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CCSN dynamics hinges on neutrino energy spectrum, angular
distributions, and their flavor dependent structures

Mass accretion
(pre-shock region)

Neutrino cooling
region

Proto-neutron star




BNSM simulation
by Kenta Kiuchi
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Lepton number transport by neutrinos is
a key player to determine r-process nucleosynthesis.
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A kinetic framework is essential for modeling of neutrino radiation field

Figure by Thomas Janka 2017
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Boltzmann neutrino transport
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Various Approximate approaches solving neutrino transport

\s Gray (energy-integrated) neutrino transport

\/ Diffusion approximation (e.g., MGFLD)

\, Leakage method

v Two-moment method

CCSN )
simulations

e Vv Ray-by-Ray approximation

\/ Isotropic Diffusion Source Approximation (IDSA) )



Neutrino oscillation induced by self-interactions
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\/ This is a non-equilibrium quantum many-body problem

Pantalone 1992
Sea of neutrinos

\/ Neutrino dispersion relations are modified by refractive effects, analogous to the
MSW effect in matter

(Refractive effect is essentially analogous to those for photons in a medium as well)

\/ Because neutrino flavor (or mass) eigenstates span multiple states (at least three),
neutrino self-interactions can enhance flavor coherence



Rich flavor-conversion phenomena driven by
neutrino self-interactions

Am
- Slow-mode (Duan et al. 2010) Vacuum: “= 55
Matter: = \2Gpn,,
- Energy-dependent flavor conversion occurs. Self-int: ;= vagn,,

= The frequency of the flavor conversion is proportional to -\

- Fast-mode (FFC) (sawyer 2005)

* Collective neutrino oscillation in the limit of w = 0.
= The frequency of the flavor conversion is proportional to
= Anisotropy of neutrino angular distributions drives the fast flavor-conversion.

- Collisional flavor instability (CFl) (ohns 2021)

= Asymmetries of matter interactions between neutrinos and anti-neutrinos

drive flavor conversion. -T +
Im ="+ r-r HS _ T

[ Matter-interaction rate

P
2 " (uD)2+ 4l S
- Matter-neutrino resonance (Malkus et al. 2012)

* The resonance potentially occur in BNSM/Collapsar environment (but not in CCSN).
- Essentially the same mechanism as MSW resonance.
A+ pf ~ |w]




Huge scale discrepancy between astrophysical phenomena

and neutrino flavor conversions P ——
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Towards self-consistent CCSN and BNSM simulations
with neutrino flavor conversions
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Phenomenological approach:
Li and Siegel 2021, Just et al. 2022, Fernandez et al. 2022, Ehring et al. 2023

Radiation-hydrodynamic simulations Flavor instability criterion
with classical neutrino transport Approximate stability analysis
or
adhock criterion

P axn dr op' o1

Full Boltzmann transport

o of  dpl af _ (6f>co|’

or Flavor mixing is incorporated through
a( YE)+ & y(aFi - BE)] + parameterized prescriptions
= a Y[PIKij - F1g; Ina - S%ng],

J_ YRR
o( YFi)+ o[ V(aP' - BIFi)]
_ o
= Y[‘ Edia+ Fxaip* + Epjkaivjk"' GSina},

Approximate method (e.g., two-moment method) Fernandez et al. 2022

Providing qualitative insights into

how flavor conversions influence CCSNe/BNSMs.
See also talks by Jakob Ehring and Oliver Just
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CCSN simulation in Ehring et al. PRL 2023 Slide 1 by Jakob Ehring
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CCSN simulation in Ehring et al. PRL 2026
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Slide 3 by Jakob Ehring
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Fast flavor conversions can change ejecta composition (CCSN)
Fujimoto and Nagakura 2023
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- Neutron star kick powered by neutrino flavor conversions
Nagakura and Sumiyoshi 2024
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A representative example of BNSM simulation with FFC

Slide by Oliver

Just et al. 2022
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Ye and equilibrium values in ejected material

Impact of (effective) flavor mixing in neutrino-cooled disks

timescales [s]

Just, Abbar, Wu, Tamborra,
Janka, Capozzi PRD 105 (2022)

2) smaller abundance of
electron-type neutrinos —>
reduced absorption rates

timescales in ejected material
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Effective classical transport
Xiong et al. 2025
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BGK subgrid model

Nagakura et al. 2024
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Asymptotic state of FFC can be estimated
“analytically” by conservation laws and

stability condition
Zaizen and Nagakura 2022

: Full QKE

: Relaxation-time approximation
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Nagakura et al. 2024

informed effective approach: BGK subgrid model

QKE

QKE(c=0.9)
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CCSN and BNSM simulations incorporating neutrino flavor
conversion based on BGK subgrid model

\v BNSM Lund et al. 2025

The fraction of low-
Ye ejecta increases.

Fractional Mass

Nucleosynthesis yields
are altered.

FFC enhances
neutrino cooling

See also Kyohei Kawaguchi’s talk and Yi Qiu’s talk
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CCSN General Relativistic multi-dimensional radiation-hydro

simulations with multi-angle neutrino transport with BGK-FFC
Akaho, Nagakura et al. (arXiv:2601.08269)
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CCSN General Relativistic multi-dimensional radiation-hydro

simulations with multi-angle neutrino transport with BGK-FFC
Akaho, Nagakura et al. (arXiv:2601.08269)
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Accurate modeling of FFCs in CCSN simulations requires multi-angle neutrino transport

24



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24

