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Introduction

“So, what do you do?”




he life of a physicist can be a lonely one.

Imagine this: You sit down in an airplane, and the
person next to you asks you what you do for a living. You
reply that you’re a physicist. From here, the conversation
can go one of two ways. Nine times out of ten, the first

thing out of his or her mouth is something along these lines: “Physics?
I hated that class!””

You'll then spend the rest of the trip (or party, or elevator ride, or
date) apologizing for the emotional trauma that physics has apparently
inflicted on your erstwhile friend. These random encounters often reveal
an almost joyful contempt, reserved specifically for the fields of physical
science and mathematics. “Oh, I'm terrible at algebra!” for example, is
said in an almost boastful tone, in a way that “I barely even know how
to read!” never would. But why?

Physics has a somewhat unfair reputation for being hard, impractical,
and boring. Hard? Perhaps. Impractical? Definitely not. Indeed, when
people try to “sell” physics to the public, it is almost always in terms

*On reading a draft of the manuscript, Mrs. Goldberg finally revealed to me that she was
barely able to suppress a comment to this effect on our first date.



INTRODUCTION

of how it can be used to build bridges or launch rockets—that is, how
physics is ultimately the foundation for engineering or chemistry.

But boring? That’s where we really take issue. The problem, as we
see it, is that the practical side of physics is almost always put for-
ward at the expense of the interesting side. Even folks with technical
focuses such as engineering and computer science typically don’t get
past mechanics and electromagnetism to the really fun stuff. And that’s
a shame, because quite frankly there has been very little cutting-edge
research done on pulleys in the past few years.

This hostility to physics seems to be ingrained, and makes it dif-
ficult to have discussions without jading an audience. In starting a sci-
entific conversation with a “civilian,” we purveyors of physics often feel
like we’re trying to force people to eat their vegetables, and rationalize
it in the same way. We never begin physics discussions with “It’s fun!”
but almost always with “It’s necessary,” which naturally drains all of
the fun out of it.

In an era when new technologies are constantly emerging, scientific
literacy should be fundamental. On the other hand, it isn’t necessary that
you have four extra years of college sciences to understand them. You
don’t need to have a detailed knowledge of exactly how the physics works
to appreciate the revolutions in quantum computing or cosmology. It is
important, rather, to understand why these developments are significant,
and how they are poised to change technology and our lives.

And it’s not simply that people need to understand a particular the-
ory. Physics is the archetypal inductive science, and by understanding
how science proceeds, people are better able to make informed decisions
about issues from global warming to “theories” of intelligent design.
The hope is that we are more prepared to refute people who disagree
with us by offering facts rather than simply insisting “No.”

The United States, in particular, has an immense problem with sci-
ence and mathematics education, with high school students performing
well below average compared to those in other developed countries. But
we cannot limit ourselves to oz/y blaming teenagers, or their teachers,
or, for that matter, programs such as No Child Left Behind.

The problem is far-reaching, affecting all walks of life. It is most
evidently manifested in teenagers because we don’t sit down with people

3
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in their fifties and ask science-y questions such as, “If you have ten
chickens and you eat five of them, how much does your cholesterol
go up?” Looking at a so-called practical story problem now makes the
whole premise of applied math seem absurd. At a very early stage,
many children throw up their arms and say, “When am I ever going to
need algebra?” and assume that the sole virtue in studying for the class
is getting a good grade.

In an excellent series of books, John Allen Paulos addresses the epi-
demic of “innumeracy” and through a series of lively essays on topics that
students normally don’t see, tries to give his readers the ability to think
critically about numerical concepts, and tries to show (successfully, in our
opinion) that mathematics is interesting above and beyond its practical
import in computing the tip on your bill or balancing your checkbook.

As your own experience may suggest, physics has the same break
between the practical and the groundbreaking. Although dry, mechanics-
based classes may drive people away from physics, they are sometimes
drawn back in by science fiction, or newspaper accounts of big discover-
ies, or the latest pictures from the Hubble Space Telescope.

These accounts, however, rarely feature the latest breakthroughs in
inclined plane technology.

Rather, when the public gets excited, it tends to be about the uni-
verse, or big experiments such as the Large Hadron Collider, or life on
other planets. We said before that nine times out of ten, our attempts
at discussing physics at an airport or cocktail party left us with
no phone number and a lonely cab ride home, but the rest of the time
something wonderful happens. Occasionally we will actually have con-
versations instead of confrontations. Sometimes we’re lucky enough to
be seated next to somebody who had a great physics teacher in high
school, or whose uncle works for NASA, or who is an engineer and
thinks what we’re doing is simply “quaint.”

In these cases, the conversation goes quite differently. It seems that
every so often we run into someone who has been holding a question
about how the universe works in reserve for some time but couldn’t
figure out the keywords to plug into Wikipedia. Maybe the latest NOVA
special only hinted at a topic, and they were eager to know more. Some
recent questions have included:
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I heard that the Large Hadron Collider is going to create mini
black holes that will destroy the universe. Is this true? (Providing
yet more evidence, as if any were needed, that physicists are
perceived as nothing more than mad scientists who would love
nothing more than to destroy Earth.)

e [Is time travel possible?

* Are there other, parallel universes?

e If the universe is expanding, what’s it expanding into?

e What happens if I'm traveling at the speed of light and I try to
look at myself in the mirror?

These are the sorts of questions that got us excited about physics in
the first place. Indeed, the last question on the list above was one that
Albert Einstein himself posed, and was one of the main motivations for
his development of special relativity. In other words, when we talk to
people about what we do, we find that some people, however rare they
may be, are excited about exactly the same aspects of physics as we are.

The most obvious method is to make the subjects more approach-
able through available mathematics and science teaching materials. In
response to this, most textbook authors try to make physics exciting
by putting pictures of volcanoes, locomotives, and lightning bolts
on the covers.” The desired response, presumably, is that students
will look at the book and say, “Cool! Physics is really coming alive
for me!” Our own experience is that students aren’t fooled by these
ploys. If they are, they end up looking for the “How to Make Your
Own Lightning” chapter, and are even more disappointed when they
fail to locate it.

We'd like to note in passing that we don’t take that approach in
this book. You won't see any cool graphics,’ or anything else likely to
increase the publication costs of the book. Rather, our approach will be
quite simple: the physics itself is interesting. No, really! And if you need
further persuasion, we solemnly promise to deliver no fewer than five bad

*On one humorously misguided cover, a bowling ball striking pins was intended to “bowl
students over” with the power of physics.
"Though at least one of the authors submits that all the drawings are witty, informative, or both.
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jokes per chapter (including groaners, puns, and facile cartoons). To give
you an idea of the sort of family-friendly humor you're in for, consider the
following:

Q: What did the photon do at the ballpark?
A: The lightwave!

With that in mind, each chapter of this book will start with a cartoon
featuring an inexcusably terrible pun, and a question about how the
universe works. By way of answering the question, we’'re going to
take you on a tour of the physics surrounding it, and by the end of
the chapter, it’s our hope that the mystery surrounding the question
will become clear, and that given the opportunity to reexamine it,
you will find the cartoon hilarious. We will do so in exactly the way
you'd expect from scientists—very circuitously.

That is not to say that you must be a physics guru to understand,;
quite the contrary. Our aim is to find some middle ground between
those who appreciate the underlying majesty of the physics founda-
tion and those who would rather gag themselves with a spoon than be
caught dead within a hundred yards of a protractor.

Without equations, many science writers usually resort to analo-
gies, but the problem is that it isn’t always clear to the reader that
what’s being written is an analogy rather than a literal description of
a problem. Without using math, it’s clear that there will be some cru-
cial element of the physics missing. What we’d like to convey is how
you would want to #hink about the problem, even if you don’t have the
equations to set it up. In other words, once you understand what’s really
going on, doing the math is just, well, math.

This description raises this question: What exactly do you eggheads
expect from me? In writing this book, we make no presumptions. Every
bit of evidence we present is constructed from the basics. It is not our
intention to scare you with mathematics or daunting equations. In face,
why don’t we get all of the equations out of the way right now?

E = mc?

That’s it. That didn’t hurt too badly, did it?
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Special Relativity

“What happens if I'm traveling at the speed of
light, and | try to look at myself in a mirror?”




1l high school experiences have one thing in common:

there are always a handful of students—rhe cool kids—

who feel the insatiable need to mock everything and

everyone around them. This is why we like to think of

ourselves as the cool kids of physics, if such a thing could
be said to exist. We'll give you an example.” We spent part of the
introduction making fun of textbook authors who need to use exam-
ples involving cataclysmic natural events, sports, or monster trucks to
“make physics come alive.” We aren’t backpedaling, but some of those
goofy examples have a tiny bit of merit.

That, and we know in our heart of hearts that we’ll never get this
physics party started unless we set off some fireworks. If you've ever
been to the local Chamber of Commerce Independence Day celebra-
tion and decided to get a little physics in, you'll have noted that there’s
a time delay between the rockets” red glare and the sounds of bombs
bursting in air. You see the explosion several seconds before you hear
the sound. You've probably experienced the same thing if you've ever
had back-of-the-theater tickets at a concert: the music and the musi-
cians suffer a delay. Sound moves fast, but light moves faster.

*And, perhaps, a wedgie.
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In 1638, Galileo of Pisa (one of the original cool kids of physics)
devised a scheme to figure out the speed of light. The experiment went
like this: Galileo parked himself on a hill with a lantern, while his assis-
tant, armed with his own lantern, walked far away to a different, distant
hill. The two signaled each other. Each time Galileo saw his assistant’s
lantern open or close, he would toggle his own, and vice versa. By per-
forming the experiment on more and more distant hills, Galileo hoped
to measure the speed of light. The precision wasn’t really there, but no
one can blame him for taking a crack at it, and he did come to a pretty
interesting conclusion.

If it isn’t infinite, the speed of light is pretty darn fast.

sy,
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w18

\ SL\EﬁCE
v
- e
Gakleo  concocts the Pu-fe,c—\- scheme
o Ak '&:f{f\j dodes.

Over the next few centuries, physicists made ever more precise mea-
surements, but we won’t bother you with the design specs for the intri-
cate instrumentation. Suffice it to say that as time went on, scientists
grew more and more determined to shed light on light.
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The modern value of the speed of light is 299,792,458 meters per
second. Rather than rattle off all of the digits, we’ll simply call it ¢ for
the Latin celeritas, meaning “swift.” This measurement is not the kind
of number you get with a ruler and an egg timer. To measure ¢ this pre-
cisely, you have to use an atomic clock powered by cesium-133 atoms.
The scientific community defines the second as exactly 9,192,631,770
times the frequency of light emitted by the “hyperfine transition” of
cesium-133. This may sound like it’s unnecessarily confusing, but it
actually simplifies things a great deal.” The second, like your hat size,
becomes something that we define in terms of something real; a bunch
of physicists could build cesium clocks, and since all cesium acts the
same, everyone tells the same time.

We've come up with a creative way of defining the second, but how
does that help us measure the speed of light? Speeds are ratios of distance
over time, such as miles per hour, and defining the second gives us some
leverage. The only thing left to do is determine the length of a meter.
This may seem pretty obvious since a meter is exactly one meter long.
Just get out a meter stick and you're all set. But how long is that?

From 1889 until 1983, if you wanted to know how tall you were,
you’d have to go to the International Bureau of Weights and Measures
in Sevres, France, go into their vault, and take out their platinum meter
stick to measure yourself. Not only was this cuambersome (and illegal,
if you didn’t ask nicely to use it first), it tends to be pretty inaccurate.
Most materials, including platinum, expand when heated. Under the
old system, a meter was slightly longer on hot days than cool ones.

So instead of using an actual meter stick, we have a clock capable of
measuring a second, and we define a meter as 1/299,792,458 the dis-
tance that light travels in 1 second. To make this blindingly obvious,
what we’ve done is say, “We know the speed of light exact/y. But meters,
on the other hand, have a tiny uncertainty.” All this hard work means
that we can normalize the second and the meter, and everyone uses the
same measurement system.

*At least it simplifies things for scientists who know what “hyperfine transitions” are. You
don’t need to know; it won’t be on the test.
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Keep in mind, though, that the crux of it all is that light doesn’t
move infinitely fast. Not impressed? Brace yourself for a philosophical
bombshell: because light moves at a finite speed, we are forever gazing
into the past. As you're reading this book, a foot in front of you, you're
seeing it as it was about a billionth of a second earlier. The light from
the Sun takes about eight minutes to reach Earth, so our star could well
have burned out five minutes ago and we’d have no way of knowing it.”
When we look at stars in our Galaxy, the light takes hundreds, or even
thousands of years to reach us, and so it is a very real possibility that
some of the stars we see in the sky are no longer around.

Why can'’t you tell how fast a ship
is moving through fog?

No experiment has ever produced a particle traveling faster than the
speed of light.” The speed limit of the universe seems to be something
we can’t brush off even if we wanted to, and the constant speed of light
is just the first of two ingredients in what will turn out to be one of
the finest physics dishes ever cooked. For the second, we need to think
about what it even means to be moving at all.

Allow us to introduce you to Rusty, a physicist-hobo riding the rails,
ostracized by society for the unique standards of hygiene common to
his lot. Rusty has managed to “borrow” the platinum meter stick from
the International Bureau of Standards (which, while not perfect, is still
pretty good by hobo standards), and he has a bunch of cesium atoms to
build an atomic clock.

He passes his day by throwing his bindle* across the train. Each time
he throws it, he measures the distance it travels, and the time it takes

*At least not for another 180 seconds or so.

For those of you especially well versed in sci-fi lore, you might have heard of a hypothetical
particle called the tachyon, which can on/y travel faster than the speed of light. No one has
ever detected one. As a real particle (rather than as a mathematical construct), the tachyon is
really most at home in science fiction rather than in this discussion.

In case you've forgotten, that’s the stick with a polka-dot sack at the end of it.
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to cover that distance. Since speed is the ratio of distance traveled com-
pared to the time it takes to cover that distance (miles per hour), Rusty
is able to calculate the speed of his bindle with high accuracy.

After a tiring day of bindle-tossing, Rusty nods off to sleep, and he
awakes in his own private freight car. Since freight cars don’t have any
windows, and the train is moving on smooth track, he finds himself
somewhat disoriented when he slides open the door and finds that he is
moving. You may have noticed that even in cars, you sometimes can’t
tell that you’re moving without looking out the window.

You also may not have noticed that if you're standing on the equa-
tor, you're moving at more than 1,000 mph around the center of Earth.
Faster still, Earth is moving at about 68,000 mph around the Sun. And
the Sun is moving at close to 500,000 mph around the center of our
Milky Way Galaxy, which, in turn, is traveling through space at well
over 1 million mph.

The point is that you (or Rusty) don’t notice the train (or Earth, or
the Sun, or the Galaxy) moving, regardless of how fast it’s moving, as long
as it does so smoothly and in a straight line.

Galileo used this argument in favor of Earth going around the Sun.
Most people at the time assumed that you’d be able to somehow fee/
Earth’s motion as it flies around the Sun, so therefore we must be
standing still.

“Nonsense!” said Galileo. Not having a ready supply of either hobos
or trains, he compared the motion of Earth to a ship moving on a calm
sea. It’s impossible for a sailor to tell under those circumstances whether
he’s moving or standing still. This principle has come to be known as
“Galilean relativity” (not to be confused with Albert Einstein’s special
relativity, which we will encounter shortly).

According to Galileo (and Isaac Newton, and ultimately Einstein)
there is quite literally no experiment you can do on a smoothly mov-
ing train that will give a different result than if you were sitting still.
Think back to trips with your family in which you threw mustard pack-
ets at your little brother until your parents threatened to “turn this car
around this minute, young man!” Even though the car was moving at
60 mph or more, you threw the packets exactly as you would have if the
car were sitting still. Like it or not, all of that tormenting was nothing
more than a simple physics experiment. On the other hand, this is only
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true if the speed and direction of the car/train/planet/galaxy are exactly
(or really, really close to) constant. You definitely felt it if your parents
actually made good on their threat and slammed on the brakes.

So when he awakes from his blissful hobo slumber to return to his
bindle-tossing experiments, Rusty might be quite unaware that the train
has started steadily moving at about 15 mph. After arranging himself at
one end of the train car, he tosses his bindle and measures the speed at,
say, 5 mph. Patches, a fellow hobo-physicist, stands outside the moving
train but also decides to participate. Using special hobo X-ray goggles
to see through the train’s walls, he also measures the speed of the bindle
as Rusty throws it. Patches, from his vantage point outside the train, finds
the bindle to move at about 20 mph (the 15 mph that Rusty’s train is
moving plus the 5 mph of the bindle).

13
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So who’s right? Is the bindle moving at 5 mph or 20 mph? Well,
both are correct. We'd say that it’s moving at 20 mph with respect to
Patches and 5 mph with respect to Rusty.

Now imagine that our train has a high-tech lab equipped with lasers
(which, being made of light, naturally travel at ¢). At one end of the
train sits the laser, manned by Rusty. At the other end of the train sits
an open can of baked beans. If Rusty turned on the laser for a short
pulse (to heat his baked beans, naturally) and measured the time for

the beans to start cooking, he could compute the speed of the laser, and
he’d find it to be c.

ot LMLL}AI\'S

What about Patches? He will, presumably, measure the same amount
of time for the light pulse to reach the detector. However, according
to him, the light doesn’t have to travel as far to get there, so he should
measure the speed of the pulse to be faster than ¢. In fact, common sense
tells us that he should measure the pulse to be moving at ¢ + 15 mph.
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Earlier we said that Einstein assumed that the speed of light is constant
for all observers, but by our reasoning the beam doesn’t appear to be
constant. Not constant at all! Could the great Einstein be wrong?”

Fifteen pages into the book, and we’ve already broken the laws of phys-
ics. We couldn’t be any more embarrassed if we showed up to a party
wearing the same dress as the hostess. It looks like we just blew it. If
only there were some obsessive scientist we could look to, some con-
crete example to revalidate the concept of ¢ as a constant.

We just so happen to have such a scientist. His name was Albert
Michelson, and he loved light in a way that today might be character-
ized as “driving” or “unhealthy.” His scientific career began in 1881,
after he left the navy to pursue science. He measured light indepen-
dently for a while, doing gigs in Berlin, Potsdam, and Canada, until
he met Edward Morley. They worked together to produce ever more
elaborate devices for measuring the speed of light, eventually reaching
number 1 with “Bridge over Troubled Water,” which stayed at the top
of the charts for six straight weeks.

The devices they constructed worked on the following basic premise:
since Earth travels around the Sun once a year, relative to the sun their
lab should travel at different speeds and in different directions at dif-
ferent times of year. Michelson’s “interferometer” was designed to mea-
sure whether the speed of light was different when moving in different
directions. Your basic intuition should tell you that as Earth moves
toward or away from the Sun, the measured value of ¢ should change.

Your intuition is wrong. In experiment after experiment, Michelson
and Morley showed that no matter what the direction of motion, the
speed of light was the same everywhere.

As of 1887, this was a pretty big conundrum, and it defied the senses
because this only seems to work for light. If you found yourself on a bike,
face-to-face with an angry cow, it would make all the difference in the world
whether you rode toward or away from the charging animal. Whether you
run toward or away from a light source, on the other hand, ¢ is ¢.

*Not in this case. But he did mess up at least twice, and we’ll talk about those instances in
chapters 3 and 6.

15



16

A USER’S GUIDE TO THE UNIVERSE

Putting it even more bluntly (on the off chance that the strangeness
of this still isn’t clear), if you were to shine a laser pointer at a high-
tech measuring device, then you would measure the photons (light
particles) coming out of the laser pointer at about 300 million meters per
second. If you were in a glass spaceship traveling away from a laser at
half the speed of light (150 million meters per second) and someone
fired the laser beam through your ship to a detector, you would sz7//
measure the beam to be traveling at the speed of light.

How is that even remotely possible?

To explain this, we need to take a closer look at a hero of physics, the
“Light”-Weight Champion” of the World: Albert Einstein.

"
fb How fast does a light beam go
if you're running beside it?

When Einstein first proposed his principle of special relativity in 1905,
he made two very simple assumptions:

1. Just like Galileo, he assumed that if you were traveling at con-
stant speed and direction, you could do any experiment you like
and the results would be indistinguishable from doing the same
experiment in a stationary position.

(Well, sort of. Our lawyers advise us to point out that gravity
accelerates things, and special relativity relies on there being no
accelerations at all. There are corrections that will take gravity
into account, but we can safely ignore them in this case. The
correction required for the force of gravity on Earth is very, very
small compared to the correction near the edge of a black hole.)

2. Unlike Newton, Einstein assumed that all observers measure the
same speed of light through empty space, regardless of whether
they are moving.

“Get it?
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In our hobo example, Rusty threw his bindle and measured the speed
by dividing the length of the car by the time the bindle took to hit the
side. Patches sat by the side of the tracks and watched the train and
bindle speed by, and therefore saw the bindle move farther (across the
car and across the ground the car covered) in the same amount of time.
He saw the bindle move faster than Rusty did.

But now consider the same case with a laser pointer. If Einstein was
right (and Michelson and Morley’s experiment demonstrated, almost
two decades earlier, that he was) then Rusty should measure the laser
moving at ¢ and Patches should measure the same exact speed.

Most physicists believe that ¢ is a constant without batting an eye-
lash, and use it to their collective advantage. As a form of exploitation,
they frequently express distances in terms of the distance light can travel
in a particular amount of time. For example, “light-seconds” are
approximately 186,000 miles, or about half the distance to the Moon.
Naturally, it takes light 1 second to travel 1 light-second. Astronomers
more commonly use the unit “light-year,” which is about 6 trillion
miles—about a quarter the distance to the nearest star outside our solar
system.

So let’s make our previous example a little weirder and give our hobo-
physicist an intergalactic freight car. It’s 1 light-second long, and while
Rusty has more space than he will ever need to stretch out and nap, he has
the perfect amount of space to run his laser experiment again. He fires off
the laser from the back of the train and, by his reckoning, the laser takes
1 second to traverse the train. It must, after all, because light travels at
the speed of light (duh!).

But Patches watches the light beam on the moving train and says
(correctly) that while the beam was traveling, the front of the train
moved farther ahead, and therefore, according to Patches, the beam
traveled farther than measured by Rusty’s reckoning. In fact, he finds
that the beam travels a total of 1.5 light-seconds. Since light must
still travel at the speed of light, Patches will find that it takes the
light pulse 1.5 seconds to go from the laser to the target.

Let’s be clear: Rusty says a particular series of events (the pulse
being shot and then hitting the target) takes 1 second, and Patches says
that the same series of events takes longer. Both have perfect working

17



18 A USER’S GUIDE TO THE UNIVERSE

T
A Tl

—_—

—_—

I

watches that were built at the same intergalactic hobo-physicist depot.
Both made excellent measurements. Who's right?

They both are.”
No, really. If the speed of light is the same for both Rusty and Patches,

then Patches must interpret what he sees by saying that his own clock
must be fast—or Rusty’s clock was running slow. The weirdest part is
that this is true of every clock in Rusty’s train. He sees pendulums swing-
ing slowly, wall clocks ticking slowly, and even (if he had the equipment
to measure it) old Rusty’s heart pumping away more slowly than usual.

“Whaa . . .?
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This is true in general. Whenever you see someone speed by you,
their clocks will run more slowly as far as you're concerned, but you
don’t have a watch precise enough to show this. If you look overhead
and see a plane flying by at about 600 mph, and somehow you had the
keen eyesight to see the captain’s watch, you could see her clock run-
ning slower than yours—but only by 1 part in about 10 trillion! In
other words, if the captain flew for 100 years, by the end of that period,
she would have escaped from almost an entire second’s worth of aging.
So even though this effect (called “time dilation”) is always in force, the
fact is that you will never notice it in your everyday life.
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Time dilation really kicks in when you start going close to the speed
of light. We’re not going to give you the exact equation, so you’ll
have to take our word for it that we’re doing the calculations correctly.
If the train were going half the speed of light, then for every second
on Rusty’s clock, 1.15 seconds would pass on Patches’. At 90% the
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speed of light, for every one of Rusty’s seconds, Patches would measure
2.3 seconds. At 99% the speed of light, the ratio becomes 7:1. And as
the speed gets closer and closer to ¢, the number gets bigger.” The time
dilation factor becomes infinite as the train gets to c—which is our first
hint that you can’t actually move at the speed of light.

It’s not just time, either. Space behaves the same way. Let’s imagine
that Rusty is ramblin’ on down the track toward a switching station
at a sizable fraction of the speed of light. Let us also imagine that
Patches is trying to sleep at the same switching station. Rusty covers
the distance along the ground in a shorter amount of time by his own
reckoning than by Patches’. Since they both agree that the train is
approaching the station at the same speed, Rusty must think that the
total distance to the station is shorter.

Time and space really are relative to your state of motion. This is not
an optical illusion; it is not a psychological impression; it is actually
how the universe works.

If you head off in a spaceship traveling
at nearly the speed of light, what horrors
await you when you return?

While this might seem like trifling over vague curiosity, scientists have
figured out ways to exploit this phenomenon for more interesting study.
As an example of the sort of grand pronouncements we can now make
about the universe, consider the humble muon. Never heard of it? We
don’t blame you. If you have a muon, then you’d better treasure your
time together, because, on average, they last only about a millionth of
a second (the time it takes a light beam to travel about half a mile, or
the total duration of Vanilla Ice’s acting career) before they decay into
something else entirely.

*As does the likelihood that Rusty will step off his boxcar into a world populated by super-
intelligent, damn, dirty apes.



SPECIAL RELATIVITY

Between how they’re made and how long they stick around, there
aren’t a heck of a lot of muons around. They primarily form when
cosmic rays hit the upper atmosphere and create particles called pions
(which are even shorter-lived) and then those pions decay into muons.
This all happens about 10 miles out from the surface of Earth. Since
nothing can travel faster than light, you might suppose that the farthest
muons can travel before decaying is about half a mile and that none of
the muons will reach the ground.

Once again, your intuition is not quite right.” The muons have
such high energy that many of them are moving 99.999% of the speed
of light, which means that to us on the ground, the “clocks” inside the
muons—the very things that tell them when to decay—are running
slow by a factor of about 200 or so. Instead of going half a mile without
decaying, they are able to go 100 miles before decaying, easily enough
to reach the ground and then some.

Perhaps a scenario that will make a bit more sense involves the
so-called twin paradox. There are twin sisters, Emily and Bonnie, who
are thirty years old. Emily decides to set out for a distant star system, so
she gets in her spaceship and flies out at 99% the speed of light. After a
year, she gets a bit bored and lonely and returns to Earth, again at 99%
of the speed of light.

But from Bonnie’s perspective, Emily’s clock—and watch, and heart-
beat, and everything else—have been running slow. Emily hasn’t been
gone for two years; she’s been gone for fourteen! This is true however
you look at it. Bonnie will be forty-four; Emily will be thirty-two. You
can even think of traveling close to the speed of light as a sort of time
machine—except it only works going forward and not backward.

There are other, perhaps subtler effects as well. For example, since
Emily was traveling away from Earth for seven years (according to
Bonnie) at nearly the speed of light, she must have gotten 7 light-years
from Earth before turning tail and returning. This takes her most of the
way to Wolf 359, the fifth-nearest star to our Sun. By Emily’s account,
though, she knows that she can’t travel faster than light, so in her 1 year

“You're still going home with this book as a consolation prize. And unless someone is reading
over your shoulder, only you know what a terrible guesser you are.
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outbound, she’ll say that her distance traveled was only 99% of a light-
year. In other words, while on her journey, she measures the distance
between the Sun and Wolf 359 to be only about 1 light-year.

This effect is known as “length contraction.” Like with time dilation,
length contraction isn’t just an optical illusion. While she is traveling
at 99% the speed of light, Emily measures everything to be shrunk along
her direction of motion by a factor of 7. Earth would appear squashed,
and Bonnie would appear to be rail thin as well, but with her normal
height and breadth.

EARTH | NORMAL VIEW

L

ENSTHD [F 1T 18 NOT A CIRCLE,
fou ARE REATIRG T BUrckLY

Like with time dilation, we don’t notice this effect in everyday life. If our
pilot friend took the time to look down from her plane, the streets below
would seem slightly thinner than normal, but even flying at 600 mph, the
difference amounts to about 0.04% the size of an atom. While relativity
is useful for explaining bizarre and interesting high-speed phenomena, it
is clear that it is a poor excuse for a healthy diet and exercise.
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The time dilation and length contraction should be observed symmet-
rically when Bonnie is looking at Emily or Emily is looking at Bonnie.
Here’s where the paradox comes in. When Emily steps off her ship back
on Earth after traveling to Wolf 359 and back, everyone agrees that
she’s aged only two years in the same time that Bonnie has aged four-
teen. That is totally znconsistent with pretty much everything we just
told you, because we immediately know that Emily was the one who
“moved” and not Bonnie, and the first rule was that you could never tell
who was moving and who was sitting still. So how do we resolve it?

There is one rule we gave you early on that tells you whether special
relativity is the law of the land—for special relativity to work, you need
to be moving at constant speed and direction. And to move things along,
we’ll tell you that Emily certainly wasn’t. She had to launch her ship to
get off Earth and get up to speed (during which she felt a tremendous
force of acceleration), she needed to decelerate and reverse direction when
she reached Wolf 359, and then she needed to slow down to land
when she got back to Earth.

With all of those accelerations, all bets are off, and we need a much
more complicated theory to describe everything. To put things in a bit of
historical perspective, Einstein came up with his theory of special relativity
(no accelerations) in 1905, and didn’t get the theory of general relativity
right (which includes gravity and other forms of acceleration) until 1916.

"
fb Can you reach the speed of light
(and look at yourself in a mirror)?

We've taken a heck of a digression from our original question, and that’s
a shame, because it’s a good question—so good, in fact, that it’s the very
one Einstein asked himself. You may feel, however, that we’re no closer
to answering the question than we were before.

Au contraire!”

Our answer will actually have two parts, and one of them you’re already
prepared to answer (and have been for some time). Think back about

“Tr.: “Don’t touch that dial!”
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old Rusty in his train. Now imagine that Rusty’s train is traveling at
90% of the speed of light (or any other speed you like). Rusty, however,
is unaware of anything around him because he’s too busy preening for his
date with Hambone Lil. As Rusty gazes into the reflection of his hand-
some mug, does he see anything amiss? He does not. Since there are no
windows in his boxcar, and he’s moving on straight, smooth track, there
is no experiment he can do that shows he is moving rather than sitting
still. As long as the mirror is moving with Rusty, he looks the exact
same as he would were he not on the train.

All of this is fine and good if Rusty is traveling slower than light, but
what if he’s traveling at the speed of light? We know, we know, we've
said that nothing can travel at the speed of light, so perhaps you’ll be
inclined to just take that at face value. But why should you?

We can illustrate. Patches, jealous of Rusty’s success with the ladies,
watches Rusty prepare for his date. Of course, he has to pay very keen
attention, as Rusty’s train is speeding by at 90% of the speed of light.
Tragedy strikes for Rusty, who gets a call from Lil, who is phoning to
cancel. She lets him down easy, but Rusty is still upset, and thus picks
up his still-warm can of beans and hurls it toward the front wall at 90%
the speed of light (as seen by him).

Patches may be overcome with schadenfreude, but he’s not too dis-
tracted to note how fast the can of beans is flying from his own perspec-
tive. Now, in his own naive youth, he might have assumed that the
beans were moving at 1.8c—the speed of the train (0.9¢) plus the speed
of the beans within the train (0.9¢). But he has long since left behind
that sort of foolishness.

Remember the two facts:

1. He sees Rusty’s clock running slow (in this case, by a factor of 2.3).
2. He sees Rusty’s train compressed (again, in this case, by a factor

of 2.3).

The details obviously don’t matter too much, but the important
thing is that according to Patches:

1. The beans take a far longer time to go from Rusty’s hand to splatter-
ing against the wall than Rusty says they do.
2. The beans don’t travel nearly as far as Rusty says they do.
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The point is that the beans are going far slower than our (and Patches’)
original naive estimate. Instead of 1.8¢, the beans are moving a paltry
99.44% the speed of light.

We could keep playing this game indefinitely. For example, imagine
that there was an ant sitting on the can. The ant had big plans with
the queen of his colony until she called to inform him that she had to
stay in to clean her thorax. In anger, he threw a crumb of food at 0.9¢
(from his perspective) toward the front of the train. Patches, with his
unbelievably keen eyesight, would see the crumb moving at 99.97%
of the speed of light.

And if on the crumb there lived an amoeba who, reproducing asexu-
ally, stood itself up for a date . . . you get the picture.

No matter how hard we try, no matter how many boosts we give to
something, we can’t ever get it going up to the speed of light. It just
gets closer and closer and closer.

It also requires more and more work to get things moving faster as it
gets closer and closer to the speed of light. It seems that it would take
twice the work to get something moving at 99% of the speed of light
compared to 50% of the speed of light; in fact, it takes more than six
times as much work. And it takes more than three times as much work
to get up to 99.9% of the speed of light from only 99%.

So now we can work up to the question posed by sixteen-year-old
Einstein®: What happens if you travel at 99% of the speed of light and
look at yourself in a mirror? Nothing, or at least nothing unusual. Your
spaceship looks normal; your internal clocks seem to run normally.
Your mug looks exactly as it always has. The only thing that you might
notice is that your friends back at home see their hearts, clocks, cheese-
cake calendars, and every other assorted timepiece running about seven
times slower than they should. Also, for some reason, they appear to be
smooshed by the same factor.

We could take it a step further and ask if anything appears amiss to
someone looking in the mirror and traveling at 99.9% of the speed of
light. The time dilation and length-contraction numbers are a bit bigger
(a factor of 22 rather than 7), but otherwise everything’s the same.

*Or at least the question we know about. Kids can be very curious at that age.
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The problem here is that each of these speeds, while very, very
close, is still less than the speed of light. Every tiny incremental
speedup requires more and more energy, but to actually get up to
¢ would require an infinite amount of energy. Not very big, mind
you. Infinite.

Perhaps you’re not satisfied with that. If you could somehow go at the
speed of light (never mind that it’s impossible), the light from your face
could never reach the mirror, and therefore, much like a vampire, you
wouldn’t be able to see your reflection. But wait! The very fact that
you wouldn’t see a reflection would make it immediately obvious to you
that you were going at the speed of light. But since we’ve already deter-
mined that nobody can ever tell that they are the ones in motion, this
proves that you cannot get up to the speed of light.

"
fb Isn't relativity supposed to be

about turning atoms into limitless
power?

All of this about clocks and meter sticks and the speed of light may be
interesting enough in their own right, but they’re probably not the first
things you think of when (and if) you think about relativity. You almost
certainly think about the most famous equation in all of physics (and
the only one we’re going to write out explicitly in this book):

E = mc?

Writing it out is simple enough, and by now you’re even familiar
with one of the terms in the equation: ¢, the speed of light.

The E on the left stands for energy, and in a moment we’ll talk about
how energy enters into it, but for now we’re going to focus on the other
term, 7z, which stands for mass.

You may think of mass as a measure of the “bigness” of a thing, but to
a physicist mass is simply how hard it is to get something moving and
how hard it is to stop it once it’s moving. It’s far easier to stop Rusty
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when he’s running at you at 10 mph than it would be to stop his train
moving at the same speed.

But we’ve already noticed something interesting about the effective
mass of, in our case, a can of beans. We found that as the speed of the
can of beans gets higher and higher, it requires more and more work
to speed it up even a little bit. In other words, the beans and the can
act as if they are getting more and more massive (that is, harder and
harder to move). And, as we already observed, if the speed of the can
gets arbitrarily close to the speed of light, eventually you need to do an
infinite amount of work to speed the can up at all.

Put another way, as the energy of motion increases, the inertial mass
seems to increase as well; that is to say, the can does not acquire more
matter, but it behaves as if it does. But even if the speed of the can goes
down to zero—which is to say that there is no energy of motion—the
inertia of the can doesn’t go away. If the can and the beans are com-
pletely stationary, they have a certain amount of energy, a sort of mini-
mum inertial mass. The inertial mass can only increase from here as
energy is added.

Einstein’s famous equation is really a conversion formula between
mass and energy.

The formula has a plethora of interesting applications, and we quite
literally see the repercussions of it every second of every day of our
lives in the radiation from the Sun. Even with the seemingly successful
application of Einstein’s theory, though, there has been an incredible
impact on popular perception, especially by those who do not under-
stand it.

As a working scientist, one of your esteemed narrators (Goldberg)
frequently gets manuscripts from people with claims that they have a
theory that will overturn the existing paradigm of science as we know
it, and nine times out of ten, the central thesis of their argument is that
Einstein’s great equation was wrong, that there was some flaw in his
reasoning, or that the math simply admits of an alternative explana-
tion. This phenomenon is so pervasive (and ongoing) that a hundred
years after Einstein first derived his equation, the NPR program This
American Life did a story on a man who tried (unsuccessfully) to show
that “E does not equal 7 squared.”
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Why does this fascination with a simple conversion exist? In part, it’s
because the equation looks so simple. There are no unfamiliar symbols,
and most people have a working understanding of all of the terms in
the equation. And in a real respect, the equation zs simple. It’s a way
of saying, “I'd like to trade in my st#ff for energy. What'll you give me
for it?”

The answer is “rather a lot.” The reason is that we’'ve already estab-
lished that ¢ is a big number, and we multiply the mass by the square
of ¢ in order to calculate the energy released.

We'll start small. Let’s say that you have about 2 grams of boomo-
nium, a substance we just invented just so we could use the name. The
amount you have is about the mass of a penny, and you somehow man-
age to convert it all to energy. Were this possible—and we assure you
it is not—you’d get out about 180 trillion joules of energy. Don’t have
an intuitive feel for how much that is? No problem. With the energy
released you could:

1. power more than fifty-thousand 100-watt lightbulbs for a year;

2. exceed the caloric energy consumption by the entire population of
Terre Haute, Indiana (pop.: 57,259), for a year; or

3. equal the energy output of about five thousand tons of coal or
about 1.4 million gallons of gasoline. Provided they carpooled,
this would be enough to drive everyone in Terre Haute from New
York to California. It is not clear, however, why you would want
to do that.

By comparison, the normal combustion energy of 2 grams of coal can
power one lightbulb for about an hour.

Like most people, matter doesn’t always live up to its full potential,
and with the exception of cases where we smash matter into antimatter
(which we shall return to), there is nothing that converts all of its mass
into energy. So before you assume that it’s just a quick step from E = mc?
to complete energy independence from oil, hold on.

Einstein’s famous equation changed the world, with the most obvious
examples being the development of nuclear weapons and nuclear power.
It’s important to recognize that in most nuclear reactions, we convert
only a small fraction of the total mass of a material into energy. The Sun
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is a giant thermonuclear generator that turns hydrogen into helium.
The basic reaction involves taking 4 hydrogen atoms and turning them
into 1 helium atom—plus some waste products, including neutrinos;
positrons; and, of course, energy in the form of light and heat. This is
great news for us, since the energy produced by the Sun is collected as
light rays, warms the surface of Earth, feeds algae and plants, and ulti-
mately sustains us as an ecosystem.

However, it’s not nearly as efficient as our boomonium. For every
kilogram of hydrogen that is “burned” by the Sun,” we get 993 grams
of helium back, which means only 7 grams get converted into energy.
Still, as we've already seen, a little mass goes a long way.

The most common examples of mass-energy conversion come in the
form of turning mass into energy rather than the other way around,

*Physicists like to point out that nuclear reactions aren’t really burning. Burning is a chemical
process, not a nuclear one, and requires oxygen to run. We are a very pedantic bunch.
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including some of the scarier stuff out there: nuclear bombs, power
plants, and radioactive decay. In each of these cases, a high-energy col-
lision or random decay forces a small amount of mass to be converted
into a walloping huge amount of energy. Why are radioactive materials
so scary? Because the energy produced by even a single decay produces
a photon of enormous energy, enough to do serious damage to your cells
it given half a chance.

In the very early universe, it was more often the case that energy
became matter, though it rarely happens anymore. At that time, when
temperatures were billions of degrees, matter actually came out of light
particles smashing into each other. Sound fascinating? It sure does. And
that’s why we’ll return to it in chapter 7.

Physics Smackdown: Who Is the Greatest
Physicist of the Modern Era?

Topr FIVE

Every now and again, we get drawn into inane discussions at the level of
“Who's better: Kirk or Picard?” or “Who is the best physicist?” While the for-
mer should be obvious to anyone who isn't a yintagh,” the latter is just way
too vague. For our money, we'd argue that the greatest physicists are those
who have something really important named after them—even if someone else
came up with it independently. Sometimes, great thinkers don't get the credit
they deserve (we're thinking of you, Tesla), but for the purpose of our list,
that's just their bad luck. Also, because we want to keep things fresh, we're
afraid that everybody who did their best work before 1900 is shut out. Finally,
we're sure that there are lots of physicists who would disagree with our list, and
to them, we respectfully suggest that they write their own book.

1. Albert Einstein (1879-1955); Nobel Prize in 1921
Do we even need to justify this? He invented relativity, both special (this
chapter), and general (chapters 5 and 6), virtually from whole cloth. He

That's Klingon for “idiot.” Please don't take our lunch money.
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showed definitively that light is made of particles (chapter 2), and despite
never really believing in it, was one of the founding members of quantum
mechanics. His name is virtually synonymous with “genius,” and—let's face
it—he’s the only one of the lot whom you'd recognize by sight.

2. Richard Feynman (1918-1988); Nobel Prize in 1965

Feynman had the sort of mind that makes him a hero to pretty much
every young physicist. He invented the field of quantum electrodynam-
ics, which used quantum mechanics to explain how electricity works
(chapter 4), and showed that particles and fields literally travel through
every possible path simultaneously (chapter 2). He also was known as
“the great explainer,” and at least a few of our examples in this book are
stolen shamelessly (but with attribution) from the Feynman lectures.

3. Niels Bohr (1885-1962); Nobel Prize in 1922

In a little while, you're going to read chapter 2, and it's going to be
all about quantum mechanics. You're going to love it! About halfway
through, we'’re going to explain that the standard view of quantum
mechanics to this day is something known as the “Copenhagen
interpretation.” We'll give you three guesses where Bohr was from. In
addition to basically defining our modern picture of the world, Bohr also
gave us our first realistic picture of the atom and showed that you can't
just make an atom any old way, but that the states are “quantized.”

4. P. A. M. Dirac (1902-1984); Nobel Prize in 1933
Dirac was one of those guys who plugged through a set of equations,
got something that seemed physically absurd, but decided that “God
used beautiful mathematics in creating the world” and assumed that the
equations must be correct, anyway. This, pretty much, is how he predicted
the existence of antimatter four years before it was ever detected.

5. Werner Heisenberg (1901-1976); Nobel Prize in 1932
When Heisenberg won the Nobel Prize, his citation read, “for the
creation of quantum mechanics, the application of which has, inter
alia, led to the discovery of the allotropic forms of hydrogen.” While
Heisenberg didn't exactly invent quantum mechanics, he contributed
enormously to it, and invented the “Heisenberg Uncertainty Principle.”
More on that in chapter 2.
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Quantum Weirdness

“Is Schrodinger’s Cat dead or alive?”
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fyou’re anything like us, you have contempt for authority that is

matched only by your zeal for life. You take orders from no one,

and sure as heck don’t take anything on faith. We understand

where you're coming from, being loners and rebels ourselves.

This is why we won’t answer your questions with “Because we
said so” when explaining how the universe works. Instead, we try our
darnedest to appeal to your everyday experience and your common
sense, and use those to point you in the right direction.

We can’t do that with quantum mechanics. If you follow your com-
mon sense, you're going to get lost, even if you don’t think you are. As
with Hansel and Gretel, you're likely to be drawn to the bright colors
and the simple answers that come from taking the easy route out. Think
of us as your breadcrumb trail, ready to lead you to the true path of
quantum weirdness. Well, without the part where we get eaten by a
flock of ravenous birds.

“What's so strange about quantum mechanics?” you ask, with a devil-
may-care smirk. We know—you’ve seen it all, and nothing could faze
you. So you won’t mind a little pop quiz.”

*If you look down and you're dressed only in your underwear, chances are that you're having
that dream again.
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Ye Olde Tyme Classical Intuition Quizze

Please answer honestly. Even if you're so worldly that you come into this already
knowing a thing or two about the quantum world, no fair trying to pretend that
your intuition accepts paradoxes with ease.

QUESTIONS:

1. Do you accept Robert Frost's contention in “The Road Not Taken”?
Two roads diverged in a yellow wood,
And sorry | could not travel both
And be one traveler . . .

2. Consider Hamlet’s dilemma: “To be or not to be.” Do you really need to
choose between the two?

3. If a tree falls in a wood, does it make a sound?

ANSWERS:
If you answered yes to these questions, then congratulations! You have a mind
well suited to living in the classical world.

If, on the other hand, you answered no to any of them, then you've failed
the classical intuition part of the quiz, but you might be ready to step into the
quantum world.

If you passed the classical intuition quiz, then you are in excellent
company. Sir Isaac Newton (and his successors) helped us to build
trains, cars, and even spaceships based on strong classical intuition.
And unless you, personally, are designing microchips, there’s a fair
bet that virtually all of the interactions in your everyday life are clas-
sical as well.

But there’s a lot going on beneath the hood, and if you look closely
enough, the physical world is rez/ly ruled by the microscopic realm of
quantum mechanics. We’ll get into the details in a bit, but we should
at least start by explaining the name. The “quantum” part describes
the following phenomenon: if we’re looking at the energies of electrons
or any other particles, they can’t just have any old value. In much the
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same way that you can purchase only a 40-, 60-, or 100-watt lightbulb
(and not a 93-watt bulb), energies in the microscopic world can only
(or rather, should only) come in “quantized” states. The other side of the
“quantum” comes from the fact that we sometimes will talk about all of
space being filled with something like, say, an electric field. However,
if we look at things in detail, we’ll find that it can be broken down into
individual particles.

The “mechanics” part? That's just filler. To help us illustrate our points,
we’ll be spending some time with two individuals who epitomize the
essence of quantum weirdness: Dr. Henry Jekyll and Mr. Edward Hyde.
While Dr. Jekyll is kind, good-natured, and pleasantly predictable,
Mr. Hyde is a fiendish beast of a man, detested in ways reserved almost
exclusively for mass murderers and karaoke enthusiasts.

Of course, there’s something you should know about Dr. Jekyll and
Mzr. Hyde: the two are not mutually exclusive. Mr. Hyde is a deformed,
grotesque renegade living within Dr. Jekyll and popping to the surface
to cause trouble and wreak havoc.” Whether he does it randomly, or
when the mood strikes him, or at some designated time, a transforma-
tion can turn Jekyll from a mild-mannered physician into a foaming,
enraged sociopath in no time flat.

To get things rolling, we join Dr. Jekyll, who is on a stroll in the
freshly fallen winter snow. Enjoying the crisp December air, Jekyll
comes upon a white picket fence with a plank missing. Because of his
pleasant nature and joy of harmless pranks, Dr. Jekyll stands a few feet
back and begins flinging snowballs. Many of the snowballs hit the fence
(he’s a scientist, after all, and his aim is nothing to write home about),
but a few make it through the missing plank, splattering the house
standing some distance beyond. The pattern, as you might expect, is
pretty simple. There is a messy but quite unmistakable vertical streak
of snow on the house.

Not content with this boring target, Jekyll wanders the neighborhood
until he comes upon a fence with #wo planks missing, so that there are
two distinct gaps in the fence. He again tosses snowball after snowball,

*Much like a pimple before the prom.
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and “Pow!” “Splat!” some go through the left gap, some through the
right, and some hit the fence. Looking at the wall of the house beyond,
he sees two unmistakable lines of snow. We can say with pretty high
confidence that the blobs of snow on the left must have gone through
the left gap, and vice versa.

Dr. Jekyll’s double-slit experiment is based on the design by the
English physicist Thomas Young, and in this case, it clearly illustrates
the epitome of particle behavior. We make one slit in the fence and we
get one line of snow, and by introducing a second slit, we get a second
line. We could do the same experiment with stones or custard pies and
pretty much get the same result. The point here is that the outcomes of
Dr. Jekyll's experiments are safe and predictable, and attune perfectly
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with your intuition. If a bobby” sees Dr. Jekyll chucking snowballs at
a home and takes chase, we know at the beginning of the pursuit the
exact location of both of them. Likewise, when Dr. Jekyll ducks into
an alley, we again know exactly where he is. Since we can measure how
long the city blocks are and for what amount of time he ran, presum-
ably we know how fast he was running as well.

This is proper behavior for a particle, though perhaps not for a
gentleman.

We haven’t really said anything shocking. But what if we remove
the rose-colored glasses of classical mechanics and look again? We're
going to find the equivalent of Dr. Jekyll both turning down an alley
and continuing down a street; of having a snowball go through bozh
gaps in the fence.

"
fb s light made of tiny particles,

or a big wave?

We can only spend so long convincing you of your ability to understand
the classical world before delving down into the microscopic world in
which quantum mechanics holds sway. As a first step, consider a humble
light beam. In the seventeenth century, Newton argued that light must
be made of individual particles of light called photons. Using prisms,
he separated sunlight into different colors, and argued that light must
therefore be ultimately composed of little particles.

Around the same time, the Dutch physicist Christian Huygens came
to precisely the opposite conclusion. He showed that if we imagined
light as emanating from a single point, much like the surface of a
pond after a pebble has been dropped into it, then he could explain
all observed light phenomena. He claimed that light behaved like a
wave.

