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Prompt Explosion or Delayed Explosion(Wilson)?
000000000 (Burrows and Lattimer)
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2 SNI1987A U0
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e 1[I polarization

e 000 mixing (large vpe > 3000km /sec(Fe II IR line), early detection of
X-ray, 847keV /1238keV ®°Co line), slow H velocity (~ 800km /sec)

e asymmetric image

= ooy

HST image of SN1987A on 1994.2 and 2003.11.28



shock gain R R R R
radius ns PNS v € s

(convective)

(Janka 1997)

gain radius: 000000000000 (DO —0O0O)=0
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e [ U neutrinosphere 1O OO OOOOMO



PNS Convection: convection inside the proto neutron star:
hot lepton-rich material deep inside — surface/neutrinosphere
— L, /', neutrino heating in the hot bubble ~

e Wilson’s Delayed explosion model
neutrinosphere [ [ UJ [ neutron ﬁnger(% > 0, dd% < 0, Ledoux stable but
Ts <Ty,) 0000000000 O00OD0O0O0OODOOOOO

e Bruenn etal., 95,04: 7¢ > Ty, no neutron finger
inward flow of 7, transports Y}, outward

e Buras etal., 03: Ledoux convection is too deep to increase L,

machanism /effects of PNS convection is still controversial
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Postshock Convection: [
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FIG. 26.—Same as Fig. 24, but at t = 378 ms. The highest entropies (at ~ 38 units) are found in clumps.
Burrows, Hayes and Fryxell 1995 (2D + radial-ray v tr.)
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Sensitivity to Neutrino Heating Rate
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FiG. 1.—Explosion energies vs. time after the start of the simulations (~25
ms after bounce) for exploding one-dimensional (dotted lines) and two-
dimensional models (solid lines). The numbers denote the initial v, and v,

luminosities in 10°% ergs s ..

1D/2.10: no exp. < 1D/2.20: exp.
(Janka and Miiller, ApJ 448 (1995) L109, Fig.1)
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e FLD (Flux Limited Diffusion) Max-Planck, Burrows '80s
ny, (t, 1), uy (t,r)

poo_ M Ou, | f —egefpe diffusion(h — 0)
c 3 or | cu free streaming(\ — o0)
e MGFLD (Multigroup FLD) Scheme Wilson, Bruenn, Suzuki ’80-"90s
dny
—~(t,7,)

OO0000000000000 (Yamada et al.97)

4

e Boltzmann solver (Mezzacappa, Burrows, Janka, 0 000 O 2z 2000)
fot,r,w,p) 000000000 OODOO
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mistake: o(vN — vN) too small = Explosion!.

No Explosion!. NH 13Ms, GR Boltzman, LS
Liebendorfer et al., astro-ph/0006418 v1 Fig.4

EOS+Si burning, S = 103, E = 12, A = 6, 3v
GR— compact PNS — T ~ L, 7,

Boltzmann — heating rate ~

Liebendorfer etal., Phys.Rev. D63 (2001)
103004 (astro-ph/0006418 v2) Fig.6

Neutrino Interactions (standard: Bruenn’85)
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Suzuki and Ishizuka: One Pion Exchange model

ve,00: p>108g/em®, T ~ 10MeV OO DO0DO000v0000 e et —
v, U, 00000

000 oouddnt enhanceL,,x/Dw,/m}\

0 0 multiple scattering suppression (Raffelt and Seckel 1991) 00 0O OO
O0o0botoboobotoobodobdobtdn

(Hannestad and Raffelt, Raffelt and Seckel 1998, Shen and Suzuki, Burrows
et al. 2000)

e down scattering (ve”™ — ve™, VA - VA" ) D0 00w, \,S / — A\,
YL,trap \n Eshock \

e ion screening (Horowitz 1997, Bruenn and Mezzacappa 1997)

Coulomb effect — ions in correlated states
o(vA — vA) decreases when the wave length of neutrinos > ion seperation

e NOODODOODODODOODO: p>10Mg/em®,w, > 10MeV O ESODO OO
Wy, ) "\

e YNNUUOOOOOOOOOOO: y NOOUOOODOOODOO



vN «— eN' 0000 weak magnetism («—~ 000000000000O):
05.p(20MeV) : —15%

Vel < Vg, V' — vV = (w,,_) ~ (wy.)

