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> Galactic rate : ~ 0.5-2.5 per century (Cappellaro et al. 1999)
>IN Z>E | ~0.065/cy

> AKXt ZE | ~0.23/cy

> 77> FOXZ(M31) : ~0.21/cy
> Abh < BEERIAI(M33) & ~0.16/cy (van den Bergh & Tammann 1991)
> FEFRERAIEF Crand 4 & <~ 3lcy
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SN1987A occurred in Large

Magellanic Cloud at 51.4 kpc
gives us the very basic picture of
SN explosion (the first neutrino
detection; SN~formation of PNS)
Progenitor is a blue supergiant
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~ GM %Ry ~ 105%erg ! © 510 " = ggem ]
> MNS 5 1.4|\/|SUI‘] 50.5 037 = 05es —
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HERETFE@EICH T HEIL

FPERKEFEEEESREFOR

dP GMp P GM dM 5 M
RN ANy AT R I N N
>ITrhOE— BE BE & FEORERK:
T:.lumuE,..:umuG_M S~T3~P3~('umuj63|\/|2
ke o kg R and e
um,  GM um, GM?? 5
- U3 173 P=-—"—k,T
ke (M/p) Ke » A,

>EE—E(ERICIIEHNEICLIERTEES%5). T~R1, s~const

SEWNMEEIFESENI Y FOE—ZFSE, HXMICER - BEE
PRI F LT B

>ELFLDEETHRSE: T~ M (BVEREFLRENEL)




HEENRDEBNF

>/£\I?\)l/:\:_ : Etotal T Elnt+ Egrav :_'[ —dM
(V_I)Eint:.[oM%dM:IoRp4ﬂr2dr 5 _I M= I (y—1 )PdM
[azeP| raxr? dP P GMp
RERT T, =
3y—4 T
= AEtotal :@(37/_4)AEint N 7/—AEgrav
3y -3
cxf Ly A

>v>4/3DE. 2IXIVF—0 [EDZE1t] |
I xIVF—IX [BEDABEICEIL] T 5,

>BOENRIEENIC [BDLEE] Z#FD,

»BOEAY ICFSIENICRT 2EBDCH




BOLLEEBEHEIL

>v>43D%a. @Lx/IVF—0 [IEOE] L. RERIX
IVF—F [BOFRICER] T2,

> B BENRIEEMNNIC [BDLEER] ZHD,

>BEOLLBOEMNMNST T BEEIX [BEEHAEMIC] EbT 5,
> EEIIRADLSDEH SN CIRIVF—HEK>TWV5,

> RAERINICE DT RIVF—FALEF A Z LB, 2T X/VF—
MMEBZ 5 ERED T,

> KRS RIGHHI A S NTFEPRREICR 5.

>& L y<d/3 EIRVIEEDEADIEICIZ S &L positive feedback BY
ICRIE D ES. BIFBERLTLE25E8HH5,
(Pair Instability Supernova: ZIK%%T“L?&%ZEL\)




xS L ERBE D 1EE

>ERIERICClE. BEF&EIO7 —OV[EERTEYEA S
WNEHLD Y. ERZETY 5 (Maxwell-Boltzmann 9D kD
REZFR DRFIEITHRIGICES),

> 7 —OVEBED/NE WL

i Nonburning hydrogen
KERR DSR2 — b g hydrog
> He = C/O - O/Ne/Mg Hydrogen fusion

— Si = Fe &iﬁ_to Helium fusion
>%5EL:E%TC&§L:LJ:§§L\ Carbon fusion
Eéjj b‘%\go Oxygen fusion
>EBVEEIX a\giﬁb\ﬁjﬁ Neon fusion
> ABDBLZ1EOEEE | "

ROEBEDSGS, k07 %
FOICHEDERERDIEE
& 7‘;— % (j:%ﬁ%@ﬁ%) Iron ash

Silicon fusion
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Blue supergiant stars

54, S shell {not to scale)

Jupiter's orbit

Mars' orbit
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£ AIR(1):z

> /N7 1) OPBIRIE © phase space |[C BT BAEBEERICIEE & 2{E

DEF LHOANTZL,

> {ERora®E(L Tl
low momentum states (&

BH 5N 5 (HER),

>ix FEDEHE .
Fermi momentum (pg)

s>EEE . 7TV E

Figure from Brandt
‘Astrophysical processes’
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%% @ % [ o
el % %% o : %%

r—» P(py) P(py)

l l COOL y COOL
Degenerate (d) Degenerate
tA[’x & O Pek
Q%% |
5 %gooo B
Fermi Cb O%
OQ’) © OQ') @ @ [ Sfmomentum OOQ’)OO
% %% %D %% REMONS
I I e s e e e e

