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LEARNING GOALS

8 reading the sections of this chapter, you will learn

o far in this book we have cataloged the contents of the

universe. Our scope has ranged from subatomic objects t¢

superclusters of galaxies hundreds of millions of light-years
across. In between, we have studied planets, moons, and stars.

But now we turn our focus beyond the objects we find in the
universe to the nature of the universe itself—the subject of the s
ence called cosmology. How large is the universe? What is its struc
ture? How long has it existed, and how has it changed over nme?

In this chapter we will see that the universe is expanding. Tha
expansion began with an event at the beginning of time called th
Big Bang. We will see direct evidence of the Big Bang in the forn
of microwave radiation from space. This radiation is the faint after
glow of a primordial fireball that filled all space shortly after th
beginning of the universe. :

Will the universe continue to expand ftorever, or will it eventu
ally collapse back on itself? We will find that to predict the future o
che universe, we must first understand what happened in the remot
past. To this end, astronomers study luminous supernovae like th
example shown in the above images. These can be seen across bil
lions of light-years and so can tell us about conditions in the unj
verse billions of years ago. We will see how recent results from suc
SUPEINOVAE, as well as from stufiies o_t' the Big Bang’s afterglow, hav
revolutionized our understanding of cosmology and given us nes
insights into our place in the cosmos.,
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722 Chapter 25

25-1 The darkness of the night sky tells us
about the nature of the universe

Cosmology is the science concerned with the structure and evolu
tion of the universe as a whole. One of the most profound and
basic questions in cosmology may at first seem foolish: Why is the
sky dark at night? This question, which haunted Johannes Kepler
as.long ago as 1610, was brought to public attention in the carly
1800s by the German amateur astronomet Heinrich Olbers.

Olbers' Paradox and Newton's Static Univers

Qlbers and his contemporaries pictured a universe of stars scat-
tered more or less randomly throughout infinite space. Isaac
Newton himself thought that no other model made sense. The
gravitational forces between any finite number of stars, he argued,
would in time cause them all to fall together, and the universe
would soon be a compact blob.

Obviously, this has not happened. Newton concluded that
we must be living amid a static, infinite expanse of stars. In this
model. the universe is infinitely old, and it will exist forever with-
hanges in its structure. Olbers noticed, however, that
static. infinite universe presents a major puzzle.

If st

out major C

2|

e goes on forever, with stars scattered thr

o)

c

then any line of sight must eventually hit a star. In this case, 1«

matter where you look in the night sky, you should ultimarte!

tar. The entire sky should be as bright as an average star, s

at night, the sky should blaze like the surface of the Sun. Cii

paradox is that the night sky is actually dark (Figure
Olbers’s paradox suggests that something is wrong ;

Newton’s infinite, static universe. According to the classical,

Newtonian picture of reality, space is like a gigantic flat sheet

1

of inflexible, rectangular graph paper. (Space is actually three-
dimensional, but it is easier to visualize just two of its three
dimensions. In a similar way, an ordinary map represents the
three-dimensional surface of Earth, with its hills and valleys, as a
flat, two-dimensional surface.)

This rigid, flat, Newronian space extends unchanged, on
and on, totally independent of stars or galaxies or anything else.
The same is true of time in Newton’s view of the universe; a
Newtonian clock ticks steadily and monotonously forever, never
slowing down or speeding up. Furthermore, Newtonian space and
time are unrelated, in that a clock runs at the same rate no matter
where in the universe it is located.

- - - 1 F i . P i 3
Einstein’s Revolution and His “Greatest Blunder

Albert Einstein overturned this view of space and time. His special
theory of relativity (recall Section 21-1 and Box 21-1) shows that
measurements with clocks and rulers depend on the motion of
the observer. What is more, Einstein’s general theory of relativity
(Section 21-2) tells us that gravity curves the fabric of space. As a
result, just as one massive object can bend the space around it, the
matter that occupies the universe influences the overall shape of
space throughout the universe.

If we represent the universe as a sheet of graph paper, the sheet
is not perfectly flat but has a dip wherever there is a concentration
of mass, such as a person, a planet, or a star (see Figure 21 4).
Also, because of gravitational effects, clocks run at different rates

th

e universe as a v

e s mrelilems dian I s senctal i
attacked this problem shortly after formulating his
in 1915. At that time, the prevailing view was

was static, just as Newton had thought.
Einstein was therefore dismayed to find

could not produce a truly static universe
relativity, the universe must be either exp
In a desperate move to force his theory to rpkg t
he added to the equations of general relativity a
cosmological constant (denoted by A, the capital Greek I €ttt
lambda). The cosmological constant was intended to repre

a pressure that tends to make the universe expand as a Whot

Einstein’s idea was that this pressure would just exactly balance
:

gravitational attraction, so that the universe would be static an¢
not collapse.

LY NCXNA Hinstein’s cosmological constant is analogous

to the pressure of gas inside a balloon once the balloon has

already been inflated. This pressure exactly balances the inwar
l force exerted by the stretched rubber of the balloon itself, 0 the
{ balloon maintains the same size

i
{
{
|
!
i

‘ Unlike other aspects of Einstein’s theories, the cosmologi‘:z’11
constant did not have a firm basis in physics. He just added it £
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Jides the resolution of Olbers’s paradox. OOy i)

» he miggeq an
that we live n

a8 saying in hjg

| (ONCEPTCHECK 25-1

nan inﬁni’[e‘, static universe uniformly filled with star
a8 be bright or dark when viewed from the Moonsi b
gy from the Sur)?

Answer appears at the end of the chapter.

looking

25-2 The universe is expanding

alA . T :
e, Hubble is usually credited with discovering that our uni-

= {

= verse is expanding. He found a simple linear relationship
between the distances to remote galaxies and the redshifts of the
spectral lines of those galaxic: iew Section 23-5, especially
Figures 23-16 and 23-17). onship, now called the
Hubble law, states that the |

greater is the galaxy’s redshifz.
away from us with speeds pro;
15see how Hubble’s law reveals an expanding universe.

stance to a galaxy, the
wote galaxies are moving
) their distances. Now let

Py gy

The Hubble Law and
The Hubble law can be stated as a very
the recessional velocity v of a galaxy to 1ts ¢

v = Hyd

simple equation that relates
listance d from Earth:

ek » galaxies are
Vhere Hy is the Hubble constant. Because remote gd]a);lers say
Betting farther and farther apart as time goes Ot ast.ron;):e i the
tat the yniverse is expanding. We say these galaxics

Hubble flow.

Each chocolate
farther away fro

.
Six chocolate chips are evenly
 SPaced within an unbaked cake.

) What does it actually mean to say the
universe is expanding? According to general relativity, space
itself is not rigid. The amount of space between widely separated
locations increases over time. A good analogy is that of baking
al cbocolate chip cake, as in Figure 25-2. As the cake expands
during baking, the chocolate chips do not move through the cake
but the amount of space between the chocolate chips gets larger
and larger. In the same way, as the universe expands, galaxies in
the Hubble flow do not move through space, but the amount of
space between widely separated galaxies increases. The expan-
sion of the universe is the expansion of space.

m It is important to realize that the expansion
of the universe occurs primarily in the vast spaces that separate
clusters of galaxies. Just as the individual chocolate chips in
Figure 25-2 do not expand as the cake expands during baking,
galaxies themselves do not expand. Einstein and others have
established that an object that is held together by its own grav-
ity, such as a galaxy or a cluster of galaxies, creates a region
of nonexpanding space. Likewise, molecular forces, which are
much stronger than gravity, prevent expansion. For example,
Earth and your body, which are held together by molecular fore-
es, are not getting any bigger. Only the distance between widely
separated galaxies increases with time. This expansion actu-
ally creates space. The Cosmic Connections: “Urban Legends”
about the Expanding Universe has more to say about several
misconceptions concerning the expanding universe.

The Hubble law is a direct proportionality—that is, a galaxy
twice as far away is receding from us twice as fast. This property
is just what we would expect in an expanding universe. To see why
this property results from uniform expansion, imagine a grid of
parallel lines (as on a piece of graph paper) crisscrossing the unt
verse. Figure 25-3a shows a series of such gridlines 100 Mpc apart
along with five galaxies labeled A, B, C, D, and E that happen tc
lie where gridlines cross. As the universe expands in all directions
the gridlines and the attached galaxies spread apart. (This is jus
what would happen if the universe were a two-dimensional rubbe
sheet that was being pulled equally on all sides. Alternatively, you
can imagine that Figure 25-3a depicts a very small portion of th
chocolate chip cake in Figure 25-2, with galaxies taking the plac
of chocolate chips.)

chip has moved
m all the other chips.

I ol
| [ b 7
! | | |
/ k ) \
|

FIGURE 25-2

The Expanding Chocolate Chip Cake Analogy The
expanding universe can be compared to what happens inside
a chocolate chip cake as the cake expands during baking. All
of the chocolate chips in the cake recede from one another
as the cake expands, just as all the galaxies recede from one
another as the universe expands.




“Urban Legends about the Expanding Uni verse

Incorrect Urban Legend #1:

The expansion of the universe means that as
time goes by, galaxies move away from each
other through empty space. In this picture,
space is simply a background upon which the
galaxies act out their parts .

Reality:
The expansion of the universe means that as
time goes by, space itself expands (shown

here by the expanding grid). As it expands, it
carries the galaxies along with it.

S Ilght travels through

Incorrect Urban Legend #2: '-', 5 intergalactic space, its

The redshift of light from distant 2 A : i : o
galaxies is a Doppler shi uced. 1 ; Bemd St ! the

‘ mus S o e through which it is
 travelling expands. This is

Incorrect Urban Legend #3:
As the universe expands, so do objects wi
universe. Hence galaxies within a cluster are now: mor
spread out than they were billions of years ago.

. In this picture, the cluster
expands as the universe
expands.

Time— ' >

Cluster has stabilized, and its

Reaiity: A relustar size no longer changes

At first the expansion of the universe tends to pull the forms
galaxies of a cluster away from each other. But the
force of gravitational attraction binds the members of
the clusters together, so the cluster stabilizes at a
certain size.

