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Core-Collapse Supernovae
Explosions of massive stars

How do they explode ?

(Copyright by AAO, photographs by D. Malin)

Explosion Scenario
Neutrino Heating Mechanism
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* Leakage Scheme

- Light Bulb Approximation

- Ray-by-Ray Approach

* IDSA (Isotropic Diffusion Source
Approximation)

- Moment method

- MGFLD (Multi-Group Flux Limited Opt“’ag;h“’k el thin

Diffusion) method
using moment equations
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1) 3RTHREVIVIN—DEREE
Euler Equations

Hydrodynamics
L . o0 0 .
Continuity Equation: +—(pv' |=0
Y =4 ot ox’ ('O )
. . ) ) . . Y
Equations of Motion: —(pv,)+—pv V' + PO |=-p—-CG'
q (o) + v+ P8/ ) ==p =
. 9 (1 o [(1 | 0P
Energy Equation: —| = +e|l+—||=pv+e+P |V |=—pv/ L -G°
oy ¢ T e TRt S
Time-Evolution Equation of Electron Number: 9 [PYe |, 9 [PY. j|_ _p
or\m, | ox'\m,
1D Poisson's equation for gravity: Ay =4raGp
EOS table of Nuclear Matter: P=P(p,1,Y)

o : density, v: velocity, P: pressure, e: internal energy, y: the gravitational potential,
G : the gravitational constant (=6.67 x10™°[cm’g™'s’]), Y,: electron fraction, T : temperature,
m,: the atomic mass unit, G* : neutrino heating rate, G' : neutrino radiation pressure,

I': deleptonization rate (=I' — I ), I : neutrino reaction rate
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Boltzmann Equation

Neutrino Radiation

Neutrino distribution function

f(,r0,0,e.,0 ,0)

Boltzmann Equation in the spherical coordinate
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Collision Terms

5—][ — _Rabs(ga Q)f(g’ Q)

L Jdemis-abs

+ Remis(ga Q)[l _ f(8, Q)]

/ dQ/Rpair-anni(Sa Q; S/a Q/)

5_f _/de”2

] @n)y

n dpair
(! / dg, 5 / / /
X f(g, Q)f(g ) Q) ) + (2 ) 749) Rpair—emis(g, Q; €, Q) )
TT

X [1 = fe, DI = f(e', Q)]

f(&’, Q) denotes the distribution of anti-neutrinos , which is

the angle-averaged distribution in the previous time step.

d8/ 12
(2m)’

OT

5f}

/ dQ/RSC&t(ga Qa 8/’ Q/)f(ga Q)

d//2

x [1— f(¢, Q’)]+/ fdQ’ cat(e’, Qs e, Q)

X f(S ’ Q/)[l o f(sa Q)]a

()’ denotes the angle variables after/before the scattering

Y ILIN—DIREE

R (g, Q) : reaction rate (see Bruenn1985)

Detailed Balance
Remis(8, Q) = Ryps(, Q)e P10

! . ' N —PB(e+e")
palr emls(g Q 8 Q) Rpalr anni(g? Q? £ o Q )e

B = 1/kgT : Inverse of temperature
= MptHUe—MUn : chemical potential
Q=(8v, ©v) : solid angle

[so-energy scattering
Rscat(Q/; Q) — Rscat(Q; Q/)
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Sumiyoshi(2014)D ve. Vebar, VxDEEEY T T v I ADNHNZ LB,
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SRTTAEYV ILIN— & DIEEDIRIC, WHE, Fa—=2T, HRBRE.
AVIFIDI—RHSRBREEHD (EEMICEBDILSIBEELRD) o

Boltzmann-Hydro code Sumiyoshi2014 4

Fig. 5.— Iso-surfaces of density of electron-type anti-neutrinos (7.) for the 3D supernova

core at 150 ms after the bounce. Arrows represent the flux vector of neutrinos.
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MILY Y\ ROOD—RICEEZITNTWBEQOS

LS EOS (Lattimer & Swesty)

— RREFZDE I UIEMEN RS AFIL LB 7 EH, [ RiSE% R )
ZIEO BT E B—DEFIZ AL, — _FETEEL

TFEDEE L FEF

— R E TR (X U M SRR T s
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FS EOS (Furusawa et al.)
—IRIFRFZYB XS U HY A I35 I8 = E A
ZREZEE,

FT EOS (Furusawa-Togashi)
—RIBZRBZIE I USHERICK DI ESNICRE
NN zEA. SREZZRE,

gravitational, baryon mass [Msun]

ENREBA. FREROFE. FREEDETOHRZHLLTNS !

radius [km]
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Nrx NO x N x Nvex Nveg x Nve =2b6 x 48 x 96 x 16 x 6 x 6

NO Z640548ICEE, sTERERMENO=N®/2&T 5 I & TIKHEFAF
BEHERICL2BITTIEMOBREZRFICT B0
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Velocity [em/s] g ms Velocity [em/s]
2.0e+09 2.0e+09
1.56+09 i 1.56+09
1.06+09 g 1.06+09
5.0e+08 onie T 5.06+08 LN ‘ i et !
2D 0.0e +00k S 0.0c F00LARRRRE = S . 3D

\ o . = e o o2
(FREME) = = e T o (FRiEm)
AR - 59 DRI i GG R 3 THZA

Ry R S ? o 5 \ '
5.7

56
55

Flux factor [em/s] Flux factor [cm/s]

2.0e+09

3D
(ZREMH)
“—a—K~Y/

2D
(FrEMH)
“a—hkU/




FEH

1) 3RITimisY )LIN—DIREE
lwakami(2014) THE U fER & EMEMIC—2, Spiral E— NIRIBOEREE RV ZEDEL., EIET 2E
ICBlEARNEILT DEMHG/INY — 2 HIR,

2) 6 RTTMILY N Y )LIN—DIREF
Sumiyoshi(2014) TEHE U iER EEHMIC—E, Ve. Vebar, VXDBEBEY T TV I A% LK, XD
HE=HEL. EERNIC—RULTWS I &HFES,

3) RILY Y\ ROO— ROPXRKE
SUIZEL 5 e 2R %Z 10%RE ICHE L fro

4) FEZ10km T QBT O EEIRENIH] & 7 — Z > KA DR
BBED S Y v ROED VB TERD ¢ HAX v ¥ 1 [E8 UREBEFLT 2BEETSL—F U EEA

5) Furusawa-Togashi EOSI—RKADF7 v oL —R
Furusawa-Togashi EOSZHf|AETZ 2/MNILY N V/\14 RKOOd— R Z=RTsTERICEE

6) MILY N VI\A4 ROOd—NRICKBER=RITFHEDELT
Nrx NO x Nod x Nvex Nve x Nve =256x48 x96 x 16 x 6 x 6
NIV ZAETI0MSE TETE L. prompt convectionDERICHES Za—KNY /BEYPZ1—
NI/ TSV I RARHRDZRITHEEZIRZA D I ENTE fe,



