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Entropy [kg/baryon] at Tp= 16 ms
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« Core-collapse supernova
— Final fate of massive stars (>~10Mo)
— Unclear mechanism of explosion
— Neutrino heating mechanism
— Convection, SASI

R [km] Bounce and Shock Formation
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Entropy [kg/baryon] at Top= 100 ms

ENFRREEHZEDEF AN

« Core-collapse supernova
— Final fate of massive stars (>~10Mo)
— Unclear mechanism of explosion
— Neutrino heating mechanism
— Convection, SASI

Convective
motions

R [km] Bounce and Shock Formation
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Entropy [kg/baryon] at Top= 185 ms

ENARREEHEDRE

Neutrino transport
from interior of PNS to outside of the shock
Energy distribution
N to solve energy-dependent reactions y

— Neutrino heating mechanism
— Convection, SASI

Develpment
of SASI

D/2D/3D ation

with appropriate resolution Log(density [g/cc]) at T,,= 185 ms
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> Step 1: K- Z2H% e ZE DR E % fEE
KN+’15 PASJ, 67 (6) 107

R<5,000km, t<1.5s

FT IS EEEZTLOEITEHDIZERE.

RLVWEEE(M=10.8-75Mo), £ER=(Z=0-1Zo) DHEEZFEH.
— £+ 378FTJL

TH2RT — Xk, SASINFEA.

—a—R)/EEEEL - INSA—ARTEL D) self-consistent 51 E.

REIGEEEIZ#ES > NIiEBEDREDY.

> Step 2: “REMLETNFBRATERBEE
KN+, in prep.

R<100,000km, t<10s
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Entropy [kg/baryon] at pr- 680 ms

Systematic features of CCSNe

KN et al., PASJ (2015)

¢ ﬁﬁgn'i'g:l p
— FH#RIE KN+’15 PASJT, 67 (6) 107 518

— 2D, n(r)*n(0) = 384*128
r=0-5000 km, 0 = 0-nt

— Za—M)/EERF—L
ve,ve:IDSA spectral transport (Liebendoerfer+09)
vx:leakage scheme
with 20 energy bins (< 300 MeV)

- REHEX
— LS220 (Lattimer & Swesty '91)
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— M =10.8-75 Mo, Z = 0-1 Zo, [BlEs- #5750
it 378 ETJL (Woosley, Heger, & Weaver '02)

FTREICIFELLR X E D EEFIAFTER
Cray XC30%{# FH (96 cores x 2.5 days / model)




CAll progenitors are from Woosley, Heger & Weaver (2002)

Solar-metallicity (Z=Zo) models

Metal-poor (Z=10-4Zo) models

Zero-metallicity (Z=0) models
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vV ETIIZEH>TZa—M)/REIZ2ELULEDKRELE. (O’Connor & Ott 2011)
2-6 x10%2 erg/s @ t = 200 ms. M/M,
fM =
o - M) /1000k
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vV 378ETILDO>EARGERERELXHF2101ETILIZER (LI THEER).

HMOERBEDETILELGRLTULVEULVA) ERIIKXEIL.

vV ETILZE>TZa—M)/EIZ2{ELL EDKREHE. (O’Connor & Ott 2011)

2-6 x10%2 erg/s @ t = 200 ms.

v/ AVINFRATRE TS HEEBER.

&5
04
-
()]
& 0.3
=
2
E 0.2
é
o
| 3% smoothed over At =20 ms. |
Y : ——J B

" o PR ST SR T [N T T T T N
0 0.1 0.2 0.3 0.4 0.5
time after bounce [s]

neutrino luminosity [1052erg/s]

M/Mg
R(M)/1000km

Em =

\%%EEO)#%&&(:%FE. W

o PR S SR S [N T T N T T T T T o
0 0.1 0.2 0.3 0.4 0.5
time after bounce [s]

AV IR RRISTA—E

&5

0.4

0.3

0.2

0.1

0.0



‘DAOFFZ CHITHME =L

v S3TBETIERBMICLET B0 BREERE. [ av/SORRRISSA—4

v ¥EE 2 (ZAMS mass) [FLLEZTIFAL. (O’Connor & Ot 2011)
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v S3TBETIERBMICLET B0 BREERE. [ av/SORRRISSA—4
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What determines the CCSN properties is ...

mass accretion onto the central PNS!

(*Not too much) Mass accretion /
—PNS mass /

—v luminosity /*
—Explosion energy /
—9Ni mass /

*Too much accretion leads to
BH formation and/or
failed explosion.

g
o

compactness parameter &§;,

=
o

(A IRIRRRISSA—E
(O’Connor & Ott 2011)

_ M/Mg
om = R(M)/1000km
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What determines the CCSN properties is ...
mass accretion onto the central PNS!

