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1965, Penzias & Wilson 

recent measurement: 
Tγ0 = 2.72548 ± 0.00057 K

Cosmic microwave background



The CMB is an almost perfect black body with T ≃ 2.73 K. 
Its isotropy is a very strong basis for the cosmological principle. 
It gives a very strong clue that the Universe was thermalized at 
early times.



This is the redshift at which hydrogen combines into 
atoms, so the cross-section of photons and matter, 
dominated by Thomson scattering, drops and the 
Universe becomes transparent for the first time. 
We see the CMB at the "last scattering surface". 

At higher redshift the Universe is opaque to radiation.
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Recombination : Tγ ∼ 3000K, z ∼ 1100





The CMB dipole, with δ T/T ~10-3, measures our velocity 
with respect to the radiation component



Temperature fluctuations measure the fluctuations of the potential  
at recombination.



The temperature map is expanded in spherical harmonics on the 
celestial sphere
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Sound waves propagate in the coupled baryon/photon plasma 
from very early times to recombination, at a speed determined by 
the dominant radiation pressure:
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One can then define a "sound horizon", the distance traveled by a 
sound wave from t=0 to recombination:
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Fluctuations at wavelengths 
similar to the sound horizon 
are then amplified in the 
CMB temperature power 
spectrum



The first "acoustic peak" tracks the angular size subtended by 
the sound horizon at recombination, that is a standard ruler



H2 = H2
0 [Ωma−3 + Ωra−4 + ΩΛ + Ωka−2]

CMB measurements lead to a precise history of the Universe



Hubble constant h = 0.6736 ± 0.0054 H0 = 67.36 ± 0.54 km s-1 Mpc-1

Matter, total Ωm0 = 0.3153 ± 0.0073 ρm0 = 2.66 10-30 g cm-3

Baryons Ωb0 = 0.04930 ± 0.00051 ρb0 = 4.18 10-31 g cm-3

Dark matter Ωdm0 = 0.2660 ± 0.0073 ρdm0 = 2.24 10-30 g cm-3

Dark energy ΩΛ0 = 0.6847 ± 0.0073 ρΛ0 = 5.98 10-30 g cm-3

Radiation, total Ωr0 = 9.03 10-5 ρr0 = 7.85 10-34 g cm-3

Photons Ωγ0 = 5.37 10-5 ργ0 = 4.67 10-34 g cm-3

Neutrinos Ων0 = 3.66 10-5 ρν0 = 3.18 10-34 g cm-3

Curvature • Ωk0 = −0.011 ± 0.013 

Components in the Universe after Planck



Equality
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with neutrinos : zeq = 3402 ± 26



Dominance of dark energy:

Start of acceleration:
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Thermal history of the Universe



Thermal history of the Universe



Spontaneous symmetry breaking



Why is the Universe 
thermalized?



Big bang nucleosynthesis
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Evolution of perturbations
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density contrast

Fourier transform

power spectrum



Evolution of perturbations

radiation pressure 
hampers the growth 
of perturbations

matter perturbations 
can grow after 
recombination

baryons remain coupled to radiation 
down to recombination, then fall in 
the potential wells of dark matter



Evolution of perturbations

acoustic peaks remain 
imprinted in the matter 
power spectrum as 
Baryonic Acoustic 
Oscillations (BAOs)

transfer function

an unspecified process imprints 
primordial fluctuations



Matter perturbations evolve under their own gravity



...then collapses into dark matter halos, where star 
formation can start and galaxies form

dark matter galaxies



Galaxies are biased tracers of the underlying 
matter density field



Galaxies are biased tracers of the underlying 
matter density field



Galaxies are biased tracers of the underlying 
matter density field

measurement for a simulation of the 
Euclid survey

BAOs



Galaxies are biased tracers of the underlying 
matter density field

measurement for a simulation of the 
Euclid survey

BAOs

measurement for the Baryonic 
Oscillations Spectroscopic Survey



anisotropic power spectrum



Galaxy images are subject to weak lensing



Programme 

+ Thermodynamics of the early Universe 

+ Quantum fields in a FRW universe 

+ From the Planck era to inflation 

+ Big bang nucleosynthesis 

+ Recombination and matter-dominated era