Before you can truly appreciate why this is such a bizarre dichotomy,
we need to explain what a wave is.

*You Yanks might know him as a police officer.
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ONE  \WANELENGT U

You have seen waves before at a beach or (god willing) in your
bathtub. The water waves in your tub, the sound waves in the air, and
light waves all have some common properties: amplitudes, speeds,
and wavelengths.

The height of the crests and the depths of the troughs (also called
the amplitude) tell us how strong the waves are. For you to be able to
listen to Foreigner on your FM radio, the sound must first be converted
to a series of crests and troughs, and beamed out from a radio trans-
mitter. The amplitude of those radio waves control the strength of the
signal, and thus how clear “Hot Blooded” will sound coming out of
your stereo.

Waves also have some kind of propagation speed. Radio signals are
just a specific type of light wave, and all light travels at 299,792,458
meters per second. This is not just because DJs know you need your
classic rock fix, and that it’s urgent.” After the radio wave reaches

*So urgent.
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your antenna, it is converted into a sound wave (which is created
by the motion of your speakers), which hits your face at about 340
meters per second. This means that with rare exceptions, it takes less
time for the radio signal to travel from the radio station transmit-
ter to your radio than it does for the sound wave to travel from the
speaker to your ear.

Finally, there’s the wavelength, which is the distance between
successive crests or troughs, and the mechanism that carries all the
information about the color and energy of a wave. Visible light has
a wavelength a bit less than 1/1000 of a millimeter. Lower-energy
waves, such as radio waves, can be many meters long. Higher-
energy waves, such as X-rays, have a wavelength of 102 meter or so,
and at even higher energies we have gamma rays. You don’t want to
mess with those, since they most frequently grant any exposed indi-
viduals with superpowers.”

These two pictures—the particle and the wave—seem very dif-
ferent. On the other hand, it turns out that under some circum-
stances, both predict the exact same things. When shined on a
mirror, we know that light reflects off the mirror and gets absorbed
by your eye.

Reflection is very easily described by the particle view of light, and
by way of analogy, consider a photon as a ball. If you were anything like
us, the closest you ever got to “playing catch with the guys” was tossing
a tennis ball at the garage door. One flaccid lob, a loud thud, and an
awkward swat later, the ball was back in your hand. If you concentrate
really hard, you might remember someone saying how playing catch
works: “The angle of incidence equals the angle of reflection.” On the
other hand, it may be that if you concentrate really hard, all you hear
is the theme song to Knight Rider. That’s fine, though; just take our
word for it. You know all about the reflection of photons. If we replace

*See, for example, the Incredible Hulk. The Fantastic Four, on the other hand, got their pow-
ers from cosmic rays, which we’ll see in the next chapter.
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a tennis ball with a photon and the garage door with a mirror, then we
are describing light perfectly.

Of course, waves reflect in exactly the same way. Think about the
design of a violin or a concert hall. The acoustics are all determined by
what will happen to a sound wave as it bounces around the room or
the cavity. And just like in the particle picture, the reflection of light
is given by the magic relation that “the angle of incidence equals the
angle of reflection.”

This whole wave/particle dispute may seem like nothing more than
semantic quibbling, since the two predict the same relations for reflec-
tion. But rest assured, particles and waves don’t #/ways predict the same
thing.

What makes a wave interesting, for our (and Huygens’s) purposes, is
that two waves can interfere with each other. Drop a couple of pebbles
in a calm pond and see what we mean.

The physical phenomena are easy to interpret in any way you like,
but they didn’t settle the important question: is light comprised of
electromagnetic waves, or is it made of particles? This dispute went
back and forth for hundreds of years until the twentieth century, in
which, much like a children’s talent show, everyone was declared a win-
ner. To see how, let’s turn back to our man Jekyll.

After a long day of throwing snowballs and gently ribbing the local
authorities, Dr. Jekyll returns to his home and laboratory, eager to run
a few experiments. There, where he has more civilized scientific appa-
ratuses at his disposal, he can run Young’s double-slit experiment the
way it was meant to be run. That means, instead of fences and snow-
balls, he’ll use a screen with a tiny vertical slit and light shone from a
laser pointer. Behind the front screen there is a rear projection screen
on which we can see what pattern the light makes. What do you expect
he’ll see?

Don’t overthink it. He'll see a single bright fringe projected on the
rear screen.

On the other hand, things get a little more complex if he cuts two
slits in the front screen.
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As he does so, he finds himself turning into his beastly self: Mr.
Hyde. Light goes through both, and the wave from one interferes with
the wave from another, creating a complicated pattern on the screen
beyond.

From Young’s original notes, we can see the double-slit apparatus
from above:




QUANTUM WEIRDNESS 43

The light, coming through holes A and B, travels to the opposing
screen and makes bright spots at C, D, E, and F (and at other points
above and below where Young cut off his diagram). Look familiar?
Like you dropped a pebble in a pond at point A and point B? This is
just a more precise version of what waves interfering with each other
look like.

If you get nothing else out of this discussion, you should know
that the multiple bright fringes are a sure sign that wave interfer-
ence is at work. Light must be passing through both the left slit and
the right slit at the same time to interfere with one another; other-
wise we wouldn’t get the complicated pattern seen on the opposite
screen.

Unlike reflection, there’s no way that we can get interference from
light behaving like particles. If you hold a billiard ball in each hand
and crack them together, you won’t get places where the balls cancel
each other out. Instead, they’ll just bounce off each other. Only waves
can be added together to interfere.

So here’s your handy guide:

* Two bright fringes = particle behavior (Jekyll).
* Many bright fringes = wave behavior (Hyde).

)
fb Can you change reality just
by looking at it?

Light is clearly a wave. Young’s double-slit experiment demonstrates it
beyond a shadow of a doubt. Case closed, right?

Not on your life. Newton was absolutely convinced that light had
a particle nature, and he wasn’t the only one. In 1905 Albert Einstein
showed that light is rez//y made of photons. Grand pronouncements
need proof, no matter how many big names in the field shout down
how convinced they are, and so Einstein explained his position with the
“photoelectric effect.”
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Scientists had observed that if you shine a beam of ultraviolet light
on metals, electrons will pop out. On the other hand, exposing the same
metal to less energetic wavelengths produced no effect. Einstein rea-
soned that the only possible explanation for this phenomenon, dubbed
the photoelectric effect, was that light must be fundamentally made of
individual particles, which then each transfer their energy to a single
electron. It’s like hitting a billiard ball with a cueball, and that sounds
more like a particle than a wave, right? Since red or green or blue light
(on a photon-by-photon basis) is so weak, no single photon would be
energetic enough to knock out an electron; hence the observed effect
was noticed only at high energies.

Though Einstein won the Nobel Prize for this discovery and though
almost every introductory book on the subject gives him credit for
proving that light behaves like particles, his proof is actually some-
what inconclusive. In 1969 a few research groups showed that you
could explain the photoelectric effect through the wave nature of light.
Einstein’s explanation was successful at explaining the effect, but it
turned out not to be the on/y explanation. Though his proof had a few
loopholes, it turned out that he was right, anyway. Many subsequent
experiments showed that light definitely behaves like a particle.

All of this debate might seem to rank up there with questions that
affect your life similarly, such as “How many angels can dance on
the head of a pin?” or “Where is the cast of Blossom now?” Who cares
whether light is “really” a particle or a wave? And on the face of it, this
might not even seem like too much of a contradiction. After all, while
water in the ocean clearly exhibits wavelike behavior, we know that it’s
really composed of individual (particle-like) molecules.

Maybe light behaves in the same way. Perhaps light only seems to be
a continuous wave in the same way that the picture on your TV appears
continuous. If you press your face up to a TV screen, it’s “really” made
of individual pixels.

Does light appear like a wave only because there are so many pho-
tons involved? In the context of the double-slit experiment, perhaps a
big bunch of photons go through the left slit, and a big bunch of pho-
tons go through the right slit, and then the two waves are interfering
with each other.
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If only life were so simple.

We mentioned before that your physical intuition wouldn’t do you
very much good in quantum mechanics. We hope you haven’t thrown
away your water wings, because you're about to get tossed into the
deep end.

Lots of photons go through each slit and interfere with one another,
demonstrating wave behavior. Mr. Hyde, wanting to revert to Dr. Jekyll,
has an idea. “Perhaps,” he growls to himself, “if I turn down the inten-
sity of the beam, only one photon will go through at a time. And a single
photon can’t possibly behave like a wave because it will have nothing to
interfere with.”

Oh, the poor, deluded lummox. Let’s watch what happens as he
carries out his misguided project.

As planned, he turns down the beam so he knows for a fact that
only one photon at a time is heading into the apparatus. As before,
there is a detector on the back screen that counts every photon strik-
ing it. Even though it would take a while for the counts to accu-
mulate, Hyde could look at the pattern that they form on the back
screen.

Hyde sees a pattern of fringes on the back screen indicating that
the photon beam is, indeed, exhibiting wave behavior. The photons
coming in are interfering with something. But the beam is set to
fire only one photon at a time. The only logical interpretation
is that the photons are interfering with themselves. Every photon
passes through both slits simultaneously. Frost was wrong. You
can (at least if you're a photon) travel both paths, not just the one
less traveled.

We know that the photon can behave as a particle or a wave.
Knowing that the photon caz exhibit both properties doesn’t explain
how it knows when to exhibit one or the other. In 1978, John
Archibald Wheeler of Princeton University proposed an interesting
experiment to see how photons interact with a double-slit experi-
ment if we were to change the rules midway through. “Imagine,”
said Wheeler, “if the back screen were removable, and some distance
beyond it were two little telescopes, each pointing directly at one of
the two slits.”
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If the screen were removed, we could tell, presumably by looking
through one telescope or another, which slit a particular photon
went through. For that to be the case, the photons would have to go
through one slit or the other, but definitely not both. In other words,
we can force the photons to behave like particles by removing the screen,
and subsequently force the experimenter from Hyde back to Jekyll. If
we replace the screen, then the photons start behaving like waves again,
and the dastardly Hyde reigns once more.

The fact that we can change the behavior of photons by adding or
removing a screen is weird enough, but what Wheeler proposed makes
it even stranger. What happens if we remove the screen affer an individ-
ual photon passes the first screen (the one with the slits)? The “delayed
choice” experiment allows us to turn the light from particle to wave or
vice versa at any point in the experiment.

In other words, after it has already occurred, we can make the pho-
ton have gone through™ only one hole simply by removing the back

*The fact that we can change the past by something we do in the present not only creates
problems with our understanding of physics, but also with verb tenses.
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screen. What’s more, by our actions, the photon somehow chooses to
go through one slit or the other. It’s deeply spooky to be able to affect
reality in such a profound way, especially since the photon seems to
make the choice retroactively.

Before we forced the photon to behave classically (by removing the
screen), quantum mechanics—and Wheeler—says that there was no
way we could have predicted which hole the photon would have gone
through. We can, in fact, change the quantum world after some event
should have occurred.

We are left with a couple of staggering implications:

1. Our observations of a system fundamentally change it.
2. Individual photons can behave like particles or waves, and can
switch between the two in the blink of an eye.

)
fb If you look at them closely enough,
what are electrons, really?

The strangeness of quantum mechanics would be all well and good if
it only corresponded to light. Light is special; after all, it’s massless
and, like a sailor, constantly moving at ¢. The problem, as you may
have guessed, is that the effects of quantum mechanics seem to extend
beyond photons.

Electrons are the lightest particles we can work with easily. If you
don’t know too much about electrons, that’s fine; we talk about them
quite a bit more in chapter 4. For now, all you have to know is that we
work with electrons all the time. Old (nonplasma) TV sets were built
around cathode-ray tubes, which is just a fancy way of saying “ballistic
electron gun that fires particles at your face at sublight speed.”

What happens if we shoot electrons at a double-slit experiment and
then put a fluorescent screen behind it? Every time an electron hits the
fluorescent screen, we get a flash of light, so we can count how many
photons hit any particular part of the screen. If Hyde had been able to
get his grubby, despicable hands on an electron beam, and if he turned
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down the source so he could send through only one electron at a time,
he would s#i// get the wavelike behavior on the screen. This is the same
behavior we observed with the photon!

For practical reasons, this experiment couldn’t be conducted until
relatively recently, although within the physics community there was

almost no doubt as to how it would ultimately play out. In 1989, Akira
Tonomura of Gakushuin University and his collaborators performed the
double-slit experiment with electrons, and you may not be the least
bit surprised to learn that using an electron beam, they got exactly the
same wavelike pattern of multiple fringes on the back screen (see below)
as we did using a light beam. At least we hope you aren’t surprised.

And just in case you need Hyde to beat you over the head with what
this means, we’ll repeat it: the fact that an electron can interfere with
itself means that in reality it goes through bozh slits at the same time.
But no matter how sharp your Ginsu knives are, you can’t possibly
split an electron in twain. How’s that for a paradox? The electron goes
through both slits without ever breaking in two.

Of course, this isn’t just true of photons and electrons. The same
experiment has been performed recently with all sorts of microscopic



QUANTUM WEIRDNESS

objects: neutrons and atoms, for example. All of them reveal this same
quantum weirdness.

We admit that we're really giving you the hard sell on the double-slit
experiment, but we assure you, it’s absolutely necessary. Topics such as
relativity allow a physicist to assume a fact such as the constant speed
of light, and then use theory to figure out pretty much everything
else without ever leaving the comfort of his or her parents’ basement.
Quantum mechanics was, quite conversely, almost entirely driven by
experiment after experiment in which previous theories had failed to
explain what was going on.

The other side of Tonomura’s experiment is the same as Wheeler’s
delayed-choice experiment. If we somehow monitor the electrons to see
it they are passing through one slit or the other, then we collapse the
wave function, once again forcing them into particlelike behavior.

“Collapsing the wave function” is one of those phrases that physicists
just toss around, along the same lines of, “computing the eigen val-
ues of the Hamiltonian” or “staying home alone on a Saturday night.”
We're just so #sed to it that it might never occur to us that it needs
additional explanation.” But on the wave function, perhaps, a few more
words might be useful.

In the quantum model, everything is a wave. Electrons, if you look at
them closely enough, aren’t little marbles—they more closely resemble
little clouds. Where the cloud (or “wave function,” if you prefer consis-
tent terminology) is thickest, we have the highest probability of find-
ing the electron at any given moment.

When we say that an electron “behaves like a wave,” or if you hear
talk about an electron cloud, this doesn’t mean that the electron itself is
really an extended, flimsy object, like cotton candy. We also don’t want
you to think of an electron’s wave function like the Tasmanian Devil
from the old Looney Tunes cartoons—something moving so fast that it’s
simply a blur.

The electron really 75 in many places at once, and by measuring its
actual position, we change the nature of the system. We have no way

“Not that “staying home alone on a Saturday night” really needs much additional explanation.
Enjoy the rest of the book, nerd.
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of knowing ahead of time where the electron really is, and it’s only by
observing it that we isolate it. At the instant when we measure the posi-
tion of an electron (by hitting it with a photon, for example), the wave
function collapses, and for an instant afterward we know almost exactly
where the electron is. The wave function no longer extends over a large
region of space.

Imagine Jekyll and Hyde sitting down to play a game of Battleship.”
Hyde, as we know, is a cheater, and so for a while, as Dr. Jekyll calls out
coordinates, Hyde keeps announcing miss after miss while he moves his
ships around. Eventually Hyde realizes that the charade can’t go on forever,
so he’s forced to put his battleships somewhere on the board and declare a
hit. Jekyll's measurement of the boat’s position clearly affected it.

To put it another way, think back to your youth. When you were
young, the whole world was your oyster. Options abounded: did you
want to be a nuclear physicist? A cosmologist? An astronomer? Now
consider what you've accomplished. All of that potential and uncer-
tainty collapsed into a single state of what you've actually done with
your life—one path.

"
fb Is there some way | can blame

quantum mechanics for all those
times | lose things?

Having introduced the basic idea of quantum weirdness, we're going
to spend a few moments talking about some seemingly impossible
repercussions—the ones where you're most likely to think there’s some
sort of trick or oversimplification.

When we shine a beam of electrons at our double-slit experiment,
we don’t know which slit a particle goes through. This is another way of
saying that there’s uncertainty in the position of an electron. In 1948,
Richard Feynman, then at Cornell, realized something even odder about
this experiment.

*Yes, we're aware that they're technically the same person. This is what we call an analogy.
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To visualize exactly what Feynman did, let’s set up the experiment
again. Hyde shoots his electron beam at the double slits and sees the
results. “What if,” he wondered, “we were to cut a third slit in the front
screen?” Being the murderous type, Hyde produces a blade and slices
another slit in the screen. Now the electron’s wave must go through all
three slits, each with some probability, and all three subsequent waves
would interfere with one another.

“And a fourth and a fifth?” Again, the electron will pass through all
of the slits simultaneously. “And what if we keep cutting out slits until
the entire screen is gone?” Hyde tears into the sheet like it was made of
English street urchins, until the whole thing lies in tattered shreds on
the laboratory floor. The electron has to pass through everywhere that the
screen originally was, with some probability.

¥ LNIFE RTTAOL MADE Fok SCIENTIF G
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What would happen if Hyde put many such (empty) screens between
the beam and the rear projection screen? Naturally, the electron would
pass through all of the slits in all of these screens with a probability
given by the wave function.

But if there were no screens at all, then what Feynman is describing
is a situation in which an ordinary particle is simply moving from point
A to point B, and in case you've missed the point (which admittedly is
a little subtle), what he’s effectively shown is that in going from one
place to another, particles don’t necessarily travel in a straight line, or
take a curved path, or take any other particular route. They take a//
possible routes, each with some probability!

Stranger still, while taking all of those possible routes, the parti-
cles do all sorts of impossible things. They have the “wrong” mass, for
example, or appear to travel faster than the speed of light. What would
normally seem impossible simply happens with a very, very low prob-
ability. But still, those “impossible” eventualities need to be included
in the calculation to get it right.

We know, this sounds not unlike the chemical-induced “philosophical”
conversations you had with your friends late at night in college:

“Hey, man, what if we're, like, everywhere at once?”

“Whoooooa!”

But understand that much like the double-slit experiment, Feynman’s
“all possible paths” description is a useful picture of reality because it
gives us the right answer. Since we never measure the particles between
the front and the rear screens, we can’t be sure of where they are any-
where in between. And if we were to measure their position, we would
disrupt the system.

The idea of never knowing exactly where the particle is without
changing something must seem a little frustrating. We agree. Still,
this thought experiment is helpful in imagining the nature of moving
particles, even if it does hurt your brain.

That said, if you've misplaced your car keys, don’t look to quantum
mechanics to help you. Quantum mechanics deals only with the prob-
ability of finding a particle in one place or another, but that doesn’t
mean it’s vague about the details. It’s very, very precise about how little
we know about the universe.
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In 1927, Werner Heisenberg, then at Gottingen, postulated that for
any particle, not only couldn’t we know things such as the position or
state of motion of a particle, but that the better we know the position, the
worse we will be able to measure the velocity,” and vice versa. As a result,
if we knew the position of a particle to infinite precision, we would have
no idea what the speed of the particle is. Likewise, if we somehow knew
exactly how fast a particle was traveling, we would have no idea where the
particle was.

The Heisenberg Uncertainty Principle is one of the most misun-
derstood concepts in quantum mechanics, mostly because people tend
to assume that it’s really just a classical phenomenon. Many introduc-
tory books on quantum mechanics erroneously “prove” the Uncertainty
Principle with the following argument. If we want to figure out where a
particle is, we have to hit it with a photon. If the photon has a very long
wavelength, then we aren’t able to measure the position very accurately.
Long-wavelength photons don’t pack much of a punch, so the electron
isn’t affected very much by the measurement, and we’re able to measure
the speed very accurately.

At the other extreme, to get a very good idea of where the particle is,
we need to hit it with a short-wavelength photon. A short-wavelength
photon is extremely energetic, which means that it will give the par-
ticle a big kick. As a result, we won’t know the subsequent velocity of
the particle very well.

From that, you might guess that the photon is what makes the posi-
tion and speed of the particle uncertain. After all, without the pho-
ton hitting the particle you're trying to observe, you wouldn’t mess it
up. This isn’t actually the case, though. While our observations (the
introduction of the photon) affect the state of the particle, the uncer-
tainty of its location and velocity is fundamental. There is no getting
around it.

The Uncertainty Principle has some surprising results. Let’s first
consider Dr. Jekyll in his laboratory, moving notebooks onto his lab
bench. If he leaves for tea and returns to retrieve the notebooks, they

*Technically, the momentum. If you know enough about physics already to distinguish
between velocity and momentum, then you can stay after class and clean the erasers.
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will be exactly where he left them—they are big, weighty things and
not likely to move by their own volition.

But what if we assume that Mr. Hyde comes out to play? In his
infinite cruelty, Hyde has ignored the notebooks entirely and instead
confined an electron to an incredibly small box.” Knowing that the
electron is in the box, we realize it must have a very small uncertainty
in position. By virtue of that, it must have a relatively large uncer-
tainty in its velocity. What do we mean by “uncertainty”? We mean
that nobody knows or caz know what the speed of the electron is. Hyde
does know that it’s not sitting still, though. If it were, he could say in
a confident voice that the velocity is zero. It must be jostling around
inside the little box.

Perhaps it’s going quickly to the left, and perhaps it’s going quickly
to the right. He simply can’t know. The smaller he makes the box, the
better his knowledge of the electron’s position, the worse his knowl-
edge of its velocity, and consequently the faster the electron may be
jostling around.

But it doesn’t end there. Uncertainty isn’t just for electrons. As we've
already seen, light is made of waves as well, and as we’ll see in the next
chapter, light is just one of four (or perhaps five) fundamental fields
permeating our universe. What happens if Hyde takes a small “empty”
box completely devoid of electrons or light?

We've already said that Hyde is a madman, and it turns out that
his little experiment is completely impossible. No matter how hard he
tries, it turns out that light is always going to figure out a way to make
it into his box. To understand this, you first need to realize that even
though he doesn’t put any light in his box, in principle, lots of individ-
ual light waves cox/d fit into the box. Like the electron, the amplitude
of these waves is uncertain, but Hyde is trying to set those amplitudes
to zero. This is the foundation of Quantum Field Theory and represents
the marriage of special relativity (chapter 1) and quantum mechanics.

In exactly the same way that confining an electron to a small box makes
it bounce around with greater and greater average energy, uncertainty

*Truly, the man is a monster.
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guarantees that there is no way to make an electric field disappear
entirely.

This means that even within Hyde’s supposedly empty box, pho-
tons pop into and out of existence constantly. This is crazy (ah, but
so is he). It means that even empty space has energy in it. This is
known as the vacuum energy of the universe, and it has some very
weird properties. For one thing, if Hyde were to smash the box like
an accordion, even though the volume would get smaller, the density
of the vacuum energy wouldn’t go up. This is very different from just
about everything else.

Normally at this point in the conversation a nonphysicist will accuse
us of just “making stuff up.” After all, if the universe is filled with the
vacuum energy, why don’t we see it? It accounts for an awful lot of
energy, after all.

Perhaps this will make more sense in the context of helping a friend
move.” Say he lives in a fifth-story walk-up. Volunteering seemed like a
good idea at the time, but now you have to carry his dresser up four flights
of twisty, turny stairs. By the end of the day you can’t help but notice how
much work it is to climb to the fifth floor. But did it ever occur to you
to notice that he lives two thousand feet above sea level? Why would it?
It never comes into play. Likewise, the vacuum energy is like the ground
floor of the apartment. It’s the lowest energy you'll ever measure, and
everything else will be measured in comparison to it. In much the same
way, vacuum energy is one of those things you never measure “less than.”

This still doesn’t prove that we’re not just making stuff up. We only
showed why we never notice that the vacuum energy is around, but we
haven’t actually given any good reason to believe that it’s real in the first
place. That’s a story that will have to wait until we talk about the nature
of space. Vacuum energy, for now, is a repercussion of quantum mechan-
ics and, like Hyde, a necessary evil.

Of course, since the vacuum supplies a ready amount of energy, it means
that by way of E = mc?, the universe can constantly make particles. Much
like a boiling pot of water, a particular can bubble into the vacuum, with

*Or in the case of Hyde, helping a fiend move.
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the caveat that it doesn’t last very long. Particles can be created, but they
very quickly annihilate, and the more massive the particle, the shorter
they live before disappearing forever.

"
fb Can | build a transporter, like on
Star Trek?

We're not used to thinking of things like electrons as wave functions, but
wave functions they are. This means that to a greater or lesser extent (mostly
a lesser one), the probability of detecting an electron extends over great
distances—technically over the entire universe. Things that we’ve come to
think of as impossible should really be redefined as just incredibly unlikely.

Imagine that the people of London laid a trap by building an enor-
mous hole in the ground and that Hyde fell in. Mr. Hyde could try
to jump out, but his stout legs are not enough to get him out of the
hole. In the parlance of physics, we’d say that he doesn’t have enough
energy to escape. But wouldn’t you know it? Quantum mechan-
ics dictates that because the position of the criminal mastermind is
uncertain, there is a possibility that Hyde is “observed” outside the
hole. That’s just a fancy way of saying that he gets out. A professional
escape artist, he tunnels out of a position that one might have thought
was impossible. He does not tunnel in the classical sense—that is,
through the dirt, with a teaspoon—he just appears outside the hole.

Let’s make one thing clear. Hyde can’t control this tunneling; it’s
just something random that happens occasionally. What’s more, for
a big object such as our maniacal friend, we’ll be waiting a very long
time before anything happens—probably much, much longer than the
age of the universe.

For microscopic objects such as atoms, on the other hand, tunneling
is not only possible, it’s almost inevitable. Uranium, plutonium, or
thorium can sit around happily for a while, with all of their constituent
particles safely inside their nuclei. Think of uranium as being “made
of” a nucleus of thorium plus a nucleus of helium. The two of these
are bound together so tightly that it seems impossible (to the classical
mind) that the helium (the lighter of the two) could ever escape. But
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just wait! As unlikely as it seems, after about 4.5 billion years, there’s a
decent chance that the helium can tunnel out and escape.

Not only does quantum mechanics afford us the opportunity to
become the ultimate escape artist, we’ll also throw in, at no extra charge,
teleportation! Since the wave function of an electron, uranium—heck,
even Mr. Hyde—technically extends over the entire universe, there is a
non-zero" chance that you or anything else could suddenly be observed
in some other star system.

This isn’t what you wanted, we know. You wanted a “real” teleporta-
tion device, such as the kind you saw on Stzr Trek.” You wanted some-
thing where you could really control where and when your away team
was sent, not something that happened by pure chance. Well, you're in
luck. Quantum mechanics can help you build a bona fide teleportation
device, but before you send in your cereal proofs of purchase to buy one,
we need to give you a few caveats about how they actually work.

First, a realistic teleporter doesn’t actually move your atoms from
point A to point B. Instead, it makes a perfect replica. Suppose you
wanted to send a statue across the room, since you're too nervous to try
this on human subjects. The receiver would have to have a bunch of
carbon atoms, a bunch of iron atoms, a bunch of calcium atoms, and so
on, all at the ready. The transmitter would have to send a signal that
gives the receiver precise instructions describing the wave function of
every atom and the overall configuration of the statue. If the wave func-
tions are exactly copied at the receiving end, then what we have really
is teleportation.

This doesn’t seem quite right, since we only copzed the statue, we
didn’t actually move it. Let us ask you something. What’s the dif-
ference? The copied statue would look exactly the same, down to the
minutest detail. It would weigh the same, feel the same, and so on.

As far as the laws of physics are concerned, the statue would 2e the
same. The universe doesn’t distinguish between one calcium atom (for
instance) and another. They’re all identical. What’s more, the process
of sending the signal to the receiver destroys the wave function of the

*A physicist’s way of saying “vanishingly small.” We also use the term “nontrivial” to mean
“nearly impossible.”
fAdmit it, Poindexter. You own your own unitard with a Starfleet insignia.
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original. In other words, our teleportation device isn’t just a fax machine,
since you start with one and you end with one—only in another place.

So much for teleporting statues. What happens if we teleport a person—
you, for instance? The teleported version of “you” would never know the
difference. What are “you” besides the sum of the wave functions of all of
your quadrillions of atoms? Those atoms encode not just your appearance,
but your memories as well. And since the original from which you'd been
copied had been destroyed, there’s no other “you” to contest your story.

Sounds too good (or spooky) to be true? It isn’t, but first we have to
clear up a little detail. Throughout this chapter, we've been talking
about the wave function of individual atoms. That said, in reality if
two atoms interact with each other, it’s more appropriate to describe
the combined wave function of the fwo atoms. The atoms are said to be
in a state of “quantum entanglement,” which is simply a complicated
way of saying that if we know something at the quantum level about
one atom, then we know something about the other.

Here’s the basic procedure:

1. Take two atoms (A and B) and entangle them,” giving A to the
transmitting end of your teleporter and B to the receiver.

2. The transmitter takes a different atom, the one he’d like to teleport
(call it C), and interferes it with A. In the process, the wave func-
tion of A collapses, and so does B at the receiving end. We've seen
that interference and observation have this effect on wave functions
before, and as a result, C gets changed as well. This is equivalent
to saying that your transmitted object gets destroyed.

3. The receiver does the same thing on his end, but interferes the
target atom, D, with his own, changed, and entangled atom, B.
His interference also affects D, but has the opposite effect, and
D acquires the original wave function of C.

Teleportation is incredibly difficult. It wasn’t until 1997 when peo-
ple were first able to teleport a single photon, and until 2004 when
several groups teleported an individual atom, and even then it was only
a distance of a few meters. Given the amount of work involved, it would
be easier for you to simply carry the atom from one place to another.

*We'll tell you how in the next chapter.
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The larger the system, the more complicated it gets. Even teleporting
a single molecule is well beyond anything we can do experimentally. So
while teleportation is technically possible, it’s going to be a very, very
long time before teleporting a human being is even remotely possible,
and even then, we wouldn’t recommend it.

If a tree falls in the forest and no one
hears it, does it make a sound?

Our examples have centered on microscopic particles, but there’s noth-
ing particular in our reasoning that says a particle has to be tiny to
behave quantum mechanically. In fact, we've been arguing that our uni-
verse is fundamentally quantum. Come to think of it, if the quantum
rules hold sway on the microscopic scale, shouldn’t we be governed by
the rules of quantum mechanics as well?

Yes and no.

Take the Uncertainty Principle.” We skimmed over a bit of math
(read: all of the math) when we talked about it, so we’ll add one more
detail now. The more massive a particle is, the more accurately we’re
able to measure both its position and its speed.

For instance, imagine that we do the double-slit experiment with a stream
of electrons. If the two slits are separated by a millimeter, we can suppose
that the uncertainty in the electron’s position is about a millimeter. It must
be, since we aren’t sure which slit the electron went through. Crunching
the numbers, we’d find that the speed of the electron is uncertain to about a
tenth of a mile per hour. Not a huge number, but a measurable one.

What if we measured the speed of Hyde (say, as he was running from
the scene of a murder) accurate to within a tenth of a mile per hour?
This is far more accurate than any device you'd be likely to carry around.
Presumably, since we only measure Hyde’s speed to some measurable
degree, there must be uncertainty in his position as well. And there is.
Hyde’s position is uncertain to about one tenth of a quintillionth the size
of the nucleus of an atom. On any scales smaller than that, Hyde would

“Please! (We invite you to insert your own rimshot sound effect here.)
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exhibit wave behavior. Since Hyde himself is much larger than that,
under any reasonable situation, he’s going to behave like a particle. That
is, there’s no conceivable circumstance in which macroscopic objects (like
you and me, and Jekyll and Hyde) will behave like quantum objects.

Going back to the opening question for this chapter, we’ll address a
classic thought experiment, one that has worked its way into the public
consciousness—the idea of Erwin Schrodinger and his eponymous cat.

Let’s have Hyde, that merciless rufhian, construct a box with a vial of
poison in it. If a particular radioactive atom, also inside the box, decays
in a certain amount of time, the poison will be released into the box. If
the atom doesn’t decay, no poison will be released. He then places a cat
into the box and closes the lid."

After the requisite amount of time passed, is the cat dead or alive?
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*Just to be clear, Schrodinger never actually did the experiment. It does, however, paint his
psyche in a disturbing light.
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This question, originally put forth as an aside in a longer technical
paper by Schrodinger in 1935, didn’t take up too much more ink than
we do here. And though the riddle of Schrodinger’s Cat doesn’t tell us
anything new about building a quantum computer or a microchip, it
does provoke questions about the true nature of our universe. It turns
out that there’s more than one way to poison a cat—or at least how to
interpret the poisoning.

1. The Copenhagen Interpretation

In 1927 two of the founders of quantum mechanics, Niels Bohr and
Werner Heisenberg, formulated an early version of what has come to be
known as the Copenhagen interpretation of quantum mechanics. This
is basically what we’'ve been implicitly assuming throughout:

1. A system is described completely by its wave function.

2. The wave function indicates that certain measurements are only
probabilistic.

3. Once we make a measurement, the wave function collapses, giv-
ing us a single number.

And though we’re going to describe a couple of other ways of look-
ing at things, for the workaday physicist, the Copenhagen interpreta-
tion is pretty much the consensus opinion, mostly because it allows us
to do our calculations without giving too much thought as to what it
all really means.”

However, even within the community of adherents there is some dispute
as to what the Copenhagen interpretation actually says. Is the wave function
a real thing? Or is it true that the only realities of a system are those things
we actually observe? Personally, these questions seem like quibbling. We
are much more partial to the version by David Mermin, “If I were forced to
sum up in one sentence what the Copenhagen interpretation says to me, it
would be ‘Shut up and calculate!””

More to the point, how is it that our observations of something actu-
ally make it collapse? At the end of the day, we are also made of subatomic

“This also allows us to be lazy, which we like, too.
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particles, which should also be subject to the laws of quantum mechan-
ics. How does the universe know how to go from a state of indefiniteness
before a measurement is made, to definiteness after?

There’s an even worse consequence of the collapse of the wave func-
tion. Remember when we said that your wave function extends all the
way to other star systems and that it’s technically possible for you to tele-
port there instantaneously? Well, when you are observed here on Earth,
your wave function collapses, which means that your wave function else-
where disappears. If this doesn’t trouble you, it should. Something here
seems to affect something light-years away instantaneously—that is,
faster than the speed of light.

Let’s forget about all that and simply see what Bohr tells us about
the cat. Is Schrodinger’s Cat dead or alive? The Copenhagen interpreta-
tion answers, “Yes.”

Seriously.

“Both,” it says, “each with some probability. If we open the box, we’ll
collapse the wave function, and one possibility will be observed.”

This is absurd! It’s crazy to think that the cat can be both dead and
alive. This is precisely Schrodinger’s point.”

We consider an old riddle in quantum mechanical terms: If a tree falls
in the forest and no one hears it, does it make a sound? “No,” says the
Copenhagen interpretation. “In fact, a case could be made that it hasn’t
even fallen until there’s some observable evidence of it having done so.”
It seems ridiculous to imagine that something as big as a tree should be
so influenced by whether it’s observed. True. But what’s the big differ-
ence between a tree and a cat?’ Or a cat and a nucleus?

While not all believers in the Copenhagen interpretation would
agree, Bohr thought there was something special about a conscious
person making the observation. If instead of Schriodinger’s Cat we
had Schrodinger’s graduate student, there would be little doubt that
the grad student, being (largely) sentient, would be in a position to
observe the system himself. Why should human observation be so
important?

"By creating the cat-in-the-box experiment, he was implicitly making fun of the Copenhagen
interpretation.
fA: One has a bark, while the other has a meow.
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Philosophically, the biggest problem with the Copenhagen interpreta-
tion can be summed up with the question, Is there a difference between
what the scientist knows and what the universe knows?

Our common sense says that in the case of Schrodinger’s Cat, the dif-
ference is significant. Clearly the universe must “know” whether the cat is
dead or alive, even if the scientist doesn’t. In some sense, the Copenhagen
interpretation says that it doesn’t matter whether the universe knows if
the cat was alive or dead prior to opening the box. It won’t change any-
thing observable.

There’s something missing here. On the one hand, we've already
seen from the two-slit experiment that a direct or an indirect detection
of an electron can force it from a state of indeterminacy to particlelike
behavior. If we don’t disturb the electron by actually looking at it, it
literally goes through both slits. It’s only when we have the audacity to
look at it that it “chooses” just one.

If that’s the case, then, how is Schrodinger’s Cat so different? It’s
just a more complicated system, one that happens to include not just a
single electron, but also the radioactive sample, the flask of poison, and
the quadrillions of atoms in the cat itself. For those of us who subscribe
to a mechanistic view of the universe, this leads to an untenable state of
affairs because it means we have to look at the big picture.

Since all the particles in the universe are (to a greater or lesser extent)
interacting, the entire universe, including scientists and the equipment, is
just one giant wave function. Looking at this statement literally becomes
very spooky. It means that all observations, sensations, and actions are
themselves combinations of more than one possibility—albeit with one
case vastly more likely than the others.

Personally, we find the possibility of a dreamlike “superposition”
universe so unpleasant that we’d rather live in a universe where con-
sciousness shapes reality.”

2. The Causal Interpretation, or You Dropped
a Bohm on Me

If you are troubled by the Copenhagen interpretation (and who could
blame you?), don’t worry. It’s not the only game in town. There are

“We hope you solipsists out there is paying attention.
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other interpretations of quantum mechanics. They all use the same
equations, or at least produce the same results.” However, they provide
very different interpretations of what is really going on. In other words,
we can’t generally tell which interpretation is correct through experi-
ment; we're definitely into the realm of philosophy here.

In 1952, David Bohm, then at the University of Sdo Paulo, came up
with a “causal interpretation” of quantum mechanics. Bohm disagreed
deeply with the “half-dead/half-alive” answer to the Schrodinger’s Cat puz-
zle. He thought that all of these things we’ve been talking about as indefi-
nite—position, velocity, the life signs of our cat—are completely definite.
But (and this is a big but"), even though the particle and the universe know
about these definite values, that doesn’t mean that yox know them.

Bohm proposed that there must be “hidden variables” besides the
wave function, and he wasn’t alone. Einstein remained deeply upset by
the implications of quantum mechanics and was an early proponent of
hidden variables.

In Bohm’s picture, the hidden variables include quantities such as
position and velocity that ordinary quantum mechanics says are com-
pletely undetermined. Think of it like a jet ski on a choppy ocean. At
any given moment, the jet ski is moving along with definite position
and velocity. However, if you were to try to measure the position of the
jet ski, it would appear to jump around in a very haphazard fashion.
Likewise, in the causal interpretation, the wave function “drives” the
particle, giving it little nudges so that if we were to run a two-slit
experiment, the path of the electron would produce seemingly random
wavelike patterns.

The causal interpretation is extremely satisfying in one regard. It tells
us that there is an absolute reality, even if we aren’t necessarily sure of
what it is from one moment to the next. An electron really is in one place
or another. There is no Mr. Hyde at all! It’s just Dr. Jekyll in disguise.*

What’s more, it gets around a very important problem that plagues the
Copenhagen interpretation. According to Bohm, there is no “collapse

*At the risk of sounding glib, we welcome you to double-check if you don’t believe us.
fThough we can’t be positive Sir Mix-a-Lot would like it.
Note to writers of Scooby-Doo: this would make an excellent idea for a script.
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of the wave function.” The wave function never collapses because all
that happens when we do a measurement is that we find out where the
particle was all along. By observing it, though, we do affect it, but in a
manner perfectly consistent with our classical intuition.

We mentioned that the causal interpretation produces the same
results as ordinary quantum mechanics. This is both a plus and a
minus. Like the Copenhagen interpretation, Bohm’s causal interpreta-
tion requires that it should be possible (albeit unlikely) for signals to
be sent at faster than the speed of light.

And while under normal circumstances, Bohm’s version works the
same as classical quantum mechanics, we need to make at least one
caveat. Everything we’ve talked about so far has assumed that low ener-
gies and particles have been around for a while. There are lots of situ-
ations where this description just isn’t good enough, and we need to
deal with the questions of where particles come from and what happens
when things go nearly at the speed of light. Ordinary quantum mechan-
ics has been extended to deal with these questions, but Bohm’s version
hasn’t, which means that it can’t do important things like describe how
particles are made. Can it be? Only time will tell.

Let’s not have a discussion about what can and can’t be done with
equations, because it’s distracting us from our possible feline mortality.
What of the cat? Is it dead or alive by this interpretation?

Bohm basically tells us that he doesn’t know, but the cat must be
either dead or alive, one or the other. We haven’t opened the box yet,
but as soon as we do, we’ll have our answer.

What a boring answer! “I don’t know. Let’s check.” Boring, perhaps,
but it is far less brain-bending than saying “Both.”

3. The Many Worlds Interpretation

There is something deeply unsatisfying about the idea that the universe
could have turned out in one way or another, but somehow, arbitrarily,
chose a particular path. In 1957, Hugh Everett (then at the Pentagon)
suggested the Many Worlds interpretation.

Everett posited that every random event—whether an electron went
through one slit or the other, for example—gives rise to two different
but parallel universes, indistinguishable except for the fact that in one,
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the electron goes through slit A, and the other (maybe the one we live
in), the electron goes through slit B. As time goes on, the universes
split again and again, nearly countless times, producing huge numbers
of parallel universes.

According to Everett, these worlds can then interfere with one another.
Mathematically, this looks nearly the same as normal quantum mechan-
ics. For example, if we think about an electron in the two-slit experiment,
then in our universe, say, the electron might travel through the left slit,
while in other universes, it might travel through the right. The wave
functions of the different universes then interfere with each other, and if
we repeat the experiment with many electrons, we get the many-fringe
pattern that we saw above.

In this case, too, there is no Hyde. It’s just that since every universe
has a Dr. Jekyll performing the same experiment, these multiple Jekylls
interfere with one another.

It’s not just particles that split off. You do as well. If you think about
yourself ten minutes in the future, the “you” corresponds to a multitude
of different “yous.” Which “you” do you end up as? All of them. It’s just
that any given “you” only remembers the history that happened in his
or her universe. That means that somewhere, there’s a “you” working
as a film actor and a “you” designing spaceships.” Not all possibilities
are equally likely, however.

At the expense of producing infinite universes, Everett also would
be able to give a comforting answer to our question about Schrodinger’s
Cat. Like Bohm, he would say, “I don’t know. The cat’s either dead or
alive, and the only way to find out is by opening the box. Opening the
box, however, only informs us. It doesn’t change reality at all.”

This is basically the same answer that we gave for the causal inter-
pretation of the universe, but there’s an important twist. If the cat turns
out to be alive, that’s only true for our universe. There are infinitely
many other universes in which the cat is dead.

Reality, it turns out, is a very local affair.

*This really works both ways. It means there’s also a chance that you could be talking on your
cell phone in a movie theater or taking a fistful from the “take a penny, leave a penny” bowl.
This is why we can’t look you in the eye anymore.
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“Does God play dice with the universe?”
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ay what you will about the physics of yesteryear. Maybe it was

boring, and you had to remember all the rules of levers, pul-

leys, pendulums, and the like. But at least you knew where

you stood. When the twentieth century came along, all of

that certainty went out the window. But if quantum mechan-
ics just messes with the microscopic level, on our giant, human scales
it seems like we can take a page from the book of Alfred E. Neuman.
What, me worry?

Lots of people buy into the idea of a deterministic universe. And
who could blame them? Everything we see around us can, for the most
part, be intuited or accurately predicted mathematically, and as for the
rest, we just assume that it’s too complicated to figure out . . . for now.
Albert Einstein was convinced that underlying apparent randomness
there were deterministic rules controlling everything, making every-
thing predictable. If you understand how things are set up to begin
with, the laws of physics will tell you exactly how things will end up.
The determinism of the universe seems built into the equations. But
“seems” are for stockings, and that apparent determinism is a lie.

At a fundamental level, the universe isn’t just complex, it’s inextrica-
bly random. Radioactive decay, the motions of atoms, and the outcome
of physics experiments all bend to the whim of some unpredictability.
At its core, the universe is Einstein’s worst nightmare. Randomness
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may be your worst nightmare, too. Human beings simply aren’t wired
very well for statistical thinking. If the odds are really obvious, or if
our personal survival is at stake, our brains might give us a clue. “Don’t
poke that Tyrannosaurus rex,”” your brain might say. “It hasn’t turned
out well for other people who tried that, and odds are it won’t turn out
well for you.”

On the other hand, go to Vegas and ask a blackjack player who has
just lost ten hands in a row what the odds are of his winning the next
one. He'll say that he’s due for a hot streak, or that the deck has gone
cold. Optimist or pessimist, he’s wrong. His odds of winning his next
hand are the same as they were on the last: about 50-50.

Because (we hope) you don’t spend most of your waking hours in a
casino, it might help if we introduce some of the nuances of randomness
in a more familiar context. We’d like to introduce you to our family,
the Blombergs, in the midst of a family reunion. Besides the normal
demands for grandchildren, most of our irritation comes from relatives
who really should know better, but for some reason persist in refusing
to believe in the power of randomness.

Consider our cousin Hermann. He’s a smart guy, capable of build-
ing receivers to pick up the transmissions from alien spacecraft. He also
thinks that the government, scientists, and especially government sci-
entists are manipulating scientific data as part of a massive conspiracy. "
Hermann is obsessed with global warming, which wouldn’t be so frus-
trating if he didn’t believe it was made up. Lest there be any confusion
on the subject: there is virtual unanimity in the scientific community
that global warming is real and that it is man-made. What complicates
it from a PR perspective is that according to the general scientific con-
sensus,* the average temperature on Earth will only rise about a tenth
of a degree Celsius in the next ten years. That may not seem like a lot,
but over time, the environmental impact will be devastating.

“If the Answers in Genesis Creation Museum is correct, this scenario may have actually played
out for some cavemen. And who are we to doubt them?

"The Trilateral Commission is involved in this somehow, too. They have to be.

#The Intergovernmental Panel on Climate Change, in this case. Sounds official. We're sure
Hermann would take that as suspect.
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Hermann lives in Philadelphia where, according to Wikipedia,
the average temperature during December is about thirty-six degrees
Fahrenheit. But lo, one particularly balmy Christmas, we have tem-
peratures in the low fifties. Whenever that happens, Hermann will
take a break from writing angry letters to the government to graciously
concede the point; global warming sure seems real from his perspective.
In this case, we don’t want this sort of one-time measurement to make
Hermann an ally. Here’s why.

Sometimes the temperature is going to be above the average and
sometimes below. If this range of values is large, then we won’t notice
small changes from year to year. It’s actually not that unusual to have a
temperature fifteen degrees above the average, but neither is it unusual
for it to be about fifteen degrees below the average. What happens next
year when we have a co/d winter in Philadelphia, and the temperatures
in December are consistently in the twenties? Cousin Hermann assumes
that all the fuss about global warming was for nothing, and goes back to
building his tinfoil hat. He doesn’t see the problem because he focuses
on the individual days and not the general trend.

Admit it. You've been guilty of worse.

Even without focusing on the futuristic hellscape that awaits our
planet, Hermann still has plenty to worry about. Why do all the little
particles in his glass of water move around all the time? How long will
his pet neutron last? Maybe these aren’t things you've ever worried about
before, but each is a consequence of randomness just doing its thing.

)
fb If the physical world is so unpredictable,

why doesn't it always seem that way?

At the far end of the family tree (and from the shallow end of some
cloudy gene pool) is Uncle Louie. He’s sweet enough in his own way: he
tells bawdy jokes and is constantly asking little kids to pull his finger.
Uncle Louie’s nieces and nephews have paid for college with quarters
he pulled from their ears. He is, however, a degenerate gambler. Uncle
Louie will bet on just about anything: movie endings, hermit crab
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races, you name it. So while trying to evade Aunt Mavis, Uncle Louie
and Dave hide in the rec room and play a friendly game of coin flipping.
Provided the coin is fair, what’s the harm?

To understand this game, we need to say what we mean by a “fair
coin.” If the coin were flipped a million times, then it would come
up heads approximarely half the time. The longer it’s flipped, the more
likely it is to come up close to 50% heads. The other thing that makes
the coin “fair” is that each flip is independent from the last. It doesn’t
matter whether the coin just landed tails or heads; the zexz flip is equally
likely to be heads or tails.

Now here’s the rub. Even though we expect that after a million flips
Uncle Louie and Dave will be close to even, we just mean that in a frac-
tional sense. In real dollars, it’s a different story. After a million flips,
it’s actually pretty likely that either Dave or Uncle Louie will have won
about an extra thousand times more than half and so be up (or down)
by a couple grand. If you're wondering where this “extra thousand”
came from, we recommend visiting “Uncle Dave’s Technical Corner.”
If you’re not, don’t worry. It’s not required reading.

Uncle Dave’s Technical Corner: A Bit on Statistics

We made you a promise early on to keep equations to an absolute mini-
mum. We've been skirting the “no equations” rule for a while now, and in
a math-heavy chapter such as this one, there are a few masochists who
undoubtedly demand more. “Where do these numbers come from?” we
hear you cry. So here’s a wee bit more.

When Uncle Louie flips a fair coin, we mentioned that we could guess with
fairly high likelihood that it will come up heads nearly half the time. How near?
Here's a handy rule of thumb: the range of outcomes will be something like the
square root of twice the expected number of heads (the “winning” outcome).
We're cheating a little for simplicity, but it doesn’'t change the basic picture.
When you flip a coin a million times, you'll very likely flip heads half a million
times, plus or minus an extra thousand flips.

