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in a different location from the majority of the mass revealed by gravitational lensing (blue).
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o ver the past several chapters, we have discussed the strong  

 evidence supporting our scientific understanding of the  

 history of the universe. This evidence indicates that our  

universe was born about 14 billion years ago in the Big Bang and 

has been expanding ever since. However, in regions that began with 

slightly enhanced density, gravity took hold and built galaxies, within 

which some of the hydrogen and helium atoms produced in the Big 

Bang assembled into stars. We exist today because galactic recycling has 

incorporated heavier elements made by early generations of stars into 

new star systems containing planets like Earth.

Scientists broadly agree with this basic outline, but many details 

are not yet well understood and a few more significant mysteries still 

remain. In this chapter, we’ll explore two of the greatest remaining 

mysteries, which concern the nature of the so-called dark matter and dark 

energy that appear to make up most of the content of our universe. As we 

will see, these mysteries likely hold the key not only to a more complete 

understanding of how the universe has evolved to date, but also to the 

eventual fate of the universe.

18.1  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 embar-
rassment. Based on all the evidence available today, the answer to this 
simple question is “We do not know.”

It might seem incredible that we still do not know the composition 
of most of the universe, but you might also wonder why we should be 
so clueless. After all, astronomers can measure the chemical composition 
of distant stars and galaxies from their spectra, so we know that stars 
and gas clouds are made almost entirely of hydrogen and helium, with 
small amounts of heavier elements mixed in. But notice the key words 
“chemical composition.” When we say these words, we are talking about 
the composition of material built from atoms of elements such as hydro-
gen, 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 uni-
verse as a whole. In fact, we now have good reason to think that the uni-
verse is not composed primarily of atoms. Instead, observations indicate 
that the universe consists largely of a mysterious form of mass known as 
dark matter and a mysterious form of energy known as dark energy.

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

It’s easy for scientists 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 observational evidence 
leads us to think that there is something out there, but we do not yet 
know exactly what the “something” is.

Essential Preparation
1. What determines the strength of gravity?  

[Section 4.4]

2. How does Newton’s law of gravity extend Kepler’s 
laws? [Section 4.4]

3. How do stars orbit in our galaxy? [Section 15.1]

4. What is Hubble’s law? [Section 16.2]

5. What key features of the universe are explained 
by inflation? [Section 17.3]
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We might naively think that the major source of gravity that holds 
galaxies together should be the same gas that makes up their stars. How-
ever, observations suggest 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 gives off little or no light, we call it 
dark matter. In other words, dark matter is simply a name we give to 
whatever unseen influence is causing the observed gravitational effects. 
We’ve already discussed dark matter briefly in Chapters 1 and 15, 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 1.14).

We infer the existence of the second unseen influence from care-
ful studies of the expansion of the universe. After Edwin Hubble first 
discovered the expansion, it was generally assumed that gravity must 
slow the expansion with time. However, evidence collected during the 

last two decades indicates that 
the expansion of the universe 
is actually accelerating, imply-
ing that some mysterious force 

counteracts the effects of gravity on very large scales. Dark energy is 
the name most commonly given to the source of this mysterious force, 
though you may occasionally hear the same unseen influence attrib-
uted to quintessence or to a cosmological constant. Note that while dark 
matter really is “dark” compared to ordinary matter (because it gives 
off no light), there’s nothing unusually “dark” about dark energy—
after all, we don’t expect to see light from the mere presence of a force 
or energy field.

Before we continue, it’s important to think about dark matter and 
dark energy in the context of science. Strange as these ideas may seem, 
they have emerged from careful scientific study conducted in accord-
ance with the hallmarks of science discussed in Chapter 3 (see Figure 
3.21). Dark matter and dark energy were each proposed to exist because 
they seem the simplest ways to explain observed motions in the uni-
verse. They’ve each gained credibility because models of the universe 
that assume their existence make testable predictions and, at least so far, 
further observations have borne out some of those predictions. Even if 
we someday conclude that we were wrong to infer the existence of dark 
matter 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 Matter in a Spiral Galaxy Tutorial, Lessons 1–3

18.2  Evidence for Dark Matter
Scientific evidence for dark matter has been building for decades and 
is now at the point where dark matter seems almost indispensable to 
explaining the current structure of the universe. For that reason, we will 
devote most of this chapter to dark matter and its presumed role as the 
dominant source of gravity in our universe, saving further discussion of 
dark energy for the final section of the chapter.

Dark matter is the name given to mass that 
emits no detectable radiation; we infer its 
existence from its gravitational effects.

Dark energy is the name given to the unseen 
influence that causes the expansion of the 
universe to accelerate with time.
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•	 What	is	the	evidence	for	dark	matter	 
in galaxies?

Several distinct lines of evidence point to the existence of dark matter, 
including observations of our own galaxy, of other galaxies, and of clus-
ters of galaxies. Let’s start with individual galaxies and then proceed on 
to clusters.

Dark Matter in the Milky Way In Chapter 15, we saw how the Sun’s 
motion around the galaxy reveals the total amount of mass within its 
orbit. We can similarly use the orbital motion of any other star around 
the galaxy to measure the mass of the Milky Way within that star’s orbit. 
In principle, we could determine the complete distribution of mass in the 
Milky Way by doing the same thing with the orbits of stars at every dif-
ferent distance from the galactic center.

In practice, interstellar dust obscures our view of disk stars more 
than a few thousand light-years away from us, making it very difficult 
to measure stellar velocities. However, radio waves penetrate this dust, 
and clouds of atomic hydrogen gas emit a spectral line at the radio wave-
length of 21 centimeters [Section 15.2]. Measuring the Doppler shift of 
this 21-centimeter line tells us a cloud’s velocity toward or away from us. 
With a little geometry, we can then determine the cloud’s orbital speed.

We can summarize the results of these measurements with a diagram 
that plots the orbital speeds of objects in the galaxy against their orbital 
distances. As a simple example of how we construct such a diagram, 
sometimes called a rotation curve, consider how the rotation speed of a 
merry-go-round depends on the distance from its center. Every object on 
a merry-go-round goes around the center in the same amount of time 
(the rotation period of the merry-go-round). But because objects farther 
from the center move in larger circles, they must move at faster speeds. 
The speed is proportional to distance from the center, so the graph illus-
trating the relationship between speed and distance is a steadily rising 
straight line (Figure 18.1a).

In contrast, orbital speeds in our solar system decrease with distance 
from the Sun (Figure 18.1b). This drop-off in speed with distance occurs 
because virtually all the mass of the solar system is concentrated in 
the Sun. The gravitational force holding a planet in its orbit therefore 
decreases with distance from the Sun, and a smaller force means a lower 
orbital speed. Orbital speeds must drop similarly with distance in any 
other astronomical system that has its mass concentrated at its center.

FIgUrE 18.1            InTEraCTIVE FIgUrE 

These graphs show how orbital speed depends on distance from 
the center in three different systems.

a  A rotation curve for a merry-go-round
is a rising straight line.

b  The rotation curve for the planets in
our solar system.

c  The rotation curve for the Milky Way
Galaxy. Dots represent actual data points
for stars or gas clouds. 
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Figure 18.1c shows how orbital speed depends on distance in the 
Milky Way Galaxy. Each individual dot represents the orbital speed and 
distance from the galactic center of a particular star or gas cloud, and the 
curve running through the dots represents a best fit to the data. Notice 

that the orbital speeds remain 
approximately constant beyond 
the inner few thousand light-
years, so most of the curve is 
relatively flat. Because this is so 

different from the declining orbital speeds found in our solar system, we 
conclude that most of the Milky Way’s mass must not be concentrated 
at its center. 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 twice as 
much mass, and a larger circle surrounds even more mass.

To summarize, orbital speeds in the Milky Way imply that most of 
our galaxy’s mass lies well beyond the orbit of our Sun. A more detailed 
analysis suggests that most of this mass is distributed throughout the 
spherical halo that surrounds the disk of our galaxy, extending to dis-
tances well beyond those at which we observe globular clusters and other 
halo stars. Moreover, the total amount of this mass is more than 10 times 
the total mass of all the stars in the disk. Because we have detected very 
little radiation coming from this enormous amount of mass, it qualifies as 
dark matter. If we are interpreting the evidence correctly, the luminous 
part of the Milky Way’s disk must be rather like the tip of an iceberg, 
marking only the center of a much larger clump of mass (Figure 18.2).

think	about	it	               Suppose we made a graph of orbital speeds and  
distances for the moons orbiting Jupiter. Which graph in Figure 18.1 would it 
most resemble? Why?

Dark Matter in Other Galaxies Other galaxies also seem to con-
tain vast quantities of dark matter. We can determine the amount of 
dark matter in a galaxy by comparing the galaxy’s mass to its luminosity. 
(More formally, astronomers calculate the galaxy’s mass-to-light ratio; see 
Cosmic Calculations 18.1.) First, we use the galaxy’s luminosity to esti-
mate the amount of mass that the galaxy contains in the form of stars. 
Next, we determine the galaxy’s total mass by applying the law of gravity 
to observations of the orbital velocities of stars and gas clouds. If this total 
mass is larger than the mass that we can attribute to stars, then we infer 
that the excess mass must be dark matter.

We can measure a galaxy’s luminosity as long as we can determine 
its distance with one of the techniques discussed in Chapter 16. We sim-
ply point a telescope at the galaxy in question, measure its apparent 
brightness, and calculate its luminosity from its distance and the inverse 
square law for light [Section 12.1]. Measuring the galaxy’s total mass 
requires measuring orbital speeds as far from the galaxy’s center as pos-
sible. For spiral galaxies, this is usually done with radio observations of 
the 21-centimeter line from atomic hydrogen gas clouds. Doppler shifts 
of the 21-centimeter line tell us how fast a cloud is moving toward us or 
away from us (Figure 18.3).

Once we’ve measured orbital speeds and distances, we can make a 
graph similar to Figure 18.1c for any spiral galaxy. Figure 18.4 shows 
a few examples illustrating that, like the Milky Way, most other spiral 
galaxies also have orbital speeds that remain high even at great distances 
from their centers. Detailed analysis tells us that most spiral galaxies also 

Orbital speeds in the Milky Way remain high 
even very far from the center, indicating that 
a large amount of dark matter lies beyond 
our galaxy’s visible regions.

