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22.1 THE BIG BANG THEORY _

kit really possible to study the origin of the entire universe?
Not long ago, this topic was considered unfit for scientific
sdy. Scientific attitudes began to change with Hubble’s
discovery that the universe is expanding, which led to the
imsight that all things very likely sprang into being at a single
moment in time, in an event that we have come to call the
Big Bang. Today, powerful telescopes allow us to view how
galaxies have changed over the past 14 billion years, and at
great distances we see young galaxies still in the process of
forming [Section 21.1]. These observations confirm that the
mniverse is gradually aging, as expected for a universe with an
age of 14 billion years. i
Unfortunately, we cannot se€ back to the very beginning

of time. Light fr;)m the most distant galaxies obse'rved to date
shows us what the universe looked Jike when it was - few‘
Bundred million years old. Observing Jight from arlier times
B more difficult because it means looking back t© 2 Umre;
Before stars existed. Ultimately, howeven we fz%ce an 'etl\;ea
more fundamental problem. The universe 15 e }V:;ato
&int glow of radiation that appears O be the remnallﬁtd it
the Big Bang, This faint glow is Jlight that has traveof(!)o 4
space since the universe was about 330,5 >are}xln to
94, which is when the universe first became tratr}ln'[i)ugh the
ight. Before that time, light could not pas* frf:ely from earlier
iverse, so there is no possibility of seeing h%hflir:g to deter-
Just as we must rely on theoreti«.cal mode ust also US€

Mine what the Sun is like on the inside, W€ " -

""ddmg to investigate what the universe was
moments. "
Km scientific theory that predic’ s t:: gt is base
"€ early in time is called tt:lel Big :’f“;isi " to the idea the"
#plying known and tested 1% j
thing we see today began 25 4 incredi

Collecy
1011 of
e
lattey and tadiation I 1ie |',iy, ['m”},' "H‘Ul"‘/

SUCC e {
5 llH\' ||‘.
' it lel' Koy {
| yHOW @XDansi 4 i { f #
mimaginably i | m and cooling of thi

1!-[‘,’|‘ fed 1o the |
explaing

e .
e mixture of particles and photons ¢ ould
" : ,
| esent universe of stars and galaxies, and it
several ge " r

pects of teied 16 universe ’f/l”l “”""u,..”v,

accuracy, O

¢ 1

frillac Y- Our main goal in this chapter is to understand the
” ce st 4
I!blmlllll)r the ll"l', “'""5’, theory, but first we st

"X|?l<n|r wi
it the the ory tells us about the ¢ ’”‘_/ univers

Wha iti
i t‘;\t were conditions like
e early universe?

(ll):],x:(-':\?/.;::I:':It"'a'u‘n((\"“‘x"m;:m that the universe is cooling with
denser in I‘Iw mplying that it must ave REsE 50N snd

past, Calculating exactly how hot and dense
l.h'. universe must have been when it was more compressed
15 m’u(h like calculating how the temperature and density o
gas in a balloon change when you squeeze it, except that the
conditions become much more extreme. FIGURE 221 shows
how the temperature of the universe has hanged with time
according to such calculations.

For most of the universe’s history, even ba k to times just
minutes after the Big Bang, conditions were no more extreme
than those found in many places in the universe today, such
as in the interiors of stars, and therefore can be understood
with the same laws of physics that we've applied throughout
most of this book. However, at very early times, tempera
tures were so high that different processes CAme into play. To
understand what the Big Bang theory tells us about events
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at those times, we must become more familiar with two
aspects of high-energy physics: the creation and annihilation
of particles, and the relationships between the fundamental
forces that govern matter and energy in the universe

Particle Creation and Annihilation The universe
was so hot during the first few seconds that photons could
transform themselves into matter, and vice versa, in accord

ance with Einstein's formula, E = m¢’ [Section 4.3]. Reac

tions that create and destroy matter are now relatively rare in
the universe at large, but physicists can reproduce many such
reactions in particle accelerators such as the Large Hadron
Collider [Section 84.1].

One such reaction is the creation or destruction of an
electron-antielectron pair (FIGURE 22.2). When two photons
collide with a total energy greater than twice the mass-energy
of an electron (the electron’s mass times ¢2), they can create two
brand-new particles: a negatively charged electron and its posi-
tively charged twin, the antielectron (also known as a positron).
The electron is a particle of matter, and the antielectron is a
particle of antimatter. The reaction that creates an electron-
antielectron pair also runs in reverse. When an electron and an
antielectron meet, they annihilate each other totally, transform-
ing all their mass-energy back into photon energy. In order to
conserve both energy and momentum, an annihilation reaction
must produce two photons instead of just one.

