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Where do neutrinos come from?

Accelerators in 
astrophysical sources ?ü

Early Universe
(today 336 n/cm3)

Indirect evidence

Nuclear reactorsü

Particle acceleratorsü

Earth Atmosphere
(Cosmic rays)

ü

Sun ü

Supernovae
SN 1987A ü

Earth interior
(Natural Radioactivity)

ü



Grand Unified Neutrino Spectrum at Earth

Vitagliano, Tamborra, and Raffelt, Rev Mod Phys 92 (2020) 45006  

cosmology
oscillations

astrophysics



Low Energy 
Neutrinos

VERY LOW 
Energy Neutrinos



Outline
Introduction: neutrinos and the 

history of the Universe

The radiation content 
of the Universe (Neff)

Production and decoupling 
of relic neutrinos
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Introduction: neutrinos and the
history of the Universe



Role of
neutrinos?



T~MeV
t~sec

Primordial 

Nucleosynthesis

Neutrinos coupled 
by weak interactions



T~MeV
t~sec

Decoupled neutrinos
(Cosmic Neutrino 
Background or CNB)

Neutrinos coupled 
by weak interactions



At least 2 

species are 

NR today

Relativistic neutrinos

T~
m

ν

Neutrino cosmology is interesting because Relic neutrinos are very abundant:

• The CNB contributes to radiation at early times and to matter at late times (info 
on the number of neutrinos and their masses)

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



⇢R ⇠ a�4 , w = 1/3 (Radiation)
⇢M ⇠ a�3 , w = 0 (Matter)
⇢⇤ ⇠ const. , w = �1 (Cosmological constant)

energy density: ⇢(a) = a�3(1+w)



Evolution of the background densities: 1 MeV → now

Three
neutrino 
species with
different
masses
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photons

neutrinos

cdm

baryons

Λ

mn=50 meV

mn=9 meV

mn≈ 0 eV

mn=1 eV
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Evolution of the background densities: 1 MeV → now



Production and decoupling
of relic neutrinos



T~MeV
t~sec

Primordial 

Nucleosynthesis

Neutrinos coupled 
by weak interactions



Equilibrium 
thermodynamics

Particles in equilibrium
when T are high and 
interactions effective

T~1/a(t)

Distribution function of particle momenta in 
equilibrium

Thermodynamical variables

VARIABLE
RELATIVISTIC

NON REL.
BOSE FERMI



Neutrinos in Equilibrium
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Cosmological energy densities: radiation
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Energy density of relativistic 
particles withfi(p)



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

Rate of weak processes ~ Hubble expansion rate

Rough, but quite accurate estimate of the decoupling temperature

Since νehave both CC and NC interactions with e±

�W ⇡ �W |v|n, H
2 =

8⇡⇢rad
3M2

P

! G
2
FT

5 ⇡

s
8⇡⇢rad
3M2

P

! Tdec(⌫) ⇡ 1 MeV

Tdec(⌫e) ' 2 MeV Tdec(⌫µ,⌧ ) ' 3 MeV



Neutrino decoupling

Expansion of the Universe

Weak
Processes
Effective:
n in eq

(thermal
spectrum)

Collisions less
and less
important:
n decouple
(spectrum
keeps th. form)

f� =
1

exp(p/T ) + 1



T~MeV
t~sec

Neutrinos coupled 
by weak interactions

f⌫(p, T ) =
1

exp(p/T ) + 1



T~MeV
t~sec

Neutrinos coupled 
by weak interactions

f⌫(p, T ) =
1

exp(p/T ) + 1

Free-streaming neutrinos 
(decoupled):  Cosmic 
Neutrino Background

Neutrinos keep the energy
spectrum of a relativistic

fermion with eq form



At T~me, 
electron-
positron pairs 
annihilate

heating photons 
but not the 
decoupled 
neutrinos

Neutrino and photon (CMB) temperatures

f⌫(p, T ) =
1

exp(p/T⌫) + 1

T�

T⌫
=

✓
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4

◆1/3



Neutrino decoupling and e± annihilations

Expansion of the Universe

Weak
Processes
Effective:
n in eq

(thermal
spectrum)

Collisions less
and less
important:
n decouple
(spectrum
keeps th. form)

γγ®+ -ee

T�

T⇥
=

�
11

4

⇥1/3

f� =
1

exp(p/T�) + 1

f� =
1

exp(p/T ) + 1



At T~me, 
electron-
positron pairs 
annihilate

heating photons 
but not the 
decoupled 
neutrinos

Photon temp falls
slower than 1/a(t)

Neutrino and Photon (CMB) temperatures

f⌫(p, T ) =
1

exp(p/T⌫) + 1

T�

T⌫
=

✓
11
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The Cosmic Neutrino Background