If Louie and Dave flip a million times, Louie may win a lot of money, or he may
lose a lot of money, but at the end of the day, he can comfort himself with the
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satisfaction that he won very nearly 50% of the time. If he wins 501,000 times (a
thousand more wins than half), he'll still have won only 50.1% of the time. This is
truly a waste of time, and a lousy way to make (or lose) a grand.

The upshot is that just about any outcome can occur with some pre-
dictable probability. For example, in the million-flip game, Louie (or
Dave) could expect outcomes with the following probabilities:

B,
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The higher the curve, the more likely the outcome. The single most
likely result is that they would be even, but Louie might win (or lose)
an extra grand or two and not be terribly surprised by his (mis)fortune.
Those tails at either end of the graph show that it becomes increasingly
unlikely that either Dave or Uncle Louie would win a huge majority of
the time. Technically, Louie could flip a million times and the coin could
come up heads every time. The odds of that happening, on the other hand,
make the word “infinitesimal” seem positively grand by comparison.

A mathematician looking at Louie’s (or Dave’s) (mis)fortunes over the
course of their game would describe the progress as a “random walk.” To
create your own random walk, find a fixed point—a lamppost, perhaps.
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Stand next to the lamppost and flip a coin. When it comes up heads,
take one step to the east; when it comes up tails, take one step to the
west. As time goes on, you'll be equally likely to be to the east as to
the west, but you will also, on average, get farther and farther away
from the lamppost.”

Rather than just describe Uncle Louie’s fortunes, we’ll prove the
point to you by flipping a million coins. How’d Louie do?
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Look at that! He ends up winning about two thousand dollars off
his poor, scholarly nephew, at least this time around. If you look at the
rise and fall of Louie’s fortune, you’re bound to see trends. Maybe Louie
seems to be on a winning streak for a while, about halfway through.
This is not the result of a weighted coin or Louie trying to pull a fast
one. It’s simply the result of your brain trying to make patterns where
none exists. If you've ever invested, you've probably seen the same
sort of patterns in the Dow Jones Industrials average for a couple of

“You also run a fair risk of standing in the middle of the street, flipping coins in the air. It’s
best to leave the dangerous experimentation to the mathematicians.
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months.” The lesson here is that you shouldn’t try to time the market
by predicting the random ups and downs. As our wise uncle Mortimer
always told us, “Buy and hold.”

We gave our little primer in statistics because we’re going to use it to
explain some mysteries that you probably didn’t even realize were mys-
teries. We return to Cousin Hermann, who just knows that the universe
is out get him." Of course, he can’t think of all the ways that “they” can
get him, and to cause trouble Dave gives Hermann one more reason not
to sleep at night. “Imagine,” Dave says, “you’re sitting in your living
room, writing quietly, watched by the invisible people who live in your
walls, when all of a sudden the air in the room flies right into the kitchen,
suffocating you.” Scary, isn’t it? And technically, not impossible.

“Think about it,” Dave says, holding his breath and running out-
side, leaving Hermann alone in the living room.

Air is made of molecules of oxygen, nitrogen, carbon dioxide, and a
few other things, and as these molecules fly around, they almost never
hit one another. This isn’t a big deal, but it means that as molecules zig
and zag around a room, they really couldn’t care less what all of the other
molecules are doing. Whether a particular molecule is found in the liv-
ing room or the kitchen is pretty much an even-odds proposition.

If you were the embodiment of the random universe—a “cosmic
randomizer’—and it was your job to decide where a particular molecule
should be at a particular time, you could do so by flipping a coin. Heads,
the molecule is in the living room; tails, it’s in the kitchen. At least in prin-
ciple, couldn’t the cosmic randomizer create a vacuum in the living room?

A spontaneous vacuum coz/d manifest itself in your living room,
but we can say with some confidence that the universe never wi// do
such a thing. Here’s why it’s safe to let your guard down. Imagine there
are “only” a million molecules total in the two rooms. In reality there are
almost unimaginably more molecules than this, but since we've already
run the numbers for a million, we’ll stick with that. On average, half of
the molecules will be in the kitchen and half in the living room (assuming

*This is being written in early 2009, during which the overall trend of the market looks
decidedly nonrandom.
"What the universe wants with him, though . . . your guess is as good as ours.
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both rooms are about the same size). Most of the time, neither room has
more than 50.1% of the molecules nor less than 49.9%. These numbers
aren’t new to you; you saw them before, when Dave and Uncle Louie were
flipping coins in the rec room.

Let’s face it: it’s not a very sizable effect. Keep in mind, though,
that these numbers represent the molecules at one instant in time. Just
because Hermann is safe at this second doesn’t mean that he won’t be
dead in the next. He shouldn’t worry. He won’t find himself clutching
his throat and gasping for air, even if he lived in the living room his
entire life.” If we enlarge the problem to include more realistic numbers
of molecules in a room, the density of air in his room won’t ever vary by
more than one part in a trillion.

When you deal with enormous numbers, such as the molecules in
a room, the dictates of randomness are so strict that we might as well
say that there is a law. The air will move from a region of high pressure
to a region of lower pressure until everything is in equilibrium, for
example. But at the end of the day, nothing is deterministic. It’s just by
far the most likely outcome of the many that could happen.

You don’t need to believe us. To put it in terms that you might be
more familiar with, let us introduce our nephew, Brian. Brian is a very
important young man. He’s not simply a teenager living in his parents’
basement. He’s a dungeon master and definitely knows how to work a set
of dice. He knows that a standard six-sided die has an equal chance of
landing on any given face. That is, you have the same chance of rolling
a 6 as you do of rolling a 5, a 4, and so on, all the way down to 1. But
what if he were to throw more dice? The chances of the su of the dice
having the same distribution will change.

To put this in terms we’re sure you're more familiar with, Jeff agrees
to play a half-orc barbarian in Brian’s latest campaign. To create his
character, he picks up a set of three ordinary six-sided dice.” Let’s say he
rolls them all at once. What’s the most likely scenario? Jeff could get a
total of 3, but only if all of the dice come up as 1. On the other hand,

*Which is ridiculous. Hermann’s lived in the attic since he was fifteen.
If you understand the significance of three six-sided dice, then it’s time to roll your charisma
attribute again.
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it’s far more likely that the total of the dice comes up to 10. There are
lots of ways for this to happen: 4-3-3, 6-2-2, 6-3-1, and so on. Rolling
all 1’s is very orderly, since there’s only one way for that to happen.
Getting a total of 10 or 11, on the other hand, can be done in so many
ways that it represents a profound state of dzsorder.

Or to put it another way, there are a lot more ways for a coffee mug to
be broken than ways for it to be whole, and many more ways for pool balls
to be scattered across the table than arranged in a triangle. Since there are
so many more ways for a system—air molecules, an expensive vase, the
universe itself—to be disordered than ordered, the natural state of affairs
is for things to tend to greater and greater states of randomness. This
principle is known as the second law of thermodynamics. It sounds like a
guarantee: a system wz// increase in disorder as time goes on.

Physical principles emerge organically from this basic principle.
Heat will flow from your piping hot cocoa into your much cooler
mouth. That may sound obvious, but the implications are (pardon
the pun) truly chilling. For example, the sun and other stars are con-
stantly exhausting their energy, and their heat is flowing into the uni-
verse as a whole. Meanwhile, the background temperature is only three
degrees Celsius above absolute zero. That means that everything in the
universe—planets, stars, galaxies, even Earth—is a red-hot ember, com-
paratively speaking, constantly spewing heat into space. Since the greatest
possible state of disorder is for matter and heat to be spread throughout
space, our universe will eventually freeze to death.

We wouldn’t tell Hermann, though. He’s still terrified to leave the
kitchen.” He doesn’t need one more thing to dwell on.

How does carbon dating work?

Somehow the molecules in the air randomly bounce around, choosing
either to be in Hermann’s living room or his kitchen. We just casually
alluded to the idea of a cosmic randomizer as though it were the most

*Even with Aunt Mavis talking about her bunions and coughing into the bread pudding.
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natural thing in the world. But that’s just crazy talk. Did you ever
wonder how things become random in the first place?

Thb Co'&mic. —Qa.ﬂggmilgr

There are two sorts of “random” processes. In one, the system is really
deterministic, but you simply don’t have enough information, or can’t
calculate fast enough, to figure out what’s going to happen. Take a coin
flip, for example. If you wanted to call it in the air and knew the exact
position, orientation, weighting, and spin of the coin, as well as the
wind direction and speed, then in principle you could run those data
through a computer to figure out how the coin will fall. We could repeat
the experiment under nearly the same conditions again and again and
get the same outcome. If we made a finely tuned robotic coin-flipping
machine, we could make heads come up every time.

In practice, there is so much uncertainty with how a coin is held,
how the air is blowing, how hard you flip the coin, and where you apply
the pressure, that there is absolutely no practical way that you could
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do these calculations. That’s why the coin flip is the random number
generator par excellence. Likewise, even though the sequence of cards or
the landing of a roulette ball seem pretty random, at the end of the day
it’s really more that we don’t know enough about the initial conditions.
Like a giddy dungeon master figuring out damage rolls from a zombie
horde, we just can’t do calculations fast enough.

But coin flips are not atoms, and something very different hap-
pens when we talk about randomness on the subatomic scale. At that
extreme, the universe is really, truly random. It’s not simply that we
don’t have enough information. If we ran the movie of the universe for-
ward from identical conditions, quantum mechanics guarantees that we
won’t get the same results. In the double-slit experiment, the electron
really, truly has no idea which slit it will pick before we measure it.

Quantum randomness shows up in all sorts of microscopic phenom-
ena. Most fundamental among these concerns is the radioactive decay
of particles, which is how Jeff began discussing this topic with Cousin
Hermann. Hermann is as deeply concerned about radioactivity as he is
about fluoridated water containing mind-controlling substances. But
radioactivity can be used for either good or evil.

Radioactivity occurs because not all atoms are stable. It’s a general
trend in nature that systems want to devolve into the lowest energy
possible. Sometimes, if you leave an atom sitting around for too long,
it breaks down into something smaller. Of course, if it loses mass in
the process, it gives off its excess mass via a noxious emission called
radiation. If that radiation is energetic enough, it can do some pretty
nasty damage.

Let’s revisit an example we saw in chapter 2 when we talked about
tunneling. Given enough time, an isotope of uranium called uranium-
238 will decay into a helium nucleus and a thorium nucleus.” On aver-
age, this isotope has to wait about 4.5 billion years for half of its atoms
to decay (roughly the current age of our sun). This is known as the half-
life for radioactive decay. If you start with a block of pure uranium-238,
leave it alone for 4.5 billion years, and then see what’s left, you’'ll find

*The isotope of uranium in bombs and reactors is called uranium-235, but uranium-238 is
pretty unpleasant stuff, too.
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that half the atoms in the brick are still uranium and the other half have
turned into something else. That “something else” is mostly lead, since
thorium itself isn’t stable and decays into protactinium in less than a
month on average. Protactinium has a half-life of only a few minutes,
after which it turns into lead. Lead, in stark comparison, is stable, which
means that its half-life is longer than the estimated age of the universe.

The transition from one element to a decayed one is not gradual.
On the contrary: when an individual atom decays, it happens in an
instant, lasting essentially no time at all. What’s more, the uranium
doesn’t know how long it’s been waiting around to decay. There’s no
time stamp on it. But imagine that the cosmic randomizer looks at
one atom of uranium-238 and rolls a 100-quadrillion-sided die once
a second. Number after number comes up but nothing happens. Then
eventually, completely without warning, a 1 is rolled. That 1 represents
a critical failure in stability, and poof! we get a decay. If the cosmic ran-
domizer does this for every atom for 4.5 billion years, half of them will
still be uranium and half will have decayed, though there’s no predict-
ing which will be which.

We can exploit this idea to learn all sorts of things. For instance, car-
bon-14 is created by cosmic rays in the upper atmosphere, which slowly
circulate into our air. All living creatures that process carbon, both
plants and animals, take in the carbon-14 (along with the much more
common carbon-12). The ratio of carbon-14 to carbon-12 in our bodies
(or stems) is fixed at the same ratio as in the atmosphere overall.

That is, until we die.

After death, the carbon-14 starts to decay into nitrogen with a half-
life of about fifty-seven hundred years. Anything that used to be alive,
or anything made from something that used to be alive, can be sampled.
Since the carbon-14 decays, but the carbon-12 is quite stable, by mea-
suring the ratio today and comparing it to the ratio of the two in the
atmosphere, we can measure how long something’s been dead. Though
carbon dating has been used as a very effective tool in archaeology and
paleontology, it is fundamentally based on quantum physics.”

*And a morbid way to bum out your friends with science.
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We asserted, without proof, that the atoms don’t know ahead of
time when they are supposed to decay and that their decay—along
with all other quantum phenomena—is fundamentally random. This
uncertainty is deeply unsettling, and the world would be a far more
comforting place if there were some way to rejigger the system so we
could make the uncertainty go away. Can we?

"
fb Does God play dice with the universe?

Einstein didn’t like the idea that nature was truly random. You've prob-
ably heard his dismissive “God doesn’t play dice with the universe.”
This was a fair bit of scientific conservatism by Einstein and hearkened
back to the bad old days of leeches, the aether, and a profound fear of
witches. He believed that if we knew the universe in enough detail, we
should be able to predict exact/y how it will evolve.

Einstein helped found quantum mechanics, and it was supposed
to have blown away the deterministic edifice, but he was never fully
on board. Still, Einstein was Einstein, and if he had a problem with
your theories, you'd better deal with it posthaste. For a long while,
Niels Bohr™ was able to answer objection after objection, but by 1935
Einstein, along with Boris Podolsky and Nathan Rosen, his colleagues
from Princeton’s Institute for Advanced Study, thought he had finally
come up with a quantum mechanical paradox that couldn’t be resolved.
Einstein aimed to prove that God really doesn’t play dice with the
universe.

This isn’t just a philosophical debate. Either radioactive decay or
measurements of particle positions are really random, or they just appear
that way. The trick, at the time, was coming up with a way of proving
the case one way or another. We’'ll describe the EPR paradox (so named
because of Einstein and his gang) in a moment, but it’ll be much easier
if we make things concrete. Discussing this over Aunt Mavis’s ambrosia
salad, Brian, Hermann, and Dave (each bringing a bit of nerdy knowl-
edge to the party) decided to make an “entanglement machine.”

*Founder of the Copenhagen interpretation of quantum mechanics.
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Our machine will measure a property common to all fundamental
particles called “spin.” A spinning charged particle generates a small
magnetic field. Because magnets interact with one another, we can mea-
sure the direction of an electron’s spin by running it past a bar magnet.

Spin is much stranger than you might suppose. If you take an elec-
tron with a spin in a particular direction, and rotate it once, it doesn’t
have the same spin you started with. It’s only by rotating it twice all the
way around that you return to the original configuration. This is just
another way that the quantum world wants to mess with your mind.

The Blombergs can turn the bar magnet into a spin detector, which
we can rotate any way we want. If we hold it vertically, we can measure
whether the spin is up or down. If we hold it horizontally, we can mea-
sure whether the spin is left or right. Spin is particularly useful for our
purposes because it’s possible to make real systems where two particles
are created and the spins exact/y cancel each other. If one particle has a
spin up, then the other must be spin down. If one is left, then the other
is right. This is what we mean by “quantum entanglement.” It’s basi-
cally a fancy way of saying that by knowing the quantum properties
of one particle, we can say something meaningful about the quantum
properties of the other.
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We’ll use this property of spin in our entanglement machine. In the
middle, we have a chamber where every now and again we make an
electron and its evil twin antiparticle, a positron,” set up so the spins of
the two are always opposite each other. The electron then travels down
a long pipe to the left, where Brian has attached a little detector, while
the positron flies to the right, toward Hermann, with a similar detector
setup. The detector consists of a magnet, which can be used to measure
the direction of the electron’s or the positron’s spin. To stop us from
referring to up, down, left, and right so often, they’re rigged so that if
the electron is spin up, a green light goes on. If it’s spin down, a red
light goes on. Hermann’s side is set up exactly in the opposite way.

Both of their detectors start off oriented up-down (as shown on page
81), and they shoot out lots of electron-positron pairs. In experiment
after experiment, when Brian sees green (the electron with spin up),
Hermann sees green (the positron with spin down). Likewise, when
Brian sees red, Hermann sees red.

This may not look like such a big deal. We can easily imagine a similar
case in which we replace our entanglement machine with something that
makes pairs of white and black marbles. If Brian gets the white one, he’d
know without looking that Hermann’s marble is black, without having
to call his uncle to find out for sure. But the Copenhagen interpretation
of quantum mechanics is different. In the quantum world, in the instant
before Brian measured the spin of his electron, it was both up and down
simultaneously, and it wasn’t until he measured it that it “decided” to be
up or down. This is where Einstein finally gets to make his big objection to
the whole thing. By his reasoning, there are really only two possibilities:

1. At the moment it is launched from the central chamber, there’s no
way in Heaven or on Earth that we can know the spin of Brian’s
electron or Hermann’s positron—even the universe doesn’t know.

But somehow (here’s Einstein’s big beef) the two particles are
able to decide, at the exact same time, what they want to be. Let’s say
that Brian makes his measurement a nanosecond before Hermann.

"We'll talk a lot more about antimatter in the next chapter. For now, you can think of “posi-

tron” as just a convenient label.
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Somehow, in that nanosecond, Brian’s electron needs to send a
message to Hermann’s positron telling it what spin to have. But
the electron and the positron are very far from each other, and the
two will have to communicate this information almost instanta-
neously, even if the signal would have to travel faster than light.

This is the EPR paradox. If spin (and any other measurement
in quantum mechanics, including the well-being of the cat) is
really random, then somehow a signal needs to be sent faster than
light. If you got nothing else from chapter 1, your gut should be
telling you that this is impossible.

2. Einstein’s alternative is that the electron (and the positron)
“knew” all along which spin they were going to choose. The only
people who weren’t in on the secret were the Blombergs, doing
the experiment.

Einstein and his crew said that there must be more to reality than
the numbers we measure directly. He called this idea “hidden vari-
ables,” and if it sounds familiar, it should. We saw in chapter 2 that
the Copenhagen interpretation of quantum mechanics continued to
make people uncomfortable well into the middle of the twentieth
century, and Einstein’s idea of hidden variables formed the core of
Bohm’s “causal interpretation” of quantum mechanics. In essence,
Einstein is saying that the universe knows the answer; physicists just
haven’t figured out yet how to get that answer.

The second alternative certainly seems more intuitively correct, and
it was Einstein’s weapon of choice in the great debate. On the other
hand, our intuition has let us down before. We need a way of dis-
tinguishing experimentally between the two. Einstein’s objections to
quantum mechanics remained important but untestable conjectures
for about thirty years. In some ways, this is a good thing. It means that
for most calculations, either Einstein’s hidden variables or the random
interpretation could be correct, since both produced the same results.

However, a universe ruled by hidden variables will behave very dif-
ferently from a random one, and in 1964 John Bell, then at Stanford,
came up with a criterion to determine whether the universe is funda-
mentally random. While “Bell’s inequality” is a bit on the mathematical
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side, we can give you the essence of the test by building a “local reality
machine,” for which you can find the design specifications in the box
at the end of this chapter. If you want the Cliffs Notes version, the idea
is that if Brian and Hermann orient their detectors randomly and run
their electron/positron generator many, many times, Einstein’s hidden
variables picture suggests that they’ll see the same light turn on in their
detectors more than half the time. The Copenhagen picture of quantum
mechanics, on the other hand, predicts exact/y half.

Even though we had the math, for almost twenty years actually doing the
experiment was technologically out of reach. It wasn’t until 1982 that we
had our answer when Alain Aspect and his collaborators built a contraption
strongly resembling the reality machine and put the EPR paradox to the test.
They found that the lights matched exactly half the time. In other words, the
Copenhagen interpretation of quantum mechanics won out. The electrons
did not behave as if they’d been preprogrammed, as Einstein had hoped.

This has some bizarre implications. It means that by measuring the
spin of an entangled electron, the corresponding positron is forced to
be in the opposite spin state faster than the speed of light! Crazy, you say?
Einstein even referred to this as “spooky action at a distance.” Don’t
fret, though. We don’t need to throw the (relativistic) baby out with
the bathwater. In fact, we only need, very gently, to adjust our rule
about nothing traveling faster than light. Since you can’t use quantum
entanglement to send messages across the universe, we just have to add
that nothing carrying information can travel faster than light.

God, it seems, really does play dice with the universe. But to us, the b7g-
gest uncertainty is whether we’ll make it out of our family reunion alive.

Mermin’s Local Reality Machine

While the actual derivation of what's come to be known as Bell's inequality is
on the mathematical side, the main point can be made without any advanced
math and provides the basis for the Cornell physicist David Mermin's hypotheti-
cal “local reality machine.” This reality machine requires a simple adjustment
to Brian and Hermann's electron generator and will allow us to figure out, once
and for all, whether the EPR paradox disproves quantum mechanics. You're just
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going to have to do a bit of counting, and the only question you're going to
have to ask is, “Does something happen more than half the time?”

Assume for the moment that Einstein was right that inside each electron is
a miniature program. No matter how Brian and Hermann orient their detectors,
the program will tell the detectors which lights to turn on, and the program has
to account for all eventualities. For instance, a particular electron might turn
on the green light if the detector is oriented vertically, and the red light if the
detector is horizontal. The positron must have the same program.

We're going to need to tweak our generator so Brian and Hermann can
turn their detectors into one of three possible positions when measuring the
electron or positron.

GREEM BEDL

Brian and Hermann can set their detector in one of three positions: (A)
up-down, (B) turned a third of the way around, or (C) turned two thirds of the
way around.
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We pick these particular options because quantum mechanics makes a very
specific prediction. If we run the reality machine again and again, and each time
Brian and Hermann choose the position at random, quantum mechanics says
that their lights will match exactly half the time, on average.

We know that “exactly half” must strike you as coming from out of the blue,
and we apologize. For the most part, we want you to have an intuition about
things, but in this case, the “half” comes out of a fairly complicated quantum
mechanical calculation, and we ask you to take our word for it.

What do Einstein’s hidden variables predict? Here you don't have to take
our word for it at all. There are only eight possible programs that the electron
can be set to have:

(A) (B) (©

Up-Down 1/3 2/3
1 G G G
2 G G R
3 G R G
4 G R R
5 R G G
6 R G R
7 R R G
8 R R R

Remember how these programs work. If Einstein is right, then no matter
how Brian or Hermann decide to turn their detectors, the electron needs to
know ahead of time which light is going to turn on. There are essentially eight
different kinds of electrons that can be produced.

Only two of the variables from each program can be measured at any one
time, since we have only two detectors. This tells us what Brian's or Hermann's
light will say for whichever position they pick, respectively. So, for example, if
Brian turns his dial to the up-down position (A), and he sees a green light, he
doesn't know whether the electron was preprogrammed with GGG, GGR, GRG,
or GRR. But the universe does!
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The interesting result from the reality machine comes when we look at what
happens when an electron and a positron with a particular program are shot
out. If Brian and Hermann randomly pick which direction to turn their dial, how
often will they get the same colored light?

There are two easy programs: GGG and RRR (cases 1 and 8). No matter
what happens in those cases, Brian and Hermann will get the same readings on
their detectors. “Always” is definitely more frequent than “half the time.”

A more interesting case is GGR. There are nine different ways in which Brian
and Hermann can turn their dials: A-A, A-B, A-C, B-A, B-B, B-C, C-A, C-B, and
C-C. We have to list them all we're afraid because the point is kind of subtle.
Of these nine scenarios, in five of them (A-A, A-B, B-A, B-B, and C-C) Brian
and Hermann will see the same lights. Five out of nine is about 56%, which is
more than half.

The other six possible programs—GRG, GRR, etc.—are all exactly the same
as GGR, since two of the slots are set the same and one is different. In those
cases, Brian and Hermann will still get the same signals 56% of the time.

No matter how the electron is programmed, in Einstein's model, Brian and
Hermann will get the same signals more than half of the time. On the other
hand, if quantum mechanics is correct, they'll get the same signals exactly half
the time.

This ends in tears for Einstein.
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The Standard Model

“Why didn’t the Large Hadron Collider destroy
Earth?"
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*If, by publication date, the LHC actually ;4 destroy Earth, then you have our most sincere
apologies. We will happily offer a full refund for this book.
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n March 21, 2008, Walter Wagner and Luis Sancho

filed a lawsuit in U.S. federal court with one simple

goal: save the world. The threat, they claimed, was that

the Large Hadron Collider (or LHC, for short) was set

to come online in the next few months, and once it did,
it would produce microscopic black holes that might coalesce and ulti-
mately eat our Earth from the inside out.

They weren’t alone. As physicists, we’re asked all the time whether
the LHC will destroy Earth, or maybe even the entire universe. All
of this hounding has made us feel somewhat paranoid about playing
some role in dooming humanity. Online petitions abound, calling
to shut down the CERN (translated from the French, the European
Organization for Nuclear Research), the LHC parent organization.
Some were written with compelling, rational pleas for research
and precaution. The majority of available online petitions, though,
seemed to be written by furious children in a series of cell phone text
messages:

On September 10th 2008 CERN (European Organization for
Neclear Research) will set off its first beam in a machine called
The Large Hadron Collider. Now; this is for a scientific rea-
son, I do not know. If succesfull im shure many of scientist’s
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questions may be answered. But! If the LHC is succesfull. We
may never know the answers to the questions. [sic}

Even Nostradamus, in an only marginally less coherent way, wanted in
on the action, offering #his less than friendly shout-out from the past:

IX-044 IX-044

Migrés, migrés de Geneue Migrate, migrate out of Geneva
trestous, everyone,

Saturne d’or en fer se changera:  The sky will change from gold

to steel:

Le contre Raypoz exterminera ~ The Antichrist will exterminate
tous, all,

Auant 'aduent le ciel signes Before the event the sky will
fera. show signs.

Of course, he failed to predict that Ang Lee’s ilm Hxlk would suck,
and everyone saw that coming. On the surface of it, the LHC does look
like a doomsday device: it’s a giant underground ring seventeen miles in
circumference—so large, in fact, that it crosses the French-Swiss border
four times. You can think of the LHC as a light-speed monster truck
rally in which particles are accelerated up to0 99.999999% of the speed of
light” and then smashed into one another. As we saw in chapter 1, energy
and mass are interchangeable, so at these tremendous speeds a bunch of
high-mass particles are created. The LHC is the biggest advance in par-
ticle collisions in recent history, and the fear is that one of the things
created by these collisions might spell doom for humanity.

Except that it hasn’t.

First, while “particle accelerator” sounds scary, this is not new tech-
nology. If you've ever used an old-style television, you've seen a simple
particle accelerator at work. The old sets used cathode ray tubes to

*This is not hyperbole, as if we're saying “a gajillion.” We’ve seen that nothing can travel
faster than light, but that doesn’t stop us from building accelerators to get very close.
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accelerate electrons, and by adjusting the position of the beam, magical
moving pictures were created on your screen. The mechanism inside
the LHC is somewhat different, but just as with television, particle
accelerators can be illuminating and terrifying.”

EM\}! Tockicle  Colliders

So which is it? Is the LHC another important step toward our
ultimate understanding of nature or, like Icarus, are we flying too
close to the Sun? Will we be punished for our arrogant pursuit of
knowledge?

Rest assured, nobody is in danger of losing an eye. How do we know?
Settle in for a while, because before we figure out why the LHC doesn’t
pose any danger, we have to figure out why we’re building it in the
first place.

“For example, much has been learned about the human threshold for pain, based solely on the
fact that Small Wonder ran for four straight seasons.
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W
(bWhat do we need a multibillion-dollar
accelerator for, anyway?

In high school physics, everything seemed like a hodgepodge of arbi-
trary rules: do #his calculation if you have a pulley; do this other thing
if you have an inclined plane; do this third thing if there is acceleration;
and on and on, down the line. Honestly, trying to keep track of the
rules of motion and friction is probably what turns people off physics”
in the first place.

That’s a shame, because physics is not as monstrous as people make
it out to be. The goal of physics is to have as few rules as possible.
However, this isn’t to say that if we knew those simple laws, then doing
physics calculations would be simple. Assume for a moment that you had
a friend” who had never seen a chessboard before. You could describe
the rules of chess to this friend in just a few minutes. He could observe
a chess game, note that everything happens in accord with the rules,
but he still may not be able to play very well.

We started this chapter with a heavy vibe, speculating on the pos-
sibility of destroying the world. We’d like to lighten things up by
thinking of physics as a game—or a set of games—along the lines of
tennis or badminton. These games seem very similar to each other
on the surface. In each case you have two or more players hitting a
ball (or shuttlecock) back and forth over a net, with the basic goal of
trying to make the other person or team miss.

The object is to figure out the rules of the game, figure out which
players can play the game, and maybe say a thing or two about the
ball. Ideally, we will eventually show that all of the seemingly dis-
parate games are, in fact, one super-awesome metagame, kind of like
the decathlon. Physicists have done a pretty good job describing these
physical laws by breaking them down into two parts:

*And, for similar reasons, dating.
If you try really hard, we know you can do it.
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1. The players: There are a bunch of fundamental particles.
2. The games: There are four forces, each of which has its own fairly
similar set of rules. Not all of the particles play all of the games.

Collectively, this set of particles and rules is known as the Standard
Model. The Standard Model serves not only as a description of the stuff
that made the universe, but also as a convenient title with an exploit-

able pun.

THE STHMNDAED  MoDel. 15
0F GREAT INTEREST 7O

TraYsi018TS,

Let’s start with the basics: All matter is fundamentally made of
atoms.” This idea has been around since at least 1789, when the chemist
Antoine Lavoisier posited that you couldn’t slice up stuff with infinite

*All of the matter you can see and feel, at least. When we talk about dark matter, all bets are

off.
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smallness; eventually you'll reach the smallest possible particle.” These
“indivisible” particles have come to be known as atoms, but it’s only
been in the past century or so that we’ve had an idea of how small and
compact atoms really are.

In 1909, Ernest Rutherford conducted an experiment in which he
fired a beam of what were known as “alpha particles”’ toward a thin
piece of gold foil. Most of the alpha particles went clear through the
foil without being deflected at all. Every now and again, though,
the alpha particles bounced backward. In Rutherford’s own words,
“It was almost as incredible as if you fired a fifteen-inch shell at a
piece of tissue paper and it came back and hit you.” This, of course,
was the basis of the very first hyperbolic textbook cover intended
to make physics “come alive.”

What Rutherford found was a tiny speck smack dab in the center
of the atom. This blob is what we call the nucleus, and when we say
it’s little, we mean it. Given the gargantuan scales we're going to be
using in our discussion of cosmology and the submicroscopic scales
we’'re using here, it might be easier if we use “scientific notation”:
the nucleus is about 107" times the volume of the atom. That’s a
factor of 0.000000000000001. To put things in perspective, that’s
roughly the same as comparing the volume of a house to that of the
entire Earth. Since 99.95% of the atom’s mass resides in the nucleus,
it’s fair to say that the atom is overwhelmingly filled with empty
space.

Small as it is, even the nucleus is not fundamental. If you bust your
way into a nucleus, you'll find even smaller particles, known as “had-
rons,” though you may know them by their individual names: protons
and neutrons. The protons, in fact, are the buggers that get smacked
into one another in Geneva, giving the Large Hadron Collider its name.

*Oh, we know. In the fifth century B.C.E. Democritus and Leucippus came up with the idea
of “atoms” as being the smallest, indivisible things in the universe. However, any similarity
between their atoms and the ones we now know is purely coincidental.

Particle-naming sounded much more science-fictiony back then. Since we had no idea what
matter was made of, we had names such as “alpha particles,” “beta particles,” and “gamma rays.”
These have been replaced, respectively, with “helium nuclei,” “electrons,” and “high-energy
photons.” The old days seemed much cooler. This explains the steam-punk movement.
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The two hadrons would be nearly indistinguishable aside from two
important facts: the neutron is .01% more massive than the proton, and
the proton has an electric charge of +1, while the neutron is electrically
neutral—hence its name. We’ll worry about the implications of electric
charge in a bit, but sufficed to say, if you've ever worn a wool sweater
on a dry winter’s day, you're probably already aware of it.

We’ve accounted for about 99.95% of the mass of an atom with our
hadrons, but still haven’t said anything about the tiny remainder, the
component that apparently fills up the vast majority of the volume. It’s a
little something called the electron, which we first described in chapter 2.
This time around, we want to talk about electrons as “fundamental”
particles. No matter how you pry or peel them, they just don’t break
down into anything smaller.

To put electrons in perspective, they’re as common as protons and
neutrons, but for a 150-pound person, only about half an ounce of

Ask Dr. Science: Can We Build a Shrink Ray
and Make Miniature Atoms?

The vast majority of the volume in atoms is made up of empty space. Sure,
there’s a nucleus and an electron. Still, as we saw in chapter 2, an electron isn't
like a ball bearing or the flesh of a peach (with the nucleus playing the part of
the pit). It's a big probability wave. Couldn’t we just build a ray or a contraption
to make the electron clouds smaller? Things wouldn't be any lighter, of course,
but our shrink ray would make packing for long trips as easy as pie.

The problem that we run into is one of uncertainty. As we saw in chapter 2,
when you try to confine an electron to a small volume to make super-tiny atoms,
Heisenberg’s Uncertainty Principle says that the energy of those electrons goes
way up. The energy would get so high that the electrons would escape the
electromagnetic pull of the nucleus.

At the end of the day, the size of the atom comes out of a pretty straight-
forward combination of physical constants: the charge of an electron, Planck’s
constant (the number that tells us how strong quantum mechanics is), the mass
of the electron, and the speed of light. If we could rejigger the fundamental
constants of physics, then we could make miniature atoms. Until that day, it's
probably easier to buy a bigger suitcase.
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their weight comes from electrons. If you were to suck all the electrons
out of your body and then suck out both of your eyes, they would
weigh about the same. Like protons, electrons also possess an electrical
charge, though unlike protons, theirs is -1. In normal atoms, protons
and electrons are found in equal numbers, which equates to electrical
neutrality.

Neutrality isn’t just limited to Switzerland and atoms. However
matter was created in the universe, there are exactly as many positive
as negative charges in the universe, and so the entire universe is, and
always has been, electrically neutral. There isn’t a single experiment that
has been done, terrestrially or otherwise, that doesn’t conserve charge.
This leads into our first ground rule for all of the fundamental forces:

Electrical charge can be neither created nor destroyed.

As you might expect, the action in our universal game consists of
more than just shuffling around protons and electrons from place to
place, conserving charge all the while. As an example, let’s look at a
neutron. A neutron is kind of like a patient in a doctor’s office: after an
average of ten minutes or so waiting, the neutron flies to pieces. The
exception, though, is that instead of screaming at a medical assistant,
a neutron literally blasts apart, and a bunch of other particles come
flying out.

The biggest thing to free itself is a proton. This may come as a sur-
prise, since we told you that electrical charge has to be conserved, but
this isn’t an issue if there is some other particle with a negative charge to
cancel out the positive charge of the proton. Something like an electron.
Exactly like an electron.

A few other things come out of a neutron decay as well, but we
want to make two caveats now: (1) Despite appearances, a neutron isn’t
made of a proton, an electron, and some other stuff; it turns into them.
(2) On a related note, the protons and neutrons are made of something,
we just haven’t said what.

We'll get into the other fundamental particles in a bit, but before
long you're likely to get overwhelmed by the “particle zoo.” We don’t
want to make you memorize a big catalog of fundamental particles, for
the simple reason that there are at least eighteen of them, not includ-
ing weird variants of the same particle, which don’t really differ from
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one another in any fundamental way. As a service to you, we've made a
handy appendix at the end of the chapter that contains everything you
might want to know about the particle zoo. Really, there’s no need to
thank us.

You now know about as much about what matter is really made
of as anybody did a century ago, but we’re going to have to dig a bit
deeper to figure out what’s going on at the deepest levels. This is why
we want to smash the ever-living snot out of the particles at the LHC.
Our hope is that protons are like pifiatas or members of the AV club:
if we hit them hard enough, something interesting will come out.”
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The Lame Hoadran Collider

The circular ring is the proton racetrack of the accelerator and has
two beams of protons flying at each other at nearly the speed of light.
As we saw in chapter 1, it takes a heck of a lot of energy to get particles

*It’s all in good fun, folks. One of us (Goldberg) was on the “Mathletics” team through most
of high school, so who are we, really, to judge?
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moving this quickly. Chugging through the numbers, using the same
amount of energy it takes to accelerate two protons to speeds high
enough to thoroughly destroy them, we could make fourteen thousand
of them from scratch using E = mc?. Once two protons smash into each
other, lots of things can happen, but all of them are governed by the
second of our ground rules:

Energy can neither be created nor destroyed.

It can, however, be converted from motion into mass, and that is
what we aim to do in our particle colliders.

How do we discover subatomic particles?

Smashing our energetic protons into one another creates particles much
more massive than those we started with. But if the particles created
in accelerators are so massive, why do we need the accelerators at all?
Shouldn’t gigantic particles be easy to spot?

Yes and no. Sure, if there were massive particles floating around in
space, we could pick them out without a lot of trouble. The problem is
that everything in the universe wants to drop to lower energy if at all
possible. Put a bowling ball on a table—a position giving it fairly high
energy—and give it a little nudge. It will fall off the table and onto
your foot, to a lower energy. Since energy and mass are equivalent, this
also means that a massive particle will decay—if at all possible—into a
less massive one, and in very short time, as we saw when we talked about
radioactivity in chapter 3.

Most massive particles last for only a millionth of a second or less
before they decay into something lighter, and so presumably 13.7
billion years or so after the beginning of time all of those massive
particles will have done their decaying once and for all. You might
assume that everything will settle down to the common protons and
neutrons that we know so well, but you know what happens when
you assume, don’t you?

High-energy charged particles are constantly shooting around the
universe. From the Sun, from other parts of our own Galaxy, from super-
novas, any place that has a high-energy source can shoot protons out



100

A USER'S GUIDE TO THE UNIVERSE

at high speeds. These charged particles, called cosmic rays, zip around
until they hit something. If not for the magnetic field that surrounds
our planet, that “something” could be your cells, sterilizing or killing
you. This is why you should listen to the advice your momma gave you:
don’t spend extended periods in space. Often enough, cosmic rays hit
our atmosphere and collide with oxygen or nitrogen, becoming a more
massive particle in the process. Like a mouthful of unbrushed teeth, the
stratosphere and everything higher is alive with gunk: particles such as
muons, kaons, and pions.

These particles are born and die in the blink of an eye,” so the only
way to create and measure them in any useful way is inside an accelerator.
If we smash particles together at high enough energy, then invoke E =
me’—voila! We get out massive particles. By producing them in accel-
erators, we can more easily predict when they will occur, which makes
them easier to study.

But pions and muons are not the only massive particles to suffer
from degenerate tendencies. As we've already mentioned, even the neu-
tron is susceptible to decay, a trait it does not share with the proton."
If you give it about ten minutes, a neutron will decay into a proton, an
electron (so that the total charge is conserved), and another particle that
we didn’t tell you about previously, an antineutrino.

Don’t freak out just yet, because we’re going to explain both the
“anti” and the “neutrino” part. Let’s start with the neutrino. The name
comes from the fact that neutrinos are electrically neutral, and can’t
be seen directly. How did we even know that they were there if they
were essentially invisible? Clever guesswork.

In 1930, Wolfgang Pauli put forth a novel interpretation of neutron
decay experiments. It had been noticed that when a neutron decayed,
the proton and the electron sometimes flew off in a similar direction.
Like so many things in life, Pauli’s interpretation of neutron decay can
be made clearer by invoking superheroes.

*Technically, about a hundred million pions could lead a rich and full life in the amount of
time it would take you to blink your eye.
fMaybe. We'll pick this question up again in chapter 9.
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Imagine that Sue Storm (aka the Invisible Woman) and her husband,

Mr. Fantastic,” are skating on a frozen pond. The two push off each
other, and Mr. Fantastic goes flying off in one direction, and Sue, invis-
ible as ever, goes flying off in the other direction. The Thing, watching
the scene from the bank, sees only Mr. Fantastic, sailing backward,
seemingly without cause. But he figures it out pretty quickly. He £nows
that there must be someone else—someone invisible—Aflying off in the
other direction.

Pauli (playing the part of the Thing) realized that there must be an
unseen ghost particle that is electrically neutral, the antineutrino.

Neutrinos (and thus antineutrinos) are very light, and for a long
while they were thought to be completely massless. However, in 1998,
the Super-Kamiokande experiment in Japan showed that neutrinos

*The Fantastic Four actually got their powers from cosmic rays, making this example doubly
relevant.
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have some mass. While this is an impressive achievement, it should
also be noted that at the moment, physicists haven’t actually measured
what the masses are. We'll return to this question in chapter 9, but for
now all we can say for certain is that the mass is many times smaller
than that of an electron.

As far as the “anti” part, try not to be spooked by the name. Anti
just means opposite: an antiparticle has the exact opposite quantum
numbers of its partner particle. Antimatter is one of those substances
that has gotten a bad rap, since everybody knows that if a blob of anti-
matter comes into contact with ordinary matter, then the two blow up
and release all of their mass into energy. Antiparticles themselves are
harmless. If we suddenly took all of the particles in our universe and
replaced them with antiparticles (including the ones making up you),
you'd never know the difference.
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"
{bWhy are there so many different rules for
different particles?

Now that we've set a few ground rules common to all the fundamental
forces, it’s time to talk about the games, starting with the most obvious.

Gravity

For the record, of course people were aware of the existence of gravity
before Sir Isaac Newton “discovered” it in 1687. People were able to
make catapults work, for instance. They were aware that if they shot an
arrow up, it would eventually pierce armor, hopefully on the other side
of the field. Without gravity, the Halifax gibbot, a predecessor of the
guillotine, would have simply sat, its blades occasionally flying out of

the top of the machine.

But with a simple set of equations, Newton was able to predict with
great accuracy the falling of an apple, the orbit of the Moon, and the
paths of the planets. His law was simple; it explained an enormous
range of phenomena. His law showed that all objects in the universe
attract one another gravitationally, and the farther they are from one

another, the weaker the attraction.

Newton didn’t get the whole story, though. It wasn’t until Albert Einstein
developed his theory of general relativity in 1916 that we were really able
to understand the gravitational force. It’s only when we start talking about
black holes (chapter 5), the entire universe (chapter 6), or the Big Bang
(chapter 7) that we really need to worry about where Newton went wrong.

But for our purposes here, he was correct enough.

We said before that each of the forces is a lot like some sort of two-
player ball sport. If we had to pick, gravity would be kind of like bad-
minton. It’s played over a large field (the whole universe, in fact), and is
very low-impact. You can imagine getting hit with a shuttlecock, and,
compared to the kind of things you can get struck by in other sports, it

won't leave a lasting impression.

It’s a great starter game, because not only is it safe for all ages, but
everybody’s eligible to play. All particles, massive or otherwise, create

gravitational fields and are attracted to one another.
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Electromagnetism

Unlike gravity, which is always attractive, electromagnetism can be
either attractive or repulsive. You already know that particles can have
one of three types of electric charge: positive, neutral, or negative.
Electrons, when placed side by side, always repel one another. A posi-
tively and a negatively charge particle pair, like a proton and an electron,
always attract. If either particle is neutral, they do nothing at all.

Elechkeens  ave '&.’.Pm". SWE..

While two electrons attract each other gravitationally, they also
repel each other electrically. We have an unhealthy competitive streak
as much as the next guys, so we’ll ask the question on everyone’s mind:
between gravity and electrical forces, which one dominates?

Electricity wins, and not even by a three-point shot at the end of the
last quarter. It’s a total rout. The electrical repulsion between two elec-
trons is more than 10%° times larger than the gravitational attraction,
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and that, more than anything else, is why we can afford to ignore grav-
ity when we talk about atomic scales and smaller.

You'll note that we're referring to this force as electromagnetism, but
so far we’ve only talked about the “electro” part. From a casual perspec-
tive, electricity and magnetism seem very different, but at a fundamental
level, the differences are just a matter of perspective. Just as stationary
charges make electric fields, moving electrical charges create magnetic
fields—that’s how an electromagnet works and how we understood spin-
ning charged particles in chapter 3. Likewise, changing magnetic fields
can create electrical fields, which in turn create electrical currents.

The astonishing thing is that electromagnetism explains virtually
every physical phenomenon in your everyday life. It’s electrical repul-
sion that prevents your rear from falling through your chair. Electrical
attraction holds molecules together and is the basis for all of chemistry.
And yes, static electricity is what holds a balloon to a wall.

And what of magnetism? Apart from bar magnets and MRIs, we
don’t see too much of this in our everyday lives. But it is extremely
important in particle accelerators. When a charged particle (such as a
proton) travels through a magnetic field, it moves in a circular orbit.
The stronger the magnetic field, the faster the circular orbit. By put-
ting a bunch of magnets in the LHC ring, a beam of protons will be
able to be trapped at speeds close to the speed of light.

Electromagnetism is like tennis. It’s a lot more fast-paced than other
sports, and the little fuzzy green balls pack a heck of a punch. Neutral
particles can’t play because they aren’t “seen” by the photon and because
they left their racket at their mom’s house.

All charged particles can play the game of electromagnetism.

The Strong Force

It was necessary to introduce electromagnetism because there were
observed phenomena, such as the existence of atoms and molecules,
that couldn’t be explained by gravity. Together, though, gravity and
electcromagnetism still don’t explain everything.

Consider helium. It’s made of two neutrons and two protons. As
far as electromagnetism is concerned, the neutrons basically sit this
one out, but the protons rez//y don’t want to be in close quarters with
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one another. Within the nucleus of every single helium atom, the
electrical repulsion between the protons is about fifty pounds! Why
doesn’t its own electromagnetic repulsion blow helium apart?

There must be another force that acts on both protons and neu-
trons and forces them to stick together. This is known as the strong
force, and it only comes to play on very, very small scales—about
10" Pmeters. We throw around these numbers a lot, but to put it in
perspective, comparing the width of the atomic nucleus to your height
is about the same as comparing your height to the distance from here
to Alpha Centauri.

As it turns out, the rabbit hole goes even deeper. In the 1960s, the
Deep Inelastic Scattering Experiment at the Stanford Linear Accelerator
fired high-energy electrons into atoms. The resulting ricochet showed
that there was something else inside the protons and neutrons—protons
and neutrons were not fundamental particles, but were composed of
something smaller. These smaller somethings are known as quarks.

Along with electrons and neutrinos, quarks are the final players in
our metaphysics game. There are six different types of quarks (and
you can look at their adorable mugs in the appendix to this chapter),
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but only the lightest two concern us for now: the up quark (with an
electric charge of +2/3) and the down quark (with an electric charge of
-1/3). Protons have two ups and a down,” and neutrons have two downs
and an up.” What holds the whole thing together is the strong force.
The strong force is so strong, in fact, that quarks are never seen outside
a proton or a neutron.

The strong force is a lot like table tennis. Confined to close quarters,
it is an intense head-to-head competition. Only quarks (and protons
and neutrons, which are made of quarks) can play the game of strong
force.

The Weak Force

When we introduced the strong force, we claimed that we had to do
so because there were some unexplained phenomena that the other two
forces (gravity and electromagnetism) couldn’t adequately explain.
We’ve already mentioned one: neutron decay. We said that left to their
own devices, a neutron will decay into a proton, an electron, and an
antineutrino. Try explaining #bat using one of the forces we’ve already
talked about!

We have to invent (okay, hypothesize) an additional force, and since
we've already used all of the good names, we’ve settled on “the weak
force.” The neutrinos are pretty much the signature particle of the
weak force, since (being neutral) they sure as heck can’t play the elec-
tromagnetism game, and only quarks play the strong game. Except
for this small difference of charge, it turns out that neutrinos and elec-
trons are a lot alike, and the weak force, among other things, allows
neutrinos to turn into electrons and vice versa. Trillions of neutrinos
pass through you every second. They are produced in the Sun by the
quadrillions, and yet giant detectors count only a few of them every
day. This rarity of interaction is a sure sign that the weak force is well
named. And since neutrinos interact on/y via the weak force, you don’t
see too many of them directly.

“Up + up + down = 2/3 + 2/3 — /3 = 1. Add up the charges of the quarks and you get the
charge of the proton. Pretty cool, huh?
We'll let you do the math on this one.
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The weak force is a lot like tossing around a medicine ball. It is very
close-range, low-impact, and on a typical time scale, incredibly boring.
Actually, we already have a hint as to why it’s so boring. The medicine
ball is heavy, and even the stereotypical olde-tyme mustachioed mus-
clemen couldn’t throw it very far.

The Weak In¥ecraction,
as Medicine Dol

Quarks, neutrinos, and electrons all get to play in the weak nuclear
game. Sure, everyone gets to participate, but as we’'ve already said, it’s
a pretty slow game, and not a lot happens.

W
&# Where do the forces really come from?

We started this discussion by saying that the fundamental forces were
like games, but we’re still missing one key component to make our
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game any fun: the ball. Think about it. Without a ball, tennis is just a
game of swinging a racket spastically. The same is true in particle phys-
ics. As we currently understand it, if we put two electrons on a table,
they’ll just sit there. They interact only by communication through
the electromagnetic (or weak, or gravity) field. Without the field, they
can’t see each other.

Where does that field come from? The two particles must somehow
alert each other to their presence. This can be achieved by “sending”
a third particle between the two of them. This messenger, or mediator,
is the particle that actually carries the force. The two electrons send a
particle back and forth with the message “I'm here. Get away!”"

