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4 Graphs of orbital speed versus distance for four
ies. In each galaxy, the orbital speeds remain nearly

.a wide range of distances from the center indicat-
stk matter is common in spiral galaxies.

have at least 10 times as much mass in dark matter
do in stars. In other words, the composition of typical
laxies is 90% or more dark matter and 10% or less

mass in units of

ject’s mass-to-light ratio (M/J
dlar niasses divided by its total visib
inosities. For example, the mass

units of solar
he Sun is

M LA

=forsun =

L

R0 this answer with its units as “1 solar mass per solar luminos-
¢ following examples clarify the idea of the mass
explain what it can tell us about the existence of dark matter.

;-to-light ratio

MPLE 1: What is the mass-to-light ratio of a 1Msun red giant

_li_;minosity of 100Lgyn?
10N:

Understand: Finding a mass-to-light ratio simply rcq‘mres
d its total luminos-

g an object’s total mass in solar masses an
Bsolar luminosities. We have been given both-

mass-to-light ratio of 0.01 solar

¢ than 1 because

The red giant has a
e ratio is les

luminosity. Note that th L A
uts out more light per unit mass than theailslio-ligbt
more luminous than the Su7 have.}?;ve mass-to-
\d stars less luminous than the Sun

Dﬁrk Matter in Elliptical

erent technique to deterr

Bt , orbital speed
dng;z;?:;;eHOWever, the orbital -s.péel:iis“.- of their stars still
us to measure ﬁs{:‘;ﬂt i mass.-w‘ﬂﬁ-n the-ir‘ otbils 1L a]laws
tral lines. If we look om the width of an elliptical galaxy’ -s_.s_}.:e.et:.—
B ook at thf: galaxy as a whole, its spectral lines
e dwrl : ; _c;mbmatlon of all its stars. Because each star
Broilice roital speed arour?d the center of the galaxy, each
b fO\;n Dopp:ler shift that contributes the overall
e of the galaxy’s spectral lines. Some stars are moving
e center and ot}zers away, 50 their combined effect is

' ge any spectral line from a nice narrow line at a par-
ticular wavelength to a broadened line spanning a range of
wavelengths. The greater the broadening of the spectral line,
the faster the stars must be moving (FIGURE 23.5).

When we compare spectral lines representing regions of
elliptical galaxies out to different distances, we find that the
speeds of the stars remain fairly constant even quite far from
the galaxy’s center. Just as in spirals, we conclude that most of

SOLUTION:

Step 1 Understand: Again, we simply divide the mass of this region
by its luminosity, both in solar units.

Step 2 Solve: The mass-to-light ratio within the Sun’s orbit is

M i it Iolfm’ISun = M.\'un
L 15X ]_DIOL:‘_““ LSun

Step 3 Explain: The mass-to-light ratio of the matter within the
Sun’s orbit is about 6 solar masses per solar luminosity. This is
greafer than the Sun’s ratio of 1 solar mass per solar luminosity, tell-
ing us that most matter in this region is dimmer per unit mass than

our Sun. This is not surprising, because most stars are smaller and
dimmer than our Sun.

¢ 2: Observations of orbital speeds in a spiral galaxy indicate

EXAMPL
s luminosity is 1.5 X 10'%Lg,.

that its total mass 1 5 X 10" Mgy it
What is its mass-to-light ratio?

SOLUTION:

Step 1 Understand: This problem is essentially the same as the
others, but with different implications.

. We divide the galaxy’s mass by its luminosity:

MS_i.]'n

-LSun.

Step 2 Solve
M 5% 10" Mgy

-f.- = 1.5 X 1010L5|m i

Explain: The galaxy has a mass-to-light rat
per solar luminosity, which is more thar fi

i
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that stars move fast
relative to one another

Widder line indicates
that stars imove fasier
relative lo one another

Witlest fine indlicates
_\_/— that stars move fastest

relative to one another

brightness:

wavelength

FIGURE 23.5 The broadening of absorption lines in an elliptical
galaxy's spectrum tells us how fast its stars move relative to
one another.

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 measure the speeds of globular star clus-
ters 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
matter as they do in the form of stars.

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

‘The evidence we have discussed so far indicates that
stars and gas clouds make up less than 10% of a typical

1)
LIAL L UF

Pio_neers. of S@nce

Scientists always take a risk when they publish what they think are
‘groundbreaking results. If their results turn out to be in error, their
' s may suffer. When it came to dark matter, the pioneers
in its discovery risked their entire careers, A case in point is Fritz
and his proclamations in the 19305 about dark matter
clusters of galaxies, Most of his colleagues considered him an
tric who leapt to premature conclusions.
pion; the discovery of dark matter was Vera Rubin,

Qbaeﬁﬁfiansnf :

tion of dark matter is evensr;azrs?

) ars to be as much as 50 times the m
Clufl‘t:\? Zz?tfence for dark matter in clusters
three different ways of measuring cluster mass i
the speeds of galaxies orbiting the center of the il
ying the X-ray emission from hot gas be-tween‘ e clust -
galaxies, and observing how the clusters bend light as grayi.
tational lenses, Let's investigate each of these technigyes

more closely.

Orbits of Galaxies in Clusters The idea of dark
matter is not particularly new. In the 1930s, astronomer Frit,
Zwicky was already arguing that clusters of galaxies held
enormous amounts of this mysterious stuff (FIGURE 23.6), Fey
of his colleagues paid attention, but later observations sup-
ported Zwicky’s claims.

