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FIGURE 2.2 Th e Milky Way. (Top) Th e pinwheel shape of the spiral arms of the disk of 
the Galaxy is shown in the drawing. Th e central bright region is the Galactic Bulge, a 
central region of tightly packed stars. At the very center of the Galaxy is Sagittarius A*, 
a strong radio source affi  liated with a black hole weighing 4 million times as much as 
our Sun. Th e Sun is located about 25,000 light-years away from the Galactic Center.
(Bottom) Artist’s rendition of a galaxy, showing the spiral structure of the disk as well as 
the much larger spherical dark matter halo. (Top) NASA / JPL-CalTech.
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which weighs roughly a fifth as much as the Moon, is composed primarily of 
rock and ice. It follows a chaotic elliptical orbit quite far out from the Sun.

Based on the rotation curve of the Solar System, we can determine the mass 
that is causing these planetary motions. In this case, it is the mass of the Sun, 
and its gravitational pull keeps all the planets in orbit. The laws of physics dis-
covered by Isaac Newton explain the shape of the rotation curve. Newton’s 
laws tell us that the orbital speed scales as v = ÏwGM/r. Here r is the distance 
from the Sun, M is the mass of the Sun, and G is Newton’s constant. More 
accurately, the mass M should be the total mass of the system interior to the 
orbit of any object. Because the Sun is by far the most massive object in the 
Solar System, we can take M to be the mass of the Sun. The speeds of the plan-
ets in Figure 2.3 follow the drop-off with distance exactly as predicted by New-
ton’s laws. This relation implies that at four times the distance, the speed is half 
as large (lower by Ïw1/4). In other words, an object that is on an orbit (around 
the Sun) four times farther out than Earth would be moving half as fast. The 
equation shows that speeds of the planets depend not only on their distances 
from the Sun but also on the Sun’s mass. If the Sun were four times as massive, 
the speeds of all the planets would double (growing by Ï·4).
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FIGURE 2.3 The rotation curve of the Solar System: average speeds of the planets versus 
distance from the Sun. The Sun (not shown in the plot) is located at r = 0; the planets are 
at distances as indicated in astronomical units (AU). One AU is the distance between 
Earth and the Sun, roughly 100 million kilometers. The farther out a planet is from the 
Sun, the more slowly it revolves in its orbit.
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By measuring the speeds of objects orbiting around the center, we can 
determine the amount of mass interior to their orbits. For example, if measure-
ments of Jupiter’s speed had been found to be significantly faster, we would 
have to reevaluate the mass inside Jupiter’s orbit. One possibility would be 
that we might have misjudged the Sun’s mass. Or, because the totality of all 
the mass interior to a planet’s orbit determines its speed, another interpreta-
tion would be possible. We might have missed some mass somewhere in the 
Solar System between the Sun and the orbit of Jupiter. We can use the speeds 
of orbiting objects to obtain estimates of the mass supplying the gravitational 
pull on the objects.

The Danish nobleman Tycho Brahe, who lived from 1546 to 1601, made 
some of the most important and accurate measurements of these planetary 
orbits (Figure 2.4). In addition to his pioneering work in astronomy, he is 

FIGURE 2.4 Tycho Brahe (1546–1601). He lost his nose in a 
duel and wore a gold-and-silver replacement. Brahe is known 
for his studies of planetary orbits.
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v
r

FIGURE 2.5 Th e path of a star in a circular orbit around the center of a galaxy. Th e 
orbital speed v is determined by the amount of mass interior to the orbit at radius r. 
NASA / JPL-Caltech / STScI.

the amount of mass inside the galaxy required to speed up the stars to their 
observed velocities. Th e rotation curve looked inconsistent with the one pre-
dicted from the stellar material alone. He found evidence of a “fl at” rotation 
curve.5 Th e speeds of objects were the same, no matter how far out they were 
from the center. We’ll discuss the interpretation of this behavior in a minute. 
His work was not persuasive, as he had only four data points with large errors. 
Even with these minimal data, he was able to use this technique to deduce the 
mass of the nearby Andromeda Galaxy to close to the correct value. Androm-
eda weighs about a billion times as much as the Sun—about the same as the 
Milky Way. Yet Babcock attributed the fl atness of the rotation curves as most 
likely due to absorption of stellar light or other eff ects rather than to dark mat-
ter. Over the next 40 years, researchers attempted to fi nd rotation curves of 
other galaxies with varying degrees of success.

In the 1970s, Vera Rubin and Kent Ford of the Carnegie Institution of 
Washington (in Washington, D.C.) made an extremely important contribu-
tion.6 Th ey succeeded in obtaining accurate measurements of rotation curves 
of many galaxies. It was their work that led to consensus in the physics commu-
nity that galactic rotation curves are fl at. Th e upper curve in Figure 2.6, with 
bars indicating the data, shows a fl at rotation curve (the example shown dates 
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from 1985). Objects orbiting the galaxy continue to move rapidly even at great 
distances from the Galactic Center. As mentioned above, based on the known 
stellar matter in the galactic disk, the speeds should have fallen off rapidly. Yet 
they did not. The most plausible interpretation is that the galaxy must contain 
additional mass. The difference between the observed rotation curve and the 
one predicted by disk stellar material is then due to dark matter. The inter-
mediate curve in Figure 2.6, labeled “halo,” indicates the additional material 
that must exist to explain the data. Adding a spherical halo component made 
of dark matter resolves the discrepancy between the two rotation curves. It 
was the work of Rubin and Ford that clinched the case for dark matter in gal-
axies. Their observations persuaded astronomers that dark matter must exist. 
Rubin has been awarded a National Medal of Science for her work, and the 
two deserve a Nobel Prize for this discovery (Figure 2.7).
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FIGURE 2.6 The rotation curve of galaxy NGC 3198. Radial distances are measured 
in units of kiloparsecs (kpc), or thousands of parsecs; a parsec corresponds to roughly 
30 trillion kilometers (19 trillion miles). The dots with bars show the observational data, 
whereas the solid curves show the calculated contributions from the stellar disk, the dark 
matter halo, and the two combined. Dark matter is required to explain the data. Redrawn 
from van Albada, T. S., J. N. Bahcall, K. Begeman, and R. Sancisi. 1985. “Distribution of Dark Matter in 
the Spiral Galaxy NGC 3198.” Astrophysical Journal 295: 305.
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(MOND). Later in the chapter, we’ll see, however, that these alternate theories 
have serious flaws. The consensus in the cosmology community is that the mass 
of all galaxies, including our own Milky Way, must be made of dark matter.

Einstein’s Gravitational Lensing

In the past decade, gravitational lensing—the bending of light by a massive 
object—has become a powerful tool for locating dark matter in the cosmos. 
This phenomenon is a consequence of Albert Einstein’s theory of General 
Relativity.

Figure 2.8 illustrates the basic setup for gravitational lensing. A telescope 
on Earth observes a star (to the left in the picture). In between the star and 
the telescope, the light encounters some intervening material or massive body. 
In the picture, this mass is labeled as a MACHO (Massive Compact Halo 
Object)—but it could be any mass. The light-emitting star is known as the 
source, whereas the intervening matter is the lens. According to Einstein’s rela-
tivity, the lensing mass distorts the path of the light en route to Earth by pull-
ing it toward the mass. The light from the source star is focused, or lensed, onto 
the telescope by the dark massive object. As a result, if we assume the light has 
traveled in a straight line, we will misidentify the star’s location. Though its 
real position is directly behind the MACHO, its apparent position will be off 

Star
Telescope

MACHO

FIGURE 2.8 Gravitational lensing: a Massive Compact Halo Object (MACHO) 
bends the light of a distant star seen by a telescope on Earth. Whereas the actual 
star is located directly behind the MACHO, the telescopes see what appear to 
be two distorted images at different locations than the real star. Any interven-
ing mass between the star and the telescope would have the same lensing effect.
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the rich cluster Abell 2218 taken by the Hubble Space Telescope. The back-
ground galaxies, which are 10 times farther away than the lensing cluster, have 
been sheared into thin arcs because of the lensing action of the intervening 
cluster. This image of Abell 2218 is remarkable in that it has seven cases of 
multiple imaging, in which the background galaxy is seen multiple times. The 
abundance of lensing images in this cluster has been used to make a map of its 
mass distribution. The dark matter content is enormous.

These images of gravitationally lensed clusters were made by the Hubble 
Space Telescope. Its successor, the James Webb Space Telescope (JWST) is an 
$8 billion project, due to be launched in 2018.9 JWST’s cameras will be able to 
obtain images of the faintest and most distant objects ever observed. With its 
sensitivity to infrared light and fantastic resolution, JWST will look even far-
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FIGURE 2.11 (A color version of this figure is included in the insert following 
page 82.) Computer reconstructed image of the mass distribution in galaxy clus-
ter CL0024+1654, based on data from the Hubble Space Telescope. This massive 
cluster gravitationally lensed the light of a more distant bright galaxy, producing 
multiple images of the source galaxy and allowing scientists to reconstruct the 
hidden mass inside the cluster. The peaks in the image are galaxies; the bulk of the 
mass consists of the central mountain made of dark matter in between the galax-
ies. From Tyson, J. A., G. P. Kochanski, and I. P. Dell’Antonio. 1998. Astrophysical Journal Let-
ters 498: L107.
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ther out in space and backward in time than HST can.10 It should give us views 
of the Universe back to 100 million years after the Big Bang.

