Cosmology: A Cosmic Perspective

Chapter 12: The Big BangN A Universe Growing Up

If we consider evolutionary cosmological models, the observation of the universal expansion
suggests an initial singular state of arbitrarily high density from which that expansion begins.
In this picture the very early universe is rather different from the collection of stars, galaxies
and vast regions of vacuum that confront us today. How does one explain the emergence of
our current, familiar Universe from such bizarre beginnings?

A high density of matter was not the only hallmark of those early times. Imagine viewing once
again the movie of expansion in reverse but consider thermal radiation to fill the universe as
well as matter. This radiation behaves like a gas and so, upon compression, heats up. The
present temperature of the radiation would have to be quite low, perhaps only a few degrees
Kelvin, to have escaped detection even with the technology of the 19th century. However, as we
compress this radiation by running the expansion backwards, it is not difficult to show that
the temperature would increase as 1/ d, where d is some typical distance between galaxies. If
we consider a point in time when the galaxies were 1000 times closer together, the temperature
would then have been 1000 times higher than the present value. The initial state would
correspond to an arbitrarily high temperature as well as densityN the Hot Big Bang model.

Richard Tolman first considered the behavior of radiation in an expanding Universein the
19300s In the late 40@ these calculations were incorporated into George Gamow@ theory of
the production of elements in the early Universe, which presaged the modern Big Bang
concept. The introduction of a cosmological temperature is a completely new and (again)
revolutionary idea. The expanding universe is now seen to evolve not only in density, but that
same expansion cools the contents of the universe just as expansion cools the gas in a
refrigeration system. As we will discuss, the dynamics of expansion, the manner in which
expansion is slowed by gravitation, and consequently the specific dependence of the mass
density, !, and temperature, T, on time, is given by solutions to EinsteinOsosmological
equations worked out by Alexander Friedman and Georges Lemaitre in the 19208. Using these
solutions and current information about the average values of ! and T at the present epoch, we
are able to construct the following scenario for the thermal history of the Universe:

1. We could begin this description a 100 millionths of a second after the moment of
singularity (at t = 0), when the temperature cooled to roughly 1012K (million million degrees)
and the density declined to 1014 grams/ cm3. We cannot discuss earlier times because the
physics of matter at still higher densities is not well understood (1014 grams/ cm3 is
approximately the density of matter in an atomic nucleusN if one could fill a quart jar with
such stuff, that one quart would contain roughly as much mass as Mount Rainier). We
could begin the description of the Big Bang at 1012K, but until the temperature drops by a
factor of one thousand to around 109K (about 100 seconds later) everything that happened
lies in the realm of High Energy Physics and is beyond the scope of our discussion. During
the first few seconds, the universe was a holocaust of relativistic particles, both matter and
antimatter coexisting in an inferno of gamma rays.

2. Att =100 seconds and a temperature of 109K, the density had dropped to 104 grams/ cm3,
nearly 1000 times the density of lead. The gamma rays had cooled and were X-rays. Of the
initial sea of elementary particles only nucleons (protons and neutrons) and electrons
remainedN the building blocks of atoms. At temperatures higher than 109K atomic nuclei
would be broken into their component parts by the fierce bombardment of gamma rays.
Below 108 degrees, collisions between nucleons are not sufficiently violent to build up
atomic nuclei. Thus, between t = 100 seconds (10° K)and t = 10,000 seconds (108 K),
nuclear reactions can proceed to build deuterons (a nucleus containing one proton and one
neutron) and alpha particles (the helium nucleus, two protons and two neutrons). Virtually
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no other nuclei were formed, and nearly all available neutrons were used in these reactions,
which produced about 20% to 30% (by mass) helium nuclei, a few percent deuterons, with
the remaining majority of mass residing in simple protons (hydrogen nuclei). There was
also one free electron for each proton. These then were the primordial materials out of
which the later Universe was built: mostly hydrogen, some helium and a trace of
deuterium. However, atoms could not form yet, even though the temperatureis now low
enough to ensure the stability of nuclei, electrons would be easily stripped from any atoms
that might temporarily form.

