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It is difficult beyond description to conceive that space
can have na end; but it is more difficult to conceive on
end. It is difficult beyond the power of mon te conceive
an eternal duration of what we call time; but it is
mare impossible to conceive o time when there shall
be no time,

Thomas Paine, The Age of Reason (17%6)

n pricr chapters, we explored current understanding

of the evolution of galaxies in an expanding universe.

Hewever, we left at least two crucial questions unad-
dressed: First, what is the source of the gravity that causes
galaxies to form and holds them tagether! Second, what
will happen to the expansion of the universe in the future?
Both questions would be interesting in their own right,
but they've taken on even greater importance because our
attempts to answer them have led us to two of the great-
@st mysteries in science.

If we are interpreting the dara correctly, then the dom-
inant source of gravity in the universe is an unidentified
type of mass, known as dark marter, that is completely
invisible to our eyes and telescopes. The gravity of dark
matter must therefore be the "glue” that holds galaxies
like our own together, Moreover, the very fate of the uni-
verse seems to hinge on the total amount of dark matrer
and on the existence of an even more mysterious force
or energy—often called dark energy—that may counteract
the effects of gravity an large scales.

In this chapter, we will explore the evidence for dark
mateer and dark energy and discuss why their natures re-
tnain so mysterious. We'll alsa investigate how dark mat-
ter determines the current structure of the universe and
the implications of dark energy for the fate of the universe,
if dark marter and dark energy indeed prove to be real.
Whatever the ultimate answers turn out to be, the quest
to resolve these mysteries offers an outsranding opportu-
nity to observe how science progresses. Keep an eye on
the science section of your daily newspaper to see how
the story unfolds.

22.1 Unseen Influences
in the Cosmos

What is the universe made of? Ask an astronomer this
seemingly simple question, and you might see a professional
scientist blush with embarrassment. Based on all the avail-
able evidence today, the answer to this simple question is
“We do not know.”

Tt might seem incredible that we still do not know the
compasition of most of the universe, but you might also
wonder why we should be sa clueless. After all, astronomers
can measure the chemical composition of distant stars and
galaxies fram their spectra, so we know Lhat stars and gas
clouds are made almost entirely of hydrogen and helium,
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with small amounts of heavier clements mixed in. But no-
tice the key words “chemical compuosition.” When wesay
these words, we are talking about the composition of mate-
rial built from atoms of elements such as hydrogen, helium,
carbon, and iron, While it is true that all familiar objects—
including people, planets, and stars—are built from atoms,
the same may not be true of the universe as a whole.

In Fact, we now have good reason to think that the vast
majerity of the matter in the universe is wor compased of
atoms. Instead, the universe may consist largely of a myste
rious form of mass known as dark matter and a mysierions
form of energy known as dark energy: As we'll discussin
Chapter 23, some recent observations tell us the precise per-
centages of the universe that consist of dark energy, dark
matter, and ordinary atoms, if we're interpreting these ob-
servations properly, Nevertheless, the actual nature of dark
matter and dark energy remains completely unknown.

+ What do we mean by dark
matter and dark energy?

I's easy to talk about dark matter and dark energy, but what
do these terms really mean? They are nothing more than
names given to unseen influences in the cosmos. In both
cases we have been led to think that there is somethingogt
there, even though we cannot identify it, because we have
observed phenomena that otherwise do not make senss.

We might naively think that the major source of gravity
that holds galaxies together is the same gas and dust that
make up their stars. However, decades of observations sug-
gest otherwise: By carefully observing gravitational effects
on matter that we can see, such as stars or glowing clouds
of gas, we've learned that there must be far more matter
than meets the eye. Because this matter appears to give off
little or no light, we call it dark matter. Thus, dark matter
is simply a name we give o whatever unseen influence is
causing the observed gravitational effects. We've already
discussed dark matter briefly in Chapters | and 19. noting
that studies of the Milky Way’s rotation suggest that most
of our galaxy’s mass is distributed throughout its halo while
most of the galaxy’s light comes from stars and gas clouds
in the thin galactic disk (see Figure L15)

We infer the existence of the second unseen influence
from careful studies of the expansion of the universe. From
the time that Hubble first discovered the expansion, itwas
generally assumed that gravity must slow the expansion
with time, In just the past few vears, however, mounting
evidence has suggested that the expansion of the universs
is actually accelerating. If so, some mysterious type af force
or energy must be able to counteract the effects of gravity
an very large scales,

Dark energy is the most common name given o what-
ever it is that may be causing the expansion to accelerate,
bt it is not the only name; you may occasionally hear the
same unseen influence artributed te quintessenccortoz
cosmalogical constant. The term dark energy has become
popular because it echoes the term dark matter, but theres




nothing unusuzlly “dark” about it—after all, we don't ex-
pect to see light [rom the mere presence of a force or en-
ergy field. Thus, despite the similarity in their names, dark
matter and dark energy are thought 1o exist for completely
different reasons,

Astronomers are generally more comfortable with the
notion that dark matter exists than with the notion that
dark energy exists, Scientific confidence in dark matter has
been building for decades and is now at the point where
dark matier seems alimost indispensable to explaining the
corrent structure of the universe, That is why we will de-
vote most of this chapter to a discussion of dark matter
and its presumed role as the dominant source of gravity in
our universe—there is simply a lot more we can say about
it. We will therefore save discussion of dark energy for the
end of the chapter, where we will present the evidence that
it also exists and that its nature will determine the fare of
the universe.

Befare we continue, it’s important to think shout dark
matter and dark energy in the conlext of sclence. Upon
first hearing of these ideas, vou might be tempted to think
that astronomers have “gone medieval,” arguing abour un-
seen influences in the same way that scholars in medieval
times supposedly argued about the number of angels that
could dance on the head of a pin. However, strange as the
idess of dark matter and dark energy may scem, they have
emerged from careful scientific study conducted in accor-
dance with the hallmarks of science that we discussed in
Chapter 3 (see Figure 3.261. Dark matter and dark energy
ware each prupns.ed_ Lo exist because thc'.r seemed the sim-
plestways o explain observed motions in the universe.
They've each gained credibility because models of the uni-
verse that assume their existence make testable predictions
and, at least so far, further observations have borne out
some of those predictions, Thus, even if we someday con-
dude that we were wrong to infer the existence of dark mat-
ter or dark energy, we will still need alternative explanations
for the observations made to date. One way or the other,
what we learn as we explore the mysteries of these unseen
influences will forever change our view of the universe.

} Detecting Dark Mateer in a Spiral Galaxy Tutorial,
Lessons |3

22.2 Evidence for Dark Matter

We are now ready to begin investigating dark matter in
prezter detail. In this section, we'll examine the evidence for
the existence of dark matter and what the evidence indi-
rates about the nature of dark matter,

+ What is the evidence for
dark matter in galaxies?

Let's begin our discussion of the evidence for dark mat-
ter by examining the case for dark matter in our own
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Milky Way Galaxy. We'll then proceed to oiher galaxies
and clusters of galaxies.

Distribution of Mass in the Mily Way  In Chapter 19 we saw
how the Sum's motion around the galaxy reveals the total
amount of mass within its orbit. Similarly, we can use the
orbital motion of any other star to measure the mass of the
Milky Way within that star’s orbit. In principle, we could
Jetermine the complete distribution of mass in the Milky
Way by doing the same thing with the orbits of stars at
every different distance from the galactic center.

In practice, interstellar dust obscures our view of disk
srars more than a few thousand light-years away from us,
making it very difficult to measure stellar velocities. How-
ever, radio waves penetrate Lhis dust, and clouds of atomic
hydrogen gas emit a spectral line at the radio wavelength of
21 centimeters [Section 19.2], Measuring the Doppler shift
of this 21-centimeter line tells us a cloud’s velocity toward
or away from us. With the help of a little geometry, we can
then determine the cloud's orbital velocity.

A diagram called a rotation curve, which plots the
rotational velocity of stars or gas clouds against their dis-
tance from the center of the galaxy, summarizes the results
of these orbital velocity measurements. As a simple exam-
ple of the concept, let’s construct a rotation curve fora
merry-go-round. Every object on a merry-go-round gocs
around the center with the same rotational period, but ob-
jects farther from the center move in larger circles. Thus,
abjects farther from the center move at faster speeds, and
the rotation curve for a merry-go-round is a straight line
that rises steadilv outward { Figure 22.1a).

In contrast, the rotation curve for our solar system
drops off with distance from the Sun, because inner plan-
cts orbir at faster speeds than outer planets (Figure 22.1b).
This drop-off in speed with distance occurs because virtu-
ally all the mass of the solar system is concentrated in the
Sun. The gravitational force holding a planet in its orbit
decreases with distance from the Sun, and a smaller force
means a lower orbital speed. The rotation curve of any
astronomical system whose mass is congentrated toward
the center must drop similarly.

Figure 22.1¢ shows the rotation curve for the Milky
Way Galaxy. Fach individual dot represents the distance
from the galactic center and the orbital speed of a par-
ticular star ot gas cloud. The curve running through the
dots represents a “best fit” to the data. Natice that the or-
Dital velacities remain approximately constant beyond

the inner few thousand light-vears, making the rotation
curve look flat. This behavior contrasts sharply with the
steeply declining rotation curve of the solar system. Thus,
unlike the case for the solar system, most of the mass
of the Milky Way must rot be concentrated at its cen-
ter. Instead, the orbits of progressively more distant gas
clouds must encircle more and more mass. The Sun’s
orbit encompasses about 100 billion solar masses, but a
circle twice as large surrounds (wice as much mass, and
a larger circle surrounds even more mass. Because of

663

e —




Mercury

Venus

Earth
Mars

Jupitsr -

arbital speed (km/sec)

arbital spoed {md

_Saturn ¢

Jranus ¢/
o,

arbital speed (kmfsac)

0 10 20 30 40 50 0 20 a0 60 &80 100
diztance from canter mean distzance fram Sun (Al) digtznee from center of Milky Wy
of merry-go-round {m) {thousanas of hght-years)

a A rotation curve for a merry-go-round. b The rotation curve for the glanets in o ¢ The rotation curve for the Milky Way
solar system, Calaxy. Dols represent stars or g5 (lous

Figure 22.1 lawacive fipww, Rotation curves show now the orDitel speed of 2 system ceoends on

distance fram its center, The solar systern’s rotation curve declines with radius because 15 rnass is
cancentratas at tne canter The Milky ¥izy's rotation curve is flat, ndicating that the Miky Way's mass

extends well beyond the Sun's orbit

the difficulty of finding clouds to measure on the outskirts
of the galaxy, we have not yet found the “edge” of this mass
distribution.

The flatness of the Millky Way's rotation curve therefore
implies that most of our galaxy’s mass lies well beyond our
Sun, tens of thousands of light-years from the galactic cen-
ter. A more detailed analysis suggests that most of this mass
is lacated in the spherical halo that surrounds the disk of

whose rotatio
measured.

spasgs have been

our galaxy, and that the total amount of this mass mightbe
10 times the total mass of all the stars in the disk. Because
we have detectad very little radiation coming from this ende:
mous amount of mass, it qualifies as dark matter. Thus if
we are interpreting the evidence correctly, the luminous

part of the Milky Way's disk must be rather like the tipof
an iceberg, marking only the center of 2 much larger chump
of mass (Figure 22.2].

T T "

MATHEMATICAL INSIGHT 22.1 Mass-To-Light Ratio

We define an object’s mass-to-light ratio as its tatal mass in units of

solar masses divided by its total visible luminosity in units of solar

Sumsinosities, Thus, by definition, the mass-to-light ratio of the Sun is:
1 Msup Myun

= for S 1
— forbun = - =
L 1 Lgun Lsun

We read this answer with its units as ™| solar mass per solar Ju-
minosity” Note that we use M/L as an abbreviation for the mass-o-
light ratio in equations, and we ahways write the mass and luminos-
ity in solar wnits,

The following examples should clarify the idea ol the mass-
to-light ratio and show what it can tell us about the existence of
dark mauter.

Example 1: What is the mass-1o-light ratio of a | Mg, red giant
with luminosity 100 Ly, What does the answer tell us about how
mass-to-light ratio depends on stellar type?

Solution:

Step 1 Understand: Finding a mass-to-light ratio simply
requires knowing an object’s toral mass in solar masses and its
total luminosity in solar luminosities, We are told that the object
is a star of 1 solar mass with a luminosity 100 times that of the
Sun, so we have all the information we need,

Step 2 Solve: We divide the star's mass by its luminosity, both
in salar units:

M 1 Msm Msua

L 100Lgm  Lsua

Step 3 Fxplain: The red giant has a mass-to-light ratio of 001
solar mass per solar luminosity. The ratio is less than | becuuse
a red giant puts out more light per unit mass than the Sun. Ma-
sive stars also put out more light per unit mass than the Sum,
because main-sequence luminosities rise much faster than
main-sequence masses |Section 15.2]. Thus, in general, stars
more lumingus than the Sun have mass-to-light ratios festhan
1 solar mass per solar luminosity. Conversely, stars that are
fess hemtinous than the Sun generally have mass-to-Tight ratios
grearer than | solar mass per solar luminosity.

Example 2: The Sun’s orbit around the Milky Way tells us
that the part of the galaxy within the Sun’s orbit contains sboul
90 billion (% 3¢ 10'7] selar masses of material. Observations &l
us that the total luminosity of stars within that same region &
about 13 billion (1.5 % 107} solar luminosities. What is the mas
to-light ratio of the matter in our galaxy within the Sun's orbit!
What does this imply?
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Suppose we made a rotation curve for the moons oriiting
Juprter Would it rise, increase. or stay flat wath increasing dis-
tance of Jupiter?

Dark Matter in Other Spiral Galaxies  Other galaxies also seem
to contain vast quantities of dark matter. We can determine
theamount of dark matter in a galaxy by comparing the
galaxy’s mass to its luminosity, (More formally, astrono-
mers calculate the galaxy's mass-to-light ratie; see Mathe-
matical Insight 22.1.} The procedure is fairly simple in
principle. First, we use the galaxy's lominosity to estimate
theamount of mass that the galaxy contains in the form of
stars. Next, we determine the galaxy’s total mass by apply-
ing the law of gravity to observations of the orbital veloci-
ties of stars and gas clouds. If this total mass is larger than
the mass that we can artribute to stars, then we infer that
the excess mass must be dark matter.

Measuring a galaxy’s luminosity is relatively easy, as
long as we can determine its distance with one of the
techniques discussed in Chapter 20. We simply point a
telescope at the galaxy in question, measure its apparent
brightness, and calculate its luminosity from its distance
and the inverse square law of light [Section 15.1]. Mea-
suring the galaxy’s total mass requires measuring orbital
speeds of stars or gas clouds as far from the palaxy’s center
as possible. Atomic hydrogen gas clouds can be found in
spiral galaxies at greater distances from the center than

dlark malar

Figure 22.2 The dark mamsr associzted with 2 spiral galay lie
the Milky \Way accupies a much larger volume than the galax's
luminous er: The radius of this dark-matter hale may be 10 times
as large as the galaxy's hale of stars.

stars, so most of our data come from radio observations of
the 21-centimeter line from these clouds. We use Doppler
shifts of the 21-centimeter line to determine how fasta
cloud is moving toward us or away from us (Figure 22.3).
We then combine observations for clouds at varying orbital
distances to construct the galaxy’s rotation curve.

The rotation curves of most spiral galaxies turn out to
be remarkably flat as far out as we can see (Figure 22.4), Just
as In the Milky Way, these flat rotation curves imply that a
great deal of matter lies far out in the halos of these other

r—

Solution:

Step 1 Understand: We are asked to find the mass-to-light ratio
for the region of our galaxy within the Sun’s orbit, We are given
both the mass and luminaosity of this region in solar units, so we
have all the information we need.
Step 2 Solve: We divide the region’s mass by its luminosity. both
m solar units:

M 9% 10 My _ | Mg

L 1.5 % ]-L.;IU Lo Loun

Step 3 Explain: The mass-to-light ratio of the matter within
the Sun’s orbit is zhout six solar masses per solar luminosity,
Because this mass-to-light ratio is grearer than the Sun's ratio
of | solar mass per solar luminosity, it tells us that mast matter
in this region is dinpmer per unit mass than our Sun. This is

Dot surprising, because we know that most stars are smaller and
dzmmer than our Sun.

Example 3: The rotation curve of 2 nearby spiral galaxy shows
that it contains 5 ¥ 1017 solar masses within a radivs of 150,000
light-years of its center. Its apparent brightness and distance tell us
that s total luminosity is 1.5 % 10" solar luminosities. What is
its mass-to-light ratio? What docs this imply?

i ¥ i i s

Solution:

Step 1 Understand: In this case, we are given the galaxy’s full
mass (out 1o the large distance of 150,000 light-years from its
centerl, determined from its rotation curve and its total lumi-
nosity. Thus, we again have all the information we need to cal-
culate the mass-to-light ratio.

Step 2 Solve: We divide the galaxy’s mass by its luminosity, both
in solar units:

M _ 5% 10" My _ Mo
L 15 x 10Y0Lg,, Lsun

Step 3 Explain: The mass-to-light ratio of this galaxy is about
33 solar masses per solar luminosity, which is more than five
times as large as the mass-1o-light ratio for the Milky Way Gal-
axy within the Sun’s orbit. This mass-ta-light ratio tells us that
on average, the mass in this galaxy is much less luminous than
the mass found in the inner regions of the Milky Way. We were -
able to explain a mass-to-light ratio of six solar masses per solar
Tuminosity as a simple consequence of the fct that most stars
are dimmer than the Sun, However, this far greater ratio of 33
solar masses per solar luminesity is not so casily explained by
stars; instead, we conclude that the large mass-1o-light ratio is
telling us that the galaxy must conlain a lot of mass that emits
little or no light; that is, it contains dark martter.
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Figure 22,3 Measurng the rotation of a spiral galzxy with the
7l -rentimeter line of atomic Fydrogen. Blueshited lines on the lefl
ide of the gk show how fast that sde is rotatmg toward us, Red-
shifted lines on the right side show how fast that side s retating

away frorn us,

spiral galaxies, A detailed analysis tells us that these other
spiral galaxics also have at least 10 times as much mass in
dark matter as they do in stars. In ather words, typical spi-
ral palaxics are made of 90% or more dark matter, and 10%
or less matter in stars.

Dark Matter in Eiptical Goloxies We must use a ditferent tech-
nique to weigh elliptical galaxics, because most of them
contain very little atomic hydrogen gas and hence do not
produce detectable 2L-centimeter radiation. We generally
weigh the inner parts of elliptical galaxies by observing
the motions of the stars themselves,

The motions of stars in an elliptical galaxy are disorga-
nized, so we cannot assemble their velocities into a sensible
rotation curve, Nevertheless, the velocity of cach individual
star still depends on the mass inside the star’s orbit. Atany
particular distance from an elliptical galaxy’s center, some
stars are moving toward us and some are moving away
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from us. As a result, every star has a slightly different Dop-
pler shift. When we look at spectral lines from the galay
as 1 whole, we see the combined effect of all these Doppler
shifts. Together, they change the spectral line froma nice
narrow line at a particular wavelength to & broadered line
spanning a range of wavelengths (Figure 22.5). The greater
the broadening of the spectral line, the faster the stars must
be moving. )

when we compare spectral lines from different regions
of an elliptical galaxy, we find that the speeds of the stars
remain fairly constant as we look farther from the galaxy’s
center. Thus, just as in spirals, most of the matter in ellipti-
cal galaxies must lie beyond the distance where the light
trails off and hence must be dark matter. The evidence for
dark matter becomes even more convineing in cases in
which we can measure the speeds of globular star clusters
orbiting at large distances from the center of an elliptical
galaxy. These measurements suggest that elliptical galasiss,
like spirals, contain far more matter than we can sec in the
form of stars.

