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4 SECTION IV: The early Universe

4.1 The Hot Big Bang

In the hot big bang model the Universe began with a fireball
about 15 billion years ago. Consequently the early phase of the
Universe was much hotter and denser than the present day. We
could also see this from our derivation of Friedmann’s equation in
Section III, where we assumed mass conservation, which implies
that the densityρ, increases as the scale factor,R, decreases.

4.2 The cosmic microwave background radiation

In 1946 Gamow predicted the existence of relic radiation from the
‘Hot Big Bang’. Peebles and Dicke (1964) developed this theoret-
ical work further, and proposed the building of an antenna to detect
the radiation. The radiation was predicted to beisotropic and to be
blackbody in form, fully specified by a single temperatureT (see
Fig. 14 and also A1Y Stellar Astrophysics).Wien’s Law states

Quick facts #1: Ideas of radiant energy

1 Luminosity, flux density
and intensity

It is important to distinguish between three basic measures
of radiant energy commonly used in astrophysics. Two you
have seen before. The third, intensity, is new:

Luminosity is the ‘output power’ of a radiating object. Ex-
pressed in watts (W), the luminosities of astronomical
objects are truly astronomical! For example, the lumi-
nosity of our galaxy is about 1036 W. Luminosity is
a property of the luminous object and has nothing to
do with our instrumentation or our distance away. We
can talk in terms of bolometric luminosity, Lbol, which
is the total output power at all frequencies of radiation
(from very low frequency radio waves to gamma rays)
or monochromatic luminosity, Lν , which is a function
of frequency and describes the output power of the
source in a unit frequency interval. The SI units of
Lν are W Hz−1.

Stefan’s law1 tells us that the bolometric luminosity of a
perfect spherical blackbody of radius R at temperature
T is simply

Lbol = 4π R2σ T 4 ,

where σ is the Stefan-Boltzmann constant (5.67 ×

10−8 W m−2 K−4).

Radiant flux is that portion of the luminous power of the
object that passes through a unit area (held square-on to
the source) at our observation point. It clearly depends
on both the luminosity of the source, L, and its distance
away, D. For an isotropic source2 the radiant flux we
receive is

F =
L

4π D2
,

and has SI units of W m−2. Strictly this is called the
bolometric flux. We can also define a spectral flux den-
sity, Fν or S, with units of W m−2 Hz−1. Although
astronomical objects are generally very luminous they
are also very far away, making spectral flux density
(often just called ‘flux density’) a small number in SI
units. We therefore often talk in terms of janskys (Jy),
where 1 Jy = 10−26 W m−2 Hz−1.

Intensity is a quantity that tells us how the source of the flux
density is spread out over the sky. The intensity of a

1This ‘law’ can in fact be derived by integrating the Planck function
over area, direction and frequency.

2One that radiates equally in all directions.
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Figure 1: The Planck function. The intensity (or surface
brightness) of a blackbody radiator is shown at several tem-
peratures.

uniform extended source of flux density S that occupies
a solid angle3 � is simply

Iν =
S

�
W m−2 Hz−1 sr−1.

If the source is not uniform then the intensity will vary
from point to point, but the total flux density from the
source is always the intensity integrated over the sky:

S =

∫

sky
Iν(θ, φ) d�,

where θ and φ are sky coordinates, such as right ascen-
sion and declination.

Despite its apparently observer-centred definition, in-
tensity is not a function of how far the source is away
from us. This is because both the solid angle subtended
by a source and its flux density fall off as the inverse-
square of its distance, so their ratio is constant. This
is why intensity is sometimes called ‘surface bright-
ness’, as it is a property of the surface of the source.
A blackbody at temperature T has an intensity (surface
brightness) of

Iν =
2hν3

c2

[

exp

(

hν

kT

)

− 1

]−1

W m−2 Hz−1 sr−1,

3The solid angle of a object is 4π times the fraction of the sky it occupies.
A line on the sky, such as the diameter of a star, subtends an angle. An
area on the sky, such as the disc of a star, subtends a solid angle. For small
angles (� 1 radian) a square on the sky of side α radians subtends a solid
angle of α2 steradians (sr), and a disc of angular radius β radians subtends
a solid angle of πβ2 sr.

