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Cosmology III: Thermodynamics

Initially, at redshifts z > 6000, the universe was radiation dominated. The
energy density in radiation εr ∝ a−4(t), giving temperature T ∝ 1/a. So
T→∞ as a→ 0.

Even after decoupling, radiation behaves similarly, with redshift hν ∝ 1/a
and number of photons conserved. The nature of the radiation remains a
blackbody with temperature falling as 1/a (see assignment 4).

Photon-to-baryon ratio in the universe remains constant, since the number
density of photons and that of baryons both decrease as 1/a3. This ratio
measured in the present day universe is

nγ
nb
≈ 109

and has remained so since the early phases. This ratio also represents the
photon entropy per particle in the universe. When the matter and radi-
ation were coupled (i.e. average kinetic energy per matter particle being
similar to the average energy per photon), the thermal equilibrium was
thus controlled mainly by photons due to their huge population. When
the temperature was such that kT significantly exceeded the rest mass of
a given species of particles, these particles and their antiparticles could
be freely produced out of the radiation bath. At T > 1012 K there were
equilibrium species of nucleons and antinucleons, electrons and positrons,
neutrinos and antineutrinos, muons etc. At T = 1012 K nucleons and antin-
ucleons recombine, and we are left with neutrons and protons, electrons
and positrons, neutrinos (and antineutrinos) and photons, all in thermal
equilibrium. Let us count time forwards from this point. The number
densities of different species of particles at this time are given by

n ∝ g
2π2

∫ ∞

mc2

√
E2 − (mc2)2EdE

exp[(E − µ)/kT] ± 1

and the corresponding energy densities by

ε ∝ g
2π2

∫ ∞

mc2

√
E2 − (mc2)2E2dE

exp[(E − µ)/kT] ± 1



PH217: Aug-Dec 2003 2

The sign in the denominator being chosen according the the spin of the
particle (positive for fermions, negative for bosons). The chemical poten-
tials arise due to the conservation of particle number. But nb/nγ, nlepton/nγ
are so small that the the chemical potentials are much smaller that kT, and
can be safely approximated to zero.

The energy integrals over the Fermion and Boson distributions, after set-
ting µ = 0, differ just by a numerical factor 7/8. Thus, the total energy
density

εtotal ∝
∑

i=boson

giT4
i +

∑

i=fermion

7
8

giT4
i

= gtotalT4

gtotal ≡
∑

boson

gB

(TB

T

)4

+
∑

fermion

7
8

gF

(TF

T

)4

(1)

In thermal equilibrium, TB = TF = T and

g ≡ gtotal =
∑

gB +
7
8

∑
gF

The entropy density in this case is

s =
1
T

(ρc2 + P) ∝ ε
T
∝ gT3

The quantity s(t)a3(t) remains constant throughout the evolution.

Starting the count of time at a time when T = 1012 K, neutrinos decouple
from the rest of the matter at t ∼ 0.3 s, when the reaction rate Γ falls below
the expansion rate

Γ

H
∼

( T
1.4MeV

)3

≈
( T
1.6 × 1010 K

)3

Neutrinos evolve independently from then on and, being light relativistic
particles, cool like radiation.
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When the temperature dropped below ∼ 5 × 109 K, at about t = 4 s,
electrons and positrons recombine, generating new photons. This leads to
a reheating of the photon background. Since sa3 is constant,

(aT)3
after

(aT)3
before

=
gbefore

gafter
=

7/8(2 + 2) + 2
2

=
11
4

This implies a rise in temperature of the photon background, and the matter
coupled with it, by a factor (11/4)1/3. Since neutrinos decoupled before this
event, in the present day universe one expects the neutrino background to
be cooler than the cosmic microwave background by this factor.

Neutrons and protons stay in beta equilibrium through the following re-
actions:

n + ν → p + e−

n + e+ → p + ν̄

p + e− → n + ν

p + ν̄ → n + e+

p + e− + ν̄ → n
n → p + e− + ν̄

(2)

After neutrino decoupling and electron-positron annihilation, neutron de-
cay (half life∼ 11 min) begins to deplete neutrons. Once temperature drops
below 1.3×109 K, at t ≈ 98 s, the rate of two-body and three-body reactions
become negligible compared to the one-body reaction. Only neutron decay
then dominates (half life ∼ 11 min, reaction rate constant 1/1013 s).

