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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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Neutrino reactions in the supernova core ‘

%Iez:acﬂpp'a & Bruemn (1993a)

Horowitz ( 1w )

Bruenn & Mezzacappa (1997)
Burrows & Sawver (1908)
Burrows & Sawyer (1909

Burrows & Sawyer (1909

Bruenn (1983), Langanke et al. (2003)
Mezzacappa & Bruemn (1993b)
XTI - Bruenn (1985). Pons et al. (1998)
wNN - WA Hamnestad & Eaffelt (1998)
¥ _ Buras et al. (2003)
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Neutrino reactions in the supernova core ‘

Feaction Feferences |
v : ' Mezzacappa & Bruemn (1993a)
Cemohorsky (1994)
Horowttz (1997)
Bruenn & Mezzacappa (1997)
Burrows & Sawver (1908)
Burrows & Sawyer (1909
Burrows & Sawver (1900
Emnmn 1'-4"_!“ , I_an":mLe Ft al. (2003)

_ g 8 El-rua:m 1985), Pons et al. 11*—"9‘-‘-]
¥ _"-.-'_"-.-' : WA Hamnestad & Faffelt (1998)
¥ Buras et al. (2003)
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(A, Z)+e =2(A,Z—-1)+ v,
(A, Z)+e"=(A,Z2+1)+ 7.

(Langanke et al. '03 PRL, Hix et al. '04)

weak interaction

: PP lepton momentum
coupling constant cos 9 =11 Mv

rEETE— and energy

‘pl‘ pv

G2 % 2
1

27T

neutrino energy initial, final

nuclear energies < f ‘HW ‘|>
/ lepton traces +
nuclear matrix elements

Nuclear structure
information: needed( 2 2 » #77)

* Fuller,Fowler, Neuman in the 80°’s
GT Transition to lowest excited state was taken into account . N=40 shell closure.
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(Langanke et al. '03 PRL, Hix et al. '04)
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Tasks for improvements..

LV V’
v/ Reaction rates are only for 45 <A <112

A ~ 200 is needed to follow a full evolution in the SN simulation.
v’ Their reaction rates are not open... (open to only one group)

-
om

- In the reaction rates by Fuller, Fowler, Neuman
in the 80’s, the GT transition is assumed to be
blocked when N > 40.
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Improved estimate of electron capture rates
on nuclei during stellar core collapse

NPA(2010)

A. Juodagalvis® K. Langanke bed W R, Hix®

G. Martinez-Pinedo” J.M. Sampaio!
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Fig. 1. (Color online) Nuclei included in the calculation of the NSE-awv i
and spectra. The sd pool is marked by circles, the shell model pool is u, (MeV)
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[ Reaction Heterences

ver = ve Mezzacappa & Broemn (1993a)
Cemohorsky (1994)

vd = vd Horowitz (1997)
Bruenn & Mezzacappa (1997)

v N = N Burrows & Sawyer (1998)

el = & p Burrows & Sawyer (1999)

P = é&'n Burrows & Sawver (1999)

ved = e 4 Bruenn (1983), Langanke et al. (2003)
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e e et Bruenn (1983), Pons et al. (1998)
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New sources for mu/tau neutrinos
Nucleon bremSStrahlung(ig:ﬁ ‘ 7@{ :f‘%',] ?ﬁﬁi%) & Flavor changing reactions

NN = viv NN FGEETAR K EU S Y Ry R 7 1 o ct al. '03, 06)
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Hinng new neutrino reactions —— NOP_NT

(Rampp et al ’02)_ (Rampp et al 02)
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Yamada & Toki, Phys.Rev. C61 (2000) 015803
(e.g.,Burrows & Sawer ’'98,’99)

‘supplemmu Factor for R;"" (Y, =0.3)

(4™ g = 5 Ka(q™ ¢*)SiF (k). 3 V’
.s_f;:fﬂ:_k]:J ASCIERI(ON - dynamical structure function 122 ;

