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Ishii, Aoki & Hatsuda,
PRL 99 (2007)
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HWEHEBRBOZE D 1) F

=2—FY/ K.Sato (1975)
E AR LI to s by s wr

peenter ~ 10%%g/cm?

Ptrap ~ 1.4><10119/cm3

ik 9 L

OO
FH44443
4444494444
+444444444
FHEEEEE 44
444444




\¥
/R

| Adiabatic Index (Bruenn, 1983)

i1

104 10¢ 10’ 10N
Density (g} cm’)




Radial velocity [10000 km s'l]

Y A WIE

HaO7E==14Ms
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Mass [M':E:'] Rampp & Janka
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B Mass outside
= — athe Inhbr core

v' During the shock-passage in the iron core, the kinetic energy
of the shock gets small due to the photo-dissociation at

v
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¥ +°Fe — 130 +4n — 124.4 MeV
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0.6 0.8 1 1.2 ; ) Central lepton fraction, model W515_nue

Mass [M] h Rampp & Janka (2002)
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v/ During the shock-passage in the iron core, the
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ed and most promising way to produce SN explosions.
d in the 1D numerical simulation by Bethe & Wilson ’85
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BETHE AND WILSON ApJ 295 (1985)

Heating-dominated

Cooling-dominated Stalled shock

~200km

(erg/s cm? SRR ° 0z 0. 0 oI 02 03 04 05 06 07 08

x cm?: D EFE TIME - A 22
,] Eiﬁ collapse phase || postbounce accretion phase | explosion phase - l I\ I) / l-l1 i|] ﬁ

X bounce

102 ergs1, s - nucleon

ASMeV ) \150km

I, = 42MeV, T, = 1.5MeV,
Ry = 200km, R, = 80km

e A 95km,

G Musm, [ M\ R\
=130 ( 1.4M ) [ 150 km ]

[MeV /nucleon] |
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Wilson’s simulation » it 3
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Good(O)or
bad(x ) for

Sophistications explosion

Mezzacappa & Bruemn (1993a)
Cemohorsky (1994)

Horowtz (1907)

Bruenn & Mezzacappa (1997)
Burrows & Sawyer (1995)
Burrows & Sawvyer (1999)
Burrows & Sawyer (1999)

:Elj See lUEZA. ﬁé’s talk !
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(Wang+.01,02)
- Multidimensional explosions are favorable
for reproducing the synthesized elements.
(Nagataki+.97, Maeda+.03, Kifonidius+.07,Maeda+08...)
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“Single-peak”

“Double-peak”

Normalized Flux (F))

See HIHZTA's talk ! §
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2D TFull calculation (type II) DETEZ{THOTCHDHE"

Buras et al. (03) PRL

Time evolution of shock in 1D and 2D models

225.7ms

T 3 week ending
VOLUME 90, NUMBER 24 PHYSICAL REVIEW LETTERS 20 JUNE 2003

Improved Models of Stellar Core Collapse and Still No Explosions: What Is Missing?

R. Buras, M. Rampp, H.-Th. Janka, and K. Kifonidis
Max-Planck-Institur fiir Astrophysik, Karl-Schwarzschild-Strasse I, D-85741 Garching, Germany
(Received 7 March 2003; published 19 June 2003)

Two-dimensional hydrodynamic simulations of stellar core collapse are presented which for the first
time were performed by solving the Boltzmann equation for the neutrino transport including a state-of-
the-art description of neutrino interactions. Stellar rotation is also taken into account. Although
convection develops below the neutrinosphere and in the neutrino-heated region behind the supernova
shock, the models do not explode. This suggests missing physics, possibly with respect to the nuclear
equation of state and weak interactions in the subnuclear regime. However, it might also indicate a
fundamental problem with the neutrino-driven explosion mechanism.
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[T 5y Blondin et al. 2003 ApJ
S AS I Scheck et al. 2004,06 A&A
Ohnishi, Kotake, Yamada 2006, ApJ

Foglizzo et al. 2007 ApJ...