Zwicky was one of the first astronomers to think of galaxy
clusters as huge swarms of galaxies bound together by gray-
ity. It seemed natural to him that galaxies clumped closely
together in space should all be orbiting 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.
spectrograph, Zwicky measured the
ies in a particular cluster and used

: speeds at which the individ-
ving away from us. He determined the
¢ chaster as a whole—that is, the speed
of the universe carries it away from

: e speeds of its individual galaxies.
Once he knew the recession speed for the cluster, Zwicky
could subtract this speed from each individual galaxy’s speed
to determine the speeds of galaxies relative to the cluster
center. Of course, this method told him only the average

1
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Working with a colleague, Kent Ford, Rubin went on to measure
orbital speeds of hydrogen gas clouds in many other spiral galaxies
(by studying Doppler shifts in the spectra of hydrogen gas) and
discovered that the behavior seen in Andromeda is common.
fklthough Rubin and Ford did not immediately recognize the signit
icance 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 astranomers suspected that the bright
les studied by Rubin and Ford were unusual for some
So Rubin and Ford went back to work i b




atter in clusters
ality, but some of his
wed correct many

FIGURE 23.6 Fritz Zwicky, discovers: of dark m

digalaxies. Zwicky had an eccen 150
ieas that seemed strange in the

decades later.

tadial component (the speed towa: | or away from us) of the
actual galaxy velocities [Section 5.4] bul by averaging over
‘enough individual galaxies, Zwicky could get a good average
ombital velocity for the cluster’s galaxies as a whole. Once he

Finding Cluster Masses from Galaxy Orbits

w (see Mathematical

Recall that we can use the orbital velocity la . .
d within a distance 7

iﬂSight 19.1) to calculate the mass, M,, containe
' -'Bfa'_'ga]m's center:
M r X _vi

i G
der r as the
axies have

e consl

= . L
This legi | clusters i1 W
. ' 1aw also applies to galaxy e the gal

ce from the center of the cluster and assul

2, million light-years:
. _enler al an
(o5 orbil the cluster center at @

Aickers 1185
g, Find {he clusters e

but to make
iral velogity 1awh !
ﬁniladius nto meters and the
e

kney

ewt(:}:::? Average orbita] velacity of the ga
S Universal law “f'gravitaﬂ ne ga
mass (see Mathem on to

the clusters mass

1o his surpris
have much great

atical Insight 23.2). Finally, he compared

to its luminosity, ' i

¢, Zwicky found that clusters of galaxies

) er masses than their luminosities would

suggest. That ; uminosities wo
Best. That is, when he estimated the total mass of stars

necessar

| ¥ 1o account for the overall luminosity of a cluster,

1e F{' ot 4
stud;::; lﬁ:l It was far less than the mass he measured by
i t!ﬁ;e Jq!/ sllmeds. He concluded that most of the matter
e m]imlct';l?t@rs must not be in the form of stars and
disrcgardedé % kal'mnst entirely dark. Many astronomers
ittt wicky's re.tfu]t, believing that he must have done
b g . rong to arrive at such a strange result. Today, far
(..' sophisticated measurements of galaxy orbits in clusters
confirm 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 23.7). This gas
(sometimes called the intracluster medium) is so hot that it
emits primarily X rays and therefore went undetected until
the 1960s, when X-ray telescopes were first launched above
Earth’s atmosphere. The temperature of this gas is tens of mil-
lions of degrees in many clusters and can exceed 100 million
degrees in the largest clusters. This hot gas represents a great
deal of mass. Large clusters have up to seven times as much
mass in the form of X ray-emitting gas as they do in the form
of stars.

The hot gas can tell us about dark matier because its
temperature depends on the total mass of the cluster. The
gas in most clusters is nearly in a state of gravitational
equilibrium—thatis, the outward gas pressure balances gravity's
inward pull [Section 14.1]. In this state of balance, the average
kinetic energies of the gas particles are determined primarily

Step 2 Solver You can confirm for yourself that the radius of
6.2 million light-years is equiy alent to 5.9 10° meters; the speed of
1350 km/s becomes 1 35 % 10° m/s. Substituting, we find

M, =
i Wi
(59 X 10%m) X (1.35 X 10°m s)?

i _(;.f\?' X_IU oy (kg > )
- 1.6 X 107 kg

The result is easier to interpret if we convert from

step 3 Explain:
Step =20x10% ke):

ilograms to solar masses (IMsyn

| “wSun
j.\f"!‘, = 1.6 “.}l'" I-L’g x Ex—im = 80 b lol.-lMs.u“

The cluster MAss is about 800 trillion solar masses, which is equiva-
Jent to about 800 galaxies as large 0 mass as the Milky Way (includ-
ing dark matter),

JRE——
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FIGURE 23,7 A distant cluster of galaxies in both visible light and
X-ray light. The visible-light photo shows the individual galaxies
The blue-violet averlay shows the X-ray emission fror

extremely

violet representing cooler gas. Evidence for d
both from the obsarved motions of the 1 anc
the temperature of the hot gas. (The region shown is about 8 n
light-years across.)

by the strength of gravity and hence by the amount of 1
within the cluster. Because the temperature of a gas
the average kinetic energies of its particles, the gas
atures we measure with X-ray telescopes tell us the

Finding Cluster Masses from Ga:

To find a cluster’s mass from the temperature of its hot, X ray
emitting gas, we need a formula relating the gas temperature to the
speeds of individual particles in the gas, which is mostly hydro
gen. Although we will not present a derivation here, the following
formula applies:

vy = (140 m/s) X VT

where vy is the average orbital speed of the hydrogen nuclei and T is
the temperature on the Kelvin scale. Once we find the speeds of the
hydrogen nuclei, we can use them in the orbital velocity law to find
the cluster mass. '

EXAMPLE: The galaxy cluster from Mathematical Insight 23.2, with
a radius of 6.2 million light-years, is filled with hot gas at a tempera-
ture of 9 X 10° K. Use this temperature to find the cluster’s mass.

