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Neutrinos coupled
by weak interactions
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. Decoupled neutrinos
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e The CNB contributes to radiation at early times and to matter at late times (info
on the number of neutrinos and their masses)

e Cosmological observables can be used to test standard or non-standard
neutrino properties

Wmuon Ttau ™ 7 ' T X70-73 "‘e/l’/h)
. ac
V neutrino C@ e hole | Particle Data Group, LBNL, © 2008. Supported by DOE and NSF (G@l/)
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Evolution of the background densities: 1 MeV - now
temperature T (eV)
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Evolution of the background densities: 1 MeV - now

temperature T (K)
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Production and decoupling
of relic neutrinos
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Distribution function of particle momenta in

csl ¢ equilibrium | B — 1 -1
Equilibrium fU(p, T) = [exp < - “') o 1]
thermodynamics
Thermodynamical variables
RELATIVISTIC
VARIABLE NON REL.
BOSE FERMI
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Neutrinos in Equilibrium

1 MeV ST Sm,y,
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Cosmological energy densities: radiation

Energy density of relativistic — g / dgp p
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Neutrino decoupling

As the Universe expands, particle densities are diluted and
temperatures fall. Weak interactions become ineffective to keep
neutrinos in good thermal contact with the e.m. plasma

Rough, but quite accurate estimate of the decoupling temperature

Rate of weak processes ~ Hubble expansion rate

8T Prad
3M2

87 Prad

— T 5 GRTP &
3M2 d

I'w =~ ow|v|n, H? = — Tgec(v) = 1 MeV

Since v.have both CC and NC interactions with e*

Taec(Ve) ~ 2 MeV  Tyec(vy,r) ~ 3 MeV
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Neutrinos coupled
by weak interactions
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Neutrino and photon (CMB) temperatures
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Neutrino decoupling and e* annihilations
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Neutrino and Photon (CMB) temperatures

T, (MeV)
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The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f (p T) _ 1
spectrum as that of a relativistic species v exp(p/T,) + 1

* Number density

dBP 3 6C(3) 3
n / (27_‘_)3 f (p ) 11n’7 117_‘_2 CMB

e Energy density

Tn? (4 4/3 74
& 120 \ 11 CMB
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L TMy; Ny Massive m>>T




The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f (p T) _ 1
spectrum as that of a relativistic species v exp(p/T,) + 1

* Number density

At present 112 (1 + ) cm™3 per flavour

e Energy density

O, h? ~ 1.7 x 107° Massless

Contribution to the energy

density of the Universe Massive

m,>>T




Evolution of the background densities: 1 MeV - now
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The radiation content
of the Universe (N_4)



Relativistic particles in the universe

At T<m,, the radiation content of the Universe is

- s 4 \A/3
Prad = Py + P = P~ 1+§<ﬁ> X3

Valid for standard neutrinos in the
instantaneous decoupling approximation




Relativistic particles in the universe

At T<m,, the radiation content of the Universe is

i v 4 4/3
Prad =y + Py + pu = py |1+ = [ — @
8 \ 11 /
effective number of relativistic neutrino species
(effective number of neutrinos)

Pv T Pz
Py
1960s-1970s : Ns= N,, extra neutrinos would enhance the

cosmological expansion
>1980s: N = additional relativistic particles

N.¢ IS @ way to measure the ratio

Number of light neutrino types (LEP data) [NV, = 2.984 £ 0.008



Relativistic particles in the universe

At T<m,, the radiation content of the Universe is

_ Y 4/3 _
Prad = P~y T Pv T Pz = Py 1‘|‘§ (11>/

effective number of neutrinos

additional relativistic particles (scalars, pseudoscalars,
decay products of heavy particles,...)

non-standard neutrino physics (primordial neutrino
asymmetries, totally or partially thermalized light

sterile neutrinos, non-standard interactions with
electrons,...)



N.+ # 3 in the standard case



N > 3 : small neutrino heating
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Standard scenario: final distortions
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N > 3 : small neutrino heating
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Exercises: try to calculate...

The present number density of massive/massless neutrinos
n,’incm?

The present energy density of massive/massless neutrinos €, °
and find the limits on the total neutrino mass from €2, °<1 and

QL <Q.°
The final ratio TY/TV using the conservation of entropy density
before/after e annihilations

The decoupling temperature of relic neutrinos using I'\,=H

The photon temperature / redshift of the matter radiation
equality form,=1 eV
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