FIgUrE 18.2 
The dark matter associated with the Milky Way occupies a much 
larger volume than the galaxy’s luminous matter. The radius of 
this dark-matter halo may be 10 times as large as the galaxy’s 
halo of stars.

dark matter

luminous matter

FIgUrE 18.3 
Measuring the orbital speeds of gas in a spiral galaxy with the 
21-centimeter line of atomic hydrogen. Blueshifted lines on the 
left side of the disk show how fast that side is moving toward us. 
Redshifted lines on the right side show how fast that side is moving 
away from us. ( This diagram assumes that we first subtract a 
galaxy’s average redshift, so that we can see the shifts that remain 
due to rotation.)
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have at least 10 times as much mass in dark matter as they do in stars, 
with most of this mass far out in their halos.

Elliptical galaxies contain very little atomic hydrogen gas and hence 
do not produce detectable 21-centimeter radio waves, so we generally 
measure masses of elliptical galaxies by observing the motions of their 
stars. When we compare spectral lines from different regions of an ellip-

tical galaxy, we find that the speeds 
of the stars remain fairly constant 
as we look farther from the galaxy’s 
center. Just as in spirals, we conclude 

that most of the matter in elliptical galaxies must lie beyond the distance 
where the light trails off and hence must be dark matter. The evidence 
for dark matter is even more convincing for cases in which we can meas-
ure the speeds of globular star clusters orbiting at large distances from the 
center of an elliptical galaxy. These measurements suggest that elliptical 
galaxies, like spirals, contain 10 times or more as much mass in dark mat-
ter as they do in the form of stars.

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

Observations of galaxy clusters suggest that the total proportion of dark 
matter is even greater than that in individual galaxies. The evidence for 
dark matter in clusters comes from three different ways of measuring 
cluster masses: measuring the speeds of galaxies orbiting the center of 
the cluster, studying the X-ray emission from hot gas between the clus-
ter’s galaxies, and observing how the clusters bend light as gravitational 
lenses.

Orbits of Galaxies in Clusters The idea of dark matter is not par-
ticularly new. In the 1930s, astronomer Fritz Zwicky was already arguing 
that clusters of galaxies held enormous amounts of this mysterious stuff 
(Figure 18.5). Few of his colleagues paid attention, but later observations 
supported Zwicky’s claims.

Zwicky was one of the first astronomers to think of galaxy clusters as 
huge swarms of galaxies bound together by gravity. It seemed natural to 
him that galaxies clumped closely together in space should all be orbit-
ing one another, just like the stars in a star cluster. He therefore assumed 
that he could measure cluster masses by observing galaxy 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 individual 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 aver-
aging the speeds of its individual galaxies. He then estimated the orbital 
speed of a galaxy around the cluster by subtracting this average velocity 
from the individual galaxy’s velocity. Finally, he used these orbital speeds 
to estimate the cluster’s mass and compared this mass to the cluster’s 
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 by studying galaxy speeds. He concluded that most of the 

FIgUrE 18.4 
Graphs of orbital speed versus distance for four spiral galaxies. 
In each galaxy, the orbital speeds remain nearly constant over 
a wide range of distances from the center, indicating that dark 
matter is common in spiral galaxies.

Orbital speeds in the outer regions of 
other galaxies indicate that they, too, 
harbor lots of dark matter.
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cosmic
calculations 18.1
Mass-to-Light Ratio

An object’s mass-to-light ratio (M/L) is its total mass in 
units of solar masses divided by its total visible luminosity 
in units of solar luminosities. For example, the mass-to-
light ratio of the Sun is

M

L
 for Sun =

1MSun

1LSun
= 1

M Sun

L Sun

We read this answer with its units as “1 solar mass per 
solar luminosity.”

Example 1: What is the mass-to-light ratio of a 1MSun 
red giant with a luminosity of 100LSun?

Solution: The red giant’s mass-to-light ratio is

1MSun

100LSun
= 0.01

MSun

LSun

The ratio is less than 1 because a red giant puts out more 
light per unit mass than the Sun.

Example 2: The part of the galaxy within the Sun’s orbit 
contains about 100 billion (1011) solar masses of material 
and has a total luminosity of about 15 billion (1.5 * 1010) 
solar luminosities. What is the mass-to-light ratio of the 
matter within the Sun’s orbit?

Solution: We divide the region’s mass by its luminosity, 
both in solar units:

1011MSun

1.5 * 1010LSun

= 6.7 
MSun

LSun

The mass-to-light ratio of the matter within the Sun’s or-
bit is about 7 solar masses per solar luminosity. Because 
this mass-to-light ratio is greater than the Sun’s ratio of 1 
solar mass per solar luminosity, it tells us that most mat-
ter in this region is dimmer per unit mass than our Sun.
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matter within these clusters must not 
be in the form of stars and instead 
must be almost entirely dark. Many 

astronomers disregarded Zwicky’s result, believing that he must have 
done something wrong to arrive at such a strange result. However, more 
sophisticated measurements ultimately confirmed Zwicky’s original 
finding.

Hot Gas in Clusters A second method for measuring a cluster’s mass 
relies on observing X rays from the hot gas that fills the space between its 
galaxies (Figure 18.6). This gas (sometimes called the intracluster medium) 
is so hot—typically tens of millions of degrees on the Kelvin scale—that it 
emits primarily X rays and does not appear in visible-light images. Meas-
urements show that for large clusters, this hot gas can represent up to 
seven times as much mass as the mass found in stars.

The hot gas can tell us about dark matter because its temperature 
depends on the total mass of the cluster. The gas in most clusters is 
nearly in a state of gravitational equilibrium—that is, the outward gas 
pressure balances gravity’s inward pull [Section 11.1]. 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 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 par-
ticles. 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 hot gas, we find that the amount of dark matter in 
clusters of galaxies is at least 40 times the combined mass of the stars in 

FIgUrE 18.5 
Fritz Zwicky, discoverer of dark matter in clusters of galaxies. 
Zwicky had an eccentric personality, but some of his ideas that 
seemed strange in the 1930s proved correct many decades later.

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 pioneers 
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 eccen-
tric 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 be-
came the first woman to observe under her own name at California’s 
Palomar Observatory, then the largest telescope in the world. (Another 
woman, Margaret Burbidge, was permitted to observe at Palomar ear-
lier but was required to apply for time under the name of her husband, 
also an astronomer.) Rubin first saw the gravitational signature of dark 
matter in spectra that she recorded of stars in the Andromeda Galaxy. 
She noticed that stars in the outskirts of Andromeda moved at surpris-
ingly high speeds, suggesting a stronger gravitational attraction than 
the mass of the galaxy’s stars alone could explain.

Working with a colleague, Kent Ford, Rubin went on to measure 
orbital speeds of hydrogen gas clouds in many other spiral galax-
ies (by studying Doppler shifts in the spectra of hydrogen gas) and 
discovered that the behavior seen in Andromeda is common. Al-
though Rubin and Ford did not immediately recognize the signifi-
cance 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 
studied by Rubin and Ford were unusual for some reason. So  
Rubin and Ford went back to work, obtaining orbital meas-
urements for fainter galaxies. By the 1980s, the evidence that 
Rubin, Ford, and other astronomers measuring rotation curves 
had compiled was so overwhelming that even the critics came 
around. Either the theory of gravity was wrong or the astrono-
mers measuring these orbital speeds had discovered dark matter 
in spiral galaxies. In this case, the risks taken by the pioneers paid 
off in a groundbreaking discovery.

specialtopic Pioneers of Science

Temperature measurements of hot gas also 
tell us the amount of dark matter in clusters, 
and give results that agree with those we 
infer from galaxy velocities.

The orbits of galaxies in clusters tell 
us that galaxy clusters contain huge 
amounts of dark matter.
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FIgUrE 18.6 
A distant cluster of galaxies in both visible light and X-ray light. The visible-light photo shows 
the individual galaxies. The blue-violet overlay shows the X-ray emission from extremely hot 
gas in the cluster, with blue representing the hottest gas and violet representing cooler gas. 
Evidence for dark matter comes both from the observed motions of the visible galaxies and 
from the temperature of the hot gas. ( The region shown is about 8 million light-years across.)

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 grav-
ity helps bind matter within individual galaxies.

think	about	it	               What would happen to a cluster of galaxies if you instantly 
removed all the dark matter without changing the velocities of the galaxies?

Gravitational Lensing The methods of measuring galaxy and cluster 
masses that we’ve discussed so far all ultimately rely on Newton’s laws, 
including his universal law of gravitation. But can we trust these laws 
on such large size scales? One way to check is to measure masses in a 
different way. Today, astronomers can do this with observations of gravi-
tational lensing.

Gravitational lensing occurs because masses distort spacetime—the 
“fabric” of the universe [Section 14.3]. 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. Because the light-bending angle of a 
gravitational lens depends on the mass of the object doing the bending, 
we can measure the masses of objects by observing how strongly they 
distort light paths.

Figure 18.7 shows a striking example of how a cluster of galaxies 
can act as a gravitational lens. Notice the multiple blue ovals found at 
several positions around the central clump of yellow galaxies. These 

ovals all represent gravitation-
ally lensed images of a single blue 
galaxy that lies almost directly 
behind the center of the cluster, 
at a much greater distance. We 

Gravity’s light-bending effects distort the 
images of galaxies lying behind a cluster, 
enabling us to measure the cluster’s mass 
without relying on Newton’s laws.

X-ray VIS

FIgUrE 18.7            InTEraCTIVE PHoTo

This Hubble Space Telescope photo shows a galaxy cluster acting 
as a gravitational lens. The yellow elliptical galaxies are cluster 
members. The small blue ovals (such as those indicated by the 
arrows) are multiple images of a single galaxy that lies almost 
directly behind the cluster’s center. ( The picture shows a region 
about 1.4 million light-years across.)

VIS
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see multiple images because photons from the more distant galaxy do 
not follow straight paths to Earth. Instead, the cluster’s gravity bends the 
photon paths, allowing light from the galaxy to arrive at Earth from a few 
slightly different directions (Figure 18.8). Each alternative path produces 
a separate, distorted image of the blue galaxy.

Multiple images of a gravitationally lensed galaxy are rare. They 
occur only when a distant galaxy lies directly behind the lensing cluster. 
However, single distorted images of gravitationally lensed galaxies are 
quite common. Figure 18.9 shows a typical example. This picture shows 
numerous normal-looking galaxies and several arc-shaped galaxies. The 
oddly curved galaxies are not members of the cluster, nor are they really 
curved. They are normal galaxies lying far beyond the cluster whose 
images have been distorted by the cluster’s gravity.