(lustrations by Alfred T. Kama
from C. H. Lineweaver and T
Davis, “Misconceptions about
Big Bang,” Scientific American
March 2005)

724



(@) Five galaxies spaced 100 Mpc apart

150 Mpc

s the galaxies apart

(b) The expansion of the universe spre:

Original
distance
(Mpc)
A0 100 130 50
A-C 200 00 100
A-D 300 150
A-E 100 50
110
£ FIGURE 25-3 ‘
| e Hubble Law (a) Imagine

, E The Expanding Universe and the it :
6 galaxies labeled A, B, 6 D, and E. At the time shown here, adjacent ‘
MGelaXies are 100 Mpc apart. (b) As the universe expands, by s0mMe fgeftzg:
®Spacing between adjacent galaxies has increased 0 150 Mpc. eter i
SI0WS that the greater the original distance petween galaxies, the 9red
aMount thet distance has increased. This agrees with the Hupble [aw.

: : h the
f.‘ Figure 25-3b shows the universe at @ latedf ’tlll“l%’e\z’ili§m1ces

lines are 509 farther apart (150 MPC) i :125—321. [magine
Been galaxies are S0% greater thag /B Flg’lL‘llzZ rable accompa-
represents our Galaxys the Milky e her galaxies has
o A and B and
| have moved

Iy 100 Mp¢ aM rc' A and G, which
from each other by an 2 ne increased their separd
. :

Otiginally 200 Mpc apart
dditional 100 Mp¢; and the
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originally 300 Mpc, has increased by an additional 150 Mpc. In
f)th.el' words, the increase in distance between any pair of galax-
ies is in direct proportion to the original distance; if the original
distance is twice as great, the increase in distance is also twice
as great.

; To see what these distances tell us about the recessional veloci-
ties of galaxies, remember that velocity is equal to the distance
l.n()VCd divided by the elapsed time. (For example, if you traveled
in a straight line for 360 kilometers in 4 hours, your velocity was
(360 km)/(4 h) = 90 kilometers per hour.) Because the distance
th.at cach galaxy moves away from A during the expansion is
directly proportional to its original distance from A, it follows that
the velocity v at which each galaxy moves away from A is also
directly proportional to the original distance d. This result is just
the Hubble law, v = Hyd.

A 3 TH It may seem that if the universe is expanding,

and if we see all the distant galaxies rushing away from us, then
we must be in a special position at the very center of the uni-
verse. In fact, the expansion of the universe looks the same from
the vantage point of any galaxy. For example, as seen from gal-
axy D in Figure 25-3, the initial distances to galaxies A, B, and
C are 300 Mpc, 200 Mpc, and 100 Mpc, respectively. Between
parts (a) and (b) of the figure, these distances increase by
| 150 Mpc, 100 Mpc, and 50 Mpc, respectively. So, as seen from
D as well, the recessional velocity increases in direct proportion
with the distance, and in the same proportion as seen from A.
| In other words, no matter which galaxy you call home, you will
axies receding from you in accordance with
. (and the same Hubble constant) that we

| see all the other ga
the same Hul

erve from Earth.

Figure 25-2 also shows that the expansion of the universe looks
the same from one galaxy as from any other. An insect sitting on any
one of the chocolate chips would see all the other chips moving away.
If the cake were infinitely long, it would not actually have a center;
as seen from any chocolate chip within such a cake, the cake would
extend off to infinity to the left and to the right, and the expansion of
the cake would appear to be centered on that chip. Likewise, because
every point in the universe appears to be at the center of the expan-
sion, it follows that our universe has no center at all.

YR ECITE “If the universe is expanding, what is it expand-
ing into?” This commonly asked question arises only if we take
our chocolate chip cake analogy too literally. In Figure 25-2, the
cake (representing the universe) expands in three-dimensiona
space into the surrounding air. But the actual universe includes
all space; there is no extra or additional space for the universe
to expand into. Asking “What lies beyond the universe2” is like
asking “Where on Earth is north of the North Pole?”—there jus
isn’t a place on Farth that this point could be.

The ongoing expansion of space explains why the light fror
remote galaxies is redshifted. Imagine light or a photon comin
toward us from a distant galaxy. As the photon travels throug
space, the space is expanding, so the photon’s wavelengt
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Original wavelength

(@) A wave drawn on a rubber band ...

W

L

i

Stretched (redshifted) wavelength W

(b) ... increases in wavelength as the rubber band is stretched.

FIGURE 25-4

Cosmological Redshift A wave drawn on a rubber band stretches along
with the rubber band. In an analogous way, a light wave traveling through an
expanding universe “stretches”; that is, its wavelength increases.

becomes stretched. When the pho-
ton reaches our eyes, we see an
increased wavelength: The photon

has been redshifted. The longer
the photon’s journey, the more its

The redshifts «
galaxies are noi
shifts; they are

expansion of sj

wavelength will have been stretched along the way. Thus, photons
from distant galaxies have larger redshifts than those of photons

from nearby galaxies, as expressed by the Hubble law.

A redshift caused by the expansion of the universe is properly
called a cosmological redshift. It is 707 the same as a Doppler shift.
Doppler shifts are caused by an object’s motion through space,
whereas a cosmological redshift is caused by the expansion of

space (Figure 25-4).

In Hubble’s law, the original interpretation of redshifts was that
they were due to Doppler shifts by receding galaxies, and this works
because for small redshifts, the Doppler shift can account for the
recession of galaxies in expanding space. However, the full proper-
ties of expanding space, described by Einstein’s general theory of
relativity, must be taken into account for larger redshifts. In fact,
at redshifts (z) greater than about z > 1.5, galaxies are observed
with recessional velocities greater than the speed of light. While this

would violate the laws of physics in a static universe, recessional
speeds can exceed the speed of light in an expanding universe.

CONCEPTCHECK 25-2

Although nearly all distant galaxies have measureable redshifts,
the relatively nearby Andromeda Galaxy exhibits an overall

Cosmological Redshift and Lookback Time

We can calculate the factor by which the universe has expan
since some ancient time from the redshift of light emitted:
objects at that time. As we saw in Section 24-5, redshift (z
defined as
o
G

In this equation g is the unshifted wavelength of a photon an
is the wavelength we observe. For example, Ay could be the wz
length of a particular emission line in the spectrum of light leay
a remote galaxy. As the galaxy’s light travels through space,
wavelength is stretched by the expansion of the universe. Thus
our telescopes we observe the spectral line to have a wavelen
\. The ratio M\, is a measure of the amount of stretching.
rearranging terms in the preceding equation, we can solve for |
ratio to obtain

Lo et

%)

For example, consider a galaxy with a redshift z = 3. Since
time that light left that galaxy, the universe has expanded by a {
tor of 1 + 2 =1 + 3 = 4. In other words, when the light left t
y, representative distances between widely separated galas
e only one-quarter as large as they are today. A representat

f space, which is proportional to the cube of its dim
)® = 1/64 as large as it is today. Thus, the dens
urne was 64 times greater than it is today
edshift z of a distant object such as a rem
iate that object’s recessional velocity |
alculation). Then, using the Hubble law, you ¢
1 nce d to that object if you know the value of |
Hubble constant Hy. This distance also tells you the lookback ti
of that object, that is, how far into the past you are looking wk
you see that object. For example, if the lookback time for a dist:
galaxy is a billion years, that means the light from the galaxy tool
billion years to reach us, so we are seeing it as it was a billion ye:
ago. The images that open this chapter show supernovae in dist2
galaxies with lookback times from 7.7 to 9.0 billion years.

Distances and lookback times determined in this way ¢
somewhat uncertain, because there is some uncertainty in t
value of the Hubble constant. Furthermore, as we will see
Section 25-8, the universe has not always expanded at the sai
rate. This variable rate of expansion means that the value of t
Hubble constant H, was different in the distant past. (In otk
words, the Hubble “constant™ is not actually constant in time, t
at a given time it is still constant throughout space.) Furthermo
the correct distance d to use in the Hubble law is not the distan
at which we see the object, but rather the distance between us a
the object now. This latter distance is larger because during t
time that it t.ukcs light to reach us from a distant object, that obje
has moved farther away due to the expansion of the universe.

To avoid dealing with these uncertainties and complicatior
astrononyﬁ:rs commonly refer to times in the distant past in tert
2f redshift rather than years. For example, instead of askin

How common were quasars S billion years ago?,” an astronom
mlght ask, “How common were quasars at z = 1.0?” In this que
tion, “at z = 1.0” is a shorthand way of saying “at the lookba
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he system 1S the universe itself. But then qmllal Systems, when
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e observing the unive{rse from a special locheStion e W
Jnique; nonrepresentative appearance? O w; l;)(il, resulting in a
shere see @ universe with the same properties Ou ; observers any-
answer t0 thlS. question determines how we il’ltel:l .arge scales? The
pecause receding galaxies could be interpreted tloplet Hubbles law,
4 the center of the 1.Jniverse. b Rt armean that we are
he universe was rejected, however, because it Vioalt the center of
1ogical extension of Copernicus’s Sagmien i ates a cosmo-

y ware at we d
2 special location in space. An expanding u 0 not occupy

niverse, on the oth
has no center; at all locati i ) other
hand, 2 ons in space, observers would see

gilaxies rec.ede a}ccording to Hubble’s law.

When Einstein began 212 plying his general theory of relativity to
cosmollog}’, he made a daring assumption: Over very large distax}l]ces
{he universe 1S homggeneous,.meamr}g that every region is the same
as every other.reglon, a.nd 1SOtropic, meaning that the universe
Jooks the same in every direction. In other words, if you could stand
hack and look at a very large region of space, any one part of the
miverse would look basically the same as any other part, with the
ame kinds of galaxies distributed through space in the same way.
The assumption that the unis is homogeneous and isotropic
constitutes the cosmological prinic It gives precise meaning to
e idea that we do not occupy = special location in space.