(*N

ot too much) Mass accretion /*
—PNS mass /

—v luminosity /*

—Explosion energy /

—9Ni mass /

explosion energy [1051erg]
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(O’Connor & Ott 2011)
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M= R(M)/1000km
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> Step 1: B[ - ZMZREL TEHEDRBEHIMEZMRA |
KN+’15 PASJ, 67 (6) 107 ER
R<5.000km, t<1.5s 204}
REDRMMTE(Ca—M)/RE PNSEES)  §,!
[EaAV/INOFRR E DBEEELTERT A ATHEE. g
— LOUBERETRLF—OTRE BRI oq o mtctenidliiiia
FTZUERL TLVALY, T imeatterbouncels]

time after bounce [s]

E) 100000.=— Al LA ’ % 10 A LT -

> B. Mueller '15 2 oer FRNRERE R
R < 100,000 km, t < 6-11's — sl22b) g

g 1000g7 s114.2D |3

COCONUT (GR hydro.) - FMT (v) a—F W— si16.2D | ]

M =11.0 - 11.6 Mo 190 B il |
2D, n(r)*n(0) = 550%128 4 @%I;"’\)L:F— _______________ SEm= ]

time [s]
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> Step 1: B - ZMZEEL TAFE O RMMMEE@E
KN+’15 PASJ, 67 (6) 107

R<5,000km, t<1.5s

BEOBHEUNLEE(Z1—F)/E.PNSEES)
[EaAV/INOFRR E DBEEELTERT A ATHEE. [
— LA LEBRIRIILXT—OTEZERRGIE ool

»
0.0 0.2 0.4 0.6 0.8 1.0 1.2

iff”ﬂ?ﬁ L—CL\EL\ - . time after bounce.[s]

diagnostic energy [foe]
O

> Step 2: “REBME"ETIERATEREEHE
KN+, in prep.

R<100,000km, t<10s

Step 1 CIEFEICELI=FETILOHFNS/NFR/K E BT ILEEIR
—~M=11.2,17.0,27.0 Mo D KEEE=EET /L.

RICtyb7 v 7 (EoSId{iiR) CILEFH - RFFHEIETE.
- RBHATEBERIRAILTE—E? ZIFILEREE?
— RAMTOCRATCRBERZR IR YNID—IEHE.



Entropy [kg/baryon] at pr- 680 ms

Long-term CCSN simulation

(KN et al., in prep.)

«  BEFEI—F
EAXMIZZ7BETILETELREIL
— 2D, n(r)*n(0) = 1008*128
r=0-100,000 km, 6=0-x
— Za—k)/EERT—L
ve,ve:IDSA spectral transport (Liebendoerfer+09)
vx:leakage scheme
with 20 energy bins (< 300 MeV)
- REHEX
— LS220 (Lattimer & Swesty '91) + Si gas
- BRI
- 13a (He-Ni) #vh7—% \\\x@
- BEETIL
- 11.2,17,27 Mo, KI5sE£&RE, Bl§r- 5L
(Woosley, Heger, & Weaver '02)

FTREICIFELLR X E D EEFIAFTER
Cray XC30%{# F (576 cores x 20 days / model)
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Long-term CCSN simulati

(KN et al., in prep.)

vV ETOETILIERICERLT-.
t=7-8 W THERMNMNERQ@10HkmIZ.
(HeB DIEIZXT )

average shock radius
[km]

v s11.2ETIL

BEIRILT—, PNSE=(XIFUNE §

Eexp = 0.19 foe, Mpns = 1.36 Mo ggu
v s17.0ETIL 22

~7##% TE-Eexp, MpnsHiE. S

Eexp = 1.23 foe, Mpns = 1.85 Mo

v s27.0FETIJL
s17.0FETILERFRIZKE.
5.29¥)12 (21D GRETE TFESNSER
B = (Mpns = 2.13 Mo) [ZFI|5Z.
(O’'Connor & Ott '11; KN+'15)
—SZDERE?TIR?

gravitational PNS mass
[M)]

1 2 3 4 5 6 7 8
time after bounce [s]



v s$17.0 & s27.0 TlEZA =L downflowA Hily DPNSZENE4E1T 5.

— PNSEEEX, —a—N)/ItEHE
- BEIXILT—EE

s11.2 s17.0
v, [1 0%ms™] s [kg/nucleon] v, [1 0%ms'] s [kg/nucleon]
8 4 0 410 15 20 25 8 4 0 410 15 20 2t

y [km]
y [km]

x [km] x [km]

s27.0

v, [10%m ] s [kg/nucleon]

8 -4 0 410 15 20 25

x [km]
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> Step 1: B -ZEHZEELTHEIED R TN EXHE R<5,000km, t<1.5s

KN+°15 PASJ, 67 (6) 107
BEORENEGE (Za—M ) /RE.PNSEES) [Far/MUFRR E DEHELTE
JEMATEE.

— LOLBEIRIILF—POTRERRIEGIETELIEERLTLVELY.

> Step 2: “REMLE"ETILEBATERBEHE R<100,000km, t<10s

KN+, in prep.
Step 1TERICELI=ETILOEMNS/INF/KR E BT IVEERLILER - REFRETE.
— BRIRILF—5H10%erglZEE. LALIEKLELY. 2DDMEE.
| || N
> Step 3: RRAMRZRAW“KYBRENLEHE
Z*fi2D — 3D
x n(¢) x (At_ 2D / At_3D)
2-flavor IDSA — 3-flavor IDSA + more reactions.
x 1.5 x n(g)
> Step 4: YILF Ayt Ov—RKIEICHITT
KN+ arXiv:1602.03028




Multi-messenger signals from CCSNe

> Detailed simulations

R<5000km, t<1s
(LM, FELY)

ZefE2:R 7t/ 3R IT.