Careful analyses of the distorted images created by clusters enable 
us to measure cluster masses without using Newton’s laws. Instead, 

Einstein’s general theory of 
relativity tells us how mas-
sive these clusters must be 
to generate the observed dis-

tortions. Cluster masses derived in this way generally agree with those 
derived from galaxy velocities and X-ray temperatures. It is reassuring 
that the three different methods all indicate that clusters of galaxies hold 
substantial amounts of dark matter.

•	 Does	dark	matter	really	exist?
Astronomers have made a strong case for the existence of dark matter, 
but is it possible that there’s a completely different explanation for the 
observations we’ve discussed? Addressing this question gives us a chance 
to see how science progresses.

All the evidence for dark matter rests on our understanding of 
gravity. For individual galaxies, the case for dark matter rests primar-
ily on applying Newton’s laws of motion and gravity to observations 
of the orbital speeds of stars and gas clouds. We’ve used the same laws 
to make the case for dark matter in clusters, along with additional 
evidence based on gravitational lensing predicted by Einstein’s general 
theory of relativity. It therefore seems that one of the following must 
be true:

1. Dark matter really exists, and we are observing the effects of its 
gravitational attraction.

2. There is something wrong with our understanding of gravity that is 
causing us to mistakenly infer the existence of dark matter.

We cannot yet rule out the second possibility, but most astrono-
mers 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 prop-
erties. We found the masses of Earth and the Sun by applying Newton’s 
version of Kepler’s third law to objects that orbit them [Section 4.4]. We 
used this same law to calculate the masses of stars in binary star systems, 
revealing the general relationships between the masses of stars and their 
outward appearances. Newton’s laws have also told us the masses of 
things we can’t see directly, such as the masses of orbiting neutron stars 
in X-ray binaries and of black holes in active galactic nuclei. Einstein’s 
general theory of relativity likewise stands on solid ground, having been  

FIgUrE 18.8            InTEraCTIVE FIgUrE 

A cluster’s powerful gravity bends light paths from background 
galaxies to Earth. If light arrives from several different directions, 
we see multiple images of the same galaxy.

real galaxyimage of galaxy

Not to scale!

image of galaxy

Gravitational lensing: A cluster’s gravity bends light from a single
galaxy so that it reaches Earth from multiple directions.

Earth

galaxy  cluster
Gravity bends light from
the galaxy as it passes
through the cluster.

We therefore see
images of the galaxy
in the directions from
which the light appears
to be coming.

Result: Through a telescope on Earth, we see multiple images
of what is really a single galaxy.

Cluster masses measured through gravitational 
lensing agree with those measured from galaxy 
velocities and gas temperatures.
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repeatedly tested and verified to high precision in many observations 
and experiments. We therefore have good reason to trust our current 
understanding of gravity.

Moreover, many scientists have made valiant efforts to come up with 
alternative models of gravity that could account for the observations 
without invoking dark matter. So far, no one has succeeded in doing so 
in a way that can also explain the many other observations accounted for 
by our current theories of gravity. Meanwhile, astronomers keep mak-

ing observations that are difficult to 
explain without dark matter. For 
example, in observations of collid-

ing galaxy clusters, most of the mass detected by gravitational lensing is 
not in the same place as the hot gas, even though the hot gas is several 
times more massive than the cluster’s stars (Figure 18.10). This finding is 
at odds with alternative models of gravity, which predict that the hot gas 
should be doing most of the gravitational lensing.

In essence, our high level of confidence in our current understanding 
of gravity, combined with observations that seem consistent with dark 
matter but not with alternative hypotheses, gives us high confidence that 
dark matter really exists. While we should always keep an open mind 
about the possibility of future changes in our understanding, we will 
proceed for now under the assumption that dark matter is real.

think	about	it	               Should the fact that we have three different ways of meas-
uring cluster masses give us greater confidence that we really do understand 
gravity and that dark matter really does exist? Why or why not?

•	 What	might	dark	matter	be	made	of?
Although we do not yet know exactly what dark matter is, there would 
seem to be two basic possibilities: (1) It could be made of ordinary matter 
(also called baryonic matter), meaning the familiar type of matter built 
from protons, neutrons, and electrons, but in forms too dark for us to 
detect with current technology; or (2) it could be made of exotic matter, 
meaning particle types different from those in ordinary atoms and that 
are dark because they do not interact with light at all.

A first step in distinguishing between the two possibilities is to meas-
ure how much dark matter is out there. When discussing the matter 
content of the universe as a whole, astronomers usually focus on density 
rather than mass. That is, they take the total amount of some type of 

FIgUrE 18.9 
Hubble Space Telescope photo of the cluster Abell 383. The 
thin, elongated galaxies are images of background galaxies 
distorted by the cluster’s gravity. By measuring these distortions, 
astronomers can determine the total amount of mass in the 
cluster. ( The region pictured is about 1 million light-years across.)

Either dark matter exists or our current 
understanding of gravity is incorrect.

FIgUrE 18.10            InTEraCTIVE PHoTo 

Observations of the Bullet Cluster show strong evidence for 
dark matter. The Bullet Cluster actually consists of two galaxy 
clusters—the smaller one is emerging from a high-speed collision 
with the larger one. A map of the system’s overall mass (blue) 
made from gravitational lensing observations does not line up 
with X-ray observations (red) showing the location of the system’s 
hot gas. This fact is difficult to explain without dark matter 
because the gas contains several times as much mass as all the 
cluster’s stars combined. However, it is easy to explain if dark 
matter exists: The collision has simply stripped the hot gas away 
from the dark matter on which it was previously centered.

The smaller cluster has moved from left to right through the larger cluster,
and the collision has separated the X-ray-emitting hot gas from the galaxies.

Blue regions show where
most of the mass is, based
on gravitational lensing of
background galaxies.

X-ray emission (red) shows
the hot gas, whose mass is
several times the mass of
all the system’s stars.

smaller clusterlarger cluster

VIS

VIS X-ray
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matter (such as stars, gas, or dark matter) found in a large but typical vol-
ume of space and divide by the volume to determine the average density 
of this type of matter. These densities are then stated as percentages of 
the critical density—the density of mass-energy needed to make the geom-
etry of the universe flat [Section 17.3]. The critical density is quite small, 
equivalent to only 10–29 gram per cubic centimeter—roughly equivalent 
to a few hydrogen atoms in a volume the size of a closet.

The observations of galaxies and clusters that we have discussed indi-
cate that the total amount of matter in stars is only about 0.5% of the criti-
cal density, while dark matter represents about one-quarter of the critical 
density. Clearly, there is a lot of dark matter that needs to be accounted for.

Ordinary Matter: Not Enough Could all this dark matter simply be 
ordinary matter in some hard-to-observe form? After all, matter doesn’t 
necessarily need to be exotic to be dark. Astronomers consider matter 
to be “dark” as long as it is too dim for us to see at the great distances of 
the halo of our galaxy or beyond. Your body is dark matter, because our 
telescopes could not detect you if you were somehow flung into the halo 
of our galaxy. Planets, the “failed stars” known as brown dwarfs [Section 
13.1], and even some faint red main-sequence stars also qualify as dark 
matter, because they are too dim for current telescopes to see in the halo.

However, calculations made with the Big Bang model allow scientists 
to place limits on the total amount of ordinary matter in the universe. 
Recall that, during the era of nucleosynthesis, protons and neutrons first 
fused to make deuterium nuclei (nuclei consisting of one proton and 
one neutron) and these then fused into helium [Section 17.2]. 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 (ordinary matter) during 
the era of nucleosynthesis: The higher the density, the more efficiently 
fusion would have proceeded. A higher density in the early universe 
would have therefore left less deuterium in the universe today, and a 
lower density would have left more deuterium.

Calculations based on the observed deuterium abundance indicate 
that the overall density of ordinary matter in the universe is around 5% 
of the critical density (Figure 18.11). Detailed studies of temperature pat-
terns in the cosmic microwave background (see Figures 17.9 and 17.16) 
give the same result. Because this 5% is much too small to account for 
the one-quarter of the critical density that is dark, we conclude that most 
of the dark matter cannot be made from ordinary matter.

Exotic Matter: The Leading Hypothesis We are left with the idea 
that dark matter is made of exotic particles, and probably of a type of 
exotic particle that has not yet been discovered. Let’s begin to explore 
this possibility by taking another look at a type of exotic particle that we 
first encountered in connection with nuclear fusion in the Sun: neutri-
nos [Section 11.2]. Neutrinos are dark by nature because they have no 
electrical charge and cannot emit electromagnetic radiation of any kind. 
Moreover, they are never bound together with charged particles in the 
way that neutrons are bound in atomic nuclei, so their presence cannot 
be revealed by associated light-emitting particles. In fact, neutrinos inter-
act with other forms of matter through only two of the four forces: grav-
ity and the weak force [Section 17.1]. For this reason, neutrinos are said to 
be weakly interacting particles.

Calculations based on the Big Bang model 
indicate that ordinary matter cannot account 
for most of the dark matter.

FIgUrE 18.11 
This graph shows how the measured abundance of deuterium 
leads to the conclusion that the density of ordinary matter is 
about 5% of the critical density. The horizontal band shows the 
measured abundance of deuterium. The curve shows predictions 
of the deuterium abundance based on the Big Bang theory, and 
how it depends on the density of ordinary matter in the universe. 
Notice that the prediction matches up with the measurements 
only in the gray vertical strip, which represents a density of about 
5% of the critical density.
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The dark matter in galaxies cannot be made of neutrinos, because 
these very-low-mass particles travel through the universe at enormous 
speeds and can easily escape a galaxy’s gravitational pull. But what if other 
weakly interacting particles exist that are similar to neutrinos but consid-
erably heavier? They, too, would evade direct detection, but they would 
move more slowly, which means that their mutual gravity could hold 
together a large collection of them. Such hypothetical particles are called 
weakly interacting massive particles, or WIMPs for short. Note that 
they are subatomic particles, so the “massive” in their name is relative—
they are massive only in comparison to lightweight particles like neutrinos. 
Such particles could make up most of the mass of a galaxy or a cluster of 
galaxies, but they would be completely invisible in all wavelengths of light. 
Most astronomers now consider it likely that WIMPs make up the majority 
of dark matter, and hence the majority of all matter in the universe.

This hypothesis would also explain why dark matter seems to be distrib-
uted throughout spiral galaxy halos rather than concentrated in flattened 
disks like the visible matter. Recall that galaxies are thought to have formed 
as gravity pulled together matter in regions of slightly enhanced density in 
the early universe [Section 16.3]. This matter would have consisted mostly 

of dark matter mixed with some 
ordinary hydrogen and helium 
gas. The ordinary gas could col-
lapse to form a rotating disk 

because individual gas particles could lose orbital energy: Collisions among 
many gas particles can convert some of their orbital energy into radiative 
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. As the gas collapsed to form a disk, WIMPs 
would therefore have remained stuck in orbits far out in the galactic halo—
just where most dark matter seems to be located.

