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,‘,@ aided by convection/SASI

Energy-drivers for explosions: I RFELI=D 7
> veNeutrino heating mechanism _
Most Likely !
(BEHK2DTIE.
KAEATER I EIS
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09) i%muﬁ%gwa,
BLEHERTT .

also aided by rotation
(Kotake+03,06, Walder+05,0tt+08, Suwa et al. 10)

ycAcoustic-power deposition
Acoustic mechanism: (Burrows+. 2006, Ott+07)

RE &F—RED
3DEEIZHEADDHD)

Strong explosion!,but
(BHARDRELL,
EEAEL)

v¢ Extraction of rotational energy via B-fields

MHD mechanism:

(LeBlanc & Wilson 70, Symbalisty (84), KK+04, Takiwaki+05
Shibata+06, Obergaulinger+06,

Cerda Duran+07, Burrows+07, Suwa+07,

Takiwaki+08....)

Jet-like explosion!
(relevance to

magnetar or Collapsar),
but minor

(< 1% of all supernovae)
(BBHGEAN=ZXLTIE
£y
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Energy-drivers for explosions:
v¢Neutrino heating mechanism _
aided by convection/SASI ('\gqﬁé"rklgly'
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09) g%ﬁf\%ﬁgg)’f':

BLRREERETT,
RE 5—RED

also aided by rotation E
3D EIZEADDOH D)

(Kotake+03,06, Walder+05,0tt+08, Suwa et al. 10)

yrAcoustic-power deposition
Acoustic mechanism: (Burrows+. 2006, Ott+07)

Strong explosion!,but

(ZBRDREZE,
EEAEL)
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EHRICHT A b T

v £7%EKE hIz 0T AHnE X (strain)
AL=hxL

WUOHEADRKEI=ZNEDIIRBXILLLDODKE X

v BRI L BRI TRE : / <£§>
h=102 \\ _ \ \

* RF— KRM(556km)s B FH—E %
o W3R — K 15 M (14850007 km) 2B F—18(0.1nm /ﬂ’\
/—B

cHTAOKRE X107 AF)H Im =

VEEDXXE (E7K) BEBBRRAILEFAII LW,
BEZBOFFL iz vy v T, O 20xx)

 ENREGADMBARIELTEICL 20,
viTF 2% Z 4 (binary pulsar)» % &,




EHRICHT A b T

v £7%EKE hIz 0T AHnE X (strain)
AL=hxL

WUOHBADRKEI=FZNEDIRBX LI LDOKREX

v ORI L BRIT R K
h=10"4'
* F ¥ — KMRM(556km)4 B FA%—18 % (5fm)
o IR — K%M (14&50007 km) 2 & F—18(0.1nm)
cHTAOKRE X107 AF)H Im

VEEDIXEK (EHK TEBERR I 81T kv,
BEBBOFHL V=47 Vvy v FHtt, O 20xx)

 ENREGADMBARIELTEICL 20,
viTF 2% Z 4 (binary pulsar)» % &,




EHRICHT A b T

v £7%EKE hIz 0T AHnE X (strain)
AL=hxL

MNBLDOREI=ENEDPDIREX L LI LNHOKE X

v ORARE BRI BB R

H56km) £* R F 4% —18 %7(5fm)

- -.  Weisberg & Taylor(04)

Joseph Taylor & Russel Hulse,
Novel prize (1993)
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VB ER &K EAE-> F5

: GMv?*

h~

rc*

EAEBEORIEL ) WEAEL N

EHEIIBHOWERALOEH TERINS,

: _ 2 0°
K DOIRNE hij :_Elij(t_r)
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wWEERE—A Y b :jjjp(xixj —%ﬁijrz)dxdydz
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GMV2 M ko d =
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VB ER &K EAE-> F5

Mass(M) : 440000 t
Length :300m
Frequency: 2/s
Observer distance(r): 10m

Sgoks  h=5x0°
| CHOENRIPRZILNE ST
/nizo ¥ aoms (strain) AL=NxL | vwnors
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earth-sun with
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AIGO (planned) : LCGT 3km zezzpass
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R ARME (198

Multidimensionality
(origin of anisotropy)
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lExp.Mechanism < . lGWemission‘
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KV IEREIZIE
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3ODERBAHN =X LY EHNEDEHK

BREAH =TI % 7RO KR
Se—a— ) AR S = R L \/!Nk&
aided by convection/SASI ) Jankao9)

(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09)

also alded by rotation
(KK+03,06, Walder+05,0tt+08, Suwa et al. 10) e
(Suwa+10)

Y F A J) = X It (Burrows+. 2006, Ott+07)

W MHD £ 77 = X A :
e o T /R REED
(I_‘%I;i ; if\_/lv_I&/Eﬁ(;}f))i7 SZ:jb_T\ ty (84), KK+04, Takiwaki+05 ALk
eBlanc ilson , Symbalisty : , Takiwaki N
Sawai et al. 05 ,Shibata+06, Obergaulinger+06, /15\21;1:13 if;f%’f;

Cerda Duran+07, Burrows+07, Suwa+07,
Takiwaki+08....)