Models of the universe bzsec on the cosmological principle
have proven remarkably suc .1 i1 describing the structure and
Bolution of the universe and in interpreting observational data.
More recently, direct observaiious reveal a homogencous and
iotropic universe on the largest scaies—a validation of t‘he cosrrlu))(;i
bgical principle. A homogenous and isotropic universe 15 rexga;_;g’
mmaps made of large-scale structure, as shown in Flfgures -
nd23-24, As we will see in Section 25-5, radiation left oveg
the Big Bang produces a similar result for the garly UDIVELSE:
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25-3 The expanding universe emerged from
a cataclysmic event called the Big Bang

Thg Hubble flow shows that the universe has been expanding for
bnlhons' of years, Therefore, we can conclude that in the past the
matter in the universe must have been closer together and therefore
denser than it is today. Indeed, as we look farther into the past,
we clearly see the density of the universe increasing. There is even
strong evidence of increasing density back to the first moments of
time. Therefore, some sort of tremendous event caused high-density
matter to begin the expansion that continues to the present day.
This event, called the Big Bang, marks the creation of the universe.

(X X'EAITE It is not correct to think of the Big Bang as an
explosion. When a bomb explodes, pieces of debris fly off into
space from a central location. If you could trace all the pieces
back to their origin, you could find out exactly where the bomb
had been. This process is not possible with the universe, howev-
er, because the universe itself always has and always will consist
of all space, with no center. There is no single or central location
in space where the Big Bang occurred, because the Big Bang is
the expansion of all space (see the discussion of the expanding
chocolate chip cake in Section 25-2).

>~ of the Universe

How long ago did the Big Bang take place? To estimate an answer,
imagine two galaxies that today are separated by a distance d and
receding from each other with a velocity v. A movie of these galax-
ies would show them flying apart. If you run the movie backward,
you would see the two galaxies approaching each other as time
runs in reverse. We can calculate the time Tj it will take for the
reverse-run galaxies to collide by using the equation

This expression says that the time to travel a distance d at
velocity v is equal to the ratio d/v. (As an example, to travel a
distance of 360 km at a velocity of 90 km/h takes (360 km)/(90
km/h) = 4 hours.) If we use the Hubble law, v = Hod, to replace
the velocity v in this equation, we get

d 1

hos mar iy

Note that the distance of separation, d, has canceled out a‘nd
does not appear in the final expression. Distance not appearing
in the expression means that T, is the same for LII] galax@s. This

eriod is the time in the past when all th‘c‘ matter in galaxies was
crushed together, the time b;.\ck to the Big Bang. In other words,
the reciprocal (or inv?rsc) otlthc Hubble constant Hy gives us an
estimate of the age of the universe called the H_ubble time; this 1S
one reason why Hg is such an important quantity in cqsrr}ology.

Observations suggest that Hy = 73 km/s/Mpe to within a few
and this 18 the value we choose as our standard (see

speent 3 2
}Sxaion’ 23-5). Using this value, our estimate for the age of the
44 Y
universe 15 1

To = 23 km/s/Mpe
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To convert this into units of time, we simply need to remember that
1 Mpe equals 3.09 x 10'° km and 1 year equals 3.156 x 107 s.
Using the technique we discussed in Box 1-3 for converting units,
we get

3.09 X 10" km
I Mpc

B Mpes
U3 s xm

1.34 X 10'° years = 13.4 billion years

Il

By comparison, the age of our solar system is only 4.56 billion
years, or about one-third the age of the universe. Thus, the forma-
tion of our home planet is a relatively recent event in the history
of the cosmos.

The value of H,, has an uncertainty of about 5%, so our simple
estimate of the age of the universe is likewise uncertain by at least
5%. Furthermore, the formula Ty = 1/Hj, is at best an approxima-
tion, because in deriving it we assumed that the universe expands at
a constant rate. In Section 25-8 we will discuss how the expansion
rate of the universe has changed over its history. When these factors
are taken into consideration, we find that the age of the universe
is 13.7 billion years, with an uncertainty of about 0.2 billion years.
This time period is remarkably close to our simple estimate.

Whatever the true age of the universe, it must be at least as old

in the Milky Way’s globular clusters (see Section 19-4 and
22-1). The most recent observations, combined wit
based on the theory of stellar evolution, indicate that
are about 13.4 billion years old (time period with an vncerts

The dashed circle repr
cosmic light horizon, a sphe
centered on Earth. Light from
objects on this horizon 1s only
now reaching us.

All of the objects that we can
see with even the most powerful
telescopes lie within our
observable universe,

Because the universe has continued to expand over

the past 13.7 billion years, the radius of our cosmic
light horizon is greater than 13.7 billion light-years,
The present radius is about 47 billion light-years.

FIGURE 25-5 R | UuXxa

Our Observable Universe The part of the universe that we can observe

lies within our cosmic light horizon. The galaxies that we can just barely make

out with our most powerful telescopes lie inside our cosmie light horizon; we
ee them as they were less than a billion years after the Big Bang. We cannot

C)

This time period is less than the calculated age

of about 6%). ; -
uired, the oldest stars in our universe are

of the universe: As req

i - universe itself.
younger than the u ; a :
What was our universe like 15 billion years ago? The passage

of time (as we understand time) in the (mly universe we know of
did not exist prior to the Big Bang. N(.)r did space (as we under-
stand space) exist in the universe until expansion from 'the Big
Bang. Time began to pass and space began to exist at the Big Bang,
Since the universe, as we understand it, is only 13.7 billion years
old, there does not appear to be physical meaning to the question
of what things were like in the universe 15 billion years ago.

CONCEPTCHECK 25-4 .

If the Hubble constant were smaller than it actually is, would
the universe be younger or older than 13.7 billion years?

Answer appears at the end of the chapter.
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The Big Bang helps resolve Olbers’s paradox, which we discussed
in Section 25-1. We know that the universe had a defi ;
ning, and thus its age is finite (as opposed to infinite). If

: ' then the most distant ob
it [as &
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years away.) As a
hin an immense spher
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ut its limitless expanse.

These galaxies lie within
our cosmic light horizon,
and so are part of our
observable universe.

These galaxies lie outside our cosmic light horizon.
Their light has been traveling toward us for 13.7
billion years, but they are so far away that the
light has not yet reached us. Hence they are
outside our present-day observable universe.

860 objects beyond our cosmic light harizon, because in the 18.7 billion years
since the Big Bang their light has not had enough time to reach us. (inset: Robert
Williams and the Hubble Deep Fleld Team, STSql: NASA)
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Bang to the Planck time, about 103 seconds later. (Indeed, the
laws of physics suggest that it might be impossible ever to know
what happened during this extremely short time interval.) Hence,
the Planck time represents a limit to our knowledge of conditions
at the very beginning of the universe.

CONCEPTCHECK 25-5

Qpnsider two hypothetical stars of equal luminosity that are
!nltia|ly at the same remote distance from Earth, but each is
in g different type of universe. Imagine one star in a static
universe so that the star is not receding away. Imagine that
the other star is receding away due to cosmic expansion, just
as galaxies do in our actual universe. When this imaginary
experiment begins and both stars are observed from Earth,
which star, if any, appears dimmer?

CONCEPTCHECK 25-6

Why does our observable universe get larger over time?
Answer appears at the end of the chapter.

=25.-4 The microwave radiation that fills all
space is evidence of a hot Big Bang

é\oa:vj% One of the major advances in twentieth-century astron-

% omy was the discovery of the origin of the heavy ele-
ments. We know today that essentially all the heavy elements are
created by thermonuclear reactions at the centers of stars and in
supernovae (see Chapter 20). The starting point of all these reac-
tions is the fusion of hydrogen into helium, which we described in
Section 16-1. But as astronomers began to understand the details
of thermonuclear synthesis in the 1960s, they were faced with a
dilemma: There is far more helium in the universe than could have
been created by hydrogen fusion in stars.

For example, the Sun consists of about 74% hydrogen and
25% helium by mass, and the universe as a whole is also about
25% helium. Some helium was produced by the thermonuclear
fusion of hydrogen within stars, but calculations show that the
amount of helium produced in this way is not nearly enough to
account for the large fraction of helium observed in the universe.
Because it was thought that the universe originally contained only
hydrogen—the simplest of all the chemical elements—the presence
of so much helium posed a major dilemma.

A Hot Big Bang and the Cosmic Microwave
Background

Shortly after World War 11, Ralph Alpher and Robert Hermann
proposed that the universe immediately following the Big Bang
must have been so incredibly hot that thermonuclear reactions
occurred everywhere throughout space. Calculations for the
amount of helium (and some other elements) produced by ther-
monuclear reactions in the first few minutes after the Big Bang are
in extraordinary agreement with observations. This astounding
prediction of the Big Bang was confirmed by detailed observa-
tions, which means that strong evidence for the Big Bang goes all
the way back to the first few minutes of the universe.




Chapter 25

Fortunately, predictions coming from the Big Bang theory
did not stop there. Princeton University physicists Robert Dicke
and P. J. E. Peebles calculated that in order for the entire universe
to undergo the required thermonuclear reactions, in addition to
charged particles, the early universe must have been very hot and
filled with many high-energy, short-wavelength photons. With
these photons interacting strongly with the “soup” of charged
particles, the intensity distribution of photons formed blackbody
radiation (see Figure 5-12).

The universe has expanded so much since those ancient times
that all those short-wavelength photons have had their wavelengths
stretched by a tremendous factor. As a result, they have become
low-energy, long-wavelength photons. The temperature of this cos-
mic radiation field is now only a few degrees above absolute zero.
By Wien’s law, radiation at such a low temperature should have its
peak intensity at microwave wavelengths of approximately 1 mil-
limeter. Hence, this radiation field, which fills all of space, is called
the cosmic microwave background (CMB), or cosmic background
radiation. In the early 1960s, Dicke and his colleagues began
designing an antenna to detect this microwave radiation.