Hot Gas in Clusters

Another piece of evidence for dark matter comes from the existence of hot 
gas in clusters. Figure 2.13 shows images of the Coma Cluster, the same clus-
ter studied by Zwicky. It is one of the richest clusters known, containing more 
than 1,000 member galaxies. Each of these galaxies houses billions of stars. The 
cluster is so big that it takes light millions of years to get from one side of it to 
the other.

Images of Coma have been taken by a variety of telescopes observing the 
light at different wavelengths. The top panel in Figure 2.13 shows a picture 
of the visible light coming from Coma. We can see the many galaxies it con-
tains. In contrast, the bottom panel shows a picture of x-rays coming from 
the same Coma Cluster. The shades in the picture represent different intensi-
ties of x-ray emission. The two panels are not on the same scale: the x-ray pic-
ture shows only the central-most parts of the cluster. The x-ray images were 
taken with the European Space Agency’s ROSAT satellite. At the lower right 
of the x-ray image, we can see a fainter group of galaxies that are in the pro-
cess of merging with Coma’s bright central cluster. The bottom panel shows 

FIGURE 2.12 Galaxy cluster Abell 2218 acts as a powerful lens. It is so massive that its 
gravity bends, magnifies, and distorts the light from galaxies lying behind the cluster 
into elongated arcs and multiple images. This image is from data taken with the Hubble 
Space Telescope. NASA, Andrew Fruchter and the ERO Team [Sylvia Baggett (STScI), Richard Hook 
(ST-ECF), Zoltan Levay (STScI)] (STScI).
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that the cluster is pervaded by hot x-ray-emitting gas, which has a tempera-
ture of 10–100 million Kelvins (K). There must be a huge additional massive 
component that keeps this gas gravitationally bound to the cluster. Without 
dark matter, the hot gas would evaporate and escape from the central region. 
There would not be enough gravity to hold it in. It seems difficult to evade the 

Coma Cluster

0.5 degree

FIGURE 2.13 (A color version of this figure is included in the insert following page 82.) 
Galaxy cluster Coma provides evidence for dark matter. The x-rays in the image on the 
bottom are produced by hot gas, which would have evaporated from the cluster without 
the gravity provided by an enormous dark matter component in the cluster. (Top) Opti-
cal image. (Bottom) X-ray image. The two images are not on the same scale; the x-ray 
image focuses on the central region of the cluster. (Top) NASA, ESA, and the Hubble Heritage 
Team (STScI/AURA); (bottom) ROSAT / MPE / S. L. Snowden. 
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conclusion that even the most enormous rich clusters must have a substantial 
dark matter component.

The Bullet Cluster: Death to Alternative Theories of Gravity?

Th e year 2006 saw the discovery of the remarkable Bullet Cluster. Th is object 
actually consists of two separate colliding clusters, each containing dozens of 
galaxies. Th ese clusters are in the initial stages of merging, a process that could 
take 100 million years. Scientists observed them soon aft er their initial collision. 
Th e name of the system refers to the striking illusion that one of the clusters 
looks like a bullet piercing the other. Two completely diff erent types of observa-
tions were simultaneously made: NASA’s Chandra X-ray Observatory satellite 

FIGURE 2.14 (A color version of this fi gure is included in the insert following page 82.) 
Th e Bullet Cluster, a merger of two clusters each containing dozens of galaxies, gives 
striking confi rmation of the existence of dark matter. In the color version of the fi g-
ure, the dark matter from lensing measurements is shown in blue; the x-ray gas com-
posed of atomic matter is shown in red. Th e separation of the two components occurs 
because the atomic gas decelerates when it collides at the center, but the collisionless 
dark matter passes right on through. Th e existence of these two independent compo-
nents is exactly as predicted in dark matter theories. Th e name “Bullet Cluster” refers 
to the striking illusion that one of the clusters looks like a bullet piercing the other. 
(X-ray) NASA / CXC / CfA / M. Markevitch et al.; (lensing map) NASA / STScI, ESO WFI, Magellan / 
U. Arizona / D. Clowe et al.; (optical) NASA / STScI, Magellan / U. Arizona / D. Clowe et al.

Dark matter

Atomic matter
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galaxies. A vast reservoir of dark matter must be out there to speed up these 
orbits. On theoretical grounds, Jeremiah (Jerry) Ostriker and James (Jim) 
Peebles in the 1970s argued that galactic disks would be inherently unstable 
unless they were surrounded by a massive spherical halo component. Their 

z = 28.62 z = 10.01 z = 5.03

z = 3.99 z = 3.00 z = 2.00

z = 1.00  z = 0.50 z = 0.00

FIGURE 2.15 (A color version of this figure is included in the insert following page 82.) 
Computer simulation of galaxy formation starting from 100 million years after the Big 
Bang (z = 28.62). The time sequence is labeled in terms of the redshift z, where higher 
values of z correspond to earlier times in the Universe (z = 0 today). The bright regions in 
the images are actually the locations of dark matter; as the dominant matter in the Uni-
verse, it controls the formation of large-scale structure. The first small clumps of dark 
matter merged to form ever-larger objects, eventually creating the galaxies and other 
large structures we see today. Galaxies are located at the intersections of the long stringy 
filaments shown in the final images. Without dark matter, galaxies would never have 
formed and we would not exist! Simulations were performed at the National Center for Super- 
computer Applications by Andrey Kravtsov (University of Chicago) and Anatoly Klypin (New Mexico 
State University). Visualizations by Andrey Kravtsov.
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verse. Observations of the Cosmos made here on Earth would look the same, 
on the average, as observations made by an astronomer in a distant galaxy. 
Mathematically, these notions of homogeneity and isotropy correspond to pre-
cisely defined symmetries. Friedmann, Lemaître, Robertson, and Walker then 
applied these two cosmological principles to Einstein’s equations of relativity 
to develop the equations that describe the evolution of our Universe as a whole.

In the 1920s, in addition to homogeneity and isotropy, Einstein wanted to 
add a third symmetry. He postulated that the Universe is static and immobile: 
that is, it looks the same (on average) at all times. For the mathematics to be 
consistent with such a time-symmetric Universe, he was forced to add another 
term—known as a cosmological constant—to his equations of General Rel-
ativity. He preferred the idea of a static Universe, because physicists think of 
symmetries as elegant, simple, and beautiful. But in this case, Einstein turned 
out to be just plain wrong.

In 1929 Edwin Hubble, using the Hooker Telescope at Mount Wilson 
Observatory in the San Gabriel Mountains above Pasadena, California, made 
an astonishing discovery. He observed light from galaxies at various distances 
away from Earth. Atoms emit light at characteristic wavelengths, producing 
“atomic lines” that are unique to the type of atom. Hubble found that the wave-
length of atomic light emitted by galaxies had been redshifted, or stretched, by 
the time it reached the telescopes. The implication of these observations was 
enormous. To explain the data, Hubble came to the conclusion that the Uni-
verse must be expanding. Figure 3.1 illustrates this concept of the stretching of 
light waves by the expansion of space.

As a consequence of this Hubble expansion, galaxies all appear to be mov-
ing apart from one another. Hubble found that, the farther a galaxy is away 

FIGURE 3.1 Wavelengths of light stretch as the Universe expands, as shown by analogy 
with an expanding balloon.
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An analogy that is often used for the expanding Universe is the “raisin 
bread model” of the Universe. Imagine a piece of raisin bread that expands 
when you put it in the oven (I’m not much of a cook, but I’m told the dough 
rises). The dough provides an analogy to the Universe as a whole, and the rai-
sins in the bread are like galaxies. The raisins are not in any sense running away 
from one another. Instead, they separate as time goes on because the bread is 
expanding in between them. Similarly, the galaxies in the Universe are not all 
racing apart from one another; rather the space in between them is growing 
larger because of the expansion of the Universe.

There is an important difference between the raisin bread model and the real 
Universe. Whereas the raisin bread has a central point in the middle, the Uni-
verse does not. The cosmological principle of homogeneity implies that there is 
no special point in the Universe—no center. From our perspective, we see other 
galaxies moving away from us due to the expansion; yet this does not imply that 
we are at a central point in the Universe. If we were to transport ourselves to 
another galaxy, we would see exactly the same thing: again all galaxies would 
be moving away from us. From this new vantage point, the Milky Way Galaxy 
would be retreating just like any other galaxy. Similarly, from the perspective of 
any one of the raisins in the bread, the other raisins are moving farther and far-
ther apart.

