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1  Abundance of cosmic neutrinos

2  Big bang nucleosynthesis

3  Matter-radiation decoupling
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Cosmological time vs temperature

so e.g. T=1 MeV (nucleosynthesis) occurs at 

		
z(T =1MeV )≈1010
t(T =1MeV )≈10 seconds



Distribution functions

number density of particles with momentum k in d3k

+1 fermions
-1 bosons
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Relativistic components

Only two particles in the standard model are massless (or almost massless):

photons and neutrinos

We can “easily” measure the abundance of photons from their present  CMB temperature

How can we predict the abundance of neutrinos?

Since neutrinos are actually massive (but very light), they could even
represent dark matter….



Temperature and abundance
of cosmic neutrinos

Relativistic case: m<< T

		
p= 13ρ

Bosons (photons) Fermions (neutrinos)
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	(ς(3)≈1.2)



Energy conservation

We see that

This is the conservation equation: V=𝑉%𝑎! à �̇� + 3𝐻 𝜌 + 𝑝 = 0



Energy conservation

since entropy is a state function (i.e., a total differential)

		
∂2S
∂V ∂T

= ∂2S
∂T ∂V

and since

we obtain



Energy conservation

entropy density

Since S=sa3 is conserved, s decreases as a-3



Energy conservation

Now we apply this to  relativistic particles:  one has then

		

s = ρ + p
T

= 4ρ3T = a43 g
π 2

30T
3 (sa3 constant)

a=1 bosons (photons); g=2 (photons)

a= 78 fermions (neutrinos); g=Nν (neutrinos); g=2 (electrons)
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Temperature of cosmic neutrinos

Photons and neutrinos are both relativistic, but there are two differences: 
1) photons are bosons, while neutrinos are fermions
2) photons are heated by electron/positron annihilation, neutrinos are not

Electrons and photons get out of equilibrium at T<0.5 MeV (freeze out); from that 
moment on, photons are heated by electron annihilations
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Freeze out

T > 0.5 MeV

T < 0.5 MeV

photons

pair annihilation
and pair creation

neutrinos

photons neutrinospair annihilation

(same temperature for photons and neutrinos)

(photons  are heated wrt neutrinos)



Temperature of cosmic neutrinos

before e- e+ freeze-out: electrons, positrons, neutrinos, photons

after e- e+ freeze-out: photons and neutrinos

(same temperature!)



	abTb = aaTν
because neutrinos have T=1/a 
at all times

Therefore finally:
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Relativistic degrees of freedom

relativistic density fraction today



Neutrinos have actually a very small mass, less than 1 eV.
So they are non-relativistic now (2.7k=10&'𝑒𝑉).

Massive neutrinos?

Their energy density today is then  mass x number density:

and finally we have a current fraction

i.e. around 0.01, insufficient to explain dark matter !

Similarly, we can derive their number density:

340 neutrinos per cubic centimeter today!



Main message:

		 
T ∼ 1

a
only in thermodynamic equilibrium!

If there are processes of freeze-out, T undergoes rapid jumps:

Relativistic degrees of freedom

Quark-Hadron
transition

Electron
pair annihilation

3.36

Relativistic
degrees of freedom

temperature Husdal, Galaxies 2016, 4, 78.