X —> P(p,) P(p,)

<2 AX - A




SEEMRDEGE

> Phase space number density & distribution function ( f :#E2X7T)

dN _dN g £ 9 MRETHIEHET (E?@%ﬁlﬁ@ﬂiﬁ%ik XA D
dQ d°xd’p h° KEDANSDT2, BFEEDEEGHTFDHEITITEM, )

dxdp ~h = dQ=d°xd’p ~h®

»Fermi-Dirac 5t ©  f_(E)= 1
exp((E - 42)/ ke )+1
> TEEMRDGE ! f(E):{l Erke) E = /pic? +mic*
0 (E>E;) i
o dN = 3,4 2 Pr 2 8
S N =[ o Sdpt= L[ p—Fjo 47p’dp = p?
>E7] —J. p° = J-pF G 47Tp2dp
dQ 3 h® o \/p ¢’ +mZc’




BT DMERE

5 1/3
> FEMEXTERBIMRIR | p.c<<mc? < hc(i nej <<m,.” =n_ <<5.865x10*° cm™

87 o
. p? n,=—"= p<<l. 948><106( ) gem?®
P :li i p_47zp2dp Mg

:8—7zp5 _ 8z h5( 3 " j5/3:i(§j2/3h_2n5,3
15h°m, *" 15h°m, 8z ° 20\z) m,

> AN AR PR - ,0<<1948><106( jg/cm

12 Pr
P =315k pcdap?dp
4/3 1/3
:2_722 pé :z_ﬂgh4(inej :ELEJ hc r]4/3
3h 3h 87 8\ 7

Ye (electron fractlon)




MR DS

»Fermi-Dirac 2 ICEWNT T TV EDEEICLBILDY HiE
HCEBDIEFENTWVGEE

3 2/3
E. =+ p2c?+mic* >>k,T hzcz(g nej +mc’ >> (kT)*

oY, >>1.6x10° glem® (for k,T =1MeV)

>Z DM, S BEDILHYHDKEWVESICIE Maxwell-Boltzmann
DEEISED <

E-u
fep (E) = i 3 eXp(‘ j: fue (E)
exp(E_’u)+l l+exp(—E_’u) kaT




£ AR (2): mBH R, £FHZ

> IEHEIRIEAE (ideal) 7 A

P = 2K T = S AP T =P T

Riemann zeta function

i mi mave n-1
\ = —— [ 2 ox
>FF R (n—1tdo e*—1
4
T
4)="_
I:)rad :EErad :laTAr é/( ) 90
3 3
2 s 2 e 2 hvY" (hv
E._, _FL (hv) fdp _Fjo (hv) f 4zp dp_Fj0 (hv)f4ﬂ(?j d|
5
iy W - dv=—% _(k.T)*=aT*

3 I 3 K S
xp(hv/k,T)-1 15c°h
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4 Radiation
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Figure from Brandt
‘Astrophysical processes’
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S NARERIDEO T

>lon (ideal gas): 56Fe Z{RE
P =L KT ~2x10% dyn/cmz( ad j[ all j

9= U ml 10"glem® \1MeV
PERINECTF A RX)
1 kT \*
P,=>aT*~3x10%° dyn/cmz( B j
3 1MeV

> e £ (FEXTEREVE F)
13 4/3 4/3
= }(ij hc n*® ~10%® dyn/cm? 10’0 3 [ e j
gl 10""g/lcm 0.5

P.>P. >>P

gas rad




Fx 2 Tt A—ILEESR(D

> P=Kp'"" OfoRESTRR A KD b O— TRESER L TR

>R O—TREFERER W CE/KEFEOAFEN %A% < & (Shapiro &
Teukolsky DHFIEZEIIFHBR)EDFX R EBEHFILEEDREKE LTES
N5 (Lane-Emdenfi#).