« What is the evidence for dark
matter in clusters of galaxies?

The evidence we have discussed so far indicates that stars
make up only about 109 of a galaxy’s mass—the remain-
ing mass consists of dark matter. Observations of galaxy
clusters suggest that the total proportion of dark matter
iss even greater. The mass of dark matter in clusters appears
to be as much as 30 times the mass in stars,

The evidence for dark matter in clusters comes from
three different ways of measuring cluster masses: measur-
ing the speeds of galaxies orbiting the center of the cluster,
studying the X-ray emission from hot gas between the clus-
ter galaxies, and observing how the clusters bend light as

brightness

brightness

—

wrghtness

wavelength
Figure 12,5 The brozzering of apeorsticn [ines in an eliptal
galaxy's spectrum tells us how fast its stars move relative to one
anathern




grwvitational fenses. Let's investigate each of these techniques
more closely.

Orbits of Galaxies In Cluseers The problem of dark matter in
astronomy is not particularly new. In the 1930s, astrono-
mer Fritz Zwicky was already arguing that clusters of gal-
axies held enormous amounts of this mysterious stuff
[Figure 22.6). Few of his colleagues paid attention, but later
ghservations supporied Zwicky’s claims.

Zwicky was one of the first astronomers to think of
galaxy clusters as huge swarms of galaxies bound together
by gravity. [t seemed natural to him that galaxies clumped
dosely tagether in space should all be orbiting one an-
other, just like the stars in a star cluster. He therefore ass-
wmed that he could measure cluster masses by observing
glaxy motions and applying Newton's laws of motion
and gravitation.

Armed with a spectrograph, Zwicky measured the
redshifts of the galaxies in a particular cluster and used
these redshifts to calculate the speeds at which the indi-
vidual galaxies are moving away from us. He determined

the recession speed of the cluster as a whole—that is, the
speed at which the expansion of the universe carries it
away from us—by averaging the speeds of its individual
galaxies.

Once he knew the recession speed for the cluster, Zwicky
could subtract this speed from each individual galaxy’s speed
1o determine the speeds of galaxies relative to the cluster
center. OF course, this method told him only the average
radinl component {the speed toward or away from us) of
the actual galaxy velocities [Section 5.3], but by averaging
enough individual galaxies, Zwicky could get a good aver-
age orbital velocity for the cluster galaxies as a whole. Once
he knew the average orbital velocity of the galaxies, he could
use Newton's universal law of gravitation to estimate the
cluster’s mass (see Mathematical Insight 22.2), Finally,
he compared the cluster’s mass to its luminosity.

To his surprise, Zwicky found that clusters of galaxies
have much greater masses than their luminosities would
suggest. That is, when he estimated the total mass of stars
necessary to account for the overall luminosity of a cluster,
he found that it was far less than the mass he measured

F_

The first method described in the text for measuring the masses of
palay clusters relics on the orbiral velocity law introduced in Math-
ematical Insight 19.1:

where M. is the total mass contained wrehin a distance rof 2
gilay's center, v is the average velocity of abjects orliting

the center of the galaxy, and G is the gravilational constant
(6= 667 > 10" mYikg % 57)). Recall that this law is de-
swed from Newton's version of Kepler's third law, which in urn
derived from Newton's universal law of gravitation. Thus, the
pebital velocity law is simply a convenient way of using the law
of gravitation to calculate o galaxy's mass from the speeds of

orbiting olrjects.

This law also applies w galaxy clusters (and other objects) if we
saply consider ras the distance from the center of the cluster (o
ather object] rather than from the center of an individual galaxy.
However, it is exact only far galaxies on circular orbils.

Example: A galaxy cluster has a radius of 6.2 million light-years,
and Doppler shift measurements show that its galaxies orbit

fhe center of the cluster with an average speed of approximately
1350 kmis, Finel the cluster’s mass.

Salution:

Step | Understand: We can find the cluster's mass from the
arbital velocity law above because we are given both the cluster
radius (rin the formula) and the average orbital speed of the
salasies (v in the formula). However, we cannot directly use

the given values because their units are incansistent: The radius
B given in light-years but the speed is given in kilometers per
secomd. Moreover, we are given the gravitational constant Gin

MATHEMATICAL INSIGHT 22.2 Cluster Masses from Galaxy Orbits

units that use meters. Thus, before we can solve the problem,
we'll need to conwert the radivs into meters and the speed into
meters per second.

Step 2 Solve: We first need to perform the umit conversions on
the given values; then we can plug the results into the orbital
velocity law. You should confirm for yourself that the radius (r]
of 6.2 million light-years is equivalent to 3.9 % 107 metets and
that the speed (v) of 1,350 km/s is equivalent to 1.35 = 10 mi's.
Using these values, we find:

L
M, = ——
ir
(5.8 107 m) » (135 > 10° ms)*
an7 % 107! m’ .
- 'L[! noE
=16 % 107 kg

Step 3 Explain: We have found thar the mass of the cluster is
6.7 * 107 Lilograms, However, it’s dilficult to interpret such a
large mass expressed in kilograms, so we need to converl it 1o

2 more appropriate unit. In this case, where we are dealing with
the mass of a galaxy, the most appropriate umt is solar masses.
Looking back at Chapter 14 or in Appendix E, vou'll find that
the Sun's mass is 2,0 % 10* kiloprams, Thus, the cluster mass
inn units of solar masses is:

I.I\'l-'..--
SE g0 % M Msun

M, = Le x 10¥ kg % =
87 3% 109 kg

The cluster mass is abowt &0 % 10", or 500 trillion, solar
masses. Il vou recall that the total mass of the Milky Way (in-
cluding dark matter) is somewhere near 1 trillion solar masses,
vou'll see that the cluster contains the cquivalent mass of about
A00 galaxies as large as the Milky Way
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by studying galaxy speeds. He concluded that most of the
matter within these clusters must not be in the form of
stars and instead must be almost entirely dark. Many astron-
omers disregarded wicky’s result, believing that he must
have done something wrong to arrive at such a strange an-
swer. Today, far more sophisticated measurements of galaxy
orbits in clusters confirm Zwicky’s original finding.

What would happen 1o a cluster of alaxies if you instartly
removed all the dark matter without changing the velocities
of the galaxies?

Hot Gas in Clusters A second method for measuring the
mass of a cluster of galaxies relies on observing X rays from
the hot gas that fills the space between the galaxies in the
cluster {Figure 22.7). This gas (sometimes called the inrra-
cluster medinm) is so hot that it emits primarily X rays and
therefore went undetected until the 19605, when X-ray tele-
scopes were finally launched above Earth’s atmosphere.
The temperature of this gas is tens of millions of degrees

in many clusters and can exceed 100 million degrees in the
largest clusters. This hot gas can also contain a grear deal of
mass. Large clusters have up to seven times as much mass
in the form of X-ray-emitting gas than they do in the form
of stars.

The hot gas can tell us about dark matter becanse its
temperature depends on the total mass of the cluster. The
gas in most clusters is nearly in a state of gravitational equi-
libritumi—that is, the outward gas pressure balances grav-
ity's inward pull [Section 14.1]. In this state of balance, the
average kinetic energies of the gas particles are determined
primarily by the strength of gravity and hence by the amount
of mass within the cluster. Because the temperature of a gas

Figure 22.6 Friz Dwidky, discoverer of dark matter in clusters
of galaxies. Zwicky had an eccentric personality, but some of
his idleas that seemed strange in the | 930s proved correct many

decades later

reflects the average kinetic energies of its particles, the gas
temperatures we measure with X-ray telescopes tell us the
average speeds of the X-ray-emitting particles (see Mathe-
matical Insight 22.3). We can then use these particle speeds
to determine the cluster’s total mass,

The results obtained with this method agree well with
the results found by studying the orbital motions of the
cluster’s galaxies. Even after we account for the mass of the

SPECIAL TOPIC

Scientists always take a risk when they publish what they think

are groundbreaking results. If their results turn out to be in error,
their reputations may suffer, When it came to dark matter, the pio-
neers in its discovery risked their entire careers. A case in point is
Fritz Zwicky, and his proclamations in the 1930s about dark matter
in clusters of galaxies. Most of his colleagues considered him an
eccentric who leapt to premature conclusions.

Another pioneer in the discovery of dark matter was Vera Rubin,
an astronomer at the Carnegie Institution, Working in the 1960s,
she beeame the first woman to observe under her own name at Cal-
ifornia’s Palomar Observatory. then the largest telescope in the world,

Another woman, Margaret Burbidge, was permitted to observe at
Falomar earlier but was required to apply for time under the name
af her husband, also an astronomer. ) Bubin first saw the gravitationzl
signature of dark matter in spectra that she recorded of stars in the
Andromeda Galaxy. She noticed that stars in the outskirts of An-
drameda moved at surprisingly high speeds, suggesting a stronger
gravitational attraction than the mass of the galaxy's stars alone
could explain, In other words, she found that the retation curve for

Pioneers of Science

Andromeda is relatively flat to great distances from the center, just
as we now know is also the case for the Milky Way.

Working with a colleague, Kent Ford, Rubin constructed rota-
tion curves for the hydrogen gas in many other spiral galaxies (by
studying Doppler shifts in the spectra of hydrogen gas) and discor-
ered that flat rotation curves are common, Although Rubin and
Ford did not immediately recognize the significance of the results,
they were soon arguing that the universe must contain substantial
quantities of dark matter.

For a while, many other astronomers had trouble believing the
results. Some astronomers suspected that the bright galaxies stud-
icd by Rubin and Ford were unusual for some reason, So Rubin
and Ford went back to work, obtaining rotation curves for fxinter
galaxies. They found flat rotation curves—a signature of dark mat-
ter—even in these galaxies. By the 19805, the evidence that Rubin,
Ford, and other astronomers measuring rotation curves had com-
piled was so overwhelming that even the critics came around. Ei-
ther the theory of gravity was wrong, or the astronomers measur-
ing rotation curves had discovered dark matter in spiral galazies.
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hot gas, we find that the amount of dark matter in clusters
of galaxies is up to 50 times that of the combined mass of
the stars in the cluster’s galaxies. In other words, the gravity
of dark matter seems to be binding the galaxies of a cluster
together in much the same way that gravity helps bind in-

dividual galaxies together.

Gravitational Lensing  Until very recently, astronomers relied
exclusively on methods based on Newton's laws to measure
galaxy and cluster masses. These laws keep telling us that
the universe holds far more matter than we can see. Can
we trust these laws? One way to check is to measure masses
in a different way. Today, astronomers have another tool
for measuring masses: gravitational lensing,

Gravitational lensing occurs because masses distort
spacetime—the “fabric” of the universe [Section 53.3].
Massive objects can therefore act as gravitational lenses
that bend light beams passing nearby. This prediction of
Einstein’s general theory of relativity was first verified in
1919 during an eclipse of the Sun [Section 53.4]. Because
the light-bending angle of a gravitational lens depends
on the mass of the object doing the bending, we can mea-
sure the masses of objects by observing how strongly
they distort light paths.

Figure 22.8 shows a striking example of how 2 cluster
of galaxies can act as a gravitational lens, Many of the yel-
low elliptical galaxics concentrated toward the center af

MATHEMATICAL INSIGHT 22.3

vl 3 cluster’s mass from the temperature of its hot, X-ray-
ure is related

g gas, we need to know how the gas tempe

- speeds of individual gas particles. Although we will not pre-
¢lls us the approxi-

mate speed at whic
hot gas has a tempera

rdrogen nuclei and T

here 1y is the average orbital speed of the I
isthe lemperature in Kelvin, We can use this formula for the hot

gas in galaxy clusters because most of the gas is composed of hy-

dr ; i the speeds of the hydrogen nuclet, we can use
h e orbital velocity law to find the cluster mass.

Eample: Consider the ga
in Mathematical Insight 22.2
ppose the cluster is

K. Use thi

with a radius of 6,2 million light-

ed with hot gas that has a tempera-
ure to find the cluster’s mass,

Splution:

ure and asked Lo

Step 1 Understand: We are given :
hematical Tnsight 22.2, we know

find a cluster mass. From M
that we can use the orbital velocity law 1o find the cluster mass
if we knew the cluster's radius () znd the average velocity (v

of orbiting particles. We are given the cluster’s radius of 6.2 mil-
lion light-years, and we already found that this is equivalent

Cluster Masses from Gas Temperature

neters, We can use the formula given above to
nuclei, which we can

w59 X 10
find the average orbital speed of b
() in the orbital velocity

dro

usc as the veloc law.

Step 2 Solve: First, we find the average orbital speed of the

drogen nuclei from the given temperature of 9 % 107 K:
TS . B T
e = 1405 X N T_
140 % Vg w107
=13 x 10°F

Now we use this value as v in the orbital velocity law, along with

gk = i s 3 i
the cluster radius ¢ = 4.5 * 107" meters. We find that the

181 MAss 152

:
(59 % 10 m) % (1.3 % 10°m/s)

M, =

6.67 » 1071

= L5 % 107 kg

Step 3 Explain: We have found that the mass of the cluster is
1.5 % 10% kilograms. You should confirm for yourself that this
is equivalent to about 730 trillien solar masses. Note that this is

LillL:l

tly lower than the 800 trillion solar masses that we
Mathematical Insight 22.2 from the galaxy speeds, showing that
the methods of estimating mass apree well in this example.
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the picture belong to the cluster, but at least one of the

laxics pictured does not. At several positions on various
sides of the central clump of il no-
tice multiple images of the same blue galaxy. Each one of
ges, whose sizes differ, looks like a distorted oval
nfr-u

The blue g
directly behind the center of the cluster, at a much gre:
distance. We see multiple images of this single galaxy be-
cause photons do not follow straight paths as they travel
from the galaxy 1o 1
the photon paths,
at Earth from a fow slightly d i
Fach alternative path produces a separate, distorted |
of the blue galaxy.

ellow galaxies, v

these i

with an o smudge.

AXY seen in these m

Multiple images of a gravitationally lensed g

rare. They occur only
hind the lensing cluster. However, single, distorted images
of gravitationally lensed galaxies are quite commaon. Fig-

when a distant g

ure 22.10 shows a typical example. This picture shows nu-

merous normal-looking galaxies and several arc-shaped

axies. The oddly curved galaxies are not members of

ster, nor are they really curved. They are normal g

is-

bevaond the cluster whose images have been ¢
vity.

eful analvses of the distorted images created by clus-

lying i

torted by the cluster’s g
(
ters enable us to measure cluster masses without resorting
to Newton's laws. Instead. Einstein’s general theory of rela-
tivity tells us how massive these clusters must be to gener-
ate the observed distortions, It is reassuring that cluster
ally agree with those de

sses derived in this way
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ov lies direc I]} be-

Figur\e 22.9 lateaciee Figuey,

rived from galaxy velocities and X-ray temperatures. The
three different methods all indicate that clusters of galaxies
nounts of dark matter.

hold verv substantia

* Does dark matter really exist?

Astronomers have made a strong case for the exist
of dark matter, but could they be completely off base?

Is it possible that dark matter is a figment of human

imag

ination, and that there’s a completely

planation for the observations we've discusse
ing these questions gives us a chance to see how science
progresses.

All the evidence for dark matter rests on our under-
standing of gravity. For individual ga
matter rests primarily on applying Newton's laws of mo-
tion and gravity to observations of the orbital speeds of
stars and gas clouds. We've used the same laws to make the
sters, along with add
onal lensing predicted by

xwies, the case for ¢

itional evi-
dence based on Einst
general theory of relativity. Thus, it seems that one of the

case for dark matter in ¢l

gravita

following must be true:




1. Dark matter really exists, and we are observing the
effects of its gravitational attraction.
. There is something wrong with our understanding
of gravity that is causing us to mistakenly infer the
existence of dark matter.

We cannot vet rule out the second possibility, but most
sstronomers consider it very unlikely. Newton's laws of
motion and gravity are among the most trustworthy tools
in science. We have used them time and again to measure
masses of celestial objects from their orbital properties. We
found the masses of Earth and the Sun by applyving New-
ton's version of Kepler’s third law to objects that orbit them
[Section 4.4]
of stars in binary star systems, revealing the general rela-
tionships between the masses of stars and their outw,
appearances. Newton's laws have also told us the masses of
things we can't see directly, such as the masses of orbiting
nentron stars in X-ray binaries and of black holes in active
gilactic nuclei. Einstein’s general theory of relativity like-
wise stands on solid ground, having been repeatedly tested
and verified to high precision in many observations and
experiments. Thus, we have good reason to trust our cur-
tent understanding of gravity.

Moreover, many scientists have already made valiant
¢fforts 1o come up with alternate theories of gravity that
tould account for the observations implying the exist-
ence of dark matter in some other way. (After all, there’s
alobel Prize waiting for anyone who can substantiate a
aew theory of gravity.) So far, no one has succeeded
i doing s0 in a way that can still explain the many other
ohservations accounted for by our current theories of

. We used this same law to calculate the masses

In essence, our high level of confidence in our current
understanding of gravity gives us equally high confidence
tht dark matter really exists. Thus, while we should al-

ways keep an open mind about the possibility of future
dur'uex in our understanding, we will proceed for now
under the assumption that dark matter is real. With that
gsumption in mind, let’s turn our attention to the nature
of what seemns to be the most common form of matter in
lhe universe.
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* What might dark
matter be made of?

What is all this dark stuff in galaxies and clusters of gal-
axies? We don't vet know. Nevertheless, we can make at
least some educated guesses,

At least some of the dark matter is likely to be ordinary,
made of protons, neutrons, and ¢lectrons, The only unusual
thing about dark matter of this kind is that it doesn’t emit
much detectable radiation. Otherwise, it is made of the same
stuff as all the “bright matter” that we can see. However, as
wi'll discuss shortly, it's also likely that some of the dark
muatter is extraordinary, made of particles that we have yet
to discover.