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

Particle creation

gamma-ray photon electron

gamma-ray photon antielectron

Particle annihilation
antielectron gamma-ray photon

0+\‘JL\/\/\/\/

RIS W)

electron gamma-ray photon

FIGURE 22.2 Electron-antielectron creation and annihilation.
Reactions like these constantly converted photons to particles,
and vice versa, in the early universe.
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To date, physicists have im’c.«'}lig;\lcd the bclmvioAr "ﬁl‘l-llter
and energy at temperatures as high .L;‘.”[Im.s:c that L‘thc(.i in the
just one fen billionth (10'") of a second after the
, giving us confidence that we actually understanq
at that early moment in the history of

universe
Big Bang
what was happening

the universe, Our understanding of physics under the more

extreme conditions that prm.nlc(l even earlier is less certain,
but we do have some ideas about what the universe was like

18 ;
when it was a mere 107" second old, and pgrh.\pa a glim
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purposes, we are studying the very moment of creation—the

Big Bang itself.

Fundamental Forces To understand the changes that
occurred in the early universe, it helps to think in terms of

forces. Everything that happens in the universe today is gov-

erned by four distinct forces: gravity, electromagnetism, the
strong force, and the weak force [Section $4.2]. We have alread;
encountered examples of each of these forces in action
Gravity is the most familiar of the four forces, providing
the “glue” that holds planets, stars, and galaxies toget
electromagnetic force, which depends on the electric
of a particle instead of its mass, is far stronger than gravi
It is therefore the dominant force between particles in atoms

tive electrical charges causes the electromagnetic force to lose
out to gravity on large scales, even though both forces decline
with distance by an inverse square law. Most large astronom:-
cal objects (such as planets and stars) are electrically neutral
overall, making the electromagnetic force unimportant on
that scale. Gravity therefore becomes the dominant force for
such objects, because more mass always means more graviy

The strong and weak forces operate only over extremels
short distances, making them important within atomic nude:
but not on larger scales. The strong force binds atomic nucle
together [Section 14.2]. The weak force plays a crucial role in
nuclear reactions such as fission and fusion, and it is the only
force besides gravity that affects weakly interacting particles
such as neutrinos.

Although the four forces behave quite differently from one
another, current models of fundamental physics predict that
they are just different aspects of a smaller number of more
fundamental forces, probably only one or two (FIGURE 223!
These models predict that the four forces would have been
merged together at the high temperatures that prevailed in the
early universe,

As an analogy, think about ice, liquid water, and water
vapor. These three substances are quite different from one
another in appearance and behavior, yet they are just differ-
ent phases of the single substance H,O. In a similar wa¥
experiments have shown that the elect}t)magnetic and weak
ta?rces lose their separate identities under conditions of ver¥
high temperature or energy and merge together into a singk®
f}l,?t?‘-w‘k force. At even higher temperatures and energies
ulth;::e;;ogf&k;:::f g me.‘rge with the‘stmng s of

ty. Theories that predict the merger €
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the GUT force ;fnc gravity merge into a single “super force”
&4 soverns the behavior of everything. (You may also hear the
upersymmetry, superstrings, and supergravity for theo-
Il four forces.)

.deas are correct, then the universe was governed
- super force in the first instant after the Big Bang.
45 the universe expanded and cooled, the super force split
into gravity and the GUT force, which then split further into
the strong and electroweak forces. Ultimately, all four forces

o

secame distinct. As we'll see shortly, these changes in the

mental forces probably occurred before the universe

wzs one ten-billionth of a second old.
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Because energy and mass are equivalent, Einstein’s theory of
general relativity tells us that these energy fluctuations must
have generated a rapidly changing gravitational field that
randomly warped space and time, During the Planck era,
these fluctuations were so large that our current theories are
inadequate to describe what might have been happening.
The problem is that we do not yet have a theory that links
quantum mechanics (our successful theory of the very small)
and general relativity (our successful theory of the very big).
Perhaps someday we will be able to merge these theories of the
very small and the very big into a single “theory of everything”
(see Special Topic, page 449). Until that happens, science can-
not describe the universe during the Planck era.