- What is SASI ? INI DRI
“Standing Accretion Shock Instability” RELT=EER

~2

=12 NE#LT=

stalled shock D%

- SASIFIREDAH=XLDR

 TAUEEEET TS
BALLRT— LBV B,
GEEBNMEARDESIZKY)

/ ’7“49@5@75(53]??\]‘%%5’»&")]375{60 5.4 8.0 105 13.1
lwakami, Kotake et al. (08), ApJ
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“What is missing ? " »
Yial—ia R

180.1ms

225.7ms

(&
i

NQOI
!d&v !“’
® Q) & 5
JF, crr
Bura$ et al.03

REP@HAMHEERLEET I

Tl3. SASI% ZIVICER ) A

ﬁi‘ﬁ‘o f:.

n B %3 FR

N\

11.2 Mg, ? #L2 |

Buras et al. 2006 A&A
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Suwa, Kotake, Takiwaki, Whitehouse, Liebendoerfer, Sato (10), PASJ

v Nomoto & Hashimoto (1988) 13 Ms (&3E[El#: Q.= 2 rad/s)
v IREEAFER L Lattimer & Swesty EOS (K=180 MeV)
v’ Ray-by-ray 2C approx. Boltzmann transport
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200 300

Time after Bounce [ms]
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T EER T Y 4 (Princeton)

Burrows et al. (2006) Apd (2D-MGFLD (Multi-Group Flux Limited Diffusion) simulations)

11 KEEE D E T~600 msec dynamics ZE-> TIEHK

BN IHUPY | IMé = 385 Mm&  WIOIN = 75U KM BN IHUPY | iMé = 42U md  WIJIh = 75U KM

Gl
R R el

Acoustic-driven supernovae ?
(ZSKB%EOD%"‘)Li’C JRFEFIEE ~105"erg (Burrows+07,ApJ)

I||||

,,-‘u“ ﬁ.u

v~ ODbjections to “acoustic mechanism”

w Little oscillations of PNSs in Garching & Tokyo simulations
(Marek & Janka 09, Suwa, Kotake et al. (10))

% Semi-analytic studies predict that ..

v the saturation levels of g-mode oscillation are at most 10*{49} erg, much smaller
than found in Burrows et al (06) (Weinberg & Quataert (08), ApJ).
v/ there is a severe impedance mismatch between the typical frequency of SASI
(~30Hz) and the excited g-modes (~200~500) Hz. (Yoshida et al. 08, ApJ)
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500 events : SWRSELL sy 4™ Mannheim, Germany
cloud computing  “EEESHl_ e gF= - September 26-27, 2011
SUPERCOMPUTER SITES
PROJECT LISTS STATISTICS RESOURCES NEWS EcontacT D suBmiSsioNs  BILINKS () HOME
Penguin
» Japan Reclaims Top Ranking on Latest 5 1™ Servers:
TOP 10 Systems - P P g SUPERMICR. Q'J;,i,cii,;&?ng

FENFLE

—£

06/2011

K
Vi

computer, SPARC64 N Thu, 2011-06-16 19:24
I1fx 2.0GHz, Tofu

interconnect

TOPS500 List of World’s Supercomputers

& 9 Windo..

Tianhe-1A - NUDT TH
MPP, X5670 2.93Ghz
6C, NVIDIA GPU, FT-
1000 8C

Jaguar - Cray XT5-HE
Opteron 6-core 2.6
GHz

Nebulae - Dawning
TC3600 Blade, Intel
X5650, NVidia Tesla
C2050 GPU

TSUBAME 2.0 - HP
ProLiant SL390s G7
Xeon 6C X5670,
Nvidia GPU,
Linux/Windows

w B 5 Micros...

v

HAMBURG,
Germany—A
Japanese

more than 8

quadrillion calculations per second (petaflop/s) is the new number
one system in the world, putting Japan back in the top spot for the
first time since the Earth Simulator was dethroned in November
2004, according the latest edition of the TOP500 List of the world’s
top supercomputers. The system, called the K Computer, is at the
RIKEN Advanced Institute for Computational Science (AICS) in

Kobe.

