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• Instantaneous decoupling approximation 

How to go beyond this approximation? 

• Follow the distribution functions : Boltzmann equation 

We use  as the integration variable.

fνα
(p, t)

Tcm = T(0)
ν ∝ a−1

Neutrino decoupling
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Neutrino decoupling - standard calculations
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• Important parameter: effective number of neutrino species Neff

Towards a precision calculation
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• Important parameter: effective number of neutrino species Neff

• Goal:  precision on < 10−3 Neff

 neutrino masses and mixings⟹

Towards a precision calculation
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[G. Mangano et al., Nucl. Phys. B 729, 221 (2005)] 
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• Due to mixing, the three distribution functions , ,  are not 
sufficient to describe the ensemble of neutrinos.

fνe
fνμ

fντ

Statistical description of neutrinos
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Evolution equation?
↓

• Perturbative expansion [G. Sigl, G. Raffelt, Nucl. Phys. B 406, 423 (1993)] 

• Close Time Path formalism [D. Blaschke, V. Cirigliano, Phys. Rev. D 94, 033009 (2016)] 

• Extended BBGKY hierarchy [JF, C. Pitrou, M.C. Volpe, 2008.01074]



Quantum Kinetic Equations
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Vacuum Mean-field Collisions

Matter effects (effective potential 
due to the background) 

Not the usual  since 2GFne ne ≃ nē

[JF, C. Pitrou, M.C. Volpe, 2008.01074]

First calculation with 
the full collision term



Approximation scheme for neutrino oscillations
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• Simplified argument: 2-neutrino mixing, no mean-field

Approximation scheme for neutrino oscillations
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Adiabatic Transfer of Averaged Oscillations
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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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Neutrino decoupling without flavor oscillations
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Neutrino decoupling with flavor oscillations
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Effective temperatures Effective distortions
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Neutrino decoupling with flavor oscillations
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Effective temperatures Effective distortions
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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 

• Small dependence with the mass hierarchy ( ) 

• Higher precision? 

• Full QED corrections 

• Inhomogeneous cosmology

Neff →

νe ⟹ e±

ΔNeff ≲ 10−5

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 
• First calculation with the full collision term 
•

e±

Neff ≃ 3.044

Conclusion

15
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Consequences on BBN, CMB…

Conclusion
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Quantum Kinetic Equations: collision term
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Checking the adiabatic approximation
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x = me/Tcm

Effective 
oscillation 

frequencies
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Checking that oscillations are averaged

20x = me/Tcm

Collision rate

Relative variation 
of collision term

Effective oscillation 
frequencies
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