The fuzzy green mediator particle in our electromagnetic tennis
game is called the photon, and we've already spent a fair amount of
time talking about it in chapter 2. We already know they’re massless
and travel at the speed of light. As a consequence of the vacuum energy
permeating the universe, we are constantly awash in photons that pop
in and out of existence.

As we saw, depending on the circumstances, light can be described
as a particle or as a wave. More generally, a wave is just a kind of
field—something you can measure everywhere in time and space. If you
moved an antenna around your house, you would detect different radio
signals—sometimes weaker, sometimes stronger. This is the electro-
magnetic field. A photon is just a little packet of this electromagnetic
field speeding through space at the speed of light. The same will be true
for all of the fundamental forces. There is a strong field, a weak field,
and a gravity field, and each of these has a corresponding particle.

For the strong nuclear force, the mediators are known as gluons.
Like photons, gluons are massless, and travel at the speed of light,
but unlike photons, gluons suffer from separation anxiety. While the
photon is the carrier of the electromagnetic force, the photon itself is
electrically neutral. It doesn’t fee/ the electromagnetic force.

Particles that experience the strong force have a different kind of
charge that goes by the name color. Red, blue, and green are the strong
force analogs of negative and positive in the world of electromagnetism,
and dictate the interactions that quarks can have in the strong field. If you

*Or, sometimes, “Do you find me attractive?” The sad, eternal answer is, of course, “No.”
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got your crayons out to draw strong interactions, forget it. It’s just one
of those wacky naming conventions meant to confuse the layfolk.

There is an important distinction between the electromagnetic
regime and the strong regime, though. Like with electromagnetism,
the “players” (quarks) have charge, but unlike with electromagnetism,
so does the ball. Not only do gluons carry the strong force; they also fee/
it, in stark contrast to photons. Gluons attract one another and get all
tangled up into structures called glueballs. This means that gluons can’t
travel very far before being tripped up; this is one of the main reasons
why the strong force is confined to the nucleus. That goes double for
quarks, which give recluses such as J. D. Salinger and Thomas Pynchon
a run for their money. They are never seen outside the nucleus.

Our theory of gravity, called general relativity, doesn’t require any
mediator particles. We’ll talk more about general relativity in chapters
5, 6 and 7, but the fact that relativity seems so different is a mystery
that will presumably be resolved when a “Theory of Everything” (or a
convincing one, at any rate) gets developed.

If all of the forces are “really” the same, then shouldn’t they all have
a mediator particle? The idea is that gravity is carried with a parti-
cle called a graviton, but not only has this never been detected, we’re
nowhere near building an experiment sensitive enough to find one.
However, we do know that if gravitons are real, then, like the photons,
they must be massless. That’s why they are able to send gravity signals
over enormous distances.

The weak force seems very different from the other fundamental
forces, because it’s the only one with #hree mediator particles. Unlike the
cool names given to the other mediators, they are simply called the W
and Z bosons.” Why is the weak force so weak, and why does it require
subatomic distances to have any effect? We’ve already seen the answer.
They’re massive, like medicine balls, and it’s very hard for them to travel
over large distances. That may seem like no big deal to you, but accord-
ing to the simplest theories, the weak force, like electromagnetism, and
actually all forces, should have a massless mediator particle. Why are
these particles different?

“There are two different kinds of W’s. That's how we get up to three.
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In the physics world, it’s not okay to be different. Physicists rea/ly
love symmetry. They pass notes to symmetry in study hall and bring
it flowers after school. What physicists generally mean by symmetry is
that you can change something about the system without the underly-
ing physics getting altered.

Imagine that you went out for a day of minigolf with your niece and
nephew, and subscribing to traditional gender roles, you give a blue
golf ball to your nephew and a red one to your niece. When you start
the round, it doesn’t matter who has blue and who has red, since they
work exactly the same.

Now imagine that halfway through a hole, you distracted the kids
with some delicious soft serve and then switched the red ball for the
blue. If you tell the kids that you've switched them, there’s no problem.
They can easily pick up where they left off, with your nephew now
whacking around the red ball and your niece the blue. Of course, you
couldn’t switch only one ball, leaving two red balls on the course. In
that case, they wouldn’t know which ball to hit, and you’d have ruined
a nice day out.

Let’s make this a bit more scientific than putt-putt for a moment.
Symmetry is important because fundamentally, any two electrons—
or any two fundamental particles of the same type—are exactly
the same. At the microscopic level, there is no such thing as, say,
this electron or that electron. We simply note that there are two of
them.

Almost. Electrons have another property, called spin, as we saw
when we talked about the EPR paradox in the previous chapter. The
spin of an electron can be up or down. What’s the difference? In many
ways, there’s no difference at all. An up-spinning electron has the same
mass and charge as a down-spinning electron. On the other hand, if we
pass a spin-down electron through a magnetic field, it gets deflected
in a different direction than a spin-up electron does. Moreover, a mag-
netic field can be used to change a spin-down electron to a spin-up
electron, and vice versa. This is where the symmetries come into play.
Physicists note that two particles are pretty much the same, except for
some relatively small difference. We think of them as two versions of
the same particle.
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Of course, sometimes the analogy gets particularly strained. For
example, in minigolf you can always switch the red ball for the blue
without a problem. They play exactly the same way. But what if we
switched the red ball for a bowling ball? This switch would be a bad
symmetry from the perspective of playing golf, since one ball can fit
into the hole and the other can’t. However, if you weren’t playing golf,
but you wanted to see if a floor was level, presumably a bowling ball or
a golf ball would do the trick equally well.

On top of all that, electrons have another property, called their phase,
which can’t be measured. The only thing that can ever be measured is
the difference in the phase between two electrons.” Two electrons with
different phases are in some ways the exact same particle, and in some
ways they are different.

Electrons can be a real pain in the neck.

In the 1940s, Richard Feynman of Caltech figured out a whole new
way of looking at the whole shebang. He asked what would happen if
there was a field that could change the phase of an electron (or any other
charged particle) to some other phase. Crunching through the math, he
found that the field is exact/y the one for electromagnetism. This weird
assumption—that electrons with one phase can be turned into electrons
with another—formed the basis for predicting everything about light.
Had he done the calculation forty years earlier, he could have predicted
photons before Einstein proved they existed.

We totally acknowledge that this approach, which is called Quantum
Electrodynamics (QED), seems completely made up. We have abso-
lutely no idea why our universe chooses to make its physical laws in
such a way that this symmetry argument works. But it does work.

Now is when, more than ever, physicists like to think back to their
old friend under the bleachers: symmetry. If this approach works for one
fundamental force, might it work for the others? On the face of it, neu-
trinos and electrons don’t look much alike. The electron is negatively
charged, while the neutrino is electrically neutral. From the perspective
of electromagnetism, the two are very different indeed. While both

*Think of “phase” like the vertical hold on an old-fashioned TV set. You can still make out
the picture, even if it’s rotated upward a bit.
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particles are extremely light, neutrinos are so puny that for a long time
physicists assumed that they were completely massless.

However, there’s clearly something that connects electrons and neu-
trinos. If a neutrino comes out of a reaction, you can bet your bottom
dollar that there was an electron involved there somewhere. So perhaps
there’s symmetry between the two, albeit a very weak one. The assump-
tion is that there is a weak field—actually three of them—that can turn
an electron into a neutrino or vice versa, or an up quark into a down
quark, or allow neutrinos to bounce off one another. Little “blobs” of
the field could be detected as the W and Z particles.

We could go through the same sort of much more complicated argu-
ment and figure out the properties of gluons, the carrier of the strong
force, or of the hypothetical graviton, the carrier of gravity. We won'’t,
however. We (and the investigators at the LHC) are interested in solv-
ing a mystery in the weak force. As with electromagnetism, the weak
force equations that come out when we do our symmetry calculation
work nearly perfectly.

Nearly.

In chapter 1 we saw another form of symmetry. We didn’t call it that
then, but we noted that all of the physics in the universe made sense
whether you were traveling at constant speed or standing still. We also
saw that the apparent speed of particles changed depending on whether
you were moving or standing still. There was one exception: massless
particles always move at the speed of light.

There is clearly something special about massless particles, and the
upshot is that using our symmetry arguments, we would expect every
one of the mediator particles to be massless. Photons and gluons are.
Even though we’ve never detected gravitons, the fact that gravity trav-
els at the speed of light means that gravitons have to be massless.

The W and Z particles, on the other hand, have lots of mass.” They’re
about a hundred times as massive as a proton. In the true spirit of math-
ematics, we're going to have to do some serzous fudging of the equations
to fix this.

“When they sit around the house, they sit #roznd the house.
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i
cb Why can't | lose weight (or mass)—all of it?

According to our best guess, the symmetry arguments we described
before really do describe the fundamental equations in the universe.
Particles really can turn into one another. If that guess is correct, we
could predict each of the fundamental forces, the existence of electrons
and neutrinos, the different kinds of quarks, and so on.

Except that we can’t. Like a sumo wrestler on a pogo stick, the prob-
lem here is mass. It’s not just W and Z particles that should be mass-
less. If we were starting from scratch, making the simplest possible
model of the universe, we’'d have assumed that the quarks, electrons,
and neutrinos should be massless as well. They’re not.

Most popular books on physics talk about concepts such as “spon-
taneous symmetry breaking” and other technical terms with an eye
toward describing mass in real particles. These are actually code to
describe the mathematics used to (ahem) correct the equations, to make
them predict what we actually see.

Now, we don’t want to go too far. There’s nothing dishonest about this.
In fact, it’s science of the best sort. You come up with a theory, the universe
doesn’t happen to abide by your prediction, so you invent a new tool to
correct the mathematics. Quarks were invented as a mathematical tool
initially, but then it turned out that they just happened to actually exist.

It would be silly to describe the math required to get around the prob-
lems we've encountered so far. It would 7oz be silly for us to get to the
bottom line. In the 1960s, Peter Higgs of the University of Edinburgh
proposed that there might be yet another field in the universe beyond
the mediator fields we've already talked about. In true creative fashion,
it is known as the Higgs field. There is one huge difference between the
Higgs field and the others previously mentioned, though: the Higgs
field doesn’t carry a force.

The Higgs field is everywhere. In fact, you're soaking in it. But
if the Higgs field is surrounding us, why don’t we notice it? What does
the Higgs field do? In the simplest interpretation, you might think of
it as being like molasses. Put a quark in a big bucket of Higgs field
and give a little shove. What happens? The quark, interacting with
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the Higgs field, is harder to push than you might think. Physically, the
more difficult it is to move something, the more massive it is. In that
sense, the Higgs field “gives” the particles masses.

We don’t want to take this analogy too far. If the Higgs field really
were molasseslike, then a particle, once in motion, would start to
slow down. This clearly doesn’t happen. Still, the basic picture is that
just as the electromagnetic field creates an interaction that moves
charged particles, the Higgs field creates an interaction that gives a
particle mass.

This seems like we’re just making things up, doesn’t it?

But this isn’t just a case of a twitchy scientist grasping at straws. We
mentioned the idea that the various forces in the universe might be just
different aspects of a single force. Historically, for instance, electricity
and magnetism were thought to be very different, until 1865, when
James Clerk Maxwell showed them to be just different aspects of a
single electromagnetic interaction.

Since then, physicists have been trying to show that the remaining
four forces are really just three, or two, or ideally one. What does that
mean? After all, the fundamental forces sure Jook different. That’s true
today, but as it turns out, it all depends on whether the universe is hot
enough for you.

In 1961, Sheldon Glashow, Steven Weinberg, and Abdus Salam
showed that electromagnetism and the weak force were one and the
same. This seems like a tall order. The differences between the weak
force and electromagnetism are pretty staggering. Electromagnetism
has a massless mediator particle, and the weak interactions all take
place through W and Z particles—particles that are very, very heavy. As
a result of this, electromagnetic interactions can take place over a great
distance, while weak interactions are all very short-range.

By now, you get it: these forces are different. It’s weird. So how can
two seemingly separate things be united? Glashow, Weinberg, and
Salam looked at the forces as they may have looked in the early uni-
verse, at high temperature and energy. They found that a complete
theory of electroweak interactions would have four mediator particles,
all interacting with more or less the same strength.
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As the universe cooled, however, the Higgs field (which had been
around all along) started to get tired. And as it (metaphorically) settled
into retirement, it started getting involved in its community. Three of
the electroweak particles (the W’s and the Z) started interacting with the
Higgs, giving them mass, while the photon continued on being massless.

It seems like a nice story, except for one little thing. We need a rea-
son to believe that the two very distinct forces could be combined. The
electroweak theory isn’t infinitely malleable. We can’t just make up
any old story and hope to make it stick. One of the most solid predic-
tions of electroweak theory is the ratio of the masses of the W and Z
particles. The Z particles were predicted to be about 13% heavier than
the W’s—a prediction that has since been experimentally verified to
ridiculously high accuracy.

The hitch in the plan is that for all of this to make sense, the Higgs
field has to exist. Otherwise, the electromagnetic and weak fields would
still be joined. The other option is that the theory is way off base, and
we have to start from scratch. However, for our collective sanity, we’ll
assume for the moment that the Higgs field is real. In that case then
just like all the other fields, a little blob of Higgs field should be able
to be observed as a real particle. The only problem is that the Higgs
particle is electrically neutral (meaning that it’s hard to detect under
normal circumstances), and extremely massive, which means that it’s
hard to make in a collider and, once made, it decays really quickly.

We don’t know exactly how massive it is, but if it were really
light, then we would have detected the Higgs particle already, and
if it were too massive, then the W and Z particles wouldn’t have the
mass ratios they do. These two constraints put some hard limits on
the Higgs mass from about 120 to 200 times the mass of a proton,
and the name of the game—besides just finding the Higgs—is to
figure out what its mass is. Even before the LHC, physicists at the
Fermilab Tevatron collider showed in early 2009 that the mass can’t
be between 170 and 180 times the proton mass.

How are we actually going to get one of these bad boys out of the
colliders? Up to this point, we've talked about colliding proton beams,
but it’s a lot more interesting than smashing one proton into another.
When the particles get accelerated, they gain quite a bit of energy.
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But when two protons meet, it’s not the protons themselves that hit;
it’s the squishy stuff inside that collides.

The quarks and the gluons inside each gain a lot of energy from the
trip around the collider, and it’s the gluon-gluon collisions that unleash
a huge amount of energy to construct giant particles like the Higgs.

S

We're making a lot of this up, or at least making a very sketchy
guess based on what we know. We do know that these particles have
never been detected in any particle accelerators, but the LHC represents
the highest-energy experiments we’ve ever performed. This means that
while we’ve already covered the lower end of the mass range in previous
accelerators, we’ll finally be able to probe the highest Higgs mass pre-
dicted by theory. And we’re confident that if we smash two quarks
together at high enough energy, a Higgs will pop out of the reaction.

If it exists.
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"
C_EHOW could little ol’ LHC possibly destroy
the great big world?

We have some idea of why the LHC was built, but we also know that
curiosity killed the cat.” It’s great if we discover the Higgs. It would
certainly prove that we're clever, but we’d hate to be too clever for our
own good.

For example, if we can get one massive particle—the Higgs—out of

smashing two quarks together, might we be able to get another, more
different and dangerous one? Certainly lots of stuff can be created in
high-energy collisions. The fear is that when two particles collide, they
might create some pretty scary stuff: a black hole or some exotic matter
called “strangelets.” Might one of these destroy the world?

Mega-Deadly Scenario 1: Earth Is Swallowed from
within by a Black Hole

We'll talk a lot about black holes in chapter 5, but for now you need
know only one important fact: if you drop your keys into a black hole,
let ’em go, because, buddy, they’re gone. There’s a point of no return
known as the “event horizon,” and the more stuff that falls in, the big-
ger the event horizon, and hence the black hole, gets.

So what would happen if two protons smashed into each other in the

LHC and were somehow turned into a black hole? The black hole would

be at most about fourteen thousand times the mass of a proton—pretty
puny by normal standards. What’s more, the event horizon would be
many times smaller than even the scale of an atomic nucleus. You'd have
to have very good aim to get even a particle to fall into it.
You might feel that this will allow you to let your guard down, but
don’t be foolish! Remember, our microscopic black hole is an unstoppa-
ble killing machine. If it encounters other particles, it’ll swallow them
and grow faster and faster. The fear is that the microscopic black hole
would form, start to grow, fall to the center of Earth, where it would
continue to grow, and eventually swallow the whole planet.
Pretty scary, huh?

*As you may or may not have seen in chapter 2.
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The LHC and its parent organization, CERN, were so concerned
about the PR problems surrounding the LHC that they set up two
assessment groups, one in 2003, and another in 2008, to figure out
if the world was actually going to be destroyed. Their conclusion was
“there is no basis for any conceivable threat from the LHC.” Well, of
course you'd expect them to say that! But if we think about it a bit, we’re
going to come to the same conclusion.

The first piece of comfort comes from the fact that in a sense, the
entire LHC run has already been performed on Earth—about a hun-
dred thousand times, and we are still here to tell the tale. Cosmic rays
move at even higher energies than the ones produced in the LHC. And
they hit the atmosphere constantly. Any dangers that could come from
high-energy protons hitting one another have been repeated again and
again.

Earth still exists; ergo, the LHC also won’t destroy Earth.

Let’s forget about the fact that Earth hasn’t yet been destroyed, and
consider why it hasn’t. Consider, first of all, that despite the enormous
energies in the LHC, we can only produce particles up to a particular
mass. As we already said, the upper limit is about fourteen thousand
times the mass of a proton. In practice this limit is smaller, because
it’s really the quarks and the gluons that are colliding, not the entire
proton. In reality, only particles about a thousand times the mass of
a proton will be created.

On the other hand, if we understand anything about how the uni-
verse works, the minimum mass of a black hole is about twenty bil-
lionths of a kilogram, or what’s known as the Planck mass. The Planck
mass may seem small, but it’s about a quadrillion times larger than the
most massive particles popping out of the LHC.

Where does this limit come from? It comes from uncertainty. In
chapter 2 we saw that we can’t say with absolute certainty where a
particle is, and the less massive the particle, the greater the uncer-
tainty. On the other hand, when we talk about black holes, what we
mean is that all of their mass is confined within the event horizon.
The upshot is that if a black hole is too small, then it won’t all “fit”
within the event horizon. The crossover point comes at the Planck
mass.
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Everything we know suggests that black holes smaller than the Planck
mass can’t form. But what if we're wrong, and they form anyway?

In chapter 5 we’ll see that all black holes eventually go kaput.
The smaller the black hole, the quicker the evaporation. It’s almost
pointless to talk about how quickly an LHC black hole would evapo-
rate (provided one could even form in the first place). To put it in
perspective, from the time when the black hole formed to when it
disappeared, it would be able to travel only a microscopic fraction of
the size of an atomic nucleus. In other words, it wouldn’t have time to
absorb anything.

What’s more, one way or another, we're pretty darn certain that the
black hole wi/l evaporate. If we’ve learned one thing from particle phys-
ics, it’s this: if you can create a particle in a collision, then the particle
can decay as well.

Mega-Deadly Scenario 2: Strangelets Form and Grow
into a World-Strangling Crystal

In most of our discussion, we've focused on the operating mode in
which the LHC will collide individual protons into one another. On the
other hand, there’s another mode in which they will collide individual
nuclei of heavy atoms—Ilead, mostly—into one another, and this ion
mode has evoked a whole additional set of fears.

You might think that we've already covered all of the bad things
that can happen. Lots of the cosmic rays that hit our atmosphere all the
time are, in fact, made of heavy ions. How is that any different from
what’s going on in the LHC? The difference is that the heavy ions in
our atmosphere are hitting light things, such as oxygen, nitrogen, and
hydrogen, and so on Earth we’ve never really seen what’ll happen when
we smash two bits of lead into each other.

We have, however, seen what will happen on the Moon. After all,
the Moon doesn’t have an atmosphere, and cosmic rays bombard the
Moon all the time. The Moon, it’s fair to say, hasn’t been destroyed, so
we probably should feel safe as well.

You're not convinced, and we hear you. “Safe? Safe from what?”

To answer that, we first need to point out that there are more
types of quarks out there than the up and the down quarks that
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we talked about already. There are a total of six different types, of
which the up and the down ones just happen to be the lightest. The
next lightest is known as the “strange” quark, and like the down,
has a charge of -1/5.

We’'ve already commented that by and large, heavy particles will
decay into lighter ones if given half a chance. Strange quarks are
no different. However, it’s possible that “hypernuclei” made with
one or two strange quarks will actually be /ighter than the normal
nuclei. Don’t believe us? In an ordinary proton, it turns out that only
2% of the mass comes from up and down quarks. The rest comes
from energy—the energy of motion of the quarks and the interaction
energy between the quarks and the gluons.

It may be that hypernuclei could form “strangelets” (made up of
roughly equal numbers of stranges, ups, and downs) in the LHC. This is
all kind of speculative, since strange quarks aren’t around long enough
to do any real experiments with. We don’t actually know whar would
happen if you started injecting strange quarks into ordinary matter. As
a result, lots of different theories abound.

A few of these theories are downright apocalyptic. The fear is that
once you have one strangelet, it will bind to ordinary matter, and the
ordinary matter will catalyze into the lower-energy strangelet matter.
This would continue indefinitely, basically destroying the planet and
everything on it. Incidentally, this is almost exactly the doomsday sce-
nario envisioned in Superman Returns, albeit with strangelets replaced
by kryptonite.”

This would be terrifying—except for the fact that strangelets don’t
appear to exist. The Relativistic Heavy-Ion Collider at Brookhaven
National Labs collides heavy ions, as you might expect. They have seen
no evidence for strangelets. Likewise, strangelets don’t seem to form
from collisions of cosmic rays.

So rest easy. While physics may yet produce devices destined to
destroy Earth, this giant hole in the ground isn’t it.

“If this sort of destruction appeals to you, you may also be interested in Kurt Vonnegut’s Cat’s
Cradle and a handful of Valium.
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If we discover the Higgs, can physicists
just call it a day?

We’'ve been on pretty solid ground so far about what we expect to find
in the LHC. The vast majority of physicists would be very, very sur-
prised if the Higgs particle isn’t found. What we know for sure is that
the LHC is not the end of the world, and the Standard Model is not the

end of the story. Here’s a little taste of things to come.

String Theory

Whether you're a diehard physics nut or, conversely, you have a social
life, you've probably heard of something called “string theory.” String
theory was developed as a way of explaining several mysteries” we've
been skirting thus far. Gravity is very, very different from the other
three fundamental forces in the universe.

The weak, strong, and electromagnetic forces require a mediator
particle—and in each case, we've discovered those particles experi-
mentally. Our theory of gravity, general relativity, not only doesn’t
require a graviton, but so far, no graviton has been found. What’s
more is that it seems strange that the theory behind the particles of
matter (quarks, electrons, and so on) should be so different from the
theory of the force carriers (photons, gluons, and the like). What we’d
love is a theory of unification—ideally, a Theory of Everything, or
“TOE,” as the cool kids say.

Though not yet fully developed, string theory is a leading contender
for a TOE, and its central player, as you might imagine, is called a
string. Think of a string as a rubber band, a very tiny one, perhaps as
small as 107> meter around. And what are these strings, really? Simply
put, they’re everything.

“Mrs. Ethel Kranzton, an eighty-one-year-old nanny from Belding, Michigan, independently
developed string theory as a way of explaining the unsightly knots in her cross-stitching. It is
largely accepted by quiltworkers, but rejected by scientists as “convoluted knit-picking, and
mathematics that are needlelessly difficule.”
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You need to realize that all of the particles we talked about in this
chapter—quarks, electrons, photons, and so forth—are treated in the
Standard Model as being infinitesimally small. They are literally points.
The Standard Model doesn’t really explain why one particle has one
mass, and one charge, and whatever other properties it has, and another
particle has the properties 7¢ has.

String theory says that the only reason why these particles look
like points is that we’re not looking closely enough. In reality, “point
particles” are really tiny loops that are constantly vibrating. If this
idea sounds familiar, it should. It’s exactly what we saw in quantum
mechanics when we saw all sorts of things—photons, electrons, vacuum
fields—oscillating back and forth.

The more vigorously a string is vibrating, the more massive it is;
remember, E = mc? can be run in reverse. The other properties of the
oscillation determine everything else about the particle. To account
for all the properties of the particles we actually see, strings can’t
just wiggle about in the three dimensions we’re normally aware of.
That doesn’t mean the strings can’t exist, it just means we need more
dimensions.

Don’t get us wrong. We can’t move into these higher dimensions.
For one thing, we’'d be a bit cramped. Many, perhaps all, of the addi-
tional spatial dimensions are very small, far beyond anything we’'d be
able to detect in the LHC. Even if we were able to travel along these
hidden dimensions, they’d behave a bit like a Pacman universe,” and
we’d return to where we started in no time at all.

There’s just no way to make string theory consistent with the
laws of physics in our universe using only three dimensions. In the-
ory after theory, the number of potential dimensions grew and grew,
until Edward Witten of the Institute for Advanced Study at Princeton
proposed the current leading contender in 1995. His version, known
as M theory, posits that we’re living in a whopping ten-dimensional
universe.

“For all you kids out there, Pac-Man was an awesome video game from 1980 in which you play
a yellow circle with a mouth who eats smaller, whitish citcles. If you disappeared through a
tunnel on the left side of the screen, you'd reappear on the right. Also, there were ghosts.
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In many ways, string theory looks very promising. It provides a
framework in which all four of the fundamental forces can be unified
into a single theory. It describes the forces and the particles as just
different sides of the same underlying physics. It might even provide
insight into the nature of space and the beginning of the universe, as
we'll see in chapters 6 and 7, respectively.

On the other hand, there are a few problems. First, it is very difficult
to test string theory. Because the scales of strings are so small, we have
little hope of being able to probe string theory using the LHC or any
experiment that we’re going to build anytime in the foreseeable future.
The other problem is that string theory doesn’t address all the unan-
swered questions in particle physics.

Loop Quantum Gravity

There is another big hole in the Standard Model, one that string theory
doesn’t even pretend to answer. How do we reconcile the two great
theories of the twentieth century, quantum mechanics and general
relativity, our theory of gravity? Both theories are “correct” in that they
tell us what happens in the realm of the very small, and in the realm
of very strong gravity, respectively. But they can’t both be right. What
happens in environments such as black holes or near the beginning of
time, when both theories are expected to put in an appearance?

Think about it. As we saw in chapter 2, uncertainty seems to domi-
nate nearly every aspect of physics—the vacuum energy of photons, the
motion of electrons, the paths of photons. Quantum mechanics is hard-
wired into the three nongravity forces. The similarities among them
constitute the reason why the eleccromagnetic and the weak forces can
be thought of as a single electroweak force. It’s also the reason physicists
have proposed a number of competing Grand Unified Theories (GUTs)
to combine the electroweak with the strong force. Gravity is different.
As weird as it is, general relativity doesn’t have any of the random-
ness that shows up in the other three forces. What we’d really love is a
theory of quantum gravity.
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One of the most exciting and potentially fruitful approaches is
known as Loop Quantum Gravity, or LQG for short. One of the strang-
est features of LQG is that space itself is quantized. That is, if you look
on small enough scales, space would no longer seem smooth but would
appear pixilated. We never notice this under normal circumstances,
because the scales we're talking about here are about 107> meter, a
distance known as the Planck length. The Planck length is as much
smaller than an atom as an atom is smaller than the distance to the
nearest star outside our solar system. Space literally can’t become any
more compact than this. This is going to have some interesting impli-
cations when we discuss the Big Bang in chapter 7.

One of the appeals of LQG is that it doesn’t require any more than
the three dimensions we’re normally used to, plus one for time. It also
gives rise naturally to the graviton, making our picture of particle phys-
ics far more unified. On the other hand, LQG is not, in and of itself, a
Theory of Everything. The other force laws need to be put in by hand,
as do quarks and the other fundamental particles of matter.

All of this physics beyond the Standard Model may seem like a
transparent ploy to keep us in business long after the last particles have
collided at the LHC. True enough. But did you really think violence
would solve all our problems? Like it or not, it will take more than a
few high-energy explosions to reveal all the secrets of the universe.

APPENDIX
Rogues’ Gallery of the Fundamental Particles

Throughout this book we’ve tried to keep lists of things as brief as pos-
sible. The Standard Model of particle physics is astonishing because the
list of particles (while lengthy) is so simple. The matter in the universe
consists of two fundamental types, leptons and quarks. Each group is
further subdivided into three generations, and within each generation
there are two particles, one with more negative charge than the other.
We break our list down by generation, and you can see that all particles
seem to have certain things in common. You should also use this as a
handy guide to interpreting the cartoons.
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The Leptons

-
Name Electron Muon Tau
Charge —1 —1 -1
Mass 0.026% of a proton  11.3% of a proton  190% of a proton
Discovered In 1897 by In 1936 by In 1975 by Martin
J.J. Thomson Carl Anderson Perl by colliding
electrons and
positrons

These particles are the charged leptons. They keep their charges in their
hats. Because they are charged, they interact with the electromagnetic
force. All leptons also interact with the weak force, and all particles every-
where interact with gravity (so we won't mention it again). The electron
is the only one that we normally see. The muon decays in about a mil-
lionth of a second, while the tau lepton disappears even more quickly.

[ ] [} /
—_ ——
Name Electron Neutrino Mu Neutrino Tau Neutrino
Charge 0 0 0
Mass ? ? ?
Discovered 1956 by Clyde 1962 by Leon 2000 at Fermilab,
Cowan and Lederman and in Batavia, lllinois,
collaborators collaborators by the DONUT

collaboration
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These guys have no hats and hence no electrical charge. If they look
similar to one another, that’s no surprise. The various types of neutri-
nos can turn into one another without warning (merely by exchang-
ing their ties), and seemingly without any form of interaction. This
“neutrino oscillation” (confirmed in 2003 at the KamLAND detector
near Toyama, Japan) actually means that the neutrinos must have mass.
How much? It’s very hard to say, but the upper limits on the electron
neutrino are less than 0.3% the mass of an electron. The limits on the
other two, however, are much higher, and the tau could be as high as
thirty times that of an electron according to current measurements. On
the other hand, it could be much, much lower.

The name of each neutrino comes from the fact that they are most
strongly associated with the decays or interaction of the electron for the
electron neutrino, the muon for the mu neutrino, and the tau lepton
for the tau neutrino.

You may notice in the neutron decay cartoon on page 101 that the
antineutrino has a goatee. That’s just our homage to the classic Star
Trek episode “Mirror, Mirror” (season 2, episode 33), in which the
evil “anti-Spock” always sported extra facial hair. The same is true
for all of our antiparticles.

The Quarks

Name Up Charmed Top
Charge +2/3 +2/3 +2/3
Mass ~0.4% of a proton ~130% of a proton ~180 times a proton
Discovered 1967 at the Stanford 1974 by Ting 1995 at the
Linear Accelerator and Richter, Fermilab Tevatron
(SLAC), deep inelastic independently facility

scattering experiment
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These particles are the positively charged quarks. They look very
similar, except that the later generations get plumper and plumper.
The top quark is the meatiest particle yet discovered. He’s just bursting
at the seams. He was also the most recent particle to be discovered.

We'd be remiss if we didn’t point out a mystery here. You'll note
that the up quark has a mass of only about 0.4% of a proton. This is
kind of odd because a proton is made of two ups and a down. You'll
note that at most, the quarks add up to about 1% to 2% of the requisite
total. Where does the extra mass come from?

The extra mass comes from energy. The quarks (as well as the gluons)
are flying around pretty quickly and interacting very strongly, and just
as mass can be converted to energy, energy can be converted to mass. If
you thought it strange that the Higgs could “create” mass, then think of
this as just another case in which E = mc? can be exploited in reverse.

Name Down Strange Bottom
Charge -1/3 -1/3 -1/3
Mass ~0.8% of a proton ~10% of a proton 4/ times a proton
Discovered 1967, along with the 1947, with the 1977 by Leon
up, at the Stanford discovery of Lederman and
Linear Accelerator the kaon collaborators

These are the negatively charged quarks. Strangest among them is the
strange quark. When particles called kaons were discovered in 1947
they seemed completely nonsensical. They decayed into particles like
anti-muons and neutrinos, but were so massive (about half the mass of
a proton) that they were inconsistent with any particle yet known.

It wasn’t until Murray Gell-Mann proposed the idea of the quark in
1964 that it was understood that kaons were made up of an antistrange
quark and either an up or a down. Stranges have the distinction of
being detected before we knew what they were.
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The Mediators

PI\CTURE
NOT
AVAIL ABLE
Name Photon Gluon Graviton
Charge 0 0 0
Mass 0 o) 0
Discovered 1905 by 1979 at the Stay tuned.

German Electron
Synchrotron by the
TASSO collaboration

Albert Einstein

These particles are the massless mediators—the carrier particles for
three of the fundamental forces. It’s kind of strange to list the discov-
ery date of the photon, since we “detect” them constantly. However,
Einstein’s 1905 interpretation of the “photoelectric effect” marked the
first time we understood light to be carried by particles. Gluons were
detected only in the past thirty years or so.

Gravitons, the carriers for the gravitational field, not only haven’t been
detected, but according to general relativity, they aren’t really needed.
However, there’s ample reason to suppose that gravity should be like the
other fundamental forces, and therefore a mediator should exist.

2° w* w
Name Z° w+ W-
Charge 0 +1 —1
Mass 97.5 times a proton 86 times a proton 86 times a proton
Discovered 1983 at CERN by 1983 at CERN by 1983 at CERN by

the UA1

collaboration

the UA1
collaboration

the UA1
collaboration
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These roly-poly particles are responsible for carrying the weak force.
You will note that except for their hats, they all pretty much look
alike. This is no accident. In fact, the W* and the W~ particles are so
closely related that they are antiparticles of each other. One of the great
triumphs of twentieth-century theoretical physics was the calculation
of the ratio of the Z/W masses, about 1.13. This is a direct prediction
of the Higgs model and has since been measured experimentally with
extraordinary accuracy.

And our hero:

The Higgs. He’s chargeless but certainly not charmless. He’s the only
particle in the Standard Model that hasn’t yet been discovered, so we
don’t know exactly how massive he is. Our best guess is that he’s 120 to
200 times the mass of a proton. Because he interacts strongly with mas-
sive particles, he has an on-again, off-again affair with the top quark.
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ave you ever wanted to ride a dinosaur? Have tea with

the tsar? Make a killing in pork belly futures? Or, if

you're the killer robot type, have you ever wanted

to prevent the birth of the one person who can stop

your robot insurrection? You're going to need a time
machine, and they don’t come cheap. In our view, you're far better off
building your own, and while we won’t stand in your way, we imagine
your family won’t be too thrilled. They’ll tell you it’s impossible. They
may even accuse you of being mad.

But are time machines impossible? And what’s so bad about being
mad?

There are worse things in the world than being mad, especially if
you're a scientist. Regular scientists may be able to ping voltages using
a cathode-ray oscilloscope, but mad scientists can stop time with a freeze
ray. There are heroes to sabotage, and attractive heroes’ girlfriends to
kidnap. If we had to do it over again, we probably would have majored
in mad science over the regular version.

As a standard piece of sci-fi-level mad technology, consider telepor-
tation. As we saw in chapter 2, this comic book standard is already in
our grasp. Unfortunately, at the moment, we’re only able to move one
atom at a time, and even then, it’s really just easier to carry the damn
thing.
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The point is that while the gadgets of comic books and science fiction
don’t necessarily defy science fact, oftentimes they’re just not worth the
effort. Perhaps this is one of the reasons why mad scientists have so
much trouble. Another reason might have something to do with the
fact that most of the devious equipment that gets cooked up violates
some very serious laws, and not just the ones enforced by superheroes,
or meddling kids and their dog.

Can | build a perpetual motion machine?

Consider the old classic the perpetual motion machine. This staple of
mad science is a contraption that never loses any energy, doesn’t wear
down, and runs forever.” The best of them go one better and continu-
ously produce energy, apparently out of thin air.

Journal editors really like to get submissions involving perpetual
motion machines because they require minimal effort on their part.
“Nope,” they say, “conservation of energy' says you can’t get something
for nothing.” They may be paraphrasing the actual conservation law,
but they have the feeling right: locally, energy can neither be created nor
destroyed, and the energy within a closed system may be transformed
(to or from mass, for example), but the total must stay constant.

Maybe the mad scientists with dreams of perpetual motion or
energy-making machines are all fools. After all, the types of people to
reveal their master scheme to the only person who can foil it are the
same types of people to overlook little snags such as energy conserva-
tion. But then it could be possible that they have found a loophole in
the rules written on the fabric of space and time.

Sometimes it’s hard to tell the mad scientists from the regular
ones. To drive home the very point we're now trying to make, Richard
Feynman, then at Caltech, came up with a pretty clever—but inten-
tionally flawed—perpetual motion machine. Would you like to hear

“It was a long-held belief by at least one of the authors that Dick Clark, host of the New Year’s
Rockin’ Eve, was in fact a perpetual motion machine.
A principle so basic that it’s now known as the first law of thermodynamics.
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how it works? Of course you would. To help demonstrate, we introduce
you to a couple of criminal masterminds with evil scientific charisma
leaking out their ears: Dr. Dave and his partner in crime, Robo-Jeff.

1. Dr. Dave takes a laser beam and shoots it upward, toward the top
of a cliff, where Robo-Jeff is waiting with a collecting dish.

2. After collecting the light, he can turn the light into mass (never
mind the particulars of how) using Albert Einstein’s great rela-

tion E = mc?.

3. Robo-Jeff drops the mass off the cliff. As you know, when you
drop something, it gains energy.

4. Voila! When it gets to the bottom, there’s more energy than they
started with. They can put some of the energy back into the laser
and use the rest for something useful, such as powering a bigger
laser.

A PerPejuu.'l, Mobion ﬂuh;ﬁe-?
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The only problem is that it doesn’t work, as Feynman knew from
the outset.

We haven’t figured out a way to violate the first law of thermo-
dynamics, and what we’ve shown from this whole contraption is that
as light escapes from a source of gravity, it must lose energy. If a laser
beam is shot up a cliff, the energy of the beam at the top must be less
than the energy at the bottom. On the other hand, as light falls toward
Earth, it must gain energy. This isn’t just fancy speculation. In 1959,
Robert Pound and George Rebka, then at Harvard, were able to mea-
sure the loss of photon energy as photons flew up the side of Harvard’s
Jefferson Laboratory—a scant seventy-four feet high.

This loss of energy is not easy to measure. In the Pound-Rebka
experiment, the photons lost only one quadrillionth of their ini-
tial energy. Even if we were to fire a laser up a cliff so tall that it
extended into deep space, we’'d lose only one billionth of the energy.
Unsurprisingly, this is not the sort of thing we notice in everyday life.
If gravity were stronger, it would be much more noticeable and much
easier to measure.

For an excellent example of tight little bundles of gravity, we turn
to white dwarf stars. White dwarfs possess a mass about a million times
greater than Earth’s even though they are of comparable size, so grav-
ity is about a million times stronger. If you were on a white dwarf, you
would be a million times heavier; and if we were of a weaker tempera-
ment, we would be making fat jokes.

But there are even more extreme environments than white dwarfs in
the universe. Imagine that we stand on the surface of a very, very mas-
sive planet where the gravity is very, very strong, and we shoot a laser
up into the air. As the photon flies higher and higher into the air, it
loses more and more energy.

Now imagine that the planet is really, rez/ly compact. In that case,
the light will lose so much energy that it will reverse direction and
return to the surface of the planet. Or will it? If the planet really were
so dense that light couldn’t escape, it would never move upward in
the first place. It’s like a little kid trying to walk up a down escalator.
Bless his heart, he’s trying, but he’s inexorably sliding down and down.
In fact, such a “planet” wouldn’t even have a surface in the first place.
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That, too, would collapse under the immense gravity, and the whole
planet would collapse to a single point—a singularity.

Making one of these singularities isn’t easy to do. To generate such
a gravity using our own Earth, we would have to smoosh the mass so
small that the resulting object would be about a third of an inch in
diameter. Even the Sun, three hundred thousand times more massive,
would have to be compressed down to less than two miles in radius to
trap light. That’s smaller than the borough of Manhattan.

This is the basic idea of a black hole—a system so compact that light
itself cannot escape. The point of no return, the “event horizon,” is an
invisible boundary between the hectic pull of very strong gravity and
a one-way ticket to the center of a massive beast. Once anything—a
star, a lone sock, a lunch box, a particle—crosses the event horizon, it is
dragged into the black hole. Even photons are powerless to escape from
its greedy maw. Since light can’t escape once past the event horizon,
neither can anything else. Remember: the speed of light is the speed
limit of the universe.

Black holes seem like an essential tool in the mad scientist arsenal.
They can be used for any number of things, from disposing of pesky
protagonists to ditching failed biological experiments. But what the
really mad scientist wants is somehow to exploit the time-warping
properties of gravity near a black hole to build a time machine.

Before we get into the hows and the whys of a black hole, and
if you can (or can’t) make a time machine out of one, we want to
remind you of a few features of photons, the particles that make up
light that we discussed in chapter 2.

As you'll recall, if you've seen one photon, you've seen them all.
The only real difference is that some are more energetic than others.
There are a bunch of properties of light that might seem different at
first but are actually all of a kind. In the case of light, the amount of
energy a photon has correlates to the color it appears. This interdepen-
dence of energy and color goes beyond the range to which our eyes are
sensitive.

In chapter 2 we also discussed how light behaves like little wave
packets and that higher energies mean a shorter wavelength. The most
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important point (for the purpose of this discussion) is that since photons
are little waves, we can time how long it takes for successive wave fronts
to pass a fixed point, a time interval known as the period of the wave.
Remember in chapter 1 when we talked about a cesium clock? We're now
ready to tell you what we were really talking about. If you take a photon
emitted by cesium and measure the time between crests of the wave, then
it behaves like a little clock—one of the best clocks in the universe.

For longer wavelengths of light (lower energy) the crests come rela-
tively slowly. A radio wave, for example, beats about a hundred times
every millionth of a second, which is an eternity to subatomic particles.
For shorter wavelengths, the period is shorter as well. Knowing only
these few facts, and armed with our laser-guided thought experiment,
we’re almost prepared to rediscover one of Einstein’s great triumphs:
general relativity.

)
fb Are black holes real, or are they just
made up by bored physicists?

General relativity tells us how gravity rea/ly works, and correctly
describes the gooey innards of things such as black holes. Among other
things, we’ll see that time and space aren’t nearly as absolute as we’d
thought and that near black holes things get really, really weird.

Imagine that Dr. Dave and Robo-Jeff were to take their perpetual
motion machine to a planet with very strong gravity. They once
again fire their laser up the height of a cliff. By the time the laser
reaches the top, it’s lost some energy and gotten a bit redder. By
extension, the period of the photon measured at the top of the cliff
will be longer than at the bottom.

This is the photon version of our cesium clock! Now let’s put it to
use. Say Dr. Dave sent a beam of photons up a cliff with a period of one
second (made of really low-energy radio wave photons). If the planet
has a strong enough gravity, Robo-Jeff, waiting at the top of the cliff,
might see crests every fwo seconds.
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Here’s where things get screwy. If we’re setting Dr. Dave’s watch at
the bottom, we notice that after fifty seconds, we’ll see fifty crests go
by. However, at the top of the cliff, Robo-]Jeft would see only rwenty-five
crests pass by over the same period of time.

How can that be?

The only explanation is that time is passing more slowly for
Dr. Dave than for Robo-Jeff. Think about it: Dr. Dave’s clock appears
to Robo-Jeff to run slower by a factor of two, so Dr. Dave is aging
half as slowly. Like in our discussion of special relativity, this is zoz
an optical illusion. Dr. Dave is aging slower, his digital watch is
ticking slower, and he seems to be moving in slow motion when seen
by Robo-Jeff.

This time difference is true in general. Clocks run slower nearer
massive bodies than far away. Even on the surface of Earth time runs
slower than time in deep space, but only by about 1 part in a billion.
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To put that in perspective, after a hundred years, a clock in deep space
and on Earth will differ by only three seconds.You shouldn’t be sur-
prised that the effect is so small, either. If it were big, it would be part
of your physical intuition. However, as we will see, near the event hori-
zon of a black hole, this effect becomes really significant. Compared to
distant observers, an astronaut at rest near the event horizon will appear
to be moving infinitely slowly.”

In this chapter in particular, we're introducing a lot of pretty fan-
ciful stuff: wormholes, time machines, cosmic strings, and the like.
The reason we're starting with black holes, though, is that black holes
almost certainly really exist. We’ve nearly seen them—we think.

Before we tell you about the observational evidence for black holes,
perhaps we should clear up a couple of misconceptions right off the bat.

1. Black holes are not the unstoppable killing machines they are
made out to be. For instance, if our Sun were suddenly to turn
into a black hole, nothing interesting would happen. Well, that’s
not entirely true. We'd die, of course, but only for the prosaic
reason that we'd freeze from lack of sunlight. However, Earth
wouldn’t suddenly be sucked into the now black-hole Sun.?
While the size of the object has changed, it still functions under
the same rules. The gravity at a distance will stay the same, and
Earth will continue to circle in the same orbit. Gravity far away
from black holes behaves exactly like gravity from any other body
with the same mass.

2. Black holes aren’t really completely black. It’s true that light
can’t escape, but we believe that black holes 4o radiate a small
amount of light from their surfaces.

In 1974, Stephen Hawking theorized something interesting.
While nothing can escape from a black hole, the area just outside
is an extremely dynamic place. Particles and antiparticles (take, for
example, electrons and their evil twins, positrons) are constantly

“The workers of the Department of Motor Vehicles are totally dedicated to customers, and we
refuse this opportunity to take a cheap shot at them.
Which has come, presumably, to wash away the rain.

139



140

A USER'S GUIDE TO THE UNIVERSE

being created and annihilated in pairs, as we saw in chapter 2.
Imagine a pair of particles, an electron created just inside the
event horizon, and a positron, created just outside. The electron, of
course, will never be seen again, but the positron might have been
called into existence with just enough energy to get away. The
positron eventually gets made into energy that might be observed
somewhere far away. Of course, this same trick could be done with
any particle/antiparticle pair, including photons, which are their
own antiparticles. The upshot is that a black hole, left to its own
devices, will start to give off energy and radiation.

This seems like we're getting something for nothing, but
this extra energy came from the mass of the black hole. This
model of Hawking radiation, as it’s known, predicts that all
black holes will eventually evaporate all of their mass in this
fashion.

But don’t hold your breath waiting for this to happen.

If you started with a black hole the mass of the Sun, it would
take 10°7 times the age of the universe for it to evaporate.

Everything we’ve just said comes from theory—interpreting what
Einstein said about general relativity (with a bit of quantum mechan-
ics thrown in for good measure), and making predictions about what
black holes should be like. Nevertheless, there is very good evidence to
suppose that black holes are real and that they come in a wide range of
sizes and colors—or sizes, at least.

Some of the smallest black holes in the universe are probably
not much more massive than our Sun. In our basic model of stellar
evolution, welterweight stars like our Sun will use up their hydrogen
in about ten billion years or so. After a stint as a red giant, and
then another attempt at making something useful out of its helium, the
Sun will ultimately slough off a gaseous envelope. Only a smoldering
white dwarf will remain.”

For stars more than two or three times the mass of the Sun, some-
thing altogether different happens. These stars end their lives in an

"Try rereading the paragraph, replacing “our Sun” with “Nick Nolte.” It’s fun!
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enormous explosion called a supernova. Most of the lighter stars
end up as a very tightly bound ball called a neutron star, and some
special few of the most massive end up as black holes. Astronomers
have seen lots of supernova explosions, though thankfully none of
them has occurred in the vicinity of Earth. This is good, as a nearby
explosion would result in an untreatable case of deadness to humans.
But we've never seen the remains; we’ve never really seen a black
hole.

How, then, can we be so confident that black holes exist? While
we don’t see the stellar mass black holes, we do see signs of super-
massive black holes at the centers of large galaxies, and nowhere is
the evidence stronger than in our own.

In the mid-1990s, a number of astronomers, including Rainer
Schoedel of the Max Planck Institute, and Andrea Ghez of UCLA,
started observing the motions of stars in the center of our Galaxy. By
2002 their observations bore fruit, and what they saw was remarkable.
Less than a light-year from the center (which is rez/ly close in by galaxy
standards) they measured the positions of stars and found that year after
year, they seemed to be moving. Indeed, the stars were almost certainly
in orbit around something very compact and very dark.

Over the past few years, as the measurements have gotten better and
better, and the paths of the stars were traced for longer periods of time,
it became more certain that the object at the center of our Galaxy was
a black hole about four million times the mass of the Sun—enormous
by our standards, but nothing compared to some of the biggest black
holes out there.

Many of the most distant objects we know about are powered by
supermassive black holes. Even though black holes themselves give
off very little light, they exert an enormous amount of gravitational
pull, especially as things get close to them. As gas falls closer and
closer to the central black hole, it speeds up and starts to give off lots
of radiation. These black holes, surrounded by stuff, give off a huge
amount of energy and are called quasars. Quasars give off so much
light that they can be seen almost all the way across the universe. And
at the centers of them are black holes often more than a bi/lion times
the mass of the Sun.
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)
cb What happens if you fall into a black hole?