3. Expansion continued to cool this homogeneous soup of simple nuclei, electrons, and
associated thermal radiation. Homogeneity was enforced by the dominance of radiation
during the first two thousand years of expansion. Thermal radiation insists on being
smoothly distributed throughout space and has no difficulty pushingOthe matter around
to conform to this equilibrium distribution. Electrons, protons, and these singly and
doubly charged nuclei were coupled very tightly to these electromagnetic waves, and any
remaining free neutrons quickly decayed into protons and electrons. It is charged particles
that launch these waves, and charged particles that respond to incident waves (think of a
radio transmitter and receiverN its all done by wiggling electrons back and forth). If there
should develop an excess or deficit of radiation in some region, it would simply stream to
reduce that imbalance. The situation is similar to digging a hole in water or attempting to
pile it upN an equilibrium is quickly achieved, and the strong interaction between radiation
and matter assures that matter follows that same rule.

4. The next really important milestonein this evolutionary sequence is found at t = 3 x 105
years, 300 thousand years after the initiation of expansion. The temperature had dropped
toa mere 3000K and the density to around 10-21 gram/ cm3, a rather good vacuum by
terrestrial standards but a billion times greater than the average density of the Universe
today. Thetemperature was now low enough that thermal radiation was no longer able to
prevent the majority nuclei from capturing electrons and forming stable atoms. In just a
hundred thousand years or so a universe which was opaque to radiation (matter and
radiation strongly interacting) became a Universe populated largely by electrically neutral
atoms, and thereby a universe virtually transparent to radiation (matter and radiation are
almost completely uncoupled). The period of this change is called the Era of Decoupling,
after which matter and radiation may evolve independently. The radiation simply
continued to cool as the Universe expanded, but matter was then free of the leveling,
homogenizing influence of radiation and became susceptible to an instability due to the
mutual gravitational attraction of these newly formed atoms.

5. The Epoch of Decoupling signaled an end to the Qadiation eraOof the early Universe. Our
present Gtellar eraOapproached as small, local perturbations in density (whose origin is not
fully understood at this time) could grow larger and larger by attracting more and more
mass from nearby, less dense regions. The whole Universe, which was previously uniform
and unstructured, through gravitational instability, began to take on form on the largest
scales first. Masses corresponding to clusters of galaxies or even superclusters began to
condense, followed by galaxies, star clusters and then stars.

The Era of Decoupling was thus a crucial stage in the evolution of the Universe. It signaled the
emergence of structure, the local fragmentation of once uniformly distributed mass into a
hierarchy of forms that are familiar today as the contents of our Universe. On the smaller
scales, homogeneity has been lost and a dramatic struggle between gravity and the very
existence of matter begins at the level of stellar condensations. Gravity, which in our
discussion so far has no obvious effects on the early stages of expansion, now begins to play a
major role as the driving principle in organizing and animating the contents of the Universe as
well as determining the evolution of the Universe as a whole, and its fate. These topics come
up laterN the question of interest now is what becomes of the 3000K thermal radiation present
during decoupling?
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It is important to realize that this thermal radiation fills the entire Universe. It was everywhere
(and in thermal equilibrium with matter) up to the Era of Decoupling and continues to be
everywhere during the subsequent expansion and further cooling. As we view the Universe
today, detecting the cooled remnant of that radiation would be equivalent to receiving radiation
from the distant past (about 14 billion years ago). Note how foreshortened the early evolution
seems relative to the total age of the UniverseN less than a million years out of many billions.

Because looking back in time is equivalent to looking out in space, our distant past lies out
there sending radiation to us that was last emitted when the Universe was just losing its
opacity and becoming transparent. That radiation has traveled around 14 billion years without
further interaction with matter. Cooling of that thermal radiation through expansion is in
some ways equivalent to the cosmological redshift of the light from distant galaxies. How
distant is that early universe? How large is the redshift?

One can show that the temperature of the radiation scales inversely with the increasing
average separation between galaxies which in turn scales inversely with the redshift, z. Thus
temperature scales directly as z. Gamow used a clever idea to estimate the present
temperature of that remnant radiation. He noted that if appreciable primordial helium as to be
formed (and we tentatively think the 20-30% helium abundance observed in many stars is
largely primordial), then the temperature and nucleon density at some time would have to be
high enough to favor the necessary nuclear reactions. He calculated that T~ 10° K and !
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(nucleon) ~ 10-¢ grams/ cm3 would fulfill this condition.” He compared this density with the
presently estimated matter density of the universe: !now ~ 10-30 grams/ cm3. Density is just
mass per unit volume, but volume is proportional to length cubed; since the temperature
scales inversely with length, it therefore scales inversely as the cube root of the volume. From
the numbers just given, the volume containing a fixed amount of matter has increased by a
factor of 1024 (! then/ !now = 1024), whose cube root is 108. Thusthe current temperature of the
cooled remnant of this radiation should be something like 10° K x 10-8=10 K.