E HRRIE -PNSHRK.
—a—h)/EE-HEERATZEED
STEORMAIERIZHLN.

> Simplified models
R>~10"3cm, t>~10%s ! 5
(LY, &) ; i
22R 1 RIT. 2 KT, L 5
thermal bomb - piston model. ™ === . E
— TREETE =l YA

Thielemann+'96



Long-term CCSN simulati

(KN et al., in prep.)

vV ETOETILIERICERLT-.
t=7-8 W THERMNMNERQ@10HkmIZ.
(HeB DIEIZXT )

average shock radius
[km]

v s11.2ETIL

BEIRILT—, PNSE=(XIFUNE §

Eexp = 0.19 foe, Mpns = 1.36 Mo g?
v s17.0ETIL 22

~7##% TE-Eexp, MpnsHiE. S

Eexp = 1.23 foe, Mpns = 1.85 Mo

v s27.0FETIJL
s17.0FETILERFRIZKE.
5.29¥)12 (21D GRETE TFESNSER
B = (Mpns = 2.13 Mo) [ZFI|5Z.
(O’'Connor & Ott '11; KN+'15)
—SZDERE?TIR?

gravitational PNS mass
[M]

1 2 3 4 5 6 7 8
time after bounce [s]



Multi-messenger signals from 17Mo CCSN

Log (luminosity [erg 3'1])

9 6 3 0 2 0 2 4 6 8
Log (time relative to bounce [s])



Multi-messenger signals from 17Mo CCSN

_ _ EM ——
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S, 48[ pre-SN Ve o ! . ((Mej, Eexp, R")
42, '—” o
O 46 | '¢" SBO |
8 | -
= 44 r ’ 1t -
g _ /' || Matzner & McKee’99 plateau .
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Log (time relative to bounce [s])



Galactic event @ 8.5 kpc - neutrino

T lll' T T lllllll T T Illlll'

140;— — Electron scattering ,’.,f\\ §’4O‘ e {H | 'ﬁﬂ —

v Observed event rate: e | o mesevemaecsy 7\ S0p i -
o 120 8.5kpc a2 i+ #ﬁ W 17
dN. e dF; do ®© $ 10 Hiy -1
=N E,~2(E, E,,T.) E 100 a E
dl : /Emin d dE, ( )dT (Ey, Te) 'q:) : % 75" 20" 30" 207
7_ S gof Wi
¢ [ ]
I C ]
Number of targets ® E
N C ]
dF, L, 5 0 E
—(By) = — =~ f(By) @ ¢t :
dE,,( ) 47rd2(E,,)f( ) @ 20F -
Poor e o =10

Post-bounce time [s]

v Timing information (via IBD):
the bounce time within £ 3.0 ms
at 95% confidence level.

v Pointing information (via e~ scattering):
~ 6° (SK), ~ 3° (Gd-SK)



Galactic event @ 8.5 kpc - GW

21
2

~ Inputted / reconstructed
waveform;

15¢F 8.5 kpC

v With the aid of the timing information,;|

— small time window [0, 60] ms.

— hard to see time-dependent <
waveform structure...

"
- "on
0'.-‘. i
Ty
g
||

v Prompt convection o
— small frequency window 0 1o 20 _ %0 40 50 60
[50, 500] Hz.

v' The maximum S/N ratio ~ 7.5
— CCSN-GW is detectable |
even from GC! ) Spectrggram "

— Core rotation (Yokozawa+'15) | 8.5 ke

10 20 30 40 50 60
Time [ms]




Galactic event - EM

v Pointing information from neutrino detection

~ 6 deg. (SK) — ~28 sq. deg. — 20 images (Subaru/HSC)
v' Integral time a to catch SBO (A <~ 1hr)

(a+0.5)*20=30 — a=1 min. — 24-25 mag.
v' Time delay

R, /v_shock ~ 1 day (RSG), a few min.! (WR)
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> Step 1: B -ZEHZEELTHEHIED R TN EZfE R<5,000km, t<1.5s
KN+’15 PASJ, 67 (6) 107
BREORHHMNLEE (Za—M)/RE . PNSEES) [Fav /IR EDREBELTE
I EMTAHE.
— LAOALBRIRIILT—OTRERRSIEELINFEL TULVELY.

> Step 2: “REBMLETIVEBATERBEE R<100,000km, t<10s
KN+, in prep.

Step 1TREFEICELIZET VO FMN/INR/K § ET IILEZERLILER - REFEEE.
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> Step 3: RAMRZFRAWVE“KVYIRERL’EHE
Zof2D — 3D
2-flavor IDSA — 3-flavor IDSA + more reactions.

> Step 4: RILF Ay Ov—KXEICHITT
KN+ arXiv:1602.03028
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