. Others—Baade
mostly—were left to do the mathematical sweeping up.Zwicky also was the first to recognize that
there wasn’t nearly enough visible mass in the universe to hold galaxies together and that there
must be some other gravitational influence—what we now call dark matter. One thing he failed to
see was that if a neutron star shrank enough it would become so dense that even light couldn’t
escape its immense gravitational pull. You would have a black hole. Unfortunately, Zwicky was
held in such disdain by most of his colleagues that his ideas attracted almost no notice. When,
five years later, the great Robert Oppenheimer turned his attention to neutron stars in a
landmark paper, he made not a single reference to any of Zwicky’s work even though Zwicky
had been working for years on the same problem in an office just down the hall. Zwicky’s
deductions concerning dark matter wouldn’t attract serious attention for nearly four decades. We
can only assume that he did a lot of pushups in this period.Surprisingly little of the universe is
visible to us when we incline our heads to the sky. Only about 6,000 stars are visible to the
naked eye from Earth, and only about 2,000 can be seen from any one spot. With binoculars the
number of stars you can see from a single location rises to about 50,000, and with a small two-
inch telescope it leaps to 300,000. With a sixteen-inch telescope, such as Evans uses, you
begin to count not in stars but in galaxies. From his deck, Evans supposes he can see between
50,000 and 100,000 galaxies, each containing tens of billions of stars. These are of course
respectable numbers, but even with so much to take in, supernovae are extremely rare. A star
can burn for billions of years, but it dies just once and quickly, and only a few dying stars
explode. Most expire quietly, like a campfire at dawn. In a typical galaxy, consisting of a hundred
billion stars, a supernova will occur on average once every two or three hundred years. Finding a
supernova therefore was a little bit like standing on the observation platform of the Empire State
Building with a telescope and searching windows around Manhattan in the hope of finding, let us
say, someone lighting a twenty-first-birthday cake.So when a hopeful and softspoken minister
got in touch to ask if they had any usable field charts for hunting supernovae, the astronomical
community thought he was out of his mind. At the time Evans had a ten-inch telescope—a very
respectable size for amateur stargazing but hardly the sort of thing with which to do serious
cosmology—and he was proposing to find one of the universe’s rarer phenomena. In the whole
of astronomical history before Evans started looking in 1980, fewer than sixty supernovae had
been found. (At the time I visited him, in August of 2001, he had just recorded his thirty-fourth
visual discovery; a thirty-fifth followed three months later and a thirty-sixth in early 2003.)Evans,
however, had certain advantages. Most observers, like most people generally, are in the
northern hemisphere, so he had a lot of sky largely to himself, especially at first. He also had
speed and his uncanny memory. Large telescopes are cumbersome things, and much of their
operational time is consumed with being maneuvered into position. Evans could swing his little
sixteen-inch telescope around like a tail gunner in a dogfight, spending no more than a couple of
seconds on any particular point in the sky. In consequence, he could observe perhaps four



hundred galaxies in an evening while a large professional telescope would be lucky to do fifty or
sixty.Looking for supernovae is mostly a matter of not finding them. From 1980 to 1996 he
averaged two discoveries a year—not a huge payoff for hundreds of nights of peering and
peering. Once he found three in fifteen days, but another time he went three years without
finding any at all.“There is actually a certain value in not finding anything,” he said. “It helps
cosmologists to work out the rate at which galaxies are evolving. It’s one of those rare areas
where the absence of evidence is evidence.”On a table beside the telescope were stacks of
photos and papers relevant to his pursuits, and he showed me some of them now. If you have
ever looked through popular astronomical publications, and at some time you must have, you will
know that they are generally full of richly luminous color photos of distant nebulae and the like—
fairy-lit clouds of celestial light of the most delicate and moving splendor. Evans’s working
images are nothing like that. They are just blurry black-and-white photos with little points of
haloed brightness. One he showed me depicted a swarm of stars with a trifling flare that I had to
put close to my face to see.This, Evans told me, was a star in a constellation called Fornax from
a galaxy known to astronomy as NGC1365. (NGC stands for New General Catalogue, where
these things are recorded. Once it was a heavy book on someone’s desk in Dublin; today,
needless to say, it’s a database.) For sixty million silent years, the light from the star’s
spectacular demise traveled unceasingly through space until one night in August of 2001 it
arrived at Earth in the form of a puff of radiance, the tiniest brightening, in the night sky. It was of
course Robert Evans on his eucalypt-scented hillside who spotted it.“There’s something
satisfying, I think,” Evans said, “about the idea of light traveling for millions of years through
space and just at the right moment as it reaches Earth someone looks at the right bit of sky and
sees it. It just seems right that an event of that magnitude should be witnessed.”Supernovae do
much more than simply impart a sense of wonder. They come in several types (one of them
discovered by Evans) and of these one in particular, known as a Ia supernova, is important to
astronomy because it always explodes in the same way, with the same critical mass. For this
reason it can be used as a standard candle to measure the expansion rate of the universe.In
1987 Saul Perlmutter at the Lawrence Berkeley lab in California, needing more Ia supernovae
than visual sightings were providing, set out to find a more systematic method of searching for
them. Perlmutter devised a nifty system using sophisticated computers and charge-coupled
devices—in essence, really good digital cameras. It automated supernova hunting. Telescopes
could now take thousands of pictures and let a computer detect the telltale bright spots that
marked a supernova explosion. In five years, with the new technique, Perlmutter and his
colleagues at Berkeley found forty-two supernovae. Now even amateurs are finding supernovae
with charge-coupled devices. “With CCDs you can aim a telescope at the sky and go watch
television,” Evans said with a touch of dismay. “It took all the romance out of it.”I asked him if he
was tempted to adopt the new technology. “Oh, no,” he said, “I enjoy my way too much.
Besides”—he gave a nod at the photo of his latest supernova and smiled—“I can still beat them
sometimes.”The question that naturally occurs is “What would it be like if a star exploded



nearby?” Our nearest stellar neighbor, as we have seen, is Alpha Centauri, 4.3 light-years away. I
had imagined that if there were an explosion there we would have 4.3 years to watch the light of
this magnificent event spreading across the sky, as if tipped from a giant can. What would it be
like if we had four years and four months to watch an inescapable doom advancing toward us,
knowing that when it finally arrived it would blow the skin right off our bones? Would people still
go to work? Would farmers plant crops? Would anyone deliver them to the stores?Weeks later,
back in the town in New Hampshire where I live, I put these questions to John Thorstensen, an
astronomer at Dartmouth College. “Oh no,” he said, laughing. “The news of such an event travels
out at the speed of light, but so does the destructiveness, so you’d learn about it and die from it
in the same instant. But don’t worry because it’s not going to happen.”For the blast of a
supernova explosion to kill you, he explained, you would have to be “ridiculously close”—
probably within ten light-years or so. “The danger would be various types of radiation—cosmic
rays and so on.” These would produce fabulous auroras, shimmering curtains of spooky light
that would fill the whole sky. This would not be a good thing. Anything potent enough to put on
such a show could well blow away the magnetosphere, the magnetic zone high above the Earth
that normally protects us from ultraviolet rays and other cosmic assaults. Without the
magnetosphere anyone unfortunate enough to step into sunlight would pretty quickly take on the
appearance of, let us say, an overcooked pizza.The reason we can be reasonably confident that
such an event won’t happen in our corner of the galaxy, Thorstensen said, is that it takes a
particular kind of star to make a supernova in the first place. A candidate star must be ten to
twenty times as massive as our own Sun and “we don’t have anything of the requisite size that’s
that close. The universe is a mercifully big place.” The nearest likely candidate he added, is
Betelgeuse, whose various sputterings have for years suggested that something interestingly
unstable is going on there. But Betelgeuse is fifty thousand light-years away.Only half a dozen
times in recorded history have supernovae been close enough to be visible to the naked eye.
One was a blast in 1054 that created the Crab Nebula. Another, in 1604, made a star bright
enough to be seen during the day for over three weeks. The most recent was in 1987, when a
supernova flared in a zone of the cosmos known as the Large Magellanic Cloud, but that was
only barely visible and only in the southern hemisphere—and it was a comfortably safe 169,000
light-years away.Supernovae are significant to us in one other decidedly central way. Without
them we wouldn’t be here. You will recall the cosmological conundrum with which we ended the
first chapter—that the Big Bang created lots of light gases but no heavy elements. Those came
later, but for a very long time nobody could figure out how they came later. The problem was that
you needed something really hot—hotter even than the middle of the hottest stars—to forge
carbon and iron and the other elements without which we would be distressingly immaterial.
Supernovae provided the explanation, and it was an English cosmologist almost as singular in
manner as Fritz Zwicky who figured it out.He was a Yorkshireman named Fred Hoyle. Hoyle,
who died in 2001, was described in an obituary in Nature as a “cosmologist and controversialist”
and both of those he most certainly was. He was, according to Nature’s obituary, “embroiled in



controversy for most of his life” and “put his name to much rubbish.” He claimed, for instance,
and without evidence, that the Natural History Museum’s treasured fossil of an Archaeopteryx
was a forgery along the lines of the Piltdown hoax, causing much exasperation to the museum’s
paleontologists, who had to spend days fielding phone calls from journalists from all over the
world. He also believed that Earth was not only seeded by life from space but also by many of its
diseases, such as influenza and bubonic plague, and suggested at one point that humans
evolved projecting noses with the nostrils underneath as a way of keeping cosmic pathogens
from falling into them.It was he who coined the term “Big Bang,” in a moment of facetiousness,
for a radio broadcast in 1952. He pointed out that nothing in our understanding of physics could
account for why everything, gathered to a point, would suddenly and dramatically begin to
expand. Hoyle favored a steady-state theory in which the universe was constantly expanding
and continually creating new matter as it went. Hoyle also realized that if stars imploded they
would liberate huge amounts of heat—100 million degrees or more, enough to begin to generate
the heavier elements in a process known as nucleosynthesis. In 1957, working with others,
Hoyle showed how the heavier elements were formed in supernova explosions. For this work, W.
A. Fowler, one of his collaborators, received a Nobel Prize. Hoyle, shamefully, did not.According
to Hoyle’s theory, an exploding star would generate enough heat to create all the new elements
and spray them into the cosmos where they would form gaseous clouds—the interstellar
medium as it is known—that could eventually coalesce into new solar systems. With the new
theories it became possible at last to construct plausible scenarios for how we got here. What
we now think we know is this:About 4.6 billion years ago, a great swirl of gas and dust some 15
billion miles across accumulated in space where we are now and began to aggregate. Virtually
all of it—99.9 percent of the mass of the solar system—went to make the Sun. Out of the floating
material that was left over, two microscopic grains floated close enough together to be joined by
electrostatic forces. This was the moment of conception for our planet. All over the inchoate
solar system, the same was happening. Colliding dust grains formed larger and larger clumps.
Eventually the clumps grew large enough to be called planetesimals. As these endlessly
bumped and collided, they fractured or split or recombined in endless random permutations, but
in every encounter there was a winner, and some of the winners grew big enough to dominate
the orbit around which they traveled.It all happened remarkably quickly. To grow from a tiny
cluster of grains to a baby planet some hundreds of miles across is thought to have taken only a
few tens of thousands of years. In just 200 million years, possibly less, the Earth was essentially
formed, though still molten and subject to constant bombardment from all the debris that
remained floating about.At this point, about 4.5 billion years ago, an object the size of Mars
crashed into Earth, blowing out enough material to form a companion sphere, the Moon. Within
weeks, it is thought, the flung material had reassembled itself into a single clump, and within a
year it had formed into the spherical rock that companions us yet. Most of the lunar material, it is
thought, came from the Earth’s crust, not its core, which is why the Moon has so little iron while
we have a lot. The theory, incidentally, is almost always presented as a recent one, but in fact it



was first proposed in the 1940s by Reginald Daly of Harvard. The only recent thing about it is
people paying any attention to it.When Earth was only about a third of its eventual size, it was
probably already beginning to form an atmosphere, mostly of carbon dioxide, nitrogen, methane,
and sulfur. Hardly the sort of stuff that we would associate with life, and yet from this noxious
stew life formed. Carbon dioxide is a powerful greenhouse gas. This was a good thing because
the Sun was significantly dimmer back then. Had we not had the benefit of a greenhouse effect,
the Earth might well have frozen over permanently, and life might never have gotten a toehold.
But somehow life did.For the next 500 million years the young Earth continued to be pelted
relentlessly by comets, meteorites, and other galactic debris, which brought water to fill the
oceans and the components necessary for the successful formation of life. It was a singularly
hostile environment and yet somehow life got going. Some tiny bag of chemicals twitched and
became animate. We were on our way.Four billion years later people began to wonder how it had
all happened. And it is there that our story next takes us.3 THE REVEREND EVANS’S
UNIVERSEWHEN THE SKIES are clear and the Moon is not too bright, the Reverend Robert
Evans, a quiet and cheerful man, lugs a bulky telescope onto the back deck of his home in the
Blue Mountains of Australia, about fifty miles west of Sydney, and does an extraordinary thing.
He looks deep into the past and finds dying stars.Looking into the past is of course the easy
part. Glance at the night sky and what you see is history and lots of it—the stars not as they are
now but as they were when their light left them. For all we know, the North Star, our faithful
companion, might actually have burned out last January or in 1854 or at any time since the early
fourteenth century and news of it just hasn’t reached us yet. The best we can say—can ever say
—is that it was still burning on this date 680 years ago. Stars die all the time. What Bob Evans
does better than anyone else who has ever tried is spot these moments of celestial farewell.By
day, Evans is a kindly and now semiretired minister in the Uniting Church in Australia, who does
a bit of freelance work and researches the history of nineteenth-century religious movements.
But by night he is, in his unassuming way, a titan of the skies. He hunts supernovae.Supernovae
occur when a giant star, one much bigger than our own Sun, collapses and then spectacularly
explodes, releasing in an instant the energy of a hundred billion suns, burning for a time brighter
than all the stars in its galaxy. “It’s like a trillion hydrogen bombs going off at once,” says Evans. If
a supernova explosion happened within five hundred light-years of us, we would be goners,
according to Evans—“it would wreck the show,” as he cheerfully puts it. But the universe is vast,
and supernovae are normally much too far away to harm us. In fact, most are so unimaginably
distant that their light reaches us as no more than the faintest twinkle. For the month or so that
they are visible, all that distinguishes them from the other stars in the sky is that they occupy a
point of space that wasn’t filled before. It is these anomalous, very occasional pricks in the
crowded dome of the night sky that the Reverend Evans finds.To understand what a feat this is,
imagine a standard dining room table covered in a black tablecloth and someone throwing a
handful of salt across it. The scattered grains can be thought of as a galaxy. Now imagine fifteen
hundred more tables like the first one—enough to fill a Wal-Mart parking lot, say, or to make a



single line two miles long—each with a random array of salt across it. Now add one grain of salt
to any table and let Bob Evans walk among them. At a glance he will spot it. That grain of salt is
the supernova.Evans’s is a talent so exceptional that Oliver Sacks, in An Anthropologist on Mars,
devotes a passage to him in a chapter on autistic savants—quickly adding that “there is no
suggestion that he is autistic.” Evans, who has not met Sacks, laughs at the suggestion that he
might be either autistic or a savant, but he is powerless to explain quite where his talent comes
from.“I just seem to have a knack for memorizing star fields,” he told me, with a frankly apologetic
look, when I visited him and his wife, Elaine, in their picture-book bungalow on a tranquil edge of
the village of Hazelbrook, out where Sydney finally ends and the boundless Australian bush
begins. “I’m not particularly good at other things,” he added. “I don’t remember names well.”“Or
where he’s put things,” called Elaine from the kitchen.He nodded frankly again and grinned, then
asked me if I’d like to see his telescope. I had imagined that Evans would have a proper
observatory in his backyard—a scaled-down version of a Mount Wilson or Palomar, with a
sliding domed roof and a mechanized chair that would be a pleasure to maneuver. In fact, he led
me not outside but to a crowded storeroom off the kitchen where he keeps his books and papers
and where his telescope—a white cylinder that is about the size and shape of a household hot-
water tank—rests in a homemade, swiveling plywood mount. When he wishes to observe, he
carries them in two trips to a small deck off the kitchen. Between the overhang of the roof and
the feathery tops of eucalyptus trees growing up from the slope below, he has only a letter-box
view of the sky, but he says it is more than good enough for his purposes. And there, when the
skies are clear and the Moon not too bright, he finds his supernovae.The term supernova was
coined in the 1930s by a memorably odd astrophysicist named Fritz Zwicky. Born in Bulgaria
and raised in Switzerland, Zwicky came to the California Institute of Technology in the 1920s and
there at once distinguished himself by his abrasive personality and erratic talents. He didn’t
seem to be outstandingly bright, and many of his colleagues considered him little more than “an
irritating buffoon.” A fitness buff, he would often drop to the floor of the Caltech dining hall or
other public areas and do one-armed pushups to demonstrate his virility to anyone who seemed
inclined to doubt it. He was notoriously aggressive, his manner eventually becoming so
intimidating that his closest collaborator, a gentle man named Walter Baade, refused to be left
alone with him. Among other things, Zwicky accused Baade, who was German, of being a Nazi,
which he was not. On at least one occasion Zwicky threatened to kill Baade, who worked up the
hill at the Mount Wilson Observatory, if he saw him on the Caltech campus.But Zwicky was also
capable of insights of the most startling brilliance. In the early 1930s, he turned his attention to a
question that had long troubled astronomers: the appearance in the sky of occasional
unexplained points of light, new stars. Improbably he wondered if the neutron—the subatomic
particle that had just been discovered in England by James Chadwick, and was thus both novel
and rather fashionable—might be at the heart of things. It occurred to him that if a star collapsed
to the sort of densities found in the core of atoms, the result would be an unimaginably
compacted core. Atoms would literally be crushed together, their electrons forced into the



nucleus, forming neutrons. You would have a neutron star. Imagine a million really weighty
cannonballs squeezed down to the size of a marble and—well, you’re still not even close. The
core of a neutron star is so dense that a single spoonful of matter from it would weigh 200 billion
pounds. A spoonful! But there was more. Zwicky realized that after the collapse of such a star
there would be a huge amount of energy left over—enough to make the biggest bang in the
universe. He called these resultant explosions supernovae. They would be—they are—the
biggest events in creation.On January 15, 1934, the journal Physical Review published a very
concise abstract of a presentation that had been conducted by Zwicky and Baade the previous
month at Stanford University. Despite its extreme brevity—one paragraph of twenty-four lines—
the abstract contained an enormous amount of new science: it provided the first reference to
supernovae and to neutron stars; convincingly explained their method of formation; correctly
calculated the scale of their explosiveness; and, as a kind of concluding bonus, connected
supernova explosions to the production of a mysterious new phenomenon called cosmic rays,
which had recently been found swarming through the universe. These ideas were revolutionary
to say the least. Neutron stars wouldn’t be confirmed for thirty-four years. The cosmic rays
notion, though considered plausible, hasn’t been verified yet. Altogether, the abstract was, in the
words of Caltech astrophysicist Kip S. Thorne, “one of the most prescient documents in the
history of physics and astronomy.”Interestingly, Zwicky had almost no understanding of why any
of this would happen. According to Thorne, “he did not understand the laws of physics well
enough to be able to substantiate his ideas.” Zwicky’s talent was for big ideas. Others—Baade
mostly—were left to do the mathematical sweeping up.Zwicky also was the first to recognize that
there wasn’t nearly enough visible mass in the universe to hold galaxies together and that there
must be some other gravitational influence—what we now call dark matter. One thing he failed to
see was that if a neutron star shrank enough it would become so dense that even light couldn’t
escape its immense gravitational pull. You would have a black hole. Unfortunately, Zwicky was
held in such disdain by most of his colleagues that his ideas attracted almost no notice. When,
five years later, the great Robert Oppenheimer turned his attention to neutron stars in a
landmark paper, he made not a single reference to any of Zwicky’s work even though Zwicky
had been working for years on the same problem in an office just down the hall. Zwicky’s
deductions concerning dark matter wouldn’t attract serious attention for nearly four decades. We
can only assume that he did a lot of pushups in this period.Surprisingly little of the universe is
visible to us when we incline our heads to the sky. Only about 6,000 stars are visible to the
naked eye from Earth, and only about 2,000 can be seen from any one spot. With binoculars the
number of stars you can see from a single location rises to about 50,000, and with a small two-
inch telescope it leaps to 300,000. With a sixteen-inch telescope, such as Evans uses, you
begin to count not in stars but in galaxies. From his deck, Evans supposes he can see between
50,000 and 100,000 galaxies, each containing tens of billions of stars. These are of course
respectable numbers, but even with so much to take in, supernovae are extremely rare. A star
can burn for billions of years, but it dies just once and quickly, and only a few dying stars