> TR ETNRODENHRNEFOMBRE CH SmE(0=3), BINNEZ L

_— e —1

ICBENPOREICKSELED, TN% Chandrasekhar limit & FE3,
. M ~5.83Y2M_,

> FEIIHORBEICKLS - Rx 211><104(1 o

Y62/3 km

0°g/em?®

> FIOEREHNEREADIRIE I 5 Chandrasekhar limit 882 2EE5 X35
CIFTEEWE2EE. TOGEFRIXTENTT 5D, )




Fx > RSt Ah—ILESR(2)

> TEMRY75EHBA : From a macroscopic viewpoint
> BEEDEIRIVF—%EZ 54 —F—FHi),
GM? Kp GM?
i - M —
R y-1 (M1 )"~ g
> IE COBEFIIENRN(y=4/3)TCE>0 CholcET 5,
> DGH. BEZ TS5 EICKDTE 7&,}359‘31335(: EDTES,
> H AR CEFIZIEEET Ry =53)I 5%, BEDIKEEDELICER
> £D2TC. EIolBEZTTTWN c‘:L\'é'TL i%ﬁb‘ﬁﬂﬂf IFBICE 5,
> ESICERERZRDET TN & E S IMBEZERY ZD% EH LOICHHNTT 5,
>E DMUIMED & A TERIFFEIIREZRDODIENTES
> E>0DEHIEHAHBAEE THNS | BEDKEFHEDEZVDTZ&H,

>EF§‘?~E2LU:’( E<0, ZDiFE. BEZ LFETEDLEREC EFRDPLTVE
FEPRREIFEFE LT,

> o A DER | FERDE|CIEINEDfermionHsEE > TWBET S
E. ~hn'’c~hcNY? /R

P=Kp"" =Kp’

E=E, +E; ~ (UM

int grav

KMIO7 l_C GM 5/3p1/3

grav

ke

/2
=1 =t = 57 ~
e - oqmomsr  E=Er+E = Neg, ( 2] 2x105% =M, ~1.5M_,

Gmg
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Cartoon by Iwakami and Suwa O Ve rVI eW

BE0E(LDEIRERRE —a—bhY/REK i ER R
(=2a—kY/b35v7) (INO>R)
Rcor;ﬁlOOOkm

~1AU

-
-
-

star

EHBSEBS
pe-1011g cm® pe-101 g cm®

pc-109g em?

HRREOEH EHRBEDORSE B EIRHA!

Si

O,Ne,Mg A} LB L1}
C+0 —a—k)/
diffuse out
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FENRRIREYH e

> Mass shell DEETHIET
d’r  GMm

mF = r2 +47Z' I’2P
% NI, GMm 2 N\~
>ﬁ%7k}___@](r0, PO) 2 =4z 1, Ry 7A) bd)j:g\%b(r_)ro"FAr, Po""AP)o
SER LNV
2
md d(tAZr) LL G'r\fm (1— 2ArrJ+47z (2P, +87P, (Ar) + 47 r2(AP)
0
\[/ EL E/_\
> DI G 1 AP o,
PV =const = Pocr™ = —=-3y—
0 r.O
= I TGan GM Ar i y > 4/3 DIEEITIFIRENT BN v
L =——(4-3y)Ar| <43 DBEITIEHEHAIIBRE
dt r TRET 5, &£ Y—REMEESRICDL

Cl&Shapiro & Teukolsky O 6.881208,




vy<4/3 7% 1=

>HEH E y=4/3 (FHXNERBVE

59 e

CIESYANORVE-FAl (3|5Lﬁ§*b)”1‘;&7|‘§7b\%h & J: L\

TdS or dN term

> SXDINTIHE

MRERSZ I K W BEMEEIDN XN T DY S

1S
JV= ﬁ@%_,??f)\ﬁﬁ%c‘:‘f‘

LHREFEEY,




FxD I fE
»Saha equation :

> BEIERZERIDE R =B E Tld. ﬁﬁb\ﬂ‘ﬁﬁf’ﬁﬁﬁ&&() = i iH B EFR DGR A
T—IVIEEIRERE R T —IVICEENTT2IciE <. FHIchsHEHELTLD

y+2Fe<>13 JHe(= ) +4n Mee =131, +4p,

> RIFIlE Maxwell-Boltzmann fRsTICiED &9 5 &

[ g 5 - 2 fameme?)—u),
n=-2 (22mk,T)*? exp #=me”) -t Iexp( kTﬂj Pl eXp(‘(p mk:TmC) ”J4ﬂp dp
h? s kyT