A bit of terminology will be useful. Because the protons
and neutrons that make up most of the mass of ordinary
matter belong to a category of particles called baryons, or-
dinary matter is sometimes called baryonic matter. By ex-
tension, extraordinary matter is called nonbaryonic matter,

Ordinary Dark Mamer  Matter need not be extraordinary to
be dark. In astronomy, “dark” merely means “not as bright
as a normal star and therefore not visible across vast distances
of space” Your body is dark matrer, because you would be
far too ([im for our tu"csmp 5 to detect if you were somie-
Ng you own
are dark mat-

v. Every
is dark matter. ]:arth and the rest of the plane
ter as well. In fact, the “failed stars™ known as brown dwarfs
[Section 16.3] and even faint red main-sequence stars of
spectral type M [Section 13.2] are too dim for current tele-
scopes to see in the halo and therefore qualify as dark mat
ter. Thus, it’s conceivable that trillions of F
brown dwarfs, and Jupiter-size objects left over from the
Milky Way's formation still roam our galaxy’s halo, provid-
ing much of its mass. These objects are sometimes called

T

nt red stars,
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MACHOs, for massive corpac Falor objects, although they
are better thought of as dim, starlike {or planetlike) objects.
MACHOS such as brown dwarfs and dim, red stars are
too faint for us to see directly, but there are other ways to
search for them. One innovative technique takes advantage
of gravitational lensing on a much smaller scale than the
examples we rs of galaxies. [f trillions of
these dim stars and similar objects really roam the halo of
the galaxy, every once in a while one of them should drift
across our line of sight to a more distant star. When the
object lies almost directly between us and the farther star,
its gravity will focus more of the star's light directly toward
Earth. The distant star will appear much brighter than usual
for several days or weeks as the lensing object passes in
front of it (Figure 22.11). We cannot see the lensing object
als its mass.
15 these are rare, hap-

MACHO

——r

=g

Gravitational lensing events such
pening to about one star in @ million each vear, To detect
such lensing events, we therefore must monitor huge num-
bers of stars. Current large-scale monitoring projects now
record numerous lensing events annually, These events
demonstrate that dim, starlike objects (MACHOs) do in-
deed populate our galaxy's halo, but not in large enough
numbers to account for all the Milky Way's dark matter.
Similar measurements rule out the possibility that the dark
matler consists of large numbers of black holes formed by
en

——

| the deaths of massive stars.”
in the outer reaches of our galaxy.

o

Extraordinary Dark Matter A maore exotic possibility is that Flgure 22,11 Vvhen
most of the dark matter in galaxies and clusters of galaxies ol 2 maore dls
is not made of ordinary, barvonic matter at all. Let’s begin
1o explore this possibility by taking another look at those
nonbaryonic particles we discussed in Section 14.2: neutri-
nos, These unusual particles are dark by their very nature,
because they have no electrical charge and hence cannot

:d_SI

galaxy’s na

emil electromagnetic radiation of any kind. Moreover, they ut]ur weakly mltm ting p articles exist that are similar to
are never bound together with charged particles in the way neutrinos but \Eﬂl'-ldﬂ'l-ib]}l heavier? They too would evade
| that neutrons are bound in atomic nuclei, so their presence direct detection, but they would move more slowly so that
{ cannot be revealed by associated light-emitting particles. their mutual gravity could hold together a large collection
Yarticles like neutrinos interact with other forms of of them. Such hypothetical particles are called WIMPs, for
| matter through only two of the four forces: gravity and the weakly interacting massive particles, Note that WIMPs are
| weak force [Section $4.2]. For this reason, they are said to subatomic particles, so the “massive” in their name is rela-
J be u-m_{f} interacting particles. If vou recall that trillions tive—they are “massive” only in comparison to lightweight
of neutrinos from the Sun are passing through vour body particles like neutrinos. { They are also often called cold dark
at this very moment without doing any damage, you'll see ratter to set them apart from the faster-moving nentrinos.)
why the name weakly interacting fits well, WIMPs could make up most of the mass of a galaxy or
The dark matter in galaxies cannot be made of neutri- cluster of galaxies, but they would be completely invisible
| nos, because these 1.1:[}-'—[0“-'—ma,55 pnr[iq_;lc-_\ travel LhroL:gh in all W’\'EJEnﬂlh-' ufliﬂh!_ Muost astronomers now consider

the universe at enormous speeds and can easily escape a it likely that WIMPs make up the vast majority of dark mat-
galaxy’s gravitational pull. (However, neutrinos make up a ter, and hence the majority of all matter in the universe.

It might surprise you that scientists suspect the universe
to be filled with particles they haven't yet discovered. How-
ever, this hypothesis would also explain why dark matter
seems to be distributed throughout spiral galaxy halos ra\l‘{‘I

than concentrared in flattened disks like the v
Recall that galaxies are thought to have formed as gravity

T over from the Big Bang, but our best theoretical models of the
redict  large enough number of them to account

verse o
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pulled together martter in regions of slightly enhanced den-
sity in the early universe |Section 21.1]. This matter would
have consisted mostly of dark matter mixed with some or-
dinary (hydrogen and helium} gas. The ordinary gas could
collapse to form a rotating disk because individual gas par-
ticles could lose orbital energy: Collisions among gas parti-
cles can convert some of their orbital energy into radiarive
energy that escapes from the galaxy in the form of photons.
In contrast, WIMPs cannot produce photons and they rarely
interact and exchange energy with other particles. Thus,

25 the gas collapsed to form a disk, WIMPs would have re-
mained stuck on orbits far out in the galactic halo—just
where most dark matter seems to be located.

By itself, the agreement between the measured distribu-
tion of dark matter in galaxies and what we'd expect from
dark matter made of WIMPs doesn't prove that extraordi-
nary dark matter exists. However, as we'll discuss in the
next chapter, there are additional reasons many astrono-
mers believe that baryons represent only a minority of the
universe’s mass and hence that WIMPs are the most com-
man form of matter in the universe.

THIME

What do you think of the idea that much of the universe is
made of as-yet-undiscovered particles? Can you think of other
instznces in the history of science inwhich the exstence of
something was predicted before it was discovered?

22.3 Structure Formation

Dark matter remains enigmatic, but every vear we are learn-
ing more about its role in the universe. Because galaxies

matter than luminous matter, dark matter’s gravitational
pull must be the primary force holding these structures
together. Thus, we strongly suspect that the gravitational
attraction of dark matter is what pulled galaxies and clus-
ters together in the first place.

* What is the role of dark
matter in galaxy formation?

Stars, galaxies, and clusters of galaxies are all gravitationally
Foured systemns—their gravity is strong enough to hold them
together. In most of the gravitationally bound systems we
have discussed so far, gravity has completely overwhelmed
the expansion of the universe. That is, while the universe
awhole is expanding, space is not expanding within our
lar system, our galaxy, or our Local Group of galaxies.
Our best guess at how galaxies formed, outlined in Sec-
fon 21.2, envisions them growing from slight density en-
cements that were present in the very early universe,
uring the first few million years after the Big Bang, the
iverse expanded everywhere. Gradually, the stronger grav-
yin regions of enhanced density pulled in matter until

chapter 22

these regions stopped expanding and became protogalactic
clouds, even as the universe as a whole continued {and still
continues) to expand.

It dark matter is indeed the most common form of mass
in galaxies, it must have provided most of the gravitational
attraction responsible for creating the protogalactic clouds.
The hydrogen and helium gas in the protogalactic clouds
collapsed inward and gave birth to stars, while weakly in-
teracting dark matter remained in the outskirts because
of its inability to radiate away its orbital energy. According
to this model, the luminous matter in each galaxy must still
be nestled inside the larger cocoon of dark matter that ini-
tiated the galaxy’s formation (see Figure 22.2), just as ob-
servational evidence seems 1o suggest,

The formation of galaxy clusters probably echoes the
tormation of galaxies. Early on, all the galaxies that will
eventually constitute a cluster are flying apart with the ex-
pansion of the universe, but the gravity of the dark matter
associated with the cluster eventually reverses the trajecto-
ries of these galaxics. The galaxies ultimately fall back in-
ward and start orbiting each other randomly, like the stars
in the halo of our galaxy.

Some clusters of galaxies apparently have not et fin-
ished forming, because their immense gravity is still draw-
ing in new members. For example, the large and relatively
nearby Virgo Cluster of palaxies (about 60 million light-
vears away) appears to be drawing in the Milky Way and
other galaxies of the Local Group. The evidence comes
from careful study of galaxy speeds. Plugging the Virgo
Cluster’s distance into Hubble's law tells us the speed at
which the Milky Way and the Virgo Cluster should be drift-
ing apart due to the universal expansion [Section 200.2].
However, the measured speed is about 400 km/s slower than
the speed we predict from Hubble's law alone. We conclude
that this 400 km/s discrepancy (sometimes called a pecie-
lir velocity) arises because the Virgo Cluster’s gravity is
pulling us back against the flow of universal expansion. In
ather words, while the Milky Way and other galaxies of our
Local Group are still moving away from the Virgo Cluster
with the expansion of the universe, the rate at which we are
separating from the cluster is slowing with time. Eventu-
ally, the cluster’s gravity may stop the separation altogether,
at which point the cluster will begin pulling in the galaxies
of our Local Group, ultimately making them members of
the cluster,

Similar processes are taking place on the outskirts of
other large clusters of galaxies, where we see many galaxies
whose speeds indicate that the cluster’s gravity is pulling
on them. Eventually, some or perhaps all of these galax-
ies will fall into the cluster. Thus, many clusters are still
attracting galaxies, adding to the hundreds they already
contain. On even larger scales, clusters themselves seem
to be tugging on one another, hinting that they might be
parts of even bigger gravitationally bound systems, called
superclusters, that are still in the early stages of formation
(Eigure 22.12). But some structures are even larger than
superclusters.
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* What are the largest
structures in the universe?

Bevond about 300 million light-years from Earth, devia-
tions from Hubble's law owing to gravitational tugs are
insignificant compared with the universal expansion, 50
Hubble’s law becomes our primary method for measuring
galaxy distances [Section 20.2]. Using this law, astrono-
mers can make maps of the distribution of galaxies in
space. Such maps reveal large-scale structures much vaster
than clusters of galaxies.

Mapping Large-Scale Structures Making maps of galaxy loca-
tions requires an enormous amount of data. A Jong-exposure
photo showing galaxy positions is not enough, because it
does not tell us the galaxy distances, We must also measure
the redshift of each individual galaxy so that we can esti-
mate its distance by applying Hubble's law. These measure-
ments once required intensive labor, and up until just over
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a decade ago it took vears of effort to map the locations of
just a few hundred galaxies. Flowever, astronomers have re-
cently developed technology that allows redshift measure.
ments for hundreds of galaxies during a single nightof
telescopic observation. As a result, we now have redshift
measurements—and hence estimated distances—form
thousands of distant galaxies.

Figure 22.13 shows the distribution of galaxies mthrec
slices of the universe, each extending farther out in distance
Our Milky Way Galaxy is located at the vertex at the fr
left, and each dot represents another entire galaxy of stars.
The slice at the lefi comes from one ef the first surveys of
large-scale structures performed in the 1980s. This map,
which required years of effort by many astronomers, dra-
matically revealed the complex structure of our corner of -
the universe. [t showed that galaxies are not scattered ran-
domly through space but are instead arranged in huge chaing
and sheets that span many millions of light-years, Clustess
of galaxies are located at the intersections of these chains
Between these chains and sheets of galaxies lie giant emply
regions called voids. The other two slices show data from
the mare recent Sloan Digital Sky Survey. The Sloan Surver
has measured redshifts for nearly a million galaxies spread
across about one-fourth of the sky.

Some of the structures in these pictures are amazingly
large. The so-called Sloan Great Wall, clearly visible in the
center slice, extends more than 1 billion light-vears from
end to end, Immense structures such as these apparently
have not vet collapsed into randomly orbiting, gravitation-
ally bound systems,

The universe may still be growing structures on these
very large scales. However, there seems to be a limit to the
size of the largest structures. [f vou look closely at the right-
most slice in Figure 22.13, vou'll notice that the overall
distribution of galaxies appears nearly uniform on scales
larger than about a billion light-vears. In other words,
on very large scales the universe looks much the same
evervwhere, in agreement with what we expect from the
Cosmological Principle [Section 20.2].

The Origin of Large Structures  Why is gravity collecting mat-
ter on such enormous scales? Just as we suspect that gal-
axies formed from regions of slightly enhanced densityin
the earlv universe, we suspect that these larger structures
were also regions of enhanced density, Galaxies, clusters,
superclusters, and the Sloan Great Wall probably all stariad
as mildly high-density regions of different sizes. The voids:
in the distribution of galaxies probably started as mildly
low-density regions.

If this picture of structure formation is correct, then
the structures we see in today’s universe mirror the origind
distribution of dark matter very early in time. Supercom-
puter models of structure formation in the universs can
now simulate the growth of galaxies, clusters, and larger
structures from tiny density enhancements as the universe
evolves (Figure 22.14). Models of extremely large regions
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Figure 22.15 These
af dark nthe uni

reveal how dark matter should be distributed throughout
the entire observable universe { Figure 22.15), The results of
these madels look remarkably similar to the slices of the uni-
verse in Figure 22.13, bolstering our confidence in this sce-
nario. However, the models do not tell us why the universe
started with these slight density enhancements—that isa
topic for the next chapter. Nevertheless, it seems increasingly
clear that these “lumps” in the early universe were the seeds
of all the marvelous structures we see in the universe today.

e
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22.4 The Fate of The Universe

Some say the world will end i1 fire,
Some say in ice,

From what I've tasted of desire

I hold with those who faver fire.
But if it had to perish twice,

i think I know enongh of hate
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structure
ent the hign-

To say that for destruction ice
Is also grear
And would :'E{_ﬁil'{‘.

Robert Frost

We now arrive at one of the ultimate questions in astros-
omy: How will the universe end? Edwin Hubble's workes
tablished that the galaxies in the universe are rapidly flying
away from one another [Section 20.2], but the gravitationa]
pull of each galaxy on every other galaxy acts to slow the
expansion. The possible outcomes would appear to fall into
two general categories. If gravity is strong enough, the ex-
pansion will someday halt and the universe will begin cak
lapsing, eventually ending in a cataclysmic crunch. Alterna-
tively, if the expansion can overcome the pull of gravity,
the universe will continue to expand forever, growing ever
colder as its galaxies grow ever farther apart. The fate of the
universe thus seems to boil down to a simple question: ks
the universe expanding fast enough to escape its own grav-
itational pull and keep on expanding forever? 1




+ Will the universe continue
expanding forever!?

Let's begin by considering the fate of the universe as it
seemed just a few years ago, before the discoveries that sug-
gested the presence of dark energy in the universe, In the
absence of dark energy, we would expect gravity 1o be slow-
ing the expansion of the universe with time. In that case,
the fate of the universe hinges on the overall strength of the
universe’s gravitational pull. The strength of this pull de-
pends on the density of matter in the universe: The greater
the density, the greater the overall strength of gravity and
the higher the likelihood that gravity will someday halt the
expansion.

Precise calculations show that gravity can win out over
expansion if the current density of the universe exceeds
aseemingly minuscule 107 gram per cubic centimeter,
which is roughly equivalent to a few hydrogen atoms in
avolume the size of a closer. The precise density marking
the dividing line between eternal expansion and eventual
collepse is called the critical density. {Remember that

for the moment, we are assuming a universe without dark
eneTgy.)

Observations of the luminous marter in galaxies show
that the mass contained in stars falls far short of the eritical
density. The visible parts of galaxies contribute about (L3%
of the matter density needed to halt the universe's expan-
sion. The fate of the universe would thus seem to rest with
the dark matter. Is there enough dark matter to halt the
erpansion of the universe?

Because stars seem o contribute about 0,5% of the mat-
ter density needed to halt the expansion, the expansion
could halt only if the total mass of dark matter were at least
N0times that of the mass in stars. Our studies of individ-
ual galaxies suggest that they contain at least 10 times as
much dark matter as matter in stars, and studies of clusters
of galaxies raise that number further to about 30 rimes as
miuch dark matter as matter in stars, However, this is still
oy about a quarter of the amount of dark matter needed
tahalt the expansion. Thus, if the proportion of dark mat-
ter in the universe at large is similar to that in clusters, the
universe ssems destined to expand forever. For gravity to
reverse the expansion and pull the universe back together,
gren more dark matter would have to lie beyond the bound-
ries of clusters.

If large-scale structures really did contain a higher pro-
portion of dark matter than do clusters, the influence of
that extra dark matter should show up in the velocities of
gilavies near those large-scale structures: Larger amounts
of dark matter would be causing greater deviations from
Hubble's law. As of 2003, however, studies of galaxy veloci-
ties are holding the line near the value we infer from clus-
rs, which is about 25% of the critical density required to
teverse the expansion. If that is the case, the universe seems
ined 1o expand forever, even if there is no dark energy
ffecting the rate of expansion,

chapter 22

* Is the expansion of the
universe accelerating?

In the past few years, observations of distant white dwarf
supernovae have enabled us to probe the fate of the universe
in an entirely new way. Because white dwarf supernovae
are such good standard candles [Section 20.2], we can use
them to determine whether gravity has been slowing the
universe's expansion, as it must if the universe is destined
to end in a cataclysimic crunch. However, the astronomers
who set out to measure gravity’s influence over the uni-
verse by observing supernovae discovered something quite
unexpected.

Instead of slowing because of gravity, the expansion
of the universe appears to be speeding up, suggesting
that some mysterious repulsive force—the so-called dark
erergy—is pushing all the universe’s galaxies apart. This
discovery, if it holds up to further scrutiny, has far-reaching
implications for both the fate of the universe and our un-
derstanding of the forces that govern its behavior on large
scales. To understand the evidence for an accelerating ex-
pansion, we must become more familiar with the possible
futures of the universe.

Four Expansion Potterns  Astronomers subdivide the two gen-
eral possibilities for the fate of the universe—expanding
forever or someday collapsing—into four broad categories.
Each represents a particular pattern of change in the future
expansion rate {Figure 22.16). We will call these four possi-
ble expansion patterns recollapsing, critical, coasting, and
accelerating. The first three possibilities assume that gravity
is the only force that affects the expansion rate of the uni-
verse, while the fourth adds a repulsive force (dark energy)
that opposes graviry:

@ A recollapsing universe: If there is no dark energy and
the matter density of the universe is arger than the criti-
cal density, then the collective gravity of all its matter
will eventually halt the universe’s expansion and reverse
it. The galaxies will come crashing back together, and
the entire universe will end in a fiery “Big Crunch.” We
call this a recollapsing universe because the final state,
with all matter collapsed together, would look much
like the state in which the universe began in the Big
Bang. (A recollapsing universe is sometimes called 2
closed universe, because the overall geometry of space-
time would close upon itself like the surface of a sphere
[Section 53.2].)

@ A critical universe: If there is no dark energy and the

matter density of the universe equals the critical density,

then the collective gravity of all its matter is exactly the
amount needed to balance the expansion. The universe
will never collapse but will expand more and more
slowly as ume progresses. We call this a critical universe
because its density is the critical density. {Mathemnati-
cally speaking, a critical universe stops expanding after
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tion belween galaxies. The ages that we would infer from
the examples in Figure 22,17 are 8.8 billion years for a criti-
cal universe, 13 billion vears for a coasting universe, and
around 14 billien years for an accelerating universe.

This relationship between the age of the universe and its
expansion pattern enables us to determine the expansion
patlern from observations of white dwarf supernovae, Be-
cause these supernovae are so bright and make such excel-
lent standard candles, we can identify them and measure
their distances and redshifts even when they are more than

weans that the universe i< expand-
ing curve means that the uni-
varse is contracting, Matice that the super-
novae data fit the accelerating universe
better than the ather modals,

halfway across the observable universe. The distance we
measure essentially tells us the lookback time to the super-
nova, while its redshift tells us how much the universe has
expanded since the time of the supernova explosion. Com-
bining these two pieces of information for supernova ex-
plosions at different times in the past therefore reveals how
fast the universe was expanding over that entire time period.
Observations of such distant supernovae are still very
difficult, but we have some data that are plotted as dots in
Figure 22,17, Although there is some scatter in these data,

SPECIAL TOPIC Einstein's Greatest Blunder

Skortly afier Eimstein completed his gencral theory of relativiny

in 1913, he found that it predicred that the universe could not be
sanding sull: The mutual gravitational anraction of all the marer
would miake the universe collapse. Because Einstein thought at the
time that the universe should be elernal and static, he decided ta
alter bis equations, In essence, he inserred a “fudge factor” called
the cosmological constant thal acted as a repulsive force to counter-
ot the attractive force of gravity.

Had he noet been so convinced thar the universe should be stand-
ing still, Einstein might instead have come up with the correct ex-
planation for why the universe is not collapsing: becawse it is still
expanding from the event of its birth. Afier Hubble discovered the
eniversal expansion, Einstein supposedly called his invention of the
amological constant “the greatest blunder™ of his career.

Recently, however, astronomers have begun to take the idea of
scosmological constant more seriously, In the mid-1990s, a few
observations sugzested that the oldest stars were slightly older than
the age of the universe derived from Hubble's constant under the
ssumption that gravity is the only force affecting the universe’s
expansion. Clearly, stars cannot be older than the universe. If these
ebservations were being interpreted correctly, the universe had o

be older than Hublle's constant implics. If the expansion rate has
accelerated, so that the universe is expanding faster wday than it
was in the past, then the age of the universe would be greater than
that ﬂtdin;lril}' found from Hubhle's constant (see Figurc 22.18].
What could cause the expansion of the universe to accelerate over
time? The repulsive force represented by a cosmological constant,
ol course.