Hubble made a second discovery that completely altered the prevailing 
worldview about the Universe. Until the early twentieth century, scientists 
believed that all the stars in the night sky belonged to a single galaxy, our own 
Milky Way. The idea that the Universe could be large enough to extend beyond 
our Galaxy seemed incomprehensible. In the late 1700s, as Charles Messier was 

FIGURE 3.2 In 2008 the U.S.  
Postal Service released a 41- 
cent stamp honoring Hubble 
with the following citation: 
“Often called a ‘pioneer of 
the distant stars,’ astronomer 
Edwin Hubble (1889–1953) 
played a pivotal role in deci-
phering the vast and complex 
nature of the universe. His 
meticulous studies of spiral 
nebulae proved the existence 
of galaxies other than our own Milky Way. Had he not died suddenly in 1953, Hubble 
would have won that year’s Nobel Prize in Physics.” USPS / Victor Stabin.
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Th e three diff erent possible geometries for the Universe correspond to 
diff erent curvatures as illustrated in the fi gure. Th e notion of a fl at geome-
try does not imply that the Universe is two dimensional (Figure 3.4). Clearly 
there are at least the three dimensions of our daily experience (if modern 
string theories are correct, there are six more). Th e word “fl at” refers instead 
to the fact that the Universe has no curvature—no weird geometry. When 
the snail sitting on the fl at surface in Figure 3.3 sends out two parallel light 
beams with his phasers, the beams will continue in straight lines all the way 
out to infi nity without ever intersecting. In a fl at geometry, the shortest dis-
tance between two points is a straight line—the usual situation in our daily 
experience.

Spherical geometry

Sphere

Hyperboloid (saddle) geometry Flat geometry

Flat

Saddle
FIGURE 3.3 Th ree possible 
geometries for the Universe, 
circa 1930. (Bottom) NASA / EMAP 
Science Team / B. Griswold.
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In contrast, a spherical geometry can be envisioned by imagining a crea-
ture sitting on top of a sphere (like a basketball). The snail on top of the ball in 
Figure 3.3 could send out two light rays in what seem to be parallel directions, 
but because the rays follow the curvature of the sphere, they would eventu-
ally meet again when they returned to the North Pole. If nothing interfered, 
his phaser shots would eventually hit him from behind. The shortest distance 
between two points—the geodesic—would not be a straight line; instead, it 
would follow the spherical curvature of the basketball. The third possibility 
for the geometry of the Universe is hyperboloid, that is, saddle-shaped. In this 
case, two parallel light rays would diverge from one another and would never 
meet again.

In the case of a Universe with spherical geometry, one concept that puzzles 
people greatly is the question: what is inside the sphere? In fact, there is noth-
ing in the interior. The Universe exists only on the surface of the sphere. The 
surface is a pictorial representation of all possible geodesic paths connecting 
material objects, such as the paths of light rays sent out by the snail described 
above. In this case, arcs on the sphere represent the shortest distance between 
two points.

Another distinction between the three possible geometries is the difference 
in the sum of the three angles in a triangle, as illustrated in the top part of 
Figure 3.3. In a flat geometry, the angles in a triangle always add to 180 degrees 
(as students learn in high-school geometry classes). In a spherical geometry, the 
angles add to more than 180 degrees; the exact number depends on the sphere. 
In a hyperboloid geometry, the three angles in a triangle add up to less than 
180 degrees.

The three different geometries correspond to different numerical values of 
the curvature of space. In Einstein’s equations, a Universe with flat geometry 

FIGURE 3.4 A Universe with 
a flat geometry is not two 
dimensional. Instead, it goes 
out to infinity in all three 
directions (as indicated by the 
arrows). “Flat” refers to the 
fact that the Universe has no 
curvature.
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into its constituent protons and electrons. As hydrogen became stable, the Uni-
verse changed from ionized to electrically neutral. Hydrogen atoms are very 
ineffective at scattering light. Photons interact only with electrically charged 
particles, like electrons, and not with hydrogen atoms. The average light par-
ticle in the Universe has never interacted again since its last scattering with free 
electrons at 3,000 K. These photons travel through space and time all the way 
to our modern telescopes, and we detect them today as the CMB.

Today we can detect these photons arriving from the time of last scattering 
more than 13 billion years ago. Figure 3.6 illustrates this concept by analogy to 
a cloudy day. When we look out at the sky, we can only see as far as the clouds. 
This is the point where light traveling through the atmosphere was last scat-
tered. Light from behind the clouds is obscured because of its interactions with 
water droplets. Similarly, we can only look back into the early universe as far 
as the last interactions of photons in the early Universe. The CMB we observe 
comes to us from this surface of last scattering.

Since then the Universe has continued to expand and cool. Today it is 
about 1,000 times as large as it was at last scattering. Because of this expan-

Recombination

T ~ 1 eV ~ 3,000 K
10 eV 0.1 eV

FIGURE 3.5 Origin of the cosmic microwave background (time moves 
from left to right). Photons (light particles) scattered off of electrons until 
recombination at a temperature of 3,000 K; after that the free electrons 
combined with protons to form neutral hydrogen atoms. From that time 
the photons (indicated as streaks) travel to us unimpeded and today are 
detected as microwaves. Professor William Kinney of the University at Buffalo.
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sion, the CMB photons have also cooled by about a factor of 1,000. A sim-
ilar phenomenon takes place with hot gas confi ned in a box: if you slowly 
pull out one wall of the box and allow the gas to expand, the temperature of 
the gas drops by an amount precisely determined by the increased volume of 
the box. At the time of last scattering, the temperature of the universe was 
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FIGURE 3.6 Photons travel to us unimpeded from the surface of last scattering, when 
they last interacted with electrons. Th is surface is analogous to a layer of clouds. In both 
cases, we can see only as far out as the surface corresponding to the last time light scat-
tered. NASA.
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phase of the Universe. According to the Hot Big Bang, the early Universe was 
a hot dense primordial soup of particles constantly running into one another. 
Because of the rapid particle interactions, scientists predicted that early pho-
tons should acquire the characteristic blackbody shape shown in Figure 3.7, 
determined by the temperature. As mentioned above, today the CMB pho-
tons have a temperature of 2.76 K, corresponding to a peak wavelength of a few 
centimeters—characteristic of microwave radiation. Th e Hot Big Bang pre-
dicts a precise shape for the falloff  in intensity on either side of the peak.7

Many hot objects, including stovetops and hot plates, emit photons with 
an intensity that follows the same blackbody shape. At 200 degrees F, a hot 
plate emits photons with a peak wavelength of 4 microns (a micron is 1 mil-
lionth of a meter). Th e plate will appear to be red hot, because it also radiates 
some photons with red wavelengths, below the peak emission. Another exam-
ple of a blackbody emitter is the Sun, with a peak in the yellow/green part of 
the spectrum. Our eyes have adapted to our proximity to the Sun; our vision 
is sensitive to wavelengths of visible light that exactly match the peak wave-
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FIGURE 3.7 Blackbody spectrum of the cosmic microwave background. Th e plot shows 
the intensity of light versus the frequency (higher frequency corresponds to shorter 
wavelength). Th eoretical predictions (solid line) perfectly match data (crosses) taken in 
1990 by the Cosmic Background Explorer satellite. NASA / COBE team.
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Geometry Revealed

A decade aft er their initial discovery by COBE, temperature anisotropies in 
the CMB played an even more important role: they tested the geometry of the 
Universe.

Acoustic oscillations in the atom/photon fl uid arising from early density 
fl uctuations are imprinted at last scattering. Th e length scale of these oscilla-
tions is determined by the sound horizon, the distance that sound could have 
traveled in the Universe by the time of last scattering. Th is distance is well 
known and can be used as the equivalent of a ruler, or meter stick, in studies 
of the CMB.

Figure 3.9 illustrates the trick used to measure the geometry of the Uni-
verse. From either end of the sound horizon, light travels along one of the paths 
(indicated by arrows) to an observer on Earth. Th e choice of path taken by 
the light depends on the curvature of the Universe. If the geometry were fl at, 
then the light would follow a straight line (solid lines in the picture). If the 
geometry were hyperboloid (saddle shaped), then the light would bend inward 
and travel along the dotted lines. If the geometry were spherical, the light rays 
would bow outward. Th e angle between the two light paths (coming from 
either end of the sound horizon) depends on the geometry of the Universe. 

Last scattering surface

Sound horizon

Hyperboloid
Flat

Observer

FIGURE 3.9 Th e sound horizon at the surface of last scattering serves as a meter stick. In 
a fl at geometry, light rays travel in straight (solid) lines. In a hyperboloid (open) geom-
etry, light travels along curved (dotted) lines. Measuring the angle between these lines 
determines the geometry of the Universe. From Hu, W., N. Sugiyama, and J. Silk. 1997. “Th e 
Physics of Microwave Background Anisotropies.” Nature 386: 37.
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Figure 3.11 also illustrates the results of the BOOMERANG group. In the 
background of the figure is a computer-reconstructed image of the patterns 
in the microwave sky. If we could take pictures with the equivalent of a 35mm 
camera in microwave wavelengths, this is the image of the Universe we would 
obtain. The hot spots, characterized by slightly hotter microwave temperatures, 
are dark, whereas the cold spots are light. Although it isn’t easy to tell without 
a proper statistical analysis, the typical hot spots or cold spots are roughly an 
angle of 1 degree in size, corresponding to a Doppler peak on an angular scale 
of 1 degree (Figure 3.12 illustrates this peak—but the data in the figure are from 
much later, in 2013, and the figure is further discussed below). These patterns 
of structure in the microwave background revealed by the BOOMERANG 
data on scales of 1 degree were exactly what had been predicted for a flat geom-
etry of the Universe.12
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FIGURE 3.10 (A color version of this figure is included in the insert following 
page  82.) The path of the BOOMERANG satellite as it circum navigated the 
South Pole. The Boomerang Collaboration.
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The leaders of the BOOMERANG experiment were Paolo de Bernardis 
from the University of Rome and Andrew Lange from the California Institute 
of Technology, Pasadena. Andrew was my friend and skiing partner. We both 
enjoyed double black diamond ski runs (the most difficult) and skied together 
in Tahoe, Aspen, and France. A few years ago I was shocked to learn that he 
had died unexpectedly. We all miss him terribly.

