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Instantaneous neutrino decoupling
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• Weak interactions : low energy 4-Fermi theory 

• Decoupling temperature

Γ
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Instantaneous neutrino decoupling - Entropy conservation
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• Overlap between decoupling and  annihilationse±
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• Overlap between decoupling and  annihilations 

 smaller  and increased 

e±

⟹ Tγ Tν

• Different interactions of  and  

 later decoupling for  + higher energy transfer

νe νμ,τ
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• More energetic neutrinos remain in thermal contact longer 
 spectral distortions⟹

We need to numerically evolve the distribution functions

f⌫e(p, t) 6= f⌫µ,⌧ (p, t) 6= fFermi�Dirac
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• Homogeneous and isotropic cosmology 

 Distribution function 

• Boltzmann equation + energy conservation equation

⟹

Neutrino decoupling - standard calculations
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• Use  as the integration variable. 

• Parametrization 

• Initially ( ), all species are coupled

Tcm = T(0)
ν ∝ a−1

T(in)
cm = 20 MeV

Neutrino decoupling - standard calculations
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• Standard model: 3 species of massless neutrinos  

• Homestake experiment, Solar Neutrino Problem…                         
 massive neutrinos 

 neutrino oscillations

νL

→

⟹

Massive neutrinos (1)

17

Flavor states Mass states

PMNS mixing matrix
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• Parametrization of the PMNS matrix (no CP violating phase) 

• Mixing angles

Massive neutrinos (2)
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• Neutrino mass hierarchy

Massive neutrinos (3)
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• Flavor mixing  the distribution functions  are not sufficient to 
describe the neutrino ensemble 

 Density matrix description 

Which evolution equation?  generalization of Boltzmann equation

→ fνα

⟹

→

Massive neutrinos (4)
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â⌫µi
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• Central object: s-body reduced density matrix 

In particular, one-body density matrix 

• Hamiltonian (second quantization)

Extended BBGKY formalism

21
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• BBGKY hierarchy 

Need to truncate this hierarchy  Hartree-Fock (mean-field),…⟹

Extended BBGKY formalism
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ṽimrn %

rkn
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• Correlated and uncorrelated contributions

Extended BBGKY formalism
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ṽikmlC

ml
jk � Cik

mlṽ
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• Correlated and uncorrelated contributions

• Simplest closure: Hartree-Fock (or mean-field) approximation

but need to account for correlations due to two-body collisions…
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ml
jk

�



• Molecular chaos assumption = correlations are built from collisions 
between uncorrelated particles

Extended BBGKY formalism
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• Molecular chaos assumption = correlations are built from collisions 
between uncorrelated particles

• Evolution equation

Extended BBGKY formalism
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• Neutrinos in the early universe (homogeneous, isotropic)
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ṽi1i2i3i4

%i3j3%
i4
j4
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j3j4
j1j2

%j1i01
%j2i2

+(1̂� %)i1j1(1̂� %)i2j2 ṽ
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ṽj1j2j3j4

(1̂� %)j3i3 (1̂� %)j4i4 ṽ
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h2
e (~p2)�µ(G

↵�
L PL +G↵�

R PR)u
h4
e (~p4)]

<latexit sha1_base64="R2Pk+6qeUNYO8KeEq983aPJuDTI="></latexit>

GL =

0

@
gL + 1 0 0

0 gL 0
0 0 gL

1

A

<latexit sha1_base64="OthBgYNVwwAgzRmKVmnShrNL6fs="></latexit>

GR =

0

@
gR 0 0
0 gR 0
0 0 gR

1

A

<latexit sha1_base64="unvxO/nXuM9QyLbrwc50/VBx+b0="></latexit>

gL = �1

2
+ sin2 ✓W

gR = sin2 ✓W



• Example of interaction matrix element (  scattering)ν − e−

Quantum Kinetic Equation for neutrinos

26

<latexit sha1_base64="v6NgBhJXlkToQVRx1h8itKZvZTw="></latexit>
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1. Neutrino evolution with mixing:       
Quantum Kinetic Equations 

2. An approximation:                          
Adiabatic Transfer of Averaged Oscillations 

3. Results for neutrino decoupling



Approximation scheme for neutrino oscillations

31

Tcm (MeV)

10
0
£
≥

T
∫

T
cm
°
1¥ QKE

No mixing

“No visible oscillations” 
 averaged oscillations? 
 approximate scheme?

⟹
⟹



• For simplicity, discard (for now) the mean-field term + two-neutrino mixing
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Checking that oscillations are averaged
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• Non-diagonal components of the density matrix in matter basis 
are averaged out 

• Effective “ATAO” equation

Adiabatic Transfer of Averaged Oscillations
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Instead of solving the full QKE, we can 

1. Go to matter basis, where the effective Hamiltonian (vacuum 
+ mean-field) is diagonal. 

This matter basis evolves adiabatically. 

2. Evolve the diagonal components of  (off-diagonal 
components are averaged out). 

3. Read the results in flavor basis.

ϱm

Adiabatic Transfer of Averaged Oscillations

37
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Quantum Kinetic Equations 

2. An approximation:                          
Adiabatic Transfer of Averaged Oscillations 

3. Results for neutrino decoupling
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Neutrino decoupling with flavor oscillations
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• Excellent accuracy of ATAO approximation (<10-6). 

• Slight increase of  (3.0434  3.0440) 

flavor conversion of more phase space for  annihilations 

• Higher precision? 

• Full QED corrections 

• Inhomogeneous cosmology

Neff →
νe ⟹ e±

Decoupling with flavor oscillations - Comments
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ΔNeff > 10−5



Neutrino decoupling
• Neutrinos capture part of the entropy released by  

annihilations 
• Increased effective temperatures + spectral distortions 
• Exact or approximate treatment of neutrino mixing 
•

e±

Neff ≃ 3.044
Consequences on BBN, CMB…

Conclusion
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[JF, C. Pitrou, Phys. Rev. D 101, 043524 (2020)]