Figure 14: Black body radiation curves for different temperatures.
Vertical axis shows the radiation intensity as a function of fre-
quency.

that the wavelength,λmax, at which the black-body radiation curve
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is a maximum is inversely proportional to its temperaturel . Since
the wavelength of photons in this relic radiation should increase
with the expansion of the Universe, proportionally to the scale
factor R(t), the temperature of the radiation should beinversely
proportional to the scale factor, i.e.,

(51)

whereT(t) is the temperature of the relic radiation a timet after the
Big Bang (corresponding to redshiftz) andT0 is the temperature
of the radiation today.

In 1965 Penzias and Wilson discovered the Cosmic Background
Radiation by accident as they tried to account for excess noise
in their receiving equipment. They found that the radiation was
highly isotropic, and appeared to have a uniform temperature of
about 3 K. This corresponds to aλmax in the microwave region
of the spectrum, and the radiation is now known as thecosmic
microwave background radiation (CMBR).

Much later, the CoBE (Cosmic Background Explorer) satellite
(launched in 1989) confirmed that the spectrum of the background
radiation is blackbody to a remarkable level of precision (see
Fig. 15) and refined the mean temperature of the radiation to
T0 = 2.728 K. The CoBE results showed that the CMBR is
isotropic to better than one part in 104 so, the CMBR provides
excellent support for the cosmological principle and the Big
Bang model. Gamow’s prediction that the Universe should be
filled with relic blackbody radiation from the Big Bang was based
on the idea that, in the Hot Big Bang model, the Universe was
hotter and denser in the past. In particular, the very early Universe
was much too hot for neutral atoms to exist – it wasfully ionised m,
and consisted of a dense mix of free protons and electrons, bathed
in blackbody radiation. The free electrons scattered the photons to
such an extent, however, that the Universe was effectivelyopaque
– analogous to being in a fog. We say that matter and radiation
werecoupled, since the photons interacted so strongly with the
free electrons.

As the Universe expanded and cooled, eventually its mean tem-
perature dropped to about 3 000 K. At this temperature the free
protons and electrons could combine to form neutral hydrogen,
which was hugely less effective at scattering the blackbody pho-
tons. As a result the fog cleared, and photons could propagate
freely through space without any further scattering by the matter

lSee A1X notes and A1Y stellar astrophysics handout on blackbody radia-
tion.

mwe will see later that, for a tiny fraction of a second after the Big Bang, the
Universe was too hot for even sub-atomic particles to exist.
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Figure 15: Measurements of the CMBR. The fit to a blackbody
curve is very good.

in the Universe (see Fig. 16). We call this time theepoch of re-
combination; at this epoch matter and radiation are said to have
decoupled. The CMBR consists of photons which were emitted

Figure 16: The Universe at recombination.

at the epoch of recombination, and which have been travelling to-
wards us ever since – cooling as the Universe continued to expand,
but no longer being scattered. For this reason the CMBR is often
referred to as coming from thesurface of last scattering. The
CMBR photons were emitted about 3× 105 yr after the Big Bang,
although the exact time depends on details of the cosmological
model. So the CMBR gives us a glimpse of the Universe when
it was only about 0.002% of its present age. The redshift of the
CMBR is zCMBR ' 1 000 (following from Eq. 51, above).
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4.3 Matter-dominated and radiation-dominated epochs

From Einstein’s famous formula,E = mc2, we can define the
energy densityof matter in the Universe to be

umatter= ρmatterc
2 (52)

whereρmatter is the matter density of the Universe. The energy
density of blackbody radiation of temperatureT is given by the
equation

uradiation=
4σ

c
T4 (53)

whereσ is the Stefan-Boltzmann constant (see A1Y Stellar astro-
physics).

The Universe is currentlymatter dominated, meaning simply that
umatter >> uradiation. The dependence of the matter and radiation
energy density on the scale factor is different however. From
mass conservation it follows thatρmatter ∝ R−3 and therefore
umatter ∝ R−3, while from T ∝ R−1 it follows that uradiation ∝

R−4. Therefore

η = (54)

The present-day value ofη is roughly 2× 10−3, so η = 1 for
R ' 2 × 10−3R0. We call that the epoch ofmatter-radiation
equality. It is the epoch at which the mean energy densities of
matter and radiation are equal. It follows that

R0

Req
' 500 i.e., zeq ' 500. (55)

Also
Teq ' 500T0 ' 1500 K (56)

For T > Teq the Universe isradiation dominated. Therefore,
when the CMBR photons were emitted the Universe was radia-
tion dominated but about one million years latern the Universe
became matter dominated. It is something of a coincidence that
both the epochs of recombination and matter-radiation equality
occur within a short space of time, relative to the current age of
the Universe.

