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Outline

•  FLRW Universe 

• Thermal history of the Big Bang (=relics from the Early 
Universe) 

• Inflation and cosmic perturbations





Equilibrium Thermodynamics



Even if the background is expanding, approximate equilibrium holds for particles with  
interactions much faster than the time scale of the expansion  

�� Hinteraction rate expansion rate

distribution function

homogeneity, isotropy

kinetic equilibrium
fT (p, µ) =

1
e(E�µ)/T ± 1

f(⌥x, ⌥p, t, µ)
E =

�
p2 + m2

p = |⇧P | � 1/a



Even if the background is expanding, approximate equilibrium holds for particles with  
interactions much faster than the time scale of the expansion  

�� Hinteraction rate expansion rate

distribution function

homogeneity, isotropy

kinetic equilibrium
fT (p, µ) =

1
e(E�µ)/T ± 1

f(⌥x, ⌥p, t, µ)
E =

�
p2 + m2

p = |⇧P | � 1/a

g
�2

30
T 4�

1
7
8

{
boson

fermion

m n = g m

�
mT

2�

⇥3/2

e�(m�µ)/T

T �
m, µ

T �
m

⇤ = g

�
d3p

(2⇥)2
E fT (p, µ) =

energy density



Even if the background is expanding, approximate equilibrium holds for particles with  
interactions much faster than the time scale of the expansion  

�� Hinteraction rate expansion rate

distribution function

homogeneity, isotropy

kinetic equilibrium
fT (p, µ) =

1
e(E�µ)/T ± 1

f(⌥x, ⌥p, t, µ)
E =

�
p2 + m2

p = |⇧P | � 1/a

g
�2

30
T 4�

1
7
8

{
boson

fermion

m n = g m

�
mT

2�

⇥3/2

e�(m�µ)/T

T �
m, µ

T �
m

⇤ = g

�
d3p

(2⇥)2
E fT (p, µ) =

energy density

number density
pressure 

<latexit sha1_base64="ytAN0+Ja4bLRwA56FRKY0u5J6LA="></latexit>

T � m,µ [fermion]

<latexit sha1_base64="DaDopn6CT2CX/iFn4/cu7hegEls="></latexit>
3

4

� <latexit sha1_base64="dSLuE2OucG3VhA/c8xTjEB1+kLQ="></latexit>

P = g

Z
d3p

(2⇡)3
k2

3E
fT (p, µ) '

1

3
⇢

<latexit sha1_base64="ytAN0+Ja4bLRwA56FRKY0u5J6LA="></latexit>

T � m,µ

<latexit sha1_base64="LADPuRCOd1XyxC3okCViH3GxOx8="></latexit>

n = g

Z
d3p

(2⇡)3
fT (p, µ) ' g

2⇣(3)

⇡2
T 3



Relativistic degrees of freedom dominate
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Entropy
Energy in a comoving volume is not conserved:  
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Entropy in a comoving volume is conserved:  
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Time-Scales
• expansion (rad. dom.):
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Time-Scales
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In or Out?
rule of thumb: in equilibrium if 𝚪 ≫ H

• gauge interactions: � � �2T ⇥ H
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• weak interactions: � � G2
F T 5 ⇥ H T � 1MeV

• baryon-photon coupling: � � ne �T ⇥ H

free-electron density Thomson cross-section

O(1eV)� T � O(1015GeV)
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• DM annihilations: � � n��ann ⇥ H T � m�





Neutrino Decoupling
n � � p e�

n� p e� �̄

n e+ � p �̄

� �̄ � e� e+

Neutrino coupled to the thermal bath 
via weak interactions as
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m⌫ < 0.8 eV (90% C.L.)
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Hot Relics
Neutrinos are relativistic at decoupling
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T ⇠ me < TWAt electrons become non-relativistic: 
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Entropy conservation:
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Neutrinos are already decoupled: 
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Standard Model Neutrinos are NOT CDM
�� = m� n� �� �

��

�c
=

m�

94 eV h2If all three neutrinos are non-relativistic today: (3 families)

Neutrino free-streaming erases all structures up to mass scales: MFS = 3 · 1018 M�
m2

�(eV)
⇥MGal = O(1012 M�)

Pauli exclusion principle forbids fermion dark matter of mass m<0.5 KeV to form dwarf spheroidal galaxies 
(Tremaine-Gunn)

Cold relics: see Laura Covi’s lectures
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Approximations

f ⇥ 1
e(E�µ)/T ± 1•kinetic equilibrium: enforced by fast scattering processes (momentum exchange)

•classical statistics: f � e�(E�µ)/T Boltzmann eq. typically necessary when T≲ E
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Thermally averaged cross-section:
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Equilibrium limit: 
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Chemical equilibrium



Big Bang Nucleosynthesis

… or why there is something other 
 than iron in the universe



When did BBN start?
n p� D �first nucleus. Deuterium:
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BD = mn +mp �mD = 2.2MeV

Equilibrium:
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Helium abundance
When nucleosynthesis starts, all neutrons go to Helium-4 (excellent approximation)

How many neutrons are around at T~0.1 MeV ? 
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CMB+BBN: Baryons make up only ~ 4%
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Recombination
e p� H B = mp + me �mH = 13.6 eVfirst atom. Hydrogen:
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From recombination to decoupling
�T = ne �T = Xe nb �TCompton scattering (�T = 0.665� 10�24cm2)

Xe �T < H Tdec � 0.26 eVAt recombination drops, then and photons decouple from matter at

f�(E; t) = f�(E a(t)/adec; tdec) =
1

eEa(t)/adecTdec � 1
=

1
eE/T (t) � 1

After decoupling, photon energies get redshifted

T (t) = Tdec
adec

a(t)Blackbody spectrum at 



Baryogenesis



Evidences of a baryon-asymmetric Universe

Direct searches:

np̄

np
� 3 10�4 compatible with secondary production in p p� p p p p̄

Cosmic rays at E > O(100 MeV) probe galactic scales, rGal � 30 kpc

Indirect searches:

Look for: 1)   ‘s from       annihilations;
                 2) CMB spectrum distortions due to Compton scattering.

� b b̄

no signal of galaxy-antigalaxy annihilation from Virgo cluster, or X-rays 
emitting clusters:rClust � 10 Mpc

CMB+diffuse gamma ray background constrain matter-antimatter islands to 
be larger than ~ O(103 Mpc) � 1/H0 (Cohen, De Rujula, Glashow ’98)

(Steigman ’76)
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