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Multi-physics elements in CCSN theory

General Relativity

Numerical Relativity

(M)Hydro dynamics Neutrino Transport

High-resolution ’ l ' Boltzmann Transport

Shock-capturing Scheme or alternative method
(e.g., M1 scheme)

Fluid instabilities

(Convection, SASI, etc.)

Nuclear Network ’ Weak Interaction

NSE at highpand T Emission/absorption

Nucleosynthesis Scatterings
Many-body corrections

Credit: Mezzacappa




A kinetic framework is essential for modeling of neutrino radiation field

Figure from Janka 2017
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Boltzmann neutrino transport

o OF dp' of (ﬁ) |
col

See also a review by
Mezzacappa et al. 2020

Jxt  dr Opt 0T

(Time evolution + Advection Term) (Collision Term)

6-dimensional phase space
AN = f(t,p,x)d’pd’x

@® Neutrino
Conservative form of GR Boltzmann eq.
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Neutrino oscillation induced by self-interactions

Pantalone 1992

Sea of neutrinos

5 g

\/\/\

1. Refractions by self-interactions induce neutrino flavor conversions, which is analogy
to matter effects (e.g., MSW resonance).

2. The oscillation timescale is much shorter than the global scale of CCSN/BNSM.

3. Collective neutrino oscillation induced by neutrino-self interactions commonly
occurs in CCSNe environments.



Rich flavor-conversion phenomena driven by

neutrino self-interactions See reviews by
Duan 2010, Tambora + 2020,

Capozzi + 2022, Richers + 2022,
- Slow-mode (Duan et al. 2010) Volpe 2023, Fisher + 2024,
John + 2024, Yamada 2024
- Energy-dependent flavor conversion occurs.

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

B Am?
Vacuum: «= 55~

Matter: ) = \2Gn.,

- Fast-mode (FFC) (Sawyer 2005) Self-int. s
- . Hn = QGF’)”LV,

= 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) (Johns2021)

- Asymmetries of matter interactions between neutrinos and anti-neutrinos
drive flavor conversion. r—T 1S

IR ea———— - [\/|atter-interaction rate
2 \/(uD)? + dwuS

- 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+ p| ~ |




FFC and CFl in CCSNe

Akaho et al. 2024
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Vlasenko et al. 2014, Volpe 2015,
Blaschke et al. 2016, Richers et al. 2019

Quantum Kinetics neutrino transport:

Advection terms Collision term Oscillation term
(Same as Boltz eq.)

fis not a
“distribution function”

Hamiltonian

(=) (=) (=) (=)
H = Hvac+ Hmat+ Hl/l/a

| md 0 0
Hy,, =—U|[O0 m% 0 |UT

2v N
0 0 m3

Density matrix




Global simulations: I. QKE simulation with attenuation method
Nagakura and Zaizen 2022, 2023

- Technical Issue:

En,, =c Tnl,

Oscillation wavelength is an order of sub-centimeter.

L, -
—0235cm | — 2
0.235 cm (4 > 1052erg/s) Too short !!!!
Eave R 2 K
12MeV /) \ 50km 1/3

- Attenuation prescription:

Mﬁ+d_ﬂ6_f:

How can we make FFC simulations tractable???

oxt

Attenuation parameter (0= £ = 1)

\/ Attenuating Hamiltonian makes global QKE simulations tractable.

\/ Realistic features can be extracted by a convergence study of € (- 1).



Global simulations: Il. Subgrid model (BGK prescription)

_ Nagakura et al. 2024
of dp' Of .
H_—7 — _mM 2 .
Pt o o pHu,S +iptn, [ H, f| LIS




Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

Neutrino signal

PNS cooling

Explosive nucleosynthesis

Neutron star kick
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\/ Shock dynamics
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- Direct quantum kinetic neutrino transport simulation in CCSNe

Nagakura 2023
See also Xiong et al. 2024

Numerical setup:

Fluid-profiles are taken from a
CCSN simulation.

General relativistic effects are
taken into account.

/ NFC(H=H=0) — A wide spatial region is covered.
M3F ——

M3FGR Three-flavor framework
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Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

= Flavor conversions can both facilitate and hinder shock revival.

Neutrino signal

PNS cooling

Explosive nucleosynthesis

Neutron star kick
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Vv Neutrino signal Nagakura and Zaizen 2023
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Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

= Flavor conversions can both facilitate and hinder shock revival.