4.4 The Primordial Universe

Although the Universe is opaque to photons beyond the CMBR,
the success of the Big Bang model does not stop at recombina-
tion. The Big Bang model remains an accurate description of how

nAs with recombination, the exact time depends on details of the cosmolog-
ical model.
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matter and radiation evolve at much earlier times, and therefore
at much higher densities and temperatures. Our ideas about the
primordial Universelie at the interface between cosmology and
particle physics. Formally, ast → 0, the density and tempera-
ture of the Universe in the Big Bang model tend to infinity – an
indication that the Big Bang model (and indeed what is known
as the ‘Standard Model’ of particle physics, which describes all
elementary particles) breaks down. Both models are, nonetheless,
valid from t ' 10−40 seconds after the Big Bang, when the tem-
perature of the Universe wasT ' 1027 K. The Big Bang can,
therefore, be thought of as a natural particle accelerator, able
to test particle physics theories beyond terrestrial limits.

The physics of the primordial Universe lies mainly beyond the
scope of this course, but we will pick out a few highlights.

4.4.1 GUT scale: T ' 1027 K; t ' 10−35 s

This is the approximate energy scale above whichgrand unified
theorieshold, so that three of the four fundamental forces of nature
(the electromagnetic force and the strong and weak nuclear forces)
behave as if they are a single unified force. Only gravity does not
fit within this unified picture. To unify gravity too would require a
so-called ‘Theory of Everything’ or full theory of quantum gravity,
which still eludes us – although we have some clues as to what
that theory might be.

At this time the Universe consists of a ‘soup’ of fundamental par-
ticles: quarks andleptons, and radiation. There are six different
types of quarks, and these are believed to be the real indivisible
building blocks of all matter. Quarks can combine together to
form hadronssuch as protons and neutrons which each consist of
a triplet of quarks, but above the GUT scale the Universe is still
too hot for this to happen. Leptons are light, elementary particles
including electrons and positrons.

Above the GUT scale there is spontaneous conversion of parti-
cle antiparticle pairs into radiation and vice versa. The Universe
contains equal amounts of matter and antimatter during this time.
Below the GUT scale, the strong nuclear force breaks off from the
unified picture, and a tiny imbalance between matter and antimat-
ter arises. The remaining, equal, amounts of matter and antimatter
annihilate each other, leaving the Universe consisting of matter
that we see today.

4.4.2 ‘Electroweak transition’: T ' 1015 K; t ' 10−12 s

Below this energy scale the Universe has cooled sufficiently that
the weak nuclear and electromagnetic forces are no longer unified.
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From now on there are four distinct fundamental forces (as today!).

4.4.3 ‘Quark-hadron transition’: T ' 1012 K; t ' 10−6 s

At this energy scale the ‘quark soup’ condenses. The Universe has
cooled enough to form stable hadrons such as protons and neutrons.
The quarks are now confined inside hadrons, and no longer exist as
free particles. The Universe now consists of hadrons and leptons,
bathed in a background of blackbody radiation (as today!).

4.4.4 Primordial nucleosynthesis: T ' 109 − 108 K; t ' 1 − 100s

At this time the Universe has cooled sufficiently to allow protons
and neutrons to combine together and form stable light atomic
nuclei: deuterium and tritium (isotopes of hydrogen), helium and
lithium. As we remarked in Section III, the relative amounts of
these elements ‘cooked’ during the first 100 s or so after the Big
Bang depends strongly on the density of baryons (ρB) since this
determines the rates of the nuclear reactions which take place. We
call the formation of these light atomsprimordial nucleosynthe-
sis.

Note that since we can writeρB = �Bρcrit andρcrit ∝ H2
0 (see

Section III), it follows thatρB ∝ �Bh2.

We can compute therelative abundancesof helium, deuterium and
lithium to hydrogen predicted in the Big Bang model as a function
of �Bh2, and compare each ratio with the observed limits, based
on the abundances measured today. Fig. 17 shows schematically
the current limits on the baryon density from primordial element
abundances. Each light element provides an independent check
of the Big Bang model. The solid curves denote the theoretically
predicted abundances, for different values of�Bh2. The dotted
lines denote the observational limits on the relative abundances.