SOLUTION:

Step 1 Understand: We can use the formula relating speed and
temperature to find the average orbital speed of hydrogen nuclej,
which we can then use as the velocity (v) in the orbital velocity law.
We already know the cluster’s radius, which is the only other infor-
mation we need.

——
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_emitting particles (see Math fcal

speeds of the X ray then use these particle speeds to dete,

Insight 23.3). We can
mine the cluster’s total mass.

The results obtained with this method agree well with gh

results found by studying the orbital motions og iﬁe cluster’s

alaxies. Even after we account for the mass of the hot gas,
ife find that the amount of dar_k matter in ;fh;fters of galax_
jes is up to 50 times the combined mass 9 t ?dstars in the
cluster’s galaxies. In other words, the gravity o arl‘< Matter
seems to be binding the galaxies ofa c.luster toget.her in much
the same way gravity helps bind individual galaxies together.

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 gal-
axy and cluster masses that we've discussed so far all ultimately
rely on Newton’s laws, including his universal law of gravita-
[in;n_ 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 gravitational

lensing
s because masses distort
universe [Section §3.3].
as gravitational lenses

arby. This prediction of
ivity was first verified in
section $3.4], Because
vitational lens depends on

5, i ) A fo e - -~ -
tep 2 Solve: Using the gtven formula and the temperature of
10} we Ind that the \g\.-g‘|‘i_|l(- orbital .‘1['“.‘(_‘1_[ of [J]c h}.rdroi_.;en
nuclej s
Vi = (140 m/s) x /T
=L ; i
(140 m/s) x V9 x 107

= 1.3 X 10° m/s

We now fi g ]
e now find the cluster’s mass from the orbital velocity law, using

the above value as 1

¥ £ and the cluster’s radius (r= 6.2 million ly =
2.8 X 10~ m):

M, = -
" (53_‘/_5}3_@ X (L3 % 10° m/s)?

6.67 » 10711 msﬂg_x 2)
=15 e 1045kg

Step 3 Explain: The clust
You can confirm to be 4
close to the 800 ¢
Insight 232 from th
ing mass agree well,

€r's mass is 1.5 x 10% kilograms, which
~ 820Ut 750 trillion solar masses. This is Very
rillion splar masses found in Mathematical !
€ galaxy speeds, so the two methods of estimat

oy




FAGURE 23 8 interactive photo This Hubble S

pace Telescope

photo shows a galaxy cluster acting as nal lers. Tt
vellow elliptical ga!ames are cluster me 5 _|'|"_.:L- I*.alu f| I._u:. Al
sych as those ind cated by the w_lim;'\,é i.n‘_-i( Jch]P ?\idls
sngie galaxy that lies almos 2 c!us;tr;.lr'li Le::[

=
The picture shows a region about 1

= reeo |
33rS ACross.)

the mass of the object doin
the masses of objects by obse o b strongly they distort
light paths.

FIGURE 23.8 shows a strixin
galaxies can act as a graviia ]

we can measure

le of how a cluster of

Many of the yellow
d the center of the

elliptical galaxies concentrais
picture belong to the cluster, but &t *
e several positions 01 various sides of
the central clump of yellow galaxies, you will notice multi-
ple images of the same blue galaxy: - 0 one of these images
Whose sizes differ, looks like 2 distorted oval with an off-
Center smudge.
dir;rrtf bé)ue .galaxy seen in lhﬂcse multipl
distang Ehmd the qmtcr of the xf]tlffte;:,
e. We see multiple images of this sin _
Photons do not follow straight paths as they travel from
3 galaxy to Earth. Instead, the cluster’s gravity pends the
thoton paths, allowing light from the galaxy t© arrive at

Earth from a few slightly different directions (FIGURE 23,9)._
di.\'lm‘l{:d image ol

st one of the galaxies

¢ images lies almost
at a much greater

gle galaxy because

ﬁla"-h alternative path produces 2 separate,
€blue galaxy,

rﬁriql:]{tiple images of a gravilatiunnlly
beh: hey occur only when 2 distant y,
im ind the lensing cluster However e |
Fl{;afes of gravitationally lensed galnxics'art quite

nuiilRE 2310 shows a typical example: |
;ﬁla;‘mus normal-looking galaxies an¢ Ll
s, The oddly curved galaxics are not MeX S
ﬁt@n nor are they really curved. They ar¢ nt}‘i JIH;W e
‘ ]-ing far beyond the cluster whose images

Orted by the cluster’s gravity:

lensed g:ll;lxy are
alaxy lies dil'm'liy
single disturlcd
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ational lensing

mage of ga

Gravity bends f'f_im from galaxy |cluster

Vo
the galaxy as it passes
through the cluster.

to be

Result: Throut

FIGURE 23.9 interactive figure
light paths from background gala

several different dire

NS, We 11

galaxy

Careful analyses of the distorted images cre

enable us fo measure cluster masses without us
laws. Instead, Finstein’s general theory of

how massive these clusters must be to g
distortions. Cluster masses derived in
agree with those derived from galaxy velocities
temperatures. It is reassuring that the three ditferent
all indicate that clusters of galaxies hold substantial

of dark matter.

