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Vacuum Mean-field Collisions

Matter effects 
(effective potential 

due to the 
background)

First calculation with 
the full collision term

Assumptions:

‣ Isotropy and homogeneity

‣ No asymmetry

‣ Standard interactions + 3 species of (anti)neutrinos

‣ No CP phase (yet)
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• Discretization in momentum: grid of size                                    
(linear or Gauss-Laguerre quadrature)

Ny

Collision term

Numerical improvements
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• Discretization in momentum: grid of size                                    
(linear or Gauss-Laguerre quadrature)

Ny

Collision term

• Jacobian: computed via finite differences   if not provided⟹ 𝒪(N4
y )

But we can compute it!

Numerical improvements
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• Simplified argument: 2-neutrino mixing, no mean-field

Approximation scheme for neutrino oscillations
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• Off-diagonal components of the density matrix in matter basis 
are averaged out


• Effective “ATAO” equation

Adiabatic Transfer of Averaged 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

12

ΔNeff = 2 ⋅ 10−4



• PMNS matrix with CP phase


• Important property:  and  treated identically


• Convenient unitary transformation 

νμ ντ

Role of the CP phase (1)

13

[J. Gava, C. Volpe, Nucl. Phys. B 837 (2010)]
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• Consequences:


‣                                    no change in  !


‣ (1,1) coefficient unchanged


No effect on BBN!

⟹ Neff

Role of the CP phase (2)
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• Through the mixing , increase of  ( )νe → νμ,τ Neff +6.10−4

• Exact or approximate treatment of neutrino mixing, with the full 
collision term

• Substantial numerical improvements
•  with a few  precisionNeff = 3.0440 10−4

• Subdominant changes for BBN predictions

Conclusion
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• Exact or approximate treatment of neutrino mixing, with the full 
collision term

• Substantial numerical improvements
•  with a few  precisionNeff = 3.0440 10−4

• Subdominant changes for BBN predictions

Upcoming challenges: (an)isotropy, BSM physics…

Conclusion
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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

17
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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]



• Discretization in momentum: grid of size                                   
(linear or Gauss-Laguerre quadrature)

Ny

Collision term

Jacobian calculation
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• Discretization in momentum: grid of size                                   
(linear or Gauss-Laguerre quadrature)

Ny

Collision term

• Jacobian: computed via finite differences  ⟹ 𝒪(N4
y )

Jacobian calculation
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Checking the adiabatic approximation

19

x = me/T cm

Effective 
oscillation 

frequencies
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Checking that oscillations are averaged

20x = me/T cm

Collision rate

Relative variation 
of collision term

Effective oscillation 
frequencies
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Incomplete neutrino decoupling and BBN
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“Clock effect”higher expansion rateNeff > 3 ⟹
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