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Statistical factor
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F (1, 2, 3, 4) = (1→ f1) (1→ f2) f3f4 → (1→ f3) (1→ f4) f1f2

fi = fωi(x,pi, t)

Scattering 
amplitude

Energy-momentum conservation

Electrons, nucleons, neutrinos…



Neutrino flavor oscillations
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• Standard Model: 3 species of massless neutrinos  

• Experimental evidence in the second half of the 20th century                                                            
 massive neutrinos 

 neutrino oscillations

νL

→

⟹

Flavor states Mass states

PMNS mixing matrix
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BBGKY approach



Julien Froustey
* Hamiltonian (second quantization)
* One-body, two-body… density matrices
* Ehrenfest equation and BBGKY hierarchy
* Mean-field approximation and beyond: separation of scales and collision term

Julien Froustey
Blackboard:
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Neutrino-neutrino interaction Hamiltonian
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One obtains the interaction coefficient:

Neutrino-neutrino interaction Hamiltonian
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Interaction length ~ de Broglie wavelength
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ωdB → 1

10MeV
→ 10→13 m ↑↓ εcoll → 10→21 s

Typical energy ~ temperature ~ 10 MeV

<latexit sha1_base64="gqsivYJ0w9fiLwRhaHebLX4MJNA="></latexit>ωcoll

Coarse-graining 
timescale

<latexit sha1_base64="FGm81P0jlLFJpUAUUO8KvW7PoDI="></latexit>

t
<latexit sha1_base64="7OiZRDNnSJDdFb/yAG4GtjN/rhI="></latexit>ωevol.macro

Timescales

<latexit sha1_base64="1s8uyToxK0wEP2em9Ya8OWOUpTo="></latexit>→ <latexit sha1_base64="1s8uyToxK0wEP2em9Ya8OWOUpTo="></latexit>→



A problem of many scales

6

Interaction length ~ de Broglie wavelength
<latexit sha1_base64="x9xDmJncG3XS6ZgbrHIzLHuOzeU="></latexit>

ωdB → 1

10MeV
→ 10→13 m ↑↓ εcoll → 10→21 s

<latexit sha1_base64="MvX90nUfsZ6nM1qakQtid+oOzgY="></latexit>

ωmfp →
(
G2

FT
5
)→1 → 10→4 s

Duration between collisions = Mean-free path

Typical energy ~ temperature ~ 10 MeV
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Oscillation timescales

Typical energy ~ temperature ~ 10 MeV
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i3i4
i01i2

⌘

Gain Loss

<latexit sha1_base64="BiB6QEQGpmEcl5/WWa98cC23giY="></latexit>

i
dωij
dt

= [t+ !, ω]ij + i Ci
j



Homogeneous Quantum Kinetic Equation

7

<latexit sha1_base64="xuNF8A73JMQ4AbDifd+UKUWLWCk="></latexit>

Ci1
i01

/ 1

4

⇣
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j3j4
j1j2

%j1i01
%j2i2

+(1̂� %)i1j1(1̂� %)i2j2 ṽ
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Vacuum oscillations

MSW resonance Matter-neutrino resonance

Fast instabilities
Slow instabilities

Rich phenomenology of flavor conversion mechanisms, including:
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• Calculation of standard neutrino decoupling:  Neff = 3.044
JF, C. Pitrou, M.C. Volpe [2008.01074] 
J. Bennett et al. [2012.02726] 
M. Drewes et al. [2402.18481]
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• Calculation of standard neutrino decoupling:  Neff = 3.044

• Extension to the case of nonzero neutrino/antineutrino asymmetries

JF, C. Pitrou, M.C. Volpe [2008.01074] 
J. Bennett et al. [2012.02726] 
M. Drewes et al. [2402.18481]

<latexit sha1_base64="bhSJnXfepB2EF5C7Vp5dP9DhLmY="></latexit>

ωε

ωt
→Hp

ωε

ωp
= →i [Hvac +Hmat +Hωω , ε] + C

<latexit sha1_base64="V5HIJBZE4YweGts923ace4nDHKE="></latexit>

⌘av = ⌘e = 0.1

⌘µ � ⌘⌧ = 4

Initial values

JF, C. Pitrou [2110.11889] 
JF, C. Pitrou [2405.06509]

<latexit sha1_base64="0AfUC+tv5v1+QNeb4lyS3vHl6gs="></latexit>

ωω → nεω ↑ nε̄ω

T 3



Neutrino transport in the early Universe

12

10°1100101
T∞ (MeV)

°2

°1

0

1

2

6
(n

Æ
°

n̄
Æ
)/

T
3 cm

6¥̂

e

µ

ø

10°1100101

Tcm (MeV)

1.0

1.2

1.4

z

zmix

T∞,FO T∞,Nuc

 a
sy

m
m

et
ry

ν/
ν̄

Co
m

ov
in

g 
 

ph
ot

on
 te

m
pe

ra
tu

re

~ Temperature of the Universe

BBN
Collective neutrino 

oscillations

• Calculation of standard neutrino decoupling:  Neff = 3.044

• Extension to the case of nonzero neutrino/antineutrino asymmetries

JF, C. Pitrou, M.C. Volpe [2008.01074] 
J. Bennett et al. [2012.02726] 
M. Drewes et al. [2402.18481]

<latexit sha1_base64="bhSJnXfepB2EF5C7Vp5dP9DhLmY="></latexit>

ωε

ωt
→Hp

ωε

ωp
= →i [Hvac +Hmat +Hωω , ε] + C

<latexit sha1_base64="V5HIJBZE4YweGts923ace4nDHKE="></latexit>

⌘av = ⌘e = 0.1

⌘µ � ⌘⌧ = 4

Initial values

JF, C. Pitrou [2110.11889] 
JF, C. Pitrou [2405.06509]

<latexit sha1_base64="0AfUC+tv5v1+QNeb4lyS3vHl6gs="></latexit>

ωω → nεω ↑ nε̄ω

T 3



• The quantum kinetic approach consists in describing the evolution at the one-body level.

Formally similar to OQS equations with system = ‘one neutrino’ and environment = ‘the rest’

• It relies on a separation of scales: 

• quasi-instantaneous scatterings compared to a ‘long’ macroscopic evolution

• Weak inhomogeneities, on large scales compared to the de Broglie wavelength

Summary and prospects

16
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• quasi-instantaneous scatterings compared to a ‘long’ macroscopic evolution

• Weak inhomogeneities, on large scales compared to the de Broglie wavelength

• Applications in astrophysics and cosmology, where neutrinos (and their flavor) play key roles.

• Ongoing debate: entanglement is neglected in the QKE approach. Is that always justified?
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