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INTRODUCTION:
THE DARK MATTER PROBLEM

Suppose you became aware that there were specters, invis-
ible beings, living in your house. You cannot see, hear,
or feel them, but you know they are there, because they
move things around your home, open and close doors, and
change the room temperature. You begin to notice patterns
for these changes, as if they are governed by rules.

After a time, knowing their patterns, you begin to learn
the rules. You learn how to predict what changes they will
make, and when they will make them. As more time passes,
you come to suspect that there are many specters—maybe
ten for each person in your house. The specters have always
dominated your environment, and you and your family
have always responded to them without knowing it.

Your curiosity about the specters grows, and you try to
learn more about them—what are they made of? Where
did they come from? What do they want? Still, you never
sense them directly, but only learn about them through
the changes they make in your (their?) home. The specters
shape your environment, but you do not shape theirs.
They are completely unresponsive to anything you do to
communicate with or learn about them. You imagine that
the specters have always been there. They are not intruders,
but part of the natural order of things.
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2 INTRODUCTION

Most of us would find such a circumstance very strange,
perhaps troubling, and certainly very frustrating. How
could we have coexisted with so many specters for so long
without knowing it? Why is it so difhicult to learn about
them? Where did they come from?

Over the twentieth century, astronomers'

gradually
became aware of “specters” in our universe in the form of
a new substance first called “missing mass” and later “dark
matter.” This book uses the term dark matter. Dark mat-
ter created the shape and structure of galaxies, clusters of
galaxies, and the universe itself.

The goal of this book is to make sense of the specters that
represent dark matter: to explain how astronomers came
to know about it; how theoreticians uncovered how dark
mactter shaped the largest structures in our universe through
gravity; and how physicists and astronomers are navigating
the complex, frustrating hunt to understand more about
dark matter.

I will use the terms visible matter or normal or lumi-
nous matter to refer to matter that forms stars and gen-
erates the light that we observe through telescopes. Dark
matter’s “invisibility” means that it does not form stars
or generate light (hence the term “dark” matter). More
broadly, “dark” implies that dark matter does not signifi-
cantly interact with visible or normal matter in any way
other than through gravity.

Opver the past 85 years, particle physicists, astronomers,
and astrophysicists have shown through the process of
elimination that no known substance can account for the

1. The glossary at the end of the book provides brief explanations of words
in bold.
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THE DARK MATTER PROBLEM 3

effects of dark matter. That includes planets, extra gas in
the universe, and anything else that is made of particles
that we know about. This also includes the black holes
made from the collapse of stars at the end of their lives.
However, there is the idea that as-yet unobserved primor-
dial black holes (PBHs) that formed in the early universe
from matter fluctuations in space-time could explain dark
matter.

In the 1930s, a few astronomers began to understand
that the amount of visible matter in clusters of galaxies
could not explain the motion of the galaxies in their clus-
ter. The total mass of the newly discovered invisible matter
appeared to be tens or hundreds of times the visible mass
of the stars. In the 1970s, measurements of how stars move
inside galaxies led to the idea that some unseen gravitating
matter causes the visible stars to orbit around the center
of their galaxy faster than predicted from just the mass of
the stars alone. To explain this concept, and set the stage
for the rest of the book, Chapter 1 provides some physics
background. Chapter 2 then lays out the evidence for dark
matter from astronomical observations.

In Chapter 3, we turn to what we do know. Four forces
describe almost all the dynamics of matter. The weak force
causes radioactive decays, the strong force binds quarks
into protons and neutrons and binds protons and neu-
trons into atomic nuclei, the electromagnetic force deter-
mines the structure of matter, and all matter and energy
feel the force of gravity. The weak, strong, and electro-
magnetic forces are all variants of quantum field theory
and collectively make up the Standard Model of particle
physics. The three Standard Model forces act on quarks and
leptons that make up normal matter.
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b INTRODUCTION

The Standard Model explains almost all the observed
interactions between particles made since Henri Becquerel
first observed radioactive decay in 1896. Albert Einstein
and his successors left us with an excellent classical theory
of gravity, but theorists have been unable to find a quantum
theory of gravity, leaving us with a patchwork of theories:
the quantum mechanical Standard Model for quarks and
leptons, and classical gravity that acts on all matter. Dark
matter does not fit anywhere in our patchwork: None of the
known particles from the Standard Model have the prop-
erties of dark matter; and classical gravity does not predict
particles, as gravity acts on all matter.

Chapter 4 follows the experiments that led to the con-
clusion that dark matter does not fit into our current view
of particle physics, leaving the problem of finding out what
dark matter is.