0000 effective mass, nucleon density/spin fluctuations

= reduction of opacity — L, ~
(Sawyer 1995, Miinchen group 1995-1998, Burrows and Sawyer 1998-1999,
Reddy et al. 1998-1999, Yamada and Toki 1999-2000)

0o odootnntn

shellmodel OO 0000 OO0DODOOO/pOO00O0OO (LMP: Langanke and
Martinez-Pinedo)

LMSH: N >400 0000000 nooooogd

Bruenn’85: p(f7/2) — n(fs/2) O Gamow-Teller transition
N < 40: possible, N > 40: impossible

X, 0odooooooodoodd / Yrgap \



000000000000 00 (EOS)
e.g. P(p,S,Ye) for OO0 OODOOT(p,S,Ye),ui(p,S,Ye) for v 00O O

1. Wolf 000000 (00000 Hartree-Fock): 000000
10911 <7 <1010-126K, 106 < pp $10%g/em®, 0.025 <Y, <0.525: 00 O

2. Shen etal. 1998: 0O DO OO0
000000000 (n,p,0, p,w)
T™M1O0O0O0O0OOODODDO (¢0,--)«000000CDODODODOOO
00000 (pzpo) 00000 (Thomas-Fermi O 0O)

entries: pp, np, Ye, T, F, U, P, S, A, Z, M*, X,,, Xp, X0, Xa, tn, tp
erids: [ 00O OO0 T =0,0.1 ~100MeV AlogT = 0.1

Y, =0,0.01 ~ 0.56 AlogY, = 0.025

pp = 1051 ~ 10%4g/cm® Alogps = 0.1

D000 Kg=281MeV, ODOOOOO0O S, =36.9MeV

3. Lattimer-Swesty 1991: FORTRAN 000000 (00D0ODODOODODODOO)
00000D000D00: K, = 180,220,375MeV, S, = 29.3MeV
E/n~—-B+ K,1—-n/ns)?/18 +5,(1 —2Y)? +---

0000: T20.5MeV, pg>107g/cm®, 0.03 < Y, < 0.55:
00000000000000000 =Y. =00000000000

Wilson: 000 000oooooo7?igdooob: oo oooob:- oo



Recent simulations with GR 1D Boltzmann v-transfer(0 OO0 OO 000 O000)

- — Newtoh+O(v/c) -
— Relativistic

Radius [km]
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Time [ms]

Fic. 1.—Trajectories of selected mass shells vs. time from the start of the
simulation. The shells are equidistantly spaced in steps of 0.02 M, and the
trajectories of the outer boundaries of the iron core (at 1.28 M) and of the
silicon shell (at 1.77 M) are indicated by thick lines. The shock is formed

101 at 211 ms. Its position is also marked by athick line. The dashed curve shows

O 0 1 02 03 04 05 the position of the gain radius.
Time After Rounce Is] WW 15M@ y MFe =1 28M® y NR Boltzmann

NH 13M, GR Boltzman, LS EOS+Si burning (tangent-ray method), only ve,Ve, without
Liebendorfer et al., Phys.Rev. D63 (2001) 103004 e"eT «— v, LS EOS, Rampp etal., ApJ 539
(astro-ph /0006418 v2) Fig.6 (2000) L33 Fig.1

radius [km]

Fi6. 5.—Radial position (in km) of selected mass shells as a function of
100 I NS FEETE FEEEE FEETE P RS NS N R S R time in our fiducial 11 M, model.

time [sec]

15M¢, Shen EOS, Sumiyoshi et al., 2005. NR 1D Boltzmann v-transfer, Thompson et al.,

ApJ 592 (2003) 434 Fig.5



Boltzmann solver [ [ [
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Fic. 5.—(a) Shock position as a function of time for model N13. The shock in VERTEX (thin line) propagates initially faster and nicely converges after its maximum
expansion to the position of the shock in AGILE-BOLTZTRAN (thick line). (b) Neutrino luminosities and rms energies for model N13 are presented as functions of
time. The values are sampled at a radius of 500 km in the comoving frame. The solid lines belong to electron neutrinos and the dashed lines to electron antineutrinos. The
line width distinguishes between the results from AGILE-BOLTZTRAN and VERTEX in the same way as in (@). The luminosity peaks are nearly identical; the rms
energies have the tendency to be larger in AGILE-BOLTZTRAN.