Further study of the troulling observations has shown that the
oldest stars probably are nor older than the age of the universe de-
rived from Hubble's constant, However, measurements of distances
1o high-redshift galaxies using white dwarf supernovae as standard
candles now suggest that the expansion is acoelerating. A cosma-
logical constant arising from dark energy could account for this
startling fnding, but we'll need more abservations before we can
be sure it is correct. Interestingly, the observations we currently
have indicate thar dark energy has properties identical to the re-
pulsive force that Einstein ariginally proposed. The amount of
dark energy in each volume of space seems to remain unchanged
while the universe e_\'pands. as if the vacuum of space itself were
constantly rippling with energy [Section $4.5). Einstein’s greatest
Dlunder, it seems, Just wan't go away.,
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they appear to fit the curve for an accelerating universe bet-
ter than any of the other models, and they do not fit either
a critical or a recollapsing universe. In other words, the ob-
servations to date scem to favor an accelerating universe.
Exactly why the expansion of the universe might be ac-
celerating remains a deep mystery. No known force would
act to push the universe's galaxies apart, and an enormous
amount of energy would be required. OF course, our lack
of understanding does not stop us from giving 2 name to
the repulsive force that is causing the acceleration, and we
have already discussed why it is often dubbed dark energy.
Keep in mind, however, that we do not vet have any idea
of what the dark energy might actually be. Nevertheless, if
dark energy really exists, it is the most prevalent form of
energy in the universe, outstripping the total mass-energy
of all the matter in the universe—including the dark mat-
ter. Only continued observations will tell us whether the
dark energy is real or an artifact of our still-limited data.

A Never-Ending Expansion?  Whether or not the dark energy
exists, and whatever dark energy might turn out to be, it
now seems likely that the universe is indeed doomed to ex-
pand forever, its galaxies receding ever more quickly into
an icy, empty future. After all, our examination of the
strength of gravity showed that it is too weak to stop the ex-
pansion even without dark energy, and the acceleration
due to dark energy would seem only 1o seal this fate. Some
sclentists even hypothesize that the dark energy could
eventually cause galaxies, stars, and planets to break apart
and disperse with the never-ending expansion.

However, before we convince ourselves that we now
know the fate of the universe, we should bear in mind that
forever is a very long time. The universe may hold other
surprises that we haven't vet discovered, surprises that might
force us 1o rethink what might happen between now and
the end of time.

This 15 the way the world ends
This is the way the world ends
This is the way the world ends
Not with a bang but a whimper.

From The Hollow Men by T. 5. Eliot

THE BIG PICTURE _

Putting Chapter 22 into Context
We have found that there may be much more to the universe thea
meets the eye. Dark matter oo dim for us Lo see seems to far oet-
weigh the stars, and a mysterious dark energy may be even mose
prevalent. Here are some key “big picture” points to remember
about this chapter:

® Dark matter and dark energy sound very similar, but
they are each hypothesized to explain different observe-
tions. Dark matter is thought to exist because we detest
its gravilational influence. “Dark energy” is a term given
to whatever strange, repulsive force may be accelerating
the expansion of the universe. i

@ Either dark matter exists, or we do not understand how .
gravity operates across galaxy-size distances. There are
many reasons to be confident about our understanding
of gravity, leading most astronomers to conclude that
dark matter is real.

® Dark matter seems by far to be the most abundant form :

~ of mass in the universe. We still do not know whatit
is, but we suspect it is largely made up of some typeof
as-vet-undiscovered subatomic particles.

@ If dark matter is indeed the dominant source of grav-
ity in the universe, then it is the glue that binds to-
gether galaxies, clusters, superclusters, and other
large-scale structures in the universe, All this strue-
ture has probably grown from regions in the carly
universe where the density of dark matter was slightly
enhanced.

@ The fate of the universe depends on whether gravity can
ever halt the present expansion. The total strength of
gravity seems too weak to do so even when we account
for dark matter, and the evidence indicating that the
expansion is accelerating only reinforces the idea that
expansion will never cease.

SUMMARY OF KEY CONCEPTS

22.1 Unseen Influences in the Cosmos

+ What do we mean by dark matter and dark
energy! Dark matter and dark energy have never been
direetly observed, but each has been propesed to exist
because it seems the simplest way to explain a set of
observed motions in the universe, “Dark martter” is the
name given to the unseen mass whose gravity governs the
observed motions of stars and gas clouds. “Dark energy” is
the name given to whatever may be causing the expansion
of the universe to accelerate,
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22.2 Evidence for Dark Matter

* What is the evidence for dark matterin
galaxies? The orbital velocities of stars and gas clouds
in galaxies do not change .'
. Much with distance from the :
center of the galaxy. Applying
oo o o Newton's laws of gravitation
Fmmmemmm—m—t= and motion to these orbits
leads to the conclusion that the total mass of a galaxy is
far larger than the mass of its stars. Because no detectable

.
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visible light is coming from this matter, we call it dark probably what formed protogalactic clouds and then
matter. palaxies from slight density enhancements in the carly

« What is the evidence for dark matter in e

clusters of galaxies? We have three different ways + What are the largest structures in the

of measuring the amount universe! Galaxies appear to be distributed in gigantic

of dark matter in clusters of chains and sheets that

galaxies: from galaxy orbits, surround great voids. These
from the temperature of the giant structures trace their

hot gas in clusters, and from origin directly back to regions -
the gravitational lensing of slightly enhanced density
predicted by Einstein. All these early in time.

methods are in agreement,
indicating that the 1otal mass of a cluster is about 50 limes

the mass of its stars, implying huge amounts of dark matter. 22.4 The Fate of the Universe [

|

« Does dark matter really exist? Weinfer that « Will the universe continue expanding |
dark matter exists from its gravitational influence on the forever? Fven before we consider the possibility of

a mysterious dark energy, the
evidence points to eternal
expansion. The critical |
density is the average matter
density that the universe
would need for the strength
of gravity to eventually halt
the expansion. The overall
matter density of the universe
appears to be only about 25%
of the critical density.

matter we can see, leaving two possibilities: Either dark
maiter exists, or there is something wrong with our
understanding of gravity. We cannot rule out the latter
possibility, but we have good reason to be confident about
our current understanding of gravity and the idea that
dark matter is real.

What might dark matter be made of? Some
of the dark matter could be ordinary or baryonic matter
in the form of dim stars or planetlike objects, but there
does not appear o be enough ordinary matter to account
for all the dark matter. Most of it is probably extraordi-

nary or nonbaryonic matter consisting of undiscovered «+ Is the expansion of the universe accelerating!
particles that we call WIMPs. Observations of distant supernovae indicate that the
7~ expansion of the universe is
22.3 Structure Formation F speeding up. No one knows
z . the nature of the mysterious
« What is the role of dark matter in galaxy b ke G
2 3 i wf“ " force (dark energy) that could
formation? Because most of a galaxy’s mass is in the . s Jir e &
o ey 5 : o be causing this acceleration.
form of dark matter, the gravity of that dark matter is V2 A PR ISR PR

EXERCISES AND PROBLEMS

-
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Review Questions methods agree? What do they tell us about dark marter in

Short-Answer Questions Based on the Reading palaxy clusters?

6. What is gravitational lensing
we use it to estirmate the masses of lensing objects?

. Briefly explain why the conclusion that dark matter exisls

assuming that we understand gravity correctly. Is it

Why does it occur? How can

. Define dark matter and d gy, and clearly distinguish
between them. What types of observations have led scientists
to propose the existence of each of these unseen influences?
 What is a rotation curve? Describe the rotation curve of the
Milky Way, and explain how it indicates the presence of large
amounts of dark matter.

How do we construct rotation curves for other spiral galaxies?
What do they 1ell us abou

FEsis On
sssible that our understanding of gravity is not correct?
Explain.
8. In what sense is dark matter “dark™? Bricily explain why
ohicets like vou, planets, and even dim stars could qualify
as dark matter.

tas

e galaxy masses and dark matter?

4 How we rmeclire the masses =il o laninc? Whe
4. He Tdu we measure the masses of elliptical galaxies? \'l_h 1 4. What do we mean by MACHOs? How can we search far
do these masses lead us to conclude about dark matter in P i i
el ocd them? Briefly describe why these searches suggest that star-
e i
5. Beiofly describe the three different ways of measuring the like {or planetlike) ohiects and black holes carmor account
1 it e e R e - for all the dark matter in the halo of our galaxy.
mass of a cluster of galaxies. Do the results from the different e M
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10, Explain what we mean when we say that a neutrino is a
weakly fnteracting particle. Why can’t the dark matter in gal-
axies be made of neutrinos?

11. What do we mean by WIMP<? Why does it seem likely that

dark matter consists of these particles, even though we do

nart vel know what they are?

Briefly explain why dark matter is thought to have played a

major role in the fermation of galaxies and larger structures

in the universe. What evidence suggests that large structures
are still forming?

13. What does the large-scale structure of the universe look like?
Explain why we think this structure reflects the density pat-
terns of the carly universe.

| 14, What do we mean by the eritical denstty of the universe? Ac-

\ cording tw current evidence, how does the actual density of
matter in the universe compare to the eritical density?

| 15. Diescribe and compare four possible patterns for the expan-

| sion of the universe: recollapsing, critical, coasting, and ac-
celerating, Observationally, how can we decide which of the
four possible expansion madels is the right one?

16. Assuming the accelerating expansion of the universe is real,
what does it imply for the fate of the universe? What does
current evidence suggest for the fate of the universe if the
peceleration is not real? Explain,

==
a

Test Your Understanding

Does It Make Sense?a

Decide whether the statement makes sense (o is clearly true) or
does not make sense (or is clearly false). Explain your reasoning.
{For an example, see Chapter 1, “Does It Make Sense?”)

I7. Strange as it may sound, most of both the mass and energy
in the universe may take forms that we are unable to detect
directly.

A cluster ol galaxies is held together by the mutual

gravirational attraction of all the stars in the cluster’s

galaxies.

19, We can estimate the 1otal mass of a cluster of galaxies by
studying the distorted images of galaxies whose light passes
through the cluster,

20, Clusters of galaxies are the lirgest structures that we have so
far delected in the universe.

21. The primary evidence for an accelerating universe comes
from observations of voung stars in the Milky Way,

22, There is nu doubt remaining among astronomers that the
fare of the universe is to expand forever.

23, Dark matter is called “dark” because it blocks light from
traveling between the stars,

22, If the universe has more dark matter than we think, then it
is also vounger than we think.

23, The distance to a white dwarl supernova with a particular
redshift is larger in an accelerating universe than in a universe
with ne acceleration,

26, If dark matter cansists of WIMPs, then we should be able
to observe photons produced by collisions between these
particles.

&=
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Quick Quiz
Choose the best answer to each of the following. Explain your
reasoning with one or more complete sentences,

27, Dark matter is inferred to exist because: (a) we see Jots of
dark patches in the sky. (b) it explains how the expansion
of the universe can be accelerating. (c) we can observe its
gravitational influence on visible matter,

28. Dark energy has been hypothesized to exist in order to ex-
plain: {a) observations suggesting that the expansion of the
universe is accelerating. (b) the high orbital speeds of stars
far [rom the center of our galaxy, (c) explosions that seem
o create glant voids between galixics.

24, The flat part of the Milky Way Galaxy’s rotation curve tells

us that stars in the outskirts of the galaxy: (a) orbit the galac

tic center just as fast as stars closer 1o the center (b) mtale
rapidly an their axes. (¢} rravel in sm].ighl. flat lines rather
than elliptical orbits,

Strang evidence for the existence of dark matter comes from

observations of: (a) our solar system. [b) the center of the

Milky Way. (¢} clusters of galaxies,

A photograph of a cluster of galaxies shows distorted imags

of galaxics that lie behind it at greater distances. Thisis an

example of what astronomers call: () dark energy. (b) spird
density waves, (¢) a gravitational lens,

32, Based on the observational evidence, is it possibh‘. that dark

matier doesn't really exist? (a) No, the evidence for it i toa

strong to think it could be in error. (b) Yes, b |J1i|!|I if there
is something wrong with our current understanding of how
sravity should work on large scales, () Yes, but only i all
the ohservations themselves are in error,

Based on current evidence, which of the following is consd-

ered a likely candidate for the majority of the dark matter

in galaxies? (a) subatomic particles that we have not yet de-
tected in particle physics experiments (b) swarms of relatively

dim, red stars (¢) supermassive black holes

34, Which region of the early universe was most likely 1o be-

comea galaxy? (a) a region whose matter density was

lower than average (b) a region whose marter density was
higher than average (¢) a region with an unusual concen-
tration of dark energy

The major evidence for the idea that the expansion of the

universe is accelerating comes from observations of () white

dwarf supernovae. (b) the orbital speeds of stars within gal-
axies. (¢] the evolution of quasars.

36, Which of the following pessible types of universe would
not expand forever? (a) a critical universe (k) an accelerating
universe () a recollapsing universe
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Investigate Further
In-Depth Questions to Increase Your Understanding

Short-AnswerlEssay Questions
37. Dark Muatter. Overall, how convineing do vou consider the
case for the existence of dark matter? Write a short essay in
which vou deseribe what we mean by dark marter, descrive
the evidence for its existence, and discuss vour opinion
about the strengrh of the evidence.




, Diark Erergy: Overall, how comving ing da vou consider the
s for the existence of dark energy? Write a short essay in
which vou describe what we mean by dark energy, describe
the evidence for its existence, and discuss your opinion
ot the sirength of the evidence.
The Future Universe. Based on current evidence concerning
the growth of structure in the universe, briefly describe what
you would expect the universe 1o loak like on large scales
about 10 billion vears from now.
0. Dark Matter and Lifie. State and explain at least two reasans
one might argue that dark matter is or was) essential for life
1o exist on Farth.
| Rotation Crirves, Draw and label a rofation curve far each
of the following three hypothetical situations. Make sure the
cadfius axis has approximate distances Tabeled.
2. Allthe mass of Lhe galaxy 15 concentrated in the center
of the galaxy.
b, The Galzxy has a constant mass densily inside 20,000 light-
years, and zero density outside that.
¢. The galaxy has a constant mass density inside 20,000 light-
years, and its enclosed mass increases proportionally to
the radius outside that.
Durk: Energy and Supernova Hrightess, When astronomerss
began measuring the brightnesses and redshifts of distant
white dwarf supernovae, they expected to find that expan-
sian of the universe was slowing down. Tnstead they found
that it was speeding up! Were the distant supernovae brighter
ar fainter than expected? Explain why. [Hine: In Figure 2216,
the position of 2 supernova point on the vertical axis de-
pends on its redshift. Its position on the horizonlal axis
depends on 115 briglitness—supernovac seen farther Back
in time are not as bright as those scen closer in time.]
What ks Dark Matter? Descrilse at least three possible con-
iuents of dark matter, Fxplain how we would expect gach
winteract with Tight, and how we might ga about detecting
its existence.
Aliernative Graviry. How would gravity have to be different
ingrder to explain the rotation curves of galaxies wilhout
the need fur dark matter? Would gravity need to be stronger
ar weaker than expected at very large distances? Explain.

titative Problems
sure 10 show all caleulations clearly and state your final answers

comiplete sentences,

55, White Dwarf M/L. What is the mass-la-light ratio of &

1My, white dwarf with luminosity 0,001 Layy?

. Supergiant M/L What is the mass-to-light ratio of a 30 Mgy
supergiant star w it lurminosity 300,000 Leyg?

&, Solar Spstem MUL, What is the mass-to-light ratio of the solar
svsten!

48, Mass from Roration Curve. Study the rotation curve for the
spiral galaxy NGC 3 341, which is shown in Figure 22.4.

chapter 21

4. Use the orbital velocity law to determine the mass lin
solar masses) of NGC 7341 enclosed within a radius of
30,000 light-years [rom its cenler. { Ffing: 1 light-year =
9.461 % 107 m.)

b, Lise the orbital velacity law 1o determine the mass of
NGC 7541 enclosed within a radius of 60,000 light-years
from its center.

¢ Based on your answers o parts (a] an (b}, what can you
conclude about the distributien of mass in this galaxy? .

49, Weighing @ Cluster. A cluster of galaxics has a radivs of about
5.1 million light-years [4.8 % 107 m) and an intracluster
imedium with 2 temperature of 6 % 107 K. Estimate the
s of the cluster. Give your answer in bath kilograms and
solar masses. Suppose the combined luminosity of all the
stars in the cluster is > 107 What is the cluster’s mmass-
to-light ratin?

0. Cluster Mass from Hot Gas. The gas iempsrature of the Conta
cluster of galaxies is about 9 * 107 K. What is the mass of
this cluster within 13 million light-vears of the cluster center?

51, How Many MACHOS? limagine a galaxy whose stars are all

identical to the Sun but that has an overall mass-to-light

ratio af 30,

a. What is the ratio of dark matter to luminous matter in
this galaxy?

b, Suppose all the dark matter consists of MACHOs similar
to Jupiter, cach with a mass of 0001 solar mass. How
many of these MACHOs must the galaxy contain for cach
ordinary star? Explain.

3 From Newton ro Dark Matter. Show that the equation

M = r % 12G from Mathematical Insight 22.2 s exquiv-

alent to Newton's version of Kepler's third law from Mathe-

matical Insight 4.3, Assume thal one mass is much larger
1han the ether mass and that the orbit is circular. { Himi:
what is the mathematical relationship between period p and
orbital velocity vand orbital radius r for a circular orbit?]

Ly

v

Discussion Questions

53, Dark Matter or Revised Gravity, One possible explanation
for the evidence we find for dark matter s thal we are cur-
rently using the wrong law of gravity to measure the masses
of very large objects. If we really do misunderstand gravity,
then many fundamental theories of physics, including Ein-
steirt’s theary of general relativity, will need to be revised.
Which explanation for our observations do vou find more
appealing, dark matter or revised peavity? Explain why. Why
do vou suppose most asironomers find dark matter more
appealing?

54, Our Fate. Scientists, philosophers, and poets alike have
speculated on the fate of the universe. How would you pre-
fer the universe as we know it to end, in 2 "Big Crunch”
or through eternal expansion? Explain the reasons behind
vour preference.
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The Beginning of Time

LEARNING GOALS_

23.1 The Big Bang 23.3 The Big Bang and Inflation
+ What were conditions like in the early * What aspects of the universe were
universe? originally unexplained by the Big Bang
+ What is the history of the universe model?
according to the Big Bang theory? + How does inflation explain these features

of the universe?

23.2 Evidence for the Big Bang » How can we test the idea of inflation?

+ How do we observe the radiation left over

from the Big Bang? 23.4 Observing the Big Bang for Yourself
+ How do the abundances of elements » Why is the darkness of the night sky
support the Big Bang theory? evidence for the Big Bang?
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Somewhere, something incredible is waiting to be known.
Carl Sagan

e universe has been expanding for about |4 billion
years. During that time, matter has collected into
galaxies and stars have formed in those galaxies, pro-

ducing heavy elements that have been recycled into later
generations of stars. One of these late-coming stars formed
about 4.6 billion years ago, in a remote corner of a galaxy
called the Milly Way. This star was born with a host of
planets that formed in a flattened disk surrounding it. One
of these planets soon became covered with life that grad-
ually evolved into ever mare complex forms, Today, the
most advanced life-form on this planet, human beings, can
look back en this series of events and marvel at how the
universe created conditions suitable for life.