Meanwhile, just a few miles from Princeton University, Arno
Penzias and Robert Wilson of Bell Telephone Laboratories in New

to relay telephone calls to Earth-orbiting commus
ellites (Figure 25-6). Penzias and Wilson were d
when, no matter where in the sky they pointed
they detected faint background noise. Thanks to a ¢
learned about the work of Dicke and Peebles and
they had discovered the cooled-down cosmic backgro
tion left over from the hot Big Bang. Penzias and Wilson sh
the 1978 Nobel Prize in Physics for their discovery.

ATV using an antenna for signal
reception (as opposed to cable or a
satellite dish) can actually detect
cosmic background radiation. This
radiation is responsible for about
1% of the random noise or “hash”
that appears on the screen when
you tune a television to a station that is off the air. Using far more
sophisticated detectors than TV sets, scientists have made many
measurements of the intensity of the background radiation at a
variety of wavelengths. Unfortunately, Earth’s atmosphere is almost
totally opaque to wavelengths between about 10 mm and 1 cm (see
Figure 6-2.5), which is just the wavelength range in which the back-
ground radiation is most intense. As a result, scientists have had to
place detectors either on high-altitude balloons (which can fly above

the majority of the obscuring atmosphere) or, even better, on board
orbiting spacecraft.

The afterglow of ihe Big
Bang was first discovered by
a happy coincidence—and
can be detected with an
ordinary television

A Detailed Look at the Cosmic Microwave
Background

The first high-precision measurements of the cosmic microwave
background came from the Cosmic Background Explorer (COBE,
pronounced “coe-bee”) satellite, which was placed in Earth orbit
in 1989 (Figure 25-7a). Data from COBE’s spectrometer, shown in
Figure 25-7b, demonstrate that this ancient radiation has the spec-

um of a blackbody with a temperature of 2.725 K. In recognition

RIFUXG
Using this microwave horn antenna,

srgiow Of the Big Bang. (Bell Labs)

1s others that we will discuss in Section
leaders John Mather of NASA and George
Iniversity of California, Berkeley, were awarded the
)6 Nobel Prize in Physics.

An important feature of the microwave background is that
its intensity is almost perfectly isotropic, that is, the same in all
directions. In other words, we detect nearly the same background
intensity from all parts of the sky. This is a striking confirmation
of Einstein’s assumption that the universe is isotropic (see Section
25-2). However, extremely accurate measurements, first made from
high-flying airplanes and later from high-altitude balloons and
from COBE, reveal a very slight variation in temperature across
the sky. The microwave background appears slightly warmer than
average toward the constellation of Leo and slightly cooler than

average in the opposite direction toward Aquarius. Between the

warm spot in Leo and the cool spot in Aquarius, the background

temperature declines smoothly across the sky. Figure 25-8 1S a

map of the microwave sky showing this variation.

This apparent variation in temperature is caused by Earth’s
motion through the cosmos. If we were at rest with respect t0
the microwave background, the radiation would be even more
nearly isotropic. Because we are moving through this radiation
field, however, we see a Doppler shift. Specifically, we see shorter-
than-average wavelengths in the direction toward which we are
moving, as drawn in Figure 25-9. A decrease in wavelength cor-
responds to an increase in photon energy and thus an increase i
the temperature of the radiation. The slight temperature eXcess
observed, about 0.00337 K, corresponds to a speed of 371 km/s:
Conversely, we see longer-than-average wavelengths in that part

2(
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sercluster. Observations show that thousands of other galaxies
are being carried in this direction, as is the Hydra-Centaurus super-
cluster itself. This tremendous flow of matter is thought to be due
to the gravitational pull of an enormous collection of visible galax-
ies and dark matter lying in that direction. This immense object,
dubbed the Great Attractor, lies about S0 Mpe (150 million ly) from
Earth (see Figure 23-22).

The existence of such concentrations of mass, as well as the
existence of superclusters of galaxies (see Section 21-6), shows
that the universe is rather “lumpy” on scales of 100 Mpc or
smaller. It is only on larger scales that the universe is homogeneous
and isotropic.

CONCEPTCHECK 25-7

If the early universe was filled with high-energy, short-
wavelength photons, why are these observed today to be low-
energy, long-wavelength microwave photons?

Answer appears at the end of the chapter.

25-5 The universe was a hot, opaque plasn

during its first 380,000 years

Energy in the universe falls into one of two categories
or matter. (We will encounter another type of er
25-7.) Photons are massless particles of light and
radiation. There are many photons of starlight tr
space, but the vast majority of photons in the uniy
visible and belong to the cosmic microwave background
ter in the universe is contained in such luminous objects as stars,
planets, and galaxies, as well as in nonluminous dark matter. A
natural question to ask is which plays a more important role in
the universe: radiation or matter? As we will see, the answer to
this question is different for the early universe from the answer
for our universe today.

he mat-

Radiation and Matter in the Universe

To make a comparison between radiation and matter, recall
Einstein’s famous equation E = mc? (see Section 16-1). We can
think of the photon energy in the universe (E) as being equal to a
quantity of mass () multiplied by the square of the speed of light
(c). The amount of this equivalent mass in a volume V, divided by
thzt volume, is the mass density of radiation (p,,; say “rho sub
rad”),

We can combine E = mc? with the Stefan-Boltzmann law (see
Section 5-4) to give the following formula:

Mass density of radiation

_ 40TH
Prad = 7—

Prad = mass density of radiation

T = temperature of radiation

Stefan-Boltzmann constant = 5.67 x 1078 W m2 K
eed of light = 3.00 x 108 m/s

For the present-day temperature qf the cosmic backgrour
radiation, T = 2.725 K, this equation yields

B = A6 % 10 kg/m?

The average density of matter (pms S3Y .“rho S‘}b em”) in tl
universe is harder to determine. To find this density, we look |
a large volume (V) of space, determine the total mass (M) of :
the stars, galaxies, and dark matter in that volume, and divide tl
volume into the mass: p,, = M/V. (We emphasize that this quanti
is the average density of matter. It would be the actual density if 2
the matter in the universe were spread out uniformly rather tha
being clumped into galaxies and clusters of galaxies.) Determinir
how much mass is in a large volume of space is a challenging tas
A major part of the challenge involves dark matter, which emits n
electromagnetic radiation and can be detected only by its gravit:
tional influence (see Section 22-4 and Section 23-8).

One method that appears to deal successfully with this cha
lenge is to observe clusters of galaxies, within which most of th
luminous mass in the universe is concentrated and the contribt
tion from dark matter can also be estimated. Rich clusters ar
surrounded by halos of hot, X-ray—emitting gas, typically at terr
of 107 { (see Figure 23-26). Such a halo shoul

brium, so that it neither expands no
= size (see Section 16-2, especiall
sure associated with the halo
, anced by the inward gravita
tiona call dus to the roral mass of the cluster. Thus, by measaring
' which can be determined from th
yn—astronomers can infer th
tion from dark matter!
s and other measurements, the present-daj
of matter in the universe is estimated to be

pera

I

DE inl

tur

P = 2.4 x 10727 kgl

with an uncertainty of about 15%. The mass of a single hydroger
atom is 1.67 x 10727 kg. Hence, if the mass of the universe wer
spread uniformly over space, there would be the equivalent of
1% hydrogen atoms per cubic meter of space. By contrast, there
are 5 x10% atoms in a cubic meter of the air _\‘-ou breathe! The
very small value of p,, shows that our universe has a very low
average density.

Furthermore, by counting galaxies and other measurements,
astronomers determine that the average density of luminous mat
ter (that is, the stars and gas within clusters of galaxies) is about
4.2 x 10728 kg/m>. This density is only about 17% of the average
density of matter of all forms. Thus, nonluminous dark matter
is actually the predominant form of matter in our universe. The
“ordinary” matter (protons and neutrons) of which the stars, the
planets, and ourselves are made is only about one-fifth of the total
matter!

The face that there is more dark matter than regular matter
does not make it any easier to detect. By interacting with light,
regular matter can cool and condense into stars and planets.
However, dark matter is more evenly and sparsely distributed. The
actual amount of dark matter within Earth’s volume at any given
time is only about 1 kg. It is thought that dark matter particles
stream right through the Earth with only rare interactions. Due t0
its elusive nature, yet dominance over regular matter, the detection
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FIGURE 25-10

The Evolution of Density For approximately 24,000 years after the Big
Bang, the mass density of radiation (Praq shown in red) exceeded the matter
density (p,,, shown in blue), and the universe was radiation-dominated. Later,
however, continued expansion cf the universe caused ppq to become less
than pp, at which peint the universe became matter-dominated. (Graph courtesy

of Clem Pryke, University of Minnescta)

Therefore, the temperature of the radiation background was once
much greater and has been declining over the ages, as Figure 25-11
shows.

CONCEPTCHECK 25-8

At the time Earth formed, was the universe dominated Dy
energy or by matter?
Answer appears at the end of the chapter.

When the First Atoms Formed

The nature of the universe changed again in a fundamental way
about 380,000 years after the Big Bang, when z was roughly
1100 and the temperature of the radiation background was about
1100 x 2.725 K = 3000 K. (At a temperature of 3000 K, the entire
universe was filled with visible orange light.) To see the significance
of this moment in cosmic history, recall that hydrogen is by
most abundant element in the universe—hydrogen atoms ¢
per helium atoms by about 12 to 1. A hydrogen atom

a single proton orbited by a single electron, an
nnhmmgkmckm electron complete

@



had an&rgie;grm enough |

binding to form hydrogen atoms PR
1100n(gthat is, since ¢ = 380,000 years)hm ftﬁér n
photons been low enough to permit hydrogen atoms
che first 25-12b). idae
*mm%rﬁ?é ' The) epoch when atoms first formed at £ = 380,00
l called the era of recombination. This name refers to electrons
“recombining” to form atoms. (The name is a bit misleading,
because the electrons and protons had never before combined
into atoms.)