Searching for Dark Matter Particles The case for the existence 
of WIMPs seems fairly strong but is still circumstantial. Detecting the 
particles directly would be much more convincing, and physicists are 
currently searching for them in two different ways. The first and most 
direct way is with detectors that can potentially capture WIMPs from 
space. Because these particles are thought to interact only very weakly, 
the search requires building large, sensitive detectors deep underground, 
where they are shielded from other particles from space. As of 2013, 
these detectors have provided some tantalizing signals, but so far no 
proof that dark matter particles really exist.

The second way scientists 
are currently searching for 
dark matter particles is with 
particle accelerators, and in 

particular with the Large Hadron Collider (see Figure 17.2). None of the 
particles found as of 2013 has the characteristics of a WIMP, but scientists 
are optimistic that a discovery may be made within the next few years.

18.3  Structure Formation
The nature of dark matter remains enigmatic, but we are rapidly learning 
more about its role in the universe. We’ve already seen that dark matter 
appears to be the primary source of gravity in galaxies and galaxy clusters. 
We therefore suspect that the gravitational attraction of dark matter is what 
formed structures like galaxies and clusters of galaxies in the first place.

Scientists suspect that dark matter consists 
of weakly interacting particles that are like 
neutrinos but more massive.

The search for exotic particles of dark matter 
is currently under way, and scientists are 
optimistic that a discovery will soon be made.
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•	 What	is	the	role	of	dark	matter	in	galaxy	
formation?

Stars, galaxies, and clusters of galaxies are all gravitationally bound  
systems—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 as a whole is expanding, space is not expanding within our 
solar system, our galaxy, or our Local Group of galaxies.

Recall that our best model of how galaxies formed, outlined in Sec-
tion 16.3, envisions them growing from slight density enhancements 
that were present in the very early universe. During the first few million 
years after the Big Bang, the universe expanded everywhere. Gradu-
ally, the stronger gravity in regions of enhanced density pulled in matter 
until these regions stopped expanding and became protogalactic clouds, 
even as the universe as a whole continued to expand. As we’ve already 
discussed, dark matter consisting of WIMPs would have remained in the 
galactic halos because of its inability to radiate away orbital energy, while 
ordinary gas collapsed to form stars and galactic disks.

think	about	it	               State whether each of the following is a gravitationally 
bound system, and state your reasoning: (a) Earth; (b) a hurricane on Earth; (c) 
the Orion Nebula; (d) a supernova.

Galaxy clusters probably formed similarly. Early on, all the galax-
ies that would eventually constitute a cluster were flying apart with the 

expansion of the universe. 
The gravity of the dark 
matter associated with the 
cluster eventually reversed 

their trajectories, so that the galaxies ultimately fell back inward and 
began orbiting each other with random orientations, much like the stars 
in the halo of our galaxy.

Some clusters apparently have not yet finished forming, because 
their immense gravity is still drawing in new galaxies. For example, the 
relatively nearby Virgo Cluster of galaxies (about 60 million light-years 
away) appears to be tugging on the Milky Way and other galaxies of the 
Local Group. This gravitational tug may eventually reverse the motion 
of the Local Group away from the Virgo Cluster, and our galaxy and its 
companions will join the cluster. On even larger scales, clusters them-
selves 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 (Figure 18.12). Clearly, the 
gravity due to dark matter is having an enormous and ongoing influence 
on large structures in the universe.

•	 What	are	the	largest	structures	in	the	
universe?

Over the past few decades, astronomers have measured the redshifts of 
millions of galaxies. These redshifts can then be converted to distances 
with Hubble’s law [Section 16.2], thereby allowing astronomers to make 
three-dimensional maps of the distribution of galaxies in space. Such 
maps have revealed the existence of large-scale structures much vaster 
than clusters or superclusters of galaxies.

The gravity due to dark matter was probably the 
main force that caused protogalactic clouds to 
become galaxies and galaxies to group into clusters.

FIgUrE 18.12 
This diagram represents the motions of galaxies attributable to 
effects of gravity. Each black arrow represents the amount by 
which a galaxy’s actual velocity (inferred from a combination 
of observations and modeling) differs from the velocity we’d 
expect it to have from Hubble’s law alone. The Milky Way is at 
the center of the picture, which shows an area about 600 million 
light-years across. (Only a representative sample of galaxies is 
shown.) Notice how the galaxies tend to flow into regions where 
the density of galaxies is already high. These vast, high-density 
regions are probably superclusters in the process of formation.

Gravity pulls galaxies into regions of the universe
where the matter density is relatively high.
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Figure 18.13 shows the distribution of galaxies in three slices of 
the universe, each extending farther out in distance. Our Milky Way 
Galaxy is located at the vertex at the far left, and each dot represents 
an entire galaxy of stars. The slice at the left comes from one of the 
first surveys of large-scale structure, performed at the Harvard-Smith-
sonian Center for Astrophysics (CfA) in the 1980s. This map showed 
that galaxies are not scattered randomly through space but are instead 
arranged in huge chains and sheets that span many millions of light-
years. Clusters of galaxies are located at the intersections of these 
chains. Between these chains and sheets of galaxies lie giant empty 
regions called voids.

The other two slices show data from the more recent Sloan Digital 
Sky Survey. The Sloan Survey has measured redshifts for more than 
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-

years from end to end. Immense structures such as these apparently 
have not yet collapsed into randomly orbiting, gravitationally 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. If you look closely at the rightmost slice in Figure 
18.13, you’ll notice that the overall distribution of galaxies appears 
nearly uniform on scales larger than about a billion light-years. In 
other words, on very large scales the universe looks much the same 
everywhere, in agreement with what we expect from the Cosmological 
Principle [Section 16.2].

FIgUrE 18.13 
Each of these three wedges shows a “slice” of the universe 
extending outward from our own Milky Way Galaxy. The dots 
represent galaxies, shown at their measured distances from 
Earth. We see that galaxies trace out long chains and sheets 
surrounded by huge voids containing very few galaxies. ( The 
wedges are shown flat but actually are a few angular degrees in 
thickness; the CfA wedge at left does not actually line up with the 
two Sloan wedges.)

Fewer galaxies are plotted out here
because only the brightest ones can
be observed at large distances.

Sloan Great Wall

This wedge extends the middle wedge out 
to about 2.5 billion light-years. The distribution
of galaxies looks more uniform on this very large scale.
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Galaxies appear to be arranged 
in immense structures hundreds 
of millions of light-years across.
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Why is gravity collecting matter on such enormous scales? Just as 
galaxies formed from regions of slightly enhanced density in the early 
universe, these larger structures were also regions of enhanced density. 
Galaxies, clusters, superclusters, and the Sloan Great Wall probably all 
started as mildly high-density regions of different sizes. The voids in the 
distribution of galaxies probably started as mildly low-density regions.

According to this model of structure formation, the structures we see in 
today’s universe mirror the original distribution of dark matter very early in 
time. Supercomputer models of structure formation in the universe can now 
simulate the growth of galaxies, clusters, and larger structures from tiny den-

sity enhancements as the universe 
evolves (Figure 18.14). The results 
of these models look remarkably 
similar to the slices of the universe 

in Figure 18.13, bolstering our confidence in this scenario. Moreover, the pat-
terns of mass distribution are consistent with the patterns of density enhance-
ments revealed in maps of the cosmic microwave background. Overall, we 
now have a basic picture of how galaxies and large-scale structures formed 
in the universe, perhaps starting from quantum fluctuations that occurred 
when the universe was a tiny fraction of a second old [Section 17.3].

Fate of the Universe Tutorial, Lessons 1–3

18.4  Dark Energy and the Fate of  
  the Universe
Two competing processes have governed the large-scale development of the 
universe: (1) the ongoing expansion that began in the Big Bang, which tends 
to drive galaxies apart from one another, and (2) the gravitational attraction 
of matter in the universe, which assembles galaxies and larger-scale struc-
tures around the density enhancements that emerged from the Big Bang.

These ideas naturally lead us to one of the ultimate questions in 
astronomy: How will the universe end? After Edwin Hubble discovered 
the expansion of the universe, astronomers generally assumed that the 
end would be like one of the two fates in Robert Frost’s poem. If gravity 
were strong enough, the expansion would someday halt and reverse; the 
universe would then begin collapsing and heating back up, eventually end-
ing in a fiery and cataclysmic crunch. Alternatively, if the total strength of  

Not to scale!

0.5 billion years

13 million light-years

35 million light-years

70 million light-years

93 million light-years

140 million light-years

2.2 billion years 5.9 billion years 8.6 billion years 13.7 billion years

As the universe expands over time, denser regions draw in
more and more matter, creating a “lumpy” distribution.

FIgUrE 18.14            InTEraCTIVE FIgUrE 

Frames from a supercomputer simulation of structure formation. 
The five boxes depict the development of a cubical region that is 
now 140 million light-years across. The labels above the boxes 
give the age of the universe, and the labels below give the size 
of the box as it expands with time. Notice that the distribution 
of matter is only slightly lumpy when the universe is young (left 
frame). Structures grow more pronounced with time as the 
densest lumps draw in more and more matter.

The structure we see in today’s universe 
probably mirrors the distribution of dark 
matter when the universe was very young.

Some say the world will end in fire,
Some say in ice.
From what I’ve tasted of desire
I hold with those who favor fire.
But if it had to perish twice,
I think I know enough of hate
To say that for destruction ice
Is also great
And would suffice.

—Robert Frost, Fire and Ice
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gravity were too weak, gravity would never slow the expansion enough 
for it to halt and reverse, leading to an icy end in which the universe 
would grow ever colder as its galaxies moved ever farther apart. Much to 
astronomers’ surprise, nearly two decades of observation now show that 
the expansion is not slowing at all, but instead is accelerating with time. 
As we’ve discussed, this implies the existence of some repulsive force pro-
duced by the mysterious form of energy that we have come to call dark 
energy.

•	 What	is	the	evidence	for	an	accelerating	
expansion?

Astronomers can learn how the expansion rate of the universe has 
changed with time by carefully measuring the recession speeds and dis-
tances of very distant galaxies. Because those measurements show how 
fast galaxies were moving when the universe was much younger, careful 
analysis of their speeds can tell us whether galaxy speeds have slowed 
down, held steady, or sped up over time.