We started this whole discussion with one simple objective: build a
time machine. It seems a little excessive, but we had to talk about black
holes first—and it makes sense. Gravity warps time, and black holes are
a ripping source of gravity, so maybe we can use a black hole to travel
through time. Though most models for time machines aren’t based on
black holes, they are simple enough that we can get some sort of gut
feeling about how the bending of time actually works before we delve
into the nuts, bolts, and cosmic strings of chronoengineering.

So if we're going to really build a practical time machine, we need to
get our hands dirty by jumping into one of these time warpers feet first.
By way of example, we’d like you to consider what would happen if Dr.
Dave and Robo-Jeff decided to mount an expedition into Oblivion, a
ten-solar-mass black hole, and claim it for the Evil Research Academy
on Jupiter.

Dr. Dave, being the more cautious (and perhaps smarter) of the two,
decides to stay back and take observations back at the Evil Research
Academy while Robo-Jeff (who is certainly the more handsome, in a
rugged but noticeable way) sets himself up in a space suit, complete
with a radio transmitter/receiver and blue racing lights.

Of course, from out in deep space, Oblivion doesn’t look like much.
If they could see the event horizon (which they can’t) it would look
like a globe about eighteen miles in radius. There are a few differences,
however. Because the gravitational field of Oblivion is so strong, it
actually bends light, allowing Robo-Jeff and Dr. Dave to see the stars
behind it!

Of course, they can’t sit around admiring Oblivion all day, and
Robo-Jeff eventually takes the plunge, falling feet first toward
Oblivion. At first he doesn’t notice much of anything, and simply falls
faster and faster toward the black hole. By the time he’s about ninety-
three million miles away (the distance that Earth is from the Sun),
he’ll be falling at a rate of more than three hundred thousand miles
per hour.

A dizzying speed, to be sure, but since he’s in free fall, he would feel
weightless the whole time.
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As he gets closer and closer, a curious sensation begins to take over.”
The gravitational pull on his feet will be stronger than the gravity near his
head. At first this seems like just a mild disorientation, but by the time
he’s about four thousand miles (the radius of Earth) from the center of the
black hole, the difference between the gravity at his feet and at his head will
be the same as the total gravity here on Earth. It would be akin to a crane
holding him by his cranium while his feet dangle toward the ground.

This tidal force is relentless, and as Robo-Jeff gets closer and closer to
the center of the black hole, he finds himself getting stretched out quite
dramatically. Astronomers call this process “spaghettification.” With the
exception of Plasticman and Mr. Fantastic, human bodies like Robo-
Jeff’s don’t so much stretch as break when subjected to normal forces.
The tidal forces should be fatal, as the record for humans surviving high
accelerations is about 179 times Earth gravity, but even this was only for
an instant (in a crash). Robo-Jeff will experience this (and worse) continu-
ously once he reaches about 720 miles from the center of Oblivion.
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By the time he reaches a distance of about 350 miles from the cen-
ter, the difference in gravity between head and feet will be about fif-
teen hundred times Earth normal, strong enough to literally rip apart
human bones.

You £nrew time travel wasn’t going to be pretty.

*That tingle means it’s working.
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Let’s pretend that Robo-Jeff has been eating his Wheaties and that
his bones and robotic limbs can withstand the awesome forces. Even
with this generous consideration, it occurs to him that he has failed
to install a rocket booster to get him out of Oblivion’s gravitational
field. By the time he gets about forty miles from the center, he finally
starts to panic (in a manly, consequences-be-damned kind of way) and
sends an SOS call to Dr. Dave at the Evil Research Academy. However,
because the photons from Robo-Jeff’s radio transmitter lose energy as
they travel outward, Dr. Dave has to adjust his dial to a much lower
frequency to hear Robo-Jeft’s cries for help.

As Dr. Dave listens on his radio, he finds that even though Robo-
Jeff is transmitting at 108 MHz as agreed upon ahead of time, he only
hears him at the very bottom of the dial, in the NPR territory. This is
the exact phenomenon discussed earlier; the photons that Robo-Jeff
sent (in the form of a radio signal) have lost energy and so appear far-
ther down the dial. When Dr. Dave finally tunes him in, Robo-Jeff’s
voice sounds slow and deep, like when you play a 78 on the wrong
speed setting, or Barry White on the correct setting.

As Robo-Jeff continues falling, he loses radio contact entirely.

Although the pair failed to install a rocket booster, they did
think far enough ahead to install blue racing lights on his suit, and
Dr. Dave continues watching Robo-Jeff by these same flashing lights.
Rather than gleaming blue, they seem greenish, and then yellow-
ish, and then red before becoming invisible to the naked eye. At
that point, Dr. Dave can only observe Robo-Jeff using his infrared
detector.

About eighteen miles from the center of the black hole is the event
horizon, and as time goes on, Dr. Dave notices that while Robo-Jeff is
getting closer and closer to the point of no return, he never actually
crosses it. During the entire fall, Robo-Jeff appears to be outside the
black hole. However, the lights on his suit eventually just get redshifted
out of Dr. Dave’s detector range and he seems to disappear.

From Robo-Jeft’s perspective, on the other hand, everything seems to
happen in fast forward, and the signals from the Evil Research Academy
appear high-pitched. And what happens at the instant he crosses the
event horizon?
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Except for the fact that he will most likely not be among the living
and that he can no longer escape, he wouldn’t notice anything special.
Robo-Jeff might not even notice that he crossed the event horizon. He
will just keep falling inexorably toward the singularity. Of course, once
he’s on the unhappy side of the event horizon, photons can no longer
move outward, and therefore there is no scenario in which he is not
ripped completely to shreds. It might be of some comfort to him that
the entire period from the instant when he started to be uncomfortable
(when he felt tidal forces of about 10 g’s) to his complete destruction
turns out to be only about a tenth of a second.

This, by all scientific evidence, still sucks for him.

"
fh Can you go back in time and buy stock in
Microsoft?

As we've just seen, the regions around black holes have gravitational
fields that severely warp space, and more importantly for our nefarious
purposes, time. The big question is whether Dr. Dave and Robo-Jeff
will be able to use general relativity to build the greatest piece of mad
science ever: a time machine. Before we start talking about Aow to build
a time machine, we should offer some idea of what a good time machine
might be like.

When we were children, we liked to play with refrigerator boxes,
and occasionally would write the phrase “Time Machine”” on the side of
one of them. By a very generous interpretation, it was a time machine.
After all, it allowed the occupant to move through time at a rate of
one second per second. We imagine that you're hoping for something
a little more flexible than that.

Ask and ye shall receive; we can do better. As we’ve seen by Robo-
Jeft’s bold example, standing near a black hole or a white dwarf slows
the personal clock and therefore allows travel through time at faster than
one second per second. Our evil duo could make a pretty decent time

“Ideally with one or two adorable backward letters on it, in the tradition of Toys “I” Us.
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machine to the future by exploiting this. For example, they could build
a ship to plunge down to right outside the event horizon of a black
hole, hover there for a short while, and then come back out, producing
a return time well into the future.

This is a one-way trip, however, since it allows them no way to
go back to their original time. What we really want is to send them
into the past, and in the best-case scenario, change it to suit their own
nefarious plans.

So what are the prospects of going into the past? As we saw in chap-
ter 1, we can certainly arrange to see into the past. When you look at
anything, you're seeing it as it once was.

Of course, you might have something more specific in mind. For
example, imagine you wanted to observe something particular, such as
the Crimean War or the Apollo Moon landing. In principle, this seems
pretty easy. For the Moon landing, you'd just need to park a spaceship
forty light-years from the Moon with an ultrapowerful telescope.” The
problem is that to get forty light-years from the Moon, it would take
at least forty years to get there, since nothing can travel faster than
the speed of light. So while we can see into the past, we can’t generally
see into our own past history, since we can’t outrun light without using
gravity to cheat.

Of course, a mirror is a handy work-around. If there happened to
be a mirror about twenty light-years from the Moon already in place,
then in principle the Moon landing would just be reflected to us now.
Unfortunately, since the mirror would already have to be in place, we’'d
have to be very lucky. Also, the picture would be very small.

While even seeing into the past has its limitations, to most people
a time machine should actually allow you not only to see into the
past, but also to interact with and potentially change it. At the very
least, you'd like to be able to go back in time and shake your own
hand.

General relativists refer to scenarios in which you could encounter
yourself (or, in principle, your ancestors) as a “closed timelike curve.”
As we will see shortly, there are candidate designs for time machines

*As of this writing, it’s been about forty years. Also, the numbers come out easy.
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that are perfectly consistent with relativity. They might even allow for
the real possibility of meeting your younger self.

But before we do that, we need to lay down a few ground rules.

We fully recognize that at this point in the conversation we’re out-
side the realm of what might properly be considered physics, and well
into philosophy land. And we have no problem with that. In both fic-
tion and scientific philosophy, there seem to be two basic pictures of
how time travel might play out:

1. Alternate Realities/Universes

One of the most obvious problems with time travel is that it gives you
apparent license to muck about in the past in pretty much any way
you like. For example, imagine you got it in your head to do some-
thing profoundly stupid like kill your own grandfather before your
father was conceived.” Could you do it? What would happen to you
afterward? What kind of future would you find when you returned
to the present?

By killing your grandfather, you yourself couldn’t have existed, and
therefore it seems impossible that you could have gone back in time in
the first place, and therefore you couldn’t have killed your grandfather,
and so on.

How can we resolve this “grandfather paradox”?

A possible explanation for drastically changed pasts comes to us via
quantum mechanics. In chapter 2 we discussed Hugh Everett’s Many
Worlds interpretation of quantum mechanics in which every quantum
event gives rise to parallel universes. As we've seen, at the microscopic
level, the universe is rez//y random, and no amount of knowledge could
predict, for example, if a radioactive atom will or will not decay within
a particular time period, or whether a particular electron was found to
be spin-up or spin-down. If we replayed the movie of the universe again,
would the same thing happen again? We have no way of knowing.

While a small thing such as the spin of an electron might not seem
like much, taken over a very long period of time, small things can

“We don’t know why physicists have gotten into the macabre habit of talking about grand-
patricide, but who are we to argue?
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add up to a lot. Remember the old proverb, sometimes attributed to
Benjamin Franklin:

For want of a nail the shoe was lost.

For want of a shoe the horse was lost.

For want of a horse the rider was lost.

For want of a rider the battle was lost.

For want of a battle the kingdom was lost.
And all for the want of a horseshoe nail.

This saying is just the conceptual version of a theory in mathematics
called chaos. It’s true for almost any system (and the history of human-
ity is no different) that even a small difference in the starting point can
cause enormous differences in the final outcome. You may also know
this as the butterfly effect,” in which as small a thing as the flapping of
a butterfly’s wings can change the weather months later on the other
side of the world.

The point is that while each of the parallel universes may start almost
identically, they diverge into vastly different histories in short order.

This same picture—that of universes branching off one another—
could also be used in models of time travel. Let’s see how this resolves
the grandfather paradox. Imagine you’re a time traveler living in uni-
verse A, and you get it in your head to screw up the universe in some
spectacular fashion. You build a time machine, go back to the past,
and kill your grandfather. Since that event simply didn’t happen in
the history of universe A, the murder must occur in a new universe, B.
If we then went forward in time, presumably we would find ourselves
as us (with our own memories), but in universe B, rather than in our
original universe. And, of course, there would be only one of us (ver-
sion A) in universe B. The other one was never born.

See how simple time travel logic can be?

The Many Worlds model is the basic one used in Back o the Future. This
movie is such a classic that you're probably already familiar with it. A teen-
ager, Marty, uses a souped-up DeLorean to go thirty years back in time,

“Not to be confused with the terrible “time travel” movie of the same name.
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inadvertently complicates the courtship of his parents, and spends the rest
of the movie trying to undo his mistakes and get back to his own time.
Of course, he succeeds. But when he gets back to his own time, the
history of the world has changed significantly. Put into the Many Worlds
picture, Marty A disappeared from universe A to go back in time. When
changing the future, he branched off into universe B and went back into
the future of universe B. Meanwhile, Marty B presumably disappeared
into the past, changed the timeline, went back into universe C, and so on.
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In principle, if Marty A changed the universe enough, Doc Brown
B (the inventor of the time machine) never would have invented
time travel. In 1985, Marty B would then be stuck in universe B,
unable to travel to the past. When Marty A returned to the pres-
ent, he would do so in universe B, and so there would be rwo of
Marty. Meanwhile, in universe A, Marty would disappear with the
DeLorean, never to return.

In the Many Worlds model, even if you somehow resisted the urge to
kill your ancestors or otherwise mess up your history in an obvious way, we
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still would have to worry about how your past actions affected the future.
Even something innocuous rerandomizes all the events of the past.

The butterfly effect pretty much assures us that there is no time
travel scenario in which you can really change the past without introduc-
ing parallel universes. To us, though, this explanation is just a cheat.
A non-time-traveling observer in that universe would see duplicate
people, dead grandfathers, and time travelers popping into and out of
their reality. To us, this is deeply unsatisfying.

2. The Universe Is Self-Consistent

The thing that really distinguishes physics from magic is that phys-
ics makes testable predictions about the universe. Thus far there’s no
direct experimental evidence (nor any real proposal of how to get any)
indicating that ours isn’t the only universe there is. If there’s only one
universe, then there’s only one version of history.

In the mid-1980s, Igor Novikov of the University of Moscow devel-
oped a theory in quantum mechanics and time travel that says that
the probability of a self-inconsistent history is identically zero, but be
aware that this theory is premised on the assumption that parallel uni-
verses don’t exist; if we put in parallel universes, then all bets are off.

In the self-consistent model a realistic time-travel scenario might
go as follows. At age eighteen, an older version of yourself comes back
and gives you general instructions on how to build a time machine.
Realizing your destiny, you spend the next ten years building a time
machine, then go back in time to subsequently give yourself the same
instructions.

But here’s the dilemma. What if you tried to kill yourself in
the past? Or simply didn’t give yourself instructions on how to build the
machine? Is it even possible for you to do something that removes
the motivation for you to build the time machine in the first place?

Time travel gives us two unsavory alternatives. If you subscribe to
the Many Worlds model of time travel, then Novikov’s theory is vio-
lated. On the other hand, in the self-consistent universe model, a time
traveler apparently doesn’t have free will.

We (that is to say, the physics community) don’t have any par-
ticularly good answers to this quandary. We simply assume that the
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physical laws require that however time travel works, self-consistency
must be maintained.”

Self-consistent universes are much tougher, both for writers and for
the real universe. In part, you have to ask the question of why you
would go back in time in the first place. You never could have a moti-
vation to, since going into the past couldn’t fix anything. On the other
hand, if you wanted to engage in a bit of chronotourism, presumably
nothing would prevent you from observing the fall of Rome or the first
Olympic games. Of course, an astute observer at the time presumably
would already have seen you in the audience.

We're going to take as our starting point that “good” time travel
narratives necessarily involve the self-consistent history model. For one
thing, it’s much harder to make a riveting self-consistent history using
time travel, and we feel that people should be rewarded for doing so.
For another, since there’s no evidence for parallel universes, the single-
history version of time travel is the one most in keeping with what
we actually know about physics. Mostly, we simply don’t like stories
that involve parallel universes because even if something is “fixed” in
one universe, it usually remains broken in another. It’s fine for you to
fix your own timeline, but if that means that countless other universes
become dystopian nightmares, is that a risk you're willing to take?

Who does time travel right?

How does popular entertainment fare by this standard? Books, by and
large, do pretty well at keeping things self-consistent. Some, such as
the classic The Time Machine, avoid consistency altogether by spinning a
narrative that takes place in a distant enough future that it’s pretty clear
that the time traveler couldn’t change the future even if he wanted to.
Others, such as Douglas Adams’s Hizchhiker's Guide series, are so clearly
absurd that they’re not meant to be literal time travel stories at all.

“Yes, we realize that this assumption is a bit of a cop-out. If you really expected us to reconcile
the issue of free will versus determinism, then you expected way too much for the purchase
price of this book.
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Movies and television do much worse, typically. Most of them (Back
to the Future or the television series Heroes, among the most obvious
examples) take as their starting point that the future is not yet written.
Nonsense! Of course it’s been written if you've actually been there! Your
entire motivation for taking action in the present (or past) is predicated
on the fact that you've seen what the future looks like.

Being science-fiction geeks (as well as regular-science geeks), we
can’t but look for errors when a movie or a TV show uses time travel
as a plot device. Sometimes, though, they get it just right. With that
in mind, Robo-Jeff has kindly compiled a (noncomprehensive) “Two-
Sentence Time-Travel Summary” at the end of this chapter. Meanwhile,
a few detailed case studies are in order. Before we proceed, we should
warn anybody who’s managed to avoid TV and the movies over past
thirty years or so that there are severe spoilers ahead.

Futurama Season 4, Episode 1, “Roswell That Ends
Well” (2001)

A thousand years in the future, technology will be well beyond what it
is today, and people will be able to travel back in time (unpredictably,
but nonetheless effectively) by microwaving metal while simultane-
ously watching a supernova.

The Futurama crew, which includes Philip Fry, a delivery boy cryogen-
ically frozen for a thousand years, and Bender, a devious bending robot,
travel from the year 3001 to 1947 Roswell, New Mexico. Upon landing—
crashing, actually—Bender’s head and body are separated, and Fry keeps
the head. Bender’s body, on the other hand, is mistaken for a flying saucer—
the very UFO covered up by our government in our own history.

Fry discovers that his grandfather is on the local army base and acciden-
tally kills him. While comforting his grandmother, Fry comes to a realiza-
tion: since he still exists, his grandmother czz’# be his grandmother!

The next morning, Fry comes to another, creepier realization: the
woman 7s his grandmother, and he unknowingly became his own grand-
father.” Since interference in a self-continuous time loop is impossible,
it is better to say that he has @/ways been his own grandfather, and he

*The show, thankfully, glosses over the relevant details.
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has merely fulfilled his obligation to the timeline. Not that that excuses
his actions.

During their escape from Roswell, Bender’s head falls out of the ship,
and the crew is forced to escape back to their own time in the thirty-
first century without it. Fry realizes that it must still be in the desert
(and indeed, has been there all along), and the crew digs it up and
reattaches it to Bender’s body.
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This plot line introduces some complications into the lives of Fry
and Bender: particularly, Fry is his own ancestor, and Bender possesses
a head that is more than a thousand years older than his body. While
these things seem spectacular and silly, there is no scientific reason why
they cannot both be true.

The Terminator (1985)

One of the most dramatic and anticipated events of the future is the
nuclear robot holocaust, a festival of burned carcasses and sparking

*, .. . . . .
The original Terminator movie is a paragon of time-travel awesomeness. The sequels, not so
much.
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metal chassis, where cyborgs equipped with arm-mounted chain guns
rend the flesh of the living, care of Skynet®, a psychotic and sentient
version of our present-day Internet.

And we couldn’t be more excited.

Particularly, we look forward to the semirealistic time travel that
will inevitably occur. In the future, John Connor is leading the rebel-
lion against an army of evil, murderous robots. John sends a soldier,
Kyle, to the past (our present, or at least, 1984) to protect his mother,
Sarah Connor, after Skynet® sends one of its own agents, a murderous
robot assassin,” to kill her.

Kyle, working from a photograph for identification, finds Sarah
Connor and does his best to keep her safe. He is infatuated with Sarah,
falls in love, and impregnates her—a baby who grows up to be John
Connor, the leader of the rebellion against the machines.

Not only do Kyle and Sarah neutralize the robot threat and save Sarah
(and John’s) life, but Sarah also gets her picture taken, a token that will
eventually be passed to Kyle, who will fall in love with her all over again.
The loop is self-consistent, and if Skynet® had only thought about the
conundrum for a few minutes, it would have realized that since John
Connor wasn’t dead in the future, he couldn’t have been killed in the past,
and that the entire attempt was futile in the first place.

Of course, if Skynet® had realized the futility of its mission, then
it wouldn’t have sent a Terminator back in time to kill Sarah Conner,
Kyle wouldn’t have followed the robot into the past, and John wouldn’t
have been born. Whoa!

Does this mean that mankind will have to battle enormous odds to
end the robot insurrection at some point in the future, led by a computer
network that can’t fathom self-consistent time loops? We guess: yes.

"
fb How can | build a practical time machine?

We've already established that general relativity can do wonky things to
the flow of time, and we’ve even set some ground rules regarding what
a time machine should and shouldn’t be able to do. It may interest you

*Currently serving as governor of California.



TiIME TRAVEL

to know that there are real physicists out there who are busily publish-
ing papers on whether and how a practical time machine can be built.
Having set up all the ground rules, we’re finally going to get around to
the central question of how we might go about building a time machine
that’s consistent with what we know about physics.

1. Wormholes

General relativity shows that massive bodies such as the Sun or a black
hole will warp space and time. However, the warping of space is a Jocal
phenomenon. We mean that if you take a flat sheet of paper (flat =
not warped) and roll it into a tube, a tiny ant wandering on its surface
couldn’t tell whether it was rolled.

In principle, we could exploit the fact that space could be “folded”
in order to build a time machine. This fact is central to the idea of a
wormhole—a staple of science fiction for decades. A wormhole is a the-
oretical solution to Einstein’s equations of general relativity in which
space gets so distorted that a path is created connecting two potentially
distant regions of space.

HOw A PAYSICIST  maY EFFECTIVELY CHEAT
it A QRME BF TAf

“Rest assured, they already have tenure.
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Far away, a mouth of a wormhole looks kind of like a black hole.
From our local perspective, it would be a sphere through which you
could see out the other mouth of the wormhole. However, unlike a
black hole, as you get closer and closer to a wormhole, gravity stops
getting stronger, and a person or spaceship could go through without
being ripped apart.

While we have serious indirect evidence that there are black
holes out there, there is no evidence, either direct or indirect, that
wormholes really exist, and suspicions are that, Arthur C. Clarke’s
hoping and praying aside, they probably don’t exist on a macro-
scopic scale. All we know from general relativity is that they conld
exist.

The basic picture is that you get in one end of the wormhole and
come out the other, far away. In fact, you could design it so you could
easily travel faster than light. We’ll forget about the difficulty in build-
ing such a thing for the moment and point out the obvious. While
wormholes sound like great teleportation devices, it’s not obvious how
you'd use them as time machines. This is fine, though, because Kip
Thorne of Caltech has done the heavy lifting for you. In his book Black
Holes and Time Warps, he describes a wormhole time machine design
that he and two of his students, Michael Morris and Ulvi Yrtsever,
proposed in 1988.

To transform an awesome teleportation device into a super-awesome
time machine, you first need to realize that the length of the inside of
the wormhole has no relation to how far you can travel using it. If you
were to go through a wormhole, you’d come out (from your perspective)
a very short time later.

Let’s make things concrete. Earlier, we told you about prudent
(and stuffy) Dr. Dave and adventurous (and foolhardy) Robo-Jeff
and their adventures exploring black holes. Well, they’re at it
again, only this time they’ve managed to build themselves a small
wormhole—big enough for a person to go through, but small enough
to put one of the “mouths” inside a spaceship, which is exactly what
they do. If Dr. Dave looked through one mouth of the wormhole
(placed, conveniently, in his living room where the TV normally
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might go), he would be able to see into the interior of Robo-
Jeff’s ship.

On January 1, 3000, Robo-Jeff takes his ship and wormhole and
flies off at 99% of the speed of light. He travels about seven light-years
from Earth and returns on January 1, 3014. If these numbers seem a
bit familiar to you, they should. We picked the exact same ones when
we talked about the twin paradox in chapter 1.

You will also recall that from Robo-Jeff’s perspective, only two
years will have passed. Here’s where things get weird. Dr. Dave and
Robo-Jeff can see each other through the wormhole. The interior of
the wormhole doesn’t know that anybody’s moving. So if Dr. Dave
spends the next two years of his life watching Robo-Jeff through the
wormhole, he will see Robo-Jeff make his preparations for blastoff,
pilot his ship for a year, turn around, and return home. Dr. Dave will
fully expect to go out on his lawn in 3002 and find Robo-Jeff waiting
for him.

He will be disappointed, and will stare at the sky morosely for the
next twelve years until Robo-Jeff returns to Earth with the other side
of the wormhole.

So consider this. Looking through the wormhole in his living room
in 3002, Dr. Dave sees Robo-Jeff land on Earth in 3014. He can literally
see the future. But it’s even better than that. He can visit the future,
or, for that matter, Robo-Jeff can visit the past. Actually, anybody else
can as well. The wormhole now becomes a way to travel twelve years
in the past, and also to travel the negligible distance from Dr. Dave’s
lawn to his living room.

But beware! Though this time machine would allow you to travel
in the past, you couldn’t simply do anything you liked in the past,
for the reasons we already discussed. After all, the past has already
occurred.

There is also another severe limitation. You can’t go back in time
to before the time machine was built. This might help answer the nag-
ging question that has probably already occurred to you: why aren’t we
visited by time-traveling tourists? Because we haven’t built any time
machines yet!
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There are other problems with this design. For example, it is very
hard to hold a wormhole open, since the natural tendency is for it to
pinch off whenever matter or energy passes through it (since gravity
will attract the sides of the wormhole). A wormhole might collapse
before it could be used for anything useful. To hold it open, Thorne
asserted that it needed to be held open by some “Exotic Matter,” which
has a negative energy density. While this doesn’t seem to be in abun-
dance (or even existence) under normal circumstances, the same sorts
of fields that cause black holes to radiate have exactly the properties
we’re looking for.

And even that may not be enough. One of the problems with the
wormhole model is that it combines two areas of physics we haven’t yet
successfully merged: quantum mechanics and general relativity.

Our verdict: good luck making a wormhole time machine.
Wormholes may exist on the microscopic scale, and they may not, but
so far there’s no indication that there are spaceship-size wormholes out
there, nor do we have any idea how to make them. Once made, there’s
every possibility that your wormhole will collapse before you, or any-
thing else, can traverse it.

2. Cosmic Strings

Cosmic strings have little (or no) relation to the strings of string
theory, except they are also based on analogy to the everyday string
that kittens play with. They are exceedingly dense, and either infi-
nitely long or folded into a loop. As you might imagine, they produce
enormous gravitational fields, and because of that, they warp space
enormously.

In 1991, Richard Gott of Princeton University developed a time
machine model based on cosmic strings, and he gives an excellent
description of his model in Time Travel in Einstein’s Universe.

In general relativity, it’s not always true that the shortest path
between two points is a straight line. We can exploit this fact to do all
sorts of interesting things involving apparent “faster than light” travel.
For example, imagine that we have two cosmic strings lined up halfway
between Earth and a distant planet, Quagnar VII.
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Robo-Jeff decides that he wants to travel to Quagnar VII as quickly
as possible. Because cosmic strings warp space and time around them,
it’s faster to go around the strings than straight through the middle.
If a laser were fired straight down the center at the same moment that
Robo-Jeff took off, his ship could beat the light beam even though he
can only reach speeds of 99.9999% the speed of light.

This last point is important, because light beams are the be-all and
end-all of relativity. Think about what happens if Robo-Jeff’s kid brother,
Robo-Dan, launches from Earth to Quagnar VII at very high speed but
takes the middle path. He is astonished to note that Robo-Jeff arrives
at Quagnar VII before the light beam. In fact, by his reckoning, it’s
possible that Robo-Jeft arrived before he (and hence the light beam) was
launched from Earth. We suppose this is a sort of time travel, but not
a particularly useful sort. Even though Robo-Dan says that Robo-Jeff
arrived before he left, he couldn’t do anything useful with that. Robo-
Jeft couldn’t, for example, go back and shake hands with his past self,
because by the time he got back, he would have long since left. Got it?
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We can turn our cosmic strings from a curiosity to a practical time
machine by setting them in motion at nearly the speed of light. To
make things relatively simple, imagine the string on the right moving
toward Earth and the string on the left moving toward Quagnar VII,
each at the same very high speed.

We use the same trick that we employed when talking about the
wormhole time machine. Dr. Dave sits at the midpoint between the
two cosmic strings, and because he’s not moving, his clock moves at the
same rate as an observer on Earth.

Now here’s the cool part. Robo-]Jeff leaves Earth and travels a coun-
terclockwise loop around the two strings. We’'ve already found that to
an observer moving through the middle of the cosmic strings, Robo-
Jeff appears to arrive before he departed.

It gets better. On the return trip, Dr. Dave sees exactly the same
thing, except that Robo-Jeff flies around the leftward string. Again,
Robo-Jeff appears to arrive before he left from Quagnar VII, which, in
turn, is before he left Earth.

Let’s say it again: Robo-Jeff arrives back on Earth before he left
according to both Dr. Dave and, more importantly, the people on Earth.
In this scenario, he could go back in time, shake hands with himself
before he left, and alter history in whatever way the laws of time travel
will allow.

Of course, there are still some important caveats. Like with the
wormhole time machine, he s#7// couldn’t go back to before the time
machine was built.

There’s also an important physical conundrum. There’s no obser-
vational evidence that cosmic strings exist, and if they don’t, they’'d
be difficult (if not impossible) to create. For one thing, this particular
design requires cosmic strings that are infinite in length, and it would
take an infinite amount of time to create one. There’s also the very real
problem of accelerating giant strings to nearly the speed of light.

Our verdict: while we don’t like to throw the word “impossible”
around, let’s just say that a cosmic string time machine would certainly
be a challenge.
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i
Cb What are my prospects for changing the
past?

At the end of the day, can you build a time machine?
You? Almost certainly not.

Is it physically possible for a super-civilization? Perhaps, but this is
strongly dependent on the existence of things such as wormholes, exotic
matter, or cosmic strings, as well as the technology for the harnessing

and manipulation of enormous energies.

However, there are some very real constraints. Every practical design
for time machines using general relativity has had two built-in safety
mechanisms. First, the time machines would only let you visit periods
after the machines were invented. Second, and perhaps more important,
all of them are consistent with Novikov’s theorem that the universe has

just a single version of history.

In response to Thorne’s wormhole time machine, Joe Polchinski,
then at the University of Texas, raised the issue of whether we could
build an experiment that was the equivalent of the grandfather para-
dox, but with pool balls. To set the stage, we put a wormhole in a
rocket ship, but we create a time difference of only about three or four

seconds instead of twelve years.

Imagine you shoot a cue ball into one mouth of our wormhole time
machine. If it’s the “later” mouth, then some time before you sink the
shot (though potentially after you've already struck the ball) a second

ball will come flying out of the “earlier” mouth.

Think of this as a variant on a minigolf hole in which you hit a ball
into a cup at the top of a hill and it comes flying out through a pipe
at the bottom of a hill, except that in this case, you manage to arrange
things so the ball comes flying out of the second hole ear/ier than when

you shot it into the first.

Presumably a skilled enough shooter could hit a pool ball in the first
pocket so it comes flying out of the second (earlier) end of a wormhole
just in time to mess up your original shot. But if your shot gets messed

up, then what came out to disrupt your shot?
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Don’t try this shot, because it’s not going to work the way you think
it will.

Thorne and his students studied the problem using the tools of
quantum mechanics. Remember that in chapter 2 we saw that accord-
ing to quantum mechanics, a particle takes all possible paths to go
from point A to point B, and that different possible paths can interfere
with one another, producing a single observed result. The same basic
thing can happen in our time machine, forcing the earlier and later
versions of the pool balls to interact only in a way that is entirely con-
sistent with a single history.

Imagine you tried to make the trick shot we just described. What
would end up happening (according to your view) is that you'd take
your shot, but before your ball went in the first (later) end of the worm-
hole, an identical-looking ball would fly out of the second (earlier) end,
knocking your ball slightly. Your ball would still go into the wormhole,
but at a slightly different angle than you'd intended. Remember that
you lined up your shot with the sole intention of blocking your own
shot, and now that’s been screwed up. In fact, at the angle your shot

WHAT WE WANT WHRAT wE GET
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went in, you'd expect the ball to come out of the second (earlier) end of
the wormbhole at exactly the angle it &7d come out. And so it did.

In other words, travel through time all you want. The present will
still be waiting for you when you return.

Robo-Jeff’s Two-Sentence Time-Travel Summary

Important note: We're not attesting to overall quality here, just how well these
movies and TV shows do with a self-consistent or alternate universe time
travel model.

12 Monkeys (1995) % % % k % A Philadelphia-based super mystery that
shows why you should never share living space with Brad Pitt. The film
also offers compelling evidence against watching future versions of your-
self commit suicide.

Back to the Future (I, Il, lll; 1985, 1989, 1990) % Changing your past
does not make you slowly disappear. Sorry, Oedipus.

Conquest of the Planet of the Apes (1972) % % % % * A super-intelligent
chimp, descended from future apes, goes back to 1991 and leads the
simian revolt. Darwin would be annoyed to discover that it takes only five
years for gorillas to learn to speak fluent English.

Heroes (TV; 2006-) x Self-aggrandizement reaches new heights when Hiro
finds out that the person he's worshipped all his life is himself. He later goes
on to undo a future that is already written and must never happen.

Primer (2004) % % % * Two best friends accidentally build a time machine
out of argon and old mufflers. Eventually they (or their doubles) kill their
doubles (or themselves), but other more different doubles (or them-
selves) go through time trying to stop themselves (or something).

Quantum Leap (TV; 1989-1994) % Dr. Samuel Beckett and his imagi-
nary friend invade the past, and other people’s bodies, to correct the
timeline. If the show is to be trusted, a scientist teaches Michael Jackson
how to dance.

Star Trek IV (1986) % x x % Who knows whether Kirk and his crew
changed the past? All they did was kidnap some whales.

The Time Machine (1960) % *x x x George Wells travels eight hundred
thousand years forward in time to discover a symbolic bifurcation of good
and evil. No past was altered in the making of this future.
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The Expanding
Universe

“If the universe is expanding,

what'’s it expanding into?”
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e have to give credit where credit is due. Thanks

to write-ups in the New York Times, specials

on PBS and the Discovery Channel, and other

popular books on this subject,” certain scien-

tific phrases have crept into the public con-
sciousness. For example, ask someone on the street what’s happening
in the universe at this very moment, and odds are they’ll tell you that
the universe is expanding. Go ahead; we’ll wait.

Now go back and ask that same person what it means exactly for a
universe to be expanding. We bet that he or she is not going to give
such a pat answer this time around. That’s where we come in.

First a word on what it doesn’t mean. Do you remember the scene
in Citizen Kane in which Charles and Emily are at the breakfast table,
and over a series of years, we see the table expand and expand and the
distance between Kane and his wife grow larger and larger?™ That
is not what happens when the universe expands. Your table doesn’t
expand. The Earth doesn’t expand. The solar system doesn’t expand.

"Which almost never have cartoons, by the way.

fIf not, please take this opportunity to watch it. It’s nearly universally agreed to be the finest
American film ever made.
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The Milky Way Galaxy (which is tens of thousands of light-years
across) is still far too “local” to participate in the expansion of the
universe as a whole.

Even the Andromeda Galaxy, about 2.2 million light-years away,
is a falling toward us at a speed of about 275,000 mph, and may col-
lide with the Milky Way, something you’d have to wait about 3 bil-
lion years to see. Douglas Adams almost certainly got it right in the
Hitchhiker's Guide to the Galaxy when he wrote, “Space is big. Really
big. You just won’t believe how vastly hugely mind bogglingly big it
is. I mean you may think it’s a long way down the road to the chem-
ist, but that’s just peanuts to space.” Much of this chapter will focus
on just how empty space really is, but to give you some idea from
the outset, when the time comes and the Milky Way and Andromeda
start to tango, it’s unlikely that any two stars will collide with each
other. In all likelihood, it’s not a stellar collision that will spell doom
for humanity. We're afraid you'd just have to wait another couple of
billion years after that until our Sun turns into a red giant and fries all
life on Earth.

But let’s not dwell on what will kill whom. This is a happy book,
and we want to tell you about the seemingly innocuous expansion
of the universe. When we look out thirty million light-years or so,
virtually every galaxy is moving away from us. Stranger still, the
farther away the galaxies are from us, the more rapidly they seem to
be moving away.”

Vesto Slipher of Lowell Observatory first recorded the nearly univer-
sal recession of galaxies in 1917, but he had no way of knowing how
far away the galaxies were from our own. Indeed, at the time there was
enormous debate whether the dim smudges of light seen in telescopes
were nebulae within the Milky Way, or entire “island universes” of their
own. As it happens, it’s the latter.

Distances to galaxies are tougher to measure than you might sup-
pose. Despite what science fiction might tell you, we cannot fly to
other galaxies or even nearby stars with a tape measure trailing behind.
So when astronomers say, “It’s twenty-three million light-years to the

*As you'll see later, that “seem to” is an important bit of legal mumbo jumbo.
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Whirlpool Galaxy” (for example), you might wonder where they get
their information.

As stars and galaxies get farther and farther away, they look dim-
mer and dimmer. We can use this effect to our advantage, using a
“standard candle.” Imagine you go to the store and get a hundred-
watt lightbulb, screw it in, turn it on, and then walk away. As you get
farther and farther away, the light will appear dimmer and dimmer.
You know how bright the light is when you're close to it, so as you
get farther away, you can estimate how far away you are by measur-
ing how dim the bulb appears to you. The difficulty is that since we
don’t buy galaxies at Home Depot, it’s hard to know how many watts
they put out.

Even Edwin Hubble, perhaps the greatest observational astrono-
mer of the early twentieth century, wasn’t able to calibrate distances
particularly accurately. In 1929, he had calibrated the distances and
apparent recession speeds of other galaxies, measuring what has
come to be known as “Hubble’s Law.” In his original paper, Hubble
underestimated the distances to galaxies by a factor of eight, and as
recently as the past twenty or so years, lots of papers claimed that
distances, and thus Hubble’s constant, were uncertain to a factor of
two.” With data from the Hipparcos satellite (launched in 1989)
and the appropriately named Hubble Space Telescope (launched in
1990), astronomers have measured the Hubble constant to within a
few percent.

The other piece of the expanding-universe puzzle involves mea-
suring how fast galaxies appear to be receding from us. This can be
measured more or less the same way the police can figure out how
fast you're moving on the road, using the Doppler shift. You may
have noticed this effect with sound when a fire truck passes by. As
the truck is coming toward you, the siren appears to be at a higher
pitch than normal. As it goes away, it appears to be at a lower pitch.
With light, the effect is similar, except if the source moves toward
you, the light appears to be slightly bluer than normal; if it’s moving

*Subsequently there were lots of people in other branches of physics who made fun of cosmolo-
gists (and continue to do so) because of our feeble attempts at precision.
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away, slightly redder. The faster the source moves away, the bigger
the redshift.
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Suppose we were to take Sesame Street’s Cookie Monster and shoot
him away from the Earth at 25% of the speed of light. His fur, which
is dark blue, would appear in our telescopes as bright red. Through the
eyes of an observational astronomer he would look like Elmo, but still
wouldn’t be nearly as susceptible to tickling.

We know that most books on the topic like to say that galaxies are
moving away from us and leave it at that, but we have more faith in you
than that. We're going to tell you what’s really going on.

The universe is growing and the galaxies are, for the most part, sit-
ting still while space stretches around them. It might seem like a fair
bit of nit-picking, but it’s an important point.
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When some distant galaxy emits light, the photons make the long
journey from their parent galaxy to us. As they do so, the universe
expands, and the longer it takes the photons to get here, the more
the universe expands in the intervening time. This expansion affects
the light—an effect you've already seen. When a photon “expands,”
it really means that the wavelength of the light increases. The wave-
length of light determines its color. So if the universe expands as the
photon is traveling, the photon will get redder. If the source is farther
away, the universe will expand more during the travel time, and the
photon will have an even larger redshift.

"
fb Where is the center of the universe?

If you're anything like us, you were raised to think that you were the
center of the universe, and at first blush, Hubble’s observations of
the universe seem to confirm that theory. All of the galaxies seem to
be rushing away from us (or the universe is expanding around us, or
whatever), and it’s hard to get past the idea that we're somehow spe-
cial. After all, if all galaxies are receding from us, don’t we have to be
at the center?

Meet the Tentaculans, a race of astronomers from a galaxy about a
billion light-years from our own. One of the leading astronomers is
a creature named Dr. Snuggles. Would you like to meet Dr. Snuggles?
Well, we have some bad news for you. Since his galaxy is about a bil-
lion light-years away, even if we radioed Tentaculus VII and asked for
Dr. Snuggles, the original Dr. Snuggles wouldn’t be in any shape to
answer. If you were lucky, you might get a response from his great-
great-great (times fifty million or so) granddaughter, and by the time
she responded to tell us of our mistake, it wouldn’t be for at least
another billion years after that (assuming she gets back to us right
away), by which point our descendants would almost certainly have
forgotten what we called about in the first place. We can’t actually
meet with Dr. Snuggles, so we can’t ask him what he sees when he
looks through his telescope.
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In fact, it’s even more complicated than that, because the universe is
expanding. If we send our signal to Tentaculus VII, it would take more
than a billion years to place our call, and even longer to get a response.
It’s like trying to measure an eel. It gets all wiggly while you hold a
ruler, and by the time you measure where its head is, you realize that
the end of the ruler isn’t where you left it.

No matter; we still know what Dr. Snuggles will see when he looks
through his telescope. He will observe exactly the same thing we do
here on Earth: nearly all of the galaxies in the sky seem to be flying away
from Tentaculus VII, and the farther away the galaxies are, the faster
they seem to be receding. The more jingoistic elements of Tentaculus
have decided to interpret these observations as irrefutable proof that
Tentaculus is at the center of the universe.
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How can both Dr. Hubble and Dr. Snuggles be right? How can both
galaxies rest at the center of the universe?

Imagine you are cooking a batch of blueberry pancakes. We choose
this flavor for two reasons: first, they are delicious, and second, blueber-
ries, much like galaxies, don’t themselves expand during the cooking
process. As the pancakes cook and the dough rises and expands, the
blueberries start moving away from one another. If blueberries had
sentience, every one of them would note, “All of the other blueberries
are moving away, with distant blueberries moving away faster than
nearby ones.”

This brings up a pretty subtle point, one that might seem kind of
familiar if you look at chapter 1. Since everyone in the universe is under
the impression that everybody else is flying away from them, how can
we say that anybody is moving at all?

There is a general theme of nonspecialness that recurs through-
out the history of science. Nicolaus Copernicus (in honor of whose
insight the Copernican principle is now known) showed that the
Earth isn’t at the center of the solar system. In 1918, Harlow Shapley
of Harvard showed that our solar system is nowhere near the center
of our Milky Way Galaxy, despite the assumption otherwise. Now
Hubble (and Dr. Snuggles on his own planet) has shown that our
Galaxy isn’t even at the center of the universe!

But as we said, no one can definitely claim to be. As an analogy, pic-
ture yourself as an ant living on a balloon. As the balloon inflates, you
see all of the other ants get farther and farther away from you.

An astute nitpicker might object to the ant world. He or she might
say, “Wait a minute! I know that if the ant world is being inflated, then
the ants should notice! After all, I notice when, say, my mom hits the
gas in the car.” True enough, but in this case the ants wouldn’t notice
because their universe is expanding in a mysterious third dimension of
which they aren’t directly aware.”

Perhaps we're moving in a fourth spatial dimension, which would be
different from the three spatial dimensions we’re accustomed to. Later

*They would also probably note, “Holy Moses, I'm burning alive!”

TAnyway, ants can'’t drive.



THE EXPANDING UNIVERSE 173

[ oo

A
L 4

e, ’"..J&?f

A —

in this chapter we’ll discuss the possibility that there might be other
dimensions beyond the three we’re directly aware of . Then again, this
also might be a case of trying to carry an analogy too far. In our current
Standard Model of cosmology, we don’t need anything beyond three
spatial dimensions (plus one for time).

w
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&P What's at the edge of the universe?

Our discussion of Tentaculus VII brings up an important point.
Provided we had telescopes powerful enough to see Dr. Snuggles’s
home planet, the picture we would see is not how it is today, but how
it was about 1 billion years ago. We might look at another, even more
distant galaxy and note that we’re looking at it even farther in the past.
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Astronomers are able to study the properties of galaxies in the very
early universe by looking at galaxies that are very far away.

But as we look at more and more distant objects, there is a dis-
tance beyond which we can’t see. On Earth we’d call this the horizon,
and it’s no different in the universe as a whole. We can’t see beyond
the horizon because light moves along at a constant speed. Since the
universe has been around for only a short while—about 13.7 billion
years—anything farther than about 13.7 billion light-years away won’t
be visible to us for some time.

Where’d this so-called beginning of the universe come from? We’ll
do our reasoning backward. If all the galaxies in the universe are cur-
rently moving away from one another, there must have been some time
in the past when they (or at least their constituent atoms), must have
been right on top of one another. We refer to this event as the Big Bang,
and it’s the subject of a lot of confusion (and the next chapter).

We can estimate when the Big Bang occurred by remembering
that speed is just the ratio of distance over time. Assuming (wrongly,
as it turns out, but close enough for now) that the recession speed of
the Tentaculus home galaxy hasn’t changed since the beginning
of time, then the age of the universe can be computed with a simple
bit of mathemagic. Think about it: the farther away a galaxy is today,
the older our universe must be, since everything is moving away from
everything else at a measured rate. Plugging in the numbers for our
universe, a back of the envelope estimate for the age of the universe
is about 13.8 billion years, very nearly what you get if you do the
calculation correctly.

If we had a powerful enough telescope, could we see the begin-
ning of the universe? Almost, but not quite. The current distance
record-holder, a stellar explosion dubbed GRB 090423, is so far away
that the image we see in the Swift satellite is from when the universe
was only about 630 million years old (about 5% of the current age of
the universe), at which point the universe was less than a ninth of its
current size.

Stranger still, GRB 090423 appears to be moving away from us at
approximately eight times the speed of light. (We’ll wait while you flip
back to chapter 1, in which we clearly state that this is impossible.)
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This mystery goes away if we remember that it’s the universe ex-
panding and not the star moving away from us. The star is essentially
standing still.

Seem like we’re cheating? We're not. Special relativity doesn’t say
that things can’t move apart faster than the speed of light. What it
does say is this: if I shine my Bat-Signal into the sky, Batman can’t out-
race it in his Batplane, no matter how hard he tries. More generally, it
means that no information (a particle or signal, for example) can ever
travel faster than light. This remains absolutely true, even in a quickly
expanding universe. There’s no way we can use the universe’s expansion
to outrace a beam of light.

We actually can see even farther back in time than GRB 090423,
but we need radio receivers to do so. We can see back to when the
universe was only 380,000 years old and consisted of nothing more
than a swirling amalgam of hydrogen, helium, and very-high-energy
radiation.

Beyond that distance, things quite literally get hazy. Since the uni-
verse was thick with stuff in its early days, it’s like trying to see through
your neighbor’s curtains.” We can’t see what’s on the other side, but we
do know what the universe looks like now (and all the time between
the early universe and now), so we can guess what’s behind that cosmic
curtain. Tantalizing, isn’t it?

So while we can’t quite see back to the horizon, we can get close
enough for government work. The really cool thing is that the longer
we wait, the older the universe gets and the farther away the horizon
gets. In other words, there are distant parts of the universe whose light
is only now reaching us for the first time.

What lies outside of the horizon? Nobody knows, but we can make
an educated guess. Remember that Copernicus and his successors have
shown us effectively “Wherever you go, there you are,” so we might
suspect that the universe looks more or less the same outside the hori-
zon as it does here. Sure, there will be different galaxies, but about the
same number as there are locally, and they’ll look about the same as

*Not that you would ever try to do that. We don’t like to think of you that way.
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our neighbors. This doesn’t absolutely have to be true. We assume it
because we have no reason to believe otherwise.

-

®

fﬁ What is empty space made of?

So the universe is expanding, but the actual galaxies in the universe
are barely moving. We need to return to Einstein’s theory of general
relativity. John Archibald Wheeler famously described the theory by
saying, “Space tells matter how to move, and matter tells space how to
curve,” and this is exactly how you should think of it.

b
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We remind you of our promise to steer clear of math, but Wheeler’s
description is actually a succinct way of describing the central equation
of general relativity, the Einstein field equation. While we won’t write
down the field equation, we will say a few things about it.
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The left side” of the field equation determines how far apart two
points are from each other in both space and time, a quantity known as
the metric, and by exploring how the metric changes over space, we’re
able to describe how curved space is. The metric is important because
the particles are lazy, and will take whatever route minimizes their
travel time. In flat space (that is, without gravity), the quickest route is
a straight line, as you would probably guess, but if space is curved due
to gravity, things get more complicated.

Let’s say you throw a ball to a friend. The ball wants to get to your
friend as quickly as possible, so maybe the quickest path is a straight line.
But wait! Gravity (as we saw in the previous chapter) makes time run
a tiny bit slower near the surface of Earth, so the ball might get to your
friend quicker if it gets away from Earth for a bit and travels in an arc.

“Yes. We are, in fact, writing down things such as “the left side of the field equation” as a
refuge from writing down the equations themselves. Don’t get all bent out of shape.
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On the other hand, if it arcs too much, it will have to travel faster,
and as we saw, time also passes slowly for a fast-moving ball. It com-
promises, and by following the curve of space-time, the ball appears
to travel in an arc. See? Despite all of this talk about relativistic time
and bended space, in weak gravitational fields such as Earth’s, gravity
behaves just like Newton said it would.

But we're going to have to escape Earth’s weak fields if we want to
figure out how the universe evolves as a whole, and to do that we need
to say a thing or two about the metric. Remember that the metric is
what tells us how far apart two points are from each other. Imagine
you had a ruler that was slowly shrinking. As you made subsequent
measurements of the distance between, say, yourself and Poughkeepsie,
you'd find that the distance was constantly increasing.

This is precisely what’s happening in the real universe!