Does dark matter really exist?

Astronomers have made a strong Case for the existence

of dark matten
difterent L".\']\l.m.lllm‘l for the observations we've diseuscad®

Addressing this question ives s a chance to see how science
¢
11’11}“1’55&'-"-

All the evidence 10
dividual galaxies, the case for dark matter

bt 18 it [‘l!_‘ihil‘l\‘ that [t‘lL'TfL"‘- a “-\”“Plth‘i\-

¢ dark matter rests on our understand-

ing of gravity: For in
pests primurily on ap
y_r;wity Lo observations of the orbital Spccds. e g
clouds. We've used the same laws Lo make the case for dark

matter in clusters along with additional evidence based on

plying Newton's laws of motion and
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pace lelescope photo of the cluster Abell 383
alaxies are images of background gal
gravity. By measuring these distorti
ine the total amount of mass in the cluster
1 pictured 15 about 1 millien light-years across.)

gravitational lensing predicted by Einstein’s general theory of

relativity. It therefore seems that one of the following must
be true:

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

2. There is mmething wrong with our Llnder-slumlir-;
gravity that is causing us to mistakenly infer the exist-
ence of dark matter.

We cannot yet rule out the second possibility, but most

astronomers consider it very unlikely. Newton's laws of

motion and gravity are among the most trustworthy tools
in science. We have used them time and again to measure
masses of celestial objects from their orbital properties. We
found the masses of Earth and the Sun by applying Newton’s

FIGURE 23.11 interactive photo
Observations of the Bullet Cluster show
strong evidence far dark mattér. The Bullet
Cluster actually consists of two galaxy
clusters—the smaller one is emerging
from a high-speed collision with the larger
one. A rmap of the system’s overall mass
(blue) made from gravitational lensing
ohservations does not line up with X-ray
observations (red) showing the lacation of
the system's hot gas. This fact is difficult
1o 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 an
which it was previously centered.
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The smaller cluster has maved fron
and the collision has separated the X
L Y M -

~ ‘larger cluster
b

rd law to objects that orbit they
Section 4.4]. We used this same lawt to c}éltlculate ,t?e ma.S‘Se_g
y ars in binary star systems, reveal;ﬂght _e geftl"irddre]atmn‘
ships between the masses of stars an ‘ttin‘ 0:;5 ar ?Pp_ear.
ances, Newton’s laws have also told us efn b.s'es 0 t}“ﬂgs
we can't see directly, such as l.hc nasses 0 Ior 1t1‘ng Nettrop
stars in X-ray binaries and of I)[au;_k hnl‘esh in Iactw'e galactic
nuclei. Einstein’s general theory of relativity likewise stands
on solid ground, having been 1'epelzltedly tested a?xd verifieq
to high precision in many observations and experiments, e
therefore have good reason to trust our current ”“dcrﬁtand.

i : s thi
version of Kepler’s

of st

ing of gravity. |

'.\:'I_m'em-'cr, many st ientists have made valiant efforts
to come up with alternative theories of gravity that coyld
account for the observations without invoking dark matter
(After all, there’s a Nobel Prize waiting for anyone who cap
substantiate a new theory of gravity.) So far, no one hag
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 making observations
?h(n are difficult to explain without dark matter. For example,

alaxy clusters, most of the mass

is not in the same place as

oas is several times more

ity, which predict
gravitational lens
In - t=vel of confidence in our cur

| with observations
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or why not?
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1 ; 88 than We ."’o i
in galaxies and clusterg 'gfq
dal' Stuff? Thel‘.e' are two

E » made of ordinary matter
or*), meaning the familiar type
s, neutrons, and electrons, byt

etect with current techno]ogy,

(also calleq baryonic
.of matter byl from
N forms tog dark for

d consist of one or more types of exotic
alled nonbaryonic matter), meaning partic|

are different from what we find in o
"ad that do not interact with light at a]l,
ordinary matter.

Mmatter (a] S0
es of matter
dinary atomg
In contrast with

A first step in distinguishing between the two possibilities
«to know how much dark matter is out there. When discyss.
e the universe as 2 whole, astronomers usually focus on
] ﬂ?ﬂ ty rather than mass. That is, L]‘le}J take the total amount
of some type of matter (such as stars, gas, or dark matter)
%undm a large but typical volume of space and divide by the
wolume to determine the average density of this type of matter
“nthe universe. These densities are then stated as percentages

8 the eritical density—the density of mass-energy needed to
| ;g_jiéke'the geometry of the universe flat [Section 22.3]. Note
‘that the critical density is quite small: If it were due only to

‘matter (as we'll discuss later. 1t apzonrs also to have a contri-
‘bhution from dark energy), the coitical density would be only
107 gram per cubic centirusier——roughly equivalent to a
fewhydrogen atoms in a voiuree the size of a closet.
' ke observations we have discussed so far indicate that
i f0tal amount of matter in the universe is a significant
I ifFﬂ;f:.t_i(}n of the critical density. Only a small proportioln of
the matter, about 0.5% of the critical density, is in the form
fistars, But as we've discussed, observations of galaxy clus-
ters suggest that they contain up t0 about 50 times a3 lm,mh
B e s matter in stars, Mulfiplying the mass 2 Starrft'
this number leads us to expect the dark matter to a@fﬁm
about a quarter of the critical density. Clearly, there 15 rrent
dark matter that needs to be accounted for and

ence indicates that most of it must b

e exotic.