Four Expansion Models To understand the evidence that has led astron-
omers to conclude that the expansion is accelerating, let’s consider how dif-
ferent amounts of gravity and repulsion cause the expansion rate to change 
with time according to the following four general models (Figure 18.15):

•	 A	recollapsing universe. In the case of extremely strong gravitational 
attraction and no repulsive force, the expansion would continually 
slow down with time and eventually would stop entirely and then re-
verse. Galaxies would come crashing back together, and the universe 
would 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.

FIgUrE 18.15 
Four general models for how the universal expansion rate might 
change with time. Each diagram shows how the size of a circular 
slice of the universe changes with time in a particular model. The 
slices are the same size at the present time, marked by the red 
line, but the models make different predictions about the sizes of 
the slices in the past and future.

recollapsing
universe

present

past

future

critical
universe

coasting
universe

accelerating
universe

Each of these slices of the universe is the same size at the present time.
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•	 A	critical universe. In the case of gravitational attraction that was 
not quite strong enough to reverse the expansion in the absence of 
a repulsive force, the expansion would decelerate forever, leading 
to a universe that would never collapse but would expand ever 
more slowly as time progressed. We call this a critical universe, be-
cause calculations show that it is what we would expect if the total 
density of the universe were the critical density and only matter 
(and not dark energy) contributed to this density.

•	 A	coasting universe. In the case of weak gravitational attraction 
and no repulsive force, galaxies would always move apart at ap-
proximately the speeds they have today. We call this a coasting uni-
verse, because it is what we would find if no forces acted to change 
the expansion rate, much as a spaceship can coast through space at 
constant speed if no forces act to slow it down or speed it up.

•	 An	accelerating universe. In the case of a repulsive force strong 
enough to overpower gravity, the expansion would accelerate with time, 
causing galaxies to recede from one another with ever-increasing speed.

Note that each general model leads to a different age for the universe 
today. In all four models, the size of a particular region of space and the 
expansion rate of the universe are the same for the present (indicated 
by the horizontal red line in Figure 18.15), because those values must 

agree with our meas-
urements for the aver-
age distance between 
galaxies today and for 

Hubble’s constant today. However, the four models each extend differ-
ent lengths into the past. The coasting model assumes that the expan-
sion rate never changes, and its starting point therefore indicates the age 
of the universe that we would infer from Hubble’s constant alone. The 
recollapsing and critical models both give younger ages for the universe, 
because these models assume that galaxy speeds would have been faster 
in the past, so that galaxies would have reached their current distances 
in less total time. The accelerating model leads to an older age, because 
galaxy speeds would have slower in the past, so galaxies would have 
required more time to reach their current distances.

Evidence for Acceleration Figure 18.16 shows the key evidence 
that has led astronomers to favor the accelerating model. The four solid 
curves show how the four general models predict that average distance 
between galaxies should have changed with time. The curves for the 
accelerating, coasting, and critical universes always continue upward as 
time increases, because in these cases the universe is always expanding. 
The steeper the slope, the faster the expansion. In the recollapsing case, 
the curve begins on an upward slope but eventually turns around and 
declines as the universe contracts. All the curves pass through the same 
point and have the same slope at the moment labeled “now,” because 
the current separation between galaxies and the current expansion rate 
in each case must agree with observations of the present-day universe.

see it for yourself        Toss a ball in the air, and observe how it rises and 
falls. Then make a graph to illustrate your observations, with time on the horizon-
tal axis and height on the vertical axis. Which universe model does your graph 
most resemble? What is the reason for that resemblance? How would your 
graph look different if Earth’s gravity were not as strong? Would the time for the 
ball to rise and fall be longer or shorter?

The expansion rate of the universe depends on the  
balance between gravity, which acts to slow the  
expansion, and dark energy, which acts to accelerate it.
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The black dots in Figure 18.16 show actual data, which are based on 
distance measurements using white dwarf supernovae as standard can-
dles [Section 16.2]. (The horizontal line through each dot indicates the 

range of uncertainty in the meas-
ured lookback time.) Although 
there is some scatter in the data 
points, they clearly fit the curve 

for the accelerating model better than any of the other models. In other 
words, the observations agree best with a model of the universe in which 
the expansion is now accelerating with time.

The Nature of Dark Energy The acceleration of the expansion clearly 
implies the existence of some force that acts to push galaxies apart, and 
the source of this force is what we have dubbed dark energy. Keep in 
mind, however, that we have little idea of what the nature of dark energy 
might actually be. None of the four known forces in nature could pro-
vide a force to oppose gravity, and while some theories of fundamental 
physics suggest ways in which energy could fit the bill, no known type of 
energy produces the right amount of acceleration.

Continued observations of distant supernovae have the potential to 
tell us exactly how large an effect dark energy has had throughout cos-
mic history and whether the strength of this effect has changed with 
time. Already there are some intriguing hints. For example, it appears 

that the expansion was not accelerat-
ing immediately after the Big Bang, 
indicating that gravity was strong 
enough to slow the expansion for the 

first few billion years until dark energy became dominant. (The curve 
for the accelerating model in Figure 18.16 shows this scenario.) Inter-
estingly, this type of behavior is consistent with an idea that Einstein 
once introduced but later disavowed in his general theory of relativity, 
leading some scientists to suggest that dark energy might successfully be 

FIgUrE 18.16 
Data from white dwarf supernovae are shown, along with four 
possible models for the expansion of the universe. Each curve 
shows how the average distance between galaxies changes 
with time for a particular model. A rising curve means that the 
universe is expanding, and a falling curve means that the universe 
is contracting. Notice that the supernova data fit the accelerating 
universe better than the other models.
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The four colored lines represent models of the four possible
expansion patterns for the size of the universe over time.

If the accelerating model is correct, 
then the universe must be nearly 
14 billion years old.

Plotting actual supernova data on 
this graph shows that the data �t 
the accelerating model best.

Distances measured to faraway white 
dwarf supernovae indicate that the expan-
sion of the universe is speeding up.

We still do not know what dark energy 
is, but observations of how it changes 
with time might provide clues.
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shortly after einstein completed his general theory of relativity 
in 1915, he found that it predicted that the universe could not be 
standing still: The mutual gravitational attraction of all the matter 
would make the universe collapse. Because Einstein thought at the 
time that the universe should be eternal and static, he decided to 
alter his equations. In essence, he inserted a “fudge factor” called the 
cosmological constant that acted as a repulsive force to counteract the 
attractive force of gravity.

Had he not been so convinced that 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: because it is still 
expanding from the event of its birth. After Hubble discovered uni-
versal expansion, Einstein supposedly called his invention of the 
cosmological constant “the greatest blunder” of his career.

Now that observations of very distant galaxies (using white 
dwarf supernovae as standard candles) have shown that the uni-
verse’s expansion is accelerating, Einstein’s idea of a universal  
repulsive force doesn’t seem so far-fetched. In fact, observations to 
date are consistent with the idea that dark energy has properties 
virtually identical to those that Einstein originally proposed for the 
cosmological constant. In particular, the amount of dark energy 
in each volume of space seems to remain unchanged while the 
universe expands, as if the vacuum of space itself were constantly 
rippling with energy—which is just what the cosmological con-
stant does in Einstein’s equations. We’ll need more measurements 
to know for sure, but it is beginning to seem that Einstein’s greatest 
blunder may not have been a blunder after all.

specialtopic Einstein’s Greatest Blunder

described by a term in Einstein’s equations that describe gravity (see Spe-
cial Topic, below). Nevertheless, even if this idea turns out to be correct, 
we remain a long way from an actual understanding of dark energy’s 
nature.

•	 Why	is	flat	geometry	evidence	for	dark	
energy?

The evidence for the existence of dark energy provided by observations 
of an accelerating expansion seems quite strong, but it is important to 
remember that it is based on measurements of white dwarf supernovae. 
While we have good reason to think that these supernovae make reliable 
standard candles, having just a single source of evidence would be cause 
for at least some concern. Fortunately, some completely different obser-
vations made during the past couple of decades also provide evidence for 
the existence of dark energy.

Flatness and Dark Energy Recall that Einstein’s general theory 
of relativity tells us that the overall geometry of the universe can take 
one of three general forms—spherical, flat, or saddle shaped (see Figure 
17.14)—and that careful observations of the cosmic microwave back-
ground provide strong evidence that the actual geometry is flat (see  
Figure 17.16). As we discussed in Chapter 17, a flat geometry implies 
that the total density of matter plus energy in the universe is exactly equal 
to the critical density.

Now, recall that observations of dark matter indicate that the total 
density of matter amounts to only about 30% of the critical density. 
In that case, the remaining 70% of the universe’s density must be 

in the form of energy. Tell-
ingly, the amount of dark 
energy required to explain the 
observed acceleration of the 
expansion also is about 70% 

of the critical density. The startling conclusion: About 70% of the total 
mass-energy of the universe takes the form of dark energy.

The universe’s flat geometry implies a total 
density equal to the critical density. Matter 
alone falls far short of this density, so most of 
the universe must be composed of energy.
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Inventory of the Universe We began this chapter by noting that 
astronomers today must admit the embarrassing fact that we do not yet 
know what most of the universe is made of. It appears to be made of 
things we call dark matter and dark energy, but we do not yet know 
the true nature of either one. Nevertheless, the observations we have 
discussed allow us to make quantitative statements about our ignorance. 
According to the model that best explains the observed temperature pat-
terns in the cosmic microwave background, the total density of matter 
plus energy in the universe is equal to the critical density, and it is made 
up of the following components:

•	 Ordinary	matter	(made	up	of	protons,	neutrons,	electrons)	makes	up	
about 5% of the total mass-energy of the universe. Note that this mod-
el prediction agrees with what we find from observations of deuterium 
in the universe. Some of this matter is in the form of stars (about 0.5% 
of the universe’s mass-energy). The rest is presumed to be in the form 
of intergalactic gas, such as the hot gas found in galaxy clusters.

•	 Some	form	of	exotic	dark	matter—most	likely	weakly	interacting	
massive particles (WIMPs)—makes up about 27% of the mass- 
energy of the universe, in close agreement with what we infer 
from measurements of the masses of clusters of galaxies.

•	 Dark	energy	makes	up	the	remaining	68%	of	the	mass-energy	of	
the universe, accounting both for the observed acceleration of the 
expansion and for the pattern of temperatures in the cosmic micro-
wave background.

Figure 18.17 summarizes this inven-
tory of the universe with a pie chart, and 
Figure 18.18 summarizes the evidence 
we have discussed for the existence of 

dark matter and dark energy. We may not yet know what either dark 
matter or dark energy actually is, but our measurements of how much 
matter and energy may be out there are becoming more precise.