BohUa—=A0 t1adv2011 — k.

2 8lnterne.. =

supercomputer
capable of performing

= ms - PDF-.

Simplified
Leam More »

[AMD.

Delivering

“Computing”
— the ideal future -
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Mass loss
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Network

Umeda
(YU11)

Vink et al. 01
de Jager et al. 88
Nugis & Lamers 00

Schwarzschild

240(282) 8% 1&
1.3(1.5)xCF88

LCO6
o —< KF

Vink et al. 01
de Jager et al. 88
Nugis & Lamers 00

Schwarzschild
(Ledoux+overshoot
in H-burning)

2821 1E
Kunz et al. 02

HMMO04
A7 7% A

Vink et al. 01
de Jager et al. 88
Nugis & Lamers 00

Schwarzschild
(+overshoot
i H & He-burning)

NACRE

CNO+0-net+QSE+NSE

WHWO02
(RHO2)

Kudritzki et al. 89

Niewenhuijzen & de Jager 90

Hamann et al. 82

Ledoux+
+overshooting

NHS8
Hashimoto95

Schwarzschild

(R

p 4

Iron  Silicon Oxygen
Core Burning Burning

@ v

Meakin & Arnett (2008)

yb’(fuiF e 27
FTHEZ LW

A ——

Neon/Carbon
Burning

Si-28 Mass Fraction

0 20 40 60 80 100
[T
Net energy generation [1e+13 erg/g/s]




9 Minit = 15 M@

11 Woosley, et al. (2002) #iLET L

108

r(cm)

To-do-lists...
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BHFELI2l—avyniRK: 32MH mechanism

Exploding models

Energy-drivers for explosions:
v Neutrino heating mechanism I .\\ 2 |
: ! ﬁ( | (Marek &
aided by convection/SASI | Janka09)
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09)

.’: ’_/ \_‘ ”‘:
-/

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

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

(Suwa+10)

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"") (Takiwaki and Kotake 10)




BEFRELIal—aryniRHE: 320 mechanism

Energy-drivers for explosions: BHELI=D ?
y¢Neutrino heating mechanism |
aided by convection/SASI ?ﬁ;jfﬁé'f‘ii'y'
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09) Qfﬁf@é}%’f“

BOEREETT .

8 IH M

NBHEITOIAFTIVZADIATRA vV T v —
/K (x1/R), =2— M) / (<c1/R2)
& TEL

Takiwaki+08....) |\
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amplitude from the quadrupole formula

e — i -_j
26 o _

AR Ot2 Y

Ry =3 l«:m( 7 ) v/ce=0.1 R =10 kpc

SN In our galaxy is the target of GWs

More correctly,
ﬂ represents the degree of anisotropy.

If collapse proceeds spherically, (it
no GWs can be emitted.

What makes the SN-dynamics deviate
from spherical symmetry ?




LCGT design
(j(f&'c‘f/u s talk)

|||||‘|
2 3 45678
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GW amplitude 1 .
Multidimensionality
I Se

(origin of anisotropy) neters

// I mwes
\ \ p
/_l
l Exp. Mechanism | | l GW emission‘
T—5 4
VAR TENE» L REFRORAL @R

VI (BEAE, VB — R NERFIR) (- [

bHIRANF—FHEWEFTIEYy 7T —=< |
B R D BREAR D — ST

See AfEZA . LS As talk | [




MHDIEF I > THEEINEFE IR

(e.g., Kotake et al. (04), Obergaulinger et al.(06), Shibata et al.(06), Takiwaki & Kotake (10))

st /

v/ The MHD mechanism

iwaki/& KK (2010)

v GW amplitudes from prolately
expanding material positively increase

Gravitational waveform from MHD explosion X'\\O

h [102" at 10 kpc]

| v BHEIGEFENSHESNEIEAK:
NOVAR+T—IV(B) &
(type It = type | + tail EHLFES, )

t-t, [ms]
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Entropy [kBaryon] (KK et al. 09, KK et al. 11)
t=1 ms
ST T T T T 1 128
0 100 200 300 400 500 :
Time [ms]
7.7
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Acoustic-wave mechanism

.........................................................