After the early experiments that first found the Doppler peak, the next major 
mission to study the CMB was the Wilkinson Microwave Aniso tropy Probe 
(WMAP) satellite. Originally named simply MAP, the letter W was added in 
honor of David Wilkinson, one of the founders of the field of CMB experi-
ments. He died in 2002 shortly after the launch of the satellite. I remember him 

FIGURE 3.11 (A color version of this figure is included in the 
insert following page 82.) The BOOMERANG experiment 
about to be launched at the South Pole. In the background is a 
computer reconstruction of the microwave images it saw. From 
the sizes of the dark blue hot spots, scientists deciphered the 
shape and curvature of the Universe. The Boomerang Collaboration.
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as the thoughtful advisor of undergraduate physics majors at Princeton. In our 
junior year, he held a meeting to speak with us about possible futures after gradu-
ation. While I am the only one still in academics, others later went to law school, 
medical school, industry, banking, palm reading, and saxophone playing. It was 
my privilege to know Dave Wilkinson throughout my early career.

The WMAP satellite, a NASA Explorer mission, was launched in June 2001. 
After picking up speed from a fly-by of the moon, it headed for its final location, 
known as L2, or the second Lagrange point. This is one of the few places that a 
satellite can be placed where it will remain in an absolutely stable orbit. In the late 
eighteenth century, the Italian-French mathematician Joseph-Louis Lagrange 
discovered mathematically that there are five special points in the vicinity of any 
two orbiting masses.13 At these points, a third smaller mass can stay in orbit at 
a fixed position relative to the other two. In the Sun/Earth system, the second 
Lagrange point is located directly behind Earth as viewed from the Sun, at a dis-
tance of roughly 1.5 million kilometers (almost a million miles) from Earth (Fig-
ure 3.13). Because L2 is farther away from the Sun than Earth is, objects at L2 
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FIGURE 3.12 The Doppler peak in the cosmic microwave background (CMB) is at an 
angular scale of 1 degree, exactly as predicted for a Universe with a flat geometry. A com-
bination of information from the secondary peaks (to the right of the main one) reveals 
the amount of atomic matter to constitute 5% of the Universe, dark matter to make up 
26% of the total, and dark energy to constitute the remaining 69%. This plot is the result 
of data from the European Space Agency’s Planck satellite from March 2013. Reproduced 
with permission from Astronomy & Astrophysics, © ESO, original source ESA and the Planck Collabora-
tion, P.A.R. Ade et al. [Planck Collaboration]. “Planck 2013 Results. I. Overview of Products and Scientific 
Results.” arXiv:1303.5062 [astro-ph.CO].
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should be orbiting more slowly due to the slightly decreased gravitational pull of 
the Sun. Yet the added mass of Earth provides just enough extra gravity to keep 
the objects co-rotating around the Sun together with Earth. The WMAP satellite 
is currently comfortably located at L2. At all times its mirrors point away from the 
Sun, which is so bright that it could destroy the satellite’s sensitive instruments. 
Future missions, including the James Webb Space Telescope and Gaia (which will 
provide detailed studies of a billion stars in our Galaxy) will also be located at L2.

The WMAP satellite has been a remarkably successful instrument in mak-
ing detailed measurements of multiple cosmological parameters. WMAP’s 
Charles (Chuck) Bennett, Lyman Page, and David Spergel won the prestigious 
Shaw Prize in 2010 “for their leadership of the WMAP experiment, which 
has enabled precise determinations of fundamental cosmological parameters, 
including the geometry, age, and composition of the Universe.”14 The WMAP 
team also received the 2012 Gruber Cosmology Prize.

The WMAP satellite’s observations produced a full-sky map of the micro-
wave background with images to a resolution of 0.2 angular degrees. Figure 3.14 
shows the microwave sky as seen by WMAP. The image is like a fingerprint of 
the universe. In the color version of the figure, the hot (red) spots and cold (blue) 
spots are indicated by the false colors in the picture. This is our Universe as seen 
in the microwave. Another universe might look statistically the same, but the 
details seen in this picture are unique to the Universe we inhabit. The initials 
“SH” (Steven Hawking) can be seen in blue just to the left of center (just a joke!).
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FIGURE 3.13 (Left) Data from NASA’s Wilkinson Microwave Anisotropy Probe 
(WMAP) satellite has led to the precision era in cosmology. Yet the dark side of the Uni-
verse remains an enigma. (Right) The path taken by WMAP to get to its current loca-
tion at L2, the second Lagrange point of the Sun-Earth system, where WMAP resides 
on a stable orbit 1 million miles from Earth. The European Space Agency’s Planck satel-
lite also resides at L2, as will the upcoming James Webb Space Telescope, the sequel to 
the Hubble Space Telescope. NASA / WMAP Science Team.
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–500 500 µKCMB

FIGURE 3.14 (A color version of this figure is included in the insert fol-
lowing page 82.) The microwave sky as seen by the Wilkinson Micro-
wave Anisotropy Probe (WMAP) (top) and Planck (bottom) satellites. 
Hot spots are red/orange, whereas blue regions are cold (compared to the 
average 2.76 K temperature). The putative initials of Stephen Hawking are 
circled. The WMAP and Planck images are like a fingerprint of our Uni-
verse. (Top) NASA / WMAP Science Team; (bottom) ESA / Planck Collaboration.
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as yet utterly perplexed. Chapter 9 is devoted to dark energy: how it was dis-
covered, the quest to understand its nature, and its consequences for the fate 
of the Universe.

Our current vision of the Universe can be thought of as a pie chart contain-
ing three major components: 5% atoms, 26% dark matter, and 69% dark energy 
(Figure 3.18). The 5% value is known to excellent accuracy. Although the other 
two numbers are still fluctuating within a few percent as new instruments take 
data, the basic breakdown into the three components is certainly correct. Sci-
entists are still adapting to the new reality of the dark components and hoping 
to fill in all the missing pieces. The vital question remains: What is the dark 
Universe made of?

Dark energy 
69%

Dark matter 
26%

Ordinary matter 
5%

FIGURE 3.18 (A color version of this figure is included in the 
insert following page 82.) Pie chart of the Universe showing its 
three primary components.
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Neutrinos were fi rst discovered in a reaction called beta decay, in which a 
neutron converts to a proton and in the process releases an electron. Because 
neutrons are slightly heavier than protons, protons are the more stable of the 
two objects, and this decay occurs readily in nature. Physicists studying the 
decay of neutrons to protons and electrons were puzzled by a surprising result. 
Th ey found that the energies of the outgoing electron and proton alone didn’t 
match up with the energy of the initial neutron. Yet energy must be conserved 
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of nature: quarks, leptons, and bosons. Quarks come in six types—up, down, 
charm, strange, top, and bottom—and combine to make objects like protons 
and neutrons. Gauge bosons are the particles responsible for the fundamental 
forces: photons mediate the electromagnetic forces that attract electrons to the 
protons in atomic nuclei, gluons mediate the strong force that binds together 
the quarks inside protons and neutrons; and Ws and Zs mediate the weak inter-
actions that are responsible for some types of radioactivity. Th ese elementary 
particles, together with the Higgs boson, constitute the Standard Model of par-
ticle physics. Fermilab.
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in every reaction. In 1930 Wolfgang Pauli had an idea that could resolve this 
discrepancy. In a letter to a group of physicists at a meeting in Tübingen, Ger-
many, he began, “Dear radioactive ladies and gentlemen,” and then went on to 
propose a “desperate remedy” to rescue energy conservation.7 He postulated 
the existence of a new undetected particle as responsible for carrying off the 
missing energy out of the detector. This explanation proved to be correct, and 
these particles are now called neutrinos. The complete reaction in beta decay is 
n → p + e + –νe, where an anti–electron neutrino –νe is among the final products. 
(Antimatter is discussed in Chapter 5.)

Because neutrinos interact weakly with matter, their actual discovery took 
several more decades. In 1956 Clyde Cowan and Frederick Reines succeeded in 
detecting antineutrinos from a nuclear reactor at the Savannah River Site near 
Augusta, Georgia. Since their discovery, neutrinos have been studied in detail 
and are now regularly produced in experiments. I once had a long interesting 
chat with one of the discoverers, Fred Reines, at a conference dinner. The next 
time I ran into him, I was surprised and disappointed that he didn’t recognize 
me. I was later sad to learn that he had developed Alzheimer’s disease. Unfor-
tunately, he didn’t win the Nobel Prize for his discovery until 1995, and by that 
time I’m not sure he was able to appreciate the award. Scientists typically don’t 
receive Nobel Prizes until they are quite old. What a shame that they don’t 
receive more recognition for their work earlier! The public image of science is 
also affected by this fact, as young people are not often presented with reason-
ably young or even middle-aged role models they can relate to.