The Age of the Universe Models that explain the temperature varia-
tions in the cosmic microwave background not only give us an inventory 
of the universe but also make precise predictions about the age of the 
universe. According to the model that gives the best agreement to the 
data (the same model used for the inventory above), the age of the uni-
verse is about 13.8 billion years, with an uncertainty of about 0.1 billion 
years (100 million years). That is why, throughout this book, we have said 
that the universe is “about 14 billion years old.” Note that this age is in 
good agreement with what we infer from Hubble’s constant and observed 
changes in the expansion, and also agrees well with the fact that the old-
est stars in the universe appear to be about 13 billion years old.

•	 What	is	the	fate	of	the	universe?
We are now ready to return to the question of the fate of the universe. 
If we think in terms of Robert Frost’s poetry at the beginning of this 
section, the recollapsing universe is the only one of our four possible 
expansion models that has an end in fire, and the data do not fit that 
model. Therefore, it seems that the universe is doomed to expand for-
ever, its galaxies receding ever more quickly into an icy, empty future. 
The end, it would seem, is more likely to be like that described in the 
poetry excerpt from Rebecca Elson to the right.

The composition of the universe: 
68% dark energy, 27% exotic dark 
matter, 5% ordinary matter.

FIgUrE 18.17 
This pie chart shows the proportion of each of the major 
components of matter and energy in the universe, based on 
current evidence.

68% dark energy

27% dark matter

0.5% stars 5% ordinary
 matter (atoms)

Into its own beyond,
Till it exhausts itself and lies down cold,
Its last star going out.

—Rebecca Elson, from “Let There Always Be Light”
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 A scientific model makes testable predictions about natural 
phenomena. If predictions do not agree with observations, the model must be 
revised or abandoned. Observations of the universe’s expansion have forced us to 
modify our models of the universe to include dark energy along with dark matter. 

Supercomputer models in which dark matter is the dominant 
source of gravity show galaxies organized into strings and 
sheets similar in size and shape to those we observe in the 
real universe.

2 3 Structure Formation: If dark matter really is the dominant source of gravity 
in the universe, then its gravitational force must have been what assembled 
galaxies and galaxy clusters in the first place. We can test this prediction 
using supercomputers to model the formation of large-scale structures both 
with and without dark matter. Models with dark matter provide a better match 
to what we observe in the real universe.

4 Universal Expansion and Dark Energy: The expansion of a universe 
consisting primarily of dark matter would slow down over time because of  
gravity, but observations have shown that the expansion is actually speeding 
up. Scientists hypothesize that a mysterious dark energy is causing the 
expansion to accelerate. Models that include both dark matter and dark 
energy agree more closely with observations of distant supernovae and the 
cosmic microwave background than models containing dark matter alone.

Scientists suspect that most of the matter in the universe is dark matter we cannot see, and that the 
expansion of the universe is accelerating because of a dark energy we cannot directly detect. Both dark 
matter and dark energy have been proposed to exist because they bring our models of the universe into 
better agreement with observations, in accordance with the process of science. This figure presents 
some of the evidence supporting the existence of dark matter and dark energy.

1 Dark Matter in Galaxies: Applying Newton’s laws of gravity and motion to 
the orbital speeds of stars and gas clouds suggests that galaxies contain 
much more matter than we observe in the form of stars and glowing gas.

Dark Matter in Clusters: Further evidence for dark matter comes from 
studying galaxy clusters. Observations of galaxy motions, hot gas, and 
gravitational lensing all suggest that galaxy clusters contain far more matter 
than we can directly observe in the form of stars and gas.

. . . indicating that the visible portion of our galaxy lies 
at the center of a much larger volume of dark matter.

 A scientific model must seek explanations for observed 
phenomena that rely solely on natural causes. Orbital motions within galaxies 
demand a natural explanation, which is why scientists proposed the existence of dark 
matter.

 Science progresses through creation and testing of models 
of nature that explain the observations as simply as possible. Dark matter 
accounts for our observations of galaxy clusters more simply than alternative 
hypotheses.

This cluster of galaxies acts as a gravitational lens to bend 
light from a single galaxy behind it into the multiple blue 
shapes in this photo. The amount of bending allows astrono-
mers to calculate the total amount of matter in the cluster.

Orbital speeds of stars and gas clouds remain high even quite 
far from our galaxy's centerc
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supernovae are more consistent 
with an accelerating model than 
with other models for the 
universe’s expansion.
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Supercomputer models in which dark matter is the dominant 
source of gravity show galaxies organized into strings and 
sheets similar in size and shape to those we observe in the 
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2 3 Structure Formation: If dark matter really is the dominant source of gravity 
in the universe, then its gravitational force must have been what assembled 
galaxies and galaxy clusters in the first place. We can test this prediction 
using supercomputers to model the formation of large-scale structures both 
with and without dark matter. Models with dark matter provide a better match 
to what we observe in the real universe.

4 Universal Expansion and Dark Energy: The expansion of a universe 
consisting primarily of dark matter would slow down over time because of  
gravity, but observations have shown that the expansion is actually speeding 
up. Scientists hypothesize that a mysterious dark energy is causing the 
expansion to accelerate. Models that include both dark matter and dark 
energy agree more closely with observations of distant supernovae and the 
cosmic microwave background than models containing dark matter alone.

Scientists suspect that most of the matter in the universe is dark matter we cannot see, and that the 
expansion of the universe is accelerating because of a dark energy we cannot directly detect. Both dark 
matter and dark energy have been proposed to exist because they bring our models of the universe into 
better agreement with observations, in accordance with the process of science. This figure presents 
some of the evidence supporting the existence of dark matter and dark energy.

1 Dark Matter in Galaxies: Applying Newton’s laws of gravity and motion to 
the orbital speeds of stars and gas clouds suggests that galaxies contain 
much more matter than we observe in the form of stars and glowing gas.

Dark Matter in Clusters: Further evidence for dark matter comes from 
studying galaxy clusters. Observations of galaxy motions, hot gas, and 
gravitational lensing all suggest that galaxy clusters contain far more matter 
than we can directly observe in the form of stars and gas.

. . . indicating that the visible portion of our galaxy lies 
at the center of a much larger volume of dark matter.

 A scientific model must seek explanations for observed 
phenomena that rely solely on natural causes. Orbital motions within galaxies 
demand a natural explanation, which is why scientists proposed the existence of dark 
matter.

 Science progresses through creation and testing of models 
of nature that explain the observations as simply as possible. Dark matter 
accounts for our observations of galaxy clusters more simply than alternative 
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This cluster of galaxies acts as a gravitational lens to bend 
light from a single galaxy behind it into the multiple blue 
shapes in this photo. The amount of bending allows astrono-
mers to calculate the total amount of matter in the cluster.
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think	about	it	               Do you think that one of the possible fates (fire or ice) is 
preferable to the other? Why or why not?

The Next 10100 Years What exactly will happen to the universe as 
time goes on in an ever-expanding universe? We can use our current 
understanding of physics to hypothesize about the answer.

First, the answer obviously depends on how much the expansion of 
the universe accelerates in the future. Some scientists speculate that the 
repulsive force due to dark energy might strengthen with time. In that 
case, perhaps in a few tens of billions of years, the growing repulsive force 
would tear apart our galaxy, our solar system, and even matter itself in a 
catastrophic event sometimes called the “Big Rip.” However, evidence for 
this type of growing repulsion is very weak, and it seems more likely that 
the expansion will continue to accelerate more gradually.

If the universe continues to expand in this way, galaxies and galaxy 
clusters will remain gravitationally bound far into the future. Galaxies will 

not always look the same, however, 
because the star–gas–star cycle [Section 
15.2] cannot continue forever. With each 
generation of stars, more mass becomes 

locked up in planets, brown dwarfs, white dwarfs, neutron stars, and black 
holes. Eventually, about a trillion years from now, even the longest-lived 
stars will burn out, and the galaxies will fade into darkness.

At this point, the only new action in the universe will occur on the 
rare occasions when two objects—such as two brown dwarfs or two 
white dwarfs—collide within a galaxy. The vast distances separating star 
systems in galaxies make such collisions extremely rare. For example, 
the probability of our Sun (or the white dwarf that it will become) col-
liding with another star is so small that it would be expected to happen 
only once in a quadrillion (1015) years. However, given a long enough 
period of time, even low-probability events will eventually happen many 
times. If a star system experiences a collision once in a quadrillion years, 
it will experience about 100 collisions in 100 quadrillion (1017) years. By 
the time the universe reaches an age of 1020 years, star systems will have 
suffered an average of 100,000 collisions each, making a time-lapse his-
tory of any galaxy look like a cosmic game of billiards.

These multiple collisions will severely disrupt galaxies. As in any grav-
itational encounter, some objects lose energy in such collisions and some 
gain energy. Objects that gain enough energy will be flung into intergalac-
tic space, to be carried away from their home galaxies with the expansion 
of the universe. Objects that lose energy will eventually fall to the galactic 
center, leaving behind a single supermassive black hole where a galaxy 
used to be. The remains of the universe will consist of widely separated 
black holes with masses as great as a trillion solar masses, and widely scat-
tered planets, brown dwarfs, and stellar corpses. If Earth somehow sur-
vives, it will be a frozen chunk of rock in the darkness of the expanding 
universe, billions of light-years away from any other solid object.

If grand unified theories [Section 17.1] are correct, Earth still cannot 
last forever. These models predict that protons will eventually fall apart. 
The predicted lifetime of protons is extremely long: a half-life of at least 
1033 years. However, if protons really do decay, then by the time the 
universe is 1040 years old, Earth and all other atomic matter will have 
disintegrated into radiation and subatomic particles.

The final phase may come through a mechanism proposed by physi-
cist Stephen Hawking. He has predicted that black holes must eventually 
“evaporate,” turning their mass-energy into radiation (now called Hawking 

Based on current data, the universe 
seems destined to expand forever, 
ending in darkness.
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radiation). The process is so slow that we do not expect to be able to see 
it from any existing black holes, but if it really occurs, then black holes 
in the distant future will disappear in brilliant bursts of radiation. The 
largest black holes will last the longest, but even trillion-solar-mass black 
holes will evaporate sometime after the universe reaches an age of 10100 
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 occur that 
would allow an omniscient observer to distinguish past from future. In a 
sense, the universe will finally have reached the end of time.