Neutrino signal

= Flavor equipartition can be achieved.

PNS cooling

Explosive nucleosynthesis

Neutron star kick
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- PNS cooling => Impact on Gravitational Wave emission

Qiu et al. 2025 (Binary neutron star merger remnant) Ehring et al. 2025
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Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

= Flavor conversions can both facilitate and hinder shock revival.

Neutrino signal

= Flavor equipartition can be achieved.

PNS cooling

- Likely accelerate PNS cooling, which give impacts on GW emission.

Explosive nucleosynthesis

Neutron star kick
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\/ Explosive nucleosynthesis

Fujimoto and Nagakura 2023
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Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

= Flavor conversions can both facilitate and hinder shock revival.

Neutrino signal

= Flavor equipartition can be achieved.

PNS cooling

- Likely accelerate PNS cooling, which give impacts on GW emission.

Explosive nucleosynthesis

= Heavier elements than Co (Z>27) can be changed.

Neutron star kick
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\/ Neutron star kick Nagakura and Sumiyoshi 2024

Flavor —integrated
neutrino flux

Linear momentum

a~1 of neutrinos
FFC enhances

neutrino flux

Low Ye region



Take-home messages:
Potential impacts of flavor conversion on CCSNe

Shock dynamics

= Flavor conversions can both facilitate and hinder shock revival.

Neutrino signal

= Flavor equipartition can be achieved.

PNS cooling

- Likely accelerate PNS cooling, which give impacts on GW emission.

Explosive nucleosynthesis

= Heavier elements than Co (Z>27) can be changed.

Neutron star kick

= Asymmetric neutrino flavor conversions can accelerate NS kick.
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Constraining neutrino oscillation model in CCSNe
by joint analysis of GW and neutrino signal

Nagakura and Vartanyan 2023

Neutrino data

Observed data (Neum)

Survival probability
of neutrinos

Constraining neutrino oscillation model

PNS mass TONE (Ev)
(Mpns) at To (>1s)

SK-IBD-p at 10kpc

Mpns [M:]

Mpns = 1.36 + 0.104 Egyy + 0.0318 E2g,, |

1 2 3
1 2 3 : E, [10%° erg]
Egw [106 erg] E, [10° erg]




Constraining neutrino oscillation model in CCSNe
by joint analysis of GW and neutrino signal

Nagakura and Vartanyan 2023

- SK-IBD-p at 10kpc
- Tp=4 (s)




Summary
Neutrino self-interactions induce strong flavor conversions
Flavor instabilities occur in CCSN core ubiquitously

Neutrino transport modeling needs to be replaced from classical to quantum
kinetics

Neutrino flavor conversion can change shock dynamics, neutrino signal, PNS
cooling, nucleosynthesis, and NS kick

Future prospects

Improving subgrid models of neutrino flavor conversions

Developing approximate code for quantum kinetic neutrino transport

\/ Providing theoretical predictions of observable signals (neutrino, GW signal, etc.)
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Neutrino oscillations

There are many experimental evidences that neutrinos
can go through flavor conversion.

Neutrinos have at least three different masses.

Flavor eigenstates are different from mass eigenstates.

Credit:BBC
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\/ Neutri . | Akaho, Nagakura, Yamada 2025: arXiv:2506.07017
Eutrino signd (Based on BGK subgrid model)
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Neutrino oscillations

There are many experimental evidences that neutrinos
can go through flavor conversion.

Neutrinos have at least three different masses.

Flavor eigenstates are different from mass eigenstates.

Credit:BBC

i) =) Uz |va),

Mass state

|Va> - ZUm |Vz> y

U: Pontecorvo—Maki—Nakagawa—
Inverted

Flavor state Sakata matrix (PM NS matriX)

Ucl Ue2 Ue3
U={Uun Usp Us

—
solar~7x1075eV?2

— Url U7'2 Ur3

1 0 0 C13 0 Slgeii(j C12 s12 0 gior/2
=10 ca3 823 0 1 0 —s12 c2 0 0
0 —s23 c23 —s13¢% 0 c13 0 0 1 0

o ey
c12€13 $12€13 size | [ein/?