In 2012 neutrinos garnered a fair amount of interest because of claims that 
they might be moving faster than the speed of light! Researchers created neu-
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FIGURE 4.2 The quark structure of the proton and neutron. Gluons 
(squiggly lines) hold the quarks together.
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together, but the bombardment from other particles would break them apart 
again. Composites of more than one quark were not yet stable.

As time went on, the Universe expanded and cooled off. The subatomic 
particles spread out and slowed down, hitting one another less frequently. One 
ten-thousandth of a second after the Big Bang, a turning point took place, 
known as the quark-hadron transition. At this time quarks melded together to 
make bigger, more familiar particles, such as protons and neutrons. The Uni-
verse was no longer hot enough to break these particles into their constituents. 
Protons and neutrons became stable instead of continually being blasted apart 
by further collisions. Hydrogen nuclei, which combine two up quarks and one 
down quark into a single proton, came into existence.

At the time of the quark-hadron transition, the only atomic element in 
existence was hydrogen. This is the first entry in the periodic table of the 
elements, which contains more than 100 substances. Hydrogen has atomic 
number 1, indicating that is has a single proton. The formation of more com-
plex elements, containing more than one proton, began during Big Bang 
nucleosynthesis.
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number after the element (for example, the “4” in “helium-4”) identifies the 
isotope; this number, known as the atomic weight, is the total number of neu-
trons and protons combined. The predominant isotope of helium in the Uni-
verse is helium-4, containing two protons and two neutrons; the second most 
prevalent is helium-3 with two protons and one neutron.

The detailed abundances of these elements arising during primordial 
nucleo synthesis can be predicted with a sophisticated computer code that 
includes all the relevant chemical reactions. The results of the calculations pre-
dict that, at the time of nucleosynthesis, 25% (by mass) of all atomic matter in 
the universe ended up in the form of helium-4. Roughly 1 part in 10,000 of the 
atomic matter remained in the form of D and helium-3. The predicted amount 
of lithium-7 is 1 part in 10 billion.

For the case of helium-4, the basic calculation of the abundance is simple 
enough that we can illustrate it here in a few paragraphs. Of all the elements 
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FIGURE 4.4 Before and after the first 3 minutes. The forma-
tion of elements more complex than hydrogen began with 
the formation of deuterium approximately 3 minutes after 
the Big Bang. Deuterium, which consists of one neutron 
and one proton, was the first building block of the other 
light elements. Before the Universe was 3 minutes old, deu-
terium wasn’t stable; when it formed, it immediately disso-
ciated again into its constituent protons and neutrons. After 
the Universe was 3 minutes old, deuterium became stable, 
triggering the beginning of Big Bang nucleosynthesis.
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created at the time of nucleosynthesis, helium-4 is by far the most stable. It 
has the strongest binding energy (the binding energy is a measure of the work 
that would be required to tear the helium apart). Any neutrons and protons at 
the time of nucleosynthesis that were able to find suitable partners settled into 
helium-4. Using this fact, we can compute how much helium formed. Several 
different reaction pathways can lead to helium-4. Two deuterium atoms can 
merge together to make helium-4. Alternatively, a single deuterium atom can 
pick up a proton to make helium-3 and subsequently add a neutron to make 
helium-4; this is the path illustrated in Figure 4.5. Many other pathways exist 
as well.

To calculate the primordial helium-4 abundance, we need to know the dif-
ference in the numbers of neutrons and protons existing in the early Universe, 
known as the n / p ratio. Here the symbol n refers to the number of neutrons 
in the Universe and p to the number of protons. At the time of the Big Bang, 
when all particles were in thermal equilibrium, there were equal numbers of 
both particles, so that n = p. However, neutrons are a tiny bit heavier than 
protons. The mass of the proton is 1.673 × 10–24 grams, whereas the mass of 
the neutron is 1.675 × 10–24 grams. The ratio of the masses is mn / mp = 1.001. 
Because protons are lighter, they are the more stable of the two particles. Given 
enough time, the neutrons would tend to convert to the lower mass protons 
via weak interactions, such as n + e+ ⇔ p + –νe; beta decay, n ⇔ p + e– + –νe; and 
various permutations, including these reactions in reverse. Here e– refers to an 
electron, e+ to a positron, and –νe to the anti-electron neutrino (the antineutrino 
associated with the electron). Initially in the early Universe, these reactions 
were very rapid, and slowly but inexorably drove down the numbers of neu-
trons. Thus as time went on, the n/p ratio slowly decreased. In the meantime, 
the Universe continued to expand. Eventually the particles were too far apart 
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86         Chapter Five

annihilation of an e+-e– pair into a pair of photons. Alternatively, the annihila-
tion products could be a quark-antiquark pair, a pair of W particles (discussed 
in the previous chapter), or a neutrino-antineutrino pair. At the Tevatron, col-
lisions of protons and antiprotons led to the discovery of the top (t) quark in 
1995 via the reaction:

p + p– → t + t–

Such annihilation mechanisms may someday be used as a power source. 
It already powers the engines of fictional starships, such as the Enterprise in 
Star Trek. In Dan Brown’s novel Angels and Demons, a canister of antimatter 
stolen from CERN and hidden in Vatican City threatens to detonate within 
24 hours. The fallacy of the science fiction is that it is impossible to store anti-
matter in this way, because it would immediately annihilate with its container.

An important unresolved puzzle in particle physics is matter-antimatter 
asymmetry. The Universe clearly contains far more particles than antiparti-
cles, or we would see the matter we consist of annihilate away. To date, NASA 
has not lost a space probe due to annihilation with antimatter. More detailed 
studies have found that there are a billion particles for every antiparticle in the 
Universe. The origin of this matter-antimatter asymmetry is perplexing and is 
the topic of ongoing research. Many explanations have been attempted, but as 
yet no resolution to this problem has been found.

When I was in graduate school, the prevailing wisdom was that baryo-
genesis (the creation of the observed overabundance of matter) was basically 
understood. Particle theorists believed that the matter-antimatter asymmetry 
was likely generated at a “GUT transition” in the early Universe, where GUT 
stands for Grand Unified Theory. This is the transition from the earliest times, 
when all the forces of nature were unified into one, to the split-up into separate 
electroweak and strong forces. Decays of superheavy particles during the GUT 
era could in principle have produced an excess of matter over anti matter.2 
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FIGURE 5.1 Annihilation of positron-electron 
(e+-e–) pair into photons (γ).
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When a MACHO in our Galaxy passes in front of a background star in 
the Large Magellenic Cloud, the background star looks brighter. Thus the 
signature of a MACHO in the microlensing experiments would be a tem-
porary amplification of a star in the Large Magellenic Cloud. The reason for 
the brightening is gravitational lensing: the MACHO bends the light from 
the background star and focuses it onto the telescope.12 Because it takes a 
MACHO anywhere from a few days to a few months to traverse the line of 
sight to the Large Magellenic Cloud, the timescale for a microlensing event 
varies in this range.

As more data came in, the experimentalists revised their estimates. Though 
at first they thought they had discovered dark matter, their final results were 
consistent with our calculations. Of course there is nothing better than an 
actual observation to test a theory. The results of the microlensing experiments 
refuted the hypothesis that MACHOs could be 100% of the dark matter in 
a range of masses from that of the Sun all the way down to the mass of the 
Moon. The only remaining possibility, as mentioned above, is that our Galac-
tic halo could consist of up to 15% white dwarfs.

Regarding the dark matter problem, my conclusion is that “MACHOs 
are dead. I am desperately seeking WIMPs” (Figure 5.2).13 On February 29, 
2000, James Glanz wrote an article (which included a photograph of me at the 
UCLA Dark Matter Meeting that year) for the New York Times titled “In the 
Dark Matter Wars, WIMPs Beat MACHOs.”14

Black Holes

Black holes are the most compact and extreme objects in the Universe. Space-
time around them is heinously curved and gives rise to remarkable effects. The 
mass of a black hole is so compressed and its gravity so strong that any object 

FIGURE 5.2 MACHOs are dead. Desperately 
seeking WIMPs. Simon Strandgaard.
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One of the major motivations for building the Large Hadron Collider, the 
gigantic atom smasher at CERN in Geneva, is the search for SUSY. I once 
asked Nobel Prize winner David Gross what he hoped would be discovered 
at the Large Hadron Collider, and he said, “SUSY, SUSY, SUSY!” Part of his 
interest in SUSY is its role in string theory, a proposed “Th eory of Everything” 
in which strings replace particles as the fundamental constituents of nature (as 
discussed later in the chapter).

SUSY doubles the numbers of particles in nature. If SUSY is right, then 
every particle we know about has a supersymmetric partner (Figure 5.4). Th e 
photon’s partner is the photino; the partners of the quarks are called squarks; 
and the W particle has a partner called a Wino (pronounced “weeno,” as 
opposed to the name given to someone who overindulges in wine). All SUSY 
particles undergo the same weak interactions as their ordinary partners. Yet 
SUSY particles are heavier than their counterparts.