Ta this point in the book, we have discussed how the
marter produced in the early universe gradually assembled
into planets, stars, and galaxies. However, we have not yet
answered one big question: Where did the matter itself
come from? To answer this ultimate question, we must go
beyond the most distant galaxies and even beyond what
we can see near the horizon of the universe. ¥YWe must
go back not only to the origins of matter and energy but
to the beginning of time itself.

o
':’Q;t Hubble’s Law Tutorial, Lessons 1-3

23.1 The Big Bang

Is it really possible to study the origin of the entire universe?
Not long ago, questions about the erigin of evervthing we
see were considered unfit for scientific study. That attitude
began to change with Hubble’s discovery that the universe
is expanding. This discovery led to the insight that all things
very likely sprang into being at a single moment in time,
inan event that we have come to call the Big Bang. Today,
powerful telescopes allow us to view how galaxies have
changed over the past 14 billion vears, and at great distances
we see voung galaxies still in the process of forming |Sec-
tion 21.1]. These abservations confirm that the universe is
gradually aging, just as we should expect if the entire uni-
verse really was born some 14 billion vears ago.
Unfortunately, we cannot see back to the very beginning
of time. Light from the most distant galaxies shows us what
the universe looked like when it was 1 or 2 billion years old.
Beyvond these galaxies, we have not vet found any objects
shining brightly enough for us to see them, Ultimately, we
face an even more fundamental problem. The universe is
filled with a faint glow of radiation that appears to be the
remnant heat of the Big Bang. This faint glow is light that
has traveled freely through space since the universe was
about 380,000 years old, which is when the universe first
became transparent to light. Before that time, light could
not pass freely through the universe, so there is no possibil-
ity of seeing light from carlier times. Thus, just as we must
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rely on mathematical modeling to determine what the Sun
is like on the inside, we must also use modeling to imvesti-
gate what the universe was like during its earliest moments

* What were conditions like
in the early universe?

Scientific models of the conditions that prevailed in the
early universe are based on fundamental principles of
physics. The universe is cooling and becoming less dense
as it expandds, so it must have been hotter and denser in
past. Calculating exactly how hot and dense the universe
must have been when it was more compressed is similacio
calculating the temperature and density of gas in a balloon
when vou squeeze it, except that the conditions become
much more extreme, Figure 23.1 shows just how hot the
universe was during its earliest moments, accordingtos
calculations,

The universe was so hot during the first few seconds
that photons could transform themselves into matter, and
vice versa, in accordance with Einstein’s formula E = md
[Section 4.3]. Reactions that create and destrov matter are
now relatively rare in the universe at large, but physicists
can reproduce many such reactions in their laboratories.

One such reaction is the creation or destruction of an
electron-antielectron pair {Figure 23.2), When two photons
collide with a total energy greater than twice the mass-
encrgy of an electron (the electron’s mass times ¢°), they
can create two brand-new particles: a negatively charged
clectron and its positively charged twin, the antielectran
talso known as a pesitron). The electron is a particle of
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Figure 23.2 Electron-antelactron creaticn and anninilagian. Re
i onsantly converted photons to particles and
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matter, and the antielectron is a particle of antimatter.
The resction that creates an electron-antielectron pair also
mnsin reverse. When an ¢lectron and an antielectron meet,
they annifiilate each other totally, transforming all their
mass-¢nergy back into photon energy. In order to conserve
both energy and momentum, an annihilation reaction
must produce ftwo photons instead of just one.

Similar reactions can produce or destroy any particle-
antiparticle pair, such as a proton and antiproton or a neu-
won and antineutron. The early universe therefore was filled
with an extremely hot and dense blend of photons, matter,
and antimatter, converting furiously back and forth. De-
spite all these vigorous reactions, describing conditions in
the early universe is straightforward, at least in principle. We
simply need 1o use the laws of physics to caleulate the pro-
portions of the various forms of radiation and matter at
each moment in the universe’s carly history. The only diffi-
aulty is our incomplete understanding of the laws of physics.

To date, physicists have investigated the behavior of mat-
ter and energy al temperatures as high as those that existed
in the universe just ore ren-billionth { 107"} of a second
after the Big Bang, giving us confidence that we actually
understand what was happening at that early moment in
the histary of the universe. Our understanding of physics
isless certain under the more extreme conditions that pre-
vailed even earlier, bul we do have some ideas about what
the universe was like when it was 2 mere 10 second old,
and perhaps a glimmer of what it was like at the age of just
107 second. These tiny fractions of a second are so small
that, for all practical purposes, we are studying the very
moment of ¢creation—the Big Bang itself.

* What is the history
of the universe according
to the Big Bang theory!

The Big Bang theory—the scientific theory of the universe's
earfiest moments—is based on applying known and tested

laws of physics to the idea that all we see today, from Earth
ta the cosmic horizon, began as an incredibly tiny, hot, and
dense collection of matter and radiation. The Big Bang the-
ory describes how expansion and cooling of this unimagin-
ably intense mixture of particles and photons could have
led to the present universe of stars and galaxies, and it ex-
plains several aspects of today’s universe with impressive
accuracy. We will discuss the evidence supporting the Big
Bang theory later in this chapter. First, in arder to help you
understand the significance of the evidence, we'll examine
the history of the universe according 1o this theory.

Figure 23.3 summarizes the story by dividing the over-
all history of the universe into a series of eras, or tinwe peri-
ods. (Some scientists further subdivide the eras described
here.) Each era is distinguished from the next by some
major change in the conditions of the universe. You'll find
it casiest to keep track of the various eras if vou refer back
to this figure as we discuss each era in detail. Notice that
most of the key events in the history of the universe occurred
in a very short period of time. It will take you longer to
read this chapter than it took the universe (o progress
through the first five eras we will discuss, by which point
the chemical composition of the universe had already been
determined.

The Planck Era  As we work our way back through time, we
ultimately reach the limit of our current scientific ability 1o
understand the physical conditions when the universe was
an incomprehensibly young 107+ second old. This instant
in time is called the Planck time after physicist Max Planck,
one of the founders of the science of quantum mechanics.
We refer to all times prior to the Planck time as the Planck
era; that is, the Planck era represents the first 107 second
in the history of the universe,

Current theories cannot adequately describe the extreme
conditions that must have existed during the Planck era.
According to the laws of quantum mechanics, there must
have been substantial energy fluctuations from point ta
point in the very early universe. Because energy and mass
are equivalent, Einstein’s theory of general relativity tells
us that these energy fluctuations must have generated a
rapidly changing gravitational field that randomly warped
space and time. During the Planck era, these random en-
ergy fluctuations were so large that our current theories are
inadequate to describe what might have been happening.
In essence, the problem is that we do not yet have a theory
that links quantum mechanics (our successful theory of
the very small) and general relativity (our successful theory
of the very big). Perhaps someday we will be able to merge
these theories of the very small and the very big into a single
“theary of everything” (sec Special Topic, p. 463). Until that
happens, science cannot describe the universe hefore the
Planck time.

The GUT Era  Understanding the transition that marked
the beginning of the next era requires thinking in terms
of the forces that operate in the universe. Everything that
happens in the universe today is governed by four distinct
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perticles such as neutrinos or WIMPs {weakly interacting
massive particles [Section 22.2().

Although the four forces behave quite differently from
ong another, we now believe that they are actually just dif-
ferent aspects of a smaller number of more fundamental
forces, probably enly one or two (Figure 23.4). At the high
temperatures that prevailed in the early universe, the four
forces were not so distinet as they are today.

As an analogy, think about ice, liquid water, and water
vapor. These three substances are quite different from one
another in appearance and behavior, yet they are just dif-
ferent phases of the single substance -0, In a similar way,
experiments have shown that the electromagnetic and weak
forces lose their separate identities under conditions of very
high temperature or energy and merge together into a single
electroweak force. At even higher temperatures and ener-
gies, the electroweak force may merge with the strong force
and ultimately with gravitv. Theories that predict the merger
of the electroweak and strong forces are called grand uni-
fied theories, or GUTs for short. Thus, the merger of the
strong, weak, and electromagnetic forces is often called the
GUT force. Many physicists suspect that at even higher en-
ergies, the GUT force and gravity merge into a single “super
force” that governs the behavior of everything. [Among the
names vou may hear for theories linking all four forces are
supersynymetry, superstrings, and supergraviiy)

Calculations from general relativity and quantum me-
chanics suggest that this unified “super force™ may have
reigned in the universe during the Planck era. If so, the
Planck time {10°* second) marks the instant when grav-
ity became distinet from the other three forces, which were
still merged as the GUT force. By analogy to ice crystals
forming as a liquid cools, we say that gravity “froze out”
at the Planck time. The universe subsequently entered the
GUT era, when two forces operated in the universe: gravity
and the GUT force.

The GUT era is thought to have lasted but a tiny frac-
tion of a second, coming to an end when the universe had
cooled te 10™ K at an age of about 107°% second. Grand

unified theories predict that the strong force froze out from
the GUT foree at this point, leaving three forces operating
in the universe: gravity, the strong force, and the electroweak
force. The freezing out of the strong force may have released
an enormous amount of energy. This energy release may
have caused the vniverse to undergo a sudden and dramatic
expansion that we call inflation. In the space of a mere
10 * second, pieces of the universe the size of an atomic
nucleus may have grown to the size of our solar system.
Inflation sounds bizarre, but as we will discuss later, it ex-
plains several important features of today’s universe.

The Electroweak Era The end of the GUT era marked

the beginning of the electroweak era, so named because the
electromagnetic and weak forces were still unified in

the clectroweak force. Intense radiation filled all of space,
as it had since the Planck era, spontaneously producing
matter and antimatter particles that almost immediately
annihilated cach other and turned back into photons.

The universe continued to expand and cool throughout the
clectroweak era, dropping to a temperature of 10'° K when
it reached an age of 107" second. This temperature is still
100 million times hotter than the temperature in the core
of the Sun today, but it was low enough for the electromag-
netic and weak forces to freeze out from the electroweak
force. After this instant {107 second), all four forces were
forever distinct in the universe,

The end of the electroweak era marked an important
transition not only in the physical universe, but also in
human understanding of the universe. The theory that
unified the weak and electromagnetic forces, developed in
the 1970s, predicted the emergence of new types of parti-
cles (called the W and Z bosons, or weak bosons) at temper-
atures above the 10 K temperature of the universe when
it was 107" second old. In 1983, experiments performed
in a huge particle accelerator near the French/Swiss border
(CERN) reached energies equivalent to such high tempera-
tures for the first time. The new particles showed up just
as predicted, produced from extremely high-energy parti-
cle collisions in accord with £ = me’.

Thus, we have direct experimental evidence concerning
the conditions in the universe at the end of the electroweak
era. We do not have any direct experimental evidence of con-
ditions prior to that time. Qur theories concerning the earlier
parts of the electroweak era and the GUT era consequently
are much more speculative than our theories describing the
universe from the end of the electroweak era to the present.

The Particle Era  As long as the universe was hot enough for
the spontaneous creation and annihilation of particles o
continue, the total number of particles was roughly in bal-
ance with the total number of photons, Once the universe
became too cool for this spontaneous exchange of matter
and energy to continue, photons became the dominant form
of energy. We refer to the time between the end of the elec-
troweak era and the moment when spontaneous particle
production ceased as the particle era, to emphasize the im-
pertance of subatomic particles during this period.
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During the early parts of the particle era land earlier
eras), phatons turned into all sorts of exotic particles that
we no longer find freely existing in the universe today, in-
cluding grarks—the building blocks of protons and neu-

trons. By the end of the particle era, all quarks had combined

into protons and neutrons, which shared the universe with
other particles such as electrons, neutrinos, and perhaps
WIMPs, The particle era came to an end when the universe
reached an age of | millisecond (001 second | and the tem-

perature had fallen to 10" K, Ar this point, it was no longer

hot enough to produce protons and antiprotons (or neu-

trons and antineutrons) spontaneously from pure energy.
If the universe had contained equal numbers of protons

and antiprotons {or neutrons and antineutrons) al the end

of the particle era, all the pairs would have annihilated each
other, creating photons and leaving essentially no matter in

the universe. From the obvious fact that the universe con-
tains a significant amount of matter, we conclude that pro-
tons must have slightly outhumbered antiprotons at the
end of the particle era.

We can estimate the size of the imbalance between mat-
ter and antimatter by comparing the present numbers of
protons and photons in the universe, The two numbers
should have been similar in the very early universe, but
today photons cutnumber protons by about a billion 1o
one. This ratio indicates that for every billion antiprotons
in the carly universe, there must have been ahout a billion
and one protons. Thus, for each 1 billion protons and anti-
protons that annihilated cach other at the end of the par-
ticle era, a single proton was left over. This seemingly slight
excess of matter over antimatter makes up all the ordinary
matter in the present-day universe. Some of those pro-
tons (and neutrons! left over from when the universe was
0,001 second old are the very ones that make up our bodies.

The Era of Nucleosynthesis  So far, everything we have dis-

cussed occurred within the first 0.001 second of the universe's

exislence—a time span shorter than the time it takes you

1o blink an eve. At this point, the protons and neutrons left
over after the annihilation of antimatter began to fuse into
heavier nuclei. However, the heat of the universe remained
so high that most nuclei broke apart as fast as they formed.

This dance of fusion and breakup marked the era of nucle-

osynthesis.

The era of nucleosynthesis ended when the universe was

about 3 minutes old. After this time, the density in the ex-

panding universe had dropped so much that fusion no longer

occurred, even though the temperature was still about a
billion Kelvin {107 K]—much hotter than the wemperature
at the center of the Sun today. When fusion ceased, about
75% of the mass of the ordinary (barvonic) matter in the

universe remained as individual protons, or hydrogen nuclei.

The other 25% of this mass had fused into helium nuclei,

with trace amounts of deuterium (hydrogen with a neutron}

and lithium (the next heaviest element after hydrogen and
helium). Except for the relatively small amount of matter
that stars later forged into heavier elements, the chemical
composition of the universe remains the same today.
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The Era of Nuclei At the end of the era of nucleosynthesis,
the universe consisted of a very hot plasma of hydrogen
ancled, helium nucled, and free electrons. This basic picore
held for about the next 380,000 vears as the universs con-
tinued to expand and cool. The fully ionized nuclei moved
independently of electrons during this period {rather than
being bound with electrons in neutral atoms), which we
call the era of nuclei. Throughout this era, photons bounced
rapidly from one electron 1o the next, just as they do deep
inside the Sun today |Section 14.2], never managing lo
travel far between collisions. Any time a nucleus managed
to capture an electron to form a complete atom, one of the
photons quickly ionized it.

The era of nuclei came 1o an end when the expanding
universe was about 380,000 years old. At this point the
temperature had fallen to about 3,000 K—roughly half
the temperature of the Sun's surface today. Hvdrogen and
helium nuclei finally captured electrons for good, form-
ing stable, nevtral atoms for the first time. With clectrons
now bound into atoms, the universe suddenly became
transparent, as il a thick fog had suddenly lifted. Photons,
formerly trapped among the electrons, began to stream
freely across the universe. We still see these photons today
as the cosmic microwave background, which we will discuss
shortly.

The Era of Atoms and the Era of Galaxies We've already dis-
cussed the rest of the story in earlier chapters of the book.
The end of the era of nuclei marked the beginning of the
era of atoms, when the universe consisted of 2 mixture of
neutral atoms and plasma (ions and ¢lectrons), along with
a large number of photons. Thanks to the slight density
enhancements present in the universe a1 this time and the
gravitational attraction of dark matter, the atoms and plasms
slowly assembled into protogalactic clouds, Stars formed
in these clouds, transforming the gas clouds into galaxies
The first full-fledged galaxies had formed by the time the
universe was about 1 billion years old, beginning what we
call the era of galaxies.

The era of galaxies continues to this day. Generation
after generalion of star formation in galaxics steadily builds
elements heavier than helium and incorporates them into
new star systems. Some of these star systems develop plan-
¢ts, and on at least one of these planets, life bursl into being
a few billion vears ago. Now here we are, thinking about it
all. Describing hoth the follies and the achievements of the
human race, Carl Sagan once said, “These are the things
that hydrogen atoms do—given 13 billion years of cosmic
evolution.” (Sagan died in 1996, before we refined the age
of the universe to 14 billion vears. )

23.2 Evidence for the Big Bang

Like any scientific theory, the Big Bany theory is 2 modd of
nature designed to explain a set of observations. If it is close

1o the truth, it should be able to make predictions about the
real universe that we can verily through more observations
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or experiments. The Big Bang model has gained wide sci-
entific acceptance for two key reasons:

# The Big Bang model predicts that the radiation that
began to stream across the universe at the end of the era
of nuclei should still be present today. Sure enough, we
find that the universe is filled with what we call the cosmic
microwave background. Its characteristics precisely
match what we expect according to the Big Bang model,
The Big Bang model predicts that some of the original
hydrogen in the universe should have fused into helium
during the era of nucleosynthesis, Observations of the
actual helium content of the universe closely match

the amount of helium predicted by the Big Bang model.

Let’s lake a closer look at this evidence, starting wilh the
cosmic microwave background.

» How do we observe
the radiation left over
from the Big Bang?

The first major piece of evidence supporting the Big Bang
theory was announced in 1965, Arna Penzias and Robert
Wilson, two physicists working at Bell Laboratories in New
Jersey, were calibrating a sensitive microwave antenna de-
signed for satellite communications (Figure 23.5). (Micro-
wives fall within the radio portion of the electromagnetic
spectrum; see Figure 5.7.) Much to their chagrin, they kept
finding unexpected “noise” in every measurement they
made with the antenna.

Fearing that they were doing something wrong, Penzias
nd Wilson worked frantically to discover and eliminate all
possible sources of background noise. They even climbed
upon their antenna Lo scrape off pigeon droppings, on the
ofi-chance that these were somehow causing the noise. No
matter what they did, however, the microwave noise wouldn't
s way. The noise was the same no malter where they
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pointed their antenna, indicating that it came from all direc-
tions in the sky and ruling out the possibility that it came
from any particular astronomical object or from any place
an Earth. Embarrassed by their inability to explain the noise,
Penrias and Wilson prepared to “bury™ their discovery
about the noise at the end of a long scientific paper about
their antenna.

Meanwhile, physicists at nearby Princeton University
were busy calculating the expected characteristics of the
radiation left over from the heat of the Big Bang. They con-
cluded thal, if the Big Bang had really occurred, this radia-
tion should be permeating the entire universe and should
be detectable with a microwave antenna. On a fateful air-
plane trip home from an astronomical meeting, Penzias sat
next to an astronomer who told him of the Princeton cal-
culations. The Princeton group soon met with Penzias and
wilson to compare notes. The “noise” in the Bell Labs an-
tenna was not an embarrassment after all. Instead, it was the
cosmic microwave background—and the first strong evi-
dence that the Big Bang had really happencd. Penzias and
Wilson received the 1978 Nobel Prize in physics for their
discovery of the cosmic microwave background.”

The cosmic microwave background consists of photons
arriving at Earth directly from the end of the era of nuclei,
when the universe was about 380,000 vears old. Because
neutral atoms finally could remain stable, they captured most
of the electrons in the universe. With no more free electrons
to block them, the photons from that epoch have flown
unobstructed through the universe ever since (Figure 23.61.
Thus, when we observe the cosmic microwave background,
we essentially are secing back to a time when the universe

i¢ microwave background
cientific history, in
. The possible exis
ve Big Bang was fivst predicted by
George Gamow and his colleagues in the late 19405, ither Penzins
filsom nor the Princeton group were aware of his work.
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was only 380,000 years old. In that sense, we are seeing
light from the most distant regions of the observable uni-
verse—only 380,000 light-years from our cosmologica]
horizon [Section 20.3].

Surprisingly, it does not take a particularly powertul
telescope to “see” this radiation, In fact, you can pick it up
with an ordinary television antenna. If you set an antenna-
fed television (that is, not cable or satellite TV) to a channel
for which there is no local station, you will see 2 screen full
of static “snow” About 1% of this static is due to photons
in the cosmic microwave background. Try it. If your friends
ask why vou are waiching nothing, tell them that you are
actually watching the most incredible sight ever seen ona
television screen: the Big Bang, or at least as close to it as
we'll ever get.

