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Core-Collapse Supernovae (CCSN)
Explosions of massive stars at the end of life
Suddenly brlghten up and darken in a few days
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9 Observation in the neutrino burst in SN1987A
50’--|r7[1 ' 1 ] T [ lI'[]TlfTrTT'IIY'T
45 ~
— e KAMII
> 40r o IMB
® i
< 35 ~
~ 30"1»- -
> 25 i -
S 20F ¢ { %% .
Ll 15 ¢ -
5 iof it
sp it ¢ .
O_Lln.lxl.x.1.111.1111111.1.
O 1 2 3 4 5 6 7 8 9 10 11 12 13
TIME (sec)

i © Anglo-Australian Observatory &2 K. Hirata, et al. (1988)



Final State of A Single Star

M < 0.08 M@ 0.45 M@ 8 M@




Explosion Scenario

- Mass of a star > 10Me = Red Supergiant
Nuclear fusion reactions H-He—=+C— . . . 9 Fe

- Temperature > 109K = Gravitational collapse
Photo disintegration reaction: 56Fe—13 4He + 4 n

Electron capture reaction: p + e-— n + V.

- Density > 1019%g/cm-3 = Neutrino Trapping
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Formation of an iron core Lowering of central pressure Mean free pass ~ Core radius

Falling Matter




Prompt Explosion
- Central Density > 104 g/em3 = Core bounce

Central region: collapse stop Outer region: supersonic free fall

Compression and bounce of the central part of the core

- Generation of a spherical shock wave (SW)

- Propagation of a SW = Neutrino burst
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Delayed Explosion
- Shock Stalling

Photo disintegration reaction: 56Fe—13 4He + 4 n

- Neutrino heating for long time
Electron-type neutrino absorption on neutrons: v, +n — p + e~

Electron-type antineutrino absorption on protons: o, +p —n +e*

- Shock revival
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Energetics for Core- Ve

Ve V;
Collapse Supernovae
Massive Star

M = 10Mg

V; Neutrinos

99% of AE
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Photons

0.01% of AE

Gravitational Energy
AE ~ 10°3 erg

Matter

Neutron 1% of AE
Star _—
M~1.4Mg

How do neutrinos deposit enough energy

in matter to revive the stalled shock?" Shock Wave



Movie of Entropy
iso-surfaces

: Blue: middle
Yellow: low

The results of

3D simulations
with Light-Bulb
Approximation

(Iwakami 2008)

Multi-Dimensional Effect

Hydrodynamical
Instabilities

1) Convection
2) SASI
3) Other instabilities
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Turbulent Flow
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vortices with a wide
range of scales
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(n the matter
behind the shock
wave.



Neutrino Radiation Transport

Boltzmann Equation

dx" of dp of of
d/I ax dl 8p #51 llision
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ally thick Optically thin

/ "

OUR OBJECTIVE

Approximation Method

- Leakage Scheme

- Light Bulb Approximation

- Ray-by-Ray Approach

- IDSA(Isotropic Diffusion Source
Approximation)

- MGFLD(Multi-Group Flux Limited
Diffusion) method

- Two-Moment method

______________________________________________________________

Development of the Boltzmann neutrino radiation hydrodynamical code for CCSNe simulations.

Analysis of neutrino transport in the intermediate region between optically thick and thin

Validation and improvement of approximation method

Understanding the explosion mechanism through investigation of detailed microphysical processes



Conservation Form of the Boltzmann Equation in GR
(Nagakura et al. 2016, Akaho et al. 2021)

Boltzmann Equation
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Collision Term

W eak Interaction
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Scattering

Electron Capture Neutrino-Nucleon scattering
e tp > Vetn [ecp]

Anti-Electron Capture Neutrino-Nuclei scattering

e +n«—— Ve+p [aecp].
Electron Capture on nuclei

Neutrino-Electron scattering
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Euler Equations

Hydrodynamics
0,0 +9,Ui =W, +W, AV = 4mp
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p :density, v:velocity, p:pressure, e:internal energy, ¥ :gravitational potential,
Y, . electron fraction, I': neutrino number density G’ :neutrino radiation energy,

G' : neutrino radiation pressure, \@ : volume factor in the spherical coordinates (= rsin” 6)



EOS of Nuclear Matter
Shen EOS (1998)

Gas : free nucleons gas + Q particles

Density p : 10> ~ [0155 g/cm3
Temperature T : 0 ~ 50 MeV

Nucleus + Gas: a single species of heavy nuclei forming

Electron FractionYe : 0.0] ~ 0.5 Body-Centered-Cubic lattice with free nucleons gas

: homogeneously distributed nuclear matter
composed of nucleons (Relativistic Mean Field)

0.5 Phase DlagraNr:eus !
Ye [ = o [9  Furusawa EOS (2011)
0.0 5>Mev | J j
0.5
i Gas Nucleus+Gas Matter_
Ye i |
‘T=lI Me\/l\ 1 1 B 7 ‘L
0076 ¢ 10 10” 10*  Togashi-Furusawa EOS (2017) ™~

Baryon Density ps [g/cm ] Variational method (Togashi et al. (201 3)) VM Model



Prompt Convection at t=10ms (11.2Msol)
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Shock Propagation (Newtonian 11.2Msol VMEOQOS )

3D 2D
400 Minimum shock radius | 112 VM 400 11.2 LS ' |
350  Average shock radius ° ] 350 11-2 FS
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Time evolution of the average shock radius in 3D (right, green line) is slower than that in 2D (left, red)
The shock wave propagates almost spherically until 100ms. (right, purple and blue lines agree with each other)

The shock wave deforms after 100ms (left, purple and line deviates from each other )



Convection and Neutrino First Flavor Conversion

Entropy + Velocity Vector Ye + Velocity Vector
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t =200 ms
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FFC due to convection inside the shock wave can occur from t = 130 ms,

adding to the FFC originating from neutrino—heavy nuclei scattering
outside the shock wave. |

Neutrino-Nuclei scattering Anti-Electron Capture
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Gravitational Waves

Matter origin

(generated within ~200km)

Neutrino origin
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GW from matter is dominantint ~ 10 - 50ms, while GW from neutrino increase with increasing time.

(GW calculation code of should be refined more.)



SUMMARY

We investigate the explosion mechanism of core-collapse supernovae.

~ Our group focuses on understanding the detailed physics, such as neutrino radiation
transport, EOS of nuclear matter, neutrino weak interactions, and neutrino oscillations.

- | have performed 3D simulations using Boltzmann neutrino radiation hydrodynamic code,
until 200ms after core bounce (Newtonian gravity).

The speed of shock wave in 3D model is slower than it in 2D.

Neutrino-Nucleon scattering

v+N —— v+N [nsc] "€coil, weak magnetism, strangeness effect should be implemented.

Fast neutrino flavor conversion can occur inside the spherical shock wave after t ~ 130ms.

General relativistic 3D simulations are also started to investigate the gravitational wave
from prompt convection for 10ms ~ 30ms.
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