2

4ng Hu—mc p
. e d
h? Xp[ JI xp( 2mk T]p P

> DWW CEEDOIVICRAT 5 &,
n;3n4 glgg: (272’ kBT j24( m(lxg,m: j3/2eQFe/kBT Q. =(13m_ +4m_—m. )c* =124.4 MeV

n

Nee Ok h? Mk, Saha equation
> DI IEESL LT, FnDEHEMESNET B &L
39.2 > nA=plmg, HERTFIEITIEL

log p=11.6+1.5logT, —

Tg Znizi sze/mB Zp(ZFe/AFe)/mB




EFRERS

TBEFD Fermi @mHiE < oa%c‘: FEEa L THREFICE YT
iob\lz\w# HICIRICTE S [Y j
>»BEFOTTIVIIRIVF—: E. ~ u, =8.82 Mev(%j :

10 0.
> BT RERSEG R T
> BHGF\DHERIG( p+e—=>n+v, ) DIFE

Mo+ bl > iy + 4, (=0) = 4, > p, — p1, #1.293 MeV=(p>3.2x10" glcm>(Y, =0.5)
> RFICIERFRNDEFRENEE( X, <<l X,=~1)

> Bethe-Weiacker mass formula: An example of parameter set (Green 1955)

E(N,Z)=(Nm, + Zmp)c2 “E,(N,2) b, =0.991749: % 1.0 by volumebinding energy
b, =0.01911 : surface energy

2 B _ i
—mC|:b1A+b A3 _ bZ+b(%—%j h Z_} b, =0.000840: (m, —m —m,)/m,

> AVS b, =0.10175 : symmetryenergy
b, =0.000763: Coulomb energy

O0E OE 1
My > o — M, —a—N—a—Z~4 8MeV = p>10""*gem?




RBE - EEFETHDL

10.5 | | |

shg=12 - [

10 _ JrHe _:_::: 2}:}.—21-1- .- '- ' T :

g pe==13("He) + 4y /
— 500Msun. - |
2 s .
+— . B - . ‘."‘_i . |
E e
: .-
: 2 D &
5
F 9 [ - L P P 7 |
E- _ / l SMsun
a0
2 )
85F . |
Electron
capture
8 ] | | | | I I

3 4 5 € s : , 10
logyo Density [g/ cm’]




Neutrino Trapping (1)

» FRERDO 77 CIIIEFPEFDOIFHBERITIEIFIFS RS, 7D
ITX)IF—ROMCEEZRET 5DIE 21—~/ Th5,

>»Za— M) /IFEEERY R LGS OT P\]%ﬁ%&f((% z®D
diffusion timescale ' dynamical timescale &Y &, EL T2 HE.
“a— b /IEFEMNICATREBHLOHETINT . ACIAHENS
Z ElCiEs, D neutrino trapping o

> neutrino opacity |XJFEF1#% & D coherent scattering HFE T 5,

2 2
A?|1-=+(4sin% 6, —1 ~ A(A-Z
I 16[J{A( )}16(J()

i —44
> Mean free pass 0, =1.76x10" cm”

1 1 E, ~u = 24(Ye1011)1/3 MeV
o (XuplAm)o
~0.7x10" p Y, ?*N cm

\

A, =




Neutrino Trapping (2)

» Diffusion time:

213 _-2/3 2/3 213 -1
tdiff L )I’stcatt 1 M /0 N 02 ms M Ye E pll
C cA 1.4M,, 0.45 30

|4
213 _-1/3
M

/12

v

> Dynamical time: Rore = A Negae =M ™9™ = Ny ~
tyn ~1/\/Gp ~ 4p,"* ms

7 by g = p~3x10'" glem®

> BE D several X 10 g/cm3 %8 Z 5 & neutrino trapping HM 2 5
> Neutrino trapping D IEHS
>Neutrino HMi&EIR L (u, > 0) deleptonization MIEF 5 Y0, =Y. +Y, =~ const
s y—4/3<0 = y—4/3%0
> BTN DL D e+ = My T 4,
>Note: —a— b /IZAHIREE L TEE




In fact, more interactions play a role

> Note again that neutrino-matter cross sections are very low
> Thomson electron scattering cross-section: ~ 1024 cm?
> Weak interaction cross sections: ~ 10-42 cm? form supernova neutrino energies

> L TR D I

Reaction Neutrino Type Cross-Section ¢ [}{1(}_'ilz sz]
Ve + N e +p Electron ~8 (mﬁev)z