The cosmic microwave background came from the heat
of the universe itself and therefore should have an essen-
tially perfect thermal radiation spectrum [Section 5.4]. When
this radiation first broke free 380,000 vears alter the Big
Bang, the temperature of the universe was about 3,000 K,
not too different from that of a red giant star's surface, Thus,
the spectrum of the cosmic microwave background origi-
nally peaked in visible light, just like the thermal radiation
from a red star, with wavelengths of a few hundred nano-
meters. However, the universe has expanded by a factor
of about 1,000 since that time, stretching the wavelengths of
these photons by the same amount | Section 20.3|, Their
wavelengths have therefore shifted to abour a millimeter,
squarely in the microwave portion of the spectrum and cor-
responding to a temperature of a few degrees above abso-
lute zero.

In the early 19905, a NASA satellite called the Cosmic
Backgronnd Explorer (COBE) was launched to test these
ideas about the cosmic microwave background. The results
were a stunning success for the Big Bang theory. As shown
in Figure 23.7, the cosmic microwave background does in-
deed have a perfect thermal radiation spectrum, with a
peak corresponding to a temperature of 2.73 K. In a very
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real sense, the temperature of the night sky is a frigid 3 de-
grees above absolute rero.

Suppase the cosmic microwave background did not really come
from the heat of the universe itself but instead came from
many individual stars and galaxies. Explain why, in that case,
we would not expect it to have a perfect thermal radiation
spectrurn. How does the spectrum of the cosmic microwae
background lend support to the Big Bang theary!

COBE achieved an even greater success mapping the
temperature of the cosmic microwave background in all
directions. It was already known that the cosmic microwave
background is extraordinarily uniform throughout the
universe. Conditions in the early universe must have been
extremely uniform to produce such a smooth radiation
field. For a time, this uniformity was considered a strike
against the Big Bang theorv because, as we discussed in
Chapters 21 and 22, the universe must have contained
some regions of enhanced density in order to explain the
formation of galaxies. The COBE measurements restored
confidence in the Big Bang theory because they showed
that the cosmic microwave background is not quite perfecty
uniform. Instead, its temperature varies very slightly from
one place to another by a few parts in 100,000.*

More recently, NASAs Wilkinson Microwave Anisotrogy
Probe { WMAP) has provided even more dramatic confir-
mation of the small temperature variations, with 2 mapof
the cosmic microwave background released in 2003 (Fig-
ure 23.8). These variations in temperature indicate that the
density of the early universe really did differ slightly from

0.12%] in the direction we're moving and a slight redsh
direction. We must first subtraci these effects before analyveing the temps
ature of the background radiation.
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As shown in Figure 23.7, the spectrum of the cosmic microwave

background is a nearly perfect thermal radiation spectrum for an

abject at a temperature of 2,73 K. Thus, we infer that the current

temperature of the universe itself is a litthe less than 3 K. We can cal-

culate the wavelength of the photons ar the peak of the spectrum

using Wien's law, which we discussed in Mathematical Insight 5.2:
2,504,000 2,500 RN

1 - &
—onm nm = L1 *X HUFam
T{Kelvin} - 273

A =

If you remember that 10° nm = | mm, then you'll see that this
value is equivalent to 1.1 millimesers. In other words, the spectrum
of the cosmic microwave background currently peaks at a wavelength
of ahout | millimeter (notice that this agrees with Figure 23.7),

But what was the wavelength of the cosmic microwave photons in
the past?

Remember that the expansion of the universe stretches the pho-
tens within it. changing their wavelengths through the effect we
call the cosmedogical redshifi [ Section 20.3], From Mathematical
Insight 20.5, we know that the universe has grown in size by a fac-
torof (1 + z) since the time light lefl objects that we ebserve 1o
have a redshifi = Thus, 1o find the peak wavelength of photons in
the coemic microwave background at any past time in terms of the
redshifi z, we simply need to divide the current peak wavelength
by(1 = 2):

Al at redshift 2 = L
1+z

Because higher values of z correspond to carlier times in the
history of the universe, this formtla tells us that the peak wavelength
of the background radiation was shorter at earlier moments in time.
Morzover, for a thermal radiation spectrum, a shorter peak wave-
length means a higher emperature. Combining our resuli for the
peak wavelength at redshift z with Wien's law, we find a simple for-
muks for the temperature of the universe at any earlier ime at which
wesee objects with redshift =

Toniverse[ 11 redshift 2} = 273K % (1 + z)

Notice that, as we expect, this formula will give a higher weomper-
sture at times in the past that correspond Lo higher redshift z.

Example |: What was peak wavelength of the photons in back-
ground radiation of the universe at the time they began 10 travel
freely through the universe? Assume that the temperature of the
universe at this time was 3,000 K.

Solution:

Step | Understand: We are given the temperature of the uni-
werse and are asked to And the peak wavelength of the thermal
radiation corresponding to that temperature. We therefore need
to use Wien's law relating peak wavelength to temperalure.

| Temperature and Wavelength
of Background Radiation
Step 2 Solve: We plug the temperature af 3,000 K into Wien's law:

2,500,000

2,900,000
. = - n
I{ Kelvin)

T 3000

m = 970 nm

“'l:l.u.

Step 3 Explain: We have found that the peak wavelength of the
background radiation al the time it began to travel frecly through
the universe was about 970 nanometers, which is in the infra-
red portion of the electromagnetic spectrum fairly close to the
wavelength of red visible light (see Figure 5.7). This fact should
nat be surprising, because 3,000 K is roughly the same tem-
perature as the surface of a red giant. In other words, the entire
universe at the time would have been filled with light as bright
as vou would see if you were just beneath the surface of a red
glant star.

Example 2: How much has the expansion of the universe stretched
the wavelengths of the background radiation since it began to travel
freely through the universe?

Solution:

Step 1 Understand: One way to answer this question would be
to use Wien's law to calculare the wavelength of the background
radiation both now and when the universe was at a temperature
of 3,000 K and compare the results. However, an easier way is

to use the formula we found above that relates the temperature
of the background radiation to the cosmological redshift 2. We
are given the 3,000 K temperature, so we simply need to find the
stretching factor {1 + z).

Step 2 Solve: We solve the formula found above for the factor

(1 = z} by dividing both sides ol the equation by the current
temperature of the universe, 2.73 K; you should confirm that
the formula becomes:

T ynmerselat redshift 2)
|+ o=
: 273K
In this case, we are looking For the stretching factor correspond-

ing Lo the time when the universe had a temperature of 3,000 K.
Plugging this value into the formula, we find:

Step 3 Explain: We have found that the expansion of the uni-
wverse has stretched photons by a factor of about 1,000 since the
time they first began to travel freely across the universe, when
the universe was about 380,000 years old. Notice that the an-
swer has no units because it tells us the rario of the size of the
universe now to the size of the universe then.
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SPECIAL TOPIC The Steady State Universe

Although the Big Bang theory emjoys wide acceptance among =i-
entists today, alternative ideas have been proposed and considered.
One of the cleverest alternatives, developed in the late 19405, was
called the steady state universe, This hypothesis accepted the fact
that the universe is expanding but rejected the idea ol o Big Bang,
instead postulating that the universe is infinitely old. The steady
stale hypothesis may seem paradoxical at firsi: If the universe has
been expanding forever, shouldn't every galaxy be infinitely far
awary from every ather galaxy? Proponents of the steady state uni-
verse angwered by claiming that new galaxies continually farm in
the gaps that open up as the universe expands, thereby keeping Lhe
<ame average distance between galaxies at all times. [n & sense, the

steady state hypothesis says that the creation of the universe isan
ongoing and eternal process rather than 2 single event that oo
all a1 once with a Big Bang.

Two key discoveries caused the steady stale universe 1o lose i
vor. First, the 1965 discovery of the cosmic microwave backgros
matched a prediction of the Big Rang theory bt was not adeq
explained by the steady state hypothesis. Second, a steady state
verse should look about the same at all times, which is inconsis-
cemt with ohscrvations showing that galaxies at great distances look
vounget than nearby galaxies. Asa result of these predictive failures,
most astronomers no longer take the steady state universe seriosslf

place to place. The seeds of structure formation were in-
deed present during the era of nucle.

The discovery of density enhancements holstered the
idea that some of the dark matrer consists of WIMPs that
we have not yet identified [Section 22.2] and that the grav-
ity of this dark matter drove the formation of structure in
the universe. Regions of enhanced density can grow into
galaxies because the extra gravity in these regions draws
matter together even while the rest of the universe expands.
The greater the density enhancements, the faster matter
should have collected into galaxies.

Detailed calculations show that, to explain the fact that
galaxies formed within a few billion yars, the density en-
hancements at the end of the era of nuclei must have been
significantly greater than the fow parts in 100,000 suggested
by the temperature variations in the cosmic microwave back-
ground. Because WIMPs are weakly interacting and do not
interact with photons, we do not expect them to influence
the temperature of the cosmic microwave Dbackground
directly, However, the gravity of the WIMPs can collect or-
dinary baryonic matter into clumps that do interact with
photons. Thus, the small density enhancements detected by
microwave telescopes appear to echo much larger density
enhancements made up of WIMPs. Careful modeling of

these temperature varialions shows that they are cansistent
with dark-matter density enhancements large enough to
sccount for the structure we see in the universe today.

+ How do the abundances
of elements support
the Big Bang theory?

The discovery of the cosmic microwave background in 1963
quickly salved anather long-standing astronomical prob-
lem: the origin of cosmic helium, Everywherein the universe,
about one-quarter of the mass of ordinary matter {not in-
cluding dark matter) is helium. The Milky Way's helium
fraction is about 28%, and no galaxy has a helium fraction
lower than 25%. A small proportion of this helium comes
from hyidrogen fusion in stars, but most does not: Fusion
of hydrogen to helium in stars could have produced only
~about 10% of the observed helium.
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The majority of the helium in the universe must alread;
have been present in the protogalactic clouds that preo {
the formation of galaxies. In other words, the universe
must once have heen hot enough to fuse hydrogen into b
lium, The current microwave background temperature of
2.73 K tells us preciscly how hot the universe was in the dis-
rant past and exactly how much helium it should have made.
The result—23% helium—is another impressive success
of the Big Bang theory.

Helium Formation in the Early Universe  In order to see why
2504 of ordinary matter became helium, we need to
understand what protons and neutrons were doing dur-
ing the 3 minutes that marked the era of nucleosvnthesis,
Early in this era, when the universe’s temperature was
10' K, nuclear reactions could convert protons into neu-
trons, and vice versa. As long as the universe remained
horter than 10" K, these reactions kept the numbers of
protons and neutrons nearly equal. But as the universe
cooled, neutron-proton conversion reactions began lo favor
protons.

Neutrons are slightly more massive than protens, and
therefore reactions that convert prolans o Neutrons rq ir
energy to proceed (in accordance with E = mic*). Asthe
temperature fell below 10" K, the required energy for ne
tron production was no langer readily available, so the rae
of these reactions slowed. In contrast, reactions that co
newtrons inta protons release energy and thus are unhin-
dered by cooler temperatures. By the time the temperature
of the universe fell to 10'" K, protons began to outnumber
neutrons because the conversion reactions ran in onlv ane
dircction. Neutrons changed into protons, but the protons
didn't change back.

For about the next 3 minutes, the universe was still hot
and dense enough for nuclear fusion te operate. Protons
and neutrons constantly combined ta form denterium—
the rare form of hvdrogen nuclei that contains & neutron
addition to a proton—and deuterium nuclei fused 1o fom
helium (Figure 23.9). However, during the early part of the
era of nucleosynthesis, the helium nuclei were almiost im-
mediately blasted apart by one of the many gamma rays i
filled the universe.




Step 2 Step 3 Ky
Two deuterium  Hydrogen-3 o neutron
nuchai fuse fuses with :
1o make dauterium @ proan
hycrogen-3. 10 create
neliem-4.

Flgure 23.9 During the 3-minute-long era of nucleosynthasis
‘Igure E g ¥ 5
Wity all the neutrons in the unverse
helum-4, This figure (lustrates one of seve

patharays

Fusion began to create long-lasting helium nuclei when
the universe was about 1 minute old and had cooled to a
temperature at which it contained few destructive gamma
rays. Calculations show that the proton-to-neutron ratio
at this time showld have been about 7 to 1. Moreover, al-
most all the available neutrons should have become in-
corporated into nuclei of helium-4. Figure 23.10 shows
that, based on the 7-to-1 ratio of protons to neutrons,
the universe should have had a composition of 75% hy-
drogen and 25% helium by mass at the end of the era of
nucleosynthesi
Thus, the Big Bang theory makes a very concrete predic-
tion about the chemical composition of the universe: i
should be 75% hydrogen and 25% helium by mass, The fact
that observations confirm this predicted ratio of hydrogen
tokelium is another striking success of the Big Bang theory.

| TN ABOUT T ]
Brisfy coeplain why it should not be s“Jr.".-'ismg that some gal-
des contain z little more than 25% helum, but @ would be
wery surprisng if some galaxies contained less. (Hino Think about
how the relative amounts of hydrogen and heliurn in the uni-
serse are affected by fusion in stars)

Aburdances of Other Light Elerments  Why didr't the Big Bang
produce heavier elements? By the time stable helium nucled
farmed, when the universe was about a minute old, the tem-
perature and density of the rapidly expanding universe had
dlready dropped too far for a process like carbon produc-
tion (three heliwm nuclei fusing into carbon [Section 17.2])
to occur. Reactions between protons, deuterium nuclei, and
helium were still possible, but most of these reactions led
novhere, In particular, fusing two helium-4 nuclei results
inanucleus that is unstable and falls apart in a fraction
ofasecond, as does fusing a proton to a helium-4 nucleus,

A few reactions involving hydrogen-3 {also known as
tritinn) or helium-3 can create long-lasting nuclei. For ex-
ample, fusing helium-4 and hydrogen-3 produces lithium-7.
However, the contributions of these reactions to the overall
gomposition of the universe were minor because hydrogen-3
and helium-3 were so rare, Models of element production
in the early universe show that, before the cooling of the

4 protons Z neurons

0000 9

during
nelium
SYNinesis

9 9
Q9
ailer oo
Q9

nelium &
syniNesis
L 12 hydrogen | 1 he -'-Jrln
— L_"-’_'

aromic mass = 12 alomic mass = 4
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e result was 12 hydrogen n
5. Thus, the hycrogen-u
whch is the same as 75% to 15%
twvezen s pr\':" ction and the cbservad DUF"HI' e of
imporiant evidence in favor of the Big Bang theory.

universe shut off fusion entirely, such reactions generated
only trace amounts of lithium, the next lightest element after
helium. Thus, aside from hydrogen, helium, and lithium,
all other elements were forged much later in the nuclear
furnaces of stars. [E-ervlhum and boron, which are heavier
than lithium but lighter than carbon, were created Jater
when high-energy particles broke apart heavier nuclei that
formed in stars. )

The Density of Ordinary Matter  Calculations made with the
Big Bang model allow scientists to estimate the density of
ordinary {baryonic) matter in the universe from the ob-
served amount of deuterium in the universe today. Remem-
ber that, during the era of nucleosynthesis, protons and
neutrons first fused into deuterium and the deuterium nu-
¢lei then fused into helium. The fact that some deuterium
nuclei still exist in the universe indicates that this process
stopped before all the deuterium nuclei were used up. The
amount of deuterium in the universe today therefore tells
us about the density of protons and neutrons (baryons)
during the era of nuclensynthesis: The higher the density,
the more efficiently fusion would have proceeded. Thus,
a higher density in the early universe would have left less
deuterium in the universe today, and a lower density would
have left more deuterium.

Observations show that about one out of every 40,000
hydrogen atoms contains a deuterium nucleus—ithat is,
a nucleus with a neutron in addition 1o its proton. Calcula-
tions based on this denterium abundance show that the
density of ordinary (barvonic) matter in the universe is
about 4% of the critical density {Figure 23.11), (Recall
that the critical density is the density required if the expan-
sion of the universe is to stop and reverse someday [Sec-
tion 22.4].) Similar calculations based on the observed
abundance of lithium and helium-3 lead to the same con-
¢lusion, adding to our confidence in the Big Bang model,

These results also lead to an astonishing prediction about
the nature of dark matter. Recall that the overall density

chapter 23+ The Beginning of Time 695




deuterium
predictad

”g'“ deuterivm
= / measured
= Id F,
S
= =
= . L helium-2
IRl o
= 0 helkm-2 measured
lithium-7 predicted
a® pradicted
lithiimi7
/measur.:—d

1
0.1% 1% 4% 0%  100%
density of ordinary mattsr
{percentage of critical density)

ret hiwe the measured sbundances

% of the crivcal censity
ured abundances; the th
ness of each swath represents the range of uncertainty in the mea-
surernenits, (The upper edge of the blue swath indicates the upper
t on the helium-1 sbundance; a lower limit has not yet been
hed.} The three curves represent maodels based on the Big
e curves show how the abundance of each type
110 depend an the densty ef erdinary matter
e that the pradictions (curves) malcn up
| swaths) only in the gray vert
{ the eritical densTy

in the universa, Mo
the messurements {honzoniz
which represents z density of abou

of the universe appears to be close tw 25% of the critical
density [Section 22.4]. Because this is about six times as
large as the 4% of critical density that we find for ordinary
matter, we conclude that the universe contains about six
times as much extraordinary (nonbarvonic) dark matter as
it does of ordinary (barvonic) marter. Unless we are miss-
ing something fundamental in our understanding of all
these issues, the Big Bang mode] predicts that extraordi-
nary (nonbaryonic) dark matter such as WIMPs constitutes
the majority of the universe's mass, That is why most astron-
omers think that dark matter consists mostly of WIMPs,
and why many scientists are actively trying to find ways to
detect WIMPs and learn about their properties.

diszussed point to a rather amazng Ithough
vel o discover any WIMPs, we suspect they dominate
ihe total mass of the universe. Brefly explain how this iz pos-

i and comment on how confident we can be that weakly
interacting particles make up the bulk of dark matter

23.3 The Big Bang and Inflation

The Big Bang model relies heavily on our knowledge of
particle physics, which has been tested to temperatures

of 10" K, corresponding to temperatures at the end of the
electroweak era, when the universe was a mere 107 sec-
ond old. Our knowledge of carlier times rests on a weaker
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foundation because we are less certain of the physical liws
at work. In fact, the best laboratory for studying the lawsof
physics at such high temperatures is the Big Bang itself

Different models of how matter might behave at such
high energies predict different outcomes for the universe
we see today. If a particular model predicts that our uni-
verse should look different from the way it really does, tha
that model must be wrong. On the other hand, if & new
model of particle physics explains some previously unes-
plained aspects of the universe, then it may be on the right
track. The grand unified theories of particle physics dis-
cussed in Section 23.1 have not vet been extensively tested,
but many scientists believe that these theories arc on the
right track for just this reason. In particular, the grand uni-
fied theories suggest that the universe at a very early age
underwent the dramatic burst of expansion that we call
inflation, and inflation seems to explain several key aspeds
of our universe that are otherwise left unexplained by the
Big Bang theory,

* What aspects of the universe
were originally unexplained
by the Big Bang model?

The Big Bang theory has gained wide acceptance because
of the strong evidence from the cosmic microwave back-
ground and the measured abundances of light elementsin
the universe, However, without the addition of more spec-
ulative physics such as that of the grand unified theories
and their prediction of inflation, the Big Bang theory Jeaws
several major aspects of our universe unexplained. Three
of the most pressing questions are the following:

® Where does structure come from? Recall that our modes
of the formation of galaxies and larger structures all as-
sume that gravity collected matter around regions of
slightly enhanced density in the early universe. Thus,
explaining the origin of structure requires that the Big
Bang must have somehow produced these slight densiy
enhancements, The subtle temperature differences sesm
in the cosmic microwave background (see Figure 23.8)
tell us that regions of enhanced density did indeed exst
at the end of the era of nucled, when the universs was
380,000 years old. But we still need Lo explain where the
density enhancements came from.