Space is not the absolute thing that we were taught in grade school.
We already saw that space and time are relative for moving observers
and for observers near massive bodies. We now realize that space itself
changes as the universe ages.

And what of the right side of the Einstein field equation? Wheeler
already gave us the answer: “Matter tells space how to curve.” The mat-
ter in the universe tells the universe how to evolve.

How will we be able to understand all this when we don’t really
know the equations of general relativity? Have no fear. Remember that
your physical intuition about gravity works better than you’d expect.

We've rather glibly been talking about the expansion of space with-
out saying anything about what space really is. Isaac Newton thought a
lot about space in his Principia Mathematica, and devised a little thought
experiment to make things concrete. Let’s think way back to chapter 1,
in which Rusty, Galileo, and Einstein (though not necessarily in that
order) found that no observer can tell if he or she is moving or at rest, as
long as he or she moves at a constant speed. The only important thing
in the dynamics of two observers is their relative state of motion.

Newton imagined a bucket hanging from a twisted rope, filled
with water, and held still. The bucket is then released, and starts
to spin while the rope untwists. At first the water wants to sit still,
and the sides of the bucket spin around it. Eventually the friction
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between the bucket and the water kicks in, and the water spins with
the bucket. As it does so, the water creeps up the sides.

We know you’re thinking, “So what?”

The reason why this is kind of a big deal is that by the end of Newton’s
bucket experiment, there is no relative motion between bucket and
water, and yet we can still tell that the bucket and water are twisting.
The real question is: how does the bucket “know” that it’s spinning?

As an example of something you can see if you visit just about any sci-
ence museum, consider Foucault’s pendulum. A pendulum is just a weight
(or bob), suspended by a rope or a rod, and allowed to rock back and
forth, like inside traditional grandfather clocks. In the case of Foucault’s
pendulum, the device is mounted so it is free to move in any direction it
wishes. The bob is set to rock back and forth, but an observer watching
long enough will note that it also rotates. Or rather, the pendulum just
moves back and forth while the Earth rotates underneath it. Somehow it
knows to maintain its fixed orientation with respect to space.

Or consider our old pal Rusty in deep space, sitting in a big rocket-
powered chamber, much like the gravitron at the amusement park.
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The rockets start up, and the cylinder starts spinning. After a short
while they stop, and the whole contraption just keeps on spinning. If
you've seen 2001: A Space Odyssey or any other sci-fi movie in which
artificial gravity is simulated in a spinning space station, you know that
Rusty will be thrown up against the walls.”

If it’s just Rusty and his gravitron, alone in the universe, we have a
bit of a quandary. How can they be said to be spinning at all? Spinning
with respect to what? Try to answer the question without using the
word “space.” Space is just nothingness, after all.

The philosopher Ernst Mach addressed this same question in his
Science of Mechanics about 240 years after Newton did:

[The} investigator must feel the need of . .. knowledge of
the immediate connections, say, of the masses of the universe.
There will hover before him as an ideal insight into the prin-
ciples of the whole matter, from which accelerated and inertial
motions will result in the same way.

This explanation isn’t what we’d call a precise scientific statement
about how the universe works, and it seems reasonably likely that we
would have forgotten what Mach had to say about the matter if it
weren’t for the fact that Einstein was obsessed with “Mach’s principle”
(as Einstein coined the idea). He rephrased it much more succinctly:
“Inertia originates in a kind of interaction between bodies.”

Still too complicated? How about, “Mass there influences inertia
here”?

Well, duh! Of course matter far away affects the motions of bodies
here. That’s just what we call gravity. But that’s not what Mach was
saying, nor what Einstein read into it. What Mach was saying was that
somehow by comparing our matter to the distant stars, we can figure
out whether we’re moving, or at least whether we’re accelerating. It’s
not that different from you saying that your train is moving by observ-
ing the apparent motion of mountains. The mountains are big and you
are small, so your motion can be measured relative to the big stuff in
the universe.

*Or if he stays on the ride too long, he will be throwing up against the walls.
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Einstein used Mach’s principle as one of the chief inspirations for his
theory of general relativity. His basic idea was that the “distant stars”
could be fixed on average, and that you could only really say that some-
thing is accelerating—or rotating, for that matter—if it was doing so
with respect to the fixed stars.

Is Mach’s principle right?

It doesn’t have to be. Mathematically, there is a solution to Einstein’s
equations for empty space: that is, no matter at all. Clearly there are
no distant stars in such a case, but Einstein’s theory of special relativ-
ity would still predict that if you suddenly popped into that otherwise
empty universe, you could “feel” if you were rotating.

But a completely empty universe clearly is the exception rather
than the rule. Our universe has stuff in it. General relativity incorpo-
rates the matter in the universe. It’s this “warping” of space that can
be felt throughout, including here.

Almost immediately after Einstein came up with his theory of
general relativity, Josef Lense and Hans Thirring of the University
of Vienna noted that if you take something massive enough—say,
a black hole—and spin it, the space around the black hole will get
dragged around as well. To put it another way, if you tried to stand
still, it would seem as if you were spinning. This idea isn’t just a
guess, either. A number of satellites have since been launched that
have measured the dragging of space due to Earth’s and Mars’s spin.

The point is that on the biggest scales, it seems that matter is what
“makes” space, even if the local space looks like there’s nothing in it.

How empty is space?

We’ve been veering a bit too much toward the esoteric in the past few
pages, focusing on the nature of space and the like. Now it’s time to
get a little bit more concrete. To that end, we’ll make you a deal: if you
agree that the galaxies in the universe are basically sitting still while
the universe expands around them, we’ll admit that there’s often no real
harm indulging in the fantasy that we’re at the center of the universe.
If you agree, please signify by shaking this book vigorously.
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We'll take that as a “yes.”

We can even do a fair bit of accurate physics using the you-centered
model. Let’s start with the basic question of whether the expansion will
slow down or speed up. Look at it from the universe’s perspective and
try the following experiment:

1. Go outside with a baseball.
2. Throw it straight up into the air.
3. Get out of the way.

No matter how many times you repeat the experiment, eventually
the old adage comes true—what goes up must come down.

Of course, the reason we're able to build rockets that can go to
Mars is this: if you throw the ball or boost the rocket fast enough,
it can escape Earth’s gravitational pull. The escape velocity of Earth
is about 25,000 mph. Rockets get into space because they can move
faster than that.

On the Moon, however, the escape velocity is a bit over 5,000 mph.
In fact, if you were on the Moon and you could throw a 10,000 mph
fastball, you'd find that the ball would go clear to outer space. A throw
of the same speed on Earth would result in the baseball crashing back to
the ground. To put this in even more perspective, Mars’s moon Deimos
has an escape velocity of about 13 mph. Even we could throw a ball with
escape velocity from there! Probably.

What makes Deimos so different from Earth? Mass.” Earth has lots
more of it, and thus more gravity. With less mass, there is less grav-
ity pulling the baseball back to the planet (or planetoid, or moon, or
whatever), and consequently Deimos has a smaller escape velocity. This
maxim holds for massive objects such as galaxies as well.

If the universe were completely empty (it’s not, thankfully for us),
it would continue to expand forever, its rate completely unabated. There
would be no matter to slow it down. If we had such an empty universe
and we put a little bit of stuff in it, the expansion would slow a little bit.
Remember that matter affects space, so if we put a whole bunch of stuff
in, the universe would eventually collapse back on itself.

*That’s right. Deimos is Roman Catholic.
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The dividing line between the fate of infinite expansion and that of a
big crunch is called the “critical density” of the universe, and it’s much
lower than you might think.

People tend to have an overly inflated sense of how packed outer
space is, so perhaps a reality check is in order, and we’ll start locally.
Think back to the scene from Szar Wars in which Han Solo is barely able
to hold the Millennium Falcon together as he makes his way through
a crowded asteroid belt. As you probably know, our own solar system
has an asteroid belt between the orbits of Mars and Jupiter (the fourth
and fifth planets from the Sun, respectively). What would happen if you
were so foolhardy as to try to pilot your ship to Jupiter?

Not very much.

While astronomers aren’t exactly sure how many asteroids there are,
a conservative estimate of ten million or so means that the average
distance between these guys is more than a million miles apart. If you
don’t have a feel for that sort of distance, a million miles is about four
times the distance to the Moon, a trip only a couple of dozen human
beings have ever undertaken.

As we head out of our solar system to other stars, more than four
light-years separate us from the nearest star, Proxima Centauri, and
between here and there, things are really quite barren. On average,
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every cubic centimeter (about as big as a regulation-size die) of inter-
stellar space contains only about one hydrogen atom. That’s about 10
times emptier than air here on Earth, and about a million times less
dense than the best artificial vacuums we’re able to build.

Between galaxies, even if the universe is at the critical density, space
is another factor of a million less dense. That works out to only about
five atoms of hydrogen for every cubic meter (roughly the size of your
refrigerator) of space.

Of course, you probably expected that outer space is empty. That’s
why it’s called, you know, space.

Because astrophysicists don’t like dealing in the small change of
atoms, we really only care about whether the universe is more or less
than the critical value, so we define a ratio. This ratio compares the
amount of matter (any kind of matter) in the universe to the amount of
matter we would expect at the critical density. We call this ratio

Q

M.

If you want to tell your mom about what you learned in this book™ and
don’t want to write anything down, this is referred to as “omega matter.”

We're going to ruin the surprise and tell you that our best estimate of
QM is 28% (plus or minus some smallish error) of the amount of matter
necessary to make the universe collapse on itself. As the universe expands,
the matter in the universe gets more and more diffuse, and so as time goes
on it will start to look more and more empty. This means that the density
of the universe will decrease (space is getting bigger, but no more matter
is being produced), so this ratio will get smaller and smaller.

It’s a pretty important number (at least among geeky astronomers),
and over the past twenty years or so, the bulk of mainstream cosmology
has focused on trying to get this number and just a handful of others’
to figure out the age, fate, future, and past of the universe. This number
in particular is important, since it tells us whether the universe is going
to recollapse, or continue expanding forever. To determine its value, we

*“Mom? Yeah, it’s me. I'm reading this book about physics, and I wanted to tell you how

dense you are compared to the rest of the universe.”

TThis is by far the most successful attempt that astronomers have made in getting numbers.
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need to measure how much stuff is around us, and so the basic question
is, How do we weigh the universe?

There are about a hundred billion galaxies in the observable universe,
and they contain most of the mass. If we can figure out how to weigh galax-
ies, or clusters of galaxies, then we can just add up all the mass within a par-
ticular region of space, and then we will know the density of the universe.

Where's all of the stuff?

Instead of trying to weigh the entire universe, if we figure out a way to
effectively weigh individual galaxies, we’re golden. So how’s this for an
idea? Count up all the stars in a galaxy and assume that they’re pretty
much all like the Sun. After all, when you look out into the night sky,
everything you see is just starlight, or, in the case of the Moon and the
planets, reflected starlight from our own Sun. What's more, in our own
solar system, about 99.99% of the mass is in the form of stars (our Sun), so
maybe assuming that (virtually) all of the mass in galaxies is in the form
of stars isn’t so crazy. If we crunch the numbers in our fancy computing
stars 18 only about 0.2%.

This result means that, like the Autobots and Decepticons, there

machine we find that the universal density, €2

must be more to galaxies than meets the eye. The dominant contribu-
tion of ordinary “stuff” in most galaxies is huge amounts of gas, which
radiates in X-rays rather than in visible light. So if you could somehow
take your favorite galaxy to your dentist’s office, he or she would be able
to tell you how much gas is in it by measuring the X-ray radiation. If
you include mass measured through this effect and add it to all of the
mass from stars, you'd find that £, is about 5%, which still suggests a
universe that is pretty darn empty.

That 5% is kind of surprising, and more than a bit troubling. It
represents the amount of mass contained in ordinary stuff, what physi-
cists like to call baryons, which you remember” are just protons and
neutrons. This means that all of the elements are made of baryons,
which means that all atoms and molecules are made of baryons, which

*Sure you do.
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means that you and me, the Sun, Earth, stars, gas, dust, and everything
you've ever seen or had contact with are made of baryons. There are a
bunch of different tests you can do to count up the baryons in the uni-
verse. All of them suggest that (2, the fraction of the critical density
in baryons, is only about 5%.

That would be all well and good except for a curious observation
first noted by Vera Rubin and her collaborators in 1970. She noted
that stars are orbiting around galaxies, and the whole thing is held
together by gravity. If a galaxy doesn’t have enough mass, then the
stars would fly off. This effect is exactly what happens if you do the
classic yo-yo trick “around the world” and someone cuts the string. The
yo-yo no longer stays “in orbit” but rather flies off, presumably knock-
ing someone’s teeth out.” The point is that we can measure how fast
stars are moving around the centers of galaxies by calculating their
Doppler shift, and from that we can measure the total masses of the
host galaxy. And you know what? The galaxies are about six times
more massive than we would have guessed! In other words, Q, is
about 28%, but only if we assume that most of the mass—about 85%
of the total—is made up of some sort of mysterious “dark matter” that
we can’t see.

Maybe there is just something wrong with our measurements, or maybe
we're doing the calculation wrong. Occam’s razor tells us that we should
take the simplest solution as the best one, and it’s much simpler to say that
we’re making some sort of mistake than to say that somehow we’re just not
able to see 85% of the mass in the universe! We need other tests.

In recent years, good-looking, intelligent astronomers have started
using a technique known as gravitational lensing to measure the masses
of galaxies and clusters of galaxies. Lensing exploits the fact that mas-
sive things such as galaxies bend space a bit, and light beams follow
the bending of space. For example, if the Tentaculus home galaxy
lay between Earth and a more distant galaxy, then the image of the
background galaxy will be distorted by the mass of the Tentaculan
galaxy. The greater the mass, the more the distortion.

Between your dangerous yo-yo stunts and galaxy X-rays, this chapter is going to cost you a
fortune.
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For clusters of galaxies this effect can be quite dramatic, since
clusters can have masses as large as a quadrillion (10"°) times the mass
of the Sun. When clusters lens background galaxies, these otherwise
normal-looking background galaxy images can be seen on Earth as
grotesque arcs, and occasionally there will be two images of the same
galaxy in much the same way that a magnifying glass can be held so
that more than one image of, say, your finger can be seen.

As one of the rare cases when a cartoon just isn’t going to cut it, take
a look at a Hubble Space Telescope image of the cluster Abell 2218:

If you look, you’ll notice some very bright, roundish galaxies. Those
are the galaxies in the cluster. However, you also may note that there are a
bunch of really elongated smudges and dramatic arcs. Believe it or not, those
are also just ordinary galaxies, but they’re behind the cluster (as seen from
Earth), and their images are grossly distorted by the gravitational field.

Lensing provides another way of measuring the masses of galaxies,
and, consequently, the universe, and the numbers point to the same
thing: there’s about six times more mass in the universe than can be
accounted for by “ordinary” baryonic mass. In a particularly stunning
result, in 2004, Douglas Clowe, then at the University of Arizona, and
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his collaborators studied a colliding pair of clusters known as the “bul-
let cluster” and discovered something remarkable.

As we just saw, the majority of ordinary mass in clusters is not made
up of stars; it’s made of hot gas. The stars, the part of the galaxies that
we can see with our eyes, are just a small minority. So if this hard-to-see
matter, or dark matter, were really made of ordinary stuff, we might
expect it to line up with the gas.

What Clowe and his collaborators found was that not only is more
mass in the cluster than one might guess based on the gas, but also the
dark matter didn’t even appear to be near the gas! In other words, even
though we don’t know what it is exactly, we now know how to find it.
We'll return to the question of what exactly dark matter is in chapter 9.

Why is the universe accelerating?

The quest for dark matter almost completely defined the state of cos-
mology until about 1998. Because the results of measuring the masses
of galaxies were still coming in, much of the cosmological community
was convinced that , had to add up to 100%. There was no strong evi-
dence to the contrary, and most theories favored that number.” However,
a series of observations in the mid-1990s blew that idea apart.

A bit earlier, we mentioned the idea that one of the chief ways that
we're able to measure the distance to other galaxies is that we know
how bright they are intrinsically, and by measuring how bright they
appear to us, we're able to measure their distances. Nature seems to
have provided us with an excellent “standard candle” in the form of a
type of exploding stars called “Type Ia supernovas.”

Type Ia’s are comprised of a white dwarf and a red giant star, which
are in orbit around each other. The white dwarf is a smoldering core

*The theory was and is known as inflation, and we’ll talk a lot about it in the next chapter.
Current estimates show that €, is about 28% (as opposed to the 100% predicted by the
first models of inflation), which should have demolished inflation once and for all. Somehow,
though, the theorists realized that they could tweak their equations to make everything work
out. This should teach you a valuable lesson about believing a theoretical physicist who claims
to be certain of something.
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of a star, and quite dense. The red giant star is big, and its gravity is
relatively weak, which means that the gas from the outer atmosphere
of the red giant falls onto the surface of the white dwarf.

White dwarfs are very compact objects. When our Sun turns into
a white dwarf, it will become as small as Earth.” These stars are so
dense that their individual electrons are literally bumping against
one another. The densities in white dwarfs are about a million times
that of rock, and it is very, very hard to compress a white dwarf any
more. However, eventually enough of the red giant’s castoffs fall
onto the surface of the white dwarf that it can take no more, and
the protons and electrons in the star merge to form a neutron star.
When this happens, there is an enormous shock and explosion of

A RED GIANT  ACCRETING
ONTD AOWRITE TOWARE

*Of course, we on Earth, having long since been fried to a crisp by the Sun having previously
become a red giant, will be in no position to care.
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material called a type Ia supernova. During a few weeks, as much
energy is given off by this explosion as the Sun will emit in its entire
ten-billion-year lifetime.

You don’t want to be near a supernova when it goes off. Even if
one went off ten light-years away, the results would be fatal for life
here on Earth. Fortunately, any given galaxy has only about one of
these explosions every century, and our own Galaxy is tens of thou-
sands of light-years across, so odds are that we're safe for the time
being. The bad news, though, is that there’s no way for us to predict
when or where a supernova will go off.

But astronomers (typically misanthropes) still love these astro-
physical cataclysms. Supernovas make superb standard candles because
(1) they are incredibly bright, which means that they can be seen over
huge distances, and (2) because they all “go off” at about the same
time (that is, when a certain amount of material has fallen onto the
white dwarf), and they all look more or less the same, which means that
we can calibrate how far away they are.

In 1998, two teams, led by Saul Perlmutter and Adam Reiss, respec-
tively, measured distances to approximately fifty of these supernovas,
and since they also could collect redshifts, they not only knew how
far away the supernovas were, but also how much the universe has
expanded since then.

They each, simultaneously and independently, found something
remarkable. The universe isn’t slowing down, as one might expect from
pretty much everything we’ve told you so far. It’s accelerating. Einstein
had stumbled on something of this sort when he originally came up
with the idea of general relativity. Einstein called it the “cosmological
constant,” and if you've ever done calculus, it’s very much like the “plus
a constant” that comes out of integrals. If you haven’t done calculus,
you’ll have to take our word for it.

Einstein invented the cosmological constant as a way of making the
universe static, and he was greatly embarrassed when Hubble discovered
the expanding universe. However, despite its origins, the math behind the
cosmological constant is sound, and after the supernova results came out,
there was renewed interest in a cosmological constant. This time around,
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though, the constant was thought of as a “dark energy” that pervades the
universe.

Einstein noted that gas with high pressure has a stronger gravita-
tional pull than gas with no pressure at all. This difference is impor-
tant because dark energy has negative pressure; it behaves like a sort of
antigravity and causes the universe to accelerate. Even stranger, as the
universe expands, the density of the stuff doesn’t decrease. It’s exactly as
if you had a ball of tafty that you stretched and stretched but somehow
it didn’t get any thinner. This instance is definitely one of those cases
where your physical intuition is likely to let you down.

Think this sounds too weird to be true? Well, it isn’t. We've already
seen something very similar in chapter 2. Remember that the universe
is pervaded by a “vacuum energy” due to the fact that photons keep
popping into and out of existence. Remember, also, that if we stretch
or smash a box of this vacuum energy, the density stays the same.

We know, it seems like we’re just playing games, so perhaps you’ll
be reassured that such an effect is actually observed. In 1948, Henk
Casimir of the University of Leiden noted that if you take two metal
plates in a vacuum and hold them a small distance from each other, the
two will, surprisingly, attract each other. That shouldn’t happen if
the two plates aren’t electrically charged. It all makes sense if we
assume that there’s a vacuum field everywhere in the universe. Since
electrical fields vanish on the plates, the vacuum field will be lower
between the plates than outside, and as a result the plates will be
pushed toward each other.

The “Casimir effect” is one of the strongest and most direct pieces
of evidence that the vacuum energy is a real thing, and has exactly the
properties we're looking for in terms of dark energy.

That’s the good news.

We get the bad news when we ask how much dark energy there
seems to be in the universe. Since matter and energy are equivalent (as
we saw in chapter 1), we can ask what the density parameter of dark
energy is, and we find that 0 is about 72% from cosmological mea-
surements. We use the subscript “DE” to remind you that we're talking
about dark energy.
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This number seems like more good news, because if you add

. QB = 5% (ordinary stuff)
o Q. = 23% (dark matter)
o Q.. = 72% (dark energy)

we find that the total energy density in the universe is the critical value—
Qo (What you get if you just add up the different contributions), 100%.
This result is going to have some pretty interesting implications.

Now for the bad news. If we understand the experiment with the
metal plates correctly, then both the laboratory experiments and most
theories suggest that the vacuum energy in the universe should be about
10'% times larger than we see from cosmological measurements.

In physics, we call that a problem.

®

& What is the shape of the universe?
The reason we are making such a big deal about . . is that the den-

sity of the universe does more than just tell us how the universe will
evolve; it also describes the shape of the universe.
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Here’s what we mean. Both Earth and Tentaculus VII are, as we
have said, more or less fixed in the universe. Far away, a billion light-
years from each, there is a civilization of hyperintelligent robots, the
Klankons, led by their leader, the Astronomer King, XP-4. By an
astonishing coincidence, on one particular day, Hubble, XP-4, and Dr.
Snuggles each take an image of the other two star systems, and record
the angle between the two.

Wait! Where do angles come into it? When you look into the night
sky, you might realize that you don’t have a true 3-D picture of the uni-
verse. Stars that are near each other in the sky may be physically near one
another, or their proximity may be a coincidence, with one far away, and
one close. On Earth, we can resolve these ambiguities through the magic of
our binocular vision (depth perception that we get from having two eyes),
but for distant galaxies, we simply can’t tell, so the only measurement we
get just by looking is how far apart two stars or galaxies are in angle.

Now, continuing the convoluted experiment, all three civilizations
transmit their angular measurements to the other two. Each of them
now (or a billion-odd years from now) knows all of the interior angles
of an equilateral triangle in space.

If we drew such a triangle on a sheet of paper, we know that each
angle would be sixty degrees. This is the epitome of what would hap-
pen in flat space and, as it happens, space will be exactly flat if Q..
equals exactly 100%. Flat universes are comforting to live in because
your intuition seems to hold up rather nicely.

But flat universes are not the only possibility. Remember what
Wheeler told us about matter telling space how to curve? If €2 is
greater than 100% (as it might have been if there were lots more “stuff”
in the universe), then cosmologists say that the universe is “closed.” It’s
pretty easy to imagine a closed geometry. It behaves almost exactly like
the surface of Earth. Connecting three points with a triangle, we’d find
that the interior angles add up to more than 180 degrees.

We apologize for our rather poindexterish display of geometry, but
we have to point out one more cool thing about our triangles. Take a
galaxy, place it far away from Earth in a flat universe, and then (pro-
vided parallel universes exist) do the same thing in a closed universe.
The galaxy will appear bigger in the closed universe.
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It’s time for a quick quiz. If universes with €. bigger than 100%
are closed, what do you suppose those smaller than 100% are? If you
said “open,” we’ll be happy to send out your Ph.D. in tomorrow’s mail.
As expected, open universes have the property that distant objects
appear smaller than you'd expect from a flat universe.

Which one do we live in? If our cosmological parameters are to be
believed, then we live in a flat universe, or at least something very, very
close to it. In reality there’s not much of a practical difference between
nearly flat and flat. It’s kind of like being on the surface of Earth. Yes,
Earth is round, but in your day-to-day activities you can easily forget
that fact.

A closed universe is the only one of the three that is finite. That’s
not to say that you can walk to the end of it. Just like a sphere, if you
walk around forever and ever you’ll eventually come back to where
you started, but you won’t ever hit the edge.
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We normally think of flat (and open) universes, on the other hand,
as infinite. It’s a little tricky to say what exactly infinite means, but it’s
certainly the case that the universe has no edge. It also may mean that
the universe is quite literally infinite—that is, you could keep traveling
forever but never hit the same place twice.

Or maybe not.

What general relativity describes is the so-called geometry of the
universe. A piece of paper, if folded up into a tube, is still a piece of
paper, which means that it’s still “flat” from a geometric point of view.
Everything we talked about with triangles earlier works on a rolled-up
piece of paper.

Like a flat piece of paper folded up into a tube, it may be that the
universe is rolled up back on itself. This concept illustrates what is
known as the topology of the universe, but we have no physical theory
that tells us if or how the universe rolls back on itself.

In principle, Dr. Snuggles could look into the night sky and see
two images of the Klankon home star on opposite sides of the sky. In
1998, Neil Cornish of the University of Montana and his collabora-
tors looked to see if there was a similar effect measurable in the signal
from the microwave background, the remnant of the Big Bang. No
such signal was found. This outcome doesn’t mean that the universe
doesn’t fold on itself, but if it does, it does so on scales much, much
larger than the horizon.

"
fb What's the universe expanding into?

All of this talk about dynamics and geometry might seem a bit beside
the point. But we’'re now prepared to figure out what the universe
actually expands into. The problem is that general relativity and our
observations can’t really answer the question. Remember, physics only
tells us what happens under certain circumstances, not about what the
universe is really like at the fundamental level. And cosmology presents
its own special problems. We have only one universe to observe. If you
don’t like the answers, maybe you're not asking the right questions.



196

A USER'S GUIDE TO THE UNIVERSE

So while it may seem a bit disappointing, we’re afraid we can’t give
you a definitive answer. We can, however, give you a bunch of different
ways of thinking about the issue.

What’s the universe expanding into? Take your pick.

1. Nothing

In our opinion, this is the best answer. If we think back to how gen-
eral relativity works, the metric—how far apart any two points are
from each other—is the only thing that defines how space works.
As a result, there is no “outside” of the universe. This is the per-
spective that we've given through this entire chapter. You could
keep on flying and flying, and you’d never hit the edge. Even if
the universe were finite, the whole thing just might fold back on
itself.

2. It Doesn’t Matter

We realize that this is a nonanswer. The point is that the only physics
we can ever observe is what’s going on inside our horizon. It is conceiv-
able that outside the observable universe is nothing but an empty void,
completely devoid of matter. Perhaps everything is purple, or there
are other “island universes” with properties very different from our
own. We have no idea. If it’s outside our horizon, we can’t ever know.
Remember that Copernicus’s assumption of nonspecialness states that
the universe is the same no matter where you are, so the odds are that
we aren’t missing anything special.

On the other hand, as the universe continues to expand, our horizon
gets larger and larger, we’ll see more and more, and we’ll get a better
and better glimpse into whether we are or aren’t in a special place in
the universe. Within limits.

As it happens, our universe has dark energy in it and, as time goes
on, the ordinary matter and dark matter get more and more diffuse,
but the dark energy doesn’t. They will just keep accelerating and accel-
erating, which means that any given point in space will keep rushing
away from us faster and faster. In our universe, the horizon eventually
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will reach some maximally distant horizon. If there’s anything outside
of that, we can’t ever know about it.

3. Higher Dimensions?

We mentioned the possibility that there are potentially other dimen-
sions in the universe besides the up-down, left-right, and forward-
backward that we are accustomed to. Time is certainly another
dimension, and in a sense, the universe is expanding into time, but as
a physical theory this explanation is mumbo jumbo. The universe is
moving into the future in the same sense as everything else.

The past few decades have seen an explosion of models of the
universe with more than three dimensions, more commonly known
as string theory, culminating with the ten-dimensional M theory,
which we last encountered in chapter 4. As you’'ll recall, accord-
ing to string theory, the differences between or among particles are
all in your head. At their heart, all particles are basically strings,
and one string can split off into two,” or two could be tied together
into one.

But M theory, in particular, also predicts some more complicated
structures. While the “string” in string theory really only accounted for
one-dimensional structures, the strings themselves, M theory predicts
the existence of much more complicated, two- and three-dimensional
“branes” (short for membranes). Individual particles (such as photons)
could be “stuck” to a particular brane.

The connection for us is that it’s possible that our entire universe
is simply a gigantic three-dimensional brane and that we’re moving
around in higher-dimensional space. Perhaps there are other “uni-
verses” hovering nearby, but since our photons are trapped on our
own brane, and their photons are trapped on their brane, we never
see them. M theory suggests, however, that we could feel them or at
least their gravitational effects, and perhaps these branes occasionally
collide, causing an end and rebirth of our “universe.”

*You could do this with a regular loop of string by cutting it in two, then tying off the two
pieces into new loops.

197



198 A USER'S GUIDE TO THE UNIVERSE

ﬁ?:ges BRANES ppNES

ZOMBIE  STRING THRRISTS

In that sense, perhaps our universe, our brane, might be moving into
the higher-dimensional universe.

So at the end of the day, the universe seems to be expanding into noth-
ing. Of course, it may yet turn out that the “outside” into which we’re
expanding (or at least moving) are higher dimensions that we can’t
possibly experience directly. How’s that for a “blow your mind” picture
of the universe?



7

The Big Bang

“What happened before the Big Bang?”
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e at the User’s Guide are not yet parents, but

we’ve heard stories. One of the most uncomfort-

able conversations you can have with a small

child (or so we're told) begins with Little Billy

asking, “Where did I come from?” When and
if this day comes, we have a plan already lined up. We're going to bide
our time by starting at the very beginning,” and we will talk about
pirates, because kids /ove pirates.

We also like to flatter ourselves that our kids are going to be the sort
who can understand complicated discussions about the expanding uni-
verse, Grand Unified Theories, and the origin of matter while they’re
still knee-high to a grasshopper. No baby talk for us; just the creation
of the universe and adventures on the high seas!

While we could start at the beginning and arrive at the here and now,
it makes more sense to explain the universe in the reverse direction. This
story starts at the end, and documents how everything came to pass.”

*Admittedly, approaching the subject with words like “the Big Bang” could have a detrimen-

tal effect later, when Little Billy is old enough to know where he actually came from. We leave
this matter to the psychologists.
TIf this were_Jeopardy, the question would be “What is ‘a diet with plenty of fiber’?”
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Our brave pirate captain, Bloodbeard, has just been defeated by the
Spanish Armada and has heroically gone down with the ship. A few
of his men were not so brave and escaped in boats, setting out in all
directions. Some rowed away quickly; others, slowly.

A latecomer to the scene might see only the escape boats (Bloodbeard
long since having been sent to Davy Jones’s locker), but if he or she
were clever enough, the latecomer could figure out that all of them
must have originated from the same place. By noticing how far away
the cowardly shipmates were able to row, the onlooker would even be
able to tell how long ago the battle took place.

This story is a metaphor, you see. The boats are really supposed to
represent galaxies, and as we saw in the previous chapter, almost all
galaxies are flying away from one another. It’s reasonable to suppose
that once upon a time, all of the galaxies were literally on top of one
another, just like lifeboats on a pirate ship.
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Like most tall tales, while our pirate story has a kernel of truth,
it’s also got a glaring error. While it’d be easy to tell you that the
galaxies are sailing away from a common point in space, we can’t.
What we can say is this: the Big Bang happened everywhere, all at
once. This is important, since almost everyone (not just Little Billy)
assumes that the Big Bang must have happened somewhere in par-
ticular. We saw the same thing in chapter 6 with the expansion of
the universe—space gets larger and larger without any of the galaxies
actually moving away from one another.

There’s a second detail that we're glossing over in our story. The
universe wasn’t created with the galaxies already prebuilt. Instead, we
start with just gas and dark matter. It’s as if the cowardly sailors aban-
doned ship with kits from IKEA and slowly constructed their boats
as they floated away. The main tool in the galaxy-building toolkit” is
gravity. You'll remember from chapter 4, if not from grade school, that
all matter attracts all other matter. Shortly after the Big Bang, some
regions of space had a little more stuff than others, and if we watched a
small lump that was a tiny bit denser than average, we’d see something
interesting. The nearby gas and dark matter would get attracted, and
slowly that little lump would grow into a big one, ultimately forming
into the galaxies we see today.

But the basic point remains: those atoms (and dark matter and dark
energy) that make up everything we can (or can’t) see were once basi-
cally on top of one another, and now we have to explain what happened
between then and now. At the beginning, we start with a universe that
was infinitesimally small. You can explain that this is where Little Billy
came from: the Big Bang.’

Little Billy is precocious, and will point out that we didn’t really
answer the question at all. If the Big Bang was the cause of the universe,
what caused #hat? Let’s one-up Little Billy with an even more funda-
mental question: how can we even be so sure that there was a Big Bang
in the first place? It’s not like there was anybody there to observe it.

*The equivalent of the little bendy hex wrench.
Do you understand now how this could scare or even scar a child for years? Please, use sci-
ence carefully.
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What’s more, even though we’re able to look into the past by looking
at more and more distant objects, we can’t actually see the Big Bang, so
any evidence we might have is purely circumstantial. This is one of the
main reasons why we’ll start with what we know.

According to our best estimates based on the expanding universe theory,
the universe is about 13.8 billion years old, and right now, space, as we
argued in the previous chapter, is largely empty. There is, however, a heck
of a lot of space, and plenty of stuff spread throughout—just very diffusely.
Besides dark matter, dark energy, stars, dust, and gas with which you are
already familiar, the universe is jam-packed with light. Oh, sure, it looks
dark out there, and you’re probably fooled into thinking that all of this
light originates from the obviously bright and shiny things such as the
Sun. Don’t be. The contribution of starlight (including that of the Sun) to
the total number of photons in the universe is very small. For every atom
in the universe, there are about a billion photons, and these photons—or the
vast majority of them—have been around since nearly the beginning of time.

Despite the huge number of photons flying around, most of the time
we aren’t normally aware of them, since while there is a lot of back-
ground radiation, it is at extremely low energies. This is a consequence
of the fact that all hot bodies glow,” even if we can’t see the light with
our eyeballs. The Sun, at about fifty-eight hundred degrees Celsius
above absolute zero,” glows in visible light. Human beings, at room
temperature, glow in the infrared. The universe, about three degrees
Celsius above absolute zero, glows in microwave/radio wavelengths,
and for a long time we were oblivious to its existence.

In 1964, Arno Penzias and Robert Wilson were working for Bell
Labs trying to develop early satellite communication. But when they
turned on their machines they got an inexplicable interference sig-
nal, and the message they received was not of this world. Their radio
receiver measured a persistent hiss that wouldn’t go away no matter
which direction they pointed it. They were listening to the microwave
radiation of the early universe.

“Yes, yes. We can all make childish jokes. Good for you.
TAbsolute zero is the minimum temperature possible (—273 Celsius or —460 Fahrenheit), at
which point the motions of atoms stop entirely.
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In olden times (about ten years or so ago), you would have been able
to detect this radiation without any special equipment. When most
televisions got their signal via radio waves, about 1% of the static on
a channel with no signal came from primordial radiation. Now that
everything’s switched to digital, you can’t use your television to repli-
cate Penzias and Wilson any longer. Not that it would do you any good.
They won the Nobel Prize already.

The background radiation is at almost exactly the same temperature no
matter where in the sky you look. Almost, but not exactly. If you look in
one little patch of the sky rather than another, the radiation appears a little
hotter or colder—albeit at a difference of a few millionths of a degree.

In 2001, the Wilkinson Microwave Anisotropy Probe (WMAP) was
launched by NASA with an eye toward measuring the “hot” and the
“cool” ripples in the universe, and the map is shown on this page. This
is just like an ordinary map projection of Earth that you might see in
an atlas, but with the difference that instead of standing on the surface,
as you do on a globe, you should imagine that you're standing in the
middle, and the map shows what the sky looks like.

What you see before you is a baby picture of the universe. You think
kids at portrait galleries are a pain; this picture took five years and about
$140 million to take. We guarantee that the universe, unlike your kids,

won'’t grow up before you know it, so what’s the point of the picture in
the first place?
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Take a look at the light and the dark patches. These represent
regions where the background is a tiny bit hotter or a tiny bit cooler
than average. By “tiny bit” we mean only about one part in a hundred
thousand. This detail is of more than just passing interest. Back in the
early days of the universe, tiny variations in temperature corresponded
to tiny variations in the density of atoms and dark matter. These little
excesses are the seeds of galaxies that we talked about earlier.

There’s another important reason to look at the background radia-
tion. As we look farther and farther back in time, the universe gets
smaller and smaller. This means that everything—the photons, the
atoms, and the dark matter—will be pushed closer and closer together,
and on average, the universe becomes a more and more energetic place.
The contribution of photons becomes especially important as we look
back in time because as the universe gets smaller, the wavelengths of
the individual photons become smaller as well. We saw this in chapter
6 when we talked about the redshifting of light due to the expansion of
the universe. Short-wavelength light means that each photon has more
energy earlier in time. Not only does radiation have higher density at
earlier times, but each photon has more energy as well.

The end result of these effects is that the farther we look back in
time, the hotter the universe gets, and the greater the relative contri-
bution of photons to the total energy density. So, for example, when
the universe was one tenth the current size, it was about thirty degrees
above absolute zero. When the universe was 1% the size it is now, about
seventeen million years after the Big Bang, the entire universe was at
room temperature. Before that . . . our story gets interesting.

Why can’t we see all the way back to the
Big Bang?

Combination (t = 380,000 years)

Way back in chapter 4, we talked about the parts of atoms, and we
noted that hydrogen, the simplest atom, is made of a proton surrounded
by an electron cloud. It is also by far the most common atom. Today,
as in the early universe, hydrogen accounts for about 93% of all atoms.
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At room temperature, hydrogen is never found without its electron. But
at high temperatures, such as in the interior of the Sun or in the early uni-
verse, atoms are continuously bombarded by very-high-energy photons.
Picture Captain Bloodbeard as a proton. No self-respecting pirate
would consider himself fully dressed without a parrot on his shoulder,
and you can think of the parrot as an electron. The early universe is
much like a pitched battle on the high seas. Cannonballs (photons)
are constantly whizzing past Bloodbeard, and every now and again—
whomp, his parrot gets knocked off. Don’t worry, they’ll both be fine.
Of course, pirates and parrots go together like peanut butter and
bananas, so it isn’t too much longer before another parrot perches on

Bloodbeard’s shoulder.
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Meanwhile, during the battle, the entire scene is one with parrots
and cannonballs flying everywhere. In fact, the ships themselves are
pretty safe, since the cannonballs typically hit some airborne parrot
before doing any damage. But all things, even pirate battles, come to
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an end. The cannonballs stop flying, and the birds, worn out from all
their flying, perch on various shoulders—one bird to a pirate, just as
nature intended.

Here’s how it played out in the real universe. About 380,000 years
after the Big Bang, the universe was a stifling three thousand degrees
Celsius and roughly one twelve-hundredth the size it is now. We pick
this moment, which we’ll call combination,” because it represents the
instant when everything changed.

Before combination, the universe was so hot that there were virtually
no neutral hydrogen atoms at all, just individual protons and electrons
flying around the universe, like our flurry of cannonballs and parrots. All
the pieces were there, but they were bouncing around like mad. Photons
were constantly colliding, getting absorbed and reemitted. With all
these collisions, light couldn’t travel very far before being rocketed into
another direction. Even if you had been alive 350,000 years after the Big
Bang (for instance), you couldn’t see very far, because seeing involves
light going in a straight line from someplace to your eye."

After combination, the universe had cooled to a point where the
photons could no longer rip electrons off their protons, and the ordi-
nary neutral hydrogen could form in a hurry. Suddenly every nook
and cranny was filled with neutral stuff, and photons had nobody to
play with. Photons /ove charged particles, but neutral particles—not
so much. Instead, photons fly around forever in a very empty universe
until (if they are lucky) some few of them might be intercepted 13.7
billion years later in a radio receiver on Earth or on Tentaculus VII.

Since we can’t “see” before combination, everything we know about
the very early universe has to be inferred from the remnant radiation that
soars around, and anything we can glimpse from the stars, galaxies, and
clusters around us today. And if we add a little physical reasoning to these
observations, we can do a pretty good job of piecing it all together.

*If you're the sort with more than one physics book in the house, or you want to check
Wikipedia to make sure we’re not lying to you, virtually everyone will refer to this moment as
“recombination.” This is a bad term as far as we’re concerned, since the “re” part implies that
this is somehow happening again, instead of (more accurately) for the first time.

fAnd you would have been horribly, horribly burned to death.
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®
fﬁ Shouldn't the universe be (half) filled with
antimatter?

They say that a little bit of knowledge is a dangerous thing, but in
this case, you have just the right amount. We’re going to remind
you of two important facts, and then we’ll exploit the hell” out
of those two facts to describe events in the early universe. As a
reminder:

1. E = mc?

2. If you smash a particle into its antiparticle, they’ll both get
destroyed and converted into high-energy photons. How much
energy? See fact 1.

If an electron and a positron (or any particle and its antiparticle) can

smash into each other and make light, then the reverse can happen as
well: photons can collide with each other to make a positron and an

“When using A User’s Guide to the Universe as a supplement to explain the facts of life to your
own son or daughter, you may want to edit out some of the saltier language.
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electron. Or, for that matter, they could make a proton and an antipro-
ton. There’s a catch, however.

These particle creations can occur only if the energies of the photons
are high enough. It takes a lot of energy to build electrons, but it takes
a heck of a lot more to make protons or neutrons and their accompany-
ing antiparticles, since the masses are so much higher.

But wait! If you were paying attention, the cosmic soup was
totally awash with high-energy photons—photons energetic enough
to make heavy particles. They’re everywhere. In the very early uni-
verse, big, heavy particles and antiparticles were constantly being
made from scratch: quarks (and antiquarks), muons (and antimu-
ons), electrons (and positrons); you name it. But time marches on,
and as it does so, the photons become less energetic, which means
that we can make less and less massive particles and antiparticles,
until they can’t make anything at all. That’s pretty much where
find ourselves today.

To put some numbers on this timeline, when the universe was
about one millionth of a second old, it had cooled to a temperature
of about ten trillion degrees Celsius. This is staggeringly hot; far, far
hotter than the temperatures that exist even at the centers of stars.
Even at these tremendous energies, the photons were already too weak
to produce protons and antiprotons, or neutrons and antineutrons.
However, two photons smashing into each other were still easily ener-
getic enough to produce lots of other things, including electrons and
positrons, and they continued to get created until about five seconds
after the Big Bang.

Consider what a prodigy the universe really is. As far as matter cre-
ation goes, it did its best work within five seconds of its birth. While
the rest of us were screaming or wetting ourselves, the universe had
already produced all the matter we could ever need.

There’s another subtle point that turns out to be pretty important.
When photons collide, they produce a particle and an antiparticle, and
a particle and antiparticle completely destroy each other and produce
photons. As far as we’ve seen, there’s never an interaction that pro-
duces or destroys a particle without an antiparticle. The upshot is that
we never create a proton without also creating an antiproton, or an
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electron without a positron. By this argument, there should a/ways
be exactly the same numbers of particles of matter as antimatter in
the universe.

If you don’t see a problem, then we’d like you to explain how
the world came to be made entirely of matter. It’s not just Earth,
either. If the Moon weren’t made of ordinary matter, then poor Neil
Armstrong would have been a goner the moment he touched the sur-
face in the Eagle landing module. The Sun, too, is made of ordinary
stuff, as are the rest of the stars in our Galaxy. If they weren’t, then
the cosmic rays bombarding Earth would have a lot of antiprotons,
but they don’t.

Couldn’t there be galaxies made of antimatter? Perhaps. Except that
galaxies collide with each other all the time, and we have never seen
an extragalactic collision with the sort of sheer, unbridled energy that
would erupt if a matter galaxy rammed into an antimatter one. In
short, our universe seems to be made of all matter. Why, if matter and
antimatter are always created and destroyed in equal numbers, do we
end up with so much extra matter?

First, a confession. We don’t know why there’s this imbalance, but
whatever the process, presumably it happened a very short time after
the Big Bang, when energies were extremely high. However, even if
we can’t explain why there’s an asymmetry, we can explain how big the
asymmetry is. Very early on, there were about a billion @nd one protons
in the universe for every billion antiprotons, and a similar number of
photons. Then, when the universe cooled so that protons could no lon-
ger be made, those billion antiprotons got destroyed, taking with them
a billion protons, leaving just one for every billion photons, which is
the ratio we see today.

What changed between then and now? Why should it be that these
days neutrons can turn into protons, but we can’t make either from
scratch without also producing an antiproton or an antineutron? Why
wasn’t this true in the past?”

“We know, Grandpa. Everything seemed better in the old days.
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& Where do atoms come from?

The Birth of the Elements (t = 1 second to 3 minutes)

We’ve gotten pretty far from Little Billy’s initial question, “Where did
I come from?”" but we’re now ready to give a somewhat better answer.
First we need to tell him what he’s actually made of. As you well know,
little boys are made of “snips and snails and puppy dogs’ tails,” which
in turn are made of hydrogen, oxygen, carbon, and other atoms.

Taken together, this everyday stuff is known as baryonic matter, which
is just a fancy term for everything made of protons and neutrons. When
we list the top contributors by mass fraction, we see some old friends:

*When confronted, physicists are very good at dodging embarrassing questions.
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Hydrogen (75% )—one proton

Helium (23%)—two protons, two neutrons
Oxygen (1%)—eight protons, eight neutrons
Carbon (0.5%)—six protons, six neutrons
Neon (0.13%)—ten protons, ten neutrons

N W0 N

You don’t need to memorize this list, but there is a pretty obvi-
ous pattern. With the exception of hydrogen, all of the most common
elements have the same number of protons as neutrons. There’s even
a version of hydrogen, called deuterium, that has one proton and one
neutron, and though it’s only about 1/100,000th as common as ordi-
nary hydrogen, it will prove pretty important to the story.

If we’re any good at our job, we can do more than just make a sur-
vey of what’s in the universe. We can explain where those numbers
come from, and to do that we need to wind our clock all the way to
about one second after the Big Bang. Until this point, the leaps we’ve
made have been long compared to, say, the authors’ attention span,
but as we go back, the jumps will continue to decrease in size (as they
must). Think of it this way: about the same amount of important
physics happened from the time the universe was one second old to
ten seconds, as it did from one billion years to ten billion years.

At one second in, the universe was a piping fifteen billion degrees
Celsius, about a thousand times the temperature at the center of
the Sun. Even so, at this point the photons were cool enough that
they couldn’t have made a proton or a neutron from scratch even if they
wanted to. But like Bloodbeard and the intrepid naval officer with
whom he does battle, there’s not as much difference between a proton
and a neutron as either would like to think. Turning a proton into a
neutron is as simple as smashing an anti-neutrino into it. We also get
a positron for free. If you like, we can do the reverse as well. Combine
a neutrino with a neutron, and voila! We give you a proton and an
electron to make the charges come out right.

This trick is easier than it sounds, since under normal circumstances
if I threw a neutrino at a proton, a neutron, Bloodbeard, or even a



THE BiGc BANG

light-year of lead, the most likely outcome is precisely nothing.
Neutrinos rea/ly don’t like to interact with other particles unless
they have to, and whenever they do, it’s using the weak force. As
any linguist will tell you, the weak force is weak.

However, earlier than one second after the Big Bang, everything was
so dense and neutrinos were so energetic that neutrinos and antineu-
trinos constantly bombarded into protons and neutrons, respectively,
turning them into the other and keeping them roughly in balance.
“Roughly” is the operative word, since protons are lighter than neu-
trons, and since nature prefers to keep energies as low as possible, there
were a few more protons than neutrons.

Beyond one second after the Big Bang, the distances between par-
ticles became too great and the energies of neutrinos became too low
to have anything to do with protons or neutrons, and they just went
on their merry way, never to be heard from again. But don’t be fooled;
like the photons from combination, they walk among us still. We just
tend to forget them. And that’s a shame because they did something
very important in the early days by keeping the neutrons and protons in
near balance. After the neutrinos went into retirement, the protons,
neutrons, and photons engaged in a complicated dance of fusion and
fission, in which:

1. Neutrons and protons and deuterium slammed into one another,
potentially building heavier and heavier elements.

2. On the other hand, high-energy photons tore the atomic nuclei
apart.

3. Any bachelor neutrons broke down™ after a while and decayed
into protons.

All the while, the universe got more and more diffuse, and cooler,
making all of this a race against the clock. When the dance started,
we had nearly as many neutrons as protons, so that if the atoms

*Just like with real bachelors, some neutrons will end up in their socks and underwear, tired
and defeated, drinking warm beer out of cans.

213



214

A USER'S GUIDE TO THE UNIVERSE

formed very quickly, then all of the neutrons would get paired up
and the most common element would have been helium. Helium is
the simplest atom with neutrons in it, has equal numbers of protons
and neutrons, and is very, very stable. You knew the whole “balance”
thing was going to be important, didn’t you?

Luckily for us, the protons and the neutrons didn’t stay in balance
with one another, because it would have been a very boring universe.
Try making anything out of helium. Good luck with that, pal.