nary Matter: Not Enough Why ca

er simply be ordinary matter 11 >
After all, matter doesn’t necessarily nefd ark’” as long a3
es of the halo of
because OUF
ehow flung

r in some

. (&
k. Astronomers consider matter tob

(i distanc
0 dim for us to see at the great
for us t is dark matter
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TONE g mode
DAy matter in () Place limits on the total amount of ordi

nuclequnth i . .
NEsIs . ; =
deuterium ang t:hpmtuns_ and neutrons first

[Section 22,
exist in the u
before all the g
deuterium in ¢
dens'n-y of pro
the era of nuc
efficiently fus

fused
€ deuterium nuclei then fused into helium
- _Thﬁ fact that some deuterium nuclei still
niverse indicates that this process stopped
euteri‘um nuclei were used up. The amount of
he universe today therefore tells us about the
tons and neutrons {ordinary matter) during
lleesynthesis: The higher the density, the more
thecady uni‘:’? would have proceeded. A higher density in
ek se would have therefore left less deuterium

1se today, and a lower density would have left
more deuterium.

Observations show that about one out of every 40,000
hydrogen atoms in the universe contains a deuterium
nucleus—that is, a nucleus with a neutron in addition to its
proton. Calculations based on this deuterium abundance
indicate that the overall density of ordinary matter in the
universe is slightly more than 4% of the critical density
(FIGURE 23.12), only about one-seventh of the total density
of matter. Similar calculations based on the observed abun-
dance of lithium and helium-3 support this conclusion.

Corroborating evidence comes from the temperature
patterns in the cosmic microwave background (see Figures 22.9

o o Measurements of deutenum
deuterium match model predictions anly
| predicted far this narrow range in the
- 107°% density of arainary matier 3
@ : S
g £ deutenum
23 measured
=2 10
2 CETESEEDSOY
55— caom s
= | _
el i ~~ helium-3
GJ = _6 = e
0 g 10 heh;m-ﬁd measured
I;U = "
[ P redicte
g © lithium-7 P
B~ 4981 predicted 9
o
_lithium-7
s measured
q 0 10

0.1% 1% 4%10% 100%

density of ardinary matter
(percentage of eritical gensity)

shows how the measured abundances
: M-z lithium-7 lead to the conclusion that
of cine:u‘cf-;r_u.:muf f;er;:::;? 'rigger is about 4% of the critical density.
fhadatii o izontal swaths show measured abundances; the
The three hort ch swath represents the range of uncertainty in the
thicknsss o E:ci: (The upper edge of the blue swath indicates the
; T:Znn fﬁe helium-3 abundance; a lowear IIr_r_uit has not yet
) 1ablished.) The three curves repraseni-mgﬂais based on.
been esta theory, these curves show how the abundance of
Big Bang e, | expacted to depend an the dens
' the universe. Notice that the predic
N yith the measurements (ho
UP ¥ strip, which represents a d

FIGURE 23.12 This graph




dinary matter
‘response to the gravita-
ark matter, Careful measurement of
therefore reveals the relative proportions of
ptic matter, and the results confirm that
s for only about one-seventh of the

Exotic Matter: The Leading Hypothesis The fact
that ordinary matter appears to fall far short of accounting for
the total matter density in the universe has forced astrono-
mers to seriously consider the possibility that most of the mat-
ter in the universe 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 connec-
tion with nuclear fusion in the Sun: neutrinos [Section 14.2].
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 parti-
cles in the way that neutrons are bound in atomic nuclei, so
their presence cannot be revealed by associated light-emitting
particles. In fact, neutrinos interact with other forms of matter
through only two of the four forces: gravity and the weak force
[Sections $4.2, 22.1]. For this reason, neutrinos are said to be
weakly interacting particles.

The dark matter in galaxies cannot be made of neutri-
nos, 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 inter-
acting particles exist that are similar to neutrinos buf
considerably heavier? They, too, would evade direct detec-
tion, but they would move more slowly, which means that
their mutual gravity could hold together a large collec-
tion 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 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 major-
ity of all matter in the universe.

This hypothesis would also explain why dark matter
seems 1o be distributed 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

the early universe [Section 21.1 |. This matter would have
stly of dark matter mixed with some ordinary
nd helium gas. The ordinary gas could collapse
ating disk because individual gas particles could
y: Collisions among many gas particles can
neir orbital energy into radiative energy that

orm of photons, In contrast,

il WIMPs would therefore
form a disk, WIMPs wou el g
in orbits far out in the galactic halo—jus!
matter seems to be located.

Searching for Dark Matter Partub:lff :::;c"a.gef%
the existence of WIMPs seems fal.rl}’ SHOng ":1 [;5 clEame
stantial. Detecting the particles directly woul ‘fm“";h more
convincing, and physicists are currently sea.rcl’ung fm: them
in two different ways. The first and most direct way is with
detectors that can potentially capture WIMPs from space, Be.
cause 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 2012, these detectors have provided some
tantalizing signals, but so far no proof that dark matter partj-
cles really exist.