There is consistent agreement between observations and predic-
tions for all the light elementsover a narrow range of values of
�Bh2 (as shown by the vertical grey bands in Fig. 17). This is
one of the major successes of the Big Bang and places strong
constraints on the value ofρB.

The relative abundance of helium is about 25%; other light el-
ements are very rare.All heavier elements are manufactured
inside stars and supernovae – see A1Y Stellar Astrophysics. It
is interesting to note that we can now also check the nucleosyn-
thesis constraints at high redshift, by deducing the light element
abundances at (for example)z ∼ 1 from quasar absorption spectra
– we mentioned this point at the end of Section I.
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Figure 17: Primordial nucleosynthesis and the baryon density.
The grey band shows the value of�Bh2 consistent with the obser-
vations.

4.5 Microwave background anisotropies and galaxy formation

The CMBR is notperfectlysmooth. In 1992, CoBE first detected
temperature variations of about 10−5 K on angular scales of about
10◦ (see Fig. 18). Previously, CoBE had confirmed the existence
of what we call adipole temperature variation in the CMBR, of
the form

T(θ) = T0(1 + δT cosθ), (57)

whereT0 is the mean temperature of the CMBR, averaged over the
whole sky and whereT(θ) is the temperature of the CMBR at an
angleθ away from the ‘CMBR hotspot’ direction – the direction
in which the temperature isT0(1 + δT). CoBE measured

1T = 3.3 × 10−3 K . (58)

This dipole anisotropy isnotbelieved to be intrinsic to the CMBR,
but instead is due to our peculiar motion with respect to the CMBR,
which causes a Doppler Shift of the radiation of an amount which
varies with direction according to the above dipole formula. The
Doppler formula gives

1T

T0
=

vpec

c
. (59)

TakingT0 = 3 K givesvpec = 330 km s−1.

After removing the dipole anisotropy, and also the contaminat-
ing effect of the microwave emission from stars and dust in our
own Milky Way galaxy, the CoBE map reveals intrinsic tempera-
ture fluctuations of about 10−5 K. These variations have now been
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confirmed (and improved) by a large number of other experiments,
which make measurements of the temperature variation on a range
of different angular scales.

Figure 18: Map of CMBR temperature fluctuations from four years
of CoBE data.

These intrinsic anisotropies arevery important for cosmology,
since they indicate density inhomogeneities in the Universe at
t = 3 × 105 yr after the Big Bang. These density fluctuations
are the seeds of the cosmic structure which we observe today,
such as galaxies, clusters and superclusters. The fluctuations are
believed to have been created very soon after the Big Bang itself,
during a period known asinflation when the Universe expanded
extremely rapidly.

The mechanism for structure formation is gravity, which causes the
density inhomogeneities to grow as the Universe expands. Struc-
ture evolves under the influence of gravity, and the amount and
nature of the dark matter determines how structure forms at differ-
ent times and on different scales. By comparing model predictions
for different structure formation scenarios with the observed Uni-
verse, we can determine which model is correct. For example,hot
dark matter smooths out clustering on small scales, so that in
models with hot dark matter one expects large structures to form
first and then later fragment. On the other hand, in models where
the dark matter is cold structures form on both small and large
scales from the outset. More specifically we can also determine
very precisely how much dark matter there is and how it is dis-
tributed by careful study of the pattern of temperature variations
in the CMBR and in the clustering of galaxies. Recall from Sec-
tion III that we mentioned that these measurements can also reveal
thecurvature of the Universe.

4.6 Understanding the formation of galaxies and larger structures

This is one of the biggest challenges facing modern cosmology.
The task is to explain how the Universe got from the (nearly)
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smooth CMBR which we observe atz = 1 000 to the ‘lumpy’
galaxies and clusters which we observe atz = 0 (now). One can
think of this task as trying to find the correct recipe for galaxy
formation. The ingredients are known to be

• CMBR temperature fluctuations,

• dark and luminous matter, and

• gravity,

and the cooking time is about 15 billion years! While a definitive
model for structure formation which matches the observations on
all scales and at all epochs has yet to be found, it is likely that a
solution to this problem will be found in the next few years.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	