We'll ruin the surprise by noting that we got more than helium out
of the Big Bang. The main reason is that this whole process took a few
minutes, during which many of the neutrons decided that they’d be
better off as protons. They decayed and never looked back. There sim-
ply weren’t enough neutrons to go around, and remaining protons had
to go stag. That’s why we have so much hydrogen today.

We've asserted with fair certainty that there is only one baryon
for every billion photons out there. We’re finally ready to justify our
claim. We can measure the number of photons very accurately, since
we just count up all of the energy coming from the cosmic back-
ground radiation. The number of baryons, on the other hand, is harder
to come by. We need to start by looking at the blueprints for helium.
Elements can’t be made all at once, but have to be built part by part.
That means that to make helium, we need to start by adding a proton
to a neutron and getting a deuterium, hydrogen’s huskier brother.
Those deuterium atoms (called deuterons when they’re not wearing
their electrons) can then be fused with protons, neutrons, or other
like-minded deuterons. This process goes on for a while until every-
thing cools down and all of the protons and neutrons are locked up in
stable elements.

What if we decided to build a universe that was very nearly iden-
tical to our own, but it somehow started with exactly twice as many
baryons? In the first few minutes, the test-tube universe would be even
more crowded than our own was. Deuterium would get made pretty
quickly, and what little deuterium we had would smash into protons
and other deuterons fairly frequently, taking them out of the equation.
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Following this argument to the end, more baryons would have meant
less deuterium (fractionally) than we have in the “real” universe and
somewhat more helium.

If we fine-tune the initial conditions, the chemistry turns out very
differently, and by measuring how much deuterium we have, we’re basi-
cally able to count up all of the baryons in the universe and get accurate
estimates of other elements as well. So all we have to do is figure out
how common deuterium is, and from there, we can compute how much
baryonic matter there is. If we look at the very oldest stars and measure
the ratio of deuterium to ordinary hydrogen, it is about one in every
hundred thousand atoms of hydrogen.

If we pull out the sheet of paper where we’ve done the full calcula-
tion, we get QB in ordinary stuff (not-dark matter) of about 5%. If this
number looks familiar, that’s because it’s the same as the number we get
when we count up the mass that we see in stars and gas.

This is amazing! In one fell swoop, we've shown that our model of
building elements is, if not correct, at least incredibly accurate, and
confirms what we measure from galaxies directly. We understand what’s
going on one second after the Big Bang and how much ordinary matter
there is in the universe. The model even depends slightly (but measur-
ably) on surprising things such as how many different kinds of neutrinos
there are. There are three, and these measurements confirm it. From
the same model, we're able to accurately predict the amounts of trace
elements such as helium-3 and lithium, both of which are observed in
exactly the quantities predicted by the model.

But let’s not get ahead of ourselves. If only hydrogen, helium, deute-
rium, and a few other very light elements were created in the Big Bang,
then where did everything else come from? Where did carbon and
oxygen, the stuff of life, come from? After all, Little Billy certainly could
not have been made out of the stuff produced in the Big Bang. Everything
heavier—carbon, oxygen, gold, and the rest—are created in stars. When
the most massive stars explode as supernovas (as we discuss in chapter
6), those heavy elements get strewn out into the universe—ultimately
producing the likes of you, me, pirates, and Little Billy.
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(1
‘ﬁ How did particles gain all that weight?

The Golden Age of Quarks (10-'2 second to 10-¢
second)

We've seen a general trend as we look farther and farther back in time.
The universe gets hotter and hotter, and the particles get more and more
energetic, which usually means that they move faster and faster. For the
most part, there were relatively smooth transitions from moment to
moment, but every now and again, the changes were quite abrupt.

As a case in point, let’s talk about what happened when the universe
was about 107!? second old. Before this time, temperatures were so
unbelievably high that the Higgs, last seen in chapter 4, couldn’t con-
dense to its present-day particle state. As a result, before this moment
(if 107! second could legitimately be called a moment), none of the
particles had mass. For some of the particles, such as electrons or neutri-
nos, acquiring mass didn’t end up mattering very much, since they’re so
svelte anyway. Even after the Higgs particle showed up, they were still
trucking around the universe at speeds nearing that of light.

But for others, such as the W and Z particles (the carriers of the weak
force), the introduction of mass was a very big deal. Before the universe
was about 1072 second old, there was no real difference between the W'’s
and Z’s and the photons. This really means that there was no difference
between electromagnetism (photons) and the weak force (W and Z par-
ticles), and the two were combined into a single “electroweak” force.

What changed? There’s a big difference between “has mass” and
“doesn’t have mass,” and the change isn’t gradual. In chapter 6 we
mentioned that empty space isn’t quite as vacuous as you might have
supposed. It’s chock full of energy, and constantly involves the creation
and destruction of particles. This “vacuum energy” causes the Casimir
effect and may even cause the acceleration of the universe today. It’s also
the canvas on which all of the particle interactions take place. At about
10712 second, the vacuum changes from a high-energy state to a lower
one, which is why the rules of physics seem to change as well. That’s
how all of the W’s, Z’s, and Higgses know that they are supposed
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to have and/or impart mass. When the vacuum drops from one state to
another, some of the symmetry that we seem to love so much is lost, and
the weak and electromagnetic forces become separate.

This splitting is a general theme in the evolution of the universe.
Today there are four distinct forces of nature, but these categories are kind
of messy. In chapter 4 we noted that one of the big hopes of physics is that
there is a single Theory of Everything that would allow all four forces to
be explained by a single law. Einstein spent most of the latter part of his
career trying to “unify” all of the fundamental forces understood at the
time (only gravity and electromagnetism), but with little success.

While we have a really good theory that combines electromagnetism
and the weak force, we’re on less solid ground trying to combine the
electroweak force with the strong force. We don’t know much about
how a Grand Unified Theory might work, but we assume that these
three forces would be unified at much higher energies than those avail-
able at 107! second after the Big Bang. At even earlier times, it’s hoped
that the Theory of Everything would unite all four.

But let’s not jump the gun. For the moment we can simply ask
what the universe was like at about the time when electromagnetism
and the weak force broke up.” To answer that, we need to clear up
a lie of omission. We've been referring to the idea that there is an
asymmetry in the universe, and that at some time, a billion and one
protons were created for every billion antiprotons.

That never happened.

There never was a moment when protons and neutrons were
produced in great abundance. When the universe was 10~!? second
old, it was far different than it is now. At that time, the quarks were
so energetic that they couldn’t even be contained in protons and neu-
trons. It remained that way until the universe was about a millionth of
a second old, by which point the universe had cooled to the point where
the quarks would never again be found outside of neutrons or protons.

What all this means is that to some extent we've been worrying
about the wrong problem. Instead of focusing on why there was one

"Feel free to think of the Higgs particle as the Yoko of the early universe.

217



218

A USER'S GUIDE TO THE UNIVERSE

extra proton for every billion antiprotons, we should have been focusing
on why there was one extra quark for every billion antiquarks. In this
way, we just keep pushing the question of Little Billy’s origin earlier
and earlier.

"
fb Is there an exact duplicate of you some-

where else in time and space?

Inflation (t = 1073° second)

The time before the quark epoch was exciting, and also unbelievably
confusing. The temperature was so high that quarks, electrons, and
neutrinos could all be made easily by high-energy photons. It doesn’t
make sense for us to worry about which particles were doing what at
this point. The particles were all being created and destroyed so quickly,
they all were essentially the same. While the universe’s primordial ooze
was pretty much uniform, and not all that exciting to talk about, we
still have some early mysteries worth considering.

Mystery 1: The “Horizon” Problem

The cosmic background radiation is all, for the most part, at the same
temperature. Two different spots, each on opposite sides of the sky,
might differ by only about a part in a hundred thousand or so. Maybe
that doesn’t seem like such a big deal, but perhaps a saucy analogy
will bring the problem into greater clarity. Consider the pirate captain
about to take a soak in his bath. Imagine he fills his tub from two dif-
ferent faucets, one at each end. The faucet on the starboard side fills
with cold water, but from the port side, the water comes out piping
hot. Do you suppose that if the captain fills his bath and steps in, he’ll
find himself lukewarm all over? No. His head will be hot and his feet
will be cold. The water doesn’t equilibrate instantly.

All of the temperature calculations we’ve been doing are based on
the simple proposition that when the universe was half the size it is
now it was twice as hot, and so on. But that means that everywhere
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needed to start at nearly the same temperature. Just like Bloodbeard’s
bath, if different places started off at different temperatures, they
need a little time to mix. The very fastest that they can transfer heat
from place to place is at the speed of light, and there simply hasn’t
been enough time.

REST  ©OF
THE
UNIVERSE

“But wait!” you might object. “We’ve had almost 14 billion years!
Surely that’s enough time for everything to get all blended.” This is
true, but you forget one thing. The light shining on the North Pole
and the light shining on the South Pole are coming from patches of
space that are very far from one another.

We can even anticipate your next objection: “In the first moments of
the Big Bang, all points were very close to one another. Surely the two
spots could have mixed at that time?””

*When did you get so smart? Not that we're complaining, mind you.
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Nice try, but no. While it’s true that they were close together, the uni-
verse was very, very young at the time. The youngness beats the smallness.
We know that your gut reaction is just to assume that the temperature
must have been the same everywhere “at the start,” but that’s only because
you're used to thinking about things that had events that preceded them.
The Big Bang is the ultimate starting point, so there’s simply no reason
why the whole thing should have just started out uniform, and you’re
thinking of the universe as starting from a little pellet. As we saw in the
previous chapter, the expansion of the universe simply doesn’t work that
way. At any time after zero, all points in the universe were some distance
away from one another.

Chugging through the numbers, only spots on the sky separated by
about one degree of angle, about twice the size of the full Moon, should
have had time to mix. Since most of the universe was never in contact
with the rest of the universe, why does everything look more or less
the same no matter where we look? Why are galaxies in the Northern
Hemisphere the same as those in the Southern?

Mystery 2: The Flatness Problem

We saw another big mystery in chapter 6 when we talked about the
shape of the universe. We noted two things:

1. There is a critical density of the universe that determines its
fate and its shape. When we added up all of the contributions of
mass and energy—dark matter, dark energy, baryons, and pho-
tons—and then divided by the critical density, we found that
the ratio of the actual density to the critical density, QTOT, is

100%—or at least as close to 100% as we can possibly measure.

This result means that the universe is flat.

2. If QTOT were even a little different than 100%, then as the uni-
verse evolved, the density would either grow very quickly and
ultimately collapse (if it was more than 100%) or shrink (if it was
less than 100%). To give you an idea, if Q. . was 99.9999% at
one second after the Big Bang, then it would be less than a bil-
lionth of a percent today.
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We now come to the second mystery: why is the universe flat, when
as nearly as we can tell, it didn’t have to be?

The Solution: Inflation

In the early 1980s, a number of researchers were trying to deal with this
issue, as well as with the question of how and when the strong and the
electroweak forces were unified. The hope was that at higher and higher
energies, the forces behaved more and more alike. While we are nearly
able to probe the energies required for electroweak unification using
accelerators on Earth, we are not yet at the point where we can experi-
mentally test anything about the unification of strong and electroweak.
Even the LHC, which is the most powerful accelerator at our disposal,
would have to be able to create energies #rillions of times what it is now
capable of to probe a Grand Unified Theory (GUT).

We can speculate, though. At about 107> second after the Big
Bang,” the energies in the universe were high enough that all three of
the nongravity forces might have been unified, and the vacuum was
in an even higher energy state than during the period of electroweak
unification. The temperatures we're talking about are so absurdly high
that they look made up: about 10?7 degrees Celsius. Since we don’t
have a single model for a Grand Unified Theory, we're a little fuzzy on
the details, but if it’s anything like the end of the electroweak epoch,
something strange happened when it ended.

In 1981 Alan Guth, then at Stanford, proposed that this “something
strange” was “cosmic inflation,” and at first blush it will sound ridicu-
lous. Shortly after the strong force broke away from the combined elec-
troweak force, the inflationary model says that the universe underwent
a period of exponential expansion—increasing in size by a factor about
10%° or so in a tiny fraction of a second.

That's the basic picture of inflation, but explaining why we think
this is a viable model of the early universe is another matter. You
might think that exponential growth seems completely unrealistic.

*To put this in perspective, during such a short period of time, even light could travel only
about one trillionth the way across an atomic nucleus.
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Well, don’t. Remember that our own universe is starting to undergo
exponential growth even as we speak. It’s a little thing you know about
already, called “dark energy.”

You also might be concerned that such a rapid expansion violates the
principle of special relativity, since nothing is supposed to travel faster
than light, but don’t be. We’re only concerned about information travel-
ing faster than the speed of light. Space is free to expand as it sees fit.

Think of Captain Bloodbeard and his crew trying to spend some
of their ill-gotten booty at the mall. Bloodbeard knows that he can’t
normally outrun his first mate, Mr. Winks, but he finds that if runs up
the escalator, he seems to be flying. He’s moving way faster than Mr.
Winks could ever run. Imagine the captain’s surprise when Mr. Winks
also runs up the escalator and easily speeds past him.

The same is true in an expanding universe. Particles might seem
to be moving faster than light, but that’s only because the universe
is expanding under them. If you had been a subatomic particle in the
early universe, you s¢7// wouldn’t have been able to outrun a light beam.
This fact is no less true during inflation than at any other time.

A bigger question might be why this expansion would start in the
first place. The idea is that when the strong force decouples, it produces
what’s called a “phase transition” in the universe. You can think about
this effect as a sudden transformation, similar to what happens when you
raise ice above zero degrees Celsius and it melts. It’s also very similar to
the changes when the electromagnetic and the weak forces decouple.

The idea is that during inflation, the universe was filled with some-
thing known as the inflaton field.” In many ways, this field is similar to
the Higgs field that controls masses today, and relates the electromag-
netic and weak fields. Because the inflaton expands just like dark energy,
it shares a number of important properties. One of the most important
is that like dark energy, the inflaton field doesn’t lose energy density as it
expands. This is a very important part of the equation, since we’ve already
seen that ordinarily, a big expansion means that the universe should do
a lot of cooling, and everything in the universe should instantly freeze.

"No, this isn’t a misspelling. It’s like all the other particles we've seen: electron, photon,
inflaton.
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But the inflaton field is like a giant battery, and once inflation is done,
all of the energy is released and the universe gets recharged. Everything
becomes nice and toasty, and it’s as if the cooling never happened.

You're right to have your concerns. However, we assure you, we
wouldn’t have introduced inflation unless it was necessary to explain
the observational mysteries in the universe. Remember the horizon
problem, in which we didn’t understand how different parts of the sky
got mixed? Inflation solves this problem very simply. Even though
there’s very little time before inflation, a little patch of the universe will
have time to equilibrate to the same temperature throughout. Then
the little patch explodes to such a gargantuan size that it includes the
volume of the entire observable universe.

SNEENTION cﬁﬂm mmﬂnl'mﬂm
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Inflation also explains the flatness problem. This solution is even
more intuitive. Imagine blowing up a balloon to huge proportions. Even
though the balloon is “really” a sphere, to an ant, or a human, or a galaxy
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sitting on the balloon, the surface will look flat. In other words, maybe
our universe isn’t exactly flat, but if it isn’t, it’s close enough.

Does this mean that there’s an infinite amount of matter in the uni-
verse? After all, we said that a flat universe was infinite. Since there’s a
certain amount of matter everywhere, and an infinite amount of space, the
natural implication is that there’s an infinite amount of stuff in total.

People get concerned about this idea because when you start intro-
ducing concepts such as infinity, their minds race to ideas such as, “If
there’s an infinite amount of space, then there’s an infinite amount of
matter, and then somewhere in the universe, there’s another me,” and
then they don’t feel very special.

In our minds, you are very special, even if the universe doesn’t think so.

We've been referring to the period of inflation as though there were
only one, but the truth (according to the model, at least) is that the
universe may have branched off many, many times—perhaps infinitely
many. Each little patch of space underwent inflationary expansion, and
new space got created faster than the inflation in any given patch ended.
In other words, the number of universes might have grown without
limit. Alan Guth referred to this concept as the “ultimate free lunch.”

To keep things clear, we need to distinguish between our universe—
everything we see and are in direct contact with (now or in the fore-
seeable future)—and the “multiverse.” The multiverse (one of many
terms used to describe the same basic idea) is what we might think
of as the Universe (with a capital “U”). The multiverse might consist of
many different universes, which either follow one another in time or
are separated by space, or simply are never allowed to interact with one
another directly.

Don’t mistake these different universes with the Many Worlds inter-
pretation of quantum mechanics that we saw in chapters 2 and 5. The
different universes of the multiverse are regular old universes that may
have properties very similar to our own (or may not), but we simply
can’t visit them.

Let’s suppose there are an infinite number of universes in the
multiverse. Quantum mechanics tells us that even if every particular
universe is finite, there’s only a certain number of ways in which each
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universe can be arranged (though it’s a vastly huge number). This means
that somewhere in the multiverse there may be a person identical to
you in every way. He or she is reading this very sentence just as you are
and feeling just as insignificant. It’s humbling, and also just a little bit
creepy. It’s like you have an infinite number of stalkers. What’s more,
if the universes really are infinite in number, even our entire universe
will be duplicated somewhere.

Is our individual branch from inflation—our universe—infinite?
Not necessarily. Inflation doesn’t make our universe flat, it just makes
it so ridiculously huge that it’s as close to flat as we could possibly care
about. This also means that technically there isn’t an infinite amount
of matter, and hence no identical you, at least in our universe. See? We
told you that you were special.

Of course, since we rea/ly aren’t sure how gravity and matter worked in
the first tiny fraction of a second, all of this is just an educated guess.

Why is there matter?

Perhaps most importantly, inflation might explain why our universe
has an extra baryon per billion—and why there’s any matter in the uni-
verse at all. But first we need to fill in a couple of blanks with regard to
matter and anti-matter.

We mentioned before that particles and antiparticles are just the evil
twins of one another. Would you even notice if someone came along in
the dead of night and replaced all of the quarks in the universe with
antiquarks, all of the electrons with antielectrons, all of the neutrinos
with antineutrinos, and so on? Physicists call this charge or C sym-
metry. According to what we’ve told you so far, everything would be
completely the same.

So far we haven’t talked about any way in which C symmetry is
violated in our universe, but it must be, since it’s clearly true that
everything is made of matter and not antimatter. There are tiny differ-
ences between particles and antiparticles. Neutrinos and antineutrinos
aren’t exactly the same, as it turns out. Both spin like a little top, but
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experimentally all neutrinos appear to be spinning clockwise if they
are heading toward you, and all antineutrinos appear to be spinning
counterclockwise.

This rule seems completely inconsequential, except that it means
that swapping all particles to antiparticles does, indeed, make things
different. However, we can fix everything if we not only switch par-
ticles to antiparticles but also switch left for right. This rule for swap-
ping is known as parity, or P symmetry, and would turn clockwise
into counterclockwise and vice versa.

The big question is: if we were to swap C and P, does the physics
behave exactly the same?” If it does, then the universe wouldn’t distin-
guish between matter and antimatter, and we’d have no idea why our
universe has an excess of either.

Once again, accelerator experiments come to the rescue. At high
energy, particles called kaons are produced, along with their antipar-
ticles. For the most part, these kaons and antikaons behave the same,
and even produce very similar stuff when they decay. However, in about
one case in a thousand, kaons produce different decay products than
antikaons. A tiny effect, but it demonstrates that the universe does,
indeed, distinguish between matter and antimatter.

The idea is that right around the end of the GUT epoch, energies
were high enough to create a hypothetical particle called the X boson.
X bosons were very massive and quickly decayed into other particles,
including quarks and antiquarks—Dbut zo# in equal numbers. The anti-
X, on one hand, should behave in exactly the opposite way and, on
average, the two should cancel out. On the other hand, if it turns out
that the X bosons behave like the kaons—the antiparticles don’t exactly
mirror the regular particles—then we get a few extra quarks and ulti-
mately a few extra baryons.

So if you want to tell Little Billy where ultimately he (and all of the mat-
ter in the universe) comes from, you should tell him that we all come from
a violation of CP symmetry in the first 107 second of the universe.

“We're here at FermiLab, where we've secretly replaced all the neutrinos with Folger’s Crystals.
Let’s see if anyone can tell the difference.
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i
ﬁbWhat happened at the very beginning
of time?

The Beginning, Sort Of (t = 102 second)

The farther we go back, the hotter and hotter the universe gets, and the
more and more speculative everything becomes. We don’t know a heck
of a lot about the GUT epoch, for example, but since we know how all of
the nongravity forces work and have a similar theory for all three, scien-
tists are at least willing to make an educated guess about what a Grand
Unified Theory might look like.

On the other hand, we can’t even be sure if we're on the right
track on how to combine gravity with the other forces or with quan-
tum mechanics. The two theories collide on timescales during which
black holes could pop into existence—Dblack holes larger than the
horizon scale of the universe. Sound absurd? It should. The time-

scales we're talking about are about 10~%3

second—that’s forty-two
zeroes after the decimal place. This magic number is known as the
Planck time, and we can’t say much about it with certainty. It’s basi-
cally a number that pops out of the equations when we toss all of
the physical constants in and ask on what scale gravity and quantum
mechanics collide.

As we discussed in chapter 4, combining gravity and quantum
mechanics is one of the central problems in physics beyond the Standard
Model. While approaches such as string theory or Loop Quantum
Gravity may ultimately be useful in reconciling things, at this point
we just have no way of knowing. If Loop Quantum Gravity is correct,
for instance, then not only is there a smallest distance that can ever be
measured, there’s a smallest time as well. Just as a movie seems contin-
uous until you notice that it’s broken down into twenty-four frames per
second, it may be that our universe is broken down into frames also.

Even if time and space aren’t pixilated on the Planck scale, they still
look awfully messy. In 1955, John Wheeler realized that if particles are
constantly getting created and destroying each other in the vacuum, then
they must have a gravitational field. As a result, on scales smaller than the
Planck length, even empty space must be hopelessly deformed and distorted.
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He referred to this as the “quantum foam,” and if it’s real (it’s never been
seen, of course), then there’s a smallest size that anything can possibly be.

Let’s ignore all that for the moment and just do the naive thing.
We'll assume that we can push farther and farther back in time and
pretend that ordinary general relativity doesn’t break down. Just as
we realized that space was something that could fold back on itself
and be finite, time can be as well. In other words, according to general
relativity, there is no time before the Big Bang. The Big Bang was the
creation of the universe, and that includes the creation of time. It’s
very much like trying to ask, “What’s south of the South Pole?”

This is kind of troubling, because even though we have no problem
saying that the fabric of space expands, and matter can be created from
nothing, in both cases we started with something. Even during infla-
tion, when the size of the universe increased by a factor of a gazillion,
we still had to start with a small patch and just envisioned that it was
very malleable. When we made our particles, we started with energy.
As a result, when we talk about the singularity of the Big Bang, it’s
tempting to think of the whole universe as a very tiny, very dense pel-
let that exploded. The problem is that that picture is totally at odds
with how we know physics to work. However, it’s not like we actually
have a model of how a real universe could be created from an infini-
tesimal point.

We can’t possibly say anything about what happened before, so stop
asking.

We mean it. We just don’t know.

Okay, if you insist, we might be able to come up with a few
guesses.

"
fb What was before the beginning?

It’s important enough to repeat: general relativity implies that there
simply was no “before the Big Bang.” As far as Little Billy is concerned,
time simply didn’t exist. We have some wiggle room, however. Since
we don’t know what happened before the Planck time with anything
even remotely resembling certainty, we sure as heck don’t know what
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happened before the Big Bang. Regardless, we're left with one of two
possibilities:

1. The universe had some sort of beginning, in which case we're left
with the very unsettling problem of what czused the universe in
the first place.

2. The universe has been around forever, in which case there’s liter-
ally an infinite amount of history, both before and after us.

Neither of these is satisfying, and each poses problems that even
religions have a tough time with. Consider “In the beginning . . .”
at the start of the Old Testament. We're to understand that God
created the world. In that case the universe—our universe—has a
definite beginning. However, God himself is supposed to be eternal.
What was he doing before he created our universe?

THE DAYS BEFREL TME BEGAN WERE
SEALLY RORING.
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It’s no more satisfying to assert that the universe somehow created
itself. We have to figure out some reasonably plausible model for what
caused the universe to get started in the first place. As a particularly
clever cheat (or theory, if you prefer), in 1982 Alex Vilenkin of Tufts
University showed how what we've learned from quantum mechanics
might shed light on the how the multiverse popped into being.

First, Vilenkin noted that if we were to somehow start with a small
bubble of a universe, two things could happen. If it were large enough,
its vacuum energy would cause it to expand and undergo inflation. If
it were small, it would collapse. But we learned something important
from Mr. Hyde in chapter 2. Once you introduce quantum mechanics,
nothing works like we’d expect it to. Remember when Hyde “ran-
domly” tunneled out of a hole in the ground? In the same way, a small
universe can randomly tunnel into a larger one. The amazing thing
about Vilenkin’s model is that even if you make the “little” universe
as small as you like, this tunneling still can occur. It even works if the
little universe has no size at all. You know what we call something with
no size? Nothing.

Prior to the Big Bang, the state of the universe was something
that possessed (no fooling) zero size and for which time was essen-
tially undefined. The universe then tunneled out of nothing into the
expanding, branching multiverse we’ve already seen. The problem
is that the “nothing” that the universe popped out of wasn’t really
nothing. It had to somehow know about quantum mechanics, and
we’ve always been taught to think that the physics is a property of
the universe. It’s troubling to think that the physics existed before the
universe did, or, for that matter, before time did.

Of course, this detail is the basic problem with any definite origin
for the universe. Somehow all of the complexity had to be created from
nothing, and it’s difficult to reconcile that.

The other possibility seems equally troubling. The multiverse
might literally be eternal—or at least have an infinite history. We’re
not going to get any further into the philosophical or theological
implications here. However, we can ask the question of how an infinite
multiverse might work.
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Infinite Multiverse Scenario #1: The Universe Gave
Birth to Itself

If Little Billy was uncomfortable with the implications of “the begin-
ning” before, or even if he thought he had gotten some insight into
where all this was going, the phrase “The universe gave birth to itself”
is enough to turn anyone off the idea of asking a physicist for clarifica-
tion in a biological discussion.

The origins of the universe are still fair game, though. In 1998, J. Richard
Gott and Li Xin Li, both then at Princeton, proposed a possible variant
in which the multiverse arose from what can only be described as a time
machine. Gott and Li showed that it was possible to solve Einstein’s equa-
tions of general relativity in such a way that a multiverse started off going
around and around in a continuous loop,” and that that loop could serve as
the “trunk” of a tree that sprouted, giving rise to our own universe. Since a
picture says a thousand words, let’s illustrate with their own figure.

*A la Groundhog Day.
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The way to read this image is that for the most part, time travels from
bottom to top, and that everything begins with the little loop at the bot-
tom. That is the origin of the multiverse. This means that the multiverse
has no beginning, since the loop goes around and around infinitely.

Consequently, we can talk about the “time after the Big Bang” as
the time after the loop sprouted off into the future and a universe was
born. You’ll also notice that there isn’t just a single horn coming out
of the initial time loop, but many. This image is totally consistent
with the multiverse view of inflation that we’ve already seen.

Infinite Multiverse Scenario #2: This Is Not the
First Universe

The possibility exists that the universe might ultimately collapse on
itself, a possibility we discussed and almost immediately rejected. The
allure, from our current perspective, is that if the universe were some-
how to end in a big crunch, then maybe what’s really happening is that
the multiverse is just a series of expansions and contractions, on and on
for infinity, and our universe is just one in an infinite series.

The problem with this (besides the fact that there is too little stuff
in our universe to make it collapse again) is one of disorder. As we saw
in chapter 3, the universe loves disorder. If you've ever stacked soda
cans, there’s only one way to stack them, and that’s straight up. But
if you knock them over, they go everywhere. There are more ways to
destroy a soda can tower then there are to build one, and as time goes
on, the universe finds ways of destroying all other forms of order, too.

If our universe was the result of a series of expansions and collapses, then
our Big Bang occurred billions or trillions of years after some beginning
(and what caused that?), so it would have had a very long time to get dis-
ordered. But it isn’t. Looking back, our universe was very smooth, and in a
very high state of order. This theory wouldn’t solve the problem at all.

But in recent years, there have been a number of new cyclic models
that allow an eternal multiverse to exist. In 2002, Paul Steinhardt, of
Princeton University, and Neil Turok, of Cambridge, devised a model
that exploits the extra dimensions found in string theory. As we saw
in the previous chapter, string theory supposes that our universe might
not be three-dimensional at all, but might have as many as ten spatial
dimensions. Our own universe might simply live on a three-dimensional
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brane that is floating through the multiverse, barely interacting with
the other universes.

However, the different branes (universes) could interact gravitation-
ally. In this model, the dark energy that accelerates the universe isn’t
a real thing at all, but just a remnant of the gravitational attraction
between branes,” and the dark matter is just ordinary matter on the
other, nearby brane. Occasionally the branes collide with one another,
which would set off “Big Bangs” within the different branes and then
everything would proceed as we've already seen.

These models are extremely elegant, and have the added bonus of
not requiring inflation to explain the flatness and horizon problems.
They also deal with the whole “increase of disorder” problem in a really
novel way. In cycle after cycle, the branes get more and more stretchy,
which means that the disorder gets spread out over a larger and larger
volume. The local patch that we call our universe, however, is just a
small patch of the brane, so we seem to start nearly from scratch at each
go-round.

It sounds great, but a big problem is that these models require string
theory to be correct, and on that the jury is definitely still out. There are
a number of situations in which the universe might undergo a series of
contractions and bounces, and string theory is only one possibility. If
Loop Quantum Gravity is correct, for instance, then if you tried to run
the movie of the universe, you would get stuck at the Planck time—the
universe literally couldn’t get any smaller or younger than that. As a
result, the time would reverse itself automatically. To put it another
way, the natural solution would be that the universe is eternal.

At the end of the day, the Big Bang theory has the same basic problem
as evolutionary theory. Both do a nearly perfect job in explaining how
the universe (or life) changed when it first came about, but neither can
explain how things rez/ly got started in the first place. You can’t really
fault a theory for not explaining absolutely everything, but that doesn’t
mean that we’re not curious. Little Billy’s explanation might end with
the words “and we don’t know where you came from, either.”

*“Gravitational attraction between branes” is also commonly referred to (at least in the scien-
tific community, where looks don’t matter) as “love.”
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Extraterrestrials

“Is there life on other planets?”
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hysicists really do deal with some mind-numbingly diffi-

cult questions. Already we've talked about the beginning

of time, the end of time, and all of the time in between.

We've tackled the vast stretches of space and what makes

matter. In our discussion of quantum mechanics, we rubbed

up uncomfortably with what is destined to be the biggest question ever:

free will versus determinism. A constant stream of weirdness pervades

the field, and it’s sometimes the safest scientific policy to just lower your
head, plug through the calculation, and peek at the answer afterward.”

At the same time, there tends to be some sort of public percep-

tion that by thinking about physics on the scale of the universe,

we might have some sort of special insight into the true nature of

reality, or whether we’re alone in the universe. Things that, when

asked, make a guy blush and remember that he has a calculation to

plug through. The big esoteric questions aren’t easy to brush off.

Newton, famously, was both the greatest physicist of his (or argu-

ably any other) generation, and was a devout Christian. In between

inventing physics and calculus, he still had enough time to ponder

*Unfortunately, as a general rule, only the odd-numbered problems are answered in the back
of the book.



EXTRATERRESTRIALS 237

how many angels could dance on the head of a pin. Applying phys-
ics to unphysical questions has a proud heritage, which means that
when someone asks us if we believe in aliens, it’s not enough to
feign ignorance. We’'ll feign knowledge instead.

Where is everybody?

Let’s begin with the obvious. Just because something isn’t a physics
question doesn’t mean that we don’t have something interesting to add
to the conversation. For instance, “Have we ever made extraterrestrial
contact?”

The simplest answer is that since we're not conspiracy theorists, and
therefore don’t believe in sneaky rendezvous at Area 51, we’re pretty sure
that UFOs have never crash-landed on Earth. Sure, we want to believe,
but even so, we would be extremely surprised if we've ever been visited.

Humans have only been broadcasting signals out into space for
about sixty years. Aliens wouldn’t want to visit us unless they had
detected suspicious-looking signals coming from Earth and subse-
quently wanted to check out where they were coming from (although
this desire would probably fade if they actually watched the televi-
sion they were receiving). Assuming that they set off as soon as they
saw the signals, the fastest that they could get here would be just shy
of the speed of light.

If any aliens were to visit us, they’d have to be within about thirty
light-years or so of Earth. There are about four hundred such stars
within the requisite distance, but so far we haven’t seen direct indica-
tions that any of them contain Earth-like planets, let alone life, and cer-
tainly not intelligent life. What’s more, since our signals are extremely
weak, it’s unlikely that an alien civilization would have detected us
even if they could be bothered to look for us in the first place.

However, it’s a big enough universe that it feels as though there must
be some other civilizations out there. Enrico Fermi, one of the greatest
physicists of the twentieth century, encapsulated the basic problem as
follows: Consider the enormous number of stars out there. Unless there
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is something staggeringly special about us, odds are that some of those
stars—perhaps many of them—might have eventually developed intel-
ligent life. Then, and this point is critical, many of those intelligent
civilizations will have spread to other planets. If our experience here on
Earth is any indication, people (or peoplelike aliens) can spread to every
habitable nook very, very quickly. Since the universe is so very old, it
seems like it should be jam-packed full of intelligent creatures, and it’s
likely that we should have been contacted many times over. As Fermi
put it, “Where is everybody?”

Fermi played a bit fast and loose with his numbers, and was perhaps a bit
unduly optimistic about the prospects of developing faster-than-light travel
or colonizing other galaxies. Still, Fermi’s paradox sets the stage for trying
to use our knowledge of astronomy and physics to figure out the odds that
there are aliens out there with a ticket for Earth. Given what we know about
our Galaxy, what are the odds that there are other intelligent beings in it?
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The simplest approach would be to take long, repeated observa-
tions of many, many nearby stars. In principle, a super-civilization who
wanted to advertize their existence to the outside world would send
out radio signals with recognizable numerical patterns in them so that
other intelligent civilizations could detect them. We, being somewhat
less advanced, could only receive the signals; the power necessary to
transmit over interstellar distances is well beyond our capabilities. If
this scenario seems somehow familiar, it should. It’s the basic premise
of Contact, written by Carl Sagan in 1985 and later made into a per-
fectly watchable movie starring Jodie Foster.”

While the part about us actually making contact is wishful think-
ing, the science behind the search is not. Since the 1960s, there has
been a very active collaboration known as the Search for Extraterrestrial
Intelligence (SETI), whose aims are pretty much spelled out in the
name.” Not to spoil the surprise, but so far the search for ETs hasn’t
produced anything to phone home about.

Could Aliens Come to Visit (If They Wanted To)?

Imagine that eventually SETI discovers an alien civilization, and—what luckl—
they’re virtually in our backyard. Suppose we then wanted to mount a manned
expedition to visit them on Alpha Centauri, about 4 (actually 4.3, but who's
counting?) light-years from Earth. Is this the sort of thing we could do?
Practically speaking, no, but it can’t hurt to speculate what a little sci-fi-grade
engineering might be able to do for us.

We can’t use warp drives to travel faster than light, because that's just
nuts, and don't even get us started on how impractical it would be to set up
a wormhole. We also can't just accelerate instantly up to 99% the speed of
light, even if we had the technology—the g-forces would kill us! Let's say

“One of many instances in which the movie industry has helped out the astrophysics com-
munity by suggesting that we are peopled by smoking hotties.

"This project hasn’t had government support for some time, and thus, since 1999, has largely
relied on individual computer users to process the enormous amounts of data produced by the
telescope arrays. If you're interested in helping out, check out “SETI @ Home.”
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our spaceship has only one g of acceleration. We'd be riding in cool comfort.
For the first half of the trip, we'd be thrown toward the back of the ship, but
because of our rate of acceleration, artificial gravity would feel like Earth-
normal. For the second half, during which we slow down, the front of the
ship would become “down.” There'’s also the issue of energy. Even if our
“spaceship” consisted of a single pod with just enough room for a single
human,” it still would take as much energy as is currently consumed by the
entire United States in a three-month period to get up to speed.

But forgoing those minor technical difficulties, could we make it to Alpha
Centauri in our lifetime?

Easily. Crunching through the numbers, it will take only about 1.7 years
to travel the first light-year, and only another 1.1 years to travel the next. By
the time we're halfway there, we'd be traveling at 94% the speed of light. Of
course, at that point we'd have to start decelerating at one g, lest we crash into
our destination at nearly the speed of light. Adding it up, the entire trip would
take about 5.6 years. It wouldn't make for particularly riveting sci-fi," but it's
definitely feasible.

There's a complication: the times here are the times as measured by our friends
back on Earth. As we saw in chapter 1, time seems to slow when we travel a siz-
able fraction of the speed of light. According to someone on the ship, the entire
trip would take only 3.6 years—Iless than the 4-year “minimum” that we'd expect
given that Alpha Centauri is 4 light-years away. Make no mistake, we'd still be
traveling at less than the speed of light, but our enormous speed distorts both
space and time. Because of this time-dilation effect, we could, in principle, visit
even more distant stars in our lifetime. The problem is that time passes normally
for everybody else, and they might not care to wait for us.

Should we be optimistic? Clearly Fermi thought so, but he figured the
aliens could come from any galaxy in the universe. It might be somewhat
more realistic to think in terms of just our own Galaxy. We can use a little
of that statistical inference we've been touting to try to figure out the

“Think US Airways economy class.
TEpisode 4,182: the intrepid crew finally finishes the game of Monopoly they started in
Episode 1,205!
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odds of detecting an extraterrestrial civilization. Frank Drake, one of the
founders of SETI, formulated a probabilistic approach in the 1960s as to
whether intelligent aliens live among us in our Galaxy.

Though it’s been rewritten in a number of ways, the Drake equation
in its simplest form allows us to multiply together all of the limitations
to developing an intelligent civilization:

How many stars are there in the Galaxy?

What fraction have planets?

What fraction of the planets can support life?

What fraction of these planets o support life at some point?

If they develop life, what’s the probability that it ultimately
evolves into intelligent life?

6. What’s the probability that intelligent life will broadcast their
existence into space?

N W N

7. How long do we expect these civilizations to last?

The first few questions can be answered with a fair amount of preci-
sion, but by the time we reach the bottom, your guess is (almost) as
good as anyone’s. Still, by plying the tools of our trade, we might be
able to make some pretty decent estimates.

Let’s start with the easiest question, the one at the top. On the face
of it, we might expect that there are a lot of intelligent ETs out there.
After all, there are about ten billion stars in our Galaxy (the Milky
Way), and the typical star lasts tens of billions of years. On average,
over the age of our Galaxy, ten new stars form every year, and each star
is a new opportunity for a new civilization. What we don’t know, how-
ever, is how many of these stars might give rise to solar systems like our
own. And if there’s one thing we're pretty sure of, it’s that life needs a
planet (or maybe a moon) to call home.

"
fb How many habitable planets are there?

When SETI was first established, exactly eight planets were known,
all within our solar system and all of them are either too hot, too cold,
and/or made of gas. We might be tempted to say that prospects were
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pretty dim for either finding another civilization or (should we finally
trash this planet entirely) finding another place to colonize. It’s not that
we thought there weren’t any planets around other stars. We just hadn’t
found them yet.”

Things changed in the late 1980s and early 1990s when planets
started being discovered left and right. Typically, we find new plan-
ets by looking at their star; planets orbit a sun, and the sun techni-
cally orbits its planets as well, albeit very slightly. If the planet is
massive enough and close enough to its parent star, then the star will
appear to wobble a little bit on every orbit, a measurable effect that
can be used to infer the mass of the orbiting planets.

We've even started to be able to see some of the newly discovered
planets directly. In 2008, groups from UC Berkeley and the Hertzberg
Institute in British Columbia took direct images of planetary systems
known as Fomalhaut b and HR 8799, respectively. Don’t expect to
see images of lush beaches and urban skylines. Each of the photos is
only one pixel across. Besides, these exoplanets aren’t the sort of places
you'd like to vacation on, anyway. They're all much more massive than
Jupiter and almost certainly made of gas.

In early 2009, NASA launched the Kepler satellite. This instrument
will continuously monitor about a hundred thousand stars, and look
for signals that planets are eclipsing their host. As the planet passes in
front of its star, the light of the star dims by a small amount. Since this
effect is periodic, we use the dimming to figure out the length of the
planet’s year, its physical size, the distance from the star, and other key
properties.

So far, we've discovered more than three hundred planets outside
our solar system, and doing a rough estimate, it seems that at least
15% of stars have planets, many of them more than one. However,
the vast majority of those so far discovered are much more like Jupiter
than Earth, and (unless swimming through a giant gaseous sphere of
hydrogen appeals to you) aren’t the sorts of places where we’'d expect
life to flourish.

*Did you look in your jacket? Well, how about in your pants? No, no. Your other pants!



EXTRATERRESTRIALS

- i — -
-~ .
L - $ |
Aty S ‘_/_/

- / Yo e BT

LINE gF SiG6HT

Limk  oF

SHaHT

ECLIPSING MR e N
B s b

What we’d really like to do is find a rocky planet™—*“terrestrial,” as
they say in the biz. This is very tough to do. Since terrestrial planets are
much less massive than gas giants, they produce much less wobble in
their parent star and so they are much, much harder to detect than their
bulkier Jovian brothers and sisters. Still, we’re working on it. The hope
is that the Kepler satellite will find lots of Earth-type planets—we just
don’t know how many. It’s designed so a lucky alien civilization who’d
built their own version of Kepler would be able to detect Earth.

But why wait for Kepler to start sending back results? In chap-
ter 6 we talked about a phenomenon known as gravitational lensing,
in which the light of a distant galaxy is magnified and distorted by
the gravitational field of a galaxy or a cluster of galaxies sitting between the
two of us. Any mass can magnify background light, and so for several
decades, astronomers have been monitoring “microlensing” events in
which a star or some other object happens to pass between Earth and a
distant star. The distant star gets brighter over the course of a few days or
weeks, and then dimmer again. Because of these changes, we can detect
any sort of mass, including planets, but we have to be very lucky to
do so. In 2005, the Optical Gravitational Lens Experiment (so named

*A planet populated by Sylvester Stallone clones? We might need to rethink this goal.
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on the basis of the crude acronym) saw a tiny extra signal when it was
looking at a star. It detected the most Earth-like planet ever seen out-
side our solar system, with a mass only about 5% times that of Earth.
But we couldn’t live on OGLE-2005-BLG-390Lb (as it’s been dubbed),
since it’s about —370 degrees Fahrenheit on the surface.

We're making the assumption that life has to evolve on rocky plan-
ets with liquid water because that’s the sort of environment that gave
birth to us. Maybe that’s fair, since we really don’t know what sort of
other life might be out there. It’s entirely possible that the life grows
up not on the planet, but on one of the moons surrounding it. There has
been a lot of conjecture that Jupiter’s moon Europa might have liquid
water under the surface. Perhaps life could arise there, or some place
very like it in our Galaxy? The only thing we can say is that life doesn’t
seem to have evolved on the Moon or on any of the other planets in the
solar system. Besides, even if it’s possible that life could have evolved
on a wider range of planets than we’re assuming, it doesn’t change the
basic picture. We’d still expect life to be relatively rare.

Even within our solar system, just being a rocky planet doesn’t
guarantee that the planet is “class M,” as Captain Kirk and the gang
used to say. Mercury and Venus are by far too hot, while Mars has no
significant atmosphere, and is too cold too boot. Only Earth falls into the
Goldilocks zone: just right. Note, too, that all of the planets in our own
solar system have nearly circular orbits around the Sun, which means that
they don’t vary widely in temperature over a year. However, most of the
more than three hundred planets discovered outside the solar system have
very elliptical orbits, meaning you'd be roasting part of the year and freez-
ing the other part. Neither of these options is very conducive to life.

We have prospects, though. In 2007, a planet known as Gliese 581d
was discovered. Although it’s about eight times the mass of Earth, it’s
almost close enough to its central star to allow water to melt. Though
we don’t know whether there 75 any water to melt, or whether there
are any greenhouse gases to warm the planet, Gliese 581d remains the
current record holder for the best prospect of a life-supportable planet
yet found.

So while we’ve gotten relatively good at finding extrasolar planets,
we haven’t yet found one that could support life. Going on to the fourth
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question of the Drake equation, we have to shrug when we read, “What
fraction of these planets do support life at some point?” Since we only
know of one planet that cou/d support life, and that planet does support
life,” it’s hard for us to say anything definitive.

There’s plenty of reason for optimism. Consider that Earth is about
4.6 billion years old and that life seems to have gotten started after a
mere 800 million years. In other words, in the one case we can look at,
life seems to have gotten started almost as soon as it could have.

How long do intelligent civilizations last?

On Earth, life seems to thrive wherever it’s even remotely possible for
life to occur. That said, we’re not terribly interested in talking to inter-
galactic bacteria.” We want to get in touch with green-skinned alien
babes from Betelgeuse. What’s the probability that life develops some
sort of intelligence at some point? We don’t know, since it seems to
only have happened on Earth once, and even then, only in the past
couple of million years.

In the popular perception of evolution, there’s the idea that all of
the monkeys and lungfish and so on have been inexorably evolving
toward the highest form: us. Alas, evolution says no such thing. In
a real sense, intelligence doesn’t necessarily mean that we’re more
fit for survival, so it’s not at all obvious that life will eventually
form any sort of advanced intelligence. Our giant calorie-consuming
brains and long periods of gestation and childhood helplessness make
us very bad investments in the evolutionary lottery. But every now
and again (and we have 7o idea how often), those tickets pay off.

So let’s take it as read that every now and again a monkey (or
gelatinous blob) suddenly decides to invent language and fire and
jazz saxophone. How long will those good times roll? Enrico Fermi,
as we saw, thought that once a civilization got started it would be

*Hint: it thymes with “girth.”
"With all those flagella waving around, it’s very hard to interpret the sign language.
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both incredibly long-lasting and invasive, meaning that he expected
it would have moved in next door by now.

J. Richard Gott of Princeton proposed what he called the Copernican
Principle in 1993 to deal with this very question. He made a very
simple assumption: you aren’t special.” This idea is pretty reason-
able, since every time in human history that we’ve assumed that we
are special we've turned out to be wrong. Earth isn’t at a special place
in the solar system; it’s just the third planet out of eight, each orbit-
ing the Sun, which is specially placed in the center. The Sun isn’t at
the center of the Galaxy; it’s about twenty-five thousand light-years
away from the center. Our Galaxy isn’t at the center of the universe;

“Despite whatever your mother told you.
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nothing is. As we’re starting to see from our discovery of extrasolar
planets, even Earth—a rocky planet somewhere in the Goldilocks
zone—may not turn out to be all that uncommon.

So what if you're an unexceptional specimen within an unexceptional
species? It amounts to this: in any given distribution, we’ll be some-
where in the middle, though not necessarily at dead center. Imagine a
one-hundred-page book containing the names of all of the people who
have ever lived and will ever live, all listed in chronological order of
birth, but using a very tiny font. You would be zery surprised to find
your name on either the first or the last page of the book. Only 2% of
all of humanity would be either at the beginning of civilization or at
the end. Are you feeling lucky, punk?

Physicists typically publish a result if they are 95% confident, which
means that in our case, you are “average” if you live somewhere between
the first 2Y2% of humanity and the last 2%2%. In the beginning of that
range, thirty-nine times as many people will live after you than before
you, and at the end of the range, one thirty-ninth as many people will
live after you as before you.

Let’s suppose that the population of Earth has remained and remains
constant over the past and future history. We do this just to simplify the
calculation, and because it doesn’t affect the numbers very much. If we
say that “humanity” has already been around for about 200,000 years
(kind of an arbitrary cutoff, we know), then with 95% confidence we can
say that we’ll last between another 5,128 years and another 7.8 million
years. It’s good to know that doomsday isn’t right around the corner, but
it’s depressing that humanity seems to have an expiration date.

That’s not the end of it. Consider a civilization that develops inter-
stellar travel and colonizes the far stretches of the Galaxy. You would
be far more likely to have been born on a colony than on the original
planet prior to space travel, which was the paradoxical part of the Fermi
paradox. So either we're the extremely lucky parent generation to an
interstellar empire, or both we and our progeny are confined to Earth.

Of course this, like so much else, is merely a probabilistic
statement.

The problem with playing these statistical games with the Drake
equation is that we don’t know most of the factors that go into them
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to within a factor of ten, and in some cases, to a factor of one hundred.
Drake, for instance, plugged in what he thought were reasonable num-
bers, and estimated that there might be ten other intelligent civiliza-
tions in our Galaxy. This hope is one of the main motivations for the
SETI project.

But the actual expected number of civilizations could be a hundred,
or even a thousand times smaller. That fact, alone, should give you
pause. After all, one thousandth of Drake’s estimate means that in a
galaxy the size of ours, we might only expect to have, on average, about
0.01 intelligent civilizations happily beaming their thoughts into the
rest of the universe. But that can’t be right! After all, we know that
there’s at least one intelligent civilization, and it’s us. The Drake equa-
tion can be used as a guess, but beyond that, who knows?

