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Neutrino decoupling and e± annihilation

Expansion of the universe

Weak
processes
effective:
n in eq

(thermal
spectrum)

Collisions less
and less
important:
n decouple
(spectrum
keeps thermal
form, CNB)
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Relativistic particles in the universe

Valid for standard neutrinos in the 
instantaneous decoupling approximation
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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)
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At T<me, the radiation content of the Universe is

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�
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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

M Lattanzi’s plenary talk



CMB anisotropies + other data

3.044
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(2018) PlanckNe↵ = 2.99+0.34
�0.33

Ne↵ = 4.2+1.2
�1.7 (2005) WMAP+…

(2001) early CMB dataNe↵ . 17

https://arxiv.org/abs/1807.06209


Relativistic particles in the universe

effective number of neutrinos
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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 thermalised light 
sterile neutrinos, non-standard interactions with
electrons,…)
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Neff with active-sterile
neutrino oscillations
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See also http://globalfit.astroparticles.es
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massive neutrinos νiflavour neutrinos νa

Neutrino mixing and oscillations: 3 flavours

Current knowledge of 3 active n mixing: de Salas et al, JHEP 02 (2021) 071 & update

http://globalfit.astroparticles.es/


Mixing of four neutrino states?
Additional neutrino (sterile) states introduced in order

to explain some anomalies in experimental data 

4 flavour neutrinos, 4 massive neutrinos

4x4 mixing matrix

We consider 3 (active) + 1 (sterile), a perturbation of the 3-neutrino case
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L Wen’s plenary talk



Neff & active-sterile neutrino oscillations

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

Oscillations effective
AFTER decoupling: 
spectrum of active 
neutrinos distorted

but Neff=3

Oscillations effective
BEFORE decoupling: the

additional species can be 
brought into eq: Neff=4

10



3+1 case: equations for the neutrino density matrix

matter potential
term

Boltzmann evolution equations (matrix form)

collision
integrals
(α GF

2)

off-diagonal 
terms

diagonal terms
(occupation numbers)

diag(m2
1,m

2
2,m

2
3,m

2
4)

vacuum osc. 
term
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Code: FORTran-Evolved PrimordIAl
Neutrino Oscillations (FortEPiaNO)



Results: final value of Neff and sterile mixing parameters
Only q14 or |Ue4|2

S Gariazzo, PF de Salas & SP JCAP 07 (2019) 014 12

Additional 
neutrino in 
full eq, Neff=4

https://doi.org/10.1088/1475-7516/2019/07/014


Results: final value of Neff and sterile mixing parameters

13S Gariazzo, PF de Salas & SP JCAP 07 (2019) 014

https://doi.org/10.1088/1475-7516/2019/07/014


Results: final value of Neff and sterile mixing parameters
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How to reconcile 3+1 oscillations with Neff < 4

We would need
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recent analysis with 1+1 active-sterile oscillations: 
T Hasegawa et al, JCAP 08 (2020) 015

https://doi.org/10.1088/1475-7516/2020/08/015


Very low-reheating scenarios
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Cosmological scenarios with low-rehating temperature



Neff < 3 ?

Expansion of the universe

Weak
processes
effective

Collisions less
and less
important:
n decouple

γγ®+ -ee

LOW-REHEATING SCENARIO
If latest reheating phase of the

Universe ends in this region
(TRH<10 MeV), interactions not

enough to bring the standard
neutrinos into equilibrium
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3n in very low-reheating scenarios
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M Lattanzi et al, PRD 92 (2015) 123534

http://dx.doi.org/10.1103/PhysRevD.92.123534
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Ne↵

3+1 case in very low-reheating scenarios

3+1 benchmark case:

T Brinckmann et al, in preparation
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TRH & 4MeV



Conclusions

ü If a fourth (sterile) neutrino state exists in order to explain the
anomalies in oscillation measurements, it would have important
implications for the cosmological scenario (Neff, mn,eff)

ü We solved the momentum-dependent kinetic equations in the
early Universe in the 3+1 neutrino scheme, including for the first
time all neutrino mixings (three active-sterile: q14, q24, q34)

ü The tension with the cosmological measurement of Neff can be
alleviated in very low reheating scenarios. The lower bound on TRH
is almost independent of the existence of active-sterile mixing
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