Meanwhile neutrons begin to be captured by protons to form Helium and
other nuclei. Neutrons that get captured get stabilised against decay. Deu-
terium formed in the nucleosynthesis quickly gets converted into Helium.
Only a small amount of Deuterium finally survives. As the universe ex-
pands and cools nucleosynthesis stops. There is not much time available
for this primordial nucleosynthesis to produce elements beyond Helium.

Nucleosynthesis begins at t = tns ∼ 180 s, but this value is dependent
on Ωb. The neutron abundance (neutron to total nucleon ratio) at this
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time is proportional to exp(−tns/1013 s), and works out to Xn ≈ 0.137 for
tns = 180 s. Since nearly all these neutrons get locked up in Helium, the
Helium abundance becomes

XHe ≈ 4(nn/2)
nn + np

≈ 2Xn

The larger the value of Ωb, the earlier the nucleosynthesis starts and the
larger is the amount of helium synthesised. The conversion of Deuterium
to Helium is very sensitive to density and temperature, and hence to Ωb.
The higher the value of Ωb, the smaller is the predicted surviving Deu-
terium abundance. The current measurements of abundances suggest that
Ωb should be in the range 0.02 − 0.04.

Nucleosynthesis occurs around z ∼ 3 × 108. From then on until z ≈ 1100
baryonic matter and radiation remain in thermal equilibrium. At z ≈ 1100
neutral atoms form, and radiation decouples from matter. A small residual
ionisation (ionisation fraction x ∼ 10−3) remains in the diffuse matter. Later,
after the formation of early luminous objects (stars, galaxies, QSOs), around
z ∼ 20 or later, the intergalactic matter (IGM) is reionized. The IGM today
is to be found in nearly fully ionised state because of this.

The structures we see in the universe today have grown out of small
density perturbations in the early universe. Density perturbations in all
components grow when the perturbation scale is larger than the horizon
scale. After coming within the horizon scale radiation density perturba-
tions cannot grow because of pressure-supported oscillations. Baryons
coupled to radiation also suffer the same fate. However Dark Matter per-
turbations can continue to grow and form self-gravitating, bound struc-
tures. After radiation and baryonic matter decouple, baryons tend to fall
into the gravitational potential wells created by the dark matter conden-
sations and give rise to the luminous, observable structure in the uni-
verse. Dark Matter condensations that can become self-gravitating and
collapse start with small sizes, and the collapsing scales become larger
with time. At the current epoch the just collapsing structures have a mass
scale ∼ a few times 1013M�. Structures that formed present day galaxies
would have collapsed around z ∼ 6 − 10.
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One puzzle that has remained in this story is that the total scale of ob-
servable universe today is much larger than the scale in causal contact at
early times. Yet in such a large scale the universe looks very homoge-
neous and isotropic. Thermal equilibrium at very early times can create
such homogeneity but how is thermal equibrium to operate across the
local horizon? One possible answer has been provided by the picture of
“inflation”. Briefly, the idea is as follows. As we find today, universe has
recently entered a phase of accelerated expansion because of the energy
density being dominated by that of vacuum. Inflation proposes a similar
phase at very early times. One conjectures that the vacuum energy density
then was much larger than what it is now, and it drove an accelerated
expansion by an extremely large factor (∼ 1060). In the process points in
the universe moved apart faster than the rate of growth of the horizon.
So regions which were in thermal contact at the beginning of this infla-
tionary phase were taken very far apart, much beyond the local horizon.
Later the vacuum tunneled to the present state of very low energy density,
releasing the energy difference into radiation. Universe then entered the
radiation-dominated era, and started expanding slower than the horizon
expansion rate. After that the regions that came back into the horizon scale
had in fact been in thermal contact before inflation, and so the large-scale
homogeneity poses no surprise.