=

Suppression Factor for R, (Y = tl 3)

T

R1(k)~h} | PRIV 1% F-[E] D density correlation

27
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TR 4 ikxy i . i I
()~ 5| dixe™(sy(x)s)(0)). . spin correlation

RPA + RMF Lagrangian

v % E ik T. scattering rate down = opacity down
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Vogel (1984)
Horowitz & Li (1999), PRD
Duan & Qian (2005), ApJ

Ve+n—p+e

Ue+p—mn-+et
O(1/mn ) KDk ;k 35 TEol: H:ﬁ H *ﬁ

(2 cos? H E K
_ I ( - — I"\_
0=~ (430 El =gy 057

/ Mgz ~1GeV, E,~0O(10) MeV

et IR L UCPESN - — 7.60(5/10° G)/2 MeV

v Recoil correction(/ #k) : = (24+10g2)/(1 4+ 3¢2) ~ 3.10

v Weak-magnetism correction [REEyNIESD)2SVIE R SR N D,

(BMRIR) :

BFHR-—a—F)/: o1/mn)cross section & EITH5EVRX =>BEIZODEUX
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Good(O)or
bad(x ) for

: Sophistications explosion
Eeaction Eeferences

ve: = vt Mezzacappa & Bruemn (1993a)
Cemohorsky (1994)
vd = vd Horowitz (1997)
Bruenn & Mezzacappa (1997)
v N = ¥N Burrows & Sawyer (1995)
el = & p Burrows & Sawvyer (1999)
P = é&'n Burrows & Sawvyer (1999)
ved = e 4d Bruenn (1983), Langanke et al. (2003)
Mezzacappa & Bruemn (1993b)
vy = g ¢ Bruenn (1985), Pons et al. (1998)
wNN = NN Hamnestad & Eaffelt (1998)
R Buras et al_ (2003)
VieVe = v,.v. DBurasetal (2003)
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Mezzacappa & Bruemn (1993a)
Cemohorsky (1994)

Horowitz (1997)

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

Burrows & Sawvyer (1999)

Burrows & Sawyer (1999)

Bruenn (1983), Langanke et al. (2003)
Mezzacappa & Bruemn (1993b)
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depends on Heating-dominated
neutrino luminosities, spectra,
and angular distributions.

Cooling-dominated Stalled shock

NS ~200km

f(tr6,0,E,0.,9)) “MGMA”(6 dimensional problem)
E . (t,r,0,9,F) = _[ dé, de¢, “MG”(IVulti energy-Croup: =L %¥—#
) or |DS(isotropic diffusion source approximation
E,(t,r,0,0) = _[ dE dé’p d¢p S “Gray (no energy-dependence)”
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Max Planck Institute

for Astrophysics

- 2D
- Boltzmann transfer with ray-by-ray
treatment

(ray—by-ray: solves the spherical-symmetric neutrino
transport problem for each angular bin.)

\/i‘-_l'ijﬁ, Herant + 94

Janka Mueller (98)....

v SASI

.Blondin+(03), Ohnishi+(06,07)
Scheck+(04,07), lwakami(08,09)
Murphy & Burrows (08,09)

Supernova Science Center
Resea ch Group at

- 2D-3D MHD
- IDS

- 2DMHD,3D
- MGFLD or Sn

- 2D HD, 3DMHD
- MGFLD ray-by-ray
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gradient convection)
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gradient convection) dYL/dT <0




BHE DR THRIARZ 5507

ERIE DN @i

dS/dr < ( NEIN=REIE- EE).7A
negative entropy-gradient
convection)

EFTFPRTFENDREORIR

dYy, /dr <0

(V7 b %o f o RE:
negative lepton-gradient convection)



1990 X : A %%

\\\\ 2D/2.00 i

' 1D/2.25

RS ew\

0.4 0.6
time [sec]

Neutrino @ BESTERERE (s)

STARICEIVEAHD L A7 1)
BEL2E LT L>TW5

(Janka et al. 1996, A&A)



Shock revival [ZIAELL

iﬁﬁ:l_l‘u/ JG.