Th e lightest supersymmetric particle (LSP) would be a good WIMP dark 
matter candidate. All SUSY particles heavier than the LSP are short lived 
and would decay via a chain of reactions to ever lighter ones until they reach 
the LSP. Th is particle is stable against further decay. Th e best bet for the 
LSP would be a SUSY particle called the neutralino, which is a mixture of a 
Higgsino (the partner of the Higgs), a photino (partner of the photon), and a 
wino (partner of the W). Neutralinos are so named because they are electri-
cally neutral, a requirement for any dark matter candidate. Th ey are also their 
own anti particles and would naturally annihilate among themselves in the 
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The LHC accelerates particles around a circular ring that is roughly 
27 kilometers (17 miles) in circumference, crossing the border of Switzerland 
and France in four different places. In the 1990s, the preeminent accelerator 
was at Fermilab, an hour west of Chicago. Experimentalists were able to jog 
the 4  miles around the farmland directly above the Fermilab ring for exer-
cise. Jogging around the ring at CERN would constitute two-thirds of a mara-
thon, yet even for the best runners is impossible. They would have to cross the 
Franco-Swiss border repeatedly as well as traverse fences between neighboring 
farms. Driving across the diameter of the LHC ring from one of the major par-
ticle detectors to the other takes 40 minutes on winding roads through farm-
land with cows and barns (Figure 6.1).

At about 12 feet in diameter, the LHC’s concrete-lined underground tun-
nel is just about wide enough for a small car. Inside, roughly 300 feet beneath 
the surface, two adjacent parallel pipes carry proton beams along a circular 
path in opposite directions. The protons are accelerated around the ring in a 
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FIGURE 6.1 The Large Hadron Collider at CERN near Geneva, Switzerland. Protons are 
accelerated in opposite directions around the ring (drawn in on the surface of Earth) in an 
underground tunnel 27 kilometers (17 miles) around. CERN scientists work at two main 
sites: CERN Meyrin and CERN Prévessin. The particles collide at the four intersection 
points where the CMS, ATLAS, LHCb, and ALICE detectors are located. CERN.
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electronics reading out the data have to be able to withstand a great deal of 
radiation.

Just outside the Inner Detector is a set of calorimeters, that is, detector 
elements that measure the energies of the particles moving outward from the 
interaction. This information helps scientists reconstruct the masses and ener-
gies of the original particles created in the collision. As they pass through the 
calorimeters, particles lose energy, and most of them stop. Only muons and 
neutrinos penetrate through to the third detector stage, the muon spectrom-
eter. Here the properties of the muons are measured. Neutrinos escape the 
detector entirely without leaving any signal whatsoever. By combining the 
information from all three stages of detector elements, scientists can identify 
the chain of particles emerging from the collisions of two proton beams.

The CMS detector has a concentric onionskin design similar to ATLAS. 
An inner tracker tracks charged particles and measures their speeds. Next are 
calorimeters to determine particle masses and energies.3 Farthest out from 
the collision point are the muon detectors. Russian collaborators on the CMS 

End cap toroid

Barrel toroid Shielding

Solenoid

Detector characteristics
Width: 44 meters
Diameter: 22 meters
Weight: 7,000 tons

Electromagnetic
calorimetersMuon detectors

Inner detector

Forward calorimeters

Hadronic calorimeters

FIGURE 6.3 The ATLAS detector at CERN. The two proton beams come in from the left 
and right sides through the beam pipe and collide in the heart of the detector. The out-
going particles from the interaction point traverse a series of concentric stages of detector 
elements. ATLAS Experiment © 2013 CERN.



118         Chapter Six

transition, all particles were massless. After the transition, the Higgs field split 
into four components: the particle that is now the Higgs boson plus three 
other massless particles. These three combined with (or in particle physics par-
lance, “were eaten by”) the W and Z bosons; this combination produced the 
massive W and Z bosons that drive the weak force in today’s Universe.

Even with the discovery of the Higgs boson, particle physicists still cannot 
explain why particles have the variety of different masses they do, but at least 
the Higgs explains why they have masses at all. The Higgs particle is so impor-
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FIGURE 6.5 The mechanisms for production of Higgs (H) particles at CERN. The 
quarks (q) and gluons (g) inside the protons collide to make Higgs particles. The domi-
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tant that Nobel Prize winner Leon Lederman’s 1993 book dubbed it “The God 
Particle,” a name that (although unpopular with the physics community) has 
stuck in the popular literature.5 The search for the hypothesized Higgs boson 
has been on for decades.

Figure 6.5 shows theoretical predictions for the four primary mechanisms 
for Higgs production at the LHC. In collisions of two protons, it is the con-
stituent quarks and gluons inside the protons that smash into each other. This 
process gives rise to the creation of new particles. For example, two gluons can 
exchange a top or bottom quark and in the process, known as gluon-gluon 
fusion, create a Higgs particle. This mechanism is the predominant one for 
Higgs production at the LHC and is shown in the top-left panel of the figure.

Three other mechanisms for Higgs production are shown in the figure,  
including the fusion of a top quark with a top antiquark known as tt– fusion 
(illustrated in the top-right panel). After a Higgs is created, it doesn’t last very 
long before it decays into other particles, particularly pairs of Ws, Z0s, pho-
tons (γs), bottom quarks, and taus. For example, the Higgs can decay to two 
Z0 bosons, each of which in turn decays to two electrons or two muons, giving 
rise to a “four-lepton” event, as shown in Figure 6.6. Or, it can decay to a pair of 
photons. The ATLAS and CMS detectors can observe all these final particles 
to compare to predictions with and without the Higgs production. The pho-
ton-photon (γγ) and ZZ decay channels are especially important, because they 
allow the mass of the new particle to be measured with precision. Figure 6.7 
shows an actual event recorded with the CMS detector at the LHC.

In the case where the Higgs decays to two high-energy photons, CMS or 
ATLAS can measure the photon energies and directions. The sum of the ener-
gies of the two photons is known as the invariant mass, or mγγ. Experimen-
talists can add up the number of events found in the detector that produced a 
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Z0

Z0

pHp

µ–

µ+

µ+

FIGURE 6.6 Collisions of two protons can 
create a Higgs particle, which then decays 
into two Z0 particles. Each of the Z0 bosons 
converts to two muons (µ+µ– as shown) or 
two electrons. The resulting four particles 
can be detected in CMS or ATLAS, and the 
mass of the Higgs can then be reconstructed.
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given value of the invariant mass. Figure 6.8 plots the results from the data in 
the CMS detector from 2011 and 2012. Even by eye, one can see a bump at 125 
GeV. The large number of events at this energy cannot be explained by back-
ground noise alone. This bump is undeniable evidence for the existence of a 
new particle that has a mass of 125 GeV.

On July 4, 2012, both the CMS and ATLAS teams announced that a new 
particle had been discovered.6 To quote the ATLAS paper, the new particle 
is “compatible with the production and decay of the Standard Model Higgs 
boson.” Although it was not yet official, most physicists immediately believed 
that the Higgs boson had indeed been found. Within a few months, even the 
most cautious experimentalists were ready to call it the discovery of the Higgs. 
The fundamental constituents of all atomic matter are quarks, leptons, and 
gauge bosons, and now the last missing ingredient has been found: the Higgs 
particle. The Standard Model of particle physics is now complete.

The bump at 125 GeV in Figure 6.8 not only proves that the Higgs exists but 
also may provide the first hint of physics beyond the Standard Model of parti-
cle physics. The first measurements of the bump were a bit too high to match 
standard predictions. Theorists, including postdoctoral fellow Nausheen Shah 

FIGURE 6.7 (A color version of this figure is included in the insert following page 82.) 
A computer reconstruction of an actual proton-proton collision event using real data 
recorded with the CMS detector in 2012. The event shows evidence for the decay of a 
Higgs particle into a pair of photons (in the color version, dashed yellow lines leading to 
green towers). CMS and CERN.



Discovery of the Higgs Boson         121

at the University of Michigan, are speculating that SUSY may be the origin 
of the excess—the same SUSY described in Chapter 5 as the possible origin of 
dark matter. Yet with the analysis of more data, the agreement with the Stan-
dard Model already looks better. Scientists will have to wait and see whether 
the discrepancy persists in future data.