explode. Most expire quietly, like a campfire at dawn. In a typical galaxy, consisting of a hundred
billion stars, a supernova will occur on average once every two or three hundred years. Finding a
supernova therefore was a little bit like standing on the observation platform of the Empire State
Building with a telescope and searching windows around Manhattan in the hope of finding, let us
say, someone lighting a twenty-first-birthday cake.So when a hopeful and softspoken minister
got in touch to ask if they had any usable field charts for hunting supernovae, the astronomical
community thought he was out of his mind. At the time Evans had a ten-inch telescope—a very
respectable size for amateur stargazing but hardly the sort of thing with which to do serious
cosmology—and he was proposing to find one of the universe’s rarer phenomena. In the whole
of astronomical history before Evans started looking in 1980, fewer than sixty supernovae had
been found. (At the time I visited him, in August of 2001, he had just recorded his thirty-fourth
visual discovery; a thirty-fifth followed three months later and a thirty-sixth in early 2003.)Evans,
however, had certain advantages. Most observers, like most people generally, are in the
northern hemisphere, so he had a lot of sky largely to himself, especially at first. He also had
speed and his uncanny memory. Large telescopes are cumbersome things, and much of their
operational time is consumed with being maneuvered into position. Evans could swing his little
sixteen-inch telescope around like a tail gunner in a dogfight, spending no more than a couple of
seconds on any particular point in the sky. In consequence, he could observe perhaps four
hundred galaxies in an evening while a large professional telescope would be lucky to do fifty or
sixty.Looking for supernovae is mostly a matter of not finding them. From 1980 to 1996 he
averaged two discoveries a year—not a huge payoff for hundreds of nights of peering and
peering. Once he found three in fifteen days, but another time he went three years without
finding any at all.“There is actually a certain value in not finding anything,” he said. “It helps
cosmologists to work out the rate at which galaxies are evolving. It’s one of those rare areas
where the absence of evidence is evidence.”On a table beside the telescope were stacks of
photos and papers relevant to his pursuits, and he showed me some of them now. If you have
ever looked through popular astronomical publications, and at some time you must have, you will
know that they are generally full of richly luminous color photos of distant nebulae and the like—
fairy-lit clouds of celestial light of the most delicate and moving splendor. Evans’s working
images are nothing like that. They are just blurry black-and-white photos with little points of
haloed brightness. One he showed me depicted a swarm of stars with a trifling flare that I had to
put close to my face to see.This, Evans told me, was a star in a constellation called Fornax from
a galaxy known to astronomy as NGC1365. (NGC stands for New General Catalogue, where
these things are recorded. Once it was a heavy book on someone’s desk in Dublin; today,
needless to say, it’s a database.) For sixty million silent years, the light from the star’s
spectacular demise traveled unceasingly through space until one night in August of 2001 it
arrived at Earth in the form of a puff of radiance, the tiniest brightening, in the night sky. It was of
course Robert Evans on his eucalypt-scented hillside who spotted it.“There’s something
satisfying, I think,” Evans said, “about the idea of light traveling for millions of years through



space and just at the right moment as it reaches Earth someone looks at the right bit of sky and
sees it. It just seems right that an event of that magnitude should be witnessed.”Supernovae do
much more than simply impart a sense of wonder. They come in several types (one of them
discovered by Evans) and of these one in particular, known as a Ia supernova, is important to
astronomy because it always explodes in the same way, with the same critical mass. For this
reason it can be used as a standard candle to measure the expansion rate of the universe.In
1987 Saul Perlmutter at the Lawrence Berkeley lab in California, needing more Ia supernovae
than visual sightings were providing, set out to find a more systematic method of searching for
them. Perlmutter devised a nifty system using sophisticated computers and charge-coupled
devices—in essence, really good digital cameras. It automated supernova hunting. Telescopes
could now take thousands of pictures and let a computer detect the telltale bright spots that
marked a supernova explosion. In five years, with the new technique, Perlmutter and his
colleagues at Berkeley found forty-two supernovae. Now even amateurs are finding supernovae
with charge-coupled devices. “With CCDs you can aim a telescope at the sky and go watch
television,” Evans said with a touch of dismay. “It took all the romance out of it.”I asked him if he
was tempted to adopt the new technology. “Oh, no,” he said, “I enjoy my way too much.
Besides”—he gave a nod at the photo of his latest supernova and smiled—“I can still beat them
sometimes.”The question that naturally occurs is “What would it be like if a star exploded
nearby?” Our nearest stellar neighbor, as we have seen, is Alpha Centauri, 4.3 light-years away. I
had imagined that if there were an explosion there we would have 4.3 years to watch the light of
this magnificent event spreading across the sky, as if tipped from a giant can. What would it be
like if we had four years and four months to watch an inescapable doom advancing toward us,
knowing that when it finally arrived it would blow the skin right off our bones? Would people still
go to work? Would farmers plant crops? Would anyone deliver them to the stores?Weeks later,
back in the town in New Hampshire where I live, I put these questions to John Thorstensen, an
astronomer at Dartmouth College. “Oh no,” he said, laughing. “The news of such an event travels
out at the speed of light, but so does the destructiveness, so you’d learn about it and die from it
in the same instant. But don’t worry because it’s not going to happen.”For the blast of a
supernova explosion to kill you, he explained, you would have to be “ridiculously close”—
probably within ten light-years or so. “The danger would be various types of radiation—cosmic
rays and so on.” These would produce fabulous auroras, shimmering curtains of spooky light
that would fill the whole sky. This would not be a good thing. Anything potent enough to put on
such a show could well blow away the magnetosphere, the magnetic zone high above the Earth
that normally protects us from ultraviolet rays and other cosmic assaults. Without the
magnetosphere anyone unfortunate enough to step into sunlight would pretty quickly take on the
appearance of, let us say, an overcooked pizza.The reason we can be reasonably confident that
such an event won’t happen in our corner of the galaxy, Thorstensen said, is that it takes a
particular kind of star to make a supernova in the first place. A candidate star must be ten to
twenty times as massive as our own Sun and “we don’t have anything of the requisite size that’s



that close. The universe is a mercifully big place.” The nearest likely candidate he added, is
Betelgeuse, whose various sputterings have for years suggested that something interestingly
unstable is going on there. But Betelgeuse is fifty thousand light-years away.Only half a dozen
times in recorded history have supernovae been close enough to be visible to the naked eye.
One was a blast in 1054 that created the Crab Nebula. Another, in 1604, made a star bright
enough to be seen during the day for over three weeks. The most recent was in 1987, when a
supernova flared in a zone of the cosmos known as the Large Magellanic Cloud, but that was
only barely visible and only in the southern hemisphere—and it was a comfortably safe 169,000
light-years away.Supernovae are significant to us in one other decidedly central way. Without
them we wouldn’t be here. You will recall the cosmological conundrum with which we ended the
first chapter—that the Big Bang created lots of light gases but no heavy elements. Those came
later, but for a very long time nobody could figure out how they came later. The problem was that
you needed something really hot—hotter even than the middle of the hottest stars—to forge
carbon and iron and the other elements without which we would be distressingly immaterial.
Supernovae provided the explanation, and it was an English cosmologist almost as singular in
manner as Fritz Zwicky who figured it out.He was a Yorkshireman named Fred Hoyle. Hoyle,
who died in 2001, was described in an obituary in Nature as a “cosmologist and controversialist”
and both of those he most certainly was. He was, according to Nature’s obituary, “embroiled in
controversy for most of his life” and “put his name to much rubbish.” He claimed, for instance,
and without evidence, that the Natural History Museum’s treasured fossil of an Archaeopteryx
was a forgery along the lines of the Piltdown hoax, causing much exasperation to the museum’s
paleontologists, who had to spend days fielding phone calls from journalists from all over the
world. He also believed that Earth was not only seeded by life from space but also by many of its
diseases, such as influenza and bubonic plague, and suggested at one point that humans
evolved projecting noses with the nostrils underneath as a way of keeping cosmic pathogens
from falling into them.It was he who coined the term “Big Bang,” in a moment of facetiousness,
for a radio broadcast in 1952. He pointed out that nothing in our understanding of physics could
account for why everything, gathered to a point, would suddenly and dramatically begin to
expand. Hoyle favored a steady-state theory in which the universe was constantly expanding
and continually creating new matter as it went. Hoyle also realized that if stars imploded they
would liberate huge amounts of heat—100 million degrees or more, enough to begin to generate
the heavier elements in a process known as nucleosynthesis. In 1957, working with others,
Hoyle showed how the heavier elements were formed in supernova explosions. For this work, W.
A. Fowler, one of his collaborators, received a Nobel Prize. Hoyle, shamefully, did not.According
to Hoyle’s theory, an exploding star would generate enough heat to create all the new elements
and spray them into the cosmos where they would form gaseous clouds—the interstellar
medium as it is known—that could eventually coalesce into new solar systems. With the new
theories it became possible at last to construct plausible scenarios for how we got here. What
we now think we know is this:About 4.6 billion years ago, a great swirl of gas and dust some 15



billion miles across accumulated in space where we are now and began to aggregate. Virtually
all of it—99.9 percent of the mass of the solar system—went to make the Sun. Out of the floating
material that was left over, two microscopic grains floated close enough together to be joined by
electrostatic forces. This was the moment of conception for our planet. All over the inchoate
solar system, the same was happening. Colliding dust grains formed larger and larger clumps.
Eventually the clumps grew large enough to be called planetesimals. As these endlessly
bumped and collided, they fractured or split or recombined in endless random permutations, but
in every encounter there was a winner, and some of the winners grew big enough to dominate
the orbit around which they traveled.It all happened remarkably quickly. To grow from a tiny
cluster of grains to a baby planet some hundreds of miles across is thought to have taken only a
few tens of thousands of years. In just 200 million years, possibly less, the Earth was essentially
formed, though still molten and subject to constant bombardment from all the debris that
remained floating about.At this point, about 4.5 billion years ago, an object the size of Mars
crashed into Earth, blowing out enough material to form a companion sphere, the Moon. Within
weeks, it is thought, the flung material had reassembled itself into a single clump, and within a
year it had formed into the spherical rock that companions us yet. Most of the lunar material, it is
thought, came from the Earth’s crust, not its core, which is why the Moon has so little iron while
we have a lot. The theory, incidentally, is almost always presented as a recent one, but in fact it
was first proposed in the 1940s by Reginald Daly of Harvard. The only recent thing about it is
people paying any attention to it.When Earth was only about a third of its eventual size, it was
probably already beginning to form an atmosphere, mostly of carbon dioxide, nitrogen, methane,
and sulfur. Hardly the sort of stuff that we would associate with life, and yet from this noxious
stew life formed. Carbon dioxide is a powerful greenhouse gas. This was a good thing because
the Sun was significantly dimmer back then. Had we not had the benefit of a greenhouse effect,
the Earth might well have frozen over permanently, and life might never have gotten a toehold.
But somehow life did.For the next 500 million years the young Earth continued to be pelted
relentlessly by comets, meteorites, and other galactic debris, which brought water to fill the
oceans and the components necessary for the successful formation of life. It was a singularly
hostile environment and yet somehow life got going. Some tiny bag of chemicals twitched and
became animate. We were on our way.Four billion years later people began to wonder how it had
all happened. And it is there that our story next takes us.4 THE MEASURE OF THINGSIF YOU
HAD to select the least convivial scientific field trip of all time, you could certainly do worse than
the French Royal Academy of Sciences’ Peruvian expedition of 1735. Led by a hydrologist
named Pierre Bouguer and a soldier-mathematician named Charles Marie de La Condamine, it
was a party of scientists and adventurers who traveled to Peru with the purpose of triangulating
distances through the Andes.At the time people had lately become infected with a powerful
desire to understand the Earth—to determine how old it was, and how massive, where it hung in
space, and how it had come to be. The French party’s goal was to help settle the question of the
circumference of the planet by measuring the length of one degree of meridian (or 1/360 of the



distance around the planet) along a line reaching from Yarouqui, near Quito, to just beyond
Cuenca in what is now Ecuador, a distance of about two hundred miles.*Almost at once things
began to go wrong, sometimes spectacularly so. In Quito, the visitors somehow provoked the
locals and were chased out of town by a mob armed with stones. Soon after, the expedition’s
doctor was murdered in a misunderstanding over a woman. The botanist became deranged.
Others died of fevers and falls. The third most senior member of the party, a man named Jean
Godin, ran off with a thirteen-year-old girl and could not be induced to return.At one point the
group had to suspend work for eight months while La Condamine rode off to Lima to sort out a
problem with their permits. Eventually he and Bouguer stopped speaking and refused to work
together. Everywhere the dwindling party went it was met with the deepest suspicions from
officials who found it difficult to believe that a group of French scientists would travel halfway
around the world to measure the world. That made no sense at all. Two and a half centuries later
it still seems a reasonable question. Why didn’t the French make their measurements in France
and save themselves all the bother and discomfort of their Andean adventure?The answer lies
partly with the fact that eighteenth-century scientists, the French in particular, seldom did things
simply if an absurdly demanding alternative was available, and partly with a practical problem
that had first arisen with the English astronomer Edmond Halley many years before—long before
Bouguer and La Condamine dreamed of going to South America, much less had a reason for
doing so.Halley was an exceptional figure. In the course of a long and productive career, he was
a sea captain, a cartographer, a professor of geometry at the University of Oxford, deputy
controller of the Royal Mint, astronomer royal, and inventor of the deep-sea diving bell. He wrote
authoritatively on magnetism, tides, and the motions of the planets, and fondly on the effects of
opium. He invented the weather map and actuarial table, proposed methods for working out the
age of the Earth and its distance from the Sun, even devised a practical method for keeping fish
fresh out of season. The one thing he didn’t do, interestingly enough, was discover the comet
that bears his name. He merely recognized that the comet he saw in 1682 was the same one
that had been seen by others in 1456, 1531, and 1607. It didn’t become Halley’s comet until
1758, some sixteen years after his death.For all his achievements, however, Halley’s greatest
contribution to human knowledge may simply have been to take part in a modest scientific
wager with two other worthies of his day: Robert Hooke, who is perhaps best remembered now
as the first person to describe a cell, and the great and stately Sir Christopher Wren, who was
actually an astronomer first and architect second, though that is not often generally remembered
now. In 1683, Halley, Hooke, and Wren were dining in London when the conversation turned to
the motions of celestial objects. It was known that planets were inclined to orbit in a particular
kind of oval known as an ellipse—“a very specific and precise curve,” to quote Richard Feynman
—but it wasn’t understood why. Wren generously offered a prize worth forty shillings (equivalent
to a couple of weeks’ pay) to whichever of the men could provide a solution.Hooke, who was
well known for taking credit for ideas that weren’t necessarily his own, claimed that he had
solved the problem already but declined now to share it on the interesting and inventive grounds



that it would rob others of the satisfaction of discovering the answer for themselves. He would
instead “conceal it for some time, that others might know how to value it.” If he thought any more
on the matter, he left no evidence of it. Halley, however, became consumed with finding the
answer, to the point that the following year he traveled to Cambridge and boldly called upon the
university’s Lucasian Professor of Mathematics, Isaac Newton, in the hope that he could
help.Newton was a decidedly odd figure—brilliant beyond measure, but solitary, joyless, prickly
to the point of paranoia, famously distracted (upon swinging his feet out of bed in the morning he
would reportedly sometimes sit for hours, immobilized by the sudden rush of thoughts to his
head), and capable of the most riveting strangeness. He built his own laboratory, the first at
Cambridge, but then engaged in the most bizarre experiments. Once he inserted a bodkin—a
long needle of the sort used for sewing leather—into his eye socket and rubbed it around
“betwixt my eye and the bone as near to [the] backside of my eye as I could” just to see what
would happen. What happened, miraculously, was nothing—at least nothing lasting. On another
occasion, he stared at the Sun for as long as he could bear, to determine what effect it would
have upon his vision. Again he escaped lasting damage, though he had to spend some days in a
darkened room before his eyes forgave him.Set atop these odd beliefs and quirky traits,
however, was the mind of a supreme genius—though even when working in conventional
channels he often showed a tendency to peculiarity. As a student, frustrated by the limitations of
conventional mathematics, he invented an entirely new form, the calculus, but then told no one
about it for twenty-seven years. In like manner, he did work in optics that transformed our
understanding of light and laid the foundation for the science of spectroscopy, and again chose
not to share the results for three decades.For all his brilliance, real science accounted for only a
part of his interests. At least half his working life was given over to alchemy and wayward
religious pursuits. These were not mere dabblings but wholehearted devotions. He was a secret
adherent of a dangerously heretical sect called Arianism, whose principal tenet was the belief
that there had been no Holy Trinity (slightly ironic since Newton’s college at Cambridge was
Trinity). He spent endless hours studying the floor plan of the lost Temple of King Solomon in
Jerusalem (teaching himself Hebrew in the process, the better to scan original texts) in the belief
that it held mathematical clues to the dates of the second coming of Christ and the end of the
world. His attachment to alchemy was no less ardent. In 1936, the economist John Maynard
Keynes bought a trunk of Newton’s papers at auction and discovered with astonishment that
they were overwhelmingly preoccupied not with optics or planetary motions, but with a single-
minded quest to turn base metals into precious ones. An analysis of a strand of Newton’s hair in
the 1970s found it contained mercury—an element of interest to alchemists, hatters, and
thermometer-makers but almost no one else—at a concentration some forty times the natural
level. It is perhaps little wonder that he had trouble remembering to rise in the morning.Quite
what Halley expected to get from him when he made his unannounced visit in August 1684 we
can only guess. But thanks to the later account of a Newton confidant, Abraham DeMoivre, we
do have a record of one of science’s most historic encounters:In 1684 Dr Halley came to visit at



Cambridge [and] after they had some time together the Dr asked him what he thought the curve
would be that would be described by the Planets supposing the force of attraction toward the
Sun to be reciprocal to the square of their distance from it.This was a reference to a piece of
mathematics known as the inverse square law, which Halley was convinced lay at the heart of
the explanation, though he wasn’t sure exactly how.Sr Isaac replied immediately that it would be
an [ellipse]. The Doctor, struck with joy & amazement, asked him how he knew it. ‘Why,’ saith he,
‘I have calculated it,’ whereupon Dr Halley asked him for his calculation without farther delay, Sr
Isaac looked among his papers but could not find it.This was astounding—like someone saying
he had found a cure for cancer but couldn’t remember where he had put the formula. Pressed by
Halley, Newton agreed to redo the calculations and produce a paper. He did as promised, but
then did much more. He retired for two years of intensive reflection and scribbling, and at length
produced his masterwork: the Philosophiae Naturalis Principia Mathematica or Mathematical
Principles of Natural Philosophy, better known as the Principia.Once in a great while, a few times
in history, a human mind produces an observation so acute and unexpected that people can’t
quite decide which is the more amazing—the fact or the thinking of it. Principia was one of those
moments. It made Newton instantly famous. For the rest of his life he would be draped with
plaudits and honors, becoming, among much else, the first person in Britain knighted for
scientific achievement. Even the great German mathematician Gottfried von Leibniz, with whom
Newton had a long, bitter fight over priority for the invention of the calculus, thought his
contributions to mathematics equal to all the accumulated work that had preceded him. “Nearer
the gods no mortal may approach,” wrote Halley in a sentiment that was endlessly echoed by his
contemporaries and by many others since.Although the Principia has been called “one of the
most inaccessible books ever written” (Newton intentionally made it difficult so that he wouldn’t
be pestered by mathematical “smatterers,” as he called them), it was a beacon to those who
could follow it. It not only explained mathematically the orbits of heavenly bodies, but also
identified the attractive force that got them moving in the first place—gravity. Suddenly every
motion in the universe made sense.At Principia’s heart were Newton’s three laws of motion
(which state, very baldly, that a thing moves in the direction in which it is pushed; that it will keep
moving in a straight line until some other force acts to slow or deflect it; and that every action has
an opposite and equal reaction) and his universal law of gravitation. This states that every object
in the universe exerts a tug on every other. It may not seem like it, but as you sit here now you
are pulling everything around you—walls, ceiling, lamp, pet cat—toward you with your own little
(indeed, very little) gravitational field. And these things are also pulling on you. It was Newton
who realized that the pull of any two objects is, to quote Feynman again, “proportional to the
mass of each and varies inversely as the square of the distance between them.” Put another
way, if you double the distance between two objects, the attraction between them becomes four
times weaker. This can be expressed with the formulawhich is of course way beyond anything
that most of us could make practical use of, but at least we can appreciate that it is elegantly
compact. A couple of brief multiplications, a simple division, and, bingo, you know your



gravitational position wherever you go. It was the first really universal law of nature ever
propounded by a human mind, which is why Newton is regarded with such universal
esteem.Principia’s production was not without drama. To Halley’s horror, just as work was
nearing completion Newton and Hooke fell into dispute over the priority for the inverse square
law and Newton refused to release the crucial third volume, without which the first two made little
sense. Only with some frantic shuttle diplomacy and the most liberal applications of flattery did
Halley manage finally to extract the concluding volume from the erratic professor.Halley’s
traumas were not yet quite over. The Royal Society had promised to publish the work, but now
pulled out, citing financial embarrassment. The year before the society had backed a costly flop
called The History of Fishes, and they now suspected that the market for a book on
mathematical principles would be less than clamorous. Halley, whose means were not great,
paid for the book’s publication out of his own pocket. Newton, as was his custom, contributed
nothing. To make matters worse, Halley at this time had just accepted a position as the society’s
clerk, and he was informed that the society could no longer afford to provide him with a
promised salary of £50 per annum. He was to be paid instead in copies of The History of
Fishes.Newton’s laws explained so many things—the slosh and roll of ocean tides, the motions
of planets, why cannonballs trace a particular trajectory before thudding back to Earth, why we
aren’t flung into space as the planet spins beneath us at hundreds of miles an hour†—that it
took a while for all their implications to seep in. But one revelation became almost immediately
controversial.This was the suggestion that the Earth is not quite round. According to Newton’s
theory, the centrifugal force of the Earth’s spin should result in a slight flattening at the poles and
a bulging at the equator, which would make the planet slightly oblate. That meant that the length
of a degree wouldn’t be the same in Italy as it was in Scotland. Specifically, the length would
shorten as you moved away from the poles. This was not good news for those people whose
measurements of the Earth were based on the assumption that the Earth was a perfect sphere,
which was everyone.For half a century people had been trying to work out the size of the Earth,
mostly by making very exacting measurements. One of the first such attempts was by an English
mathematician named Richard Norwood. As a young man Norwood had traveled to Bermuda
with a diving bell modeled on Halley’s device, intending to make a fortune scooping pearls from
the seabed. The scheme failed because there were no pearls and anyway Norwood’s bell didn’t
work, but Norwood was not one to waste an experience. In the early seventeenth century
Bermuda was well known among ships’ captains for being hard to locate. The problem was that
the ocean was big, Bermuda small, and the navigational tools for dealing with this disparity
hopelessly inadequate. There wasn’t even yet an agreed length for a nautical mile. Over the
breadth of an ocean the smallest miscalculations would become magnified so that ships often
missed Bermuda-sized targets by dismaying margins. Norwood, whose first love was
trigonometry and thus angles, decided to bring a little mathematical rigor to navigation and to
that end he determined to calculate the length of a degree.Starting with his back against the
Tower of London, Norwood spent two devoted years marching 208 miles north to York,