Liebendorfer et al., ApJ620(2005)840 Fig.5
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00 ONeMg core + CO shell(1.38My) OO0 (O(10°%)erg) DO OO O
(Progenitor: Nomoto 8-10M)

D00oodooooooooobood CO-HeOUODODODOOOooooooooo
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Fig. 1. Mass trajectories for the simulation with the W&H EoS a L 8 Ait= 45ms  G:t= 770 ms |
function of post-bounce timeg). Also plotted: shock position (thic A B: t= 16.1 ms  H: t= 80.4 ms
L . . L . B C: t= 349 ms I: t= 86.4 ms A

solid line starting at time zero and rising to the upper rightner), D t= 61.3 ms  J: t= 97.6 ms
gain radius (thin dashed line), and neutrinosphergstlick solid; -5 E:t= 69.2 ms  K: t=115.7 ms |
ve: thick dashedy,, v,, v., v,: thick dash-dotted). In addition, tf i Fit=732ms  Lit=1447 ms 4
composition interfaces are plotted withfférent bold, labelled lines — wl el e
the inner boundaries of the O-Ne-Mg layer~.77 M,, of the C-O 10 100 1000 10000
layer at~1.26 M, and of the He layer at 1.3769. The two dot- r [km]
ted lines represent the mass shells where the mass spactingebs _ _ _ _ _ _
the plotted trajectories changes. An equidistant spadiBgd 0-2M, Fig. 3. Velocity profiles as functions of radius for ftBrent post-
was chosen up t0.3579M,, between that value and3r65V,, it was bounce times for the simulation with the W&H EoS. The insadvgs
1.3x 103M,, and 8x 10°M,, outside. the velocity profile vs. enclosed mass at the end of our sitioula

Kitaura et al., AAp 450(2006)345
(Mezzacappa’07: 11.2Mo0000000000 1secO0O0O0000O)
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Fic. 1.—Radial trajectories of mass elements of the core of a40 M, staras a Fic. 2.—Radial trajectories of mass elements of the core of a 40 M, star as a
function of time after bounce in the SH model. The location of the shock wave is function of time after bounce in the LS model. The location of the shock wave is
shown by a thick dashed line. shown by a thick dashed line.
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FIG. 8: Time-integrated total event number of failed supernova neutrinos for the normal mass hierarchy (left) and the inverted
mass hierarchy (right). Error bars represents the upper and lower limits owing to the different nadir angles. The upper and
lower sets represent models W40S and W40L, respectively.
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Fig. 3.— Average energies and luminosities of v, (solid), 7, (dashed) and v/, (dash-dotted)
) for model IS are shown as a function of time after bounce. The results for model SH and LS
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Fig. 2.— Mass fractions of hyperons in model IS are shown as a function of radius at t,;,=500

Sumiyoshi et al., Astrophys. J. 690 (2009) L43-L46
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0002/300

2D /3D Hydrodynamics + [ 0 0 O 0O 0O 0O O O v-transfer GROOOOOO
00000000 £,(,7.75,) (& 000 f(trp,,cosb,))

T, (core) € 1gyn = 000000

SASI: Standing Accretion Shock Instability Blondin et al., 2003

Dooddoodoooooooood=120000000000
(amplifying advective-accoustic cycle)

Jo0ooooodooooooooooooroooono?

Accoustic Explosion? Burrows et al., 2006

accretion — excitation of g-mode in PNS — sound wave
— dissipation behind the shock front — robust explosion

—~gmode OO OOOOODOO?Y

00/00?7 000000000007 (Heger etal., 2005)
000000000000000000000
00000000000000
J0000 (B=10G)0D0o0oooooooo



Janka et al.., 2006, 0 O 0O 11.2M, 00 2D OO
= weak explosion due to SASI+v-heating

%§9§%DDDDDDDDDO§9§WDDDDDD
[=1,200000 (SASI)D OO0 — kick velocity?