Nevertheless, we have at least some idea of how the Planck
era ended. If you look back at Figure 22.3, you'll see that all
four forces are thought to merge into the single, unified super
force at temperatures above 10% K—the temperatures that
prevailed during the Planck era. In that case, the Planck era
would have been a time of ultimate simplicity, when just a
single force operated in nature, and it came to an end when the
temperature dropped low enough for gravity to become distinct
from the other three forces, which were still merged as the GUT
force. By analogy to the way ice crystals form as a liquid cools,
we say that gravity “froze out” at the end of the Planck era.

The GUT Era The next era is called the GUT era, named
for the grand unified theories (GUTs) that predict the merger
of the strong, weak, and electromagnetic forces into a single
GUT force at temperatures above 10%° K (see Figure 22.3).
Although different grand unified theories disagree in many
details, they all predict that the GUT era was a time during
which two forces—gravity and the GUT force—operated in
the universe. It came to an end when the GUT force split into
the strong and electroweak forces, which happened when the
universe was a mere 10°° second old.

Our current understanding of physics allows us to say
only slightly more about the GUT era than about the Planck
era, and none of our ideas about the GUT era have been
sufficiently tested to give us great confidence about what
occurred during that time. However, if the grand unified
theories are correct, the freezing out of the strong and elec-
troweak forces may have released an enormous amount
of energy, causing a sudden and dramatic expansion of the
universe that we call inflation. In a mere 107°° second, pieces
of the universe the size of an atomic nucleus may have grown
to the size of our solar system. Inflation sounds bizarre, but
as we will discuss later, it explains several important features
of today’s universe.

The Electroweak Era The splitting of the GUT force
marked the beginning of an era during which three distinct
forces operated: gravity, the strong force, and the electroweak
force. We call this time the electroweak era, indicating that
the electromagnetic and weak forces were still merged together.
Intense radiation continued to fill all of space, as it had since
the Planck era, spontaneously producing matter and antimat-
ter particles that almost immediately annihilated each other

and turned back into photons.
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The universe continued to expand and cool thr(;u{gf'x(,uf the
clectroweak era, dropping to a temperature of 10" g when
it reached an age of 10 10 second. This temperature is gtjj]
100 million times hotter than the temperature in the core of
the Sun today, but it was low enough for the C’CC"Omagnetic
and weak forces to freeze out from the electroweak force,
After this instant (10 "0 second), all four forces were foreyer
distinct in the universe.

The end of the electroweak era marks an important tran.
sition not only in the physical universe, but also in human
understanding of the universe. The theory that unified the
weak and electromagnetic forces, which was developed in
the 1970s, predicted the emergence of new types of particles
(called the W and Z bosons, or weak bosons) at temperatures
above the 10'° K temperature that pervaded the universe
when it was 107'% second old. In 1983, particle-accelerator
experiments reached energies equivalent to such high temper-
atures for the first time. The new particles showed up just as
predicted, produced from the extremely high energy in accord
with E = mc?. We therefore have direct experimental evidence
concerning the conditions in the universe at the end of the
electroweak era. We do not have any direct experimental
evidence of conditions before that time. Our theories concern-
ing the earlier parts of the electroweak era and the GUT era
consequently are much more speculative than our theories
describing the universe from the end of the electroweak era
to the present.

The Particle Era Aslong as the universe was hot enough
for the spontaneous creation and annihilation of particles to
continue, the total number of particles was roughly in balance
with the total number of photons. Once it became too cool for
this spontaneous exchange of matter and energy to continue,
photons became the dominant form of energy in the universe.
We refer to the time between the end of the electroweak era
and the moment when spontaneous particle production ceased
as the particle era, to emphasize the importance of subatomic
particles during this period.

During the early parts of the particle era (and during earlier
eras), photons turned into all sorts of exotic particles that we
no longer find freely existing in the universe today, includ-
ing quarks—the building blocks of protons and neutrons
[Section $4.2]. By the end of the particle era, all quarks
had combined into protons and neutrons, which shared the
universe with other particles such as electrons and neutrinos.
The particle era came to an end when the universe reached
an age of 1 millisecond (0.001 second) and the tempera-
ture had fallen to 10'* K. At this point, it was no longer hot
enough to produce protons and antiprotons spontaneously
from pure energy.