® Why is the farge-scale wniverse so uniform? Although the
slight temperature variations in the cosmic microwave
background show that the universe is not perfecty uni-
form on large scales, the overall smoothness is nonethe-
less remarkable. Observations of the cosmic microwave
background tell us that the density of the universe at the
end of the era of nuclei varied from place to place byno
more than about 0.01%, and this uniformity explains
why distant reaches of the universe look so similar todsy
Without inflation, the Big Bang theory does not explan
why distant reaches of the universe look so similar.

o Why is the density of the universe cose to the critical den-
sity? The total density of dark matter plus dark energy




in the universe [Section 22.4] appears to be remarkably
close to the critical densitv—so close that it is difficult

o consider it a coincidence. After all, there is no obvious
reason why the density could not have been, say, 1,000
times the critical density or 0.0000001 times the critical
density. But without inflation, the Big Bang model is
unable to explain the near-critical density of the uni-
werse as anything other than luck.

* How does inflation explain these
features of the universe?

Physicist Alan Guth realized in 1981 that grand unified the-
orizs could potentially answer all three questions. These
theories predict that the separation of the strong force from
the GUT force should have released enormous energy,
causing the universe to expand dramatically, perhaps by a
factor of 10°" in less than 107*° second. This dramatic ex-
pansion is what we call inffation. While it sounds outrageous
to talk about something that happened in the first trillion-
trilion-trillionth of a second in the history of the universe,
inflation may have shaped the way the universe looks today.

Structure: Giant Quantum Fluctwations  To understand how in-
flation explains the origin of structure, we need to recog-
nize a special feature of energy fields. Laboratory-tested
principles of quantum mechanics, especially the uncertainy
principle [Section 54.3], tell us that on very small scales,
the energy fields at any point in space are always fluctuat-
ing. Thus, the distribution of energy through space is very
sightly irregular, even in a complete vacuum. The tiny
guantum “ripples” that make up the irregularities can be
characterized by a wavelength that corresponds roughly to
their size. In principle, quantum ripples in the very early
universe could have been the seeds for density enhancements

sze of ripple befora milalion = size of alomic nucleus

size of ripple after mflation = size of solar gystam

/\/\

Figure 23.12 During inflztion, ripples in spacstime would have
arescned oy 3 factor of perhiaps 1077 The pesls of these rippies
then would have become the density enhancements that produced
ill the structure we s22 in the universa today

that later grew into galaxies. However, the wavelengths

of the original ripples were far too small to explain density
enhancements like those we see imprinted on the cosmic
microwave background.

Inflation would have dramatically increased the wave-
lengths of these quantum fluctuations. The fantastic growth
of the universe during the period of inflation would have
stretched tiny ripples from a size smaller than an atomic
nucleus to the size of our solar system (Figure 23.12],
making them large enough to become the density enhance-
ments from which galaxies and larger structures later
formed. Amazingly, the structure of today’s universe may
have started as tiny quantum fluctuations just before the
period of inflation,

Unifarmity: Equalizing Temperatures and Densities  We'll next
consider how inflation explains the overall uniformity of
the universe on large scales, but first let’s look more closely
at the question of why the uniformity is surprising. The idea
that different parts of the universe were very similar shortly
after the Big Bang may seem quite natural, but on further
inspection the uniformity of the universe becomes difficulr
to explain,

Imagine observing the cosmic microwave background
in a certain part of the sky. You are seeing microwaves that
have traveled through the universe since the end of the era
of nuclei, just 380,000 vears after the Big Bang. Thus, vou
are seeing a region of the universe as it was some 14 billion
vears ago, when the universe was only 380,000 years old.
Now imagine turning around and looking at the background
radiation coming from the opposite direction. You are also
seeing this region at an age of 380,000 years, and it looks
virtually identical in temperature and density. The surpris-
ing part is this: The two regions are billions of light-vears
apart on opposite sides of our observable universe but we
are seeing them as they were when they were only 380,000
years old. They can't possibly have exchanged light or any
other information (Figure 23.13). A signal traveling at the
speed of light from one to the other would barely have started

e

380,000 yr |-

Lerss

Figure 23.13 Light left the microwave-emitting regions we see
on opposite siges of the universe long before they could have
COMTILINGS with each other and equalized their Tamperatures,
yet their temperatures are wirtuzlly identical. Without mflation
thesa similar temperatures are a puzzle.

chaprer 23 + The Beginning of Time 697




its journey. So how did they come 1o have the same tem-
perature and density?

Inflation answers this question by saving that even
though the two regions cannot have had any contact since
the time of intlation, they were in contact prior to that
time. Before the onsct of inflation, when the universe was
107 second old, the two regions were less than 107 light-
second away from one another. Thus, radiation traveling
at the speed of light would have had time to bounce between
the two regions, and this exchange of energy equalized their
temperatures and densities. [nflation then pushed these
equalized regions to much greater distances, far out of con-
tact with one another { Figure 23.14). Like criminals getting
their stories straight before being locked in separate jail
cells, the two regions (and all other parts of the observable
universe) came to the same temperature and density before
inflation spread them far apart.

Because inflation caused different regions of the uni-
verse to separate so vastly in such a short period of time,
many people wonder whether inflation violates Finstein’s
theories, saving that nothing can move faster than the speed
of light. It does not, because nothing actually mioves through
space as 2 result of inflation or the ongoing expansion of
the universe. Instead, the expansion of the universe is the
expansion of space tself. Objects may be separating from
one another at a speed faster than the speed of light, but no
matter or radiation is able to travel between them during
that time. [n essence, inflation opens up 2 huge gap in space
between objects that were once close together. The objects
get very far apart, but nothing ever travels between them at
a speed that exceeds the speed of light.

Density: Balancing the Universe  The third question answered
by inflation asks why the matter density of the universe is
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so close to the critical density. Another way to say thatthe
universe's density is close to eritical is to say that the overall
geometry of the universe is remarkably “Mlat” To undersand
this idea, we must consider the overall geometry of the uni-
verse in a little more detail.

Recall that Finstein's general theory of relativity rells
us that the presence of matter can curve Lhe structure of
spacetime [Section S3.3]. Although we cannot visualize
this curvature in all three dimensions of space (or all four
dimensions of spacetime), we can detect its presence by
its ¢[Tects on light. For example, observations of gravita-
tional lensing [Section 22.2] tell us that we are seeing light
that has passed through a curved region of space. Although
the curvature of the universe can vary from place to place, the
universe as a whole must have some overall shape. Almast
any shape is possible, but all the possibilities fall into just
three general categories (Figure 23.15). By analogy to ob-
jeets that we can see in three dimensions, scientists refer to
these three categories of shape as flaf (or critical), spherical
{or closed), and sadale shaped (or open).

flat {critical) gerometry

spnerical (closea) geomealry

saddle-shapad (open) geomeiry
ol

Figure 23.15 Aral categories of o

to the three pe




According to general relativity, the overall geometry
would be flat if the matter density of the universe were pre-
disely equal to the critical density, in which case the kinetic
energy of expansion would precisely balance the universe’s
overall gravitational pull. In the absence of dark encrgy,
any imhalance in these energies causes curvature of space-
tme, and deviations fromn precise balance grow more severe
s the universe evolves, For example, if the universe had
been 1096 denser at the end of the era of nucled, it would
have collapsed long ago. On the other hand, if it had been
10% less dense at that time, galaxies would never have
formed before expansion spread all the matter too thin.
Thus, the universe had 1o start out remarkably balanced 1o
be even remotely close to flat today.

Inflation can explain this precise balance by its effects
on the geometry of the universe. In terms of Einstein's the-
ary, the effect of inflation on spacetime curvature is similar
to the flattening of a balloon’s surface when you blow into
it (Figure 23.16). The flattening of space during the period
of inflation would have been so enormous that any curva-
mre the universe might have had previously would be no-
ticzable only on size scales much larger than the observable
universe, Thus, inflation predicts that the overall geometry
of the universe should appear perfectly Nlat, in which case
ke overall density of matter plus energy should be precisely
equal to the critical density,

The fine balance predicted by inflation turns out o be
both 2 success and a potential pitfall of the inflation theory.
On one hand, it explains how the universe managed to
have a density just right 10 allow the birth of galaxies. On
the other hand, its prediction of a perfectly flat universe
wems o disagree with observations showing that the tatal
density of matter (including dark matter) is only about
5% of the critical density.

Dark energy might explain this shortfall in the density
of dark matter, Remember thar Einstein’s theory of relativ-
ity tells us that mass can be transformed into energy and
vice versa, which means that energy must be able to curve
spacetime in the same way that mass can curve spacetime

Figure 23.16 /< 2 balloon expands, its surface seems increas-
ingly flat to an ant crawting along i Inflaicen is thought ta hawe
made the universe seem flat in a smilar way

[Section 53.3]. Thus, the dark energy associaled with a large-
scale repulsive force could compensate for the shortfall in
the matter density, making the present-day universe flatter
than it would otherwise be. Remarkably, the supernova
measurements indicating that the expansion of the universe
is accelerating [Section 22,4] also show that the strength

of the implied repulsive foree is about right to render the
universe perfectly flat, just as inflation predicts. In other
words, the total density of matter and dark energy together
may indeed be precisely equal to the critical density.

* How can we test the idea
of inflation?

We've seen that inflation answers some outstanding mys-
teries aboul the universe, but did it really happen? We can-
not directly observe the universe at the very early time
when inflation is thought to have occurred. Nevertheless,
we can test the idea of inflation by exploring whether its
predictions are consistent with our observations of the uni-
verse al later limes. Scientists are only beginning to make
observations that test inflation, but the findings to date are
consistent with the idea that an carly inflationary episode
made the universe uniform and flat while planting the seeds
of structure formation.

The strongest tests of inflation to date come from de-
tailed studies of the cosmic microwave background, and
in particular of the map made by the WMAP satellite {see
Figure 23.8). Remember that this map shows tiny tempera-
ture differences corresponding to density variations in the
universe at the end of the era of nuclei, when the universe
s about 380,000 vears old. However, according to the
idea of inflation, these density enhancements were actually
created much earlier, when inflation caused tiny quantum
ripples to expand into seeds of structure. Thus, careful ob-
servations of the temperature variations in the microwave
background can tell us about the structure of the universe
during its first instant of existence.

For example, complex calculations show that the largest
temperature differences in the cosmic microwave back-
ground should typically be between patches of sky sepa-
rated by about 1° if the overall geometry of the universe is
flat. (Similar caleulations show that this angular separation
would be smaller than 1% if the universe were open and
curved like a saddle, and larger than 17 if the universe were
closed and curved like a sphere [Section 22.4].) The strong-
est temperature differences are indeed observed at angular
separations of 1°, indicating that the universe is geometri-
cally flat, as predicted by inflation.

In fact, the everall pattern of temperature differences
agrees with the predictions of models based on inflation,
which is why these results tend to support the idea that in-
flation really occurred. Figure 23.17 shows an analysis of
the temperature variations observed by WMAP in the cos-
mic microwave background, along with additional data
from other microwave telescopes. The graph shows how
the typical temperature differences between patches of sky
depend on their angular size on the celestial sphere. The
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Figure 23.17 This graph shows how detailed analysis of temoer-
ature difiersnces in the cosmmic microwave background supports
s icea of inflation. The data points indicate how the Typical 1em-
v differences betweer s of sky depenc on their angu-
ar sz= on the celesial sphete. (Black dots come from tne WIIAP
data s in Figure 236, anc the blue and graen points represent
datz from ather weleszopes ) The red curve shaws the pradicuan
of a mode! that relies an nflatian o produce & un t

verse whose
ardinary matter density, dark-matier density, and expa
zll sirmilar to their observed values, Close agreement Detween
Sairte and the mads! indicates that the universe we lve
in has many of the characteristcs predicted by that madel,

dats represent data from the observations, and the red curve
shows the inflation-hased model that best fits the observa-
tions. This model makes specific predictions not only
about the data shown in the figure, but also about other
characteristics of our universe such as its overall geometry,
compasition, and age. Thus, in a sense, these new observa-
tions of the cosmic microwave background are revealing
the characteristics of the secds from which our universe
has grown. To the extent that we have been able to observe
those seeds, their nature aligns reassuringly well with the
universe we observe about us at the present time. According
ta the model shown in the Agure, today's universe should
have the following features:

@ The overall geometry is flat, implyving that the total
mass-energy of the universe must be equivalent to the
critical density.

@ The density of ordinary {baryonic) matter is 4.4% of
the critical density, in agreement with observations
of deuterium in the universe [Section 23.2],

® The total matter density is 27% of the critical density.
Subtracting the 4.4% for ordinary matter, we conclude
that extraordinary {nonbarvonic) dark matter makes up
about 23% of the critical density, in agreement with
what we infer from measurements of the masses of clus-
ters of galaxies [Section 22.4].

@ The combination of a flat geometry and a matter den-
sity lower than the critical density implies the existence
of a repulsive “dark energy” that currently accelerates the
expansion, in agreement with observations of distant
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supernovae [Section 22.4]. Because the total mass-energy
of the universe is the critical density, and matter accounts
for only 27% of this, dark energy must account for the

remaining 73% of the mass-energy of the universe,

@ The universe’s age should be about 13.7 billion yearsat
the current microwave temperature of 2.73 K, n agree-
ment with what we infer from Hubble's constant [Sec-
tion 20.3] and the ages of the oldest stars [Section 153],

This close correspondence between the seeds inherent
in the universe at an age of 380,000 years and our observa-
tions of the present-day universe, some 14 billion years
later, is persuasive evidence in favor of the Big Bang ingen-
eral and inflation in particular. The bottom line is that, all
things considered, inflation does a remarkable job of ex-
plaining features of our universe that are otherwise unac-
counted for in the Big Bang theory. Many astronomers and
physicists therefore suspect that some process akin to infla-
tion did affect the early universe, but the details of the in-
teraction between high-energy particle physics and the
evolving universe remain unclear. If these details can be
worked out successtully, we face an amazing prospect—a
breakthrough in our understanding of the very smallest
particles, achieved by studying the universe on the largest
observable scales.

23.4 Observing the Big Bang
for Yourself

You might occasionally read an article in a newspaper ora
magazine questioning whether the Big Bang really happened.
we will never be able to prove with absolute certainty that
the Big Bang theory is correct. However, no one has come
up with any other model of the universe that so success-
fully explains so much of what we see. As we have discussed,
the Big Bang model makes at least two specific predictions
that we have observationally verified: the characteristics of
the cosmic microwave background and the composition
of the universe. It also explains quite naturally many other
features of the universe. So far, at least, we know of nothing
that is inconsistent with the Big Bang model.

The Big Bang theory’s very success has also made it
target for respected scientists, skeptical nonscientists, and
crackpots alike. The nature of scientific work requires that
we test established wisdom to make sure it is valid. A sound
scientific disproof of the Big Bang theory would be a dis-
cavery of great importance. However, stories touted in the
news media as disproofs of the Big Bang usually turn out
1o be disagreements over details rather than fundamental
problems that threaten to bring down the whale theory. Yo
scientists must keep refining the theory and tracking down
disagreements, because onee in 2 while a small disagree-
ment blossoms into a full-blown scientific revolution.

You don't need to accept all you have read without gues-
tion. The next time you are musing on the universe’s ori-
gins, try an experiment for yourself, Go outside on 2 clear
night, look at the sky, and ask yourself why it is dark.




SPECIAL TOPIC How Will the Universe End?

Avcording to the Big Bang theory, time and space have 2 beginning
in the Big Bang. Do they also have an end? If we live in a recollaps-
ing universe Section 22.4], the answer seems to be a clear “yes.”
Sometime in the distant future, the universal expansion will cease
and reverse, and the universe will eventually come to an end in a
fiery “Big Crunch.” However, it now appears unlikely that we live in
arecollapsing universe, in which case the universe seems destined
to expand forever.

1f dark energy is real, our Local Group of galaxies will become
increasingly more lonely as the acceleration of the universe car-
ries the more distant galaxies ever faster away fram us. Some scien-
tists speculated that the repulsive force of dark energy might even
strengthen with time. In that case, the galaxies of the Local Group
will someday separate, and the growing repulsive force could even-
tually tear apart our galaxy, our solar system, and even matter itself
in a catastrophic cvent sometimes called the “Big Rip.” However,
the Big Rip is quite speculative; a more plausible scenario lor the
end of a perpetually expanding universe proceeds as follows,

The star-gas-star cycle in palaxies cannot continue forever, be-
canse not all the material is recveled. With each generation of stass,
mare mass becomes locked up in planets, brown dwarfs, white
dwarfs, neutron stars, and black holes, Evenrually, about a trillion
years from now, even the longest-lived stars will burn out, and the
galasies will fade into darkness.

At this point, the only new action in the universe will occur on
the rare oecasions when 1wo objects—such as two brown dwarfs or
twa white dwarfs—collide within a galaxy. The vast distances sepa-
rafing star syslems in galaxies make such collisions extremely rare.
For example, the probability of our Sun {or the white dwarl that &t
will become) colliding with another star is so small that it would be
expected to happen only onee in 2 quadrillion (10" years, Forever
isalong time, however, and even low-probability events will even-
wally happen many times. I a star system experiences a collision
once in a quadrillion vears, it will experience about 100 collisions in
100 quadrillion {1077} years. By the time the universe reaches an age
af 10°" years, star svstems will have suffered an average of 100,000
allisions each, making a time-lapse history of any galaxy look like
acosmic game of pinball.

These multiple collisions will severely disrupt galaxies. As in any
gravitational encounter, some objects lose energy in such collisions
and some gain energy. Objects that gain enough energy will be flung

into intergalactic space, where they will drift ever farther from all
other abjects with the expansion of the universe, Objects that lose
energy will eventually Fall to the galactic center and will enter the
black hole that sits there, adding to its mass and ultimately creating
2 gigantic black hole where our galaxy used 1o be. The remains of
the universe will consist of black holes with masses as greatasa
trillian solar masses that are widely separated from a few scattered
planets, brown dwarfs, and stellar corpses. If Earth somehow sur-
vivies, it will be a frozen chunk of rock in the darkness of the expand-
ing universe, billions of light-years from any other salid object.

If grand unified theories are correct, Earth still cannot last for-
ever. These theories predict that protons will eventually fall apart.
The predicted lifetime of protons is extremely long: a half-life of
at least 10° years. However, if protons really do decay, then by the
time the universe is 107 vears old, Earth and all other zlomic mat-
ter will have disintegrated into radiation and subatomic particles
such as electrons and neutrinos.

The final phase may come through a mechanism proposed by
Stephen Hawking. According to Hawking's theory, even black holes
cannot last forever. Instead, they slowly “evaporate,” their mass-
energy lurning into radiation, The process is so slow that we do
not expect to be able to see it from any existing black holes, but if
Hawking is correct, then black holes in the distant future will dis-
appear in brilliant bursis of radiation. The largest black holes last
longest, but even trillion-solar-mass black holes will evaporate
sometime after the universe reaches an age of 10" years. From
then on, the universe will consist only of individual photons and
subatomic particles, each separated by enormous distances from
the others. Nothing new will ever happen, and no events will ever
oceur that would allow an omniscient observer 1o distinguish past
from future, In a sense, the universe will finally have reached the
end of time.

Lest any of this sound depressing, keep in mind that 10" vears
is an indescribably long time. As an example, imagine that you
wanted to wrile on a piece of paper 2 number that consisted of a
1 followed by 10'™ zeras (that is, the number 10°7) 1t sounds
casy, but a piece of paper large enough 10 hold all those zeros would
not fi in the observable yniverse today. If that still does not alleviate
vour cancerns, you may be glad to know that a few creative thinkers
speculate about ways in which the universe might undergo rebirth,
even after the end of time.

* Why is the darkness of the night
sky evidence for the Big Bang?