repeatedly stretching and measuring a length of chain as he went, all the while making the most
meticulous adjustments for the rise and fall of the land and the meanderings of the road. The
final step was to measure the angle of the Sun at York at the same time of day and on the same
day of the year as he had made his first measurement in London. From this, he reasoned he
could determine the length of one degree of the Earth’s meridian and thus calculate the distance
around the whole. It was an almost ludicrously ambitious undertaking—a mistake of the slightest
fraction of a degree would throw the whole thing out by miles—but in fact, as Norwood proudly
declaimed, he was accurate to “within a scantling”—or, more precisely, to within about six
hundred yards. In metric terms, his figure worked out at 110.72 kilometers per degree of arc.In
1637, Norwood’s masterwork of navigation, The Seaman’s Practice, was published and found
an immediate following. It went through seventeen editions and was still in print twenty-five years
after his death. Norwood returned to Bermuda with his family, becoming a successful planter
and devoting his leisure hours to his first love, trigonometry. He survived there for thirty-eight
years and it would be pleasing to report that he passed this span in happiness and adulation. In
fact, he didn’t. On the crossing from England, his two young sons were placed in a cabin with the
Reverend Nathaniel White, and somehow so successfully traumatized the young vicar that he
devoted much of the rest of his career to persecuting Norwood in any small way he could think
of.Norwood’s two daughters brought their father additional pain by making poor marriages. One
of the husbands, possibly incited by the vicar, continually laid small charges against Norwood in
court, causing him much exasperation and necessitating repeated trips across Bermuda to
defend himself. Finally in the 1650s witch trials came to Bermuda and Norwood spent his final
years in severe unease that his papers on trigonometry, with their arcane symbols, would be
taken as communications with the devil and that he would be treated to a dreadful execution. So
little is known of Norwood that it may in fact be that he deserved his unhappy declining years.
What is certainly true is that he got them.Meanwhile, the momentum for determining the Earth’s
circumference passed to France. There, the astronomer Jean Picard devised an impressively
complicated method of triangulation involving quadrants, pendulum clocks, zenith sectors, and
telescopes (for observing the motions of the moons of Jupiter). After two years of trundling and
triangulating his way across France, in 1669 he announced a more accurate measure of 110.46
kilometers for one degree of arc. This was a great source of pride for the French, but it was
predicated on the assumption that the Earth was a perfect sphere—which Newton now said it
was not.To complicate matters, after Picard’s death the father-and-son team of Giovanni and
Jacques Cassini repeated Picard’s experiments over a larger area and came up with results that
suggested that the Earth was fatter not at the equator but at the poles—that Newton, in other
words, was exactly wrong. It was this that prompted the Academy of Sciences to dispatch
Bouguer and La Condamine to South America to take new measurements.They chose the
Andes because they needed to measure near the equator, to determine if there really was a
difference in sphericity there, and because they reasoned that mountains would give them good
sightlines. In fact, the mountains of Peru were so constantly lost in cloud that the team often had



to wait weeks for an hour’s clear surveying. On top of that, they had selected one of the most
nearly impossible terrains on Earth. Peruvians refer to their landscape as muy accidentado
—“much accidented”—and this it most certainly is. The French had not only to scale some of the
world’s most challenging mountains—mountains that defeated even their mules—but to reach
the mountains they had to ford wild rivers, hack their way through jungles, and cross miles of
high, stony desert, nearly all of it uncharted and far from any source of supplies. But Bouguer
and La Condamine were nothing if not tenacious, and they stuck to the task for nine and a half
long, grim, sun-blistered years. Shortly before concluding the project, they received word that a
second French team, taking measurements in northern Scandinavia (and facing notable
discomforts of their own, from squelching bogs to dangerous ice floes), had found that a degree
was in fact longer near the poles, as Newton had promised. The Earth was forty-three kilometers
stouter when measured equatorially than when measured from top to bottom around the
poles.Bouguer and La Condamine thus had spent nearly a decade working toward a result they
didn’t wish to find only to learn now that they weren’t even the first to find it. Listlessly, they
completed their survey, which confirmed that the first French team was correct. Then, still not
speaking, they returned to the coast and took separate ships home.Something else conjectured
by Newton in the Principia was that a plumb bob hung near a mountain would incline very
slightly toward the mountain, affected by the mountain’s gravitational mass as well as by the
Earth’s. This was more than a curious fact. If you measured the deflection accurately and worked
out the mass of the mountain, you could calculate the universal gravitational constant—that is,
the basic value of gravity, known as G—and along with it the mass of the Earth.Bouguer and La
Condamine had tried this on Ecuador’s Mount Chimborazo, but had been defeated by both the
technical difficulties and their own squabbling, and so the notion lay dormant for another thirty
years until resurrected in England by Nevil Maskelyne, the astronomer royal. In Dava Sobel’s
popular book Longitude, Maskelyne is presented as a ninny and villain for failing to appreciate
the brilliance of the clockmaker John Harrison, and this may be so, but we are indebted to him in
other ways not mentioned in her book, not least for his successful scheme to weigh the Earth.
Maskelyne realized that the nub of the problem lay with finding a mountain of sufficiently regular
shape to judge its mass.At his urging, the Royal Society agreed to engage a reliable figure to
tour the British Isles to see if such a mountain could be found. Maskelyne knew just such a
person—the astronomer and surveyor Charles Mason. Maskelyne and Mason had become
friends eleven years earlier while engaged in a project to measure an astronomical event of
great importance: the passage of the planet Venus across the face of the Sun. The tireless
Edmond Halley had suggested years before that if you measured one of these passages from
selected points on the Earth, you could use the principles of triangulation to work out the
distance to the Sun, and from that calibrate the distances to all the other bodies in the solar
system.Unfortunately, transits of Venus, as they are known, are an irregular occurrence. They
come in pairs eight years apart, but then are absent for a century or more, and there were none
in Halley’s lifetime.‡ But the idea simmered and when the next transit came due in 1761, nearly



two decades after Halley’s death, the scientific world was ready—indeed, more ready than it had
been for an astronomical event before.With the instinct for ordeal that characterized the age,
scientists set off for more than a hundred locations around the globe—to Siberia, China, South
Africa, Indonesia, and the woods of Wisconsin, among many others. France dispatched thirty-
two observers, Britain eighteen more, and still others set out from Sweden, Russia, Italy,
Germany, Ireland, and elsewhere.It was history’s first cooperative international scientific venture,
and almost everywhere it ran into problems. Many observers were waylaid by war, sickness, or
shipwreck. Others made their destinations but opened their crates to find equipment broken or
warped by tropical heat. Once again the French seemed fated to provide the most memorably
unlucky participants. Jean Chappe spent months traveling to Siberia by coach, boat, and sleigh,
nursing his delicate instruments over every perilous bump, only to find the last vital stretch
blocked by swollen rivers, the result of unusually heavy spring rains, which the locals were swift
to blame on him after they saw him pointing strange instruments at the sky. Chappe managed to
escape with his life, but with no useful measurements.Unluckier still was Guillaume Le Gentil,
whose experiences are wonderfully summarized by Timothy Ferris in Coming of Age in the Milky
Way. Le Gentil set off from France a year ahead of time to observe the transit from India, but
various setbacks left him still at sea on the day of the transit—just about the worst place to be
since steady measurements were impossible on a pitching ship.Undaunted, Le Gentil continued
on to India to await the next transit in 1769. With eight years to prepare, he erected a first-rate
viewing station, tested and retested his instruments, and had everything in a state of perfect
readiness. On the morning of the second transit, June 4, 1769, he awoke to a fine day, but, just
as Venus began its pass, a cloud slid in front of the Sun and remained there for almost exactly
the duration of the transit: three hours, fourteen minutes, and seven seconds.Stoically, Le Gentil
packed up his instruments and set off for the nearest port, but en route he contracted dysentery
and was laid up for nearly a year. Still weakened, he finally made it onto a ship. It was nearly
wrecked in a hurricane off the African coast. When at last he reached home, eleven and a half
years after setting off, and having achieved nothing, he discovered that his relatives had had him
declared dead in his absence and had enthusiastically plundered his estate.In comparison, the
disappointments experienced by Britain’s eighteen scattered observers were mild. Mason found
himself paired with a young surveyor named Jeremiah Dixon and apparently they got along well,
for they formed a lasting partnership. Their instructions were to travel to Sumatra and chart the
transit there, but after just one night at sea their ship was attacked by a French frigate. (Although
scientists were in an internationally cooperative mood, nations weren’t.) Mason and Dixon sent a
note to the Royal Society observing that it seemed awfully dangerous on the high seas and
wondering if perhaps the whole thing oughtn’t to be called off. In reply they received a swift and
chilly rebuke, noting that they had already been paid, that the nation and scientific community
were counting on them, and that their failure to proceed would result in the irretrievable loss of
their reputations. Chastened, they sailed on, but en route word reached them that Sumatra had
fallen to the French and so they observed the transit inconclusively from the Cape of Good



Hope. On the way home they stopped on the lonely Atlantic outcrop of St. Helena, where they
met Maskelyne, whose observations had been thwarted by cloud cover. Mason and Maskelyne
formed a solid friendship and spent several happy, and possibly even mildly useful, weeks
charting tidal flows.Soon afterward, Maskelyne returned to England where he became
astronomer royal, and Mason and Dixon—now evidently more seasoned—set off for four long
and often perilous years surveying their way through 244 miles of dangerous American
wilderness to settle a boundary dispute between the estates of William Penn and Lord Baltimore
and their respective colonies of Pennsylvania and Maryland. The result was the famous Mason
and Dixon line, which later took on symbolic importance as the dividing line between the slave
and free states. (Although the line was their principal task, they also contributed several
astronomical surveys, including one of the century’s most accurate measurements of a degree
of meridian—an achievement that brought them far more acclaim in England than the settling of
a boundary dispute between spoiled aristocrats.)Back in Europe, Maskelyne and his
counterparts in Germany and France were forced to the conclusion that the transit
measurements of 1761 were essentially a failure. One of the problems, ironically, was that there
were too many observations, which when brought together often proved contradictory and
impossible to resolve. The successful charting of a Venusian transit fell instead to a little-known
Yorkshire-born sea captain named James Cook, who watched the 1769 transit from a sunny
hilltop in Tahiti, and then went on to chart and claim Australia for the British crown. Upon his
return there was now enough information for the French astronomer Joseph Lalande to calculate
that the mean distance from the Earth to the Sun was a little over 150 million kilometers. (Two
further transits in the nineteenth century allowed astronomers to put the figure at 149.59 million
kilometers, where it has remained ever since. The precise distance, we now know, is
149.597870691 million kilometers.) The Earth at last had a position in space.As for Mason and
Dixon, they returned to England as scientific heroes and, for reasons unknown, dissolved their
partnership. Considering the frequency with which they turn up at seminal events in eighteenth-
century science, remarkably little is known about either man. No likenesses exist and few written
references. Of Dixon the Dictionary of National Biography notes intriguingly that he was “said to
have been born in a coal mine,” but then leaves it to the reader’s imagination to supply a
plausible explanatory circumstance, and adds that he died at Durham in 1777. Apart from his
name and long association with Mason, nothing more is known.Mason is only slightly less
shadowy. We know that in 1772, at Maskelyne’s behest, he accepted the commission to find a
suitable mountain for the gravitational deflection experiment, at length reporting back that the
mountain they needed was in the central Scottish Highlands, just above Loch Tay, and was
called Schiehallion. Nothing, however, would induce him to spend a summer surveying it. He
never returned to the field again. His next known movement was in 1786 when, abruptly and
mysteriously, he turned up in Philadelphia with his wife and eight children, apparently on the
verge of destitution. He had not been back to America since completing his survey there
eighteen years earlier and had no known reason for being there, or any friends or patrons to



greet him. A few weeks later he was dead.With Mason refusing to survey the mountain, the job
fell to Maskelyne. So for four months in the summer of 1774, Maskelyne lived in a tent in a
remote Scottish glen and spent his days directing a team of surveyors, who took hundreds of
measurements from every possible position. To find the mass of the mountain from all these
numbers required a great deal of tedious calculating, for which a mathematician named Charles
Hutton was engaged. The surveyors had covered a map with scores of figures, each marking an
elevation at some point on or around the mountain. It was essentially just a confusing mass of
numbers, but Hutton noticed that if he used a pencil to connect points of equal height, it all
became much more orderly. Indeed, one could instantly get a sense of the overall shape and
slope of the mountain. He had invented contour lines.Extrapolating from his Schiehallion
measurements, Hutton calculated the mass of the Earth at 5,000 million million tons, from which
could reasonably be deduced the masses of all the other major bodies in the solar system,
including the Sun. So from this one experiment we learned the masses of the Earth, the Sun, the
Moon, the other planets and their moons, and got contour lines into the bargain—not bad for a
summer’s work.Not everyone was satisfied with the results, however. The shortcoming of the
Schiehallion experiment was that it was not possible to get a truly accurate figure without
knowing the actual density of the mountain. For convenience, Hutton had assumed that the
mountain had the same density as ordinary stone, about 2.5 times that of water, but this was
little more than an educated guess.One improbable-seeming person who turned his mind to the
matter was a country parson named John Michell, who resided in the lonely Yorkshire village of
Thornhill. Despite his remote and comparatively humble situation, Michell was one of the great
scientific thinkers of the eighteenth century and much esteemed for it.Among a great deal else,
he perceived the wavelike nature of earthquakes, conducted much original research into
magnetism and gravity, and, quite extraordinarily, envisioned the possibility of black holes two
hundred years before anyone else—a leap of intuitive deduction that not even Newton could
make. When the German-born musician William Herschel decided his real interest in life was
astronomy, it was Michell to whom he turned for instruction in making telescopes, a kindness for
which planetary science has been in his debt ever since.§But of all that Michell accomplished,
nothing was more ingenious or had greater impact than a machine he designed and built for
measuring the mass of the Earth. Unfortunately, he died before he could conduct the
experiments and both the idea and the necessary equipment were passed on to a brilliant but
magnificently retiring London scientist named Henry Cavendish.Cavendish is a book in himself.
Born into a life of sumptuous privilege—his grandfathers were dukes, respectively, of Devonshire
and Kent—he was the most gifted English scientist of his age, but also the strangest. He
suffered, in the words of one of his few biographers, from shyness to a “degree bordering on
disease.” Any human contact was for him a source of the deepest discomfort.Once he opened
his door to find an Austrian admirer, freshly arrived from Vienna, on the front step. Excitedly the
Austrian began to babble out praise. For a few moments Cavendish received the compliments
as if they were blows from a blunt object and then, unable to take any more, fled down the path



and out the gate, leaving the front door wide open. It was some hours before he could be coaxed
back to the property. Even his housekeeper communicated with him by letter.Although he did
sometimes venture into society—he was particularly devoted to the weekly scientific soirées of
the great naturalist Sir Joseph Banks—it was always made clear to the other guests that
Cavendish was on no account to be approached or even looked at. Those who sought his views
were advised to wander into his vicinity as if by accident and to “talk as it were into vacancy.” If
their remarks were scientifically worthy they might receive a mumbled reply, but more often than
not they would hear a peeved squeak (his voice appears to have been high pitched) and turn to
find an actual vacancy and the sight of Cavendish fleeing for a more peaceful corner.His wealth
and solitary inclinations allowed him to turn his house in Clapham into a large laboratory where
he could range undisturbed through every corner of the physical sciences—electricity, heat,
gravity, gases, anything to do with the composition of matter. The second half of the eighteenth
century was a time when people of a scientific bent grew intensely interested in the physical
properties of fundamental things—gases and electricity in particular—and began seeing what
they could do with them, often with more enthusiasm than sense. In America, Benjamin Franklin
famously risked his life by flying a kite in an electrical storm. In France, a chemist named Pilatre
de Rozier tested the flammability of hydrogen by gulping a mouthful and blowing across an open
flame, proving at a stroke that hydrogen is indeed explosively combustible and that eyebrows
are not necessarily a permanent feature of one’s face. Cavendish, for his part, conducted
experiments in which he subjected himself to graduated jolts of electrical current, diligently
noting the increasing levels of agony until he could keep hold of his quill, and sometimes his
consciousness, no longer.In the course of a long life Cavendish made a string of signal
discoveries—among much else he was the first person to isolate hydrogen and the first to
combine hydrogen and oxygen to form water—but almost nothing he did was entirely divorced
from strangeness. To the continuing exasperation of his fellow scientists, he often alluded in
published work to the results of contingent experiments that he had not told anyone about. In his
secretiveness he didn’t merely resemble Newton, but actively exceeded him. His experiments
with electrical conductivity were a century ahead of their time, but unfortunately remained
undiscovered until that century had passed. Indeed the greater part of what he did wasn’t known
until the late nineteenth century when the Cambridge physicist James Clerk Maxwell took on the
task of editing Cavendish’s papers, by which time credit had nearly always been given to
others.Among much else, and without telling anyone, Cavendish discovered or anticipated the
law of the conservation of energy, Ohm’s law, Dalton’s Law of Partial Pressures, Richter’s Law of
Reciprocal Proportions, Charles’s Law of Gases, and the principles of electrical conductivity.
That’s just some of it. According to the science historian J. G. Crowther, he also foreshadowed
“the work of Kelvin and G. H. Darwin on the effect of tidal friction on slowing the rotation of the
earth, and Larmor’s discovery, published in 1915, on the effect of local atmospheric
cooling … the work of Pickering on freezing mixtures, and some of the work of Rooseboom on
heterogeneous equilibria.” Finally, he left clues that led directly to the discovery of the group of



elements known as the noble gases, some of which are so elusive that the last of them wasn’t
found until 1962. But our interest here is in Cavendish’s last known experiment when in the late
summer of 1797, at the age of sixty-seven, he turned his attention to the crates of equipment
that had been left to him—evidently out of simple scientific respect—by John Michell.When
assembled, Michell’s apparatus looked like nothing so much as an eighteenth-century version of
a Nautilus weight-training machine. It incorporated weights, counterweights, pendulums, shafts,
and torsion wires. At the heart of the machine were two 350-pound lead balls, which were
suspended beside two smaller spheres. The idea was to measure the gravitational deflection of
the smaller spheres by the larger ones, which would allow the first measurement of the elusive
force known as the gravitational constant, and from which the weight (strictly speaking, the
mass) of the Earth could be deduced.Because gravity holds planets in orbit and makes falling
objects land with a bang, we tend to think of it as a powerful force, but it is not really. It is only
powerful in a kind of collective sense, when one massive object, like the Sun, holds on to
another massive object, like the Earth. At an elemental level gravity is extraordinarily unrobust.
Each time you pick up a book from a table or a dime from the floor you effortlessly overcome the
combined gravitational exertion of an entire planet. What Cavendish was trying to do was
measure gravity at this extremely featherweight level.Delicacy was the key word. Not a whisper
of disturbance could be allowed into the room containing the apparatus, so Cavendish took up a
position in an adjoining room and made his observations with a telescope aimed through a
peephole. The work was incredibly exacting and involved seventeen delicate, interconnected
measurements, which together took nearly a year to complete. When at last he had finished his
calculations, Cavendish announced that the Earth weighed a little over
13,000,000,000,000,000,000,000 pounds, or six billion trillion metric tons, to use the modern
measure. (A metric ton is 1,000 kilograms or 2,205 pounds.)Today, scientists have at their
disposal machines so precise they can detect the weight of a single bacterium and so sensitive
that readings can be disturbed by someone yawning seventy-five feet away, but they have not
significantly improved on Cavendish’s measurements of 1797. The current best estimate for
Earth’s weight is 5.9725 billion trillion metric tons, a difference of only about 1 percent from
Cavendish’s finding. Interestingly, all of this merely confirmed estimates made by Newton 110
years before Cavendish without any experimental evidence at all.So, by the late eighteenth
century scientists knew very precisely the shape and dimensions of the Earth and its distance
from the Sun and planets; and now Cavendish, without even leaving home, had given them its
weight. So you might think that determining the age of the Earth would be relatively
straightforward. After all, the necessary materials were literally at their feet. But no. Human
beings would split the atom and invent television, nylon, and instant coffee before they could
figure out the age of their own planet.To understand why, we must travel north to Scotland and
begin with a brilliant and genial man, of whom few have ever heard, who had just invented a new
science called geology.*Triangulation, their chosen method, was a popular technique based on
the geometric fact that if you know the length of one side of a triangle and the angles of two