If the universe had contained equal numbers of protons
and antiprotons (or neutrons and antineutrons) at the end of
the particle era, all of the pairs would have annihilated each
other, creating photons and leaving essentially no matter in
the universe. From the obvious fact that the universe contains
a significant amount of matter, we conclude that protons

must have slightly outnumbered antiprotons at the end of the
particle era,
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The Era of Nucleosynthesis The eras we have di
cussed 50 far 'all occurred W'ithin the f.irst 0.001 second of tl}j;
universe s ex1s.tence—1ess time than it takes you to blink an
eye. At th@ point, the protons and neutrons left over after the
annihilation of antimatter began to fuse into heavier nuclei.
However, the temperature of the universe remained so high
that gamma Tays blasted apart most of those nuclei as fast as
they formed. This dance of fusion and demolition marked the
era of nucleosynthesis, which ended when the universe was
Jbout 5 minutes old. By this time, the density in the expanding
universe had dropped so much that fusion no longer occurred,
even though the temperature was still about a billion Kelvin
(10’ K)—much hotter than the temperature of the Sun’s core.

When fusion ceased at the end of the era of nucleosyn-
thesis, the chemical content of the universe had become (by
mass) about 75% hydrogen and 25% helium, along with trace
amounts of deuterium (hydrogen with 2 neutron) and lithium
(the next heaviest element after hydrogen and helium).
Except for the small proportion of matter that stars later
fOrged into heavier elements, the chemical composition of
the universe remains the same today.

The Era of Nuclei After fusion ceased the un.iverse con-
Sisted of a very hot plasma of hydrogen nuclei, helium nucle):;
and free electrons. This basic picture held for about the ne 1
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S and the clouds subsequently merged to form galaxies.

-flc.,:?]eﬁrba t(}:f .Gali‘ixiesv The first full-fledged galaxies had

hed by the time the universe was about 1 billion years old,
begmnmg what we call the era of galaxies, which continues
to this day. Generation after generation of star formation in
galaxies steadily builds elements heavier than helium and
incorporates them into new star systems. Some of these star
systems develop planets, and on at least one of these planets
life burst into being a few billion years ago. Now here we are,
thinking about it all.

Early Universe Summary FIGURE 225 summarizes
the major ideas from our brief overview of the history of the
universe as it is described by the Big Bang theory. In the rest
of this chapter, we will discuss the evidence that supports this
theory. Before you read on, be sure to study the visual sum-
mary presented in Figure 22.5.

22.2 EVIDENCE FOR
" THE BIG BANG

What makes us think that a scientific theory can really
describe events that occurred nearly 14 billion years ago?
Like any scientific theory, the Big Bang theory is a model of
nature designed to explain a set of observations. The model
was inspired by Edwin Hubble’s discovery of the Lmi\:erse’s
expansion: If the universe has been expanding for bﬂhon§
of years, then simple physical reasoning suggests Fhat condi-
have been much denser and hotter in the past.
However, the model was not accepted as a valid scientiﬁ‘c
theory until its major predictiops were \'ermc‘:} through addi-
tional observations and experiments. The Big Bang theory
has gained wide scientific acceptance for two key reasons:

tions ought to

It predicts that the radiation that began to stream across

; 't 3 riverse at the end of the era of nuclei should still
gxee};:sem today. Sure enough, we ﬁfld tl.mt the universe
is r‘>lled with what we call the cosmic microwave back-
e lund [ts characteristics precisely match what we expect
ﬁzgording to the Big Bang model.

at some of the original hydrogen in the

erse should have fused into helium during the era
o Mr?l»)e nthesis. Observations of the actual helium
af l::;tct)\fythc universe closely match the amount of
;‘;;liuﬂ‘ predicted by the Big Bang theory.
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| COSMIC CONTEXT FIGURE 22.5 The Erly Universe

“The Big Bang theory is a scientific model that explains how the
present-day universe developed from an extremely hot and dense
beginning. This schematic diagram shows how conditions in the
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Let’s take a closer look at this evidence, starting with the
cosmic microwave background.

How do observations of the cosmic
microwave background support
the Big Bang theory?

The discovery of the cosmic microwave background was
announced in 1965. Arno Penzias and Robert Wilson, two
physicists working at Bell Laboratories in New Jersey, were
calibrating a sensitive microwave antenna designed for satellite
communications (FIGURE 22.6). (Microwaves fall within the
radio portion of the electromagnetic spectrum; see Figure 5.7.)
Much to their chagrin, they kept finding unexpected “noise”
in every measurement they made. The noise was the same
no matter where they pointed the antenna, indicating that it
came from all directions in the sky and ruling out any possi-
bility that it came from any particular astronomical object or
any place on Earth.