Prior to t = 380,000 years, the universe was completely filled
with a shimmering expanse of high-energy photons colliding vig-
; orously with protons and electrons. This state of matter, called 2

plasma, is opaque, which means that light cannot pass through it
without being strongly scattered and absorbed. The surface and
interior of the Sun are also a hot, glowing, opaque plasma (see
e Section 16-9). P. J. E. Peebles coined the term primordial fireball
to describe the universe during its first 380,000 years of existence,

After ¢ = 380,000 years, the photons no longer had enough
energy to keep the protons and electrons apart. As soon as the
temperature of the radiation field fell below about 3000 K, pro-
tons and electrons began combining to form hydrogen atoms.
These atoms do not absorb low-energy photons, so space became
transparent! All the photons that heretofore had been vigorously
d particles could now stream unimpeded

;= same photons constitute the microwave

' Recombination

| & | | b
10* 10° 108 oA
Age of universe (years) ——-

« era of recombination becomes clear by
an astronomer’s ability to form images
"frer recombination, the photons from a
can stream to us while having very little
I atter they pass through along their journey.
when the temperature fell below 3000 K, hydrogen atoms formed and the These undisturbed photons can carry images of different clumps
field “decoupled” from the matter in the universe. After that point, the of matter in the early universe. On the other hand, photons emit-
re of maiter in the universe was not the same as the temperature of ted prior to recombination are scattered so strongly that any
The time when the first atoms formed is called the era of recombination image from that early time is completely blurred out before its
Figure 25-12). (Graph courtesy of Clem Pryke, University of Minnesota) photons reach us. Therefore, the era of recombination marks the

- / ‘\/\., FIGURE 25-12
”. . The Era of Recombination (a) Before
2 recombination, the energy of photons in the
Hydrogen atom  COSMic background was high enough 0
,\/\’-‘ i prevent protons and electrons from forming

hydrogen atoms. (b) Some 380,000 years

after the Big Bang, the energy of the casmic
background radiation became low enough -
that hydrogen atoms could survive. i
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) A good analogy is the behavior of a glass of
cold water. If you hold the glass in your hand, the water will
warmer and your hand will get colder until b’oth the wq\t)::lr geé
your hand are at the same temperature. But if you set t(he ?:ss
| down and do not touch it, so that the glass and your hand dfnot
{ l; interact, their temperatures are decoupled: The water will stay
!

cold and your hand will stay warm for much longer.

Because the universe was opaque prior to ¢t = 380,000 years,
e cannot see any further into the past than the era of recombina-
tion. In particular, we cannot see nad k to the era when the universe
was radiation-dominated. icrowave background, whose
. — 1100, contains the most
to observe.

photons have suffered a reds

ancient photons we will ever

owly, would the first atoms
more slowly?

@it

lfthe universe had cooled 17

have appeared more quickly or
Answer appears at the end of the chapter.

Nonuniformities in the Early Un

of Galaxies i
The COBE data show that the universe is f.ull’ of blackbo.(iyr;ezcrli‘_
ton with a temperature of DTS (Th‘s 13 th.e Csoscrg(l)n 25-4.)
Wave background radiation, of CMB, discussed mhe ok
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o Temperature Variations in the Cosmic

SIS

Microwave Background This map from WMAP data shows small vanations
in the temperature of the cosmic background radiation across the enfire s«
(The variations due to Earth’s motions through space, shown in Figure 25-8,
have been factored out.) Lower-temperature regions (shown in biue) show where
the early universe was slightly denser than average; warmer regions (shown

in red) correspond to regions where the density of matter was less dense

than average. Note that the temperature variations in this figure are no more
than 200 pK, or 2 X 104 K: these are tiny fluctuations arounc e biackbody
radiation measured by COBE in Figure 25-7. (NASA/WMAP Science Team

of structures that continued to “grow” into today’s superclu-
sters of galaxies through gravitational contraction. Within these
immense concentrations formed the galaxies, stars, and planets.
Thus, by studying these nonuniformities, we are really stadying
the origins of our present-day structure.

Temperature variations in the cosmic background radiation
do more than show us the origins of large-scale structure in the
universe. As we will see in the next two sections, these temperature
variations actually reveal the shape of the universe as a whole, and
many of its most fundamental properties.

CONCEPTCHECK 25-10

Consider a blue patch in Figure 25-13. If astronomers looked
at the same region with @ visible-light telescope, what are they

likely to see?
Answer appears at the end of the chapter.

25-6 The shape of the universe indicates its
matter and energy content

We have seen that by following the mass densities of radiation
(praq) and of matter (p), we can learn about the evolution of
¢he universe. But it is equally important to know the combined
mass density of all forms of matter and energy. (In an analogous
way, an accountant needs to know the overall financial status of




dual profits or losses.) Remarkably, we
the overall shape of the universe.

of the Universe

theory of relativity explains that gravity curves the
space. Furthermore, the equivalence between matter and
, expressed by Einsteins equation E = mc?, tells that either
or energy produces gravity. Thus, the matter and energy scat-
ed across space should give the universe an overall curvature. The
~ degree of curvature depends on the combined average mass density
of all forms of matter and energy. (Again, because of Einstein’s
equivalence between matter and energy, some also refer to this as
the combined average energy density.) This quantity, which we call
Po (say “rho sub zero™), is the sum of the average mass densities of
matter, radiation, and any other form of energy. Thus, by measuring
the curvature of space, we should be able to determine the value of
po and, hence, learn about the content of the universe as a whole.

To see what astronomers mean by the curvature of the uni-
verse, imagine shining two powerful laser beams out into space so
that they are perfectly parallel as they leave Earth. Furthermore,
suppose that nothing gets in the way of these two beans, so we
can follow them for billions of light-years as they travel across the
universe and across the space whose curvature we wish to detect,
Figure 25-14 illustrates the only three possibilities:

1. We mught find that our two beams of light rernain perfect!
parallel, even after traversing billions of light-years. [n this
case, space would not be curved: The universe would have zero
curvature, and space would be flat.

2. Alternatively, we might find that our two beams of light
gradually converge. In such a case, space would not be flat.
Recall that lines of longitude on Earth’s surface are parallel at
the equator but intersect at the poles. Thus, in this case the three-
dimensional geometry of the universe would be analogous to

the two-dimensional geometry of a spherical surface. We would
then say that space is spherical and that the universe has positive
curvature. Such a universe is also called closed, because if you
travel in a straight line in any direction in such a universe, you
will eventually return to your starting point.

3. Finally, we might find that the two initially parallel beams
of light would gradually diverge, becoming farther and farther
part as they moved across the universe. In this case, the universe
would still have to be curved, but in the opposite sense from
ical model. We would then say that the universe has
curvature. In the same way that a sphere is a positively
5 mensional surface, a saddle is a good example
curved two-dimensional surface. Parallel lines
always converge, but parallel lines drawn on
erge. Mathematicians say that saddle-shaped
. Thus, in a negatively curved universe,

¢ as hyperbolic. Such a universe is also

Parallel light beams remain parallel

(b) Flat space

pO:pC’QO:l

T
Parallel light beams diverge

<1

0

%¢: The curvature of the universe is sither
egative. The curvature depends on whether the
Sity ig greater than, equal to, or less than the critical
density, ar, equivalently, on whether the density parameter Qq is greater than
equal to, or less than 1. In theory, the curvature could be determined by
seeing whether two laser beams initially parallel to each other would converge.
remain parallel, or spread apart.

dimensional, but we have drawn the three cases as analogous,
more easily visualized two-dimensional surfaces. Therefore, as you
examine the drawings in Figure 25-14, remember that the real
universe has one more dimension. For example, if the universe is in
fact hyperbolic, then the geometry of space must be the (difficult to
visualize) three-dimensional analog of the two-dimensional surface
of a saddle.

Note that in accordance with the cosmological principle, none
of these models of the universe has an “edge™ or a “center.” This is
clearly the case for both the flat and hyperbolic universes, because
they are infinite and extend forever in all directions. A spherical
universe is finite, but it also lacks a center and an edge. Yenm&::;

walk forever around the surface of a sphere (like the surface
Earth) without finding a center or an edge.

CONCEPTCHECK 25-11
If two lasers are aligned to be perfectly |

of space far from any galaxies,
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Critical density of the universe

Qi m
p. = critical density of the universe
H, = Hubble constant
G = universal constant of gravitation

Using a Hubble constant H, = 73 km/s/Mpc, we get
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This critical density amc
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per cubic meter! Even st empty spaces between the
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CALCULATIONCHECK 25-3

What is the combined average mass density (in kg/m?) in a flz
universe?

Answer appears at the end of the chapter.

Measuring the Cosmic Curvature

How can we determine the curvature of space across the universe
In th§0ry, if you drew an enormous triangle whose sides were eac
a billion light-years long (see Figure 25-14), you could determin
the curvature of space by measuring the three angles of the tr
angle. If their sum equaled 180°, space would be flat. If the sur
was greater than 180°, space would be spherical. And if the sur
of the three angles was less than 180°, space would be hyperbolic
Unfortunately, this direct method for measuring the curvature ¢
space is not practical.

A way to determine the curvature of the universe that is bot
practical and precise is to see if light rays bend toward or awa
from each other, as shown in Figure 25-14. The greater the dis
tance a pair of light rays has traveled, and hence, the longer th
time the light has been in flight, the more pronounced any sucl
bending should be. Therefore, astronomers test for the presence o
such bending by examining the oldest radiation in the universe—
the cosmic microwave background.

If the cosmic microwave background were truly isotropic, sc
that equal amounts of radiation reached us from all directions ir
the sky, it would be impossible to tell whether individual light rays
have been bent. However, as we saw in Section 25-5, there are
localized “hot spots” in the cosmic microwave background due to
density variations in the early universe. The apparent size of these
hot spots depends on the curvature of the universe (Figure 25-15).
If the universe is closed, the bending of light rays from a hot spot
will make the spot appear larger (Figure 25-15a); if the universe
is open, the light rays will bend the other way and the hot spots
will appear smaller (Figure 25-15c¢). Only in a flat universe will the
light rays travel along straight lines, so that the hot spots appear
with their true size (Figure 25-15b).