People” are fond of saying, “lightning never strikes the same place
twice.” In this case, they mean that it’s so improbable that intelligent
life formed on one planet (Earth) that it’s virtually impossible that
intelligent life would form both on Earth and elsewhere. But really,
it’s more accurate to say that lightning never strikes once. That is, if
we picked a particular star and asked whether it was going to form
intelligent life, the odds would be vanishingly small. On the other
hand, Earth isn’t random. If there weren’t intelligent creatures on it,
we wouldn’t be having this discussion.

What are the odds against our
own existence?

So here we are—discussing the possibility of our existence. But no
such conversation is taking place on the Moon, since there aren’t any
intelligent Moonites to have the discussion. The very fact that you (or
some other intelligent creature) are part of the conversation necessarily
means that it needs to be taking place on a world where intelligent life
could evolve.

*Or, at least, people who think clichés are the greatest thing since sliced bread.
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This is even truer in our own universe. We've done a pretty good job
so far in discovering a set of physical laws that describes the universe as
a whole. The problem, and one that tends to be swept out of sight in
most discussions, is that within the Standard Model are literally dozens
of numbers that we measure, but couldn’t compute from first principles
if our lives depended on it. We like to think that there is some underly-
ing set of principles that sets these numbers, but at the moment we just
don’t know what they are.

We don’t know why the electrons, the quarks, or the neutrinos have
the masses they do. We don’t know why the fundamental forces
have the strengths that they do. Small changes in any of these values
would change the universe quite dramatically. For example, if the weak
force were even weaker, then protons and neutrons would all get con-
verted into helium almost immediately after the Big Bang. Helium, as
you may know, is one of the “noble gases,” for the simple reason that it
refuses to mix with others. In other words, a weaker weak force means
no hydrogen. No hydrogen means no chemistry. And no chemistry
means no us.

Or to give another example, if electrons were a little lighter than
they are now, they would be so easy to accelerate that they would move
close to the speed of light, and it would be impossible to form stars.
Stars make heavy elements, including carbon, which are necessary to
life, so a too-light electron means no stars and no life.

So what if all of these dials and numbers aren’t hardwired into the
fundamental physics of the universe? What if they really are random?
If any of the dozens of parameters were even slightly different, we
wouldn’t exist! Moreover, given the presumptive need for things such
as water (or, at least, complex chemistry) for other intelligent creatures,
there wouldn’t be any sapience in the universe at all.

The fact that we do exist and are here to comment on the utter
improbability of our existence is called the anthropic principle, a term
coined by Brandon Carter in 1974, who pointed out, “What we can
expect to observe must be restricted by the conditions necessary for our
presence as observers.” This statement is obviously correct, potentially
useful, but also largely dismissed among “serious” physicists, many of
whom refuse even to discuss it.
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The basic idea is that no matter how improbable, if the universe
wasn’t fine-tuned to support intelligent life, then intelligent life
wouldn’t be here talking about it. Was it designed for us? Most physi-
cists (including us) don’t think so. Is our universe just one of many?
Possibly. We talked about parallel universes, but it also may be true
that ours is one universe in a much larger multiverse. Perhaps only a
small fraction of those universes have conditions necessary to support
life, but we, naturally, live in one of them.

Surely there must be more meaning to fundamental physics than the
fact that this happens to be a universe that supports life. Probabilistically,
though, it looks like we’re on our own for the time being.

She Blinded Me . . . with Science Fiction

People often ask us how their favorite television show stacks up from the view-
point of scientific accuracy. Our answer? Not well. It's not that the writers like
messing up facts; made-up science is just more fun. While this list isn't exhaus-
tive, some of the biggest problem areas are listed here.

Nothing travels faster than the speed of light. Space is big, and

nobody wants to watch a show that takes centuries. Whether through
warp drives, faster-than-light (FTL) travel, or wormholes, nearly every
prime-time serial pushes the bounds of science reality.

Because it's expensive (and confusing) to make people

fly around aimlessly within their ships and space stations,

gravity. There are really only three ways to do this: spinning the ship
(@ la 2001: A Space Odyssey), filling it with magnets, or constantly @
accelerating the ship, like in our trip to Alpha Centauri. Most shows

sci-fi shows generally introduce some sort of artificial \l(

just throw away the idea altogether, inventing an “artificial gravity”
system as a one-fingered salute to science.

What science-fiction community is complete without alien babes?
As we've tried to argue in this chapter, alien species are likely to be few and far
between. The same is true for “type M planets.” Drop a human on a randomly
selected planet somewhere in the Galaxy, and he'll asphyxiate, melt, or freeze
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The Future

“What don't we know?”
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f the science fiction of the past is any indication, the planet

should already be crawling with cyborgs that turn into fire

engines, ablaze with laser swords, and nourished by green,

plankton-derivative food substitutes. We have GPS and Tang, but

where are our Moon colonies? We can hardly blame sci-fi writers.
It’s incredibly hard to predict the future. Who, for example, could have
predicted that we’d be talking about the possibility of ten-dimensional
space and an accelerating universe made up primarily of dark energy
and dark matter?

Six Impossible Things (and Six Highly Improbable Ones),
before or after Breakfast

They say that with the right attitude, nothing is impossible. “They” are a bunch
of idiots. No offense to the motivational poster industry, but there is a fine line
between something seeming impossible and being impossible, in the same way
that it isn't easy to grasp the difference between really, really big and infinite.
For instance, it is really, really hard for us to travel at 99.99999% of the speed
of light, but it's technically possible. On the other hand, it is absolutely impos-
sible to travel at 100.00001% of the speed of light, even though the latter is
only about 130 miles per hour faster than the former. It's not just difficult, not
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just a challenge—there is no way, no matter how often you cross your fingers,

no matter how hard you pedal—it is impossible. Since we've covered a lot in

this book, we wanted to give you a handy look-up table in case you ever get
into an annoying argument with a pseudo-science type.

SEEMS IMPOSSIBLE (BUT ISN’T)

1.

Building a time machine, but only if you were going to anyway.

. A universe that expands “faster than light.”

2
3.
4

Being in two places at once.

. There may be an identical “you” in a parallel universe. Not only possible,

but deeply creepy.

You need to turn an electron around twice to make it look the same as
when you started.

Teleportation: possible, but since current technology limits us to an atom
at a time, very inefficient.

ACTUALLY Is IMPOSSIBLE

1.

Using a time machine to kill your grandfather. And even if it weren't
impossible, you shouldn’t do it, anyway.

Overtaking a light beam in a fair race. It is, however, possible to use grav-
ity to cheat.

. Traveling to other dimensions, mostly because it's a meaningless phrase.

We're already in all of the dimensions, even the tiny ones.

Cooling anything down to zero energy. Quantum mechanics always
makes your atoms want to jiggle.

. Escaping from a black hole.

Saying with certainty how anything got anywhere.

We've spent a fair amount of time describing the current state of

physics, but every now and again we’ve quietly had to back away from

definite claims and sheepishly speculate. Ignorance is a good starting

point, and we've identified the limitations in our theories. With the
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right tools,” perhaps we can address them. With that in mind, strap on
your jet packs, because we're going to spend this last chapter looking
at some of the big questions that we hope—nay, predict—we’ll be able
to answer in the next twenty years.

What is dark matter?

Our universe seems stranger than it needs to be. For instance, we found
that mysterious dark energy dominates the universe and that most of
the remaining mass is completely foreign to us. It’s made up of some
sort of “dark matter” that doesn’t interact with light (“dark”) but that zs
a source of gravity (“matter”). In other words, the name does nothing
more than describe our ignorance. This explanation is only moderately
more satisfying than saying that gravity is caused by fairies.

There are some members of the scientific community who are less
than convinced that dark matter is a real substance, since we’'ve never
detected any dark matter particles. Astrophysicists, for what it’s worth,
are only doing their job, and suggesting the simplest explanation of
their observations—but that doesn’t make them right. It wouldn’t be
the first time that the seemingly “obvious” interpretation turned out to
be wrong. The planets and the stars appear to move around Earth—an
opinion that was generally held until the 1500s, when Copernicus sug-
gested that it’s Earth that moves around the Sun.

Some skeptics are so eager to get rid of the idea of dark matter that
they’ve suggested the (nearly) unthinkable—that Einstein and Newton
were wrong. A number of theories have been introduced as attempts
to stretch Einstein’s equations of gravity to make them consistent with
observations, without including all of this ugly dark matter. In recent
years there has been a lot of interest in theories of MOdified Newtonian
Dynamics (MOND)." The basic premise is that on small scales—such

“Two liters of Diet Coke, half a dozen neurotic graduate students, and a wheelbarrow of grant
money.

TPhysicists have made an art out of stretching acronyms to the absolute limits of plausible
phonetics.
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as those in our solar system and here on Earth—gravity behaves exactly
like Newton and Einstein predicted. However, on much larger scales—
of galaxies and larger—gravity behaves somewhat differently.

We’'re not going to defend general relativity just because it was
Einstein’s brainchild. He was wrong about all sorts of things.” On the
other hand, general relativity is extremely “elegant,” which in physi-
cists’ parlance means that because the equations seem so simple, it’s
hard to imagine it’s wrong. The problem with adopting MOND, as we
see it, is that it trades one unexplained number (the amount of dark
matter) for another (the scale on which gravity goes from being normal
to being “modified”).

What’s more, you'd have a hard time explaining #// of the observa-
tions that dark matter gets right. MOND does a fine job fixing a prob-
lem that’s been around for a century—there doesn’t seem to be enough
mass to hold galaxies and clusters of galaxies together. Since MOND
explains away that discrepancy, there’d be no need for dark matter, or
so the argument goes.

But there’s so much more! There also are gravitational lensing
observations of the bullet cluster and others that show unambigu-
ously that there are large clumps of matter with no stars or gas
associated with them. There are observations of distant supernova
explosions that probe the change in the expansion of the universe
over time, hinting that there is far more matter than can possibly
be explained with baryonic matter alone. Finally, there’s all the
evidence that the universe is cosmologically flat—which, in turn,
makes sense only if 85% of the mass in the universe is dark.

For our money, we're pretty sure that there is a particle out there
with the name “dark matter” written all over it—a particle that will
be, as the French might say, /e fin du MOND.

What Isn’t Dark Matter?

Assume for now that dark matter is real, but wily and evasive. While we
don’t yet know what dark matter is, we do know a thing or two about

*See, for example, the EPR paradox. And despite his warnings, men still wear culottes.
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what it zsnt. It doesn’t have any charge, or else it would interact with
light. This lack of charge also means that you can’t feel it. Everything
you've ever touched in your life “feels” like something because the elec-
tric fields in your hand are repelling the electric fields in whatever
you're trying to touch. No electric fields, and the thing will pass right
through you.

In the Standard Model of physics, there are only two known particles
that even come close to fitting the bill: the neutrino and the neutron.
Unfortunately, the neutrino is far too light, and lone neutrons decay in
about ten minutes. Since the universe is somewhat older than that, these
are not the particles you're looking for. It would seem that we don’t
have a good candidate now, but you must remember that physicists are
wily, and though there may be a shortage of known particles available as
dark-matter candidates, there is no reason why we can’t make some up.”
Proposed particles include axions, mini black holes, magnetic mono-
poles, quark nuggets, and many more. Some possibilities, including
black holes or magnetic monopoles, have been ruled out observationally
or experimentally, though none has come close to being confirmed.

However, many particle physicists believe that WIMPs exist in the
universe, and in great numbers. These aren’t the runny-nosed lunch
money factories you might be thinking of; WIMP stands for Weakly
Interacting Massive Particle. Just like the term “dark matter” itself,
weakly interacting massive particles just describes most of what we
already don’t know. Dark matter is, of course, massive, and since it
doesn’t interact using the strong force or electromagnetism, then pre-
sumably it does interact using the weak force.”

So WIMP is a good name in that it’s descriptive, but a bad one in
that it tells us almost nothing at all. The task then goes to theoretical-
particle physics to predict what WIMPs are. In this case, “prediction”

“Inventing new particles is not as simple as drawing a circle on a coffee-stained diner place
mat. Theoretical physicists spend years exploring symmetries, proposing tests in multibillion-
dollar accelerators, and, ultimately, drawing circles on soggy cocktail napkins.

We're being overly glib here. There are a number of dark matter candidates, including
axions, magnetic monopoles, and black holes, that aren’s WIMPs. We’'d put the smart money
on some variant of WIMP, though.
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means more than saying that they exist. A good theory has to tell us
how massive WIMPs are, what particles they interact with and how
often, and when and how they were formed.

Supersymmetry

The front-runner in our WIMP race follows from a tradition of making
up particles that look almost exactly like other particles. As a classic
example, consider the neutron. Before 1920 only two “fundamental”
particles were known: the proton, which carries a positive charge, and
the electron, which carries a negative charge. At the time, scientists
were able to measure the nuclei of atoms, and hydrogen, for example,
has a charge of +1. Helium has a charge of +2. The “obvious” conclu-
sion (based on chemistry) was that hydrogen was made of one proton,
and helium had two protons, and if those were true, then helium should
be twice the mass of hydrogen. In reality, helium has four times the
mass of hydrogen.

Drawing on years of training in the physical sciences, Ernest
Rutherford recognized that four was bigger than two. He predicted
the existence of an electrically neutral particle that was about the same
mass as the proton, which was eventually named the neutron. While
it seems clear in retrospect, this was a bold prediction. Like dark mat-
ter, the neutron doesn’t interact with light and thus can’t be directly
seen. It wasn’t until twelve years later that James Chadwick finally
discovered the neutron in a lab, and it had all of the properties that
Rutherford had predicted.

So there are a number of successful discoveries that stem from
physicists saying, “Hmm . . . if we had another type of particle that
looked almost exactly like the one I have here, then we’d be in busi-
ness. Maybe there’s a hidden particle, and even though we can’t see
it for some reason, here’s what it would be like.” This approach, like
in the case of Rutherford’s neutron, occasionally brings about new
particles that simplify everything.”

*On the other side of the coin, there also is a rich history of scientists drinking mercury and
storing radioactive samples in their desk drawers.
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Physicists love symmetry, as we were made uncomfortably aware
in chapter 4. In the Standard Model, there are six different quarks
and six different leptons, and each of these groups can be further bro-
ken down into two groups of three. In the case of the leptons, there
are the three (neutral) neutrinos and the (charged) electron, muon,
and tau particles. Moreover, every particle has an antiparticle, with
the properties of the two almost exactly identical, but with opposite
charges. There are lots of different ways of grouping all the particles,
and typically we end up with equal numbers in each group. But that’s
where the symmetry breaks down. The Standard Model divides all of
the particles into two groups:

1. Fermions, the components of matter. Fermions include quarks,
electrons, muons, tau particles, and neutrinos, and have the very
nice symmetry that we talked about a moment ago.

2. Bosons, the mediator particles. These are the particles that carry
the different forces. Bosons include photons, gluons, the W and
Z particles, and, if they exist, the Higgs and the graviton.

Counting up everything (including both particles and antiparti-
cles), there are twenty-eight bosons and a whopping ninety different
fermions. Don’t be too put off by the sheer number of “fundamental”
particles out there. Most of them are more or less identical to one
another but for some trivial detail, such as the color associated with
the quarks.

Still, the fact that there are different numbers of fermions than
bosons strikes a lot of physicists as troubling. Why should the par-
ticles of matter (fermions) be completely separate from the forces
(bosons)? If they are two sides of the same coin, then there should be
exactly as many fermions as bosons. This idea is known as supersym-
metry, and it means that there are a lot of particles we’ve never seen.
Since they are totally hypothetical, we give them fun, pasta-sounding
names such as the gravitino; the neutralino (another candidate for
the dark-matter particle); and (our favorite, at least from a whimsical
naming perspective) the supersymmetric partner of the W particle,
the wino.
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These particles behave a/most exactly like their ordinary-particle

counterparts. If supersymmetry really was a perfect symmetry, then a
wino” should have the same mass as a W particle, a selectron’ should
have the same mass as an electron, and so on. Of course, if they did,
then we probably would have made them already in our particle accel-
erators. Supersymmetry, if it’s correct, must be a broken symmetry,
meaning that the supersymmetric partners are likely to be much more
massive than the originals.

Like the neutron, these supersymmetric particles could decay. As
massive particles decay into lighter particles, perhaps the only ones still
around are the lightest ones, since they’d have nothing they cox/d decay
into. Generically this is known as the lightest supersymmetric particle

“Just so you know, the wino, in and of itself, is #o¢ a dark-matter candidate. But then again,
Rusty’s hammered. What does he know?
"The extra “s” is for super!
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(LSP), and it is thought by many to be the neutralino. If it exists, this
LSP might be the dark matter particle we've been looking for.

We’'d be remiss if we didn’t point out one important fact. To date,
there’s not a shred of observational evidence suggesting that supersym-
metry is correct. It is physics beyond the Standard Model, meaning
that it’s not technically needed to describe any facets of particle physics
we already know of. Still, we've done pretty well in the past by noting
symmetries, and there’s always a chance it will help us to expand what
we know about the universe even further.

How Do We Find Them?

Is dark matter made of an LSP, or is it something else? As long as dark
matter is made of some sort of WIMP, discovering them should be
relatively straightforward, which is why we’re pretty confident they’ll
be detected in the next few decades. Let’s do a quick survey of what
we already know. We know to pretty fair accuracy the mass density of
dark matter in the universe, so we either have lots of light WIMPs or
relatively fewer very massive ones. We know for sure that WIMPs
can’t be to0 light—Iless than the mass of a proton—since we’ve already
got lots of accelerators capable of creating light particles, and we haven’t
seen them yet.

At the other extreme, WIMPs can be only so heavy and still be con-
sistent with cosmological observations. As we've already explained, in
the early universe it was vitally important that WIMPs could turn
into the ordinary matter we now see and vice versa, which puts a lower
limit on how much dark matter and ordinary matter can interact. This
lower limit on interaction also sets an upper limit on the mass of a
dark matter particle to about forty thousand times the mass of a pro-
ton, though this is a huge upper boundary, since most theories predict
WIMP masses less than a thousand times that of a proton.

The name of the game is to figure out the mass of the dark-matter par-
ticle and the sort of interactions that the particle can engage in, and based
on that, we’ll see whether those numbers are consistent with supersym-
metry, string theory, or something else. Actually getting dark matter par-
ticles to experiment on is rough, though, since they literally slip through
our fingers. We do have a few options for measuring them, though.
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L. Make them ourselves. In chapter 4 we spent a lot of time talking
about how massive particles such as the Higgs could be created
in particle accelerators. Why can’t we create dark-matter par-
ticles as well? Sure, just like with the neutral Higgs, we won’t
actually be able to put the dark-matter particles on a table, but
the idea is sound. Slam a couple of particles into each other with
enough energy and sooner or later we’ll produce WIMPs. The
measurement of their mass, though, will be based on what we

don’t see. The missing energy in the collisions will be the mass of
the WIMP.

2. You're soaking in it. We've mentioned again and again” that we’re
awash in dark matter, but we simply can’t detect it directly
except by gravity (which is negligible for individual particles)
or the weak force (which is normally negligible, period). But
we can make tubs of liquid, which normally left to their own
devices wouldn’t do anything. One of the leading efforts, the
XENON100 project, uses about three hundred pounds of lig-
uid xenon. Xenon is chosen because it normally doesn’t interact
with other materials and doesn’t decay radioactively. By putting
the detectors deep underground, and by carefully testing to see
whether cosmic rays are passing through, the idea is that under
normal circumstances there shouldn’t be any unexplained signal.

After setting up these tubs and detectors, they just sit and wait
for dark-matter particles to whiz by. Every so often, one will hit a
proton, and the proton will give off radiation, which is then detected.
So far we haven’t seen any, but the next generation of detectors is
expected to be much more sensitive.

3. Let the universe do the work for you. The thing about WIMPs is that
there are a lot of them,” and they are constantly flying through
space. Weakly interacting though they may be, they still interact.
What happens when you throw a WIMP into an anti-WIMP?

*Why won't you believe us?
See that? Don't be afraid to stand up and be counted.
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Usually, nothing. More likely than not, they’ll pass right through
one another. Every now and again they might do what particles
and antiparticles have done since the beginning of time: they’ll
destroy one another and produce gamma radiation. If we point
our telescopes in the right direction, we might see the light from
these collisions taking place.

Presumably we’d want to look wherever there is lots of mass.
The problem with this approach is that the most obvious places
to look include the center of our Galaxy, but there are lots of other
things going on there (stuff falling into the central black hole,
for example) that a/so produce high-energy gamma radiation. It
is very hard to subtract the real signal from the noise, and so far
there’s been no reliable detection.

In 2008, NASA, in collaboration with the U.S. Department
of Energy as well as France, Germany, Italy, Japan, and Sweden,
launched the Fermi Gamma Ray Observatory. This space-based
telescope may allow us to probe the center of the Galaxy, but also
clusters of stars, potential black holes, and other places where
dark matter likes to hang out.

Like it or not, dark matter is running out of places to hide.

"

How long do protons last?

We at the User’s Guide like to think of ourselves as amateur psycholo-
gists.” We assume that people are drawn into physics because they either
hope or fear that they’ll learn about cataclysms, black holes, and the end
of time. You probably slow down to watch accidents, too, don’t you?
We won’t question your motivations, because, healthy or not, we have
the same ones. We've already spent a fair amount of time talking about
the evaporation of black holes that await us long into the future, and the
so-called second law of thermodynamics, which suggests that as time goes
on, the universe will devolve into a tepid bath, unsuitable for structure,

*Then again, both of us call our mothers regularly—perhaps compulsively—so we try not to
psychoanalyze 00 much.
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and wholly uninhabitable to life as we know it. We’ve even alluded to the
fact that the universe seems to be undergoing a never-ending state of expo-
nential expansion caused by dark energy. It will just continue until every
galaxy is an isolated island totally cut off from the rest of the universe.
Surely the future can’t get any bleaker than that, can it?

When you’re with a physicist, things can always get worse. What if
we told you we have our suspicions that as time goes on, matter itself
will slowly boil away and evaporate?

The End of Matter

We know. This topic is really a downer, so the first thing you should
realize is that this isn’t going to happen overnight. When we talk about
galaxies, black holes, and matter evaporating away, we're not talking
about millions or billions of years. We're talking about time periods a
trillion billion times longer than the age the universe is now. And given
all of the other bad things that can happen, this seems like it should be
relatively low on your list of concerns.

For all practical purposes, when we ask whether matter will decay,
what we really mean to ask is whether protons will decay. We’ve already
established that given half a chance, a neutron will decay into a proton
and some other stuff, but that’s only because it’s the heavier of the two.
The proton is the lightest of the baryons, so we'd expect them to last
for a while.

When asked how long, the Standard Model gives us a simple and
unambiguous answer: forever. They don’t decay because the total num-
ber of baryons is supposed to be conserved. Since the proton is the
lightest baryon, there’s nothing it could decay into.

But if you've learned one thing from this book, it’s that the Standard
Model clearly doesn’t have all of the answers. If a reaction can take place
in one direction, then the opposite reaction must be able to happen as
well. At some point, way back during the Big Bang, there must have been
a time when baryons could be made out of nothing. We encountered this
problem in chapter 7 when we realized that if baryons and antibaryons
were always made in perfect pairs, then they’d annihilate in pairs as well.
You are a walking, talking testament to the fact that somehow an excess
of baryons over antibaryons got made at some point. Good for you!
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The extra baryon production probably occurred at about the end of
inflation about 1072 second after the Big Bang, which means it prob-
ably has something to do with the unification between the electroweak
force and the strong force. If baryon conservation didn’t hold then, to
some degree, it doesn’t hold now.

So imagine you have your own, personal Grand Unified Theory
(GUT). One of the first things we’re likely to ask is how long a typical
proton will last in your GUT." In just about every one of these theo-
ries, protons will eventually decay into a positron and another particle,
called a pion. The major differences among the various theories involve
how long the protons are going to last. This is actually a good thing. It
means that if we can figure out how long protons last, we have a major
constraint on which of the GUTs are correct—or at least which of them
are ruled out.

Looking for Proton Decay

Some of the early models of GUTs predicted that protons should last
about 10°! years. This is a very, very long time, far longer than the age
of the universe, so you might suppose that the physicists who came up
with these models were just picking arbitrarily long-lived protons and
figured that no one would be able to live long enough to cancel their
Nobel Prize check.

Fortunately, we can do better than just putting a single proton on
a table and waiting for it to break down. In the 1980s, researchers
realized that the thing to do was build giant, underground swimming
pools full of ultrapure water.” The main purpose for doing these experi-
ments was to see if, left to their own devices, any of the protons in the
swimming pool would decay. If they do, the charged particles created
from the decay will go streaming through the tank and send off radia-
tion that can be picked up by the detectors on the side. Since there are

"Ho-ho-ho! You thought we were going to make a joke about belching! Not a chance.

To put things in perspective, the Super-Kamiokande tank is about ten times the volume of an
Olympic swimming pool—and all of this about one kilometer underground. That’s to protect
it from all sorts of other extraneous signals, such as cosmic rays.
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lots of protons, it’s reasonable to suppose that if we look long enough,
one will eventually shed this mortal coil.

We saw something like this in chapter 3 when we talked about
the cosmic randomizer. Suppose that the lifetime of a proton really
is 10°! years. It’s as if every year the cosmic randomizer rolls a die
with 10°! sides on it once for every proton in the pool. If any of
those rolls come up a 1, the corresponding proton decays. The Super-
Kamiokande in the Mozumi mine near Hida, Japan, and experiments
of this type have been going on for more than twenty-five years or so,
and there still hasn’t been a single detection.

This means that we've dramatically underestimated the number
of sides on our dice. Instead, we keep adding sides until zot seeing a
decay becomes a reasonable outcome. We’ve not only ruled out some
of the early theories, but we now know that the proton lifetime is a#
least 103* years.

This is good news for us, because it means that we won’t spon-
taneously combust into high-energy particles anytime soon. On
the other hand, it’s potentially bad news for some GUTs because it
means that they can be ruled out conclusively. These days fewer and
fewer models are consistent with the longer and longer minimum
lifetimes associated with the proton, but many of them are on the
order of 10°°. Given how close we are to measuring that limit, is it
any wonder that we think it likely that we’ll measure it soon? Of
course, the other option is that we’ll have to go back to the GUT
drawing board.

How massive are neutrinos?

When talking about the possible dark-matter candidates, we introduced
and immediately dismissed neutrinos as a possibility. “Too light,” we
said. If asked how massive neutrinos actually are, we’d start shuffling
around uncomfortably and looking at our feet. The simple fact is that
we don’t know, and for a long time we thought they might even be
completely massless. This isn’t the case; as it turns out, our first clues
that neutrinos had mass came almost by accident.
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Nature's Neutrino Factories

Neutrinos are rascally little devils. Since they only interact using the
weak force, we can’t put them on a scale, and since they’re neutral, we
can’t manipulate them with an electromagnetic field. We can, however,
make them in nuclear reactors, and nature’s reactors (aka stars) make
them in great abundance.

Let us tell you a story. About 160,000 years ago there was a super-
nova explosion in a nearby galaxy, the Large Magellanic Cloud. Since
light takes time to reach us, we only saw the explosion in 1987—
and it was one of the most spectacular astronomical events in human
history. Along with radiation, lots and lots of neutrinos got released
in the explosion as well—enough that huge numbers of them reached
Earth. As luck would have it, we had big detectors set up to look for
them, and at precisely the same time that we saw the light from the
explosions, we detected a spike in neutrinos. In other words, they also
traveled here, if not at the speed of light, then as close to the speed
of light as we could measure. This detail was but the latest piece of
evidence suggesting that even if neutrinos weren’t massless, they were
very, very light, even by subatomic particle standards.

It might seem fortuitous that we just happened to have neutrino detectors
up and running before Supernova 1987 A went oft. Of course, luck had very
little to do with it, especially when we describe what some of the neutrino
detectors look like. They're giant underground pools of ultra-pure water. If
that sounds familiar, it should. Many of the experiments built to measure
proton decay ended up serving double duty” as neutrino observatories.

We can’t predict when a supernova is going to go off, so it seems
like a bad strategy to simply wait for one in the hopes of capturing
its neutrinos. Fortunately, supernovas are not the only neutrino facto-
ries out there. Our own Sun produces similar numbers of neutrinos as
photons in the course of going about its thermonuclear business. It’s
just that the photons are much more obvious to us.

The neutrino detection business has been around for a while. By the
1960s there was a fair amount of interest in trying to capture the neu-
trinos from the Sun, so Raymond Davis of Brookhaven National Labs

*Or single duty, since proton decay hasn’t been detected yet.
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and John Bahcall, then at Caltech, led the efforts to build (you guessed
it) a giant, underground swimming pool. The Homestake Observatory,
built in an abandoned gold mine in South Dakota, was essentially a
hundred-thousand-gallon tank filled with cleaning fluid.” A neutrino
flies in, hits one of the chlorine atoms, turns the chlorine into argon,
and the argon decays, giving off light. What could be simpler?

The only problem is that the detectors weren’t giving the results
that we’'d expected. Bahcall predicted about two to three times as many
neutrinos as were actually detected in the Homestake experiment.
Subsequent experiments, the kinds that used water rather than clean-
ing fluid, found much the same thing.

Somehow, someone was stez/ing most of the neutrinos! But who?
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“We like perchloroethylene for its heady bouquet, but in a pinch, you can use tetrachloroeth-
ene. It still catches your neutrinos, and your guests will never tell the difference.
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Identity Theft in the Neutrino World

Up to this point we've been glossing over something that may have
occurred to you if you flipped through the “rogues’ gallery” of particles
in chapter 4. There are three different kinds of neutrinos: electron, mu,
and tau. We haven’t really distinguished among the different types,
but the ones that are created in nuclear fusion are electron neutrinos
because there are electrons involved in the process as well. The early
neutrino detectors were able to measure only electron neutrinos, mak-
ing the other two essentially invisible. Maybe the “missing” neutrinos
somehow (magic, perhaps) turned from electron neutrinos into some-
thing else.

The beauty of physics™ is that we can use apparently disparate
ideas to unify and explain things that would otherwise be completely
incomprehensible. Consider the following three, potentially unrelated,
ideas:

1. What we normally think of as the same kinds of particles—a
spin-up electron and a spin-down electron, for example—can
really act like different particles under some circumstances. The
converse is also true. Two particles that we normally think of as
different can behave the same under some circumstances. Protons
and neutrons, for example, behave exactly the same when only the
strong force is involved. If the differences are large enough, we
call them two different particles, and if the differences are little
(like with the spin-up and spin-down electrons), we call them
two different states of the same particle.

2. Many particles aren’t in one particular state or another; they’re in
a combination of two or more different states. We saw in chap-
ter 3 that we can set up an electron so that it’s totally random
whether we detect it spinning upward or downward. In other
words, it was in a combination of upward and downward at the

"Note that we didn’t say anything about the beauty of physicists. That would be much harder

to justify.
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same time, and each had a probability of being measured when
we observed the electron. Quantum mechanics is filled with cases
of particles doing two (seemingly) mutually exclusive things at
the same time.

3. Particles behave like waves. Back in chapter 2, when we told you
this, we neglected a little detail that might be helpful now. If
the “wave” is oscillating between two different states, the greater
the energy between the states, the faster the wave will oscillate
between the two.

Let’s combine all of those ideas and make a totally astounding
(but correct) leap of faith: neutrinos of different types turn into one
another.

Experimentally, we know that we have three different kinds of neu-
trinos: one that interacts with an electron, one that interacts with a
muon, and one that interacts with a tau particle. Just as we can think
of an electron as a combination of two different particles, a spin-up
electron and a spin-down electron, let’s think of neutrinos in the same
way. Suppose there are three different kinds of neutrinos, numbered
1, 2, and 3, listed in order of increasing mass.

Neutrino 1 is a combination of mostly electron neutrino, com-
bined with a good chunk of mu neutrino, and a smidgen of tau neu-
trino. Neutrino 2 is a different combination, and neutrino 3 is a yet
different combination still. Whether we call them three different
particles or three different states of the same particle is irrelevant.
What is relevant is that the neutrinos are not going to be observed
the same way every time. This idea is known as neutrino oscilla-
tion, since the neutrinos oscillate among identities: electron, mu,
or tau.

Now here’s the beautiful part: neutrino oscillation works only
if neutrinos have mass, and different masses at that. This idea falls
directly out of quantum mechanics. If they don’t have different
masses, then the energy between the different states is zero (E = mc?
strikes again!), the neutrinos would never oscillate, and we wouldn’t
observe the phenomenon.
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Measuring the Masses

In principle it’s relatively straightforward to figure out whether neutri-
nos oscillate, and hence have mass, although difficult to do in practice,
since everything has to be so clean.
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1. Get an atmosphere, and constantly bombard it with cosmic rays.
Fortunately, we have one of these lying around. The cosmic rays
are going to hit air molecules and produce (among other things)
mu and electron antineutrinos.

2. Put a big tank of ultrapure water and some detectors deep under-
ground. Since we're waiting for proton decay anyway, we also
happen to have a few of these lying around.

3. Count the mu and electron antineutrinos, and see if you get the
right numbers.
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If neutrinos actually have mass, then on the way from the atmo-
sphere to the detector, a great many of the mu antineutrinos should
turn into electron antineutrinos, and so the neutrino detector would
measure a deficit compared to what we’d otherwise expect.

In 1998, this very experiment hit pay dirt, and the Super-Kamiokande
experiment was the first to detect unequivocal signs of neutrino oscil-
lations, and hence that neutrinos have mass. Subsequent experiments
confirmed and put tighter constraints on the mass of the neutrinos.

There are just a few complications, as you might imagine. The first is
that these experiments don’t just measure the neutrino mass, they also
measure the intrinsic mixing among the three types of neutrinos: the
amount of mu neutrino in neutrino type 1, for instance. The Standard
Model gives us absolutely 7o idea why the mixing among the neutrinos
should be the values they are, and we’re pretty lucky that the neutrinos are
as mixed up as they are. Otherwise it would be very, very hard to measure
the fact that they’re mixed at all.

The second complication is the fact that it isn’t clear why neutrinos
have mass at all. The Standard Model originally didn’t predict neutrino
masses, and lots of recent textbooks on particle physics pretty much
assumed that the neutrinos were massless. But given the fact that they
have masses, why are the masses so small? The current #pper limit on
any of the neutrino masses is about a million times smaller than the
electron, the next-lightest fundamental particle. We still don’t have an
answer, nor do we have any reason to pick one mass over another.

The third complication is that we don’t actually measure the neu-
trino masses from these experiments. Because of how the math works
out, we only measure the difference between the square of the masses of
the different types of neutrinos. If we can figure out the mass of one
of them, it becomes a simple matter of math to figure out the masses of
the other two.

The goal over the next twenty years will be to figure out what the
masses are in absolute terms, and to do that, we need to measure the mass
of any one of the neutrinos directly. In Germany, an experiment called
KATRIN is currently under construction that hopes to measure the mass
of the electron neutrino directly.
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The design is relatively simple. You start with a big vat of tritium.”
Tritium is a relatively rare form of hydrogen that has one proton and two
neutrons. It’'s somewhat unstable, and so after a short while the tritium will
decay into helium-3, but the important point is that it also kicks out an
electron (which is easy to measure), and an electron neutrino, whose exis-
tence and energy have to be inferred. Since we know the total amount of
energy released by the decay, and we can measure the amount of energy put
into the electron, we £now that the remaining energy must all be in the neu-
trino. Since we get to observe lots and lots of decay events, we can measure
the minimum amount of energy ever put into the neutrino. The minimum
energy it can get is the energy required to make its mass via E = mc?. With
this experiment and its successors, we'll be able to measure the mass of the
electron neutrino to within 0.04% of the mass of an electron.

With construction scheduled to be completed in 2011, it’s our guess
that we’ll have a good answer sooner rather than later.

What won't we know anytime soon?

There is a long tradition of declaring that the “end of physics” is right
around the corner. This scenario seemed to be the case at the turn of the
twentieth century, for example. James Clerk Maxwell had successfully
described electricity and magnetism, and Newton’s gravity seemed
to describe everything else. Then quantum mechanics and relativity
were discovered, and we seemed farther than ever from unifying phys-
ics into a neat, simple, and complete view of the universe. We’re still
reeling from the discoveries made in the early twentieth century, and,
as we've described throughout, some of the mysteries of the quantum
world are still waiting to be unraveled.

The point is that it is far too easy to rest on our laurels. The Standard
Model of particle physics describes every single particle and inter-
action—but requires four different force laws and twenty or so free
parameters to do so. The Standard Model of cosmology describes the

*Only in the world of physics could you wave aside collecting a giant tube of radioactive gas
as a “relatively simple” design.
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history of the universe, and even gives a plausible history during
the dark ages before combination. But amid all of these successes are
hidden caveats. We plug numbers into the theory and have no idea
where they come from. We aren’t able to convincingly unify gravity with
the other forces, even though we’re able to describe them individu-
ally very, very well. And in lots of cases we don’t even know what the
parameters are.

There are other questions we’'d love to know more about, but on
which there’s neither consensus nor a reasonable hope for convergence.
Our favorites are:

Is String Theory Right, Wrong, or Neither?

Look up and down, to your left and right, forward and back. Those
directions seem to be all that space has to offer. Of course, additional
dimensions suffer from the same pesky problems as the tooth fairy and
Dr. J's Ph.D.; just because you can’t see them doesn’t mean that they
don’t exist.

Over the course of this book, we've introduced a “string theory”
on a couple of occasions. It almost seems to be a panacea for all the
problems plaguing physics. String theory imagines that all particles
are fundamentally exactly the same—just little bits of string. It pur-
ports to be a Theory of Everything (TOE), meaning that (if it’s correct)
general relativity and the weak, strong, and electromagnetic forces
will be unified into a single theory. The hope is that in some models
of string theory, a compelling explanation for dark matter and dark
energy—the source of the exponentially expanding universe—will just
drop out naturally.

But there’s a price to pay. String theory, in its modern incarnation,
describes the universe as having ten dimensions, plus one for time.
To understand what these extra dimensions might be like, consider
a trapeze artist walking back and forth on a tightrope. The casual
observer would say that his motion is confined to be either forward or
backward, with no other options available.” A member of the audience,
looking at the rope might not even be able to tell that the rope has

"We're ruling out the option of “down” for the time being. We assume he’s very good.
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any thickness at all, and might (if they were a particularly dimwitted
yokel) be tricked into thinking that the rope had infinitesimal thick-
ness—that it really is a one-dimensional structure.

1 &é

Anant, walking along the rope, harbors no such illusions. He could walk
backward and forward along the rope, of course, but he could also
walk around the rope—the equivalent of one of the hidden dimensions
in string theory. Some of the dimensions—perhaps as many as seven—
are very, very compact. We may not notice the compact dimensions
because we are confined to float along on a three-dimensional brane
through a higher-dimensional universe.

Those little dimensions can play a very important role, since quantum
mechanics is the major player in this game. What happens if we have a
loop of string wrapped up around one of the small dimensions? We saw
in chapter 2 that if you put a particle in a tiny box (or a tiny dimension),
that particle acquires a bunch of extra energy. Normally we’d see the
energy expressed by the particle bouncing around. The only problem is
that it can’t bounce around. This means that by reversing our great equa-
tion E = mc?, the extra energy becomes the mass of the particle.
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The problem is that the energies involved are about 10'° times larger
than even those produced in the LHC. In other words, there is little
prospect of this theory being tested in any experiment that we're going
to build for a zery long time.

Despite popular claims to the contrary, theories in science are never
actually proven to be correct. The ones that we accept as the “truth” are
simply the ones that have failed to be disproven. The mark of a good sci-
entific theory is that its proponents need to provide a test—or many such
tests—that the theory could fail. This concept is called falsifiability, as
coined by the philosopher of science Karl Popper, and it is at the core of
modern science. This is the major flaw of the so-called theory of intelligent
design. You're not allowed to simply state that your theory is correct—even
if it explains all currently observed phenomena. As part of your homework,
you are required to provide a test—ideally, many tests—that, were your
theory to fail them, you'd have to admit that you were wrong, and intel-
ligent design doesn’t do that.

How does string theory fare? Consider some recent popular books with
titles such as Noz Even Wrong (Peter Woit) or The Trouble with Physics (Lee
Smolin), both of which take as their central premise that string theory
can be made to be consistent with the Standard Model but that, practi-
cally speaking, there is no experiment that could ever disprove it. Part of
the problem is that there isn’t just a single version of the theory. There
are an enormous number of possible string theories out there—Smolin
estimates 10°°°, a number so absurdly large that even Sesame Street’s own
Count von Count would have to reconsider his career choices.

It seems as though, with so many potential alternatives, string theory
could be fine-tuned to match just about every possible permutation of
physical laws. This result is the opposite of what we’d hoped for. Ideally,
we’d want a fundamental physical law that could describe our laws of
physics but that wouldn’t require us to fine-tune the theory to do so.

As a result of all of this, there’s no definite idea of what string theory is,
and thus how it can really be tested. As Smolin put it, “There is no realis-
tic possibility for a definitive confirmation or falsification of a unique pre-
diction from it by a currently doable experiment.” For our money, we're
willing to lay pretty good odds that a definitive test on the dimensionality
of our universe isn’t coming anytime soon, so even if we don’t live in a
three-dimensional universe, you should act as though you do.
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What Is Dark Energy?

Observationally, there seems to be an unseen but ever-present dark
energy in the universe that pushes the universe out toward expo-
nential expansion. The Standard Model even provides a candidate
for something that has all of the right properties for dark energy.
This is known as vacuum energy, and as we’ve seen, it has the very
real problem that our theory produces numbers that are about 10!
times larger than the one observed. We could handle if dark energy
were zero—that’s a very “natural” number. But this sort of discrep-
ancy just boggles the mind. One of the biggest problems is that
theories of string theory and quantum gravity have to be very finely
tuned to produce the dark energy density we see. To our minds, one
of the first tests of a successful TOE is that the dark energy density
will drop out naturally.

What's with All of the Free Parameters?

In an effort to describe the general principles governing physics, we've
glossed over the fact that there are lots of numbers that just have to be
put in by hand. The most natural numbers are simple combinations of
physical constants, which means that if we didn’t know any better, we’d
expect that all of the particles should be the Planck mass or completely
massless. They’re not, so we might ask why an electron is so much
lighter than the Planck mass, and why neutrinos are so much lighter
than that. We don’t know why the electron has the charge it does, and
at the moment, why the strength of the strong force is what it is.

Beyond the scaling numbers, there are tons of parameters that go
into the Standard Model, and far more that go into string theories. For
example, we mentioned that the various neutrinos can turn into one
another, and that there is a mixing factor that tells us about the prob-
ability of this transition. Where do these numbers come from? Nobody
knows. All told, there are at least twenty free parameters, and that’s just
in the Standard Model. These are numbers that, as far as our fundamen-
tal theories are concerned, could be anything at all.

We hope that in the ultimate TOE, all of the free parameters will be
ultimately determined by the theory. But is that true? In the previous
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chapter we discussed the conditions in the early universe that were
required to give rise to intelligent life. It may be that the parameters
really do vary from universe to universe, in which case we never will
find a “deeper” reason why the fundamental parameters have the values
they do. For our part we find this possibility deeply unsatisfying, and
hope it doesn’t turn out that way.

Of course, we could be wrong.

This list is, by no means, exhaustive. One of the beautiful things about
physics is that there’s always a new problem that requires your immedi-
ate attention, no matter how many problems you’ve solved leading up
to now. The more questions you answer, the more insight you get into
the next question. In traditional Our Gang fashion, we get glimpses of
the big picture through holes in the fence, and we do our best to piece
it all together.
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Try as we might, we know that we’re not the only game in town when it comes
to popular science books. Below are a few that we found especially helpful when
writing the User’s Guide.

Abbot, Edwin A. Flatland: A Romance of Many Dimensions. London, 1884. A clas-
sic tale of what it would be like to be a two- or one-dimensional creature, with
some thought given to how higher-dimensional creatures might live.

Adams, Douglas. The Hitchhiker's Guide to the Galaxy. New York: Harmony,
1979.

Bryson, Bill. A Shorr History of Nearly Everything. New York: Broadway, 2003.
While Bryson focuses more on classic physics, it’s a great overview of some of
the great stories behind the science. We “borrow” from his anecdotes liberally
in our lectures.

Davies, Paul. How to Build a Time Machine. New York: Viking, 2002.

Gamow, George. The Great Physicists from Galileo to Einstein. New York: Dover,
1988.

Gott, J. Richard III. Time Travel in Einstein’s Universe. Boston: Houghton Mifflin,
2001. This is a must-read for anybody wanting to get into the nuts and bolts
of practical time-machine construction. We describe Gott’s cosmic string
time machine in chapter 5.

Greene, Brian. The Fabric of the Cosmos. New York: Alfred A. Knopf, 2004. A nice
overview of modern cosmology, with particular emphasis on string theory.
Gribbin, John. In Search of Schridinger’s Cat: Quantum Physics and Reality.

New York: Bantam, 1984.

Kaku, Michio. Physics of the Impossible: A Scientific Explovation into the World of Phasers,

Force Fields, Teleportation, and Time Travel. New York: Doubleday, 2008.
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This list consists of stuff that only a specialist (or a masochist) might enjoy.
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“What a delightful book! It pulls no punches—or punch lines—in explaining all the fun topics in physics and
cosmology. From quarks to quasars, from electrons to extraterrestrials—it’s all here. Whether you are interested
in how to build a time machine or a transporter, or would like to know why curiosity killed Schrédinger’s Cat,
you will find clear and memorably illustrated explanations. I highly recommend this book to anyone interested
in the recent exciting developments in physics and astronomy.”

—J. Richard Gott, Professor of Astrophysics, Princeton University,
and author of Time Travel in Einstein’s Universe

“I wish I'd had Goldberg and Blomquist as my physics teachers. Strangelets that grow until they strangle the
world! Instructions for building an awesome teleportation device, and then transforming it into a super-awesome
time machine! Speculations on the odds against our own existence! [and even deeper speculations on being in two
places at once!] I'm going to recommend this book to my students, who are science journalists—and to any and
all readers who want to have more fun in the universe.”

— Jonathan Weiner, Professor, Columbia University Graduate School of Journalism,
and Pulitzer Prize-winning author of The Beak of the Finch

We don't like to mince words. If you have your heart set on building a faster-than-light drive or a time machine
out of a DeLorean, knock yourself out. If you want to know whether these things are even possible and you like
anthropomorphized fundamental particles, read A User’s Guide to the Universe.

This plain-English, plain-hilarious handbook ushers you through all of the major discoveries of modern phys-
ics, from relativity to the Large Hadron Collider, without furrowing your brow even once. Put your mind at
ease and jump into modern physics in a way you never imagined possible—comfortably. Now is your chance to
impress people at cocktail parties with your insights into the world of quantum weirdness, time and space, the
expanding universe, and much, much more.

Who knows? You might even learn something.

ISBN A978-0-470-49k51-0

52495
.
. | ‘
.
. R i

9'780470"496510




	A User's Guide to the Universe: Surviving the Perils of Black Holes, Time Paradoxes, and Quantum Uncertainty
	Contents
	Acknowledgments
	Introduction
	Chapter 1: Special Relativity
	Why can’t you tell how fast a ship is moving through fog?
	How fast does a light beam go if you’re running beside it?
	If you head off in a spaceship traveling at nearly the speed of light, what horrors await you when you return?
	Can you reach the speed of light (and look at yourself in a mirror)?
	Isn’t relativity supposed to be about turning atoms into limitless power?

	Chapter 2: Quantum Weirdness
	Is light made of tiny particles, or a big wave?
	Can you change reality just by looking at it?
	If you look at them closely enough, what are electrons, really?
	Is there some way I can blame quantum mechanics for all those times I lose things?
	Can I build a transporter, like on Star Trek?
	If a tree falls in the forest and no one hears it, does it make a sound?

	Chapter 3: Randomness
	If the physical world is so unpredictable, why doesn’t it always seem that way?
	How does carbon dating work?
	Does God play dice with the universe?

	Chapter 4: The Standard Model
	What do we need a multibillion-dollar accelerator for, anyway?
	How do we discover subatomic particles?
	Why are there so many different rules for different particles?
	Where do the forces really come from?
	Why can’t I lose weight (or mass) — all of it?
	How could little ol’ LHC possibly destroy the great big world?
	If we discover the Higgs, can physicists just call it a day?

	Chapter 5: Time Travel
	Can I build a perpetual motion machine?
	Are black holes real, or are they just made up by bored physicists?
	What happens if you fall into a black hole?
	Can you go back in time and buy stock in Microsoft?
	Who does time travel right?
	How can I build a practical time machine?
	What are my prospects for changing the past?

	Chapter 6: The Expanding Universe
	Where is the center of the universe?
	What’s at the edge of the universe?
	What is empty space made of?
	How empty is space?
	Where’s all of the stuff?
	Why is the universe accelerating?
	What is the shape of the universe?
	What’s the universe expanding into?

	Chapter 7: The Big Bang
	Why can’t we see all the way back to the Big Bang?
	Shouldn’t the universe be (half) filled with antimatter?
	Where do atoms come from?
	How did particles gain all that weight?
	Is there an exact duplicate of you some-where else in time and space?
	Why is there matter?
	What happened at the very beginning of time?
	What was before the beginning?

	Chapter 8: Extraterrestrials
	Where is everybody?
	How many habitable planets are there?
	How long do intelligent civilizations last?
	What are the odds against our own existence?

	Chapter 9: The Future
	What is dark matter?
	How long do protons last?
	How massive are neutrinos?
	What won’t we know anytime soon?

	Further Reading
	Technical Reading
	Index



A Usexs Guioe

UNIVERSE