corners, you can work out all its other dimensions without leaving your chair. Suppose, by way of
example, that you and I decided we wished to know how far it is to the Moon. Using triangulation,
the first thing we must do is put some distance between us, so let’s say for argument that you
stay in Paris and I go to Moscow and we both look at the Moon at the same time. Now if you
imagine a line connecting the three principals of this exercise—that is, you and I and the Moon—
it forms a triangle. Measure the length of the baseline between you and me and the angles of our
two corners and the rest can be simply calculated. (Because the interior angles of a triangle
always add up to 180 degrees, if you know the sum of two of the angles you can instantly
calculate the third; and knowing the precise shape of a triangle and the length of one side tells
you the lengths of the other sides.) This was in fact the method use by a Greek astronomer,
Hipparchus of Nicaea, in 150 B.C. to work out the Moon’s distance from Earth. At ground level,
the principles of triangulation are the same, except that the triangles don’t reach into space but
rather are laid side to side on a map. In measuring a degree of meridian, the surveyors would
create a sort of chain of triangles marching across the landscape.†How fast you are spinning
depends on where you are. The speed of the Earth’s spin varies from a little over 1,000 miles an
hour at the equator to zero at the poles.‡The next transit will be on June 8, 2004, with a second
in 2012. There were none in the twentieth century.§In 1781 Herschel became the first person in
the modern era to discover a planet. He wanted to call it George, after the British monarch, but
was overruled. Instead it became Uranus. To a physicist, mass and weight are two quite
different things. Your mass stays the same wherever you go, but your weight varies depending
on how far you are from the center of some other massive object like a planet. Travel to the Moon
and you will be much lighter but no less massive. On Earth, for all practical purposes, mass and
weight are the same and so the terms can be treated as synonymous, at least outside the
classroom.4 THE MEASURE OF THINGSIF YOU HAD to select the least convivial scientific
field trip of all time, you could certainly do worse than the French Royal Academy of Sciences’
Peruvian expedition of 1735. Led by a hydrologist named Pierre Bouguer and a soldier-
mathematician named Charles Marie de La Condamine, it was a party of scientists and
adventurers who traveled to Peru with the purpose of triangulating distances through the
Andes.At the time people had lately become infected with a powerful desire to understand the
Earth—to determine how old it was, and how massive, where it hung in space, and how it had
come to be. The French party’s goal was to help settle the question of the circumference of the
planet by measuring the length of one degree of meridian (or 1/360 of the distance around the
planet) along a line reaching from Yarouqui, near Quito, to just beyond Cuenca in what is now
Ecuador, a distance of about two hundred miles.*Almost at once things began to go wrong,
sometimes spectacularly so. In Quito, the visitors somehow provoked the locals and were
chased out of town by a mob armed with stones. Soon after, the expedition’s doctor was
murdered in a misunderstanding over a woman. The botanist became deranged. Others died of
fevers and falls. The third most senior member of the party, a man named Jean Godin, ran off
with a thirteen-year-old girl and could not be induced to return.At one point the group had to



suspend work for eight months while La Condamine rode off to Lima to sort out a problem with
their permits. Eventually he and Bouguer stopped speaking and refused to work together.
Everywhere the dwindling party went it was met with the deepest suspicions from officials who
found it difficult to believe that a group of French scientists would travel halfway around the world
to measure the world. That made no sense at all. Two and a half centuries later it still seems a
reasonable question. Why didn’t the French make their measurements in France and save
themselves all the bother and discomfort of their Andean adventure?The answer lies partly with
the fact that eighteenth-century scientists, the French in particular, seldom did things simply if an
absurdly demanding alternative was available, and partly with a practical problem that had first
arisen with the English astronomer Edmond Halley many years before—long before Bouguer
and La Condamine dreamed of going to South America, much less had a reason for doing
so.Halley was an exceptional figure. In the course of a long and productive career, he was a sea
captain, a cartographer, a professor of geometry at the University of Oxford, deputy controller of
the Royal Mint, astronomer royal, and inventor of the deep-sea diving bell. He wrote
authoritatively on magnetism, tides, and the motions of the planets, and fondly on the effects of
opium. He invented the weather map and actuarial table, proposed methods for working out the
age of the Earth and its distance from the Sun, even devised a practical method for keeping fish
fresh out of season. The one thing he didn’t do, interestingly enough, was discover the comet
that bears his name. He merely recognized that the comet he saw in 1682 was the same one
that had been seen by others in 1456, 1531, and 1607. It didn’t become Halley’s comet until
1758, some sixteen years after his death.For all his achievements, however, Halley’s greatest
contribution to human knowledge may simply have been to take part in a modest scientific
wager with two other worthies of his day: Robert Hooke, who is perhaps best remembered now
as the first person to describe a cell, and the great and stately Sir Christopher Wren, who was
actually an astronomer first and architect second, though that is not often generally remembered
now. In 1683, Halley, Hooke, and Wren were dining in London when the conversation turned to
the motions of celestial objects. It was known that planets were inclined to orbit in a particular
kind of oval known as an ellipse—“a very specific and precise curve,” to quote Richard Feynman
—but it wasn’t understood why. Wren generously offered a prize worth forty shillings (equivalent
to a couple of weeks’ pay) to whichever of the men could provide a solution.Hooke, who was
well known for taking credit for ideas that weren’t necessarily his own, claimed that he had
solved the problem already but declined now to share it on the interesting and inventive grounds
that it would rob others of the satisfaction of discovering the answer for themselves. He would
instead “conceal it for some time, that others might know how to value it.” If he thought any more
on the matter, he left no evidence of it. Halley, however, became consumed with finding the
answer, to the point that the following year he traveled to Cambridge and boldly called upon the
university’s Lucasian Professor of Mathematics, Isaac Newton, in the hope that he could
help.Newton was a decidedly odd figure—brilliant beyond measure, but solitary, joyless, prickly
to the point of paranoia, famously distracted (upon swinging his feet out of bed in the morning he



would reportedly sometimes sit for hours, immobilized by the sudden rush of thoughts to his
head), and capable of the most riveting strangeness. He built his own laboratory, the first at
Cambridge, but then engaged in the most bizarre experiments. Once he inserted a bodkin—a
long needle of the sort used for sewing leather—into his eye socket and rubbed it around
“betwixt my eye and the bone as near to [the] backside of my eye as I could” just to see what
would happen. What happened, miraculously, was nothing—at least nothing lasting. On another
occasion, he stared at the Sun for as long as he could bear, to determine what effect it would
have upon his vision. Again he escaped lasting damage, though he had to spend some days in a
darkened room before his eyes forgave him.Set atop these odd beliefs and quirky traits,
however, was the mind of a supreme genius—though even when working in conventional
channels he often showed a tendency to peculiarity. As a student, frustrated by the limitations of
conventional mathematics, he invented an entirely new form, the calculus, but then told no one
about it for twenty-seven years. In like manner, he did work in optics that transformed our
understanding of light and laid the foundation for the science of spectroscopy, and again chose
not to share the results for three decades.For all his brilliance, real science accounted for only a
part of his interests. At least half his working life was given over to alchemy and wayward
religious pursuits. These were not mere dabblings but wholehearted devotions. He was a secret
adherent of a dangerously heretical sect called Arianism, whose principal tenet was the belief
that there had been no Holy Trinity (slightly ironic since Newton’s college at Cambridge was
Trinity). He spent endless hours studying the floor plan of the lost Temple of King Solomon in
Jerusalem (teaching himself Hebrew in the process, the better to scan original texts) in the belief
that it held mathematical clues to the dates of the second coming of Christ and the end of the
world. His attachment to alchemy was no less ardent. In 1936, the economist John Maynard
Keynes bought a trunk of Newton’s papers at auction and discovered with astonishment that
they were overwhelmingly preoccupied not with optics or planetary motions, but with a single-
minded quest to turn base metals into precious ones. An analysis of a strand of Newton’s hair in
the 1970s found it contained mercury—an element of interest to alchemists, hatters, and
thermometer-makers but almost no one else—at a concentration some forty times the natural
level. It is perhaps little wonder that he had trouble remembering to rise in the morning.Quite
what Halley expected to get from him when he made his unannounced visit in August 1684 we
can only guess. But thanks to the later account of a Newton confidant, Abraham DeMoivre, we
do have a record of one of science’s most historic encounters:In 1684 Dr Halley came to visit at
Cambridge [and] after they had some time together the Dr asked him what he thought the curve
would be that would be described by the Planets supposing the force of attraction toward the
Sun to be reciprocal to the square of their distance from it.This was a reference to a piece of
mathematics known as the inverse square law, which Halley was convinced lay at the heart of
the explanation, though he wasn’t sure exactly how.Sr Isaac replied immediately that it would be
an [ellipse]. The Doctor, struck with joy & amazement, asked him how he knew it. ‘Why,’ saith he,
‘I have calculated it,’ whereupon Dr Halley asked him for his calculation without farther delay, Sr



Isaac looked among his papers but could not find it.This was astounding—like someone saying
he had found a cure for cancer but couldn’t remember where he had put the formula. Pressed by
Halley, Newton agreed to redo the calculations and produce a paper. He did as promised, but
then did much more. He retired for two years of intensive reflection and scribbling, and at length
produced his masterwork: the Philosophiae Naturalis Principia Mathematica or Mathematical
Principles of Natural Philosophy, better known as the Principia.Once in a great while, a few times
in history, a human mind produces an observation so acute and unexpected that people can’t
quite decide which is the more amazing—the fact or the thinking of it. Principia was one of those
moments. It made Newton instantly famous. For the rest of his life he would be draped with
plaudits and honors, becoming, among much else, the first person in Britain knighted for
scientific achievement. Even the great German mathematician Gottfried von Leibniz, with whom
Newton had a long, bitter fight over priority for the invention of the calculus, thought his
contributions to mathematics equal to all the accumulated work that had preceded him. “Nearer
the gods no mortal may approach,” wrote Halley in a sentiment that was endlessly echoed by his
contemporaries and by many others since.Although the Principia has been called “one of the
most inaccessible books ever written” (Newton intentionally made it difficult so that he wouldn’t
be pestered by mathematical “smatterers,” as he called them), it was a beacon to those who
could follow it. It not only explained mathematically the orbits of heavenly bodies, but also
identified the attractive force that got them moving in the first place—gravity. Suddenly every
motion in the universe made sense.At Principia’s heart were Newton’s three laws of motion
(which state, very baldly, that a thing moves in the direction in which it is pushed; that it will keep
moving in a straight line until some other force acts to slow or deflect it; and that every action has
an opposite and equal reaction) and his universal law of gravitation. This states that every object
in the universe exerts a tug on every other. It may not seem like it, but as you sit here now you
are pulling everything around you—walls, ceiling, lamp, pet cat—toward you with your own little
(indeed, very little) gravitational field. And these things are also pulling on you. It was Newton
who realized that the pull of any two objects is, to quote Feynman again, “proportional to the
mass of each and varies inversely as the square of the distance between them.” Put another
way, if you double the distance between two objects, the attraction between them becomes four
times weaker. This can be expressed with the formulawhich is of course way beyond anything
that most of us could make practical use of, but at least we can appreciate that it is elegantly
compact. A couple of brief multiplications, a simple division, and, bingo, you know your
gravitational position wherever you go. It was the first really universal law of nature ever
propounded by a human mind, which is why Newton is regarded with such universal
esteem.Principia’s production was not without drama. To Halley’s horror, just as work was
nearing completion Newton and Hooke fell into dispute over the priority for the inverse square
law and Newton refused to release the crucial third volume, without which the first two made little
sense. Only with some frantic shuttle diplomacy and the most liberal applications of flattery did
Halley manage finally to extract the concluding volume from the erratic professor.Halley’s



traumas were not yet quite over. The Royal Society had promised to publish the work, but now
pulled out, citing financial embarrassment. The year before the society had backed a costly flop
called The History of Fishes, and they now suspected that the market for a book on
mathematical principles would be less than clamorous. Halley, whose means were not great,
paid for the book’s publication out of his own pocket. Newton, as was his custom, contributed
nothing. To make matters worse, Halley at this time had just accepted a position as the society’s
clerk, and he was informed that the society could no longer afford to provide him with a
promised salary of £50 per annum. He was to be paid instead in copies of The History of
Fishes.Newton’s laws explained so many things—the slosh and roll of ocean tides, the motions
of planets, why cannonballs trace a particular trajectory before thudding back to Earth, why we
aren’t flung into space as the planet spins beneath us at hundreds of miles an hour†—that it
took a while for all their implications to seep in. But one revelation became almost immediately
controversial.This was the suggestion that the Earth is not quite round. According to Newton’s
theory, the centrifugal force of the Earth’s spin should result in a slight flattening at the poles and
a bulging at the equator, which would make the planet slightly oblate. That meant that the length
of a degree wouldn’t be the same in Italy as it was in Scotland. Specifically, the length would
shorten as you moved away from the poles. This was not good news for those people whose
measurements of the Earth were based on the assumption that the Earth was a perfect sphere,
which was everyone.For half a century people had been trying to work out the size of the Earth,
mostly by making very exacting measurements. One of the first such attempts was by an English
mathematician named Richard Norwood. As a young man Norwood had traveled to Bermuda
with a diving bell modeled on Halley’s device, intending to make a fortune scooping pearls from
the seabed. The scheme failed because there were no pearls and anyway Norwood’s bell didn’t
work, but Norwood was not one to waste an experience. In the early seventeenth century
Bermuda was well known among ships’ captains for being hard to locate. The problem was that
the ocean was big, Bermuda small, and the navigational tools for dealing with this disparity
hopelessly inadequate. There wasn’t even yet an agreed length for a nautical mile. Over the
breadth of an ocean the smallest miscalculations would become magnified so that ships often
missed Bermuda-sized targets by dismaying margins. Norwood, whose first love was
trigonometry and thus angles, decided to bring a little mathematical rigor to navigation and to
that end he determined to calculate the length of a degree.Starting with his back against the
Tower of London, Norwood spent two devoted years marching 208 miles north to York,
repeatedly stretching and measuring a length of chain as he went, all the while making the most
meticulous adjustments for the rise and fall of the land and the meanderings of the road. The
final step was to measure the angle of the Sun at York at the same time of day and on the same
day of the year as he had made his first measurement in London. From this, he reasoned he
could determine the length of one degree of the Earth’s meridian and thus calculate the distance
around the whole. It was an almost ludicrously ambitious undertaking—a mistake of the slightest
fraction of a degree would throw the whole thing out by miles—but in fact, as Norwood proudly



declaimed, he was accurate to “within a scantling”—or, more precisely, to within about six
hundred yards. In metric terms, his figure worked out at 110.72 kilometers per degree of arc.In
1637, Norwood’s masterwork of navigation, The Seaman’s Practice, was published and found
an immediate following. It went through seventeen editions and was still in print twenty-five years
after his death. Norwood returned to Bermuda with his family, becoming a successful planter
and devoting his leisure hours to his first love, trigonometry. He survived there for thirty-eight
years and it would be pleasing to report that he passed this span in happiness and adulation. In
fact, he didn’t. On the crossing from England, his two young sons were placed in a cabin with the
Reverend Nathaniel White, and somehow so successfully traumatized the young vicar that he
devoted much of the rest of his career to persecuting Norwood in any small way he could think
of.Norwood’s two daughters brought their father additional pain by making poor marriages. One
of the husbands, possibly incited by the vicar, continually laid small charges against Norwood in
court, causing him much exasperation and necessitating repeated trips across Bermuda to
defend himself. Finally in the 1650s witch trials came to Bermuda and Norwood spent his final
years in severe unease that his papers on trigonometry, with their arcane symbols, would be
taken as communications with the devil and that he would be treated to a dreadful execution. So
little is known of Norwood that it may in fact be that he deserved his unhappy declining years.
What is certainly true is that he got them.Meanwhile, the momentum for determining the Earth’s
circumference passed to France. There, the astronomer Jean Picard devised an impressively
complicated method of triangulation involving quadrants, pendulum clocks, zenith sectors, and
telescopes (for observing the motions of the moons of Jupiter). After two years of trundling and
triangulating his way across France, in 1669 he announced a more accurate measure of 110.46
kilometers for one degree of arc. This was a great source of pride for the French, but it was
predicated on the assumption that the Earth was a perfect sphere—which Newton now said it
was not.To complicate matters, after Picard’s death the father-and-son team of Giovanni and
Jacques Cassini repeated Picard’s experiments over a larger area and came up with results that
suggested that the Earth was fatter not at the equator but at the poles—that Newton, in other
words, was exactly wrong. It was this that prompted the Academy of Sciences to dispatch
Bouguer and La Condamine to South America to take new measurements.They chose the
Andes because they needed to measure near the equator, to determine if there really was a
difference in sphericity there, and because they reasoned that mountains would give them good
sightlines. In fact, the mountains of Peru were so constantly lost in cloud that the team often had
to wait weeks for an hour’s clear surveying. On top of that, they had selected one of the most
nearly impossible terrains on Earth. Peruvians refer to their landscape as muy accidentado
—“much accidented”—and this it most certainly is. The French had not only to scale some of the
world’s most challenging mountains—mountains that defeated even their mules—but to reach
the mountains they had to ford wild rivers, hack their way through jungles, and cross miles of
high, stony desert, nearly all of it uncharted and far from any source of supplies. But Bouguer
and La Condamine were nothing if not tenacious, and they stuck to the task for nine and a half



long, grim, sun-blistered years. Shortly before concluding the project, they received word that a
second French team, taking measurements in northern Scandinavia (and facing notable
discomforts of their own, from squelching bogs to dangerous ice floes), had found that a degree
was in fact longer near the poles, as Newton had promised. The Earth was forty-three kilometers
stouter when measured equatorially than when measured from top to bottom around the
poles.Bouguer and La Condamine thus had spent nearly a decade working toward a result they
didn’t wish to find only to learn now that they weren’t even the first to find it. Listlessly, they
completed their survey, which confirmed that the first French team was correct. Then, still not
speaking, they returned to the coast and took separate ships home.Something else conjectured
by Newton in the Principia was that a plumb bob hung near a mountain would incline very
slightly toward the mountain, affected by the mountain’s gravitational mass as well as by the
Earth’s. This was more than a curious fact. If you measured the deflection accurately and worked
out the mass of the mountain, you could calculate the universal gravitational constant—that is,
the basic value of gravity, known as G—and along with it the mass of the Earth.Bouguer and La
Condamine had tried this on Ecuador’s Mount Chimborazo, but had been defeated by both the
technical difficulties and their own squabbling, and so the notion lay dormant for another thirty
years until resurrected in England by Nevil Maskelyne, the astronomer royal. In Dava Sobel’s
popular book Longitude, Maskelyne is presented as a ninny and villain for failing to appreciate
the brilliance of the clockmaker John Harrison, and this may be so, but we are indebted to him in
other ways not mentioned in her book, not least for his successful scheme to weigh the Earth.
Maskelyne realized that the nub of the problem lay with finding a mountain of sufficiently regular
shape to judge its mass.At his urging, the Royal Society agreed to engage a reliable figure to
tour the British Isles to see if such a mountain could be found. Maskelyne knew just such a
person—the astronomer and surveyor Charles Mason. Maskelyne and Mason had become
friends eleven years earlier while engaged in a project to measure an astronomical event of
great importance: the passage of the planet Venus across the face of the Sun. The tireless
Edmond Halley had suggested years before that if you measured one of these passages from
selected points on the Earth, you could use the principles of triangulation to work out the
distance to the Sun, and from that calibrate the distances to all the other bodies in the solar
system.Unfortunately, transits of Venus, as they are known, are an irregular occurrence. They
come in pairs eight years apart, but then are absent for a century or more, and there were none
in Halley’s lifetime.‡ But the idea simmered and when the next transit came due in 1761, nearly
two decades after Halley’s death, the scientific world was ready—indeed, more ready than it had
been for an astronomical event before.With the instinct for ordeal that characterized the age,
scientists set off for more than a hundred locations around the globe—to Siberia, China, South
Africa, Indonesia, and the woods of Wisconsin, among many others. France dispatched thirty-
two observers, Britain eighteen more, and still others set out from Sweden, Russia, Italy,
Germany, Ireland, and elsewhere.It was history’s first cooperative international scientific venture,
and almost everywhere it ran into problems. Many observers were waylaid by war, sickness, or



shipwreck. Others made their destinations but opened their crates to find equipment broken or
warped by tropical heat. Once again the French seemed fated to provide the most memorably
unlucky participants. Jean Chappe spent months traveling to Siberia by coach, boat, and sleigh,
nursing his delicate instruments over every perilous bump, only to find the last vital stretch
blocked by swollen rivers, the result of unusually heavy spring rains, which the locals were swift
to blame on him after they saw him pointing strange instruments at the sky. Chappe managed to
escape with his life, but with no useful measurements.Unluckier still was Guillaume Le Gentil,
whose experiences are wonderfully summarized by Timothy Ferris in Coming of Age in the Milky
Way. Le Gentil set off from France a year ahead of time to observe the transit from India, but
various setbacks left him still at sea on the day of the transit—just about the worst place to be
since steady measurements were impossible on a pitching ship.Undaunted, Le Gentil continued
on to India to await the next transit in 1769. With eight years to prepare, he erected a first-rate
viewing station, tested and retested his instruments, and had everything in a state of perfect
readiness. On the morning of the second transit, June 4, 1769, he awoke to a fine day, but, just
as Venus began its pass, a cloud slid in front of the Sun and remained there for almost exactly
the duration of the transit: three hours, fourteen minutes, and seven seconds.Stoically, Le Gentil
packed up his instruments and set off for the nearest port, but en route he contracted dysentery
and was laid up for nearly a year. Still weakened, he finally made it onto a ship. It was nearly
wrecked in a hurricane off the African coast. When at last he reached home, eleven and a half
years after setting off, and having achieved nothing, he discovered that his relatives had had him
declared dead in his absence and had enthusiastically plundered his estate.In comparison, the
disappointments experienced by Britain’s eighteen scattered observers were mild. Mason found
himself paired with a young surveyor named Jeremiah Dixon and apparently they got along well,
for they formed a lasting partnership. Their instructions were to travel to Sumatra and chart the
transit there, but after just one night at sea their ship was attacked by a French frigate. (Although
scientists were in an internationally cooperative mood, nations weren’t.) Mason and Dixon sent a
note to the Royal Society observing that it seemed awfully dangerous on the high seas and
wondering if perhaps the whole thing oughtn’t to be called off. In reply they received a swift and
chilly rebuke, noting that they had already been paid, that the nation and scientific community
were counting on them, and that their failure to proceed would result in the irretrievable loss of
their reputations. Chastened, they sailed on, but en route word reached them that Sumatra had
fallen to the French and so they observed the transit inconclusively from the Cape of Good
Hope. On the way home they stopped on the lonely Atlantic outcrop of St. Helena, where they
met Maskelyne, whose observations had been thwarted by cloud cover. Mason and Maskelyne
formed a solid friendship and spent several happy, and possibly even mildly useful, weeks
charting tidal flows.Soon afterward, Maskelyne returned to England where he became
astronomer royal, and Mason and Dixon—now evidently more seasoned—set off for four long
and often perilous years surveying their way through 244 miles of dangerous American
wilderness to settle a boundary dispute between the estates of William Penn and Lord Baltimore