The discovery of the Higgs is important for several reasons. First, it solves 
the problem of mass in the Standard Model of particle physics. The existence 
of quarks and leptons as the fundamental constituents of matter had been con-
firmed for decades, yet without a Higgs, these particles would be massless and 
consequently always moving at the speed of light. If the Higgs were not found, 

120 140
mγγ (GeV)

W
ei

gh
te

d 
ev

en
ts

2,000

1,800

1,600

1,400

1,200

1,000

800

600

400

200

0

Data
Fit to Higgs signal + background
Fit to background alone

FIGURE 6.8 The discovery of the Higgs particle: the bump in the data taken by the 
CMS detector at CERN is due to production and decay of a Higgs particle. The 
black points with error bars indicate the numbers of observed events from high- 
energy proton collisions into two photon final states, for a variety of values of 
the two-photon invariant mass mγγ (the sum of the energies of the two photons). 
The solid line shows the fit to the data for Higgs signal plus background noise; 
the dashed line shows only the background. The bump in the data is caused by a 
newly discovered Higgs particle with a mass of 125 GeV (125 proton masses). CMS 
and CERN.
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momentum conservation is similar to the way neutrinos were discovered. Mea-
surements of beta decay seemed to violate energy conservation, unless a new 
unseen particle, in this case the neutrino, was carrying energy out of the detec-
tor. At the LHC, energy conservation cannot directly be tested. It is impossible 

SM SM

DM DM

Direct

Indirect Production
(collider)

FIGURE 7.1 One diagram illustrates all three prongs of the experimen-
tal hunt for dark matter particles. Weakly Interacting Massive Particles 
(WIMPs), labeled by the letters DM, interact with ordinary matter parti-
cles, labeled SM (for the Standard Model of particle physics), via the weak 
interactions symbolized by the box in the middle of the diagram. The box 
can represent a variety of mechanisms, including intermediary W bosons, 
Z bosons, or Higgs bosons. The three arrows indicate the three different 
detection approaches. The upward-pointing arrow on the right side of the 
figure illustrates WIMP production in atom smashers such as at CERN in 
Geneva. In this case, the diagram is read from bottom to top: two protons 
(labeled SM at the bottom of the diagram) collide with one another to pro-
duce outgoing WIMPs (labeled DM at the top of the diagram). Detectors 
at CERN search for the WIMPs created by this interaction. Alternatively, 
the arrow that points to the right on the bottom of the diagram illustrates 
the basic idea of laboratory direct detection experiments. In this case, the 
diagram is read from left to right. Here a WIMP from the Milky Way Gal-
axy (DM on the upper left) hits a nucleus in the detector (SM on the lower 
right), scatters off of it, and deposits a detectable amount of energy. In the 
end, the WIMP (DM on the upper right) leaves the detector again. The 
nucleus (SM on the lower right) has gained energy from the interaction, and 
this energy can be measured. Finally, the downward pointing arrow on the 
left indicates indirect detection, where the annihilation of WIMPs in space 
produces energetic photons, neutrinos, and positrons (all from the Standard 
Model of particle physics) that may be found in detectors here on Earth. In 
this third detection method, the diagram is read from top to bottom.
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scales—the natural scale expected if SUSY is to play a role in weak interaction 
physics and in solving the dark matter problem. (Again, TeV stands for a tril-
lion electron volts, an energy equivalent to about 1,000 times the mass of a pro-
ton.) If the LHC does not find evidence of SUSY, then a future higher-energy 
accelerator will be required for conclusive tests of the theory; unfortunately, 
funding such a venture will prove to be difficult.

The motivation for WIMPs goes beyond SUSY. Regardless of whether 
SUSY proves to be a correct description of nature, the WIMP miracle is based 
on the idea of GeV to TeV mass particles governed by weak interactions and 
gravity. This basic idea of a dark matter particle motivated by electroweak 
physics is a very strong contender for explaining the bulk of the mass in our 
Universe.

Even if new fundamental physics such as supersymmetry is discovered at 
the LHC, we still won’t know whether the dark matter has really been found. 
All we will know is that the unknown particle lasts long enough to escape the 
detector (milliseconds); we still won’t know whether it lives as long as the age 
of the Universe (14 billion years). Dark matter particles have to be stable on 
this long time scale, something the LHC will never be able to test. Confirma-
tion from complementary astrophysical experiments will be required to prove 
that the dark matter particle has really been discovered.
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FIGURE 7.2 Signatures of dark matter particles at the Large 
Hadron Collider will be missing energy plus jets. Because dark 
matter escapes the detector without interacting, there will be 
an imbalance in the measured momenta of the final particles in 
the direction perpendicular to the beam. The quarks and lep-
tons emerging from the decay chain will also produce observable 
jets of particles, a second signature of dark matter. In the figure 
the dark matter consists of the lightest supersymmetric particle, 
symbolized by DM. Tildes over the letters indicate SUSY parti-
cles, and the letter , refers to leptons, that is, electrons, muons, 
or tau particles.
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Galaxy with velocities of about 250 kilometers per second (560,000 miles per 
hour). Because they do not feel electromagnetic or strong nuclear forces, the 
experiments to directly detect these particles have to be extremely sensitive to 
weak interactions, the least powerful of the four forces.

Occasionally, when a WIMP passes through a detector here on Earth, 
it interacts with one of the nuclei in the detector. The collision of a WIMP 
from our Galaxy with a nucleus is much like the collision of two billiard balls 
(Figure 7.3). The nucleus recoils and heats up. The goal of direct detection 
experiments is to measure the tiny amount of energy transferred to the nucleus 
by the WIMP. Because the predicted count rates are extremely small—less 
than one count per kilogram of detector material per day—these experiments 
are difficult. Some experiments currently taking data consist of more than 100 
kilograms of detector material, and future plans are to build detectors with 10 
metric tons of material (1 metric ton is 1,000 kilograms)

I started working on WIMPs while I was a postdoctoral fellow at Har-
vard. In December 1984, I attended a one-week program in theoretical phys-
ics at the Hebrew University in Jerusalem. The program was designed to be 
educational for young cosmologists. It included talks by the eminent lectur-

WIMP

FIGURE 7.3 Direct detection experiments: a Weakly 
Interacting Massive Particle (WIMP) from the Gal-
axy scatters off of a nucleus in a detector, leading to 
a nuclear recoil and small amount of energy deposit 
that can be measured.
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overall number of collisions with the nucleus as a whole. The rate is amplified by 
a coherence factor that scales as A2, that is with the square of the atomic mass A 
(the total number of neutrons plus protons). For the case of nuclei lighter than 
the WIMP, the enhancement factor is even larger, scaling as A to the fourth 
power (A4). Thus heavier nuclei make far more effective WIMP targets. To 
maximize the number of WIMP scatters with SI interactions, experimental-
ists use massive elements in their detectors. Chapter 8 discusses in detail detec-
tors made of a variety of materials. For example, we will see that the CDMS and 
CoGeNT detectors are made of germanium, an element whose predominant 
isotope has an atomic mass of A = 74, much larger than hydrogen’s A = 1. The 
WIMP spin-independent scattering rate in germanium detectors can be 30 mil-
lion (744) times as large as it would be with a hydrogen target.

In contrast, for spin-dependent scattering, a WIMP interacts only with the 
total spin of the nucleus. The coherence factor A2 is lost. Although individ-
ual neutrons and protons inside the nucleus have spins of plus or minus 1/2, 
typically nuclei have an even number of nucleons, and the total spin of the 
nucleus adds to zero. In this case there are no spin-dependent interactions, and 
the WIMPs just pass right through. But there are exceptional nuclei with one 
extra (unpaired) neutron or one extra proton. These nuclei have nonzero spin 
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FIGURE 7.6 Underground laboratories (indicated in boldface) are the sites of direct 
detection dark matter experiments worldwide (experiments listed at their respective 
locations). These hunt for dark matter by searching for the energy deposited when a 
WIMP strikes a nucleus in the detector. The key indicates the three types of techniques 
used in the experiments: cryogenic experiments operating at low temperatures measure 
the heat deposited by the interaction; solid scintillators absorb the energy and reemit 
flashes of light; and noble liquids produce scintillation light as well as electrons that later 
convert to photons. Michael Woods and Mani Tripathi, University of California, Davis.
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particles that started the chain. The hope is to detect a conclusive signal and 
discover the dark matter particle. Working backward from the predicted chan-
nels, scientists could further obtain detailed information on the nature of the 
WIMP.

The worldwide hunt for WIMP annihilation signals includes searches 
for all three WIMP annihilation end-products: positrons, neutrinos, and 
gamma-rays. Chapter 8 describes in detail the variety of experiments hunt-
ing for WIMP annihilation, including the PAMELA and FERMI satellites 
in space as well as the IceCube detector embedded in the ice at the South Pole. 
Chapter 8 highlights those experiments best poised to find signatures of dark 
matter. Particularly interesting are the unexplained signals of positrons and 
gamma rays that have been found in some of these detectors. Are these from 
WIMP annihilation? Do they herald the discovery of dark matter? The situa-
tion is interesting, to say the least.

DM
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e+

e+

q

q

p

γ

γ γ

ν

π0

W–FIGURE 7.7 Indirect detection looks for the 
final products of annihilation of Weakly 
Interacting Massive Particles (WIMPs; 
denoted by DM in the figure). Depend-
ing on the model, WIMP annihilations 
can produce Standard Model fermions, 
gauge bosons, or Higgs bosons, which then 
undergo a series of decays, for example, via 
pions (π0), to a variety of final particles. 
Experiments in space and in the ice at the 
South Pole are searching for three types of 
final annihilation products: gamma-ray  
photons (γ), positrons (e+), and neutrinos (ν).
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“The Three Musketeers.” As described in Chapter 7, we suggested that experi-
mentalists should search for an effect we called annual modulation. The count 
rates in WIMP direct detection experiments should vary with the time of year 
as a result of the motion of Earth around the Sun, whereas noisy background 
signals would not. As a consequence, finding this annual modulation in the 
data would be an important signature of dark matter detection.