By calculating what conditions were like in the primordial
fireball, astrophysicists find that in a flat universe, the dominant
“hot spots” in the cosmic background radiation should have an
angular size of about 1°. (In Section 25-9 we will learn how this
is deduced.) This is just what observations of the CMB have con-
firmed (see Figure 25-13). Hence, the curvature of the universe
must be very close to zero, and the universe must be either flat or
very nearly so.

y of the Universe

Combined average

mass density (po) Density parameter ()

Po > Pe
Po = Pe
PO < Pe
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If the universe is flat,
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... and as a result, the hot
Spot appears to us to be
larger than it actually is.

.. and so the hot spot

appears to us with its true

size.

.. and as a result, the hot
spot appears to us to be
smaller than it actually is.
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The Cosmic Microwave Background and the Cun

the early universe appear as “hot spots” in the cosmic microwave backarour
spots depends on the curvature of space. (The BOOMERANG Grouyp:. |

As Table 25-1 shows, once we know the curvature of the uri
verse, we can determine the density parameter Q, and hence the
combined average mass density p,. By analyzing the data shown
in Figure 25-13, astrophysicists find that Q) = 1.0 with an uncer-
tainty of about 2%. In other words, pg is within 2% of the critical
density p..

The flatness of the universe poses a major dilemma: Even if
you include dark matter, there is not enough matter to make the
universe flat. We saw in Section 25-5 that the average mass density
of matter in the universe, p,, is 2.4 x 10727 kg/m3. This density
is only 0.24 of the critical density p.. We can express this ratio in
terms of the matter density parameter Q,, (say “omega sub em”),
equal to the ratio of p, to the critical density:

O = 22 — 024
Pc

If matter and radiation were all there is in the universe, the
combined average mass density p, would be equal to Pm (plus a
tiny contribution from radiation, which we can neglect because
the average mass density of radiation is only about 0.02% that
of matter). Then the density parameter Q would be equal to
O, —that is, equal to 0.24—and the universe would be open. But
the temperature variations in the cosmic microwave background
clearly show that the universe is either flat or very nearly so. These
variations also show that the density parameter €, which includes
effects of all kinds of matter and energy, is equal to 1.0. In
r words, radiation and matter, including dark matter, together
ount for only 24% of the total density of the universe! The

is to account for the rest of the density.

o Be
T |

N

2 1-meter stick is moved from Earih out o
in the distant cosmos. Assuming it could
from Earth, would the stick appear larger, smaller, or

d S
the same in size than in a flat universe at that same distan:
Answer appears at the end of the chapter.

4V

The source of the missing energy
density must be some form of energy
that we cannot detect through the  reveals that the universe is
various gravitational effects that filled with dark energy
astronomers use to detect dark mat- . N
ter. The missing energy density also does not appear to emit detect-
able radiation of any kind, so we cannot directly detect it with light.
With these properties in mind, we refer to this mysterious energy as
dark energy. -

The geometry of space

Just as we express the average density of matter and radiation
by the matter density parameter €., we can express the average
density of dark energy in terms of the dark energy density param-
cter Q) (say “omega sub lambda™). This parameter is equal to the
average mass density of dark energy, p,, divided by the critical
density p: :

(e PA

G

We can determine the value of Q, by noting that the combined
average mass density p, must be the sum of the average mass
densities of matter, radiation, and dark energy. As we have seen,
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accounts for 76 % (about three-quarters)
the universe!

To put the dark energy density into context. conci
kinetic energy of a jumping flea. The flea’s kinetic,e;:fﬁd.er the
small (about the same amount of electrical energy used igY is very
on a single LED light for one ten-millionth of abseconcl)nStiEmmg
energy density is the amount of energy contained within. a cecretaaiE
yolume, to put the dark energy density into context, we also need
toindicate a corresponding volume. Thus, the dark energy density
is equivalent to a single jur
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v, filling all of space, ends up
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contains many photons, b ransion of space has signifi-
cantly lowered their energ density.)

The concept of dark encrg: .ctually due to Einstein. When
he proposed the existence cosmological constant, he was
suggesting that the universe i filled with a form of energy that
by itself tends to make the universe expand (see Section 25-1).
Unlike gravity, which tends to make objects attract, the energ}lfc
associated with a cosmological constant wouldﬁ provide a form SS
“antigravity.” Hence, it would not be detected in the same C\;vezrt]ysfty
matter, (The subscript A in the symbol for the‘darlf enirogs}; b
parameter pays homage to the symbol that Einstein ¢

tosmological constant.)

If dark energy is in fact due t Einstein suggested.
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25-7 Observations of distant supernovae
reveal that we live in an accelerating universe

We ha\{e seen that the universe is expanding. But does the rate of
expansion stay the same? Because there is matter in the universe,
and because gravity tends to pull the bits of matter in the universe
toward one another, we would expect that the expansion should
slow down with time. (In the same way, a cannonball shot upward
from the surface of Earth will slow down as it ascends because
of Earth’s' gravitational pull.) If there is a cosmological constant,
however, its associated dark energy will exert an outward pressure

that te.:nds to accelerate the expansion. Which of these effects is
more important?

Modeling the Expansion History of the Universe

To determine whether the expansion of the universe is slowing
down or speeding up, astronomers study the relationship between
redshift and distance for extremely remote galaxies. We see these
galaxies as they were billions of years ago. If the rate of expansion
was the same in the distant past as it is now, the same Hubble
law should apply to distant galaxies as to nearby ones. But if the
rate of expansion has either increased or decreased, we will find
important deviations from the Hubble law.

To see how astronomers approach this problem, first imagine
two different parallel universes. Both Universe #1 and Universe #2
are expanding at constant rates, so for both universes there is a direct
proportion between recessional velocity and distance d as expressed
by the Hubble law v = Hod. Hence, a graph of distance versus reces-
sional velocity for either universe is a straight line, as Figure 25-16a
shows. The only difference is that Universe #1 is expanding at a
slower rate than Universe #2. Hence, a galaxy at a certain distance
from Earth in Universe #1 will have a slower recessional velocity
than a galaxy at the same distance from Earth in Universe #2. As
a result, the graph of distance versus recessional velocity for slowly
expanding Universe #1 (shown in blue) has a steeper slope than the
graph for rapidly expanding Universe #2 (shown in green). Keep this
observation in mind: A slower expansion means a steeper slope on a
graph of distance versus recessional velocity.

Now consider our universe and allow for the possibility that
the expansion rate may change over time. If we observe very
remote galaxies, we are seeing them as they were in the remote
past. If the expansion of the universe in the remote past was
slower or faster than it is now, the slope of the graph of distance
versus recessional velocity will be different for those remote galax-
es. If the expansion was slower, then the slope will be steeper for
distant galaxies (shown in blue in Figure 25-16b); if the expansion
was faster, the slope will be shallower for distant galaxies (shown
in green in Figure 25-16b). In either case, there will be a deviation
from the straight-line Hubble law (shown in red in Figure 25-16b).

Measuring Ancient Expansion with Type la

Supernovae

Which of the possibilities shown in Figure 25-16b represents the
actual history of the expansion of our universe? In Section 23-5
we looked at the observed relationship between distance and
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Universe #2 expands at a faster constant

s PN rate than Universe #1, so a galaxy at a
given distance d has a greater recessional
velocity in Universe #2 than in Universe #1.
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| slow expansion
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g | ! rapid expansion
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Recessional velocity —

This curve corresponds
to a universe that expands
at a constant rate.

This curve corresponds to
a universe that expanded
more slowly in the past,
so that the expansion has
sped up.

I This curve corresponds to
2 a universe that expanded
g more rapidly in the past,
A so that the expansion has
slowed down.
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Recessional velocity —>-

(@) Two universes with different expansion rates

FIGURE 25-16
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farying Rates of Cos

5100 () Imagine two univers
#2. Each expands at its own constant rate. For a galaxy at a given dista
the recessional velocity will be greater in the more rapidly expanding ur
Hence, the graph of distance d versus recessional velocity v will have a

shallower slope for the rapidly expanding universe and a steeper slope for the

recessional velocity for galaxies. Figure 23-16 is a plot of some
representative data. The data points appear to lie along a straight
line, suggesting that the rate of cosmological expansion has not
changed. (Figure 23-16 is actually a graph of recessional velocity
versus distance, not the other way around. But a straight line on
one kind of graph will be a straight line on the other, because in
cither case there is a direct proportion between the two quantities
being graphed.) However, the graph in Figure 23-16 was based on
measurements of galaxies no farther than 400 Mpc (1.3 billion
ly) from Earth, which means we are looking only 1.3 billion years
into the past. The straightness of the line in Figure 23-16 means
only that the expansion of the universe has been relatively con-
stant over the past 1.3 billion years—only 10% of the age of the
universe and a relatively brief interval on the cosmic scale.

Now suppose that you were to measure the redshifts and dis-
tances of galaxies several billion light-years from Earth. The light
from these galaxies has taken billions of years to arrive at your
telescope, so your measurements will reveal how fast the universe
was expanding billions of years ago. To determine the expansion, we
need a technique that will allow us to find the distances to these very
remote galaxies. We saw in Section 23-4 that one way to determine
distances is to identify Type Ia supernovae in such galaxies. These
supernovae are among the most luminous objects in the universe,

ion histories of the universe

nsion of our universe was more
j T0 remote distances, the graph of d
arge distances (green curve). If the

st, the graph will have a steep

()
=

and hence can be detected even at extremely large distances (see
Figure 23-14). The maximum brightness of a supernova tells astron-
omers its distance through the inverse-square law for light, and the
Fedshift of the supernova’s spectrum tells them its recessional veloc-
ity. As an example, the image that opens this chapter shows Type Ia
supernovae with redshifts z = 1.010, 1.230, and 1.390, correspond-
Ing to recessional velocities of 60%, 67%, and 70% of the speed of
light. We see these supernovae as they were 7.7 to 9.0 billion years
ago, when the universe was less than half of its present age.