and their respective colonies of Pennsylvania and Maryland. The result was the famous Mason
and Dixon line, which later took on symbolic importance as the dividing line between the slave
and free states. (Although the line was their principal task, they also contributed several
astronomical surveys, including one of the century’s most accurate measurements of a degree
of meridian—an achievement that brought them far more acclaim in England than the settling of
a boundary dispute between spoiled aristocrats.)Back in Europe, Maskelyne and his
counterparts in Germany and France were forced to the conclusion that the transit
measurements of 1761 were essentially a failure. One of the problems, ironically, was that there
were too many observations, which when brought together often proved contradictory and
impossible to resolve. The successful charting of a Venusian transit fell instead to a little-known
Yorkshire-born sea captain named James Cook, who watched the 1769 transit from a sunny
hilltop in Tahiti, and then went on to chart and claim Australia for the British crown. Upon his
return there was now enough information for the French astronomer Joseph Lalande to calculate
that the mean distance from the Earth to the Sun was a little over 150 million kilometers. (Two
further transits in the nineteenth century allowed astronomers to put the figure at 149.59 million
kilometers, where it has remained ever since. The precise distance, we now know, is
149.597870691 million kilometers.) The Earth at last had a position in space.As for Mason and
Dixon, they returned to England as scientific heroes and, for reasons unknown, dissolved their
partnership. Considering the frequency with which they turn up at seminal events in eighteenth-
century science, remarkably little is known about either man. No likenesses exist and few written
references. Of Dixon the Dictionary of National Biography notes intriguingly that he was “said to
have been born in a coal mine,” but then leaves it to the reader’s imagination to supply a
plausible explanatory circumstance, and adds that he died at Durham in 1777. Apart from his
name and long association with Mason, nothing more is known.Mason is only slightly less
shadowy. We know that in 1772, at Maskelyne’s behest, he accepted the commission to find a
suitable mountain for the gravitational deflection experiment, at length reporting back that the
mountain they needed was in the central Scottish Highlands, just above Loch Tay, and was
called Schiehallion. Nothing, however, would induce him to spend a summer surveying it. He
never returned to the field again. His next known movement was in 1786 when, abruptly and
mysteriously, he turned up in Philadelphia with his wife and eight children, apparently on the
verge of destitution. He had not been back to America since completing his survey there
eighteen years earlier and had no known reason for being there, or any friends or patrons to
greet him. A few weeks later he was dead.With Mason refusing to survey the mountain, the job
fell to Maskelyne. So for four months in the summer of 1774, Maskelyne lived in a tent in a
remote Scottish glen and spent his days directing a team of surveyors, who took hundreds of
measurements from every possible position. To find the mass of the mountain from all these
numbers required a great deal of tedious calculating, for which a mathematician named Charles
Hutton was engaged. The surveyors had covered a map with scores of figures, each marking an
elevation at some point on or around the mountain. It was essentially just a confusing mass of



numbers, but Hutton noticed that if he used a pencil to connect points of equal height, it all
became much more orderly. Indeed, one could instantly get a sense of the overall shape and
slope of the mountain. He had invented contour lines.Extrapolating from his Schiehallion
measurements, Hutton calculated the mass of the Earth at 5,000 million million tons, from which
could reasonably be deduced the masses of all the other major bodies in the solar system,
including the Sun. So from this one experiment we learned the masses of the Earth, the Sun, the
Moon, the other planets and their moons, and got contour lines into the bargain—not bad for a
summer’s work.Not everyone was satisfied with the results, however. The shortcoming of the
Schiehallion experiment was that it was not possible to get a truly accurate figure without
knowing the actual density of the mountain. For convenience, Hutton had assumed that the
mountain had the same density as ordinary stone, about 2.5 times that of water, but this was
little more than an educated guess.One improbable-seeming person who turned his mind to the
matter was a country parson named John Michell, who resided in the lonely Yorkshire village of
Thornhill. Despite his remote and comparatively humble situation, Michell was one of the great
scientific thinkers of the eighteenth century and much esteemed for it.Among a great deal else,
he perceived the wavelike nature of earthquakes, conducted much original research into
magnetism and gravity, and, quite extraordinarily, envisioned the possibility of black holes two
hundred years before anyone else—a leap of intuitive deduction that not even Newton could
make. When the German-born musician William Herschel decided his real interest in life was
astronomy, it was Michell to whom he turned for instruction in making telescopes, a kindness for
which planetary science has been in his debt ever since.§But of all that Michell accomplished,
nothing was more ingenious or had greater impact than a machine he designed and built for
measuring the mass of the Earth. Unfortunately, he died before he could conduct the
experiments and both the idea and the necessary equipment were passed on to a brilliant but
magnificently retiring London scientist named Henry Cavendish.Cavendish is a book in himself.
Born into a life of sumptuous privilege—his grandfathers were dukes, respectively, of Devonshire
and Kent—he was the most gifted English scientist of his age, but also the strangest. He
suffered, in the words of one of his few biographers, from shyness to a “degree bordering on
disease.” Any human contact was for him a source of the deepest discomfort.Once he opened
his door to find an Austrian admirer, freshly arrived from Vienna, on the front step. Excitedly the
Austrian began to babble out praise. For a few moments Cavendish received the compliments
as if they were blows from a blunt object and then, unable to take any more, fled down the path
and out the gate, leaving the front door wide open. It was some hours before he could be coaxed
back to the property. Even his housekeeper communicated with him by letter.Although he did
sometimes venture into society—he was particularly devoted to the weekly scientific soirées of
the great naturalist Sir Joseph Banks—it was always made clear to the other guests that
Cavendish was on no account to be approached or even looked at. Those who sought his views
were advised to wander into his vicinity as if by accident and to “talk as it were into vacancy.” If
their remarks were scientifically worthy they might receive a mumbled reply, but more often than



not they would hear a peeved squeak (his voice appears to have been high pitched) and turn to
find an actual vacancy and the sight of Cavendish fleeing for a more peaceful corner.His wealth
and solitary inclinations allowed him to turn his house in Clapham into a large laboratory where
he could range undisturbed through every corner of the physical sciences—electricity, heat,
gravity, gases, anything to do with the composition of matter. The second half of the eighteenth
century was a time when people of a scientific bent grew intensely interested in the physical
properties of fundamental things—gases and electricity in particular—and began seeing what
they could do with them, often with more enthusiasm than sense. In America, Benjamin Franklin
famously risked his life by flying a kite in an electrical storm. In France, a chemist named Pilatre
de Rozier tested the flammability of hydrogen by gulping a mouthful and blowing across an open
flame, proving at a stroke that hydrogen is indeed explosively combustible and that eyebrows
are not necessarily a permanent feature of one’s face. Cavendish, for his part, conducted
experiments in which he subjected himself to graduated jolts of electrical current, diligently
noting the increasing levels of agony until he could keep hold of his quill, and sometimes his
consciousness, no longer.In the course of a long life Cavendish made a string of signal
discoveries—among much else he was the first person to isolate hydrogen and the first to
combine hydrogen and oxygen to form water—but almost nothing he did was entirely divorced
from strangeness. To the continuing exasperation of his fellow scientists, he often alluded in
published work to the results of contingent experiments that he had not told anyone about. In his
secretiveness he didn’t merely resemble Newton, but actively exceeded him. His experiments
with electrical conductivity were a century ahead of their time, but unfortunately remained
undiscovered until that century had passed. Indeed the greater part of what he did wasn’t known
until the late nineteenth century when the Cambridge physicist James Clerk Maxwell took on the
task of editing Cavendish’s papers, by which time credit had nearly always been given to
others.Among much else, and without telling anyone, Cavendish discovered or anticipated the
law of the conservation of energy, Ohm’s law, Dalton’s Law of Partial Pressures, Richter’s Law of
Reciprocal Proportions, Charles’s Law of Gases, and the principles of electrical conductivity.
That’s just some of it. According to the science historian J. G. Crowther, he also foreshadowed
“the work of Kelvin and G. H. Darwin on the effect of tidal friction on slowing the rotation of the
earth, and Larmor’s discovery, published in 1915, on the effect of local atmospheric
cooling … the work of Pickering on freezing mixtures, and some of the work of Rooseboom on
heterogeneous equilibria.” Finally, he left clues that led directly to the discovery of the group of
elements known as the noble gases, some of which are so elusive that the last of them wasn’t
found until 1962. But our interest here is in Cavendish’s last known experiment when in the late
summer of 1797, at the age of sixty-seven, he turned his attention to the crates of equipment
that had been left to him—evidently out of simple scientific respect—by John Michell.When
assembled, Michell’s apparatus looked like nothing so much as an eighteenth-century version of
a Nautilus weight-training machine. It incorporated weights, counterweights, pendulums, shafts,
and torsion wires. At the heart of the machine were two 350-pound lead balls, which were



suspended beside two smaller spheres. The idea was to measure the gravitational deflection of
the smaller spheres by the larger ones, which would allow the first measurement of the elusive
force known as the gravitational constant, and from which the weight (strictly speaking, the
mass) of the Earth could be deduced.Because gravity holds planets in orbit and makes falling
objects land with a bang, we tend to think of it as a powerful force, but it is not really. It is only
powerful in a kind of collective sense, when one massive object, like the Sun, holds on to
another massive object, like the Earth. At an elemental level gravity is extraordinarily unrobust.
Each time you pick up a book from a table or a dime from the floor you effortlessly overcome the
combined gravitational exertion of an entire planet. What Cavendish was trying to do was
measure gravity at this extremely featherweight level.Delicacy was the key word. Not a whisper
of disturbance could be allowed into the room containing the apparatus, so Cavendish took up a
position in an adjoining room and made his observations with a telescope aimed through a
peephole. The work was incredibly exacting and involved seventeen delicate, interconnected
measurements, which together took nearly a year to complete. When at last he had finished his
calculations, Cavendish announced that the Earth weighed a little over
13,000,000,000,000,000,000,000 pounds, or six billion trillion metric tons, to use the modern
measure. (A metric ton is 1,000 kilograms or 2,205 pounds.)Today, scientists have at their
disposal machines so precise they can detect the weight of a single bacterium and so sensitive
that readings can be disturbed by someone yawning seventy-five feet away, but they have not
significantly improved on Cavendish’s measurements of 1797. The current best estimate for
Earth’s weight is 5.9725 billion trillion metric tons, a difference of only about 1 percent from
Cavendish’s finding. Interestingly, all of this merely confirmed estimates made by Newton 110
years before Cavendish without any experimental evidence at all.So, by the late eighteenth
century scientists knew very precisely the shape and dimensions of the Earth and its distance
from the Sun and planets; and now Cavendish, without even leaving home, had given them its
weight. So you might think that determining the age of the Earth would be relatively
straightforward. After all, the necessary materials were literally at their feet. But no. Human
beings would split the atom and invent television, nylon, and instant coffee before they could
figure out the age of their own planet.To understand why, we must travel north to Scotland and
begin with a brilliant and genial man, of whom few have ever heard, who had just invented a new
science called geology.*Triangulation, their chosen method, was a popular technique based on
the geometric fact that if you know the length of one side of a triangle and the angles of two
corners, you can work out all its other dimensions without leaving your chair. Suppose, by way of
example, that you and I decided we wished to know how far it is to the Moon. Using triangulation,
the first thing we must do is put some distance between us, so let’s say for argument that you
stay in Paris and I go to Moscow and we both look at the Moon at the same time. Now if you
imagine a line connecting the three principals of this exercise—that is, you and I and the Moon—
it forms a triangle. Measure the length of the baseline between you and me and the angles of our
two corners and the rest can be simply calculated. (Because the interior angles of a triangle



always add up to 180 degrees, if you know the sum of two of the angles you can instantly
calculate the third; and knowing the precise shape of a triangle and the length of one side tells
you the lengths of the other sides.) This was in fact the method use by a Greek astronomer,
Hipparchus of Nicaea, in 150 B.C. to work out the Moon’s distance from Earth. At ground level,
the principles of triangulation are the same, except that the triangles don’t reach into space but
rather are laid side to side on a map. In measuring a degree of meridian, the surveyors would
create a sort of chain of triangles marching across the landscape.†How fast you are spinning
depends on where you are. The speed of the Earth’s spin varies from a little over 1,000 miles an
hour at the equator to zero at the poles.‡The next transit will be on June 8, 2004, with a second
in 2012. There were none in the twentieth century.§In 1781 Herschel became the first person in
the modern era to discover a planet. He wanted to call it George, after the British monarch, but
was overruled. Instead it became Uranus. To a physicist, mass and weight are two quite
different things. Your mass stays the same wherever you go, but your weight varies depending
on how far you are from the center of some other massive object like a planet. Travel to the Moon
and you will be much lighter but no less massive. On Earth, for all practical purposes, mass and
weight are the same and so the terms can be treated as synonymous, at least outside the
classroom.4 THE MEASURE OF THINGSIF YOU HAD to select the least convivial scientific
field trip of all time, you could certainly do worse than the French Royal Academy of Sciences’
Peruvian expedition of 1735. Led by a hydrologist named Pierre Bouguer and a soldier-
mathematician named Charles Marie de La Condamine, it was a party of scientists and
adventurers who traveled to Peru with the purpose of triangulating distances through the
Andes.At the time people had lately become infected with a powerful desire to understand the
Earth—to determine how old it was, and how massive, where it hung in space, and how it had
come to be. The French party’s goal was to help settle the question of the circumference of the
planet by measuring the length of one degree of meridian (or 1/360 of the distance around the
planet) along a line reaching from Yarouqui, near Quito, to just beyond Cuenca in what is now
Ecuador, a distance of about two hundred miles.*Almost at once things began to go wrong,
sometimes spectacularly so. In Quito, the visitors somehow provoked the locals and were
chased out of town by a mob armed with stones. Soon after, the expedition’s doctor was
murdered in a misunderstanding over a woman. The botanist became deranged. Others died of
fevers and falls. The third most senior member of the party, a man named Jean Godin, ran off
with a thirteen-year-old girl and could not be induced to return.At one point the group had to
suspend work for eight months while La Condamine rode off to Lima to sort out a problem with
their permits. Eventually he and Bouguer stopped speaking and refused to work together.
Everywhere the dwindling party went it was met with the deepest suspicions from officials who
found it difficult to believe that a group of French scientists would travel halfway around the world
to measure the world. That made no sense at all. Two and a half centuries later it still seems a
reasonable question. Why didn’t the French make their measurements in France and save
themselves all the bother and discomfort of their Andean adventure?The answer lies partly with



the fact that eighteenth-century scientists, the French in particular, seldom did things simply if an
absurdly demanding alternative was available, and partly with a practical problem that had first
arisen with the English astronomer Edmond Halley many years before—long before Bouguer
and La Condamine dreamed of going to South America, much less had a reason for doing
so.Halley was an exceptional figure. In the course of a long and productive career, he was a sea
captain, a cartographer, a professor of geometry at the University of Oxford, deputy controller of
the Royal Mint, astronomer royal, and inventor of the deep-sea diving bell. He wrote
authoritatively on magnetism, tides, and the motions of the planets, and fondly on the effects of
opium. He invented the weather map and actuarial table, proposed methods for working out the
age of the Earth and its distance from the Sun, even devised a practical method for keeping fish
fresh out of season. The one thing he didn’t do, interestingly enough, was discover the comet
that bears his name. He merely recognized that the comet he saw in 1682 was the same one
that had been seen by others in 1456, 1531, and 1607. It didn’t become Halley’s comet until
1758, some sixteen years after his death.For all his achievements, however, Halley’s greatest
contribution to human knowledge may simply have been to take part in a modest scientific
wager with two other worthies of his day: Robert Hooke, who is perhaps best remembered now
as the first person to describe a cell, and the great and stately Sir Christopher Wren, who was
actually an astronomer first and architect second, though that is not often generally remembered
now. In 1683, Halley, Hooke, and Wren were dining in London when the conversation turned to
the motions of celestial objects. It was known that planets were inclined to orbit in a particular
kind of oval known as an ellipse—“a very specific and precise curve,” to quote Richard Feynman
—but it wasn’t understood why. Wren generously offered a prize worth forty shillings (equivalent
to a couple of weeks’ pay) to whichever of the men could provide a solution.Hooke, who was
well known for taking credit for ideas that weren’t necessarily his own, claimed that he had
solved the problem already but declined now to share it on the interesting and inventive grounds
that it would rob others of the satisfaction of discovering the answer for themselves. He would
instead “conceal it for some time, that others might know how to value it.” If he thought any more
on the matter, he left no evidence of it. Halley, however, became consumed with finding the
answer, to the point that the following year he traveled to Cambridge and boldly called upon the
university’s Lucasian Professor of Mathematics, Isaac Newton, in the hope that he could
help.Newton was a decidedly odd figure—brilliant beyond measure, but solitary, joyless, prickly
to the point of paranoia, famously distracted (upon swinging his feet out of bed in the morning he
would reportedly sometimes sit for hours, immobilized by the sudden rush of thoughts to his
head), and capable of the most riveting strangeness. He built his own laboratory, the first at
Cambridge, but then engaged in the most bizarre experiments. Once he inserted a bodkin—a
long needle of the sort used for sewing leather—into his eye socket and rubbed it around
“betwixt my eye and the bone as near to [the] backside of my eye as I could” just to see what
would happen. What happened, miraculously, was nothing—at least nothing lasting. On another
occasion, he stared at the Sun for as long as he could bear, to determine what effect it would



have upon his vision. Again he escaped lasting damage, though he had to spend some days in a
darkened room before his eyes forgave him.Set atop these odd beliefs and quirky traits,
however, was the mind of a supreme genius—though even when working in conventional
channels he often showed a tendency to peculiarity. As a student, frustrated by the limitations of
conventional mathematics, he invented an entirely new form, the calculus, but then told no one
about it for twenty-seven years. In like manner, he did work in optics that transformed our
understanding of light and laid the foundation for the science of spectroscopy, and again chose
not to share the results for three decades.For all his brilliance, real science accounted for only a
part of his interests. At least half his working life was given over to alchemy and wayward
religious pursuits. These were not mere dabblings but wholehearted devotions. He was a secret
adherent of a dangerously heretical sect called Arianism, whose principal tenet was the belief
that there had been no Holy Trinity (slightly ironic since Newton’s college at Cambridge was
Trinity). He spent endless hours studying the floor plan of the lost Temple of King Solomon in
Jerusalem (teaching himself Hebrew in the process, the better to scan original texts) in the belief
that it held mathematical clues to the dates of the second coming of Christ and the end of the
world. His attachment to alchemy was no less ardent. In 1936, the economist John Maynard
Keynes bought a trunk of Newton’s papers at auction and discovered with astonishment that
they were overwhelmingly preoccupied not with optics or planetary motions, but with a single-
minded quest to turn base metals into precious ones. An analysis of a strand of Newton’s hair in
the 1970s found it contained mercury—an element of interest to alchemists, hatters, and
thermometer-makers but almost no one else—at a concentration some forty times the natural
level. It is perhaps little wonder that he had trouble remembering to rise in the morning.Quite
what Halley expected to get from him when he made his unannounced visit in August 1684 we
can only guess. But thanks to the later account of a Newton confidant, Abraham DeMoivre, we
do have a record of one of science’s most historic encounters:In 1684 Dr Halley came to visit at
Cambridge [and] after they had some time together the Dr asked him what he thought the curve
would be that would be described by the Planets supposing the force of attraction toward the
Sun to be reciprocal to the square of their distance from it.This was a reference to a piece of
mathematics known as the inverse square law, which Halley was convinced lay at the heart of
the explanation, though he wasn’t sure exactly how.Sr Isaac replied immediately that it would be
an [ellipse]. The Doctor, struck with joy & amazement, asked him how he knew it. ‘Why,’ saith he,
‘I have calculated it,’ whereupon Dr Halley asked him for his calculation without farther delay, Sr
Isaac looked among his papers but could not find it.This was astounding—like someone saying
he had found a cure for cancer but couldn’t remember where he had put the formula. Pressed by
Halley, Newton agreed to redo the calculations and produce a paper. He did as promised, but
then did much more. He retired for two years of intensive reflection and scribbling, and at length
produced his masterwork: the Philosophiae Naturalis Principia Mathematica or Mathematical
Principles of Natural Philosophy, better known as the Principia.Once in a great while, a few times
in history, a human mind produces an observation so acute and unexpected that people can’t