The second way scientists are currently searching for
dark matter particles is with particle accelerators. Recall
that particle collisions in these huge machines produce a
variety of subatomic particles, because much of the energy
in ea;:h collision is converted into mass according to
E = mc* [Sections $4.2, 22.1]. None of the particles found as
of 2012 has the characteristics of a WIMP, but scientists are
optimistic that the Large Hadron Collider (see Figure S4.1),
elerator in the world, will soon reach
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23.3 DARK MATTER AND
— GALAXY FORMATION

The nature of dark matter remains enigmatic, but we are
rapidly learning more about its role i the universe. Because
galaxies and clusters of galaxies seem to contain much more
dark matter than luminous matter, dark matter’s gravita-
tional pull must be the Primary force holding these structures
together, Therefore, we strongly suspect th;l{ the gravi[ationill
attraction of dark matter is what pulled galaxies and clusters
together in the first place. g

What is the role of da
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In galaxy formation? e
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d inward and gave birth to stars, while weak] i:: s
dark matter remained in the outskirts becaus); ofei;
ty to radiate away orbital energy. According to this
, the luminous matter in each galaxy must still be
led inside the larger cocoon of dark matter that initiated
galaxy’s formation (see Figure 23.2), just as observational
nce seems to suggest.
~ The formation of galaxy
ation of galaxies. Early on

clusters probably echoes the
: 211 the galaxies that will even-
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the universe, but the gravity «f e dark matter associated
th the cluster eventually ret 5 ihe trajectories of these
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FIG.URE 23.13 This diagram represents the motions of galaxes
attributable to effects of gravity. Each black arrow represents e
amount by which a galaxy's actual velocity (inferred from 2 combe
nation of observations and madeling} differs from the velocty
we'd expect it to have from Hubble's law alone, The Milisy Way =
at the center of the picture, which shows an area about 800 millicn
light-years across. (Only a representative samiple of galaxies 1S
shown.) Notice how the galaxies tend to flow into regions wher=
the density of galaxies is already high. These vast, ligh-censiy
regions are probably superclusters in the process of formation

galaxies near the outskirts of those clusters. On even larger
scales, clusters themselves seem to be tugging on one another,
hinting that they might be parts of even bigger gravitationally
bound systems, called superclusters, that are still in the early

stages of formation (FIGURE 23.13). But some structures are

even larger than superclusters.

What are the largest structures

in the universe?

million light-years from Earth, deviations

owing to gravitational tugs are insignifi-

cant compared with the universal expansion, so Hubble's law

becomes our primary method for measuring galaxy distances
\w, astronomers can make maps

[Section 20.3). Using this L .
of the distribution of galaxies in space. Such maps reveal
large-scale structures much vaster than clusters of galaxies.

Mapping Large-Scale Structures 'Mnk:ir{g maps
of galaxy locations requires an enormaus mmt of dath. &
Jong-exposure photo showing ga_lgxy posit[ms is not enough,
because it does not wll_-us the gala,xy dssm We masbokn
measure the redshift of each indwi;;m Wmm i

¢ its distance by applying Hubble's law.

estimat T e E iy
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FIGURE 23.14 Each of these three wedges shows a "slice” of the universe extending out
ourown Milky Way Galaxy. The dots represent galaxies, shown at their measured distanc
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of telescopic observation. As a result, we now have redshift
measurements—and hence estimated distances—for millions
of distant galaxies.

FIGURE 23.14 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 structures, performed at the Harvard-Smithsonian
Center for Astrophysics (CfA) in the 1980s. This map, which
required years of effort by many astronomers, dramatically
revealed the complex structure of our corner of the universe,
[t 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 glant 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
i e so-called Sloan Great Wall, clearly visible in the
lice, extends more than 1 billion I ght-years from end
nense structures such as these apparently have not
- randomly orbiting, gravitationally bound

The universe may
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Figure 23.14, you’ll notice
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K« y at the rightmost slice in
1at the overall distribution of galax-
Ies 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 ¢ >

! verywhere, in agreement with what we
expect trom the Cosmological Principle [Section 20.3].
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f the Universe Tutorial, Lessons 1-3

DARK ENERGY AND THE
"ATE OF THE UNIVERSE

‘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,

| think | know enough of hate

To say that for destruction ice

Is also great

And would suffice.

—Robert Frost, Fire and Ice

Over the past few chapters, we have seen that the large-scale
development of the universe to date has been governed by
two competing processes:

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 structures
around the density enhancements that emerged from

the Big Bang.

These ideas naturally lead us to one of the ultimate ques-
tions in astronomy: How will the universe end? After Edwin
Hubble discovered the expansion of the universe, asironomers
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
ending in a fiery and cataclysmic crunch. Alternatively, if the
total strength of 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.

Astronomers therefore began trying to determine whether
the gravitational attraction of matter was sufficient to stop
the expansion. For many years, the question seemed to hinge
on the total amount of dark matter in the universe. However,
through a series of observations begun about two decades
ago, astronomers have come to realize that the gravity of dark
matter might not be the most powerful force in the universe,
Much to their surprise, these measurements have shown that
the expansion of the universe has been accelerating with
time, suggesting that the fate of the universe may be deter-
mined by something else—the repulsive force produced by a
mysterious form of energy we have come to call dark energy.

Why is accelerating expansion

evidence for dark energy?

