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Consider the existence of Nν = 2, 3 and 4 families of elementary particles,
and thus of neutrino pairs. Compute, for each of these values, the following
quantities.

(i) The temperature (in GeV) of neutrino decoupling, obtained by assuming
τw = t(T ), where τw is the time between two consecutive neutrino-electron
scatterings and t is the age of the Universe, that depends on the temper-
ature of the thermal soup through the energy density.

(ii) The value of the neutron-to-proton ratios at freezing and the resulting
value of the Helium weight ratio Y .

(iii) The values of the equivalence redshift.

Report the equations used and the numbers obtained in max one page.

Solution

The temperature of neutrino decoupling Tν,dec can be computed by equating
the time τ between two consecutive scatterings of a neutrino with an electron
to the age of the Universe t:
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The dependence on Nν comes through
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where g? = 5.5 + 7/4Nν , while the electron density
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does not depend on Nν .
The resulting ratio of neutron to proton abundances is
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where we have set to 1 the ratio of neutron and proton masses. If all neutrons
go to 4He its mass ratio results
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Finally, the equivalence redshift can be computed as

1 + zeq =
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where ρc0 = 3H2
0/8πG and ρ2γ0 = arT
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γ0 with Tγ0 = 2.73 K. This depends on

Ωm and h, we assume Ωm = 0.315 and h = 0.674.
The results are reported in this table.

Nν g? Tν,dec (keV) nn/np Y zeq
2 9.0 875 0.226 0.369 3952
3 10.75 901 0.236 0.382 3418
4 12.5 924 0.245 0.393 3011
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