Meanwhile, physicists at nearby Princeton University were
busy czlculating the expected characteristics of the radiation
left over from the heat of the Big Bang.” They concluded that,
if the Big Bang had really occurred, this radiation should be
permeating the entire universe and should be detectable with
2 microwave antenna. On a fateful airplane trip home from
an astronomical meeting, Penzias sat next to an astronomer
who told him of the Princeton calculations. The Princeton
group soon met with Penzias and Wilson to compare notes,
and both teams realized that the “noise” detected by the
Bell Labs antenna was the predicted cosmic microwave
background—the first strong evidence that the Big Bang
had really happened. Penzias and Wilson received the 1978

Nobel Prize in physics for their discovery.

Origin of the Cosmic Microwave Background
The cosmic microwave background consists of microwave
photons that have traveled through space since the end of

“The possible existence of microwave radiation left over from the Big Bang
was first predicted by George Gamow and his colleagues in the late 1940s, but
neither Penzias and Wilson nor the Princeton group were aware of his work
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FIGURE 22.7 interactive figure Photons (yellow squiggles)
frequently collided with free electrons during the era of nuclei and
thus could travel freely only after electrons became bound into
atoms. This transition was something like the transition from z
dense fog to clear air. The photons released at the end of the
of nuclei, when the universe was about 380,000 years old, mak
up the cosmic microwave background. Precise measurements
of these microwaves tell us what the universe was like at this
moment in time.

o o

the era of nuclei, when most of the electrons in the universe
joined with nuclei to make neutral atoms, which interact less
strongly with photons. With very few free electrons left to
block them, most of the photons from that time have traveled
unobstructed through the universe ever since (FIGURE 22.7).
When we observe the cosmic microwave background, we essen-
tially are seeing back to the end of the era of nuclei, when the
universe was only 380,000 years old.

Characteristics of the Cosmic Microwave Back-
ground The Big Bang theory predicts that the cosmic micro-
wave background should have an essentially perfect thermal
radiation spectrum [Section 5.4], because it came from the
heat of the universe itself. Moreover, the theory predicts the
approximate wavelength at which this thermal radiation spec-
trum should peak. As we discussed earlier, the theory tells us
that the radiation of the cosmic microwave backgroux‘ld broke
free when the universe had cooled to a temperature of about
3000 K, similar to the surface temperature of a red giant star:
The spectrum of the cosmic microwave backgmu;ld there-
fore should have originally peaked at a wavelength of about
1000 nanometers, just like the thermal radiation from a red
star. Because the universe has since expanded by a factor of
about 1000, the wavelengths of these photons should by now
have stretched to about 1000 times their original wavelengths
[Section 20.3]. We therefore expect the peak wavelength of
t‘he cosmic microwave background now to be about a mil-
limeter, squarely in the microwave portion of the spectru™
and corresponding to a temperature of a few degrees above
absolute zero,
In the early 19905, a NASA satellite called the Cosmic
Quckgraurxd Explorer (COBE) was launched to test thes¢
ideas about the cosmic microwave background. The results
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GURE 22.8 This graph shows the spectrum of |

\:,;Ne background recorded by NASA's COBE satiehlli(:.ozl?llce g:lctro_
aly calculated thermal radiation spectrum (smooth curve) forz I
jemperature of 2.73 K perfectly fits the data (dots). This excellent
s important evidence in favor of the Big Bang theory.

were a stunning success for the Big Bang theory, and earned
{he 2006 Nobel Prize in physics for COBE team leaders George
gmoot and John Mather. As shown in FIGURE 22.8, the
cosmic microwave background does indeed have a perfect
thermal radiation spectrum, with a peak corresponding to a
emperature of 2.73 K.