In 1998, two large research groups—the Supernova Cosmology
Project, led by Saul Perlmutter of Lawrence Berkeley National
Laboratory, and the High-Z Supernova Search Team, led by Brian
Schmidt of the Mount Stromlo and Siding Springs Observatories
n Australia—reported their results from aksurvev Bf Type la super-
novae in galaxies at redshifts of 0.2 or greater,. corrésponding tQ
distances beyond 750 Mpe (2.4 billion Vlv). Figure 25-17 shows
some of their data, along with more recent observations, on a
graph of apparent magnitude versus redshift. Recall that a greater
gPP‘c}FC‘nF magniru.de corresponds to a dimmer supernova (see
17 e e S e

PUCS a greater recessional velocity. Hence,
as those in Figure 25-16 (distance

this graph is basically the same
al velocity),

VErsus recession
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FIGURE 25-17

The Hubble Diagram for Distant S Ipernovae This graph shows
apparent magnitude versus redshift for supernovae in distant galaxies. The
greater the apparent magnitude, the dimmer the SUpernova and the greater
ihe distance to it and its host galaxy. If the expansion of the universe is
speecing up, the data will lie in the blue area; if it is slowing down, the data
willie in the red area. The data show that the expansion is in fact speeding
up. (The Supernova Cosmology Project/S. Perimutter)
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K egion of Figure 25-17, dark energy has made the expansion of the
universe speed up over time. Hence, the expansion of the universe
was slower in the distant past, which means that we live in an
accelerating universe.

Just like the blue curve in Figure 25-16b, the data in Figure
25-17 show that supernovae of a certain brightness (and hence
a given distance) have smaller redshifts (and hence smaller reces-
sional velocities) than would be the case if the expansion rate had
always been the same. These data provide compelling evidence of
the existence of dark energy. V

Roughly speaking, the data in Figure 25-17 indicate the rela-
tive importance of dark energy (which tends to make the expan-
sion speed up) and gravitational attraction between galaxies
(which tends to make the attraction slow down). Thus, these data
tell us about the difference between the values of the dark energy
density parameter Q, and the matter density parameter Q. By
contrast, measurements of the cosmic microwave background
(Section 25-6) give information about Q, equal to the sum of Q,
and Q. Observations of galaxy clusters (Section 25-5) set limits
on the value of Q_, by itself (which includes visible and dark mat-
ter). By combining these three very different kinds of observations
as shown in Figure 25-18, we can set more stringent limits on both
Qp and Q.

Taken together and combined with other observations, all
these data suggest the following values.

Q. = 0241 + 0.034

Q, = 0.759 + 0.034
Y = Qp + Q) = 1.02 + 0.02

If

7~

In each case, the number after the = sign is the uncertainty in the

value
This collection of numbers
points to a radically different Dark energy became the

model of the universe from what dominant form of energy in

was suspected just a few years (1€ universe about the same
time that our solar system

ago. In the 1980s there was no
compelling evidence for an accel- formed
erating expansion of the universe, i
so it was widely assumed that Q, = 0. Evidence from distant ga
axies suggested a flat universe, so it was presumed that Q, =
Figure 25-18 shows that modern data rule out this model.

The model we are left with is one in which the universe is su
fused with a curious dark energy due to a cosmological constan
Unlike matter or radiation, whose average densities decrease as tt
universe expands and thins out, the average density of this dar
energy remains constant throughout the history of the univer
(Figure 25-19). The dark energy was relatively unimportant ov
most of the early history of the universe. Today, however, the densi
of dark energy is greater than that of matter (Q, is greater than Q,
In other words, we live in a dark-energy—dominated universe.

CONCEPTCHECK 25-14

What assumption must one make about Type la supernovae |
order to use them to measure distances to galaxies?

Answer appears at the end of the chapter.
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QOur universe: Constrained
by various measurements,
observations indicate that
Q,, = 0.24 and O, = 0.76.
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the blue area to
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supernova data...
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galaxy cluster data.
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FIGURE 25-18

Limits on the Nature of the Universe The
three regions on this graph show values of the
mass density parameter QO and the dark energy.
density parameter 0, that are consistent with
various types of observations. Galaxy cluster
measurements (in brown) set limits on Q.
Observations of the cosmic microwave background
(in green) set limits on the sum of Oy, and Q,:

A larger value of Q (to the right in the graph)
implies a smaller value of €, (downward in the
graph) to keep the sum the same, which is why
this band slopes downward. Observations of Type
la supernovae (in blue) set limits on the difference
between Qm and €y; this band slopes upward since
a larger value of Qm implies a larger value of Q, to
keep the difference the same. The best agreement
to all these observations is where all three regions
overlap (the red dot). (The Supernova Cosmology
Project/S. Perimutter)
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5@“‘:""?{\ §g[O’V% As Figure 25-19 shows, the dominance of dark

Ry & energy is a relatively recent development in the
history of the universe. Prior to about 5 billion years ago, the den-
sity of matter should have been greater than that of dark energy-
Hence, we would expect that up until about 3 billion years ago, the
expansion of the universe should have been slowing down rather
than speeding up. Recently, astronomers have found evidence of this
picture by using the Hubble Space Telescope to observe extremely
distant Type Ia supernovae with redshifts z greater than 1. (The
image that opens this chapter shows three of these supernovae.)
When astronomers compare the distance to these supernovae

FIGURE 25-19

The Evolution of Density, Revisited The average mass density of
matter, py, and the average mass density of radiation, paq, both decrease
gs the universe expands and becomes more tenuous. But if the dark energy
Is due to a cosmological constant, its average mass density py remains

constant. In this model, our universe became dominated by dark energy
about 6 billion years ago.
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The answer might come from virtual particle pairs—imper-
ceptible particles made of matter and antimatter. As mentioned in
Section 21-9, quantum physics reveals that seemingly empty space
is not so empty after all. Everywhere, at all fimes, virtual particle
pairs pop up from nothing and then disappear again on very short
timescales. While the virtual particles themselves are not directly
observable, the phenomenon is real and secondary effects of the
virtual particles have been observed. In fact, virtual particle effects
between microscopic nanotechnology devices are strong enough
that this phenomenon can produce practical problems—forces that
cause some devices to clump together. In Chapter 26, we will also
discuss virtual particles for their possible role in the early universe.

Because virtual particles appear in the otherwise empty “vac-
uum? of space, they are called vacuum fluctuations. Overall, the
effect of virtual particles, or vacuum fluctuations, is to produce
an energy associated with space itself. This seems to be just what
is needed to produce a cosmological constant. However, there is
a big problem with this explanation for dark energy. When the
effects of virtual particles are calculated, they predict a cosmologi-
cal constant that is 100 orders of magnitude larger than what is
actually observed; that number has a one with a hundred zeroes
after it! With such a large numerical discrepancy between theory
and observation, our current understanding of virtual particles
and vacuum fluctuations cannot explain dark energy. Perhaps a
modification of the vacuum fluctuation model can explain dark
energy, but each theoretical modification also introduces new

rios offered to explain dark energy. Some
general theory of relativity needs modify-
Dthers propose that we are in a special
nEve + only gives the appearance of accelerated
asion. so that there is actually no dark energy at all. However,
ch theory has its own difficulties and no explanation has gained
wide acceptance. While the observations march forward, they are
‘fhicult. and dark energy is likely to remain one of the universe’s
greatest mysteries for some time to come.

d

25.8 Primordial sound waves help reveal
the character of the universe

We have seen how studying the “hot spots” in the cosmic back-
ground radiation reveals that we live in a flat universe. In fact,
temperature variations reveal more: They give us a window on
conditions in the early universe, and actually help us pin down the
values of other important quantities such as the Hubble constant
and the density of matter in the universe. The key to extracting
this additional information from the cosmic background radiation
is recognizing that the hot and cold spots in a map such as Figure
25-13 actually result from sound waves.

sound Waves in the Early Universe

Sound waves can travel in gases and fluids of all kinds. Sound waves
in air are used in human speech and hearing, while whales commu-
nicate using high-frequency underwater clicks and whistles. If you
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could take a snapshot of a sound
wave, you would see that at any
moment there are some regions,
called compressions, where the gas
or fluid is squeezed together, and
other regions, called rarefactions,
where the gas or fluid is thinned
out or rarefied (Figure 25-20).

There would also have been sound waves in the early universe
before recombination. During the first 380,000 years after the Big
Bang, the universe was filled with a fluidlike medium composed
primarily of photons, electrons, and protons, with a density more
than 10° times greater than that of our present-day universe. Just
as water molecules in a glass of water collide with each other,
photons and particles collided frequently with each other in this
primordial fluid, triggering random sound waves with compres-
sions and rarefactions.

Before discussing the sound waves in more depth, it is worth
revisiting the relationship discussed in Section 25-5 between tem-
perature and density variations. Because there was more mass
in a compression than in a rarefaction, photons emerging from
a compression experienced a greater gravitational redshift than
did photons emerging from a rarefaction (see Secti
a result, the light from a compression is shifted to
wavelengths. We saw in Sections 5-3 and 5-4 th
spectrum dominated by longer wavelengths cor
lower blackbody temperature (see Figure 3-11).
compressions as the blue cold spots in Figure 25-13, and «
rarefactions as the red hot spots. The overall p:
hot spots is thus a record of the density variation:
waves that were present just as the universe became
some 380,000 years after the Big Bang. From the denser compres-
sions arose our present-day population of galaxies.

