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Neutrino quantum kinetics is computationally intractable

Quantum kinetic equation for density matrix p(t, r, p):

1 (0 +D-0)p=H,p| +iC
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Particle advection Flavor Collisions
mixing

Hamiltonian H depends on p because neutrinos are coupled through
neutrino-neutrino forward scattering.



Flavor instabilities imply significant effects from oscillations

Slow instabilities
Kostelecky & Samuel, PLB (1993)

Fast instabilities
Sawyer, PRL (2016)

Collisional instabilities

Johns, PRL (2023)

CCSN dynamics with different
flavor-mixing prescriptions

Instability prevalence in CCSN simulation
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Flavor instabilities imply significant effects from oscillations

Instability prevalence in CCSN simulation
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sed solution:

arse-grained transport theory based on local mixing equil

, 2306.14982 (Thermodynamics of oscillating neutrinos)
s, 2401.15247 (Subgrid modeling of neutrino oscillations in astrophysics)
ns & Kost, 2506.03271 (Local-equilibrium theory of neutrino oscillations)
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Length scales, coarse-grainings, & transport theories

Microscale Mesoscale Macroscale

De Broglie Oscillation Collisional No further
length length mean free path scales

ldB < losc

Exact
many-body
dynamics Kinetics

Miscidynamics i
From Latin '

miscere, “to mix”
dynamics
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Computationally infeasible Inapplicable




quation in the local equilibriu

Flavor Collisional
polarization depolarization
vector rate
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equation in the local equilibrium

Flavor Collisional
polarization depolarization
vector rate
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As in hydrodynamics, there’s a
problem: y ~ < PP >, which
< PPP >, ...

» Adiabatic closure (y
> Kinetic theory o
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a: Approximate flavor waves
weakly coupled quasiparticles
compare phonons, magnons, etc.).

For a closely related approach,
see Fiorillo & Raffelt, PRL (2025)

Liu, Johns, & Nagaku




Kinetic theory of flavor waves (y # 0) et
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Kinetic equation for flavor-wave amplitude: Liv, Johns, & NogaR R
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Propagation along rays T A
like in geometric optics

Neutrino decay
to flavor waves

Three-wave
interactions

(similar to Boltzmann collision
integrals for particle interactions)
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Pg, 1(2) P, 1(2)
/ 5
o /,,;/A
Idea: Approximate flavor waves | \-ﬁ%
. . 3] Q\\\&?/
as weakly coupled quasiparticles | NS
(compare phonons, magnons, etc.). z 2 :
For a closely related approach, . | =
see Fiorillo & Raffelt, PRL (2025) | ///// !
l &
0_1 // i
0 = ¢
Py A

Kinetic equation for flavor-wave amplitude: Liv, Johns, & Napakt oD

Propagation along rays A
like in geometric optics

Neutrino decay

to flavor waves
This evolution feeds into

the viscosity y. We're now
working on testing the
Y # 0 theory numerically.

Three-wave
interactions

(similar to Boltzmann collision
integrals for particle interactions)




Summary

» Neutrino oscillations are estimated to have significant
effects on core-collapse supernovae & neutron star
mergers.

» Miscidynamics is a local-equilibrium theory that will
hopefully enable more reliable simulations.

» There are new & interesting avenues to explore regarding
the thermodynamics of neutrino oscillations.

e.g., see Sec. 9 of Fiorillo & Raffelt, 2505.20389, for a proof of the
oscillation H-theorem conjectured in the first paper below.

Johns, 2306.14982 (Thermodynamics of oscillating neutrinos)
Johns, 2401.15247 (Subgrid modeling of neutrino oscillations in astrophysics)
Johns & Kost, 2506.03271 (Local-equilibrium theory of neutrino oscillations)
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