Suppose the cosmic microwave background did not really come
from the heat of the universe itself but instead came from many.
ndividual stars and galaxies. Explain why, in that case, we would
not expect it to have a perfect thermal radiation spectrum. How
does the spectrum of the cosmic microwave packground lend
support to the Big Bang theory? il

COBE and its successor missions the Wilkinson Microwave

Anisotropy Probe (WMAP) and the European Planck.satellite,
have also mapped the temperature of the cosmic microwave

background in all directions (FIGURE 02i0) LbeRiERE S
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e > cosmic microwave background measured
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i 0,0001 Keh righter regions of this picture are slightly 1ess
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‘ rse was very slightly lumpy at the end of the era of
nuclei. We are essentially seeing what the universe was like at the
surface marked “380,000 years” in Figure 22.5. Gravity later drew
matter toward the centers of these lumps, forming the structures
we see in the universe today.

parts in 100,000.* Moreover, these slight variations also repre-
sent a predictive success of the Big Bang theory. Recall that
our theory of galaxy formation depends on the assumption
that the early universe was not quite perfectly uniform; some
regions of the universe must have started out slightly denser
than other regions, so that they could serve as seeds for galaxy
formation [Section 21.1].

In fact, detailed observations of these small temperature
variations are very important to studies of galaxy evolution,
because all large structures in the universe are thought to
have formed around the regions of slightly enhanced density
[Section 23.3]. Measuring the patterns of variations in the
cosmic microwave background therefore tells us both about
what must have happened at even carlier times to create the
variations and about the starting conditions that we should
use in models of galaxy evolution.

*Barth’s motion (such as our orbit around the Sun and the Sun’s orbit around
the center of the galaxy) means that we are moving relative to the cosmic micro-
wave background radiation, causing a slight blueshift (about 0.12‘%3\ in the
direction we're moving and a slight redshift in the opposite direction. Scierfxists

btract these effects before analyzing and making maps of the

must first st ef
temperature of the background radiation.
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How do the abundances of elements
support the Big Bang theory?
The Big Bang theory also solves what had previously been
another long-standing astronomical problem: the origin of
cosmic helium. Everywhere in the universe, about three quarters
of the mass of ordinary matter (not including dark matter) is
hydrogen and about one-quarter is helium. The Milky Way's
helium fraction is about 28%, and no galaxy has a helium
fraction lower than 25%. Although helium is produced by
hydrogen fusion in stars, calculations show that this production
can account for only a small proportion of the total observed
helium. We therefore conclude that the majority of the helium
in the universe must already have been present in the protoga-
lactic clouds that preceded the formation of galaxies.

The Big Bang theory makes a specific prediction about
the helium abundance. As we discussed earlier, the theory
explains the existence of helium as a consequence of fusion

that occurred during the era of nucleosynthesis, when the
universe itself was hot enough to fuse hydrogen into helium.
Combining the current microwave background temperature
of 2.73 K with the number of protons we observe in the

Figure 22.8 shows that the cosmic microwave background has a
nearly perfect thermal radiation spectrum for an object at a temper-
ature of 2.73 K. Wien’s law (see Mathematical Insight 5.2) therefore
tells us that the wavelength of photons at the peak of the spectrum is
2,900,000 _ 2,900,000
) T

nm = 1.I X 10°nm

Because 10° nm = 1 mm, this peak wavelength is equivalent to
1.1 millimeters. But what was the wavelength of the cosmic micro-
wave photons in the past?

From Mathematical Insight 20.5, the universe has grown in size by a
factor of 1 + z since the time light left objects that we observe to have a
redshift z. Therefore, we find the peak wavelength of cosmic microwave

photons at that time by dividing the current peak wavelength by 1+ z:
2 1.1 mm
/\max (at redshift z) = 1—+z~

Combining this result with Wien’s law and a little algebra, we
find a simple formula for the temperature of the universe at any
earlier time at which we see objects with redshift z:

Tuniverse (at redshift z) ~ 2.73 K X (1 + z)

EXAMPLE 1: Photons first moved freely when the universe had
cooled to a temperature of about 3000 K. What was the peak wave-
length of the photons at that time?

SOLUTION:

Step 1 Understand: We can simply use Wien’s law relating peak
wavelength to temperature.

Step 2 Solve: We use the temperature of 3000 K in Wien’s law:
2,900,000 2,900,000
max TR e i

T (Kelvin) 3000

nm = 970 nm
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Temperature and Wavelength of Background Radiation
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5.minute era of nucleosynthesis. Early in this era,' when the
universe’s temperature was iy 7 m[clear reactions couylq
convert protons into neutrons, and VlC? versa. As ]().ng as the
universe remained hotter than 10" K, these reactions kept
the numbers of protons and neutrons nearly equal. But as the
universe cooled, neutron-proton conversion reactions began
to favor protons.