In order to determine how the expansion of the universe
with time, astronomers need to compare the value

LAXIES AND BEYOND

= T,

of Hubbes constant 0087 ' orentvalue of Hu
universe's WSIORY: - ely 22 kilometers per second
constant is approximatelyl &= T F = S
i liaht ection 20.2]. So, for example, we expg
million light-years [S illion lizht
moving away from us with the expansmndo niverse at ,
speed of about 2200 kilometers Pfr SSLBRL .9

Hubble’s constant is called a cons,‘tant becausg IFS Value
is the same across all of space ata Pﬂrtlf'-‘ial_' momentin (e
It does not necessarily stay constant with time. In fact, if the
galaxies in the universe had always moved away from us at
their current speeds, then the reciprocal of Hubble’s constant
at any given moment in time would fi]ways have been equa]
to the age of the universe at that time (see Mathematica]
Insight 20.4). In that case, the value of Hubble’s constant
would continually decrease with time. However, the recession
speeds of galaxies do not remain the same i_fforces like gray-
ity or a repulsion driven by dark energy are in play.

For example, if gravity had always been slowing the expan-
sion, then the recession speeds of galaxies would have been
greater in the past, meaning that it took less time for them
to reach their current distances. We would then infer an age
for the universe that was younger than the age derived from
the reciprocal of Hubble’s constant. Conversely, if a repulsive
force had always accelerated the expansion, then the reces-
sion speeds of galaxies would have been slower in the past,
have taken them more time to reach their current

50 it would

e R e
adistances andad wi

- an older age for the universe
procal of Hubble’s constant.
Hubble's constant has changed
it forces have been acting upon
for its eventual fate, but also is

3

;€S precise age.

. o is To see how different kinds of
forces affect the expansion rate and the age for the universe
that we infer from it, let’s consider four general models for

how the expansion rate changes with time, each illustrated in
FIGURE 23.17:

A recollapsing universe. In the case of extremely strong
gravitational attraction and no repulsive force, the expan-
sion would continually slow down with time and eventu-
ally would stop entirely and then reverse. Galaxies would
come crashing back together, and the universe would
end in a ﬁery “ng Crunch.” We call this a rgcoﬂapsing
universe, because the final state, with all matter collapsed
together, would look much like the state in which the
universe began in the Big Bang.

|

A critical universe. In the case of gravitational attraction
iyt Was ot quite strong enough to reverse the expan-
sion in the absence of o repulsive force, the expansior

would decelerate forever, leading to a universe that would

never collapse but would expand ever more slowly as time
}";?81"i553d- We Cal.l t.his a critical universe, because calcy”
ations show that it ig what we would expect if the total

¢ universe were the critical dén_s‘ft}’ ﬂ_ﬂd.
not dark energy) contributed to this density:

matter (and
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imply need to calculate what each one predicts for the uni
rse's expansion rate at different times in the past, and then

make observations of how the relationship between redshift

| distance changes with time to see which model offers the

est match, In practice, measuring how the expansion rate
changes through time is quite difficult, because it depends on
having reliable standard candles that allow us to determine
ihe distances of extremely distant galaxies. As we discussed
in Chapter 20, the most reliable standard candles for great
distances are white dwarf supernovae, and in the 1990s two
teams of astronomers began large observing programs seek
ing to detect and measure these stellar explosions.

FIGURE 23.18 shows some of those measurements and
compares them with models of how the expansion rate has
changed with time. The four solid curves show how the four
ucnu;ﬂ models predict that average distance between galaxies
;hmlld have changed with time; each curve begins at the time at
which galaxy distances were Zero, which means the time of the
Big Bang according to that model. For example, the purple
Cu}\'e for the coasting model shows that if the universe has
followed the expansion pattern predicted by this model, then
the Big Bang occurred nearly 14 billion years ago; the other
curves confirm that the accelerating model would mean a
larger age for the universe while the critical and recollapsing
models would mean younger ages.

Note that the slopes of the curves represent the predicted
expansion rates—the steeper the slope, the faster the expansion_
and that only the recollapsing model has a slope that eventually
turns downward, indicating a collapsing universe, Also note

ARk ENERGY, AND THE FATE OF THE UNIVERSE gag




Plotting actual superova dats o

If me'accefeJaz.rng model is correct,
then the universe must be nearly
14 biflion years ofd

that all the curves pass through the same point and have the same
slope at the moment labeled “now;” because the current separa-
tion between galaxies and the current expansion rate in each case
must agree with observations of the present-day universe.

R Y UUS 2

TJoss a ball in the air, and observe how it rises and falls. Then
make a graph to illustrate your observations, with time on the
‘horizontal axis and height on the vertical axis. Which universe
odel does your graph most resemble? What is the reason
or that resemblance? How would your graph lock different if
Earth's gravity were not as strong? Would the time for the ball
ta rise and fall be longer or shorter?

s ——

The black dots in Figure 23.18 show actual data from
white dwarf supernovae. (The horizontal line through each
dot indicates the range of uncertainty in the measured look-
back time.) Although there is some scatter in the data points,
: carly fit the curve for the accelerating model better

[ 0P
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Einstein completed his general theory of relativity in 1915,
that the universe could not be standing still:
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(lookback times for supernovae
based on apparent brightness)

than any of the other models. In other words, the observa-

tions agree best with a model of the universe in which the
expansion is accelerating with time.

The discavery of an accelerating expansion, first announced

; ise to virtually all astronomers.

Eor several v 2 announcement, many astronomers
feared thet these ements were being misinterpreted,
1 co e L, A A, T e : 7

bul additiona! dain have oply strengthened the evidence of

acceleration fn szcogniiion of the importance of this discovery,
three of the | rs of the observing teams were awarded the
2011 Nobel Prize in physics.