— N

i

>

(Burrows and Goshy 93, ApJ, Yamasaki & Yamada 05,06, ApJ)

Criticél Cu.rve
\Y T, = 4.5 MeV

(ERERETE

SUPERNOVA

BRTEES

/ﬁ%%rg

7 BBULMES

Bruenn '920)
HIEFTE D EST

1IDDFER
15 50 25 80
M (M, /s)

W T N N T .L....\_|_|

35 40

EEFE R RESOFHERICSEDEN.
1BEICERAIR ! !
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(Burrows and Goshy 93, ApJ, Yamasaki & Yamada 05,06, ApJ)
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Time evolution of shock in 1D and 2D models
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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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Let me remind of you the spherical harmonics!
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tanding Accretion-Shock Instability M AH=X L

HRTEE . p— Foglizzo (2008) ApJ
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Buras et al. 2006 A&A
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Marek & Janka 2009 A&A
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Suwa, Kotake, Takiwaki, Whitehouse, Liebendoerfer, Sato (10), PASJ

. / Nomoto & Hashimoto (1988) 13 Ms (E:&E[ElEx Q.= 2 rad/s)
= VIREEAFERK (X Lattimer & Swesty EOS (K=180 MeV)
: / Ray-by-ray 2C approx. Boltzmann transport (55 =[a] B T&¥ut)

= —a—hk)/mEhsEE BEIRILT—DORERE

50

=]
=
&0
o
=1
[8a)
=
w
=
”~
[sa)

200 300

Time after Bounce [ms]

(DVEB KO RERTF W) RE NAEOHETBRRBRIRANL XX 3
(2) & %5 D h & Thipolar explosion =712 % 121050 erg(—H R D e W)




Why rotation is good? A%z X 2 XA =2 — b ) / 3&&

Kotake, Yamada, Sato (03) ApJ, Kotake et al. (2006)
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Why rotation is good? A%z X 2 XA =2 — b ) / 3&&

Kotake, Yamada, Sato (03) ApJ, Kotake et al. (2006)
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FEER 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
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ENTROPY Time = 470 ma  Width = 750 km
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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
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Acoustic-driven supernovae ?
(ZSKBﬁﬁgd)%"‘)bi’C 'k%%_I ~10%Terg (Burrows+07,ApJ)

v~ Objections to “acoustic mechanism”

% 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).

% Forcing the PNS oscillations by hand in 2D simulations,no acoustic-driven explosions ! (KK in prep)
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Ohnishi+07

o Bondint03 B Brin+0
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- Dimensions in space




v’ 13 Ms proge
v/ Numerical

v/ Resolution check
needed.

v/ Peta-flops class
supercomputer i
soon at hand.
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(MHD 2 7 = Z L2 EHIZL 1 - X)

TI—k—7L 4 7 (13)
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core collapse

SN explosion shock in envelope shock propagation in core *
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Switching gears
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MagnetoHydroDynamic
(MHD) mechanism
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Source Period Period

Radio beam Rotation Derivative
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A 1E 1048.1-5937 6.4 1.3-10
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Magnetic field = 10°- 10°T 1E 2259+586 7.0 0.043
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MagnetoHydroDynamic (MHD) mechanism

(e.g., Symbalisty 1984, Kotake et al.04,06, Obergaulinger+08, Burrows+07, Shibata+06, Suwa+08)

Takiwaki & KK (2010)

v’ The B-field strength in the PNS
~10M15} G
= relevant to magnetar formation

v/ produces hyper-energetic
explosion10™52} erg
= link to hypernova, GRBs

v' The progenitor is very rare.
(< 1 % of all supernovae)
Woosley & Heger (2006)
ApJ
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MHD mechanism
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Takiwaki et al
(2009)
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THE MAGNETIC FIELD STRENGTH IS PROPORTIONAL TO OUR IGNORANCE.