(ref. Gravitation & Cosmology, Weinberg
Landau Lifshitz, Classical Field theory)

2'Cf 1 a ITT

i (B =

hi"

R
At R di2 0 (IL_ ?)

here Quadrupole moment: “5; S

bl

300cm /M ) ( R )2 ( Tusn ) -2
D c . flf 10km 1 ms,
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. Peore
~ 1 111&«{_‘.‘(?( 1nl3 ... 3
10H gem ™

~ 100 Hz ~ 1 kHz
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Theoretical prediction

(R =10 kpc)
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1000
Frequency [Hz]
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- BEFELREF
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VAWMLY {5
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the core rings down to the
stationary state, making the
amplitudes smaller with time.

Dimmelmeier et al. (02)



Dimmelmeier et al.(07,08),PRD

VIA4oOWEIXYell 5 (3EIBESHR)
v’ 140 models

(B DOHIAT7DHESE.

M EEOESNERMMIZEEL.

uncertain 2[B] B &H8)

vV IREEAFE 2/\ 23—

(Lattimer & Swesty or Shen EOS).

v BHE .6/ \32—

511, Shen EoS
s11.LS EoS
515, Shen EoS
s15.LS EoS
520, Shen EoS
520.LS EoS
540, Shen EoS

(=]
o

W ENEMERERHISROSER:
ENRRIRATO KT O [EERRE.
* Type ” 5&ﬁ2‘iﬁh[:<b\o el15/e20. Shen EoS

el5/e20, LS EoS

h_[for LIGO detector at 10 kpc]

C

s40.LS EoS

L
100

GFOUP Qc:,i |hmaxl EGW fpeak Af50
(rad s—1) (10=21 at 10 kpe) (1078 Mg c?) (Hz) (Hz)
1T <115 <05 <01 ~ 700 800 ~ 400
2 1-2 to 6-13 0.5 to 10 0.1 to 5 ~ 400-800 100 to 400

most models: 700-800
3 z 6-13 3.5t0 7.5 0.07 to 0.5 70 to 200 80 to 250




Se+06 1e+07 L.5e+07 2e+07

v E NDUNEERFE

- BEFELREF
LD DURE

A7 MMRFEIC

VAWMLY {5
RELMEBLE )

See Kotake et al. (2006), Ott (2009)

/ V’?‘/Z :/7\7_)1/ for arecent review

Positive maximui
iu%&Eosv
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40 45
t [msec] t [msec]




Dimmelmeier et al.(07,08),PRD

VIA4oOWEIXYell 5 (3EIBESHR)
v’ 140 models
(FEADHIT7DAEE =,
Mo EEDEESWNERKMICEIL
uncertain 2[E B S 88)
vV OIREEARER 2/\5—2
(Lattimer & Swesty or Shen EOS).
v BHE .6/ \32—

511. Shen EoS
s11.LS EoS

> » See Kotake et al. (2006), Ott (2009)
/\"7“/;( :/7 j_}l/ for arecent review

detector at 10 kpc]

120 140
t [msec]

t [msec]



— BN ENRIE L I a2 V—2 3 AP

(FL{W, RV 2Z2F v —2 ) —XE—E, FOAKRODFELELR)

HADEITRESFE:
FELAIC
re =2GM/c* = 2.95(M /M)

HLOASSnnIL, FoEE &
TS99 1R—IUIZT5 B, mmsm).

PNS® F# £ =Rpns~10km
B

Wog(nuc.densiW) +016
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W Ht o R DS

PR (I3 7RX—%M) 0L

N = diag(—=1,1,1,1) n* (normal)

) (B 3@kl 1 b 23)

FE D A
& R DEE (it

 metric(3t=Z) % Ko 5
e A/ T — )b, O TRRINL

2 @ i E- Wt 3 Y i: . |- - 5
—a dt” + v (dx' + Fhdt)(dx? + Fdt)

D10 RERD D,

BIEARA BT

(BT ER (X TIZ B LM ED L TUVELY, schwarz, KerrsZess)
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G, n*n" =8xT, n*n" :Hamiltonian constraint ||| V. E' = 471p,

RIEHFTEN

Wy = 87T, 0y N strai 7 B =
G 1"y, =8xT f' Momentum constraint ||[V.B" =0

G, 'y, =8xT, y!y; Evolution equation EE =(VxB), —4r] KEHER

e

¥y -3-metric, n” :timelike normal B, =—(VxE), J
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(e.g., Kotake et al. (04), Obergaulinger et al.(06), Shibata et al.(06), Takiwaki & Kotake (10))
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BREA S = X L
Ye=—a2— MY /e X ) = X I
aided by convection/SASI
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09)