00000000000000 Janka et al., astro-ph/0612072
Tadv /> Theat: SASI O v-heating O 0O O



Marek and Janka, 2007: 15My SASI+v 00000000
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Fic. 2.— Evolution of Model M15LS-rot. Left: Mass shells versus time. In this 2D simulation with rotation, the mass-shell lines mark the
radii that enclose certain values of the rest mass. The bold solid line indicates the (arithmetically) averaged shock position, the blue lines
represent the mean neutrinospheres of ve (solid), 7. (dashed), and heavy-lepton neutrinos (dash-dotted), the black dashed curve indicates
the mean gain radius, and the composition boundary between silicon shell and oxygen-enriched Si-layer at 1.42 M is highlighted by a red
dashed line. Dark grey denotes regions where the mass fraction of oxygen is larger than 10%, medium grey where the mass fraction of heavy
nuclei with mass numbers A > 56 exceeds 10%, and light grey those regions where more than 30% of the mass is in a-particles. Right:
Radial positions of the shock near the north and south poles as functions of post-bounce time (white lines). The color coding represents
the entropy per nucleon of the stellar gas. The quasi-periodic, bi-polar shock expansion and contraction due to the SASI can be clearly

seen.

Marek and Janka, astro-ph/0708.3372 Fig.2



Blondin and Mezzacappa, astro-ph/0611680: 3D SASI (without v-transfer) — NS spin?

Figure 1 | The evolution of the supernova accretion shock illustrates the rotation of the spiral mode of
the SASI. The blue portion of the shock surface represents the leading portion of the spiral SASI wave, seen
here propagating from right to left across the front face of the shock. The discontinuity between the blue and
white surfaces is the shock triple point marking the leading edge of the SASI wave. An animation of this
evolution is available in Supplementary Information.

velocity
a ‘ ; 0700

accretion shock

\ // SAS| wave \‘\ /

/ PNS .
{\ e
\\ post-shock B rshock-shock
N, flow 4
Sy i“f/ A
supersy\ i \
in-fall

triﬁle point

Figure 2 | The flow in the equatorial plane of the spiral SASI mode drives accretion of angular
momentum onto the PNS. a, This diagram illustrates the shock structure and corresponding post-shock
accretion flow created by the spiral SASI wave. The location of the accretion shock is taken from the
equatorial plane of a three-dimensional simulation with the shock pattern (the SASI wave) propagating in a
clockwise direction. The leading edge of the internal SASI wave is marked by a shock-shock': a shock wave
formed by the steepening of a pressure wave propagating along the inside surface of the accretion shock. This
shock-shock connects to the accretion shock at a triple point, seen as a discontinuity in the surface of the
accretion shock. In three dimensions this triple point is a line segment on the surface of the accretion shock
that spans roughly half the circumference, as seen in Fig. 1. b, The flow vectors highlight two strong
rotational flows. On the right the flow is moving clockwise along with the shock pattern, whereas at the
bottom left the post-shock flow is being diverted into a narrow stream moving anticlockwise, fuelling the
accretion of angular momentum onto the PNS.
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Burrows: Accoustic Explosion ?
accretion — excitation of g-mode in PNS — sound wave
— dissipation behind the shock front — robust explosion
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Fi1G. 4.— Time evolution of the outer shock radius (in km) along the poles for the 11.2-Mg (black), 13-Mg (magenta), and 20-M (green)
models of WHWO02. The radii extend from 2000 km to -2000 km.
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e Yamada and Sato 1994. OO OO N OO0 /7 phounce N\ Fshock \,

e Shimizu etal. 1994,2001: asymmetric neutrino emission from the rotating
protoneutron star (deformed)
— jet-like explosion Fghock
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FIG. 8.—Plots of the entropy distribution in time sequence for the model of /I, = 1.05 and T, = 4.7 MeV (facg10547) during the relatively early stages. :
The growth of the hot bubble is essentially the same as that of facg1247 (Fig. 6), except for slow evolution in this less anisotropic case. FiG. 9.—Same as Fig. 8 (facg10547), except at the late stages. Note the jetlike motion in the high-entropy hot bubble.