The origin of the annual modulation of the WIMP signal is illustrated in 
Figure 8.1. Our Sun rotates in a roughly circular orbit around the center of 
the Milky Way with a speed of 250 kilometers per second, effectively moving 
into a wind of WIMPs. An analogy would be driving on a rainy day: as your 
car moves forward into the rain, you feel as though the raindrops are headed 
directly into the windshield. The flattened disk of the Galaxy, containing the 
Sun, rotates around the center, while the giant (roughly) spherical halo contain-
ing the WIMPs is essentially nonrotating.2 Although typical WIMPs travel just 
as rapidly as the Sun, their motions are in arbitrary directions in the rest frame 
of the Galaxy, that is, from the perspective of a stationary observer situated at 
the Galactic Center. On average we are moving into a steady wind of WIMPs.

Then, as Earth circles around the Sun on its yearly orbit, our motion rel-
ative to the wind changes with an annual cycle. Earth revolves around the 
Sun at 30 kilometers per second (67,000 miles per hour). The plane of Earth’s 
orbit is at a 60 degree angle from the plane of the Sun’s motion in the Galaxy. 
Drukier, Spergel, and I computed that the WIMP count rate should exhibit a 
sinusoidal variation over time: the dark matter signal should peak in early June 

Earth
WIMP
wind

December

June

Sun

FIGURE 8.1 Earth’s orbit around the Sun produces an annual 
modulation of the Weakly Interacting Massive Particle (WIMP) 
signal in detectors. The count rate is expected to have a peak in 
June and a minimum in December.
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If it really is seeing WIMPs, then by now DAMA has observed nearly 
1 million WIMP scattering events in the detector. The data are consistent with 
an interpretation in terms of annually modulated WIMPs. The count rate has 
the right phase, with a maximum signal in June and a minimum in December. 
The group has now published the spectrum of the results (that is, the number of 
events at different energies), and the shape of the spectrum is consistent with 
a WIMP signal. In 2003 the DAMA results passed another critical test. The 
detector was upgraded to a new design (DAMA/LIBRA) with more detector 
material (250 kilograms of NaI crystals). Using the improved technology, the 
group repeated the experiment, and the data continued to show the same pat-
tern of annual modulation (Figure 8.2).

For more than a decade, DAMA has reported exactly the annual modula-
tion we predicted. Unfortunately, however, the situation is still confusing, in 
part for sociological reasons. The experimentalists are unwilling to share their 
data with outsiders, a decision that makes the scientific community skeptical 
of the conclusions. The tradition in particle and astrophysics experiments is 
to make the data public soon after publishing the first results. Then any sci-
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FIGURE 8.2 Direct detection count rates over more than a decade from the DAMA 
experiment in Italy, showing data points with error bars. The time dependence of 
the signal is exactly consistent with the annual modulation expected for a Weakly 
Interacting Massive Particle signal stemming from Earth’s motion around the Sun 
(theoretical predictions are shown by the solid line). The average count rate over 
the whole time period has been subtracted off, so that only the residuals are plot-
ted. As predicted, the count rate peaks in June and has a minimum in December. 
From Bernabei, R., P. Belli, F. Cappella, R. Cerulli, F. Montecchia, F. Nozzoli, A. Incicchitti, and  
D. Prosperi, et al. 2003. “Dark Matter Search.” Rivista del Nuovo Cimento 26: 1; Bernabei, R., et al. 
[DAMA and LIBRA Collaborations]. 2010. “New Results from DAMA/LIBRA.” European Physics 
Journal C 67: 39.
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detector to eliminate this factor from the comparison. Th e advantage of pre-
senting the data in this way is that the results of many diff erent experiments 
can be simultaneously plotted and then compared.

Figure 8.3 plots the experimental situation as it stood at the beginning of 
2014. Every few months it needs to be updated with the latest results. One can 
see the regions consistent with DAMA data as well as the results from other 
experiments for the case of spin-independent WIMP interactions with nuclei. 
Either of the two regions labeled “DAMA” in the fi gure would be compati-
ble with DAMA data. Th e reason that there are two possible regions is that 
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the breaks in the DNA strands are easy to identify using techniques that have 
been refined over the past 20 years. The technique of polymerase chain reac-
tions (PCR) makes a billion copies of the broken segment and gene sequenc-
ing determines the order of the nucleotides. In the words of Jeff Filippini of 
the CDMS experiment, “Errors in DNA are easy to identify and to replicate.” 
Combining the information from all the broken segments, we can track the 
path of the recoiling nucleus with nanometer accuracy.

The DNA tracker will consist of thousands of modules—each with a layer 
of gold foil with hanging DNA strands—separated by sheets of mylar. As a nice 
image for the device, the actor Sarah Kennedy Flug envisioned dangling earrings 
(though here the gold is attached to the earrings).19 The first round of the exper-
iment will require 1 kilogram of gold and 0.1 kilogram of DNA. The total mass 
is much less than the thousands of kilograms proposed for other conventional 
detectors. Surprisingly, it is the DNA that is more expensive, not the gold!

Like all other dark matter detectors, the DNA tracker will be plagued by 
false background signals and must operate deep underground. Radioactive 

WIMP

X

FIGURE 8.8 A novel idea for dark matter detectors using DNA. A Weakly 
Interacting Massive Particle (WIMP) from the Galaxy hits a thin foil of 
gold and knocks a gold nucleus into hanging strands of DNA. The gold sev-
ers any DNA strand it hits. Biologists can identify the location where the 
DNA broke off and reconstruct the track of the recoiling gold nucleus (with 
nanometer accuracy). Because the WIMP scatters the gold in the forward 
direction, this technique identifies the path of the incoming WIMP. From 
A. Drukier, K. Freese, D. Spergel, C. Cantor, G. Church, and T. Sano. “New Dark Matter 
Detectors Using DNA for Nanometer Tracking.” arXiv:1206.6809 [astro-ph.IM].
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panion star, the stage is set for a Type IA supernova. The white dwarf begins to 
pull mass off the other star into an accretion disk of swirling matter. The white 
dwarf becomes more and more massive at the expense of its companion. Even-
tually it reaches a limiting value of 1.4 times the mass of the Sun. This is the 
maximum mass a white dwarf can sustain and is known as the Chandrasekhar 
limit.

Physicist Subramanyan Chandrasekhar first proposed the existence of 
white dwarf stars and recognized that they could never exceed this limiting 
mass. We’ve seen in Chapter 5 that the pressure support for a white dwarf is 
based on the Pauli exclusion principle from quantum mechanics. Accord-
ing to this principle, no two electrons can exist in identical states. When the 
mass of a star is condensed into a white dwarf, the electrons push back against 

FIGURE 9.1 (A color version of this figure is included in the insert following page 82.)  
A supernova remnant. (X-ray) NASA / CXC / SSC / J. Keohane et al.; (infrared) Caltech / SSC / J. Rho 
and T. Jarrett.
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FIGURE 9.2 Th e supernova data that proved that the Universe is accelerating. Th e upper 
panel shows the brightness of Type IA supernovae at diff erent redshift s, or lookback 
times. Eff ectively this is a plot of the distance to the supernovae versus the time of the 
explosions. Th e 1998 data (dots with error bars) were taken by the High-z Supernova 
Search Team and the Supernova Cosmology Project. Th e data tilt upward, indicat-
ing that the Universe is accelerating. Both plots show comparison of the 1998 Type IA 
supernova data to a variety of hypothetical universes with varying contributions from 
matter and dark energy. Th e bottom panel shows the diff erence between data and 
models from the ΩM = 0.3 and ΩΛ = 0 prediction. Th e best fi t to the data requires 



Dark Energy and the Fate of the Universe         193

3
ΏM

ΏΛ

3

2

1

0

–1

210

No Big Bang

Supernovae

Knop et al. (2003)
Spergel et al. (2003)
Allen et al. (2002)

Expands forever

Recollapses eventually

CMB

Clusters
Spherical

FlatHyperboloid

FIGURE 9.3 (A color version of this figure is included in the insert following 
page 82.) A variety of astrophysical data sets converge on a Universe with 31% 
matter and 69% dark energy. The horizontal axis is the fraction of the Uni-
verse consisting of matter (both atomic and dark matter), and the vertical axis 
is the fraction consisting of dark energy. In the color version of the figure, the 
green regions are consistent with supernova data; the red regions with clus-
ter data; and the brown regions with cosmic microwave background (CMB) 
data. The best fit that matches all the data (indicated by a star) is 31% matter 
and 69% dark energy. Although this figure doesn’t make the distinction, the 
matter content is further divided into 5% atomic matter and 26% dark matter.
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inched closer together by the predicted amount. The vacuum really is full of 
quantum mechanical fluctuation energy. On the global scale of the Universe, 
this energy may be responsible for the Universe’s acceleration.

Another description of the vacuum emerges in quantum field theory, a 
modern mathematical formalism describing particles and their interactions. 
In Figure 9.5, the springs with balls attached represent different particles. One 
ball might be an electron, while another is an up quark. Even when there are 
no particles present, there is still energy associated with the springs, known 
as ground state energy. The ground state energies of all the particles in the 
Universe add up to a huge amount. In fact, a naive calculation produces an 
unacceptably large number. The resulting energy, known as the “cosmologi-
cal constant,” has a value that is too large by a factor of 10120. This enormous 
vacuum energy would have overpowered everything else in the Universe from 
the beginning. It would have prevented any galaxies from forming and life 
from ever existing. The next section examines this cosmological constant prob-
lem in more detail.

FIGURE 9.5 Quantum field theory description of the 
vacuum.