If the universe were infinite, unchanging, and everywhere
the same, then the entire night sky would blaze as brightly
as the Sun. Johannes Kepler [Section 3.3] was one of the
first people 1o reach this conclusion, but we now refer to
the idea as Olbers’ paradox after Heinrich Olbers, a Ger-
man astronomer of the LR00s,

To understand how Olbers’ paradox comes about, imag-
ine that vou are in a dense forest on a flat plain, If you look
inany direction, you'll likely see a tree. If the forest is small,
foumight be able to see through some gaps in the trees
to the open plains, but larger forests have fewer paps (Fig-

ure 23.18). An infinite forest would have no gaps at all—a
tree trunk would black your view along any line of sight.

The universe is like a forest of stars in this respect. In
an unchanging universe with an infinite number of stars,
we would see a star in every direction, making every point
in the sky as bright as the Sun’s surface. Even the presence
of obscuring dust would not change this conclusion. The
intense starlight would heat the dust over time until it too
glowed like the Sun or evaporated away.

There are only two ways out of this dilemma. Either
the universe has a finite number of stars, in which case we
would not see a star in every direction, or it changes over
time in some way that prevents us from seeing an infinite
number of stars. For several centuries after Kepler first
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Figure 23.18 Olbers oars

recognized the dilemma, astronomers leaned toward the THE BIG PICTURE

first option. Kepler himself preferred to believe that the

universe had a finite number of stars because he thought Putting Chapter 23 into Context
it had to be finite in space, with some kind of dark wall Our “big picture” is now about as complete as it gets. We've dis-
surrounding everything. Astronomers in the early twenti- cussed the universe from Earth outward, and from the beginning

to the end. When you think back on this chapter, keep in mind
the following ideus:

eth century preferred 1o believe that the universe was in-
finite in space but that we lived inside a finite collection of
stars. They thought of the Milky Way as an island floating

in a vast black void. Flowever, subsequent obscrvations @ Predicting conditions in the early universe is straight-
showed that galaxies fill all of space more or less uniformly. forward, as long as we know how matter and energy be-
We are therefore left with the second option: The universe have under such extreme conditions.

changes over time.

The Big Bang theory solves Olbers’ paradox in a partic-
ularly simple way. It tells us that we can see only a finite
number of stars because the universe began at a particu-
lar moment, While the universe may contain an infinite
number of stars, we can sec only those that lie within
the observable universe, inside our cosmological horizon

® Our current understanding of physics allows us to re-
construct the conditions that prevailed in the universe
all the way back to the first 107" second. Qur under-
standing is less certain back to 10 *% secand. Beyond
107 second, we run up against the present limits of
human knowledge.

|Section 20.3]. There are other ways in which the uni- & Although it may sound strange to talk about the uni-
verse could change over time and prevent us from seeing verse during its first fraction of a second, our ideas

an infinite number of stars, so Olbers” paradox does not about the Big Bang rest on a salid foundation of obser-
prave that the universe began with a Big Bang. However, vational, experimental, and theoretical evidence. We
there must be some explanation for why the sky is dark cannot say with absolute certainty that the Big Bangre-
at night, and no explanation besides the Big Bang also ex- ally happened, but no other model ever proposed has
plains so many other ohserved properties of the universe s0 successfully explained how our universe came to

so well. e s it is.
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SUMMARY OF KEY CONCEPTS

| The Big Bang

* What were conditions like in the early
universe? The early universe was filled with radiation
and elementary particles. It was so hotand dense that

B rcten seemn the energy of radiation could
et turn into particles of matter

r@fv"“' T &t and antimatter, which then

iy i i collided and turned back into

radiation.

What is the history of the universe according
to the Big Bang theory? The universe has been
e | through aseries of eras, cach
mirked E)y unique physical
conditions. We know little
about the Planck era, when
the four forces may have

all behaved as one. Gravity
became distinct at the start of the GUT era, which may
have ended with the rapid expansion called inflation.
Electromagnetism and the weak force became distinct

at the end of the electroweak era. Matter particles
annihilated all the antimatter particles at the end of the
particle era. Fusion of protons and neutrons into helium
ceased at the end of the era of nudeosynthesis. Hydrogen
nuclei L'.‘lp[LtTed all the free electrons, rrirming hydrogen
atoms at the end of the era of nuclei. Galaxies began to
form ar the end of the era of atoms. The era of galaxies
continues to this day.

11.2 Evidence for the Big Bang

* How do we observe the radiation left over
from the Big Bang? Telescopes that can detect
micronwaves allow us

AN o observe the cosmic
g |," \ microwave background—
o, N radiation lcft over from

the Big Bang. Its spectrum
g . matches the characteristics

wisierigh frem) expected of the radiation
released at the end of the era of nuelel, spectacularly
confirming a key prediction of the Big Bang theory.

How do the abundances of elements support
the Big Bang theory? The Big Bang theory
predicts the ratio of pratons to neutrons during the era

of nuclensynthesis, and from this ratio predicts that the
chemical composition of the universe should be about

73% hydrogen and 25% helinm (by mass). This prediction
matches observations of the cosmic abundances, another
spectacular confirmation of the Big Bang theorw.

23.3 The Big Bang and Inflation
* What aspects of the universe were originally

unexplained by the Big Bang model? (1} The
origin of the density enhancements that turned into galaxies
and larger structures. (2) The overall smoothness of the
universe on lurge scales. (3) The fact that the actual densiry
of matter is close to the critical density.

How does inflation explain these features of
the universe! (1) The episode of inflation stretched
tiny; random quantum
{luctuations to sizes large
“ enough for them to become

- the density enhancements
around which structures larer
formed. {2) The universe is
smooth on large scales becaice,
prior 1o inflation, everything we can observe today was close
enough together for temperatures and densitics to equalize.
(3) Inflation caused the universe to expand so much that
the ophservable universe appears geometrically flat, implying
that its overall density of mass plus energy equals the critical
density:

How can we test the idea of inflation? Madels

of inflation make specific predictions about the temperature
patterns we should observe

/(\' in the cosmic microwave

| L- background. The observed

\ patterns seen in recent
G observations by microwave
"™ telescopes match those

predicted by inflation.

o

23.4 Observing the Big Bang for Yourself
* Why is the darkness of the night sky evidence

for the Big Bang? Olbers' paradox tells us that if
the universe were infinite, unchanging. and filled with
stars, the sky everywhere would be as bright as the surface
of the Sun, and it would not be dark at night. The Big Bang
theory solves this paradox by telling us that the night sky

is dark because the universe has 2 finite age, which means
we can see only a finite number of stars in the sky.
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EXERCISES AND PROBLEMS

For instructorassigned homework go to likid

Review Questions

1. What is anfiratter? How were particle-antiparticle pairs
created in the early universe? How were they destroyed?

2. Explain what we mean by the Big Bang theory.

3. Make a list of the major eras in the history of the universe,
summarizing the important events thought to have occurred
during each era.

4. Why can't our current theories describe the history of the

universe during the Planck era?

What are the four forces that operate in the universe today?

Why do we think there were fewer forces operating in the

early universe?

6. What are grand unified theories? According to these specula-
tive theories, how many forces operated during the GUT era?
Honw are these forces thought to be related 1w the four forces
that operate today?

7. What do we mean by inflation, and when do we think it
aecurred?

8. Why do we think there was a slight imbalance between mat-
ter and antimatter in the early universe? What happened to
all the antimatter, and when?

9, How long did the era of nucleosynthesis last? Explain why this
era was so important in determining the chemical compasi-
tion of the universe forever after.

10. When we observe the cosmic microwave backgrownd, at what
age are we seeing the universe? How long have the photons
in the backpround been traveling through space? Explain.

L1. Briefly describe how the cosmic microwave background was

discovered. How does the existence and nature of this radia-

tian support the Big Bang theoryt

How does the chemical abundance of helium in the universe

support the Big Bang theory? Explain,

13. How do measurements of deuterium and lithium tell us
about the density of the universe, and why do they suggest
that most dark matter consists of WIMMPs?

14. Describe each of the three major questions left unanswered
by the Big Bang theory without inflation, and explain how
inflation answers each of them.

15. How can observations of the cosimic microwave background—
radiation released when the universe was 380,000 years
old—tell us about the universe at the much earlier time
when inflation occurred? Summarize the geometry, compo-
sition, and age of the universe according to observations
made to date.

16. What is Ofbers” paradox, and how is it resolved by the Big
Bang theory?

i

Test Your Understanding

Does it Maoke Sense?ﬂ

Decide whether the statement makes sense (or is clearly true) or
does not make sense (or is clearly false). Explain vour reasoning.
(Far an example, see Chapter 1, “Does It Make Sense?™)

17. Although the universe today appears to be made mostly of
matter and not antimatter, the Big Bang theory suggests that
the early universe had nearly equal amounts of matter and
antimatter.
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18. According to the Big Bang theory, the cosmic microwave
background was created when energetic photons ionized the
neutral hydragen atoms that originally filled the universe.

19. Whilc the existence of the cosmic microwave background
is consistent with the Big Bang theory, we can also easily ex-
plain it by assuming that it comes [rom individual stars and
galaxies.

20. According to the Big Bang theory, most of the helium in the
universe was created by nuclear fusion in the cores of stars.

21, The idea of inflation suggests that the structure of the uni-

verse today may have originated 2s tiny quantum fluctuations

The fact that the night sky is dark tells us that the universe

cannot be infinite, unchanging, and everywhere the same.

23, We'll never know whether inflation actually happened be-
cause our model for inflation doesn't make any predictions
we can test.

24, In the distant past, the radiztion that we call the cosmic
microwave background actually consisted primarily of infre-
red light.

25, The main reason that the night sky is dark is that slarsare
generally so far away.

26. The cosmic microwave background is our main source
of information about what the universe was like at an age of
about 3 minutes.

Quick Quiz

Choose the best answer to each of the following. Explain your

reasoning with one or more complete sentences.

7. What is the current temperature of the universe? {a) absolue
zero (b) a few degrees (¢} a few thousand degrees

28, What is the charge of an antiproton? (a) positive (h) negatie
() neutral

29. What happens when a proton collides with an antiproton?
(a) They repel cach ather. (b) They fuse together. (<) They
convert into two photons,

30. Which of the following does nar provide strong evidence for
the Big Bang theory? (a) observations of the cosmic microwave
background {h) observations of the amount of hydrogen in
the universe (¢) observations of the ratio of helium to hydro-
gen in the universe

31. If the current density of normal matter in the universs were
10) times as great as it is now, we would expect 10 observe
{a) more deuterium, (b) less deuterivm. (¢) about the same
amount of deuterium.

32, Which of the following does inflation help to explain?

{a) the uniformity of the cosmic microwave background
{b) the amount of helium in the universe (c) the tempera-
ture of the cosmic microwave background

33, Which of the lollowing does inflation help to explain? (a) the

arigin of hydrogen (b) the origin of galaxies () the origin of

atomic nuclel

Which of these pieces of evidence supports the idea that in-

flation really happened? (a) the enarmous size of the observ-

able universe (b) the large amount of dark matter that the
universe contains {¢] observations of the cosmic microwave
background that indicate a flat geometry for the universe

3




35, What is the earliest time in the universe that we can directly
ahserve? (2) a few hundred million years after the Big Bang
(b) a few hundred thousand years after the Big Bang (c) a few
minuizs after the Big Bang

36, Which of these options is the best explanation for why the
night sky is dark? (a) The universe is not infinite in space.

{b) The universe has not alwavs locked the way it looks
todav. [} The distribution of matter in the universe is not
uniform an very large scales.

Investigate Further
In-Depth Questions to Increase Your Understanding

Shart-AnsweriEssay Questions

37. Life Story of a Proton. Tell the hife story of 2 proton from its
formation shortly after the Big Bang to its presence in the
nuclens of an nxygen atom you have just inhaled. Your story
chould be creative and imaginative, but it should also dem-
onstrate your scientific understanding of as many stages
in the proton's life as possible, You can draw on material
foom the entire boak, and vour story should be three to five
pages long.

38, Crearive History of the Universe. The story of creation a5 en-
visioned by the Big Bang theory is quite dramatic, bul it is
usually told in 2 fairly straightforward, scientific way. Write
2 more dramatic telling of the story, in the form of a short
story, play, or poem. Be as creative a5 you wish, but be sure to
remain accurate according to the science as it is understood
today.

3. Re-Creating the Big Bang. Particle acceleratars on Earth can
push particles to extremely large speeds. When these particles
callide, the armount of energy associzted with the colliding
particles is much greater than the nass-energy these parti-
cles have when 2t rest. As a result, these collisions can produce
many other particles out of pure energy. Explain in vour
awn words how the conditions that eccur in these accelera-
wors are similar to the conditions that prevailed shortly after
the Big Bang. Alsa, point out some of the differences lse-
tween what happens in particle accelerators and what hap-
pened in the early universe,

. Betting on the Big Bang Theory. 1 vou had $100, how much
maney would you wager on the proposition that we have a
reasonable scientific understanding of what the universe was
like when it was 1 minute old? Explain the reasoning behind
vour choice in terms of the sdentific evidence presented in
this chapter.

. “Dbserving” the Early Universe, The only way we have of
studving the era of nucleosynthesis is through the abundances
of the nuclei that it lefr behind. Explain why we will never
be able to observe that era through direct detection of the
radiation emitted at that time.

2. Element Produation in the Big Bang. Nucleasynthesis in the

early universs was unable 1o produce more tham trace amounts

of elements heavier than helium. Using the information in

Figure 17.14, which shows the mass per nuclear particle for

many different elements, explain why producing elements

like lithium {3 protons}, boron (4 protons), and beryllium

(5 protons) was so diflicult,

Diarkricss af Night. Suppose you are Kepler, pondering the

darkness of the night sky without any knowledge of the Big

Bang or the expanding universe. Come up with an explana-

tion for the darkness of the night sky that does not depend

e
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43,

on the Big Bang theary. Propose an experiment that future
scicntists might be able to perform to lest your hypothesis.
44, Fyidence for the Big Bang. Alternatives 1o the Big Bang theory

need to propose alternative cxplanations for many of the
ohservatiens scientists have made of the universe. Make 2
list of at least seven observed features of the universe that
are satisfactorily explained by the Big Bang theory when it

is combined with the idea of inflation.

Quantitative Problems
Be sure 10 show all calculations clearly and state your final
answers in complete sentences.

45. Energy from Antimatrer, The total annual TL5. power con-
sumption is about 2 ¢ 10 joules. Suppase you could sup-
ply that energy by combining pure matter with pure anti-
mmatter. Estimate the total mass of matter-antimatter fuel you
would need to supply the United States with energy for 1 year.
How does that mass compare with the amount of matter
in vour car’s gas tank? (A gallon of gas has a mass of about
4 kilograms. )

46. Graviry ve. the Electromagrietic Force. The amount of electro-
magnetic force between two charged objects can be com-
puted with an inverse square kaw similar to that of Newton's
universal law of pravitation; for the electromagnetic force,
the law is:

> {charge of object 11 % (charge of object 2}

d?

In this formula, Uhe charges must be given in units of
Coulombs {zbbrevisted C), the distance o between the
ohjects’ cenlers must be in meters, and the constant

k=19 % 10%kg % mi(CP x 7).

a. Compute the gravitational force between your body and
Earth using Newton's universal Luw of gravitation (sec
Section 4.4 or Appendix B).

b. Now suppose all the electrons suddenly disappeared from
Earth, making it positively charged, and all the protons in
vour bodv suddenly changed into neutrons, making you
negatively charged, Compute the strength of the electro-
magnetic force between the electrons in your bady and
the protons in Earth. Assume that the charge per unil of
mass of both you and Earth is 5 % 107 Crkg.

. Campare the electromagnetic force from part ib)tothe
gravitational force from part fa). Use that result 1o ex-
plain why gravity is considered weaker than the electro-
magnetic force.

7. Background Radiarion during Galaxy Formnation. What was

the peak wavelength of the background radiation at the

time that light left the most distant palaxies we can currently
see? Assume those galaxies have 2 cosmological redshift of

2 = 7.0, What is the temperature correspording to that peak
wavelength?

48, Expansion since the Era of Nucleasynthesis. Compare the peak

wavelength of the radiation in the universe at the end af the

era of nucleosynthesis Lo its current peak wavelength. As-
sume the temperature at the end of the era of nuclessynthesis
was 10° K, How much have the wavelengths of the photons
in the universe been stretched since that time?

Temperature of the Universe What will the temperature of

{he cosmic microwave background be when the average dis-

tances between galaxies are bwice as large as they are todavi

-

49,

Rl
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30. Unifornity of the Coseiic Microwave Background, The tem-

708

perature of the cosmic microwave background differs by
anly a few parts in 100,000 across the sky, Compare that level
of uniformity to the surface of a table in the following way.
Consider a table that is 1 meter in size. How big would the
Largest bumps on that table be if its surface were smooth to
one part in 100,0007 Could you see bumps af that size on the
table’s surface?

10" yegrs In the box “How Will the Universe End?” we

found that the final stage in the history of a perpetually ex-

panding universe will come about 10" years from now.

Such a large number is casy 10 write but difficult to under-

stand. This problem investigates sume of the incredible

properties of very large numbers.

a. The current age of the universe is around 10" years, How

much longer is a trillion vears than this current age?
How miuch longer is 10°% years? 107 years?

b. Suppose protons decay with a half-life of 107 years, When
will the number of remaining protons be hall the current
amount When will it be a quarter of its current amount?
How many half-lives will have gone by when the universe
reaches an age of 107 vears? What fraction of the original
protons will remain al this time? Based an vour answers,
is it reasonable Lo conclude that all protens in today’s
universe will be gone by the time the universe is 10" years
old? Explain. [ Hint: See Sathemarical Insight 8.1.)

. Suppose you were trying Lo write 10" sgros on a piece
of paper and could write microscopleally, so that each zero
{including the thickness of the pencil mark) occupied a
volume of 1 cubic micrometer—about the size of a bac-
teriwm. Could 10" zéros of this size fit in the observable
universe? Explain. { Hine: Caleulate the volume of the
observable universe in cubic micrometers by assuming it
isa spherc with a radius of 14 billion light-years. The
volume of a sphere is $r; | light-year = 107 meters; |
cubic meter = 10'" cubic micrometers.]
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52. Daytime ar “Night." According to Olbers’ paradox, the en-

tire sky would be as bright as the surface of a typical star

if the universe were infinite in space, unchanging in time,

and the same evervwhere. However, conditions would not

need to be quite that extreme for the “nighttime” sky tobe
as bright as the daytime sky.

a. Using the inverse square law for light from Mathemarical

Insight 15.1, determine the apparent brightness of the
Sun in our sky. .

b. Using the inverse square law for light, deterntine the zp-
parent brightness our Sun would have if it were at & dis-
tance of 10 billion light-years.

. From your answers o parts [al and (b, estimate how
many stars like the Sun would need to exist at 2 distince
of 10 billion light-years for their total apparent bright-
ness to equal that of our Sun.

. Compare your answer to part (¢} with the estimate of the
1otal number of stars in our ohservable universe from
Mathematical Insight 1,3, Use your angwer 10 explain
why the night sky is much darker than the daytime sk
How much larger would the total number of stars nesd to
be for “night” 1o be as bright as day?

1]
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Discussion Questions

53. The Moment of Creation. You've probably noticed that, in
discussing the Big Bang theory, we never quite talk hout the
first instant, Even our most speculative theories at present
rake us back only to within 107** second of creation, Doyou
thaink it will ever be possible for science 1o cunsider the momet.
of creation itself Will we ever be able 1o answer questions
such as wipy the Big Bang happened? Defend your opimions,

54, The Big Bang. How convincing do you find the evidence for
the Big Bang model of the universe’s origin? What are ke
strengths of the theory? What does it fail to explain? Orwerall;
do yon think the Big Bang really happened? Drefend your
opinion.