Forever Is a Long Time Lest any of this sound depressing, keep in 
mind that we are talking about incredibly long times. Remember that 
1011 years is already nearly 10 times the current age of the universe 
(because 14 billion years is the same as 1.4 * 1010 years), 1012 years is 
another 10 times that, and so on. A time of 10100 years is so long that we 
can scarcely describe it, but one way to think about it (thanks to the late 
Carl Sagan) is to imagine that you wanted to write on a piece of paper a 
number that consisted of a 1 followed by 10100 zeros (that is, the num-
ber 1010100

). It sounds easy, but a piece of paper large enough to hold all 
those zeros would not fit in the observable universe today. If that still does 
not alleviate your concerns, you may be glad to know that a few creative 
thinkers are already speculating about ways in which the universe might 
avoid an icy fate or undergo rebirth, even after the end of time.

Perhaps of greater significance, speculating about the future of the uni-
verse means speculating about forever, and forever leaves us with a very 
long time in which to make new discoveries. After all, it is only in the past 
century that we learned that we live in an expanding universe, and only in 
the past couple of decades that we were surprised to learn that the expan-
sion is accelerating. The universe may yet hold other surprises that might 
force us to rethink what might happen between now and the end of time.

We have found that there may be much more to the universe than meets 
the eye. Dark matter too dim for us to see seems to far outweigh the 
stars, and a mysterious dark energy may be even more prevalent. To-
gether, dark matter and dark energy have probably been the dominant 
agents of change in the overall history of the universe. Here are some 
key “big picture” points to remember about this chapter:

• Dark matter and dark energy sound very similar, but they 
are hypothesized to explain different observations. Dark 
matter is thought to exist because we detect its gravita-
tional influence. Dark energy is a term given to the source 
of the force that is accelerating the expansion of the  
universe.

• 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 to be by far the most abundant form of 
mass in the universe, and therefore the primary source of the 
gravity that formed galaxies and larger-scale structures from 
tiny density enhancements that existed in the early universe. 
We still do not know what dark matter is, but we suspect it is 
largely made up of as-yet-undiscovered subatomic particles.

• The existence of dark energy is supported by evidence 
from observations both of the expansion rate through 
time and of temperature variations in the cosmic micro-
wave background. Together, these observations have led 
to a model of the universe that gives us increasingly pre-
cise values for the inventory of its contents and its age.

• The fate of the universe seems to depend on whether its  
expansion continues forever, and the acceleration of the 
expansion suggests that it will. Nevertheless, forever is a long 
time, and only time will tell whether new discoveries will 
alter our speculations about the distant future.

the	big	picture   P U T T I n g  C H a P T E r  18 I n T o  C o n T E x T

M18_BENN8083_CH18_pp458-487.indd   483 10/18/13   5:54 PM



484 ParT V • Galaxies and Beyond

summary of key concepts

18.1 Unseen Influences in the Cosmos

•	What	do	we	mean	by	dark	matter	and	dark	energy?
Dark matter and dark energy have never been directly observed, 
but each has been proposed to exist because it seems the simplest 
way to explain a set of observed motions in the universe. Dark 
matter 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 the form of energy thought to be 
causing the expansion of the universe to accelerate.

18.2 Evidence for Dark Matter

•	What	is	the	evidence	for	dark	matter	in	galaxies?
The orbital velocities of stars and 
gas clouds in galaxies do not change 
much with distance from the center 
of the galaxy. Applying Newton’s 
laws of gravitation 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 visible light is coming from this 
additional mass, we call it dark matter.

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

We have three different ways of 
measuring the amount of dark matter in 
clusters of galaxies: from galaxy orbits, 
from the temperature of the hot gas in 
clusters, and from the gravitational 
lensing predicted by Einstein. All these 
methods are in agreement, indicating 
that the total mass of dark matter in a 

galaxy cluster is at least 40 times the mass of its stars. 

• Does dark matter really exist?
We infer that dark matter exists from its gravitational 
influence on the matter we can see, leaving two possibilities: 
Either dark matter 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 (baryonic) matter 
in the form of dim stars or planetlike objects, but the amount 
of deuterium left over from the Big Bang and the patterns in 
the cosmic microwave background both indicate that ordinary 
matter adds up to only about 5% of the critical density of 
matter needed to make the overall geometry of the universe 
flat. The rest of the matter, amounting to about one-quarter 

of the critical density, is therefore hypothesized to be exotic 
(nonbaryonic) dark matter consisting of as-yet-undiscovered 
particles called WIMPs.

18.3 Structure Formation

•	What	is	the	role	of	dark	matter	in	galaxy	formation?
Because most of a galaxy’s mass is in the form of dark matter, 
the gravity due to that dark matter is probably what formed 
protogalactic clouds and then galaxies from slight density 
enhancements in the early universe.

•	What	are	the	largest	structures	in	the	universe?
Galaxies appear to be distributed in 
gigantic chains and sheets that surround 
great voids. These large-scale structures 
trace their origin directly back to regions of 
slightly enhanced density early in time.

18.4 Dark Energy and the Fate of the Universe

•	What	is	the	evidence	for	an	accelerating	expansion?
Observations of distant supernovae show 
that the expansion of the universe has been 
speeding up for the last several billion years. 
No one knows the nature of the mysterious 
force that could be causing this acceleration. 
However, its characteristics are consistent with 
models in which the force is produced by a 
form of dark energy that pervades the universe.

•	Why	is	flat	geometry	evidence	for	dark	energy?
Observations of the cosmic microwave 
background also support the existence of 
dark energy because they demonstrate 
that the overall geometry of the universe is 
nearly flat. According to Einstein’s general 
theory of relativity, the universe can be flat 
only if the total amount of mass-energy 
it contains is equal to the critical density, 
but measurements of the total amount of 

matter show that it represents only about 30% of the critical 
density. We therefore infer that about 70% of the total mass-
energy is in the form of dark energy—the same amount 
implied by the supernova observations.

•	What	is	the	fate	of	the	universe?
If dark energy is indeed what’s driving the acceleration of 
the universe’s expansion, then we expect the expansion to 
continue accelerating into the future, as long as the effects of 
dark energy do not change with time and there are no other 
factors that affect the fate of the universe.
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visual skills check

The schematic figure to the left shows a more complicated expansion 
history than the four idealized models shown in Figure 18.17. Answer 
the following questions, using the information given in this figure.

 1. At time A, is the expansion of the universe accelerating, 
coasting, or decelerating?

 2. At time B, is the expansion of the universe accelerating, 
coasting, or decelerating?

 3. At time C, is the expansion of the universe accelerating, 
coasting, or decelerating?

 4. At time D, is the expansion of the universe accelerating, 
coasting, or decelerating?

Check your understanding of some of the many types of visual information used in astronomy. For 
additional practice, try the Chapter 18 Visual Quiz at MasteringAstronomy®.

present

past

future
A

B

C

D

exercises	and	problems

For instructor-assigned homework and other learning materials, go to MasteringAstronomy®.

Review	Questions
  1. Define dark matter and dark energy, and clearly distinguish 

between them. What types of observations have led scientists to 
propose the existence of each of these unseen influences?

 2. Describe how orbital speeds in the Milky Way depend on 
distance from the galactic center. How does this relationship 
indicate the presence of large amounts of dark matter?

 3. How do orbital speeds depend on distance from the galactic 
center in other spiral galaxies, and what does this tell us about 
dark matter in spiral galaxies?

 4. How do we measure the masses of elliptical galaxies? What do 
these masses lead us to conclude about dark matter in elliptical 
galaxies?

 5. Briefly describe the three different ways of measuring the mass 
of a cluster of galaxies. Do the results from the different methods 
agree? What do they tell us about dark matter in galaxy clusters?

 6. What is gravitational lensing? Why does it occur? How can we use 
it to estimate the masses of lensing objects?

 7. Briefly explain why the conclusion that dark matter exists rests 
on assuming that we understand gravity correctly. Is it possible 
that our understanding of gravity is not correct? Explain.

 8. In what sense is dark matter “dark”? Briefly explain why objects 
like you, planets, and even dim stars qualify as dark matter.

 9. What evidence indicates that most of the matter in the universe 
cannot be ordinary (baryonic) matter?

 10. Explain what we mean when we say that a neutrino is a weakly 
interacting particle. Why can’t the dark matter in galaxies be made 
of neutrinos?

 11. What do we mean by WIMPs? Why does it seem likely that dark 
matter consists of these particles, even though we do not yet 
know what they are?

 12. Briefly describe the various large-scale structures of the universe, 
the role of dark matter in their formation, and why the largest 
structures probably reflect the density patterns of the early 
universe.

 13. Describe and compare the four general patterns for the 
expansion of the universe: recollapsing, critical, coasting, and 
accelerating. What evidence supports the accelerating model and 
the existence of dark energy?

 14. How do observations of the cosmic microwave background 
provide evidence for dark energy?

 15. Based on current evidence, what is the overall inventory of the 
mass-energy content of the universe?

 16. What implications does the evidence for dark energy have for 
the fate of the universe?
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Test Your Understanding
Does It Make Sense?
Decide whether the statement makes sense (or is clearly true) or does not 
make sense (or is clearly false). Explain clearly; not all these have definitive 
answers, so your explanation is more important than your chosen answer.

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

 18. A cluster of galaxies is held together by the mutual gravitational 
attraction of all the stars in its galaxies.

 19. We can estimate the total 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 largest structures that we have so far 
detected in the universe.

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

 22. There is no doubt remaining among astronomers that the fate of 
the universe is to expand forever.

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

 24. Dark energy is the energy associated with the motion of particles 
of dark matter.

 25. Evidence that the expansion of the universe is accelerating comes 
from observations showing that the average distance between 
galaxies is increasing faster now than it was 5 billion years ago.

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

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 lots 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 explain 
(a) observations suggesting that the expansion of the universe 
is accelerating. (b) the high orbital speeds of stars far from the 
center of our galaxy. (c) explosions that seem to create giant 
voids between galaxies.

 29. Measurements of how orbital speeds depend on distance from 
the center of our galaxy tell us that stars in the outskirts of the 
galaxy (a) orbit the galactic center just as fast as stars closer to 
the center. (b) rotate rapidly on their axes. (c) travel in straight, 
flat lines rather than elliptical orbits.

 30. Strong evidence for the existence of dark matter comes from 
observations of (a) our solar system. (b) the center of the Milky 
Way. (c) clusters of galaxies.

 31. A photograph of a cluster of galaxies shows distorted images of 
galaxies that lie behind it at greater distances. This is an example 
of what astronomers call (a) dark energy. (b) spiral density 
waves. (c) gravitational lensing.

