Cosmology 1

2024/2025
Prof. Pierluigi Monaco

Third intermediate test

Topic: Early Universe.

Please deliver your test by June 11th.
Strict deadline: June 13th, 11:00.

The comoving Hubble horizon at matter-radiation equality leaves an observ-
able imprint on the matter power spectrum. This happens because fluctuations
on smaller scales enter the horizon during the radiation-dominated era and
cannot grow till equality, while larger scales enter the horizon in the matter-
dominated era and suffer no damping. At the same time, this comoving scale
depends on the number of relativistic species present in the early Universe, in
particular on the number of neutrinos and on any “dark radiation” that may be
present in the dark sector.

We will again assume a flat ACDM model with €, = 0.319, and Hy = 67
km/s/Mpc, and assume that flatness is achieved by having Qx =1 —Q,,, — Q.
(though the Q4 term is negligible at equality). We will call A, the number of
neutrino families.

(1) Compute the size of the comoving Hubble horizon dey at equality as a
function of N, and quantify it for AV, = 2, 3 and 4, in Mpc and h~! Mpc.

(2) Recast this in terms of the wavenumber koq = 1/deq, in h Mpc™!. How

accurate should a measurement of k.q be to enable us to measure the
number of neutrino families?

Let’s now assume N, = 3. Neutrinos have a small mass, so they belong to
the dark matter sector and at low redshift they contribute to the matter budget.

(3) Suppose that one of the neutrinos is much more massive than the others,
what should its mass be to explain dark matter?

(4) Compute €, today if the mass of the most massive neutrino is m, = 0.1

eV.

(5) At what time does this neutrino become non-relativistic?



Solution

(1)

To compute the comoving Hubble horizon at equality we need the second
Friedmann equation,

H? = Hi (Qn(1+2)° + Q. (1+2)" + Qn)
where the photon density is
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(peo 1s the critical density today) and
Q. =Q,(1+0.227N,) =9.34 x 107°

where 0.227 is the value of 7/8 x (4/11)*/3. At such high redshifts the
Qa term in the Friedmann equation is negligible, so we can modulate it
to keep the universe flat while varying the number of neutrinos, with no
significant effect on the results. The matter-radiation equality redshift is:
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Neglecting 24, and exploiting the fact that the two other terms in the
Friedmann equation are equal at zq, it is easy to obtain that:
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Its values are reported in the table below, in Mpc and h~! Mpc.

N, doq keq
2 89.2 Mpc  59.7 h=! Mpc | 0.0112 Mpc—!  0.0167 h Mpc~*
3 95.9 Mpc  64.2 h~! Mpec | 0.0104 Mpc—'  0.0156 h Mpc~*
4 | 102.1 Mpc 68.4 h~! Mpc | 0.0098 Mpc—! 0.0146 h Mpc~*

We have that:

Q. Hy [2
Fea ==\,

Its values are reported above, in Mpc™! and h Mpc~!. The relative vari-
ation of key from 2 to 4 neutrinos is ~ 14% so this quantity should be
measured to a few percent precision level to have a good measure.

The density parameter of dark matter is:
Qdm = Qm - Qb

If the heaviest neutrino species has a mass m, and the others are negligible,
then its mass density is:

Pr = MypNy1 = My
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where 1,1 is the number density of a single neutrino species and

1/3
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that is 1.94 K today. We equate the mass density p,, computed at t = ¢,
to the dark matter density, pam,0 = pPco€ldm, obtaining:

pdm,O

m, =
v nul(tO)

This results in a mass of m, = 11.4 eV.

It is easy to obtain €, for the smaller mass by using the expression for
pu(to) for m, = 0.1 eV. The result is €, = 2.38 x 1073, much larger than
Q. but still a minor contribution to £2;,.

The redshift when neutrinos become non-relativistic can be computed as
the time at which

my,c?

kp

T,(2) = Tuo(1+ 2zny) =

We obtain
Znr = 994