quite decide which is the more amazing—the fact or the thinking of it. Principia was one of those
moments. It made Newton instantly famous. For the rest of his life he would be draped with
plaudits and honors, becoming, among much else, the first person in Britain knighted for
scientific achievement. Even the great German mathematician Gottfried von Leibniz, with whom
Newton had a long, bitter fight over priority for the invention of the calculus, thought his
contributions to mathematics equal to all the accumulated work that had preceded him. “Nearer
the gods no mortal may approach,” wrote Halley in a sentiment that was endlessly echoed by his
contemporaries and by many others since.Although the Principia has been called “one of the
most inaccessible books ever written” (Newton intentionally made it difficult so that he wouldn’t
be pestered by mathematical “smatterers,” as he called them), it was a beacon to those who
could follow it. It not only explained mathematically the orbits of heavenly bodies, but also
identified the attractive force that got them moving in the first place—gravity. Suddenly every
motion in the universe made sense.At Principia’s heart were Newton’s three laws of motion
(which state, very baldly, that a thing moves in the direction in which it is pushed; that it will keep
moving in a straight line until some other force acts to slow or deflect it; and that every action has
an opposite and equal reaction) and his universal law of gravitation. This states that every object
in the universe exerts a tug on every other. It may not seem like it, but as you sit here now you
are pulling everything around you—walls, ceiling, lamp, pet cat—toward you with your own little
(indeed, very little) gravitational field. And these things are also pulling on you. It was Newton
who realized that the pull of any two objects is, to quote Feynman again, “proportional to the
mass of each and varies inversely as the square of the distance between them.” Put another
way, if you double the distance between two objects, the attraction between them becomes four
times weaker. This can be expressed with the formulawhich is of course way beyond anything
that most of us could make practical use of, but at least we can appreciate that it is elegantly
compact. A couple of brief multiplications, a simple division, and, bingo, you know your
gravitational position wherever you go. It was the first really universal law of nature ever
propounded by a human mind, which is why Newton is regarded with such universal
esteem.Principia’s production was not without drama. To Halley’s horror, just as work was
nearing completion Newton and Hooke fell into dispute over the priority for the inverse square
law and Newton refused to release the crucial third volume, without which the first two made little
sense. Only with some frantic shuttle diplomacy and the most liberal applications of flattery did
Halley manage finally to extract the concluding volume from the erratic professor.Halley’s
traumas were not yet quite over. The Royal Society had promised to publish the work, but now
pulled out, citing financial embarrassment. The year before the society had backed a costly flop
called The History of Fishes, and they now suspected that the market for a book on
mathematical principles would be less than clamorous. Halley, whose means were not great,
paid for the book’s publication out of his own pocket. Newton, as was his custom, contributed
nothing. To make matters worse, Halley at this time had just accepted a position as the society’s
clerk, and he was informed that the society could no longer afford to provide him with a



promised salary of £50 per annum. He was to be paid instead in copies of The History of
Fishes.Newton’s laws explained so many things—the slosh and roll of ocean tides, the motions
of planets, why cannonballs trace a particular trajectory before thudding back to Earth, why we
aren’t flung into space as the planet spins beneath us at hundreds of miles an hour†—that it
took a while for all their implications to seep in. But one revelation became almost immediately
controversial.This was the suggestion that the Earth is not quite round. According to Newton’s
theory, the centrifugal force of the Earth’s spin should result in a slight flattening at the poles and
a bulging at the equator, which would make the planet slightly oblate. That meant that the length
of a degree wouldn’t be the same in Italy as it was in Scotland. Specifically, the length would
shorten as you moved away from the poles. This was not good news for those people whose
measurements of the Earth were based on the assumption that the Earth was a perfect sphere,
which was everyone.For half a century people had been trying to work out the size of the Earth,
mostly by making very exacting measurements. One of the first such attempts was by an English
mathematician named Richard Norwood. As a young man Norwood had traveled to Bermuda
with a diving bell modeled on Halley’s device, intending to make a fortune scooping pearls from
the seabed. The scheme failed because there were no pearls and anyway Norwood’s bell didn’t
work, but Norwood was not one to waste an experience. In the early seventeenth century
Bermuda was well known among ships’ captains for being hard to locate. The problem was that
the ocean was big, Bermuda small, and the navigational tools for dealing with this disparity
hopelessly inadequate. There wasn’t even yet an agreed length for a nautical mile. Over the
breadth of an ocean the smallest miscalculations would become magnified so that ships often
missed Bermuda-sized targets by dismaying margins. Norwood, whose first love was
trigonometry and thus angles, decided to bring a little mathematical rigor to navigation and to
that end he determined to calculate the length of a degree.Starting with his back against the
Tower of London, Norwood spent two devoted years marching 208 miles north to York,
repeatedly stretching and measuring a length of chain as he went, all the while making the most
meticulous adjustments for the rise and fall of the land and the meanderings of the road. The
final step was to measure the angle of the Sun at York at the same time of day and on the same
day of the year as he had made his first measurement in London. From this, he reasoned he
could determine the length of one degree of the Earth’s meridian and thus calculate the distance
around the whole. It was an almost ludicrously ambitious undertaking—a mistake of the slightest
fraction of a degree would throw the whole thing out by miles—but in fact, as Norwood proudly
declaimed, he was accurate to “within a scantling”—or, more precisely, to within about six
hundred yards. In metric terms, his figure worked out at 110.72 kilometers per degree of arc.In
1637, Norwood’s masterwork of navigation, The Seaman’s Practice, was published and found
an immediate following. It went through seventeen editions and was still in print twenty-five years
after his death. Norwood returned to Bermuda with his family, becoming a successful planter
and devoting his leisure hours to his first love, trigonometry. He survived there for thirty-eight
years and it would be pleasing to report that he passed this span in happiness and adulation. In



fact, he didn’t. On the crossing from England, his two young sons were placed in a cabin with the
Reverend Nathaniel White, and somehow so successfully traumatized the young vicar that he
devoted much of the rest of his career to persecuting Norwood in any small way he could think
of.Norwood’s two daughters brought their father additional pain by making poor marriages. One
of the husbands, possibly incited by the vicar, continually laid small charges against Norwood in
court, causing him much exasperation and necessitating repeated trips across Bermuda to
defend himself. Finally in the 1650s witch trials came to Bermuda and Norwood spent his final
years in severe unease that his papers on trigonometry, with their arcane symbols, would be
taken as communications with the devil and that he would be treated to a dreadful execution. So
little is known of Norwood that it may in fact be that he deserved his unhappy declining years.
What is certainly true is that he got them.Meanwhile, the momentum for determining the Earth’s
circumference passed to France. There, the astronomer Jean Picard devised an impressively
complicated method of triangulation involving quadrants, pendulum clocks, zenith sectors, and
telescopes (for observing the motions of the moons of Jupiter). After two years of trundling and
triangulating his way across France, in 1669 he announced a more accurate measure of 110.46
kilometers for one degree of arc. This was a great source of pride for the French, but it was
predicated on the assumption that the Earth was a perfect sphere—which Newton now said it
was not.To complicate matters, after Picard’s death the father-and-son team of Giovanni and
Jacques Cassini repeated Picard’s experiments over a larger area and came up with results that
suggested that the Earth was fatter not at the equator but at the poles—that Newton, in other
words, was exactly wrong. It was this that prompted the Academy of Sciences to dispatch
Bouguer and La Condamine to South America to take new measurements.They chose the
Andes because they needed to measure near the equator, to determine if there really was a
difference in sphericity there, and because they reasoned that mountains would give them good
sightlines. In fact, the mountains of Peru were so constantly lost in cloud that the team often had
to wait weeks for an hour’s clear surveying. On top of that, they had selected one of the most
nearly impossible terrains on Earth. Peruvians refer to their landscape as muy accidentado
—“much accidented”—and this it most certainly is. The French had not only to scale some of the
world’s most challenging mountains—mountains that defeated even their mules—but to reach
the mountains they had to ford wild rivers, hack their way through jungles, and cross miles of
high, stony desert, nearly all of it uncharted and far from any source of supplies. But Bouguer
and La Condamine were nothing if not tenacious, and they stuck to the task for nine and a half
long, grim, sun-blistered years. Shortly before concluding the project, they received word that a
second French team, taking measurements in northern Scandinavia (and facing notable
discomforts of their own, from squelching bogs to dangerous ice floes), had found that a degree
was in fact longer near the poles, as Newton had promised. The Earth was forty-three kilometers
stouter when measured equatorially than when measured from top to bottom around the
poles.Bouguer and La Condamine thus had spent nearly a decade working toward a result they
didn’t wish to find only to learn now that they weren’t even the first to find it. Listlessly, they



completed their survey, which confirmed that the first French team was correct. Then, still not
speaking, they returned to the coast and took separate ships home.Something else conjectured
by Newton in the Principia was that a plumb bob hung near a mountain would incline very
slightly toward the mountain, affected by the mountain’s gravitational mass as well as by the
Earth’s. This was more than a curious fact. If you measured the deflection accurately and worked
out the mass of the mountain, you could calculate the universal gravitational constant—that is,
the basic value of gravity, known as G—and along with it the mass of the Earth.Bouguer and La
Condamine had tried this on Ecuador’s Mount Chimborazo, but had been defeated by both the
technical difficulties and their own squabbling, and so the notion lay dormant for another thirty
years until resurrected in England by Nevil Maskelyne, the astronomer royal. In Dava Sobel’s
popular book Longitude, Maskelyne is presented as a ninny and villain for failing to appreciate
the brilliance of the clockmaker John Harrison, and this may be so, but we are indebted to him in
other ways not mentioned in her book, not least for his successful scheme to weigh the Earth.
Maskelyne realized that the nub of the problem lay with finding a mountain of sufficiently regular
shape to judge its mass.At his urging, the Royal Society agreed to engage a reliable figure to
tour the British Isles to see if such a mountain could be found. Maskelyne knew just such a
person—the astronomer and surveyor Charles Mason. Maskelyne and Mason had become
friends eleven years earlier while engaged in a project to measure an astronomical event of
great importance: the passage of the planet Venus across the face of the Sun. The tireless
Edmond Halley had suggested years before that if you measured one of these passages from
selected points on the Earth, you could use the principles of triangulation to work out the
distance to the Sun, and from that calibrate the distances to all the other bodies in the solar
system.Unfortunately, transits of Venus, as they are known, are an irregular occurrence. They
come in pairs eight years apart, but then are absent for a century or more, and there were none
in Halley’s lifetime.‡ But the idea simmered and when the next transit came due in 1761, nearly
two decades after Halley’s death, the scientific world was ready—indeed, more ready than it had
been for an astronomical event before.With the instinct for ordeal that characterized the age,
scientists set off for more than a hundred locations around the globe—to Siberia, China, South
Africa, Indonesia, and the woods of Wisconsin, among many others. France dispatched thirty-
two observers, Britain eighteen more, and still others set out from Sweden, Russia, Italy,
Germany, Ireland, and elsewhere.It was history’s first cooperative international scientific venture,
and almost everywhere it ran into problems. Many observers were waylaid by war, sickness, or
shipwreck. Others made their destinations but opened their crates to find equipment broken or
warped by tropical heat. Once again the French seemed fated to provide the most memorably
unlucky participants. Jean Chappe spent months traveling to Siberia by coach, boat, and sleigh,
nursing his delicate instruments over every perilous bump, only to find the last vital stretch
blocked by swollen rivers, the result of unusually heavy spring rains, which the locals were swift
to blame on him after they saw him pointing strange instruments at the sky. Chappe managed to
escape with his life, but with no useful measurements.Unluckier still was Guillaume Le Gentil,



whose experiences are wonderfully summarized by Timothy Ferris in Coming of Age in the Milky
Way. Le Gentil set off from France a year ahead of time to observe the transit from India, but
various setbacks left him still at sea on the day of the transit—just about the worst place to be
since steady measurements were impossible on a pitching ship.Undaunted, Le Gentil continued
on to India to await the next transit in 1769. With eight years to prepare, he erected a first-rate
viewing station, tested and retested his instruments, and had everything in a state of perfect
readiness. On the morning of the second transit, June 4, 1769, he awoke to a fine day, but, just
as Venus began its pass, a cloud slid in front of the Sun and remained there for almost exactly
the duration of the transit: three hours, fourteen minutes, and seven seconds.Stoically, Le Gentil
packed up his instruments and set off for the nearest port, but en route he contracted dysentery
and was laid up for nearly a year. Still weakened, he finally made it onto a ship. It was nearly
wrecked in a hurricane off the African coast. When at last he reached home, eleven and a half
years after setting off, and having achieved nothing, he discovered that his relatives had had him
declared dead in his absence and had enthusiastically plundered his estate.In comparison, the
disappointments experienced by Britain’s eighteen scattered observers were mild. Mason found
himself paired with a young surveyor named Jeremiah Dixon and apparently they got along well,
for they formed a lasting partnership. Their instructions were to travel to Sumatra and chart the
transit there, but after just one night at sea their ship was attacked by a French frigate. (Although
scientists were in an internationally cooperative mood, nations weren’t.) Mason and Dixon sent a
note to the Royal Society observing that it seemed awfully dangerous on the high seas and
wondering if perhaps the whole thing oughtn’t to be called off. In reply they received a swift and
chilly rebuke, noting that they had already been paid, that the nation and scientific community
were counting on them, and that their failure to proceed would result in the irretrievable loss of
their reputations. Chastened, they sailed on, but en route word reached them that Sumatra had
fallen to the French and so they observed the transit inconclusively from the Cape of Good
Hope. On the way home they stopped on the lonely Atlantic outcrop of St. Helena, where they
met Maskelyne, whose observations had been thwarted by cloud cover. Mason and Maskelyne
formed a solid friendship and spent several happy, and possibly even mildly useful, weeks
charting tidal flows.Soon afterward, Maskelyne returned to England where he became
astronomer royal, and Mason and Dixon—now evidently more seasoned—set off for four long
and often perilous years surveying their way through 244 miles of dangerous American
wilderness to settle a boundary dispute between the estates of William Penn and Lord Baltimore
and their respective colonies of Pennsylvania and Maryland. The result was the famous Mason
and Dixon line, which later took on symbolic importance as the dividing line between the slave
and free states. (Although the line was their principal task, they also contributed several
astronomical surveys, including one of the century’s most accurate measurements of a degree
of meridian—an achievement that brought them far more acclaim in England than the settling of
a boundary dispute between spoiled aristocrats.)Back in Europe, Maskelyne and his
counterparts in Germany and France were forced to the conclusion that the transit



measurements of 1761 were essentially a failure. One of the problems, ironically, was that there
were too many observations, which when brought together often proved contradictory and
impossible to resolve. The successful charting of a Venusian transit fell instead to a little-known
Yorkshire-born sea captain named James Cook, who watched the 1769 transit from a sunny
hilltop in Tahiti, and then went on to chart and claim Australia for the British crown. Upon his
return there was now enough information for the French astronomer Joseph Lalande to calculate
that the mean distance from the Earth to the Sun was a little over 150 million kilometers. (Two
further transits in the nineteenth century allowed astronomers to put the figure at 149.59 million
kilometers, where it has remained ever since. The precise distance, we now know, is
149.597870691 million kilometers.) The Earth at last had a position in space.As for Mason and
Dixon, they returned to England as scientific heroes and, for reasons unknown, dissolved their
partnership. Considering the frequency with which they turn up at seminal events in eighteenth-
century science, remarkably little is known about either man. No likenesses exist and few written
references. Of Dixon the Dictionary of National Biography notes intriguingly that he was “said to
have been born in a coal mine,” but then leaves it to the reader’s imagination to supply a
plausible explanatory circumstance, and adds that he died at Durham in 1777. Apart from his
name and long association with Mason, nothing more is known.Mason is only slightly less
shadowy. We know that in 1772, at Maskelyne’s behest, he accepted the commission to find a
suitable mountain for the gravitational deflection experiment, at length reporting back that the
mountain they needed was in the central Scottish Highlands, just above Loch Tay, and was
called Schiehallion. Nothing, however, would induce him to spend a summer surveying it. He
never returned to the field again. His next known movement was in 1786 when, abruptly and
mysteriously, he turned up in Philadelphia with his wife and eight children, apparently on the
verge of destitution. He had not been back to America since completing his survey there
eighteen years earlier and had no known reason for being there, or any friends or patrons to
greet him. A few weeks later he was dead.With Mason refusing to survey the mountain, the job
fell to Maskelyne. So for four months in the summer of 1774, Maskelyne lived in a tent in a
remote Scottish glen and spent his days directing a team of surveyors, who took hundreds of
measurements from every possible position. To find the mass of the mountain from all these
numbers required a great deal of tedious calculating, for which a mathematician named Charles
Hutton was engaged. The surveyors had covered a map with scores of figures, each marking an
elevation at some point on or around the mountain. It was essentially just a confusing mass of
numbers, but Hutton noticed that if he used a pencil to connect points of equal height, it all
became much more orderly. Indeed, one could instantly get a sense of the overall shape and
slope of the mountain. He had invented contour lines.Extrapolating from his Schiehallion
measurements, Hutton calculated the mass of the Earth at 5,000 million million tons, from which
could reasonably be deduced the masses of all the other major bodies in the solar system,
including the Sun. So from this one experiment we learned the masses of the Earth, the Sun, the
Moon, the other planets and their moons, and got contour lines into the bargain—not bad for a



summer’s work.Not everyone was satisfied with the results, however. The shortcoming of the
Schiehallion experiment was that it was not possible to get a truly accurate figure without
knowing the actual density of the mountain. For convenience, Hutton had assumed that the
mountain had the same density as ordinary stone, about 2.5 times that of water, but this was
little more than an educated guess.One improbable-seeming person who turned his mind to the
matter was a country parson named John Michell, who resided in the lonely Yorkshire village of
Thornhill. Despite his remote and comparatively humble situation, Michell was one of the great
scientific thinkers of the eighteenth century and much esteemed for it.Among a great deal else,
he perceived the wavelike nature of earthquakes, conducted much original research into
magnetism and gravity, and, quite extraordinarily, envisioned the possibility of black holes two
hundred years before anyone else—a leap of intuitive deduction that not even Newton could
make. When the German-born musician William Herschel decided his real interest in life was
astronomy, it was Michell to whom he turned for instruction in making telescopes, a kindness for
which planetary science has been in his debt ever since.§But of all that Michell accomplished,
nothing was more ingenious or had greater impact than a machine he designed and built for
measuring the mass of the Earth. Unfortunately, he died before he could conduct the
experiments and both the idea and the necessary equipment were passed on to a brilliant but
magnificently retiring London scientist named Henry Cavendish.Cavendish is a book in himself.
Born into a life of sumptuous privilege—his grandfathers were dukes, respectively, of Devonshire
and Kent—he was the most gifted English scientist of his age, but also the strangest. He
suffered, in the words of one of his few biographers, from shyness to a “degree bordering on
disease.” Any human contact was for him a source of the deepest discomfort.Once he opened
his door to find an Austrian admirer, freshly arrived from Vienna, on the front step. Excitedly the
Austrian began to babble out praise. For a few moments Cavendish received the compliments
as if they were blows from a blunt object and then, unable to take any more, fled down the path
and out the gate, leaving the front door wide open. It was some hours before he could be coaxed
back to the property. Even his housekeeper communicated with him by letter.Although he did
sometimes venture into society—he was particularly devoted to the weekly scientific soirées of
the great naturalist Sir Joseph Banks—it was always made clear to the other guests that
Cavendish was on no account to be approached or even looked at. Those who sought his views
were advised to wander into his vicinity as if by accident and to “talk as it were into vacancy.” If
their remarks were scientifically worthy they might receive a mumbled reply, but more often than
not they would hear a peeved squeak (his voice appears to have been high pitched) and turn to
find an actual vacancy and the sight of Cavendish fleeing for a more peaceful corner.His wealth
and solitary inclinations allowed him to turn his house in Clapham into a large laboratory where
he could range undisturbed through every corner of the physical sciences—electricity, heat,
gravity, gases, anything to do with the composition of matter. The second half of the eighteenth
century was a time when people of a scientific bent grew intensely interested in the physical
properties of fundamental things—gases and electricity in particular—and began seeing what



they could do with them, often with more enthusiasm than sense. In America, Benjamin Franklin
famously risked his life by flying a kite in an electrical storm. In France, a chemist named Pilatre
de Rozier tested the flammability of hydrogen by gulping a mouthful and blowing across an open
flame, proving at a stroke that hydrogen is indeed explosively combustible and that eyebrows
are not necessarily a permanent feature of one’s face. Cavendish, for his part, conducted
experiments in which he subjected himself to graduated jolts of electrical current, diligently
noting the increasing levels of agony until he could keep hold of his quill, and sometimes his
consciousness, no longer.In the course of a long life Cavendish made a string of signal
discoveries—among much else he was the first person to isolate hydrogen and the first to
combine hydrogen and oxygen to form water—but almost nothing he did was entirely divorced
from strangeness. To the continuing exasperation of his fellow scientists, he often alluded in
published work to the results of contingent experiments that he had not told anyone about. In his
secretiveness he didn’t merely resemble Newton, but actively exceeded him. His experiments
with electrical conductivity were a century ahead of their time, but unfortunately remained
undiscovered until that century had passed. Indeed the greater part of what he did wasn’t known
until the late nineteenth century when the Cambridge physicist James Clerk Maxwell took on the
task of editing Cavendish’s papers, by which time credit had nearly always been given to
others.Among much else, and without telling anyone, Cavendish discovered or anticipated the
law of the conservation of energy, Ohm’s law, Dalton’s Law of Partial Pressures, Richter’s Law of
Reciprocal Proportions, Charles’s Law of Gases, and the principles of electrical conductivity.
That’s just some of it. According to the science historian J. G. Crowther, he also foreshadowed
“the work of Kelvin and G. H. Darwin on the effect of tidal friction on slowing the rotation of the
earth, and Larmor’s discovery, published in 1915, on the effect of local atmospheric
cooling … the work of Pickering on freezing mixtures, and some of the work of Rooseboom on
heterogeneous equilibria.” Finally, he left clues that led directly to the discovery of the group of
elements known as the noble gases, some of which are so elusive that the last of them wasn’t
found until 1962. But our interest here is in Cavendish’s last known experiment when in the late
summer of 1797, at the age of sixty-seven, he turned his attention to the crates of equipment
that had been left to him—evidently out of simple scientific respect—by John Michell.When
assembled, Michell’s apparatus looked like nothing so much as an eighteenth-century version of
a Nautilus weight-training machine. It incorporated weights, counterweights, pendulums, shafts,
and torsion wires. At the heart of the machine were two 350-pound lead balls, which were
suspended beside two smaller spheres. The idea was to measure the gravitational deflection of
the smaller spheres by the larger ones, which would allow the first measurement of the elusive
force known as the gravitational constant, and from which the weight (strictly speaking, the
mass) of the Earth could be deduced.Because gravity holds planets in orbit and makes falling
objects land with a bang, we tend to think of it as a powerful force, but it is not really. It is only
powerful in a kind of collective sense, when one massive object, like the Sun, holds on to
another massive object, like the Earth. At an elemental level gravity is extraordinarily unrobust.