Shimizu et al., ApJ 552 (2001) 756, Fig.8,9



e Janka etal., 2001
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Fig.l4., Abksalute vahe of the gaa velodty in a convecting, rotating prato-neutron
star abowt Tillhms after bounce (). Canvection is supproessed near the rotation 2ods
{vertical) amd develops strangly anly near the equat onial plane where a fiat datribution
of the specific angular momeninan. 5, [fight) has formed.

2D Rotating PNS. (Janka et al., Lect.Notes Phys. 578 (2001) 333, Fig.14)

suppression of convective motion near the rotation axis. (Solberg-Hgiland criterion : =%

00)



e Fryer and Warren, astro-ph/0309539 Fig.8

3D SPH, EIFLD, tree-based gravity algorithm — quick explosions
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Takiwaki et al., 2004: O 0O 0O 0O O
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Fic. 2.—Profiles of the shock propagation in the various models: BI2TW?2 at 60 ms from core bounce (top left), BL0.5STW1 at 127 ms (top right), B10.5TW2 at
219 ms (bottom left), and BOTW4 at 404 ms (bottom right). Profiles show color-coded contour plots of entropy (kg) per nucleon. Various profiles are found by
changing the strength of the initial magnetic field and rotation.

Takiwaki et al., ApJ 616 (2004) 1086 Fig.2
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Fig. 9.— Partial cutaway view of the iso-entropy surfaces and the velocity vectors on
the cutting plane at ¢ = 800ms (a), (b) without rotation for Models C0O and (c), (d) with

rotation for Model C1. One can see (a), (c) the object having three cutting planes from the
—y direction and (b), (d) its equatorial section from z direction.

Iwakami et al., 2008: SASI O O O
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FiG. 21.— 2D entropy colormaps portraying the postbounce ¢ewolwf the rapidly-rotating model s20between 160 ms (top-left panel) and 550 ms (botto
right panel) after core bounce. Fluid-velocity vectors superposed to relay an impression of the flow and convey thialpsuppression of convective overtur
in regions of positive specific angular momentum gradierd.irAFig. 20, we plot the MGFLD result on the left-hand side #mal S, result on the right-hand
side of each panel. Easily discernible is the immediatese in the polar shock radius in thecalculation. This is a direct consequence of the increask [
neutrino heating in this variant (Figs. 15 and 16). At intediate times, $and MGFLD shock positions grow closer, but later on in thetipmsnce evolution,
the S, variant begins to develop larger top-bottom SASI-like asyatry and polar shock excursions at earlier time than its MGEounterpart.

Ott etal., 2008: 2D rotation + Syv-tr.



Burrows etal., 2007: DO O0O0OOO0OO0OO0OOO
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Fi1c. 12.— On the left-hand-side is a colormap of the entropy at 444 ms after bounce for model M15B11DP2A1H on a 4000 km x4000

km scale. We overplot the (V X §) x B vector field, with a length of 15% of the width of the display corresponding to a saturation value of
108 gcm™2 572, This term enters the momentum equation and thus represents the acceleration due to the magnetic field, revealing here,
in particular, the role of hoop stresses in confining the jet as it moves to large distances. The right panel is the same as the left panel, but

for the inner 1000 km x 1000 km region.

ApJ 664(2007) 416 Fig.12



Summary
e state-of-the-art inputs(EOS, v int.) 000000000000000000
00000000000000000

= no prompt explosion
O00O0000dnn
~20M, 000 10°lerg 00000000

further sophistication of inputs?
(weak int. rates of nuclei and many body effects consistent with EOS)

00000 convetion? SASI? rotation? magnetic field?

e 10000 OOOOOOOOO0ODOODOOOOOOOOOOOOOO
SASI 0 v heating explosion? accoustic explosion? EOS OO OOOO?

NS kick velocity, ejecta mixing, GW, pulsar spin?
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Fig. 10. Snapshots of the density contours and the velocity fields in the z-z plane for model S24 at
(a) t =283.7, (b) 285.7, (c) 286.7, (d) 288.2, (e) 291.1, (f) 294.2, (g) 300.2 , (h) 301.8, (i) 304.7

Sekiguchi 2008, 24M,, GR+Shen EOS+-e-capture+leakage v-tr.
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