• Number density

• Energy density

 3
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Neutrinos decoupled at T~MeV, keeping a 
spectrum as that of a relativistic species
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The Cosmic Neutrino Background

• Number density

• Energy density

 3
23

3

11
3(6

11
3

2 CMBγννν T
π
)ζn)(p,Tf

π)(
pdn === òAt present 112               cm-3 per flavour

Contribution to the energy 
density of the Universe

Neutrinos decoupled at T~MeV, keeping a 
spectrum as that of a relativistic species

(� + �̄)

Massless

Massive

mν>>T

f⌫(p, T ) =
1

exp(p/T⌫) + 1



photons

neutrinos

cdm

baryons

Λ

mn=0.05 eV

mn=0.009 eV

mn≈ 0 eV

mn=1 eV

�i = �i/�crit

aeq: rr=rm

⌦⌫h
2 =

P
m⌫i

93.2 eV

Evolution of the background densities: 1 MeV → now

temperature
co

sm
ol

og
ica

l
en

er
gy

de
ns

iti
es

scale factor



Low Energy 
Neutrinos

VERY LOW 
Energy Neutrinos

Non-relativistic?

€ 

Δm31
2

€ 

Δm21
2



The radiation content
of the Universe (Neff)



Relativistic particles in the universe

Valid for standard neutrinos in the 
instantaneous decoupling approximation

⇢rad = ⇢� + ⇢⌫ = ⇢�
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At T<me, the radiation content of the Universe is



Relativistic particles in the universe

effective number of relativistic neutrino species
(effective number of neutrinos)

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

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�

"
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Ne↵

#

Neff is a way to measure the ratio 
�⇥ + �x

��

1960s-1970s : Neff = Nn, extra neutrinos would enhance the 
cosmological expansion
>1980s: Neff = additional relativistic particles

Number of light neutrino types (LEP data)
<latexit sha1_base64="EJDky4Mnm0BHkjIi9KR37wwQLmM=">AAAB+nicdVDLSgMxAMzWV62vVQ8evASL4GnZlNJuD0LRiyepYFuhuyzZNNuGZh8kWaGs/Rk9iXrzM/wB/8ZsraCic8lkZgKZCVLOpLLtd6O0tLyyulZer2xsbm3vmLt7PZlkgtAuSXgibgIsKWcx7SqmOL1JBcVRwGk/mJwXfv+WCsmS+FpNU+pFeBSzkBGstOSbB5e+G2fwFNasllOHbhpB27JtxzerxWkjhOYCajZsTVotp4YciApLowoW6PjmmztMSBbRWBGOpRwgO1VejoVihNNZxc0kTTGZ4BEdaBrjiEovnxeYweMwEVCNKZzfv2dzHEk5jQKdibAay99eIf7lDTIVOl7O4jRTNCY6or0w41AlsNgBDpmgRPGpJpgIpn8JyRgLTJReq6Lrf3WE/5NezUINC13Vq+2zxRBlcAiOwAlAoAna4AJ0QBcQMAMP4Bm8GHfGvfFoPH1GS8bizT74AeP1AyFakT8=</latexit>

N⌫ = 2.984± 0.008



Relativistic particles in the universe

effective number of neutrinos

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

Neff ≠ 3

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,…)

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�
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Neff ≠ 3 in the standard case



Neff > 3 : small neutrino heating

Expansion of the universe

Weak
processes
effective:
n in eq
(thermal
spectrum)

n decoupling
depends on
n momentum
(small
spectral
distorsions)

γγ®+ -ee
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exp(p/T ) + 1
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f⌫ = f eq
⌫ + �f⌫↵

Ne↵ = 3.04...



Standard scenario: final distortions

spectraldistortions

feq

P F de Salas & SP, JCAP 07 (2016) 051



Neff > 3 : small neutrino heating

Expansion of the universe

Weak
processes
effective:
n in eq
(thermal
spectrum)

n decoupling
depends on
n momentum
(small
spectral
distorsions)

γγ®+ -ee
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f⌫ = f eq
⌫ + �f⌫↵

Ne↵ = 3.044

J Froustey et al, JCAP 12 (2020) 015
J J Bennett et al, JCAP 04 (2021) 073



End



Exercises: try to calculate…

• The present number density of massive/massless neutrinos 
nn0 in cm-3

• The present energy density of massive/massless neutrinos Wn
0 

and find the limits on the total neutrino mass from Wn
0<1 and 

Wn
0 < Wm

0

• The final ratio Tg/Tn using the conservation of entropy density
before/after e± annihilations

• The decoupling temperature of relic neutrinos using GW»H

• The photon temperature / redshift of the matter radiation
equality for mn = 1 eV



For more details…

Ed. Cambridge Univ. Press, 2013
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