_ i6 i

= | —812C23 — C12823513€"  C12C23 — S12523513¢€" $23C13 0

0

atmospheric

~2x1073eV2 )
atmospheric
~2x1073eV?

—
solar~7x10 ¢ V2

i i6
812823 — C12C23813€"  —C12823 — S12C23513€"" €313

Feruglio et al. 2003



Neutrino oscillation with a plane-wave picture

phase ¢; = E;t — p;

High matter density Time

Boltzmann transport becomes a
reasonable approximation.



- Global simulations:

< < < < < < <

General-relativistic quantum-kinetic neutrino transport (GRQKNT)
Nagakura 2022

(-) NG
Mﬁ dp® O f (—) (=) (=)

— _p'uu,u S col z'p“nu[H, f ]7

P own * dr Op*

Fully general relativistic (3+1 formalism) neutrino transport
Multi-Dimension (6-dimensional phase space)

Neutrino matter interactions (emission, absorption, and scatterings)
Neutrino Hamiltonian potential of vacuum, matter, and self-interaction

3 flavors + their anti-neutrinos

Solving the equation with Sn method (explicit evolution: WENO-5th order)
Hybrid OpenMP/MPI parallelization
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Multi-dimensional core-collapse supernova simulations
(Neutrino-radiation-hydrodynamic simulations) 2014~

Full Boltzmann neutrino transport

s11.2-TF t = 001.0(ms)

400

entropy velocity

x10% cm
15 3

24
1.8

1.2

Nagakura et al. ApJL 2019

Two-moment neutrino transport

Nagakura et al. MNRAS 2019
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Today'’s topic:

“Quantum kinetics of neutrinos in dense astrophysical environments”

Neutrino transport with Core collapse supernova (CCSN)
neutrino oscillation (flavor conversion) Binary neutron star merger (BNSM)
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- FFC in CCSN  nNagakura PRL 2023
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Instability criterion of FFC (ELN angular crossing)

Energy-integrated

number of neutrinos
Electron-type

anti-neutrino

Neutrinos’ flight direction
(momentum space)




Neutrino-heating mechanism for CCSN explosions

v Neutrino Heating Rate

L T, \°
+ 0 160Mev /s Zres2 [ _Zve
@ ev/s mg 72(1,) \ 4MeV

v Neutrino Cooling Rate

p T \°
=~ 145M
@ ev/sma (QMeV)

Mass accretion
(pre-shock region)

Neutrino cooling
region

Ve

Neutrino absorp

Ve

Proto-neutron star

Janka 2001




Gravitational Waves from CCSNe
Radice et al. 2019

—— Adv. LIGO

2Ty ()], VSn [Hz™Y/?)

Rich progenitor dependence

Most of GW energy is > 100Hz

L
A it

[ D =10 kpc

Detectability: under debate

Any correlations to others ?

Yes, neutrinos!

— Adv. LIGO
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GWs from long-term 3D CCSN simulations

Strong correlation between GWs and Proto-neutron star mass

Matter

Long term (~ 5s)
3D CCSN simulations

46
Time after bounce [s] Egw [107 erg]

Vartanyan et al. 2023 Nagakura and Vartanyan 2023

Proto-neutron star mass can be estimated from GWSs



Neutrino signals

Luminosity Average-energy Some new features emerge

in 3D explosion models

> [MeV]

1. Explosion models have low neutrino
Thick: 3D luminosity than those with non-explosions
Thin: 1D (due to weak mass accretion)

L[1 052 erg s'1]
Ve

<&,

2. The average energy of electro-type
neutrinos and their anti-partners are lower
in 3D than 1D.

;.
(]
=)
A

Ve

<&

3. Neutrino luminosity of heavy-leptonic
neutrinos are higher in 3D than 1D.

(due to PNS convection)

<&y > [MeV]

Useful formula:

0 0
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Time [s] Time [s]

Nagakura et al. 2021 39



Correlation between TONE (E, ) and N, in neutrino detector
Nagakura et al. 2021
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Neutrino detection counts depend on
total neutrino emitted energy and neutrino oscillation.

The relation is universal (less progenitor dependent)

' SK-IBD-p at 10kpc




E, has a strong correlation to M,
Nagakura and Vartanyan 2022

Mpys= -0.00056E;,%+0.070E 5, + 0.55
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The time evolution of radiated energy of
neutrinos is characterized by PNS mass
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