The nature of a sound wave depends on the material through
which it passes. For example, sound waves travel faster in helium
than they do in air (because helium is less dense) and faster still
in water (which, while denser than air, is much more resistant
to compression). So, by studying the primordial sound waves
recorded in Figure 25-13, we can learn about the properties of the
fluid that made up the early universe. These properties include the
average densities of matter and dark energy in the fluid, as well

Immense sound waves

in the early universe left

their imprint as variations
in the cosmic microwave
background

n 2’-

iIsparent,

Rarefactions
(lower density)

Compressions
(higher density)

< | ot in ai ity |

of a speaker ~ ...variations in air density

foili,  propagate through the air
v L

as the value of the Hubble constant (which helps determine hoy,
rapidly the fluid was expanding and thinning out as the universe
expanded). We can also determine the age of the universe at the
time that the cosmic background radiation was emitted, since this
determines the maximum size to which a hot spot (rarefaction)
or cold spot (compression) could have grown since the Big Bang,

Figure 25-21 shows an important way in which astronomers
systematize their data about hot and cold spots in the cosmic
background radiation. This graph shows the number of observed
hot or cold spots of different angular sizes, with larger spots on
the left and smaller spots on the right. The presence of peaks in
the graph shows that spots of certain sizes are more common than
others. The largest peak tells us that the predominant angular
size is about 1°, which corresponds to a region of compression or
rarefaction that was about a million (10°) light-years across at the
time of recombination at z = 1100. (By contrast, the compressions
and rarefactions in the sound waves most used in speech are a few
meters across.) Since then the universe has expanded by a factor
of about 1100, so that same region is now about a billion (10
light-years across.

The peaks in Figure 25-21 tell us the size scales that matter
formed into clumps, and these over-dense regions were the seeds
of structure formation. As predicted, we see the imprint of these
arly sound waves in today’s distribution of mass. Figure 25-22
chis evolution from variations in the CMB to the distri-

>smological models predict different shapes for the
ire 25-21. Astronomers determine the b
vhich one gives a curve that best fits the

( iple, the peak of the curve at an angular size of 1
at would be expected for a flat universe with Q, = 1. It
be emphasized that Figure 25-21 represents an enormous
success for Big Bang cosmology in making detailed predictions,
matched by observations, for features covering the entire sky—
some only fractions of a degree wide and others covering tens
of degrees. By fitting detailed models to the CMB data, the tem-
perature fluctuations reveal the Hubble constant, the combined
(total) energy density parameter, the ordinary matter density, and
the dark energy density. Table 25-2 summarizes the results of
a flat-universe model that yields the particular curve shown in
Figure 25-21.

1§ just

should

FIGURE 25-20

Snapshot of a Sound Wave When the head of

a speaker oscillates back and forth, higher-density
compressions are created that propagate through the
air. The sound from clapping your hands is produced
in a similar way, but for a shorter length of time. When
a sound wave enters a human ear, the air next to the
eardrum Is alternately compressed and rarefied, which
makes the eardrum flex back and forth. This flexing is
translated into an electrical signal that is sent to the
brain. Sound waves produced shortly after the Big Bang
(inaudible to the human ear) also produced variations in
the density of matter throughout the universe.
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nd cold spots on FIGURE 25-21

size scales, with

Sound Waves in the Early Universe Top
panel: At three different angular sizes (90°, 1°, and
0.25°) a comparison is made between the observed
temperature variations in the cosmic microwave
background resulting from sound waves and the
temperature variations in a hypothetical universe with
no sound waves. Sound waves affect the distribution
of temperature fluctuations, but do not entirely create
them. Bottom panel: Observations of the cosmic
background radiation show that hot and cold spots ¢
certain angular sizes are more commorn than others.
Matching a model that describes these observations
(the red curve) helps to determine the values of
important cosmological parameters. Most of the datz
shown here are from WMAP; the data for the smalles
angles (at the right of the grapn) come from the CBI
detector in the Chilean Andes and the ACBAR and
BOOMERANG detectors at the south pole.

from "The Hubble Constant,” Wendy L. Freedman and Barr
F. Madore, Carnegie Observatories)

90°

Our understanding of the universe as a whole has increa
tremendously over the past several years. We have found comj
ling evidence that dark energy exists and that it is the domin
form of energy in the universe. Studies of supernovae, gal
clusters, and the cosmic background radiation have provided
with so much high-quality data that we can now express the |

FIGURE 25-22

structure Evolution from Sound Waves This illustration shows the
evolution of early density variations seen in the CMB to the present-day
distribution of galaxies. The size scales of the resulting variations are much
larger than galaxies or clusters, and the variations show up as filaments ar
voids traced out by the distribution of superclusters of galaxies. The Baryc
Osclllation Spectroscopic Survey (BOSS) has observed these variations at
their predicted size scale of around 150 Mpe. (llustration courtesy of Chris Ble
and Sam Moorfield)



Some Key Properties of the Universe

TABLE 25-2 J

Quantity Significance

Hubble constant, Ho Present-day expansion rate of the universe

Combined mass density of all forms of matter and

| Density parameter, Qo energy in the universe divided by the critical density

Combined mass density of all forms of matter in the
universe, divided by the critical density

Matter density parameter, Qm

Mass density of ordinary atomic matter in the universe

Density parameter for ordinary
divided by the critical density

matter, Qp

Dark energy density parameter, Qy ~ Mass density of dark energy in the universe divided

Value*

73.273) km/s/Mpc

il 02 4 002

0.241 £ 0.034
0.0416 £ 0.001

0.759 £ 0.034

by the critical density

Age of the universe, To

Age of the universe at the time of
recombination
radiation

Redshift z at the time of
recombination

Elapsed time from the Big Bang to the present day

Elapsed time from the Big Bang to when the universe
became transparent, releasing the cosmic background

Since the cosmic background radiation was released,
the universe has expanded by a factor 1 + 2

(11375 f%’%l]@) % 1010 years

(3.797958) x 10° years

1089 £ 1

*Values for Hy, Qun» Qp, and Ty are based on the three-year WMAP data with the assumption of a flat universe. Values for

the time and redshift of recombination and for £ are from the first-year Wi

parameters of the universe (Table 25-2) with very high
When we look back to the situation in the 1980s, whe

of the Hubble constant was uncertain by at least 50%
exaggeration to say that we have entered an age of precision
cosmology.

Yet many questions remain unanswered. What is the nature
of dark matter? What actually is dark energy? Together, the
unknown nature of dark matter and dark energy indicate that
we do not understand about 96% of the energy content in our
universe. Can either of these mysterious entities be detected and
studied in the laboratory? These and other questions will continue
to occupy cosmologists for many years to come.

CONCEPTCHECK 25-15

Consider Figure 25-21. The colorful pictures along the top
compare how temperature fluctuations appear in the presence
of sound waves with how they would appear in the absence
of sound waves. On what size scale are the temperature
fluctuations most affected by the presence of sound waves in
the early universe?

CALCULATIONCHECK 25-4 S Tt

Consult Table 25-2. What percent of the energy content of the
universe comes from ordinary matter (such as the matter making
planets and stars)? What percent comes from dark energy?

Answers appear at the end of the chapter.

AP daia. (NASA/WMAP Science Team)

combined average mass
density, p. 736

compression, p. 744

cosmic background radiation,
p- 730

cosmic light horizon, p. 729

cosmic microwave
background (CMB), p. 730

cosmological constant, p. 722

cosmological principle, p. 727

cosmological redshift, p. 726

cosmology, p. 722

critical density, p. 737

dark energy, p. 738

dark energy density
parameter, p. 738

dark.-energy—dominarcd
universe, p. 741

density parameter, p. 737

era of recombination, p. 734

flat space, p. 736

homogeneous, p. 727

Hubble time, p. 727
hyperbolic space, p. 736
isotropic, p. 727
lookback time, p. 726
mass density of radiation,
p. 732
matter density parameter,
PAZS8
matter-dominated universe,
Bk 73
negative curvature, p. 736
observable universe, p. 729
Olbers’s paradox, p. 722
open universe, p. 736
Planck time, p. 729
plasma, p. 734
positive curvature, p. 736
primordial fireball, p. 734
radiation-dominated universe,
REESS
rarefaction, p. 744
relativistic cosmology,
p. 741
spherical space, p. 736
virtual particle pairs, p. 743
zero curvature, p. 736
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The Big Bang: The universe began with nearly infinite density and
hegan its expansion in the event called the Big Bang, which can be
described as the beginning of time and space.

|+ The observable universe extends about 14 billion light-years
in every direction from Earth. We cannot see objects beyond this
distance because light from e obj

to reach us.
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* If py is less than p,, the density parameter Q, has a value les
tban 1, the universe is open, and space is hyperbolic (with nege
tive curvature),

* If py is equal to p,, the density parameter € is equal to 1 an
space is flat (with zero curvature).

Cosmological Parameters and Dark Energy: Observations of ten
perature variations in the cosmic microwave background indicat
that the universe is flat or nearly so, with a combined averag
mass density equal to the critical density. Observations of galax
clusters suggest that the average density of matter in the univer
is about 0.24 of the critical density. The remaining contribution t
the average density is called dark energy. Therefore, about 0.76, ¢
76%, of the total energy content of the universe consists of son
unknown entity.

* Measurements of Type Ia supernovae in distant galaxies sho
that the expansion of the universe is speeding up. This may be di
to the presence of dark energy in the form of a cosmological cos
stant, which provides a pressure that pushes the universe outwar

Cosmological Parameters and Primordial Sound Waves: Temperatu
variations in the cosmic background radiation are a record of sour
waves in the early universe. Studying the character of these sour
waves helps to determine that the universe is flat and other fund
mental properties of the universe.

1. Why did Isaac Newton conclude that the universe wi
static? Was he correct?

What is Olbers’s paradox? How can it be resolved?

3. What is a cosmological constant? Why did Einstein intn
duce it into cosmology?

4. 5\°“W\f§ What does it mean when astronomers say that we
z live in an expanding universe? What is actually
expanding?

5. Describe how the expansion of the universe explains
Hubble’s law.

6. Would it be correct to say that due to the expansion of
universe, Earth is larger today than it was 4.56 billion yea
ago? Why or why not?

7. Using a diagram, explain why the expansion of the univer
as seen from a distant galaxy would look the same as se¢
from our Galaxy.

8. How does modern cosmology preclude the possibility of
ther a center or an edge to the known universe?

9, Explain the difference between a Doppler shift and a cosmy
logical redshift.

10. Explain how redshift can be used as a measure of lookbac
gime. In what ways is it superior to time measured in years
11. By what factor has the universe expanded since z = 1? Expla
your reasoning.
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