Each time you pick up a book from a table or a dime from the floor you effortlessly overcome the
combined gravitational exertion of an entire planet. What Cavendish was trying to do was
measure gravity at this extremely featherweight level.Delicacy was the key word. Not a whisper
of disturbance could be allowed into the room containing the apparatus, so Cavendish took up a
position in an adjoining room and made his observations with a telescope aimed through a
peephole. The work was incredibly exacting and involved seventeen delicate, interconnected
measurements, which together took nearly a year to complete. When at last he had finished his
calculations, Cavendish announced that the Earth weighed a little over
13,000,000,000,000,000,000,000 pounds, or six billion trillion metric tons, to use the modern
measure. (A metric ton is 1,000 kilograms or 2,205 pounds.)Today, scientists have at their
disposal machines so precise they can detect the weight of a single bacterium and so sensitive
that readings can be disturbed by someone yawning seventy-five feet away, but they have not
significantly improved on Cavendish’s measurements of 1797. The current best estimate for
Earth’s weight is 5.9725 billion trillion metric tons, a difference of only about 1 percent from
Cavendish’s finding. Interestingly, all of this merely confirmed estimates made by Newton 110
years before Cavendish without any experimental evidence at all.So, by the late eighteenth
century scientists knew very precisely the shape and dimensions of the Earth and its distance
from the Sun and planets; and now Cavendish, without even leaving home, had given them its
weight. So you might think that determining the age of the Earth would be relatively
straightforward. After all, the necessary materials were literally at their feet. But no. Human
beings would split the atom and invent television, nylon, and instant coffee before they could
figure out the age of their own planet.To understand why, we must travel north to Scotland and
begin with a brilliant and genial man, of whom few have ever heard, who had just invented a new
science called geology.*Triangulation, their chosen method, was a popular technique based on
the geometric fact that if you know the length of one side of a triangle and the angles of two
corners, you can work out all its other dimensions without leaving your chair. Suppose, by way of
example, that you and I decided we wished to know how far it is to the Moon. Using triangulation,
the first thing we must do is put some distance between us, so let’s say for argument that you
stay in Paris and I go to Moscow and we both look at the Moon at the same time. Now if you
imagine a line connecting the three principals of this exercise—that is, you and I and the Moon—
it forms a triangle. Measure the length of the baseline between you and me and the angles of our
two corners and the rest can be simply calculated. (Because the interior angles of a triangle
always add up to 180 degrees, if you know the sum of two of the angles you can instantly
calculate the third; and knowing the precise shape of a triangle and the length of one side tells
you the lengths of the other sides.) This was in fact the method use by a Greek astronomer,
Hipparchus of Nicaea, in 150 B.C. to work out the Moon’s distance from Earth. At ground level,
the principles of triangulation are the same, except that the triangles don’t reach into space but
rather are laid side to side on a map. In measuring a degree of meridian, the surveyors would
create a sort of chain of triangles marching across the landscape.†How fast you are spinning



depends on where you are. The speed of the Earth’s spin varies from a little over 1,000 miles an
hour at the equator to zero at the poles.‡The next transit will be on June 8, 2004, with a second
in 2012. There were none in the twentieth century.§In 1781 Herschel became the first person in
the modern era to discover a planet. He wanted to call it George, after the British monarch, but
was overruled. Instead it became Uranus. To a physicist, mass and weight are two quite
different things. Your mass stays the same wherever you go, but your weight varies depending
on how far you are from the center of some other massive object like a planet. Travel to the Moon
and you will be much lighter but no less massive. On Earth, for all practical purposes, mass and
weight are the same and so the terms can be treated as synonymous, at least outside the
classroom.*Triangulation, their chosen method, was a popular technique based on the
geometric fact that if you know the length of one side of a triangle and the angles of two corners,
you can work out all its other dimensions without leaving your chair. Suppose, by way of
example, that you and I decided we wished to know how far it is to the Moon. Using triangulation,
the first thing we must do is put some distance between us, so let’s say for argument that you
stay in Paris and I go to Moscow and we both look at the Moon at the same time. Now if you
imagine a line connecting the three principals of this exercise—that is, you and I and the Moon—
it forms a triangle. Measure the length of the baseline between you and me and the angles of our
two corners and the rest can be simply calculated. (Because the interior angles of a triangle
always add up to 180 degrees, if you know the sum of two of the angles you can instantly
calculate the third; and knowing the precise shape of a triangle and the length of one side tells
you the lengths of the other sides.) This was in fact the method use by a Greek astronomer,
Hipparchus of Nicaea, in 150 B.C. to work out the Moon’s distance from Earth. At ground level,
the principles of triangulation are the same, except that the triangles don’t reach into space but
rather are laid side to side on a map. In measuring a degree of meridian, the surveyors would
create a sort of chain of triangles marching across the landscape.†How fast you are spinning
depends on where you are. The speed of the Earth’s spin varies from a little over 1,000 miles an
hour at the equator to zero at the poles.‡The next transit will be on June 8, 2004, with a second
in 2012. There were none in the twentieth century.§In 1781 Herschel became the first person in
the modern era to discover a planet. He wanted to call it George, after the British monarch, but
was overruled. Instead it became Uranus. To a physicist, mass and weight are two quite
different things. Your mass stays the same wherever you go, but your weight varies depending
on how far you are from the center of some other massive object like a planet. Travel to the Moon
and you will be much lighter but no less massive. On Earth, for all practical purposes, mass and
weight are the same and so the terms can be treated as synonymous, at least outside the
classroom.5 THE STONE-BREAKERSAT JUST THE time that Henry Cavendish was completing
his experiments in London, four hundred miles away in Edinburgh another kind of concluding
moment was about to take place with the death of James Hutton. This was bad news for Hutton,
of course, but good news for science as it cleared the way for a man named John Playfair to
rewrite Hutton’s work without fear of embarrassment.Hutton was by all accounts a man of the



keenest insights and liveliest conversation, a delight in company, and without rival when it came
to understanding the mysterious slow processes that shaped the Earth. Unfortunately, it was
beyond him to set down his notions in a form that anyone could begin to understand. He was, as
one biographer observed with an all but audible sigh, “almost entirely innocent of rhetorical
accomplishments.” Nearly every line he penned was an invitation to slumber. Here he is in his
1795 masterwork, A Theory of the Earth with Proofs and Illustrations,
discussing … something:The world which we inhabit is composed of the materials, not of the
earth which was the immediate predecessor of the present, but of the earth which, in ascending
from the present, we consider as the third, and which had preceded the land that was above the
surface of the sea, while our present land was yet beneath the water of the ocean.Yet almost
singlehandedly, and quite brilliantly, he created the science of geology and transformed our
understanding of the Earth. Hutton was born in 1726 into a prosperous Scottish family, and
enjoyed the sort of material comfort that allowed him to pass much of his life in a genially
expansive round of light work and intellectual betterment. He studied medicine, but found it not
to his liking and turned instead to farming, which he followed in a relaxed and scientific way on
the family estate in Berwickshire. Tiring of field and flock, in 1768 he moved to Edinburgh, where
he founded a successful business producing sal ammoniac from coal soot, and busied himself
with various scientific pursuits. Edinburgh at that time was a center of intellectual vigor, and
Hutton luxuriated in its enriching possibilities. He became a leading member of a society called
the Oyster Club, where he passed his evenings in the company of men such as the economist
Adam Smith, the chemist Joseph Black, and the philosopher David Hume, as well as such
occasional visiting sparks as Benjamin Franklin and James Watt.In the tradition of the day,
Hutton took an interest in nearly everything, from mineralogy to metaphysics. He conducted
experiments with chemicals, investigated methods of coal mining and canal building, toured salt
mines, speculated on the mechanisms of heredity, collected fossils, and propounded theories on
rain, the composition of air, and the laws of motion, among much else. But his particular interest
was geology.Among the questions that attracted interest in that fanatically inquisitive age was
one that had puzzled people for a very long time—namely, why ancient clamshells and other
marine fossils were so often found on mountaintops. How on earth did they get there? Those
who thought they had a solution fell into two opposing camps. One group, known as the
Neptunists, was convinced that everything on Earth, including seashells in improbably lofty
places, could be explained by rising and falling sea levels.They believed that mountains, hills,
and other features were as old as the Earth itself, and were changed only when water sloshed
over them during periods of global flooding.Opposing them were the Plutonists, who noted that
volcanoes and earthquakes, among other enlivening agents, continually changed the face of the
planet but clearly owed nothing to wayward seas. The Plutonists also raised awkward questions
about where all the water went when it wasn’t in flood. If there was enough of it at times to cover
the Alps, then where, pray, was it during times of tranquility, such as now? Their belief was that
the Earth was subject to profound internal forces as well as surface ones. However, they couldn’t



convincingly explain how all those clamshells got up there.It was while puzzling over these
matters that Hutton had a series of exceptional insights. From looking at his own farmland, he
could see that soil was created by the erosion of rocks and that particles of this soil were
continually washed away and carried off by streams and rivers and redeposited elsewhere. He
realized that if such a process were carried to its natural conclusion then Earth would eventually
be worn quite smooth. Yet everywhere around him there were hills. Clearly there had to be some
additional process, some form of renewal and uplift, that created new hills and mountains to
keep the cycle going. The marine fossils on mountaintops, he decided, had not been deposited
during floods, but had risen along with the mountains themselves. He also deduced that it was
heat within the Earth that created new rocks and continents and thrust up mountain chains. It is
not too much to say that geologists wouldn’t grasp the full implications of this thought for two
hundred years, when finally they adopted plate tectonics. Above all, what Hutton’s theories
suggested was that Earth processes required huge amounts of time, far more than anyone had
ever dreamed. There were enough insights here to transform utterly our understanding of the
Earth.In 1785, Hutton worked his ideas up into a long paper, which was read at consecutive
meetings of the Royal Society of Edinburgh. It attracted almost no notice at all. It’s not hard to
see why. Here, in part, is how he presented it to his audience:In the one case, the forming cause
is in the body which is separated; for, after the body has been actuated by heat, it is by the
reaction of the proper matter of the body, that the chasm which constitutes the vein is formed. In
the other case, again, the cause is extrinsic in relation to the body in which the chasm is formed.
There has been the most violent fracture and divulsion; but the cause is still to seek; and it
appears not in the vein; for it is not every fracture and dislocation of the solid body of our earth,
in which minerals, or the proper substances of mineral veins, are found.Needless to say, almost
no one in the audience had the faintest idea what he was talking about. Encouraged by his
friends to expand his theory, in the touching hope that he might somehow stumble onto clarity in
a more expansive format, Hutton spent the next ten years preparing his magnum opus, which
was published in two volumes in 1795.Together the two books ran to nearly a thousand pages
and were, remarkably, worse than even his most pessimistic friends had feared. Apart from
anything else, nearly half the completed work now consisted of quotations from French sources,
still in the original French. A third volume was so unenticing that it wasn’t published until 1899,
more than a century after Hutton’s death, and the fourth and concluding volume was never
published at all. Hutton’s Theory of the Earth is a strong candidate for the least read important
book in science (or at least would be if there weren’t so many others). Even Charles Lyell, the
greatest geologist of the following century and a man who read everything, admitted he couldn’t
get through it.Luckily Hutton had a Boswell in the form of John Playfair, a professor of
mathematics at the University of Edinburgh and a close friend, who could not only write silken
prose but—thanks to many years at Hutton’s elbow—actually understood what Hutton was
trying to say, most of the time. In 1802, five years after Hutton’s death, Playfair produced a
simplified exposition of the Huttonian principles, entitled Illustrations of the Huttonian Theory of



the Earth. The book was gratefully received by those who took an active interest in geology,
which in 1802 was not a large number. That, however, was about to change. And how.In the
winter of 1807, thirteen like-minded souls in London got together at the Freemasons Tavern at
Long Acre, in Covent Garden, to form a dining club to be called the Geological Society. The idea
was to meet once a month to swap geological notions over a glass or two of Madeira and a
convivial dinner. The price of the meal was set at a deliberately hefty fifteen shillings to
discourage those whose qualifications were merely cerebral. It soon became apparent, however,
that there was a demand for something more properly institutional, with a permanent
headquarters, where people could gather to share and discuss new findings. In barely a decade
membership grew to four hundred—still all gentlemen, of course—and the Geological was
threatening to eclipse the Royal as the premier scientific society in the country.The members
met twice a month from November until June, when virtually all of them went off to spend the
summer doing fieldwork. These weren’t people with a pecuniary interest in minerals, you
understand, or even academics for the most part, but simply gentlemen with the wealth and time
to indulge a hobby at a more or less professional level. By 1830, there were 745 of them, and the
world would never see the like again.It is hard to imagine now, but geology excited the
nineteenth century—positively gripped it—in a way that no science ever had before or would
again. In 1839, when Roderick Murchison published The Silurian System, a plump and
ponderous study of a type of rock called greywacke, it was an instant bestseller, racing through
four editions, even though it cost eight guineas a copy and was, in true Huttonian style,
unreadable. (As even a Murchison supporter conceded, it had “a total want of literary
attractiveness.”) And when, in 1841, the great Charles Lyell traveled to America to give a series
of lectures in Boston, sellout audiences of three thousand at a time packed into the Lowell
Institute to hear his tranquilizing descriptions of marine zeolites and seismic perturbations in
Campania.5 THE STONE-BREAKERSAT JUST THE time that Henry Cavendish was completing
his experiments in London, four hundred miles away in Edinburgh another kind of concluding
moment was about to take place with the death of James Hutton. This was bad news for Hutton,
of course, but good news for science as it cleared the way for a man named John Playfair to
rewrite Hutton’s work without fear of embarrassment.Hutton was by all accounts a man of the
keenest insights and liveliest conversation, a delight in company, and without rival when it came
to understanding the mysterious slow processes that shaped the Earth. Unfortunately, it was
beyond him to set down his notions in a form that anyone could begin to understand. He was, as
one biographer observed with an all but audible sigh, “almost entirely innocent of rhetorical
accomplishments.” Nearly every line he penned was an invitation to slumber. Here he is in his
1795 masterwork, A Theory of the Earth with Proofs and Illustrations,
discussing … something:The world which we inhabit is composed of the materials, not of the
earth which was the immediate predecessor of the present, but of the earth which, in ascending
from the present, we consider as the third, and which had preceded the land that was above the
surface of the sea, while our present land was yet beneath the water of the ocean.Yet almost



singlehandedly, and quite brilliantly, he created the science of geology and transformed our
understanding of the Earth. Hutton was born in 1726 into a prosperous Scottish family, and
enjoyed the sort of material comfort that allowed him to pass much of his life in a genially
expansive round of light work and intellectual betterment. He studied medicine, but found it not
to his liking and turned instead to farming, which he followed in a relaxed and scientific way on
the family estate in Berwickshire. Tiring of field and flock, in 1768 he moved to Edinburgh, where
he founded a successful business producing sal ammoniac from coal soot, and busied himself
with various scientific pursuits. Edinburgh at that time was a center of intellectual vigor, and
Hutton luxuriated in its enriching possibilities. He became a leading member of a society called
the Oyster Club, where he passed his evenings in the company of men such as the economist
Adam Smith, the chemist Joseph Black, and the philosopher David Hume, as well as such
occasional visiting sparks as Benjamin Franklin and James Watt.In the tradition of the day,
Hutton took an interest in nearly everything, from mineralogy to metaphysics. He conducted
experiments with chemicals, investigated methods of coal mining and canal building, toured salt
mines, speculated on the mechanisms of heredity, collected fossils, and propounded theories on
rain, the composition of air, and the laws of motion, among much else. But his particular interest
was geology.Among the questions that attracted interest in that fanatically inquisitive age was
one that had puzzled people for a very long time—namely, why ancient clamshells and other
marine fossils were so often found on mountaintops. How on earth did they get there? Those
who thought they had a solution fell into two opposing camps. One group, known as the
Neptunists, was convinced that everything on Earth, including seashells in improbably lofty
places, could be explained by rising and falling sea levels.They believed that mountains, hills,
and other features were as old as the Earth itself, and were changed only when water sloshed
over them during periods of global flooding.Opposing them were the Plutonists, who noted that
volcanoes and earthquakes, among other enlivening agents, continually changed the face of the
planet but clearly owed nothing to wayward seas. The Plutonists also raised awkward questions
about where all the water went when it wasn’t in flood. If there was enough of it at times to cover
the Alps, then where, pray, was it during times of tranquility, such as now? Their belief was that
the Earth was subject to profound internal forces as well as surface ones. However, they couldn’t
convincingly explain how all those clamshells got up there.It was while puzzling over these
matters that Hutton had a series of exceptional insights. From looking at his own farmland, he
could see that soil was created by the erosion of rocks and that particles of this soil were
continually washed away and carried off by streams and rivers and redeposited elsewhere. He
realized that if such a process were carried to its natural conclusion then Earth would eventually
be worn quite smooth. Yet everywhere around him there were hills. Clearly there had to be some
additional process, some form of renewal and uplift, that created new hills and mountains to
keep the cycle going. The marine fossils on mountaintops, he decided, had not been deposited
during floods, but had risen along with the mountains themselves. He also deduced that it was
heat within the Earth that created new rocks and continents and thrust up mountain chains. It is



not too much to say that geologists wouldn’t grasp the full implications of this thought for two
hundred years, when finally they adopted plate tectonics. Above all, what Hutton’s theories
suggested was that Earth processes required huge amounts of time, far more than anyone had
ever dreamed. There were enough insights here to transform utterly our understanding of the
Earth.In 1785, Hutton worked his ideas up into a long paper, which was read at consecutive
meetings of the Royal Society of Edinburgh. It attracted almost no notice at all. It’s not hard to
see why. Here, in part, is how he presented it to his audience:In the one case, the forming cause
is in the body which is separated; for, after the body has been actuated by heat, it is by the
reaction of the proper matter of the body, that the chasm which constitutes the vein is formed. In
the other case, again, the cause is extrinsic in relation to the body in which the chasm is formed.
There has been the most violent fracture and divulsion; but the cause is still to seek; and it
appears not in the vein; for it is not every fracture and dislocation of the solid body of our earth,
in which minerals, or the proper substances of mineral veins, are found.Needless to say, almost
no one in the audience had the faintest idea what he was talking about. Encouraged by his
friends to expand his theory, in the touching hope that he might somehow stumble onto clarity in
a more expansive format, Hutton spent the next ten years preparing his magnum opus, which
was published in two volumes in 1795.Together the two books ran to nearly a thousand pages
and were, remarkably, worse than even his most pessimistic friends had feared. Apart from
anything else, nearly half the completed work now consisted of quotations from French sources,
still in the original French. A third volume was so unenticing that it wasn’t published until 1899,
more than a century after Hutton’s death, and the fourth and concluding volume was never
published at all. Hutton’s Theory of the Earth is a strong candidate for the least read important
book in science (or at least would be if there weren’t so many others). Even Charles Lyell, the
greatest geologist of the following century and a man who read everything, admitted he couldn’t
get through it.Luckily Hutton had a Boswell in the form of John Playfair, a professor of
mathematics at the University of Edinburgh and a close friend, who could not only write silken
prose but—thanks to many years at Hutton’s elbow—actually understood what Hutton was
trying to say, most of the time. In 1802, five years after Hutton’s death, Playfair produced a
simplified exposition of the Huttonian principles, entitled Illustrations of the Huttonian Theory of
the Earth. The book was gratefully received by those who took an active interest in geology,
which in 1802 was not a large number. That, however, was about to change. And how.In the
winter of 1807, thirteen like-minded souls in London got together at the Freemasons Tavern at
Long Acre, in Covent Garden, to form a dining club to be called the Geological Society. The idea
was to meet once a month to swap geological notions over a glass or two of Madeira and a
convivial dinner. The price of the meal was set at a deliberately hefty fifteen shillings to
discourage those whose qualifications were merely cerebral. It soon became apparent, however,
that there was a demand for something more properly institutional, with a permanent
headquarters, where people could gather to share and discuss new findings. In barely a decade
membership grew to four hundred—still all gentlemen, of course—and the Geological was



threatening to eclipse the Royal as the premier scientific society in the country.The members
met twice a month from November until June, when virtually all of them went off to spend the
summer doing fieldwork. These weren’t people with a pecuniary interest in minerals, you
understand, or even academics for the most part, but simply gentlemen with the wealth and time
to indulge a hobby at a more or less professional level. By 1830, there were 745 of them, and the
world would never see the like again.It is hard to imagine now, but geology excited the
nineteenth century—positively gripped it—in a way that no science ever had before or would
again. In 1839, when Roderick Murchison published The Silurian System, a plump and
ponderous study of a type of rock called greywacke, it was an instant bestseller, racing through
four editions, even though it cost eight guineas a copy and was, in true Huttonian style,
unreadable. (As even a Murchison supporter conceded, it had “a total want of literary
attractiveness.”) And when, in 1841, the great Charles Lyell traveled to America to give a series
of lectures in Boston, sellout audiences of three thousand at a time packed into the Lowell
Institute to hear his tranquilizing descriptions of marine zeolites and seismic perturbations in
Campania.5 THE STONE-BREAKERSAT JUST THE time that Henry Cavendish was completing
his experiments in London, four hundred miles away in Edinburgh another kind of concluding
moment was about to take place with the death of James Hutton. This was bad news for Hutton,
of course, but good news for science as it cleared the way for a man named John Playfair to
rewrite Hutton’s work without fear of embarrassment.Hutton was by all accounts a man of the
keenest insights and liveliest conversation, a delight in company, and without rival when it came
to understanding the mysterious slow processes that shaped the Earth. Unfortunately, it was
beyond him to set down his notions in a form that anyone could begin to understand. He was, as
one biographer observed with an all but audible sigh, “almost entirely innocent of rhetorical
accomplishments.” Nearly every line he penned was an invitation to slumber. Here he is in his
1795 masterwork, A Theory of the Earth with Proofs and Illustrations,
discussing … something:The world which we inhabit is composed of the materials, not of the
earth which was the immediate predecessor of the present, but of the earth which, in ascending
from the present, we consider as the third, and which had preceded the land that was above the
surface of the sea, while our present land was yet beneath the water of the ocean.Yet almost
singlehandedly, and quite brilliantly, he created the science of geology and transformed our
understanding of the Earth. Hutton was born in 1726 into a prosperous Scottish family, and
enjoyed the sort of material comfort that allowed him to pass much of his life in a genially
expansive round of light work and intellectual betterment. He studied medicine, but found it not
to his liking and turned instead to farming, which he followed in a relaxed and scientific way on
the family estate in Berwickshire. Tiring of field and flock, in 1768 he moved to Edinburgh, where
he founded a successful business producing sal ammoniac from coal soot, and busied himself
with various scientific pursuits. Edinburgh at that time was a center of intellectual vigor, and
Hutton luxuriated in its enriching possibilities. He became a leading member of a society called
the Oyster Club, where he passed his evenings in the company of men such as the economist