— Entropy [kB/baryon]
| Gravitational Wave [107-21]1 | 18.0
_______ B+ -t~ hipxi==h er ——hiex t =496 ms
0| , 45 Burrows
E +06

...............................................

.............................................

MHD mechanisms

(Takiwaki and Kotake 10)

X

MHD feature

T

-5 3 all
° hyd & grav

<5p0.1

mag -
60 80

t-t, [ms]

¥
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First LIGO
Advanced LIGO -----
LCGT e

GWs from
neutrino-driven SN (KK+09)

10 100
Frequency [Hz]

WRAPCSHBEELLNDENRL2ILZ 501, RERBERH»IRTR,
WKWORZ 1L %EW GEBTEToREN. 77— BMiEHI;#ITP)
Y% MHDER, —2— M) JEBEEFBRBOMEN ? /Multi-messenger 7 5 5/




BHE=—a—N)/

(see reviews for Kotake +06, Dighe+09)

(see Duan+09, Dasgupta+10 for a
review)

nor-LMA-S
inv-LMA-L
inv-LMA-8

MeV]

original Vg
/ original direct——
nadir angle = 70 -—

nadir angle = 30—
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rin
7}
£

20 30 40 50 60 7
eutrino Energy [MeV]
<

Nucleosynthesis

)

Numerical Modeling ‘ Exp. Mechanism Neutrino Parameters

o

Gravitational Waves

Supernova Neutrinos

v
v Useful as a tomoaranhv 1e  the time evolution of the SN dvnamics!



Neutrino S|qnatures iIn MHD explosion of supernovae
Kawagoe, Takiwaki, Kotake JCAP (2009)

Polar direction

nce

o

=
Q
—~—
2
2
B
c
(b}
O

13.87

7.43

Event rate of v.@ SK
I Equatorial diraction --«----- Equatorial diraction =+----=
1.00 Polar direction Polar direction
equatorial directi

Inverted mass \-equatorial directig
hierarcy """""""""""" / | ™ \

/ These features are inherent to MHD explosions.

‘vent rate [ / sec]

v Good measure to tell the dlfference from other scenarios.
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(Kifonidis et al. (2003,2006), Hungerford et al. (05), Young et al. (2006), Maeda et al. (2008))
(Fujimoto, Kotake + 2011, ApJ)

Si-rich jets, as in ' -
\ ‘& S| in Cas A
@ - /

. S
I |

v Explosive nucleosynthesis
occurs more drastically
along the direction of explosion

v’ This may account for
some observational features
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Mechanism

Messenger

Gravitational Waves Neutrinos

Canonical rotation

Stochastic Stochastic

Neutrino-heating
mechanism

(Convection & SASI) (Convection & SASI)

Photons
(nucleosynthesis)

V p process

Anisotropic explosive
hucleosynthesis

Excess for equator | Polar excess

Rapid rotation

‘ (Spiral SAS|I modes)

fails: black-hole forming I

Burst signals Disappearing signals

No photon (?)

(bounce & BH formation)

MHD mechanism

Burst & tail Anisotropy in SK

(rapid rotation + events (MSW effect)
magnetic fields)

-V , bursts (RSF)

"r-process cites ?
Path to
hypernovae 7
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Messenger
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Messenger

: Photons
Gr o1t et al. (2011) PRL Neutrinos
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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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