Neutrons are slightly more massive than protons, and
therefore reactions that convert protons to neutrons require
energy to proceed (in accordance with E = mc?). As the
temperature fell below 10'! K, the required energy for neutron
production was no longer readily available, so the rate of these
reactions slowed. In contrast, reactions that convert neutrons

Step 3 Explain: The peak wavelength of the photons when they first
began to travel freely was about 970 nanometers, which is in the
infrared portion of the electromagnetic spectrum fairly close to the
wavelength of red visible light (see Figure 5.7).

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

SOLUTION:

Step 1 Understand: We can use the formula that relates the temper-
ature of the background radiation to the cosmological redshift z. We

are given the 3000 K temperature, so we need to find the stretching
factor (1 + z).

Step 2 Solve: We divide both sides of the earlier equation by the current
temperature of the universe, 2.73 K, to find

T;.mivcrsc (at redshift :)
PRI e R e
273K

e o =

In this case, we are looking for the stretching factor corresponding
to the time when the universe had a temperature of 3000 K. Plugging
this value into the formula, we find

Step % Explain: The expansion of the universe has stretched photons
l?y a factor of about 1100 since the time they first began to travel
freely across the universe, when the universe was about 380,000 years
old'. (The answer has no units because it is the ratio of the size of the
universe now to the size of the universe then,)
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into protons rele-ase energy and. therefore are unhindered
by cooler tempelatlllores. By the time the temperature of the
aniverse fell to 107 K, protqns had begun to outnumber
jeutrons because the conversion reactions ran only in one
direction. Neutrons changed into protons, but the protons
didn't change back.

For the next few minutes, the universe was still hot and
dense enough for nuclear fusion to take place. Protons and
neutrons constantly combined to form deuterium—the rare
form of hydrogen that contains a neutron in addition to a
proton in the nucleus—and deuterium nuclei fused to form
helium (FIGURE 22.10). However, during the early part of the
era of nucleosynthesis, the helium nuclei were almost imme-
diately blasted apart by one of the many gamma rays that
filled the universe.

Fusion began to create long-lasting helium nuclei when
the universe was about 1 minute old and had cooled to a
temperature at which it contained few destructive gamma
rays. Calculations show that the proton-to-neutron ratio at
this time should have been about 7 to 1. Moreover, alrr}ost
all the available neutrons should have been incorporated into
nuclei of helium-4. ;

FIGURE 22.11 shows that, based on the 7-to-1 ratio of Pr.OtonS
10 neutrons, the universe should have had a composition ©
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f;le)‘;?,d;n(fes of .O)ther. Light Ele,ments Why didn’t
heli g Bang produce heavier elements? By the time stable

elium nuclei formed, when the universe was about 2 minute
f’ld’ th.e temperature and density of the rapidly expand
ing universe had already dropped too far for a process like
carbon production (three helium nuclei fusing into carbon
[Section 17.2]) to occur. Reactions between protons, deute-
rium nuclei, and helium were still possible, but most of these
reactions led nowhere. In particular, fusing two helium-4
nuclei results in a nucleus that is unstable and falls apart in
a fraction of a second, as does fusing a proton to a helium-4
nucleus.

A few reactions involving hydrogen-3 (also known as
tritium) or helium-3 can create long-lasting nuclei. For exam-
ple, fusing helium-4 and hydrogen-3 produces lithium-7.
However, the contributions of these reactions to the overall
composition of the universe were minor because hydrogen-3
and helium-3 were so rare. Models of element production
in the early universe show that, before the cooling of the
universe shut off fusion entirely, such reactions generated
only trace amounts of lithium, the next heavier element after
helium. Aside from hydrogen, helium, and lithium, all other
elements were forged much later in the nuclear furnaces of
stars. (Beryllium and boron, which are heavier than lithium
but lighter than carbon, were created later when'high-energy
particles broke apart heavier nuclei that formed in stars.)

3 THE BIG BANG
22-3 | ND INFLATION

When we discussed the eras of thg universe earlier in the
chapter, we noted that the universe1s thf)ught to hav.e umigp

sudden and dramatic expansion, called inflation,
iy . have occurred at the end of the GUT era, when
whidh 'maye was 107 second old.” This idea first emerged in
i umv}e]:sn ph);sicist Alan Guth was considering the conse-
allyns of the separation of the strong force from the GUT
g ked the end of the GUT era. Some theories

ar
f()fr;?g;hi‘r‘::gy physics predict that this separation of forces
4 5
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