Over the past 30 years, many ideas have emerged to
explain the effects of dark matter. This book focuses mostly
on two hypothesized new particles, called Weakly Interact-
ing Massive Particles (WIMPs) and axions, both of which
could be dark matter particles. Chapters 5 and 6 explain
some of the experiments searching for WIMPs on Earth
and in space. Chapter 7 describes the idea behind axions,
how axions could be dark matter, and how physicists search
for axions.

This book does not end in Chapter 8 with a grand rev-
elation of the properties of dark matter—these still elude
my experimental colleagues and me. However, I hope that
you will gain a deeper understanding of the dark matter
problem and what a triumph it will be when we do learn
something new about dark matter.

For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

E=mc?, 11,78
Z° bosons, 124
1E 0657-56, 46-49, 51, 74, 96

acceleration, gravitational, 6,
8,9,11
Moon, 11
Advanced Thin Ionization
Calorimeter (ATIC), 131
alpha decays, 86, 102
Alpha Magnetic Spectrometer
(AMS), 132
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atomic electrons, 36, 109, 110
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For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

170 INDEX

atomic nuclei, 3, 125, 148
atoms, 63, 64, 105, 112, 115,
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axions, 4, 73, 93, 94, 97, 98, 101,
123, 135-145, 148, 149
detection, 135, 137
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mass, 138
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microwave photons, 140
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baryonic matter, 85, 97, 99, 103
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121
Becquerel, Henri, 4, 86
beta decay
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beta electrons, 87
beta rays, 86, 87, 106, 109
beta spectrum, 87
Betelguese, 144
BICEP2 experiment, 77
Big Bang, 28, 76
light from, 51-60
nucleosynthesis, 84

protons in, 77

Big Bang theory, 28, 63, 76, 77,
85, 88,97
black holes, 3, 46, 75, 76, 88, 92,
99, 133, 134
formation, 76
neutron star, 76
primordial, 92-96
supernova and, 76
blueshift, 18, 19
Bohr, Niels, 87, 152
Bohr’s conjecture, 87
BOOMERanG experiment,
60
bosons, 64, 67, 68, 71-73
exchange, 72
gauge, 66
scalar, 64, 66
bubbles, 133
Bullet Cluster, 46, 47, 49, see also
Coma Cluster, 51

Carnegie Observatories, 36
caustics, 101
Cepheid variable stars, 21
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(CAST), 141-145
charged particle magnetic
spectrometer, 130
clusters, 44, 61, 88
motion of galaxies in, 32
clusters of galaxies, 2, 3, 9, 13,
20, 28, 29
cold dark matter, 61
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mass-to-light ratio for, 30
sky map, 31
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density fluctuations, 53
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nuclear recoil, 115
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superclusters, 15
Doppler shift of sound, 19
double beta decays, 106
dwarf galaxies, 34, 133
dying star, explosion, 124
dynamical law, 6
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atmosphere, 127
axions and, 123
cosmic rays, 127
magnetic field, 125, 128
Moon, distance to, 12
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motion detection through dark
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galactic structure, 14
galactic superclusters, 15
galaxies, 2, 3, 21
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Bullet Cluster, 46, 51
dark matter in, 99-101

formation, 38, 100
lensing, 45
mass of, 34
motion of, 18, 30, 41
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orbit of stars in, 32-38
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universality of rotation curves,
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galaxy clusters, 13, 27, 61
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gas, 78
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thermal energy, 79
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double beta decays, 111
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dark matter and, 99
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effects, 5
light ray deflection, 42
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Hawking, Stephen, 92, 95

helium, 53, 127
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150

particles, 66, 69, 71
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M31, see Andromeda galaxy
MacGufhns, 152
MACHO experiment, 89, 91, 92
magnet, 129
magnetic field, 125, 126, 138
Majorana mass, 151
Majorana neutrinos, 151
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axions, 137, 138
measurement, 6
protons, 137, 139, 141, 144
mass-energy, 12
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massive compact halo object
(MACHOs), 89
matter, 2
matter density, 23
matter-energy density, 25
MAXIMA balloon experiment,
61
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Meitner, Lise, 87
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microlensing, 46
microwave axions, 150
microwave photon, 100
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modified Newtonian dynamics
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muons, 64, 65, 66, 71, 114, 124
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151
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neutron stars, 75, 76, 89
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PBH, see primordial black holes
(PBH)
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planets, 88, 89
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quantum field theory, 3

quantum mechanical density
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Model for quarks and
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also anti-quarks, 124
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SUSY, see Supersymmetry (SUSY)
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