John Hawley




BAOMHDY I 2l— a3 vyORRK

v' The numerical resolutions for global MHD simulations
(encompassing the whole iron core) are generally not

enough to capture VIRI (IVlagnetoRotational Instability).

- Relevant physical length scales

- global scales: 1071 ==+ 10”3 km

- scale height of physical quantities: 1 km

- MRI wavelength: 107-5 === 10M-1] km
fastest cmax | 27TUA 2

; B
. ey e — ~ P A P~ |I I }4 Cm} .l”]“ ]—I
growing mode: oy

- viscous and dissipation scales << 10™-6 km

e e

P11 |

global MRI wavelength dissipative range

scale height




What is MRI (#% 2 @ $2 7% E 1) ?

v/ Thinking experiment:
(1) Two spacecrafts rotating around the earth,
connected by the spring.
(2) Since they are rotating in the Kepler orbit,

A rotates faster than B.

(3) Suppose that the angular momentum is
transferred from A to B (via the magnetic fields
in astrophysics alternative to the spring..)

(4) Arotates slower, making its orbit smaller,

B rotates faster, making its orbit larger

— catastrophic process !

MRI develops in any system which satisfies dQ/dr < o

thus, ubiquitous in the universe, accretion dlskofGRB protostellar disk..
in the supernova core.

WIS TIE. MRIZDETDHDIEA—HILL 2L —ar LOFENALY,
(e.g., Obergaulinger et al. (2010) A&A)




PNS

(Proto-Neutron Stdf) Fiducial Model :

Po = 1x102g cm™ MRI(ZJZéWbZ‘O)i%mE

€ = 2000 rad 5!
Convectively ¢ R =4x1 (}E.deﬂ cm2
~ . Stable _ o Bo=1.4x10""G
- T L =1.0km
g =-125

O

>

*18
‘MRImﬁ%ﬁmWQ\

Balbus & Hawley 1998
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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
BELI-0D 7

Energy-drivers for explosions:
y¢Neutrino heating mechanism

- : Most Likely !
aided by convection/SASI (ﬁqﬁzm,;y
REFEANEERIC
(Marek & Janka 09, Suwa et al. 10, Bruenn et al. 09) B ANB A D7
BUMREREET,

ARBHEITOIAFIVADIATA v Y Vv —
ENK. =a2—FY)/
& FHESHK

erda puran+u/, burrows+0/, suwa+u/, v e 1
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MANFERAEXOEL (ZD1)

Mass conservation In
Lagrange derivative form
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A NFERAERNDER (ZD2)
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A NFEEEAREXDEL (ZD2)
AR D EE) F A ¥ Sl L

the Cartesian cordinate (z, vy, z

PULVz  PUZVy  PULZU; 0/0x
PUyUE  PUYUy  pUyU, |+ | O[Oy
PULVL  PULVy  PULV, 0/0z

Einstein M#E#Y (Einstein’s contraction): iRAFENEL->TL\BED (L,
1~3(CZTlEx.y.2)EFTRELEDLE S,

—(pv;) + —(pv;v) + (gradp). = —p (grad @),

ot dTy




MANFERASEADOEL (ZD2)

AR D R F) AL L Al L

&Y

BlglELTEL L,

EBFEXAMNRX T2V IL(Momentum-Stress tensor

M L. IOy A—DTILE

f);. j = 1 for 1 = ,!
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A NFEREAENDEL (ZD3I)

RERTESTI L (EHAE. EFAEXOWIISREZHITTIED)

0

n —(pe) + divi|(pe + p) U]|= —pv grad P
dt

TRJLE—i R (energy flux)

B AEHr-Yon
HNEB TR JLF— (erg/cm”3)

(Landau, Lifshitz A HF1SHE)




Advanced topics
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