Lo, | Janka 09)

also aided by rotation
(KK+03,06, Walder+05,0tt+08, Suwa et al. 10)

Y F A J) = X It (Burrows+. 2006, Ott+07)

rrows+06)

W MHD £ 77 = X A

ik A&+ R VNTR VN L D

LeBl & Wil 70), Symbali 84), KK+04, Takiwaki+05 ALk
(Le anc |son.( ), Sym alsty(.), +04, Takiwaki+ YMHD < = » b
Sawai et al. 05 ,Shibata+06, Obergaulinger+06, k5 k%

Cerda Duran+07, Burrows+07, Suwa+07, (B ) AR ARE

Takiwaki+08....)



- Mueller et al.

" Burrows & Hayesl(96)-PRL
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matter neutrino

¥FEFL=—a—bMY) /A

TRt — | — @ ,:1‘:"') .

fI'J rI'J
LE = LF

Epstein(78) ApJ,Mueller & Janka (97) A&A

Neutrino anisotropy: degree of anisotropic neutrino
radiation (zero if spherical)

1()'31( ¥ )( L}/ )( (STL )( H )l
'_ 0.01 0°2erg/s/ \1 sec/ \ 10 kpc

™~ h‘l:)cn_ulc:e ~ 1()_31 (1()1{1)() ~RARAIRD E R Y T /XTI

, longer than the bounce signal
because the dynamical time scale is
determined at the position of
neutrino sphere, where forms

i < 100 Hyz further out from the center.

Ptr ap
10 gem—3,

, Shock Stagnation and v Heating,
Explosion (t ~ 0.2s)

—a— M)/ REDOENK. &K (<100HZ)

BREIMEARRDENREFALE.



Space-Time Diagram for Neutrino GWs

For the opaque region,
neutrinos emission - Light cone
IS Isotropic.

— little GWs from

neutrinos

Theé neutrino anisotropy,
coming out from

the neutrino sphere, is
the source of the

neutrino GWSs.

Neutrino sphere




v GW from non-rotating 11.2 Msun star —
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v GW from no-rotating 15 Msun star — seemingly to explode later (?)

vs only
180

M15LS-2D.dat (64/10/512/Kw2.5)

sl flowey's

LS EOS

W W@
t- 't [msec]

|
30 30 0

MISHW-2D.dat (G401 12IK25)
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Jﬁw%%m ]
", HW EOS
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y“.wv, #”VW W

a |

Il
E | \‘
2
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i
flowsy's
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with time !
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Marek et al. (2008)

From Oak Ridge simulations
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v’ GW from no-rotating 13 Msun star —

300
400
ﬁ :&ﬁ} 400 300 200 100 O 100 200 300 40!
;U y/ Y4 X ~N 7 l\ ) l/ “
)

mat_ter
neutrino

Neutrino GWs > Matter
for ~ several 10 Hz.

GWSs increase
with time !

1
|

7 G ARR
& . —a2—pMV) /

HF,h—=2

M13-2D/matter
M13-2D/neutrino
M13-2D/total ===

Amplitude for SN at 10kpc

GW amplitude 10kpe [107

100 200

Time [ms]

—a— M)V VBERBLOBA INEEHEOHK
 ENEARZ MV 7T v b (f~1-1000Hz)
CAERELR (Za—h) JEER) + (HEFTR))
V BEBIIH G H UhFRIT X %L vw(stochastic ITEENT )
—BEREDTA F I 7 AHBFR&ESASIY T -5 HEBRH 7o A TEI > TWE06,
v BEPCSHOBIHEICEHL T, Z0RBICIIREREN KT HFHLE.
(f&.34)
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18.0
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Suwa et al. (10)PASJL Z
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KK et al. (09,11)ApJ
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Kotake et al. (2009a,b),ApJL, ApJ
v’ Ray-tracing based analysis for the neutrino-originated GWs

The input neutrino luminosity differs only 0.5 %.

2 L, =6. 8x10°2 ergs s 1(model A)

ooiooooooooooooooooooo
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Matter

~(model B)
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{ || MHD mechanisms
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Force Carriers

E\Weinberg-Salam theory (FE55#:—)
neutrino : massless
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o v/ 2002 Novel prize to pioneers
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v Multi-messenger astronomy of SN will be highly
interesting (although challenging!) in the next decades.

v Multi-dimensionality (convection, SASI, rotation, B-fields)

holds a key to bridge the SN theory (incl. nuclear theory) and
these multi-messenger observation.
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