 32. Based on the observational evidence, is it possible that dark 
matter doesn’t really exist? (a) No, the evidence for dark matter 
is too strong for us to think it could be in error. (b) Yes, but only 
if there is something wrong with our current understanding of 
how gravity should work on large scales. (c) Yes, but only if all 
the observations themselves are in error.

 33. Based on current evidence, which of the following is considered 
a likely candidate for the majority of the dark matter in galaxies? 
(a) subatomic particles that we have not yet been able to detect 
(b) swarms of relatively dim red stars (c) supermassive black 
holes

 34. Which region of the early universe was most likely to become 
a galaxy? (a) a region whose matter density was lower than 
average (b) a region whose matter density was higher than 
average (c) a region with an unusual concentration of dark 
energy

 35. The major evidence for the idea that the expansion of the 
universe is accelerating comes from observations of (a) white 
dwarf supernovae. (b) the orbital speeds of stars within galaxies. 
(c) the evolution of quasars.

 36. Which of the following possible types of universe would not 
expand forever? (a) a critical universe (b) an accelerating 
universe (c) a recollapsing universe

Process of Science
 37. Dark Matter. Overall, how convincing do you consider the case for 

the existence of dark matter? Write a short essay in which you 
explain what we mean by dark matter, describe the evidence for 
its existence, and discuss your opinion about the strength of the 
evidence.

 38. Dark Energy. Overall, how convincing do you consider the 
case for the existence of dark energy? Write a short essay in 
which you explain what we mean by dark energy, describe the 
evidence for its existence, and discuss your opinion about the 
strength of the evidence.

 39. Alternative Gravity. Suppose someone proposed a new theory of 
gravity that claimed to explain observations of motion in galaxies 
and clusters of galaxies without the need for dark matter. Briefly 
describe at least one other test that you would expect the new 
theory to be able to pass if it was, in fact, a better theory of gravity 
than general relativity, which is currently our best explanation of 
how gravity works.

Group	Work	Exercise
 40. Dark Matter and Distorted Galaxies. Roles: Scribe (takes notes on 

the group’s activities), Proposer (proposes explanations to the 
group), Skeptic (points out weaknesses in proposed explanations), 
Moderator (leads group discussion and makes sure everyone 
contributes). Activity:
a. Study the gravitational lensing diagram in Figure 18.8 

and notice how gravitational lensing causes the image of a 
background galaxy to shift to a position farther from the center 
of the cluster. The Proposer should explain how this shift affects 
the lensed image of a galaxy and predict how the lensed image 
of a spherical galaxy would look. The Skeptic should then 
decide whether she or he agrees with the Proposer’s reasoning 
and, if not, should offer an alternative prediction.

b. On a large piece of paper, the Scribe should draw a diagram 
like the one that follows, using a straightedge to make sure the 
lines are straight. They should all intersect at the same place, 
and the circle should be close to the point of intersection. (Note 
that the point at which the lines intersect represents the center 
of a galaxy cluster, and the circle represents the true position 
and shape of a spherical galaxy at a much greater distance from 
Earth.)
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c. The Moderator should then determine the effect of the cluster’s 
lensing shift on the galaxy’s image as follows. For each dot 
on the circle, draw another dot farther to the right along 
the same line, so that the distance between the two dots is 
equal to the length of the line labeled “lensing shift.” Then 
connect the new dots to see the shape of the lensed image. 
Does it agree with the Proposer’s prediction? Was the Skeptic’s 
prediction better? How does it compare with the lensed galaxy 
images in Figure 18.9? Discuss the possible reasons for any 
discrepancies you find.

Investigate Further
Short-Answer/Essay	Questions
 41. The Future Universe. Based on current evidence concerning the 

growth of structure in the universe, briefly describe what you 
would expect large-scale structures in the universe to look like 
about 10 billion years from now.

 42. Dark Matter and Life. State and explain at least two reasons one 
might use to argue that dark matter is (or was) essential for life 
to exist on Earth.

 43. Orbital Speed vs. Radius. Draw graphs showing how orbital speed 
depends on distance from the galactic center for each of the 
following three hypothetical galaxies. Make sure the horizontal 
axis has approximate distances labeled.
a. a galaxy with all its mass concentrated at its center
b. a galaxy with constant mass density within 20,000 light-years 

of its center, and zero density beyond that distance
c. a galaxy with constant mass density within 20,000 light-years 

of its center, and beyond that an enclosed mass that increases 
proportionally to the distance from the center

 44. Dark Energy and Supernova Brightness. When astronomers began 
measuring the brightnesses and redshifts of distant white dwarf 
supernovae, they expected to find that the expansion of the 
universe was slowing down. Instead they found that it was 
speeding up. Were the distant supernovae brighter or fainter 
than expected? Explain why. (Hint: In Figure 18.16, the position 
of a supernova point on the vertical axis depends on its redshift. 
Its position on the horizontal axis depends on its brightness—
supernovae seen further back in time are not as bright as those 
seen closer in time.)

 45. What Is Dark Matter? Describe at least three possible 
constituents of dark matter. Explain how we would expect 
each to interact with light, and how we might go about 
detecting its existence.

 46. Alternative Gravity. How would gravity have to be different in 
order to explain the rotation curves of galaxies without the need 
for dark matter? Would gravity need to be stronger or weaker 
than expected at very large distances? Explain.

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

 47. White Dwarf M/L. What is the mass-to-light ratio of a 1MSun white 
dwarf with a luminosity of 0.001LSun?

 48. Supergiant M/L. What is the mass-to-light ratio of a 30MSun 
supergiant star with a luminosity of 300,000LSun?

 49. Solar System M/L. What is the mass-to-light ratio of the solar system?
 50. Mass from Orbital Velocities. Study the graph of orbital speeds for 

the spiral galaxy NGC 7541, which is shown in Figure 18.4.
a. Use the orbital velocity formula (see Cosmic Calculations 15.1) 

to determine the mass (in solar masses) of NGC 7541 enclosed 
within a radius of 30,000 light-years from its center.  
(Hint: 1 light-year = 9.461 * 1015 m.)

b. Use the orbital velocity formula to determine the mass of NGC 
7541 enclosed within a radius of 60,000 light-years from its center.

c. Based on your answers to parts (a) and (b), what can you 
conclude about the distribution of mass in this galaxy?

 51. Weighing a Cluster. A cluster of galaxies has a radius of about  
5.1 million light-years 14.8 * 10 22 m2  and an intracluster 
medium with a temperature of 6 * 107 K. Estimate the mass of 
the cluster using the orbital velocity formula (Cosmic Calculations 
15.1). Give your answer in both kilograms and solar masses. 
Suppose that the combined luminosity of all the stars in the 
cluster is 8 * 1012LSun. What is the cluster’s mass-to-light ratio?

Discussion	Questions
 52. Dark Matter or Revised Gravity. One possible explanation for the 

evidence we find for dark matter is that we are currently 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 Einstein’s theory of 
general relativity, will need to be revised. Which explanation 
for our observations do you find more appealing: dark matter 
or revised gravity? Explain why. Why do you suppose most 
astronomers find dark matter more appealing?

 53. Our Fate. Scientists, philosophers, and poets alike have speculated 
about the fate of the universe. How would you prefer the 
universe as we know it to end: in a “Big Crunch” or through 
eternal expansion? Explain the reasons behind your preference.

Web	Projects
 54. Gravitational Lenses. Gravitational lensing occurs in numerous 

astronomical situations. Compile a catalog of examples from the 
Web with photos of lensed stars, quasars, and galaxies. Give a 
one-paragraph explanation of what is shown in each photo.

 55. Accelerating Universe. Search for the most recent information 
about the acceleration of the expansion of the universe. Write a 
one- to three-page report on your findings.

 56. The Nature of Dark Matter. Find and study recent reports on the 
possible nature of dark matter. Write a one- to three-page report 
that summarizes the latest ideas about what dark matter is made of.

lensing shift
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Big Bang

380,000 years

1 billion years

All galaxies, including our Milky Way, developed as gravity pulled 
together matter in regions of the universe that started out slightly 
denser than surrounding regions. The central illustration depicts 
how galaxies formed over time, starting from the Big Bang in the 
upper left and proceeding to the present day in the lower right, as 
space gradually expanded according to Hubble’s law.

6 Dark matter is thought 
to drive galaxy formation. 
The gravity of dark 
matter seems to be 
what pulled gas into 
protogalactic clouds. 
It continues to cause 
galaxies to cluster and 
sometimes to collide 
[Section 18.3].

7 Today, in the disks of spiral 
galaxies like the Milky Way, the 
star–gas–star cycle continues to 
produce new stars and planets 
from matter that was once in 
protogalactic clouds [Section 15.2].

A collision disrupts the 
orderly orbits of stars 
in the disks of spiral 
galaxies and triggers 
a starburst.

Photo of elliptical galaxy M87

Measurements indicate 
a large amount of 
invisible dark matter 
surrounds the visible 
stars in each galaxy.

After the starburst, 
almost no cold gas is left 
for star formation.

Within this large-scale web, galaxy formation began when gravity collected 
hydrogen and helium gas into blobby protogalactic clouds [Section 16.3].

Photo of spiral galaxy M101

14 billion years
(present day)

The gas settled into a spinning disk while 
stars that had already formed remained in 
the halo.

Spiral galaxies probably formed through mergers of 
smaller protogalactic clouds.

Stars that form in the disk 
orbit in orderly circles.
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4

5 At least some elliptical galaxies 
formed when two spiral galaxies 
collided and merged [Section 16.3].

Photo of Orion Nebula

New stars and planetary systems— 
some perhaps much like our own— are 
currently forming in the Orion Nebula, 
1350 light-years from Earth.

Large-scale surveys of the universe 
show that gravity has gradually shaped 
early regions of enhanced density into 
a web-like structure, with galaxies 
arranged in huge chains and sheets 
[Section 18.3].

3

Sloan Digital Sky Survey

The web-like patterns of structure observed in large-scale 
galaxy surveys agree with those seen in large-scale 
computer simulations of structure formation.

Photo by Planck Variations in the cosmic microwave 
background show that regions of 
the universe differed in density by 
only a few parts in 100,000.

Dramatic inflation early in time is thought 
to have produced large-scale ripples 
in the density of the universe. All the 
structure we see today formed as gravity 
drew additional matter into the peaks of 
these ripples [Section 17.3].

Observations of the cosmic microwave 
background show us what the regions 
of enhanced density were like about 
380,000 years after the Big Bang 
[Section 17.2].
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