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

—

Now that observations of very distant galaxies (using white dwarf
supernovae as standard candles) have shown that the universe’s
expan‘sion is accelerating, Einstein’s idea of a universal repulsivefﬁr@é
doesn’t seem so far-fetched, In fact, observations to date are consist-
ent with the idea that dark energy has Pmpierties Vi':."tug]]}}.”
those that Einstein originally proposed for the casmelogie]
In particular, the amount of dark ehef‘gf} in each volu
S6mS to remain, unchanged while the wniverse expand:

| .
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) Interestingly, thig

a that Einstein
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ced but later disavowed in his general theory of rellze

eading some scientists to suggest that dark energy might
fully be described by a term in Einstein’s equations that

gravity (see Special Topic, page 684). Nevertheless
this idea turns out to be correct, we remain g long wa);
an actual understanding of dark energy’s nature.
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evidence for the existence of dark energy provided by
rvations of an accelerating cxuansion seems quite strong,
' “hat the evidence we have
y measurements of white
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supernovae. While we 1o
supernovae make reliable siandard candles, having just

agle source of evidence would be cause for at least some
m. Fortunately, during the past decade or so, an entirely
at line of evidence for the existence of dark energy has
,and it gives results that are fully consistent with the

s indicating an accelerating expansion.

ress and Dark Energy Recall that Einstein’s gen—f
cory of relativity tells us that the overall geometf?’;
erse can take one of three gen-eraj formsF—SphenciI;
 saddle shaped (see Figure 22.15)—and tht “"’a‘ja“ni_
determine which one corresponds tO the Tep

: ic microwave
with : ¢ of the cosmi i
with careful observation ¢ fhese observations

ground [Section 22.3]. Moreove s
de strong evidence that the actual geoxinetry i
17), which implies that the tota i
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terns in the
of matter p
density, and

us energy in the universe is equal to the critical
itis made up of the following components:

Ordinary matter (made up of protons, neutrons, electrons)
malkes up slightly more than 4% of the total mass-energy of
the universe. Note that this model 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
22% of the mass-energy of the universe, in close agreement
with what we infer from measurements of the masses of
clusters of galaxies.

u Dark energy makes up the remaining 74% 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 microwave background.

FIGURE 23.19 shows this inventory of the universe as a pie
chart, and FIGURE 23.20 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 quite precise.



15 in the cosmic microwave back-
ve us an inventory of the universe but
pre redictions about the age of the universe.
ing to the model that gives the best agreement to the
ame model used for the inventory above), the age

universe is about 13.7 billion years, with an uncer-
tainty of about 0.2 billion years (200 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 oldest stars in the universe appear to
be about 13 billion years old.

What is the fate of the universe?

This is the way the world ends
This is the way the world ends
This is the way the world ends
Not with a bang but a whimper.
—1. 8. Eliot, from The Hollow Men

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 seerms
that the universe is doomed to expand forever, its galaxies
receding ever more quickly into an icy, empty future.
end, it would seem, is more likely to be like that in I. 5. Eliot’s
excerpt above.

Do you think that one of the possible fates (fire or ice) is prefer
able to the other? \Why or why not?

The Next 10'°° 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
ems more likely that the expansion will continue to accel-
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If grand unified theories |Section 22.1] are correct, Earth
still cannot last forever. These theories predict that protons
will eventually fall apart. The predicted lifetime of protons is
extremely long: a half-life of at least 10°* years. However, if
protons really do decay, then by the time the universe is 10%
years old, Earth and all other atomic matter will have disinte-
grated into radiation and subatomic particles.

The final phase may come through a mechanism proposed
by physicist Stephen Hawking. Recall that he predicted that
black holes must eventually “evaporate,” turning their mass-
energy into Hawking radiation [Section $4.4]. 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 larg-
est black holes will last the longest, but even trillion-solar-mass
black holes ‘T{‘Jl.} evaporate sometime after the universe reaches
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® 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 has formed galaxies and larger-scale structures
from tiny density enhancements that existed in the early uni-
verse. We still do not know what dark matter is, but we sus-
pect it is largely made up of some type of as-yet-undiscovered
subatomic particles.

m 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 microwave background.
Together, these observations have led to a madel of the uni-
verse that gives us precise values for the inventory of its con-
tents and its age.

m The fate of the universe seems to depend on whether the
expansion of the universe continues forever, and the accel-
aration of the expansion Suggests that it will, Nevertheless,
farever is a long time, and only time will tell whether new dis-
coveries will alter our speculations about the distant future,
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= 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 (o the form of

| energy thought to be causing the expansion of the universe to

accelerate.

= 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 matter, we call it
dark matter.

m What is the evidence for dark matter in clusters of
galaxies? We have three
different ways ol measuring
the amount of dark matter

in clusters of galaxies: from
galaxy orbits, from the tempel
ature of the hot gas in clusters,
and from the gravitational
lensing predicted by Einstein,
All these methods are in agree-
meat, indicating that the total mass of a galaxy cluster is about
50 times the mass of its stars, implying huge amounts of dark
matter.

& Does dark matter really exist? We infer that dark matter
€xists 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 ouf 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 ardinary (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 micro-
wave background both indicate that ordinary matter adds up
to only about one-seventh of the tatal amount of matter, The
rest of the matter is hypothesized to be exotic (nonbaryonic)
dark matter consisting of as-yel-undiscovered particles
called WIMPs,
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