Sixty years later, we think this value is a little less than 3 K. Thus the radiation was last
emitted at 3000 K and is now to be observed at 3 K. Because T scales as z, this corresponds to
a redshift of z=1000! The largest currently observed redshift of a galaxy isz~ 5. If we could
detect this thermal remnant radiation, we would be looking back long before the advent of
galaxies, out to a vastly more distant (and thus earlier) sample of the universe.
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The details of the transformation of 3000 K radiation to 3 K radiation are interesting.
According to the relativistic redshift formula introduced earlier, that region (or GurfaceQof last
emission is receding from us in every direction we look, at more than 99.999% of the speed of
light. The peak of the 3000 K thermal spectrum which describes that radiation at thetime and
place of emission lies at a wavelength of almost 10,000 Angstroms (10-4cm). A redshift of z =
1000 would put that peak at a wavelength of about 1 millimeter, at the border between the
microwave and far infrared portions of the electromagnetic spectrum. The same Doppler effect
that increases the observed wavelength also reduces the observed intensity of the radiation. In
fact, just as implied in the previous discussion, the wavelength shift and intensity reduction for
each part of the spectrum is precisely the amount required to maintain the thermal nature of
the spectrum. Ideal thermal radiation at 3000 K is transformed to ideal thermal radiation at 3
K. Since (as we have already discussed) the total brightness depends on the temperature to the
fourth power, note that the blinding yellow brilliance™ of that distant surface which completely
surrounds us has been reduced by a factor of 10-12 (a millionth of a millionth) in addition to
shifting it to longer wavelengths out of the visible range.

“Note that thevalue! =104 grams/ cm3 (at T = 10° K) given earlier includes the density
contribution from gamma rays and X-rays as well as nucleons. Clearly the very early universe
was radiation dominated.

“ The filament of a standard 100-watt light bulb has an effective temperature of about 3200 K.
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Also keep in mind that this same blinding fire was also once right here. In this picture it is an
inescapable historical condition that the entire Universe was uniformly filled with tenuous
matter at 3000 K some 14 billion years ago, and hotter yet if earlier times are considered. We
canOfsee those earlier times, however, because the universe was opaque then. That is, we canOt
see before the Era of Decoupling. Why do we receive radiation coming from this distant surface
that completely surrounds us, but not the radiation that was once right here? Simply because
that radiation left this location 14 billion years ago and is perhaps now being observed by
someone out there 14 billion light years away. We stand GiowOon the z = 1000 surface which
surrounds that remote observer, but she is observing that surface as it was @henO We, of
course, observe our local part of the universe as it is owQ* Yet she stands owOQat the
distance of our horizon and basks in the far infrared glow of our ancient emissions.

Contrast this universe with that of Newton. It is neither static nor eternal, and in a sense not
even infinite. The fact that it is not eternal, that it has not existed for all time resolves OlbersO
paradox adequately. Sincethe beginning, light has not had time to come from stars more than
14 billion light years awayN even if they were to exist to infinite distanceN and the light
contribution from that volume of stars and galaxies is consistent with a dark night sky. This is
also the sense in which the QisibleOBig Bang universe is definitely not infinite. We have had
timeto see only so far and no farther. Our view is limited by a horizon defined by a
combination of the finite age of the Universe and the finite speed of light.

But the situation is still more complex. In this same picture, every observer sees a horizon that
is terminated by a 3000K opaque gas of hydrogen and a little helium! Olber® paradox takes on
new meaning. How are we spared this blinding spectacle? Contrary to the assumption of
Olbers, the universe is not only not eternal, but also not static either. As we have seen in the
previous figure, the expansion of the Universe produces a second kind of horizon that dims to
extinction the radiation contributed from sources so distant that their recession speed
approaches the speed of light. In this way the expansion of the universe actually has primary
responsibility for rendering the sky dark at night.

The richness of the Big Bang theory is evident in this brief account. It provides for the
primordial production of light elements. It puts limits on the epoch and conditions from which
galaxy and star formation begins. In general it implies a distinct, orderly, thermal history for
the Cosmos, specifying the changing roles of matter and radiation in the evolution of the
Universe. Only two things are lacking: independent evidence for the Big Bang picture, and the
answer to the inevitable question about the origin and fate of this evolutionary processN a
process that leads to life along the way.

*ThenOand howOare being used in the limited sense of that universal time whose definition
is tied to the density of the Universe as discussed earlier.

Chanter 12 2N ]/ 2K/ NR