Adam Smith, the chemist Joseph Black, and the philosopher David Hume, as well as such
occasional visiting sparks as Benjamin Franklin and James Watt.In the tradition of the day,
Hutton took an interest in nearly everything, from mineralogy to metaphysics. He conducted
experiments with chemicals, investigated methods of coal mining and canal building, toured salt
mines, speculated on the mechanisms of heredity, collected fossils, and propounded theories on
rain, the composition of air, and the laws of motion, among much else. But his particular interest
was geology.Among the questions that attracted interest in that fanatically inquisitive age was
one that had puzzled people for a very long time—namely, why ancient clamshells and other
marine fossils were so often found on mountaintops. How on earth did they get there? Those
who thought they had a solution fell into two opposing camps. One group, known as the
Neptunists, was convinced that everything on Earth, including seashells in improbably lofty
places, could be explained by rising and falling sea levels.They believed that mountains, hills,
and other features were as old as the Earth itself, and were changed only when water sloshed
over them during periods of global flooding.Opposing them were the Plutonists, who noted that
volcanoes and earthquakes, among other enlivening agents, continually changed the face of the
planet but clearly owed nothing to wayward seas. The Plutonists also raised awkward questions
about where all the water went when it wasn’t in flood. If there was enough of it at times to cover
the Alps, then where, pray, was it during times of tranquility, such as now? Their belief was that
the Earth was subject to profound internal forces as well as surface ones. However, they couldn’t
convincingly explain how all those clamshells got up there.It was while puzzling over these
matters that Hutton had a series of exceptional insights. From looking at his own farmland, he
could see that soil was created by the erosion of rocks and that particles of this soil were
continually washed away and carried off by streams and rivers and redeposited elsewhere. He
realized that if such a process were carried to its natural conclusion then Earth would eventually
be worn quite smooth. Yet everywhere around him there were hills. Clearly there had to be some
additional process, some form of renewal and uplift, that created new hills and mountains to
keep the cycle going. The marine fossils on mountaintops, he decided, had not been deposited
during floods, but had risen along with the mountains themselves. He also deduced that it was
heat within the Earth that created new rocks and continents and thrust up mountain chains. It is
not too much to say that geologists wouldn’t grasp the full implications of this thought for two
hundred years, when finally they adopted plate tectonics. Above all, what Hutton’s theories
suggested was that Earth processes required huge amounts of time, far more than anyone had
ever dreamed. There were enough insights here to transform utterly our understanding of the
Earth.In 1785, Hutton worked his ideas up into a long paper, which was read at consecutive
meetings of the Royal Society of Edinburgh. It attracted almost no notice at all. It’s not hard to
see why. Here, in part, is how he presented it to his audience:In the one case, the forming cause
is in the body which is separated; for, after the body has been actuated by heat, it is by the
reaction of the proper matter of the body, that the chasm which constitutes the vein is formed. In
the other case, again, the cause is extrinsic in relation to the body in which the chasm is formed.



There has been the most violent fracture and divulsion; but the cause is still to seek; and it
appears not in the vein; for it is not every fracture and dislocation of the solid body of our earth,
in which minerals, or the proper substances of mineral veins, are found.Needless to say, almost
no one in the audience had the faintest idea what he was talking about. Encouraged by his
friends to expand his theory, in the touching hope that he might somehow stumble onto clarity in
a more expansive format, Hutton spent the next ten years preparing his magnum opus, which
was published in two volumes in 1795.Together the two books ran to nearly a thousand pages
and were, remarkably, worse than even his most pessimistic friends had feared. Apart from
anything else, nearly half the completed work now consisted of quotations from French sources,
still in the original French. A third volume was so unenticing that it wasn’t published until 1899,
more than a century after Hutton’s death, and the fourth and concluding volume was never
published at all. Hutton’s Theory of the Earth is a strong candidate for the least read important
book in science (or at least would be if there weren’t so many others). Even Charles Lyell, the
greatest geologist of the following century and a man who read everything, admitted he couldn’t
get through it.Luckily Hutton had a Boswell in the form of John Playfair, a professor of
mathematics at the University of Edinburgh and a close friend, who could not only write silken
prose but—thanks to many years at Hutton’s elbow—actually understood what Hutton was
trying to say, most of the time. In 1802, five years after Hutton’s death, Playfair produced a
simplified exposition of the Huttonian principles, entitled Illustrations of the Huttonian Theory of
the Earth. The book was gratefully received by those who took an active interest in geology,
which in 1802 was not a large number. That, however, was about to change. And how.In the
winter of 1807, thirteen like-minded souls in London got together at the Freemasons Tavern at
Long Acre, in Covent Garden, to form a dining club to be called the Geological Society. The idea
was to meet once a month to swap geological notions over a glass or two of Madeira and a
convivial dinner. The price of the meal was set at a deliberately hefty fifteen shillings to
discourage those whose qualifications were merely cerebral. It soon became apparent, however,
that there was a demand for something more properly institutional, with a permanent
headquarters, where people could gather to share and discuss new findings. In barely a decade
membership grew to four hundred—still all gentlemen, of course—and the Geological was
threatening to eclipse the Royal as the premier scientific society in the country.The members
met twice a month from November until June, when virtually all of them went off to spend the
summer doing fieldwork. These weren’t people with a pecuniary interest in minerals, you
understand, or even academics for the most part, but simply gentlemen with the wealth and time
to indulge a hobby at a more or less professional level. By 1830, there were 745 of them, and the
world would never see the like again.It is hard to imagine now, but geology excited the
nineteenth century—positively gripped it—in a way that no science ever had before or would
again. In 1839, when Roderick Murchison published The Silurian System, a plump and
ponderous study of a type of rock called greywacke, it was an instant bestseller, racing through
four editions, even though it cost eight guineas a copy and was, in true Huttonian style,



unreadable. (As even a Murchison supporter conceded, it had “a total want of literary
attractiveness.”) And when, in 1841, the great Charles Lyell traveled to America to give a series
of lectures in Boston, sellout audiences of three thousand at a time packed into the Lowell
Institute to hear his tranquilizing descriptions of marine zeolites and seismic perturbations in
Campania.
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Daniel Bastian, “A Sweep of the Cosmos. “Not one of your pertinent ancestors was squashed,
devoured, drowned, starved, stranded, stuck fast, untimely wounded, or otherwise deflected
from its life’s quest of delivering a tiny charge of genetic material to the right partner at the right
moment in order to perpetuate the only possible sequence of hereditary combinations that could
result—eventually, astoundingly, and all too briefly—in you.”A Short History of Nearly Everything
is not as impossibly far-reaching as the title would indicate. An attempt to cram everything and
the kitchen sink into a work intended for the general reader is surely a recipe for failure—or so
one might think. Bryson marshals science, history, and philosophy to present a big-picture
understanding of our universe from past to present. Extraneous details are filtered out, and
mysteries left unexamined, yet it somehow feels complete. Not unlike a film editor who can cut
down 24 hours of production material into a feature-length film, he manages to pack a world of
wonder and insight into an accessible and entertaining, though relatively lengthy (544-page)
tome.Bryson’s preoccupation is less with the rote repetition of facts (though there is that, too)
than with conveying just how it is we know what we know. He takes us behind the curtain for a
more intimate look at the process of discovery and the strokes of genius essential to that
process.Lengthy and mildly scatterbrained it might be, ASHONE is a pure literary delight. The
author’s excitement and enthusiasm for the subject matter drip from every page. The sheer joy
he receives from learning little gems he missed in high school or being reintroduced to
information forgotten long ago is intoxicating. He meets with a wonderful cast of men and
women to highlight the personalities behind the stories of discovery. Lone geniuses are a rarity in
any field, and science is no exception. Bryson scratches below the surface to meet the
individuals who played prominent roles yet went unrecognized.In taking the long view, Bryson
engages some of science’s toughest questions. Everything from the Big Bang to man’s
(relatively terse) evolutionary past is presented here, with a nod to some of the more eminent
and intriguing figures from each field. I particularly appreciated that after a concept was
explained, he immediately followed up with the most obvious question in response. It really helps
the lay reader navigate these complex topics.Bryson spends a good amount of time on natural
disasters, describing the many ways in which they shaped the history of our planet. His
frequently humorous analogies help you understand their sheer scale and the havoc left in their
wake. Ice ages, earthquakes, supervolcanoes, and pandemics are each showcased in
breathtaking detail in some of the most harrowing events on planetary record. Given all the
chaos that has besieged our planet, it becomes soberingly clear by the book’s end that we
humans—or any life for that matter—are incredibly lucky to be here. In light of all that can go
wrong and has gone wrong, it’s remarkable there is any life left to comment on the tragedy and
storied disarray. I commend Bryson for demonstrating how truly diminutive our time here on
Earth is relative to the universe’s imponderably vast history.Bryson should also be applauded for
pointing out places where our inquiry has hit a brick wall or those areas that remain imperfectly



understood. The fact that we have accumulated such vast storehouses of knowledge over the
last few centuries does not mean there are no mysteries left to explore. Indeed, dozens of
questions both big and small remain unanswered, and new discoveries have a tendency to open
up several more. We can both be proud about what we have uncovered to date and humble
about the many uncharted possibilities that surely await us.Fast and Loose with ScienceThere
are a few caveats, however, with respect to some of the finer details. In one place he describes
particles with “spin” as actually rotating about an axis (they are not). This erroneous conception
of elementary particles dates back to the 1920s, when George Uhlenbeck and Samuel
Goudsmit interpreted the motion of electrons as self-rotation around their own axis. A few years
later, Paul Dirac pointed out that electrons could not be spinning according to the rules of orbital
angular momentum because the rate at which their surface would have to be spinning (to
produce the magnitude of the magnetic moment) would have to exceed the speed of light, which
would violate the special theory of relativity.In another place Bryson says that quantum
entanglement is a violation of relativity (it is not). Relativity tells us that nothing can travel faster
than the speed of light, and this applies even to things with zero mass, such as information or
other electromagnetic radiation. Entanglement says that measuring a particle in one place can
instantly affect a particle somewhere else. However, this effect is constrained by the cosmic
speed limit. On p. 42 of his book What Is Relativity?, Jeffrey Bennett responds to this
notion:“However, while laboratory experiments suggest that this instantaneous effect can really
happen, current understanding of physics tells us that it cannot be used to transmit any useful
information from one place to the other; indeed, if you were at the location of the first particle and
wanted to confirm that the second had been affected, you’d need to receive a signal from its
location, and that signal could not travel faster than light.”Bryson also claims that the production
of black holes within particle accelerators like the Large Hadron Collider could destroy the world,
when in fact, these microscopic black holes would disintegrate in nanoseconds thanks to
Hawking radiation. On p. 154 of the same book, Bennett also debunks this largely media-driven
fear:“Some physicists have indeed proposed scenarios in which such micro black holes could
be produced in the Large Hadron Collider, but even if they are right, there’s nothing to worry
about. The reason is that while the LHC can generate particles from greater concentrations of
energy than any other machine that humans have ever built, nature routinely makes such
particles. Some of those particles must occasionally rain down on Earth, so if they were
dangerous, we would have suffered the consequences long ago."In case you are wondering
how a micro black hole could be “safe,” the most likely answer has to do with a process called
Hawking radiation…Hawking showed that the laws of quantum physics imply that black holes
can gradually “evaporate” in the sense of having their masses decrease, even while nothing ever
escapes from within their event horizons. The rate of evaporation depends on a black hole’s
mass, with lower-mass black holes evaporating much more rapidly. The result is that while the
evaporation rate would be negligible for black holes with star-like masses or greater, micro black
holes would evaporate in a fraction of a second, long before they could do any damage.”He may



have consulted with experts, but the manuscript could have benefited from additional fact-
checking. That said, although the book was published in 2003, there is little that is out of date as
of this writing—the confirmed interbreeding between Neanderthals and Denisovans being one
notable discovery of late that adds greater texture to the stories recounted here. Additionally, I
feel there could (and should) have been a greater emphasis on climate change; Bryson seemed
to skirt over it whenever a related topic arose, and it's not clear whether this was
intentional.Closing ThoughtsThe content in ASHONE is something I think everyone should know
and be exposed to, and it's hard to imagine the material presented with greater alacrity than it is
here. The passion and unbridled enthusiasm on display frequently approaches Sagan-esque
proportions, in a style redolent of the signature series Cosmos, which is about the highest praise
a work in this genre could hope to achieve. Though I found a few errors—and suspect the
average grad student in one of a number of the subjects covered could spot a handful more—
the book is nevertheless a praiseworthy stab at science writing for the layperson. Bryson set an
ambitious task for himself and ultimately delivered a lively, accessible, and mostly scientifically
faithful, albeit cursory, proem to the history of the universe as we know it today. “Even now as a
species, we are almost preposterously vulnerable in the wild. Nearly every large animal you can
care to name is stronger, faster and toothier than us. Faced with attack, modern humans have
only two advantages. We have a good brain, with which we can devise strategies, and we have
hands with which we can fling or brandish hurtful objects. We are the only creature that can harm
at a distance. We can thus afford to be physically vulnerable.” (p. 447)”

Michael O'Neil, “Entertaining. I’m not far into this book but so far I am enjoying it. I have a
science background with biology and chemistry degrees and having had physics and math
along the way.If you’re curious about “things” along those lines this is a book to check out. You
don’t have to be a science major to enjoy the way this is written.”

inquirer, “great book for lots of individual bits of history. i enjoyed this years ago and again now.
goes thru a lot of history, some known, some more obscure. a good fun read for people who
enjoy history facts.”

SammyG, “Everyone Needs To Read This Book. The author gives the reader exactly what he
advertises in his title - a short history of nearly everything. Very interesting and very well
written. It will make one feel just a little more educated on nearly everything and bring on a
better sense of understanding when reading or hearing about such things in your normal
everyday life.”

Toni, “Came perfect and in great shape!. This book was in great condition!”

Heather Ranck, “Amazing book. I listened to it on audiobook, this book was so well written and
kept me engaged the whole time on things I had no idea I wanted to know.”



Al Erlenbusch, “Makes learning fun. This books deals with important topics and concepts but
does so in an understandable,  interesting and entertaining way.”

ozark woman, “Gratitude to be so lucky. I like the description of the scientific knowledge we have
and the honest,humbling knowledge that we don't know much. We Homo Sapiens may be
perpetrators of our own destruction but we have capability make the world a better place. While
nothing is said about religions, it seems to me that El is older, bigger and closer than I ever
imagined, part of everything that is.”

williamcani, “Bryson should rewrite all textbooks in the curriculum - the ideal non-fiction balance:
informative, interesting, amusing!. I assume most people like me, are used to learning about
science by fixating on one topic at a time, and becoming immersed (and very often lost) in the
technical jargon and intricacies. This book surprised me in the amount of effort Bryson took to go
through book after book of different sciences, both old and new, (from physics, chemistry,
geology and many more) and connect the dots into several cohesive stories about our home,
planet Earth, and its residents.The book's title is very apt.The breadth of history covered by this
book is massive (as well as weighty!) – from the first fraction of a second of the Universe’s
existence to the recent discoveries of the 20th century. Obviously there are certain gaps (hence
the "nearly"), but Bryson readily points out what he does not know. It is an honest history of the
scientific accomplishments since the earth's inception. It is a must read for every human, as it
hands you a feeling of bursting pride - being a participant in humanity's great journey. Although
the most surprising feature is the balance between the roles played by chance in many of these
discoveries, and the unyielding human determination to identify a grey area, and seek
knowledge accordingly.The book’s strength lies in its ability to convey the wonder (and
complexity) of science to the average layman - mainly because Bryson, himself, has no scientific
background and only recently familiarised himself with these wonders. More than just a
condensed text of salient, factual information - Bryson brings this to life whilst describing the
surrounding imperfect scientific process (why the information was sought after, how scientists
honed their approaches from producing wildly incorrect estimations to the precisely calculated
figures we use today, and why information or possibilities lie outside our grasp), as well as
amusing anecdotes.The other strength of this book is that by approaching it from the POV of a
non-scientist, Bryson nourishes our wonderment and understanding to grow as information
fluidly disguised in Bryson’s energetic, quirky, familiar and humorous prose seep out each
chapter, letting us journey alongside some of the most prominent (and some of the less
prominent but equally brilliant) scientists in their obsessive pursuits. In fact, I found information
that I loosely remembered from my schooldays and now find that the little bit of context and
intrigue that Bryson adorns them with has left them impressed in my mind forever.[...]”

Crusty, “Required reading for everyone, everywhere. Quite simply this book is the single best



book I have ever read. I have two well worn paperback copies and the kindle version. If you want
your children to grow up with even a modicum of appreciation for our planet, then get this book
and read it to them every night - again, and again, and again. In my view this book should
replace the free bible on Desert Island Discs!”

Karl Strobl, “Perhaps one of the best popular science books (if that was the intention), and
entertaining too. I am a particle physicist and cosmologist by training. I really enjoyed how Bill
Bryson, better than most scientists themselves, can put things into language that speaks to real
people. I will be using this myself when preparing for public science education events, as I am
doing just right this minute!”

Daniel from Norwich, “Join the party. I had no prior knowledge or real interest in science before
starting this book. But, ‘If you only ever read one non-fiction book…’ was the passionate
recommendation from a friend. So I dived in open-minded, let the current pull me through this
lengthy publication, treading water occasionally when concepts impeded the flow. About 20% of
the book is dedicated to notes, a bibliography and an index, so the distance isn’t quite as
daunting as I first feared.The book presents an overview of the natural sciences through the
history of discovery. Bryson explores not just what we know, but how we know it and, just as
importantly, what we don’t know. It is hard to imagine the research and talent required to write a
tome so accomplished in its scope and execution.With more than a hundred thousand five-star
Goodreads ratings and thousands of reviews since publication in 2003, I was very late coming to
the party. However, that didn’t prevent me from enjoying and discovering this entertaining and
enthusiastic work. For the most part, the writing is accessible and breezy. For example, when
discussing the elements, Bryson writes:‘What sets the carbon atom apart is that it is
shamelessly promiscuous. It is the party animal of the atomic world, latching on to many other
atoms (including itself) and holding tight, forming molecular conga lines of hearty robustness –
the very trick of nature necessary to build proteins and DNA.’Although I wouldn’t want to sit an
exam on the contents, I’m sure I’ve learned much. There were moments where I paused for
reflection, appreciating just how much we owe to some truly great minds. Bryson impresses
upon the reader just how miraculous it is that humankind exists today. If there is a future for the
human race, I wonder what the next stage of evolution will offer. If you too are late for the party,
come on in — the after-party is a blast.”
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