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Core-collapse Supernovae (CCSNe)

. Energetic explosion occurring at the end of stellar evolution.

- It synthesizes various elements In our universe,
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Scenario of CCSN

Massive Star Gravitational Collapse

Fe core formed dueto  When Fe core grows too Lore suddenly gets
nucleosynthesis massive, it collapses stitfened when the strong
Inferaction take place

[Neutrino heating mechanism

-

Shock stalls Neutrinos heats up the
\_ matter behind the shock

Shock revival

Explosion

autron star
r black hole

Shock wave
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Aim of CCSN Simulation

Reproducing Existing Observations

. Reproduce explosion energy, synthesized °°Ni mass inferred from electromagnetic
observation

. Current stete-of-the-art simulation still cannot reproduce observed values

Construct Theoretical Model for Future Observations

. Accurate theoretical model should be prepared in preparation for future
observations.

. Unfortunately, there are still large uncertainties remaining due to
numerical methods.
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Neutrinos inside CC§N

N

Intermediate: nontrivial

Free streaming

e
/ P
Phase space distribution £« i
function S p)




Asahina 2020
Example of Approximate Transport . Boltzmann

Two-moment neutrino transport ' vlll’
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Reduce momentum space information in order
to save computational cost
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Boltzmann Neutrino Radiation Hydrodynamics Code

Boltzmann equation wrt phase space distribution function f(z,1,6, ¢,¢€,6,, ¢ )
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Boltzmann Radiation-hydro Simulation

Nagakura 2014
Nagakura 2017 Akaho 2021

Sumiyoshi 2012 Nagakura 2019 | Akaho 2023 Harada in prep.

GR Boltzmann
+ GR hydro

+ Numerical Relativity

\ GR Boltzmann
+ GR hydro
+ 1D metric

Boltzmann ' SR Boltzmann
solver + Newtonian hydro

PNS convection GR CCSN simulation
PNS kick Rotating progenitor EOS dependence 3D simulation (Akaho 2023) (Akaho in prep.)

(Nagakura 2019) (Harada 2019) (Harada 2020) (lwakami 2020)
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Basics of Neutrino Oscillation

@ S,y Diagonal components

5 correspond to neutrino density
Xée

p
Liouville von Neumann Eq.

. mi+ms (1 0 ms —mi [—cos20,, sin20,,
o p=|—— + — +2G
wOr 4E (() 1) 4E ( sin26,,  cos26,, V26, O ()

Vacuum (mass difference leads to oscillation) Matter (only diagonal)

heutrino oscillation has been
nheglected for CCSN core

/

High density matter (p > 10°g/cc): matter suppression (no oscillation)

Dilute matter (p <« 10°g/cc): vacuum oscillation

Vacuum potential = matter potential: MSW resonance
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Collective Neutrino Oscillation

Froustey (2023)

vac

who,p = |H,,.+ Hy t+\/7GFV JdP (x, PYvH, p

neutrino self-interaction

. |Inside CCSNe or neutron star mergers, "collective oscillation”
may occur due to high neutrino density

- |t can dramatically change neutrino distribution, which may
affect CCSN dynamics/signals, and also BNSMs.

Timescale
Collective Weak interaction Dynamical
f o~ ~ 107 sec t ~ 107%sec Livn ~ 1/IA/Gp ~ 1072 sec
Y eGrny < ek ™ cGrEZp S o
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Collective Neutrino Flavor Instabilities

ivﬂa,up — [Hvacuum + atter 1/1/ » P ] T 18

. Slow instability
Energy crossing

« Fast instability
Angular crossing iIn momentum space
Reqguires multi-angle neutrino transport

» Collisional instability
Disparity in collision rates
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Global Simulation of Collective Oscillation

Ideally, full guantum equation should be solved for the neutrino transport.

However, it is too computationally expensive (typical wavekength ~ cm )

CCSNe BNMSs
Xiong 2023 Nagakura 2023 Nagakura 2023
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Classical Simulation + Mixing

. There are several attempts to include the effects of flavor conversion to the classical simulations.

. However, (1)detecting the flavor instability and (2)imposing neutrino distribution after the flavor
conversion Is tighly nontrivial problem.

CCSN simulation with flavor mixing BH accretion disk simulation
Ehring 2023 Just 2022

with flavor mixing
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Linear Stability Analysis

In this study, linear stability analysis (LSA) is performed to
judge the occurrence of collective oscillation
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HV —
[ (k)a, (k) =0
For the existence of nontrivial solution of ¢, detIl, (k) =0 Dispersion relation

If w has negative imaginary part, off-diagonal component grows exponentially with time.

In this study, two limits are considered to analytically estimate the growth rate.

Neglect collision terms k

x Neglect angular distribution

Fast Flavor Instability (FFI) Collisional Flavor Instability (CFlI)
Equivalent to the angular crossing (Morinaga 2021) . Caused by the existence of collision terms
(requires Boltzmann neutrino
transport!) Ve | . Growth rate proportional to the square-root

‘\/ of neutrino density.
Growth rate proportional to v N b
density /\\

(Most of previous studies only consider FFl)
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Growth Rate (FFI)

For a two-beam model, the growth rate Is given as
o= (1—- v, vpe) Re\/_Fuere \

with the collimated beams
4nF; o(v — vy ) 4nF,o(v —v,)

Above suggests following formula to estimate the growth rate for arbitrary distribution

O

— [ NG J NG \V2G
\ AG>0 4T AG<0 4T AG = - J (fye —fpe) v7dy

272
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Growth Rate (CFlI)
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Post-process Analysis

. Stablility analysis is performed for2D CCSN
simulation with Boltzmann neutrino transport

. 11.2M progenitor, Lattimer-Swesty EOS

. Both CFl and FFIl are found, and if both of them
occur, FFl dominates
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Properties of FFI
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Properties of FFI
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Properties of FFI
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Properties of FFI
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Properties of FFI

Neutrino chemical
potential x =0

FFI1 growth ra

Angular distributions
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Properties of FFI

Neutrino chemical
potential x =0

FFI1 growth ra
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Angular distributions

55km (two crossings)

In the Intermediate region, both mechanisms
works and multiple crossing may appear
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Properties mnmmrmmmrmrrs
of CFI
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U, sphere

u=>0

Resonange-like CFI (7, ~ n;)
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Effect of the Stellar Rotation

. Due to the centrifugal force, low-Y, matter expands to the equatorial direction, which

results in the enhancement of both FFI and CFlI.

Collisional Collisional

Furusawa-Togashi EOS
15M, progenitor

Angular momentum
distribution:

2,4 rad/s
1 + (r/103 km)?
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Effect of the Stellar Rotat
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EOS Dependence

Lattimer-Swesty EOS Furusawa-Togashi EOS
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Effects of Muon on CFIl (arXiv:2407.10604)

In CCSNe, muons can also appear in CCSNe (Boling 201 7)
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Effects of Muon on CFI
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Discussion

. FFI & CFl commonly occurs in CCSNe

. FFI growth rate is orders of magnitude larger than CFl if they occur in the same
place. However, CFl occurs at inner radii (upstream), which may modify the
appearance of FFl at larger radii.

Future Tasks

. Classical simulation + back-reaction of flavor conversion (such as Ehring+2023)
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