Ve +p—et+n Anti-Electron ~ 7 (lﬂ?EV)E

Vit p—vit+p All Species ~ 1.7 (mﬁe‘a’)z

Vi +n — vi +n All Species ~ 2.0 (mﬁe‘a’]z

vi A — v +A All Species ~1.2 (10?:3%*’]2

vit+e — vite All Species ve: ~5(1omev) (T;Elrt;g{iﬂ')

€ THue/4

Burrows and Thompson (2002) other Species. = 1 (1UMe‘U’) ( 10MeV )




\ 3

A7\ A(1)

> RFZORMIE Nuclear equation of state

—— 1/3 | - 1”35_ I LA I Frrrre I LA I Frrrre ] LI
R.,.=A"r ,rp,=125fm : 12k|fb l | | ]
Amg 14 3 - 5T L A banon I
O = ~ 2x10"g/lcm 10%F v - E
nuc 4717/3Rr?uc : Y.=03 ]
> P> poe - ITDRFITENIC _ 108 £
KBV FRIIHMEN< g ]
‘E 1032 C =
300 T c -
| 8 N -
— = e —
> 200 a 10 - .
S : —
é A 103U - 1014 g/Cm3 1#1&? —
g | AIOHEETCNS 1
ra, Repu! 1 - A
E 5()14 1029 — -
§ Ap j : :
%z | 1028- Ll Lol Lol Lol [ |-

100 | 1 10 10t 10*2 103 104

TR TR T R Density (g/em?)

Separation (fm)




a7 I\ A (2)

> AIDEENMUEEZBASEENRRIEEE Y. #1077 (inner core)
i INT VAT B(ERIRB)

> BRIRDIEMEIC K Y inner core [FIEBETIRAE%R overshoot 3 5

> ZDIXIVF—DEREGTYANRNEEDLY ., BERTEFLTWS
NEMMEDE A THEHERZEINRT 5,

V‘ < H
Inner core

shockwave

M(r)

ed

supersonically
falling outer core

Cartoon by E. Muller (1998)




[nner core mass (M, )

M iy YIep,bounce M ~05 O7M ]
o R coke 2 —U. [Vl | Goldreich & Weber (1980) ApJ. 238, 991,

Yiep,init Yahil (1983) ApJ. 265, 1047

>Mic DEE4 .
>IRRICEBRICEAONA I R)IVF—ZRDS
E ~ 1M,V ~5x10%erg ae— (5% )

un \0.1cC

shockjnit =~

>EEEMFANENBMEDEEZ RD S
>EITERDIEIHE . ~ 15X 1051 erg per 0.1 M, Fe

> Inner core DEAEFN=5 RO S

> (BRI & ENB) LaMsun DFRMEFEZES DI ETX
NEBIMEDIFEEZRD D




Importance of GR

> Stability of spherical polytrope against radial mode

P=Kp’ y
»>In Newtonian gravity stable if [y >y v ==
»>In general relativity <

4 P 4 GM
j/crit,GR :§+278—2 = —+278 >

Jo 3 RC

» Effects of stronger gravity in GR




Strong Interaction and GR

van Riper (1988) ApJ 326, 235

? T I T

A - I

2 ~ -

= Y 3.5 GR M, = .891 M,

g o |- ! _

S |

=)

=i

v =

g S i —

X - .

= i

o i

m d ]

C)

.B' i JeW LONIE

'g X M, =.925

7] o = ]

> - i

X pmmm =TT T

() T M, =830 M

O 2f =TT T MNewtonian - _

5 r 1 i 1 1 1 Il | 1
100 200 300 400 103 2107

Incompressibility K(sym) (MeV)

Curvature of P=P(rho, Ye, T) at nuclear matter density.
Larger incompressibility = stiffer EOS

P, = Kpol(p/po)’ — 11/9y MeV fm ™3




Weak Interaction and GR

Takahara & Sato (1984) PTP 72, 978

| »Qualitative difference !

> parameter d

> Includes degree of electron
capture and neutrino
trapping

» d~ratio of pressure at initial
and at the bounce

»d~1 . less electron capture
and/or strong neutrino
trapping
= almost stable in Newton
= unstable in GR

Shock energy @ bounce_(1052 erg)
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Cartoon by Iwakami and Suwa O Ve rVI eW
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HRRGEHELTLES

> E7ZE /2 D energetics = several X 105! additional energy required

>EAERR T R)VF— !
E ~1 M, v? ~5x10° erg o (2L f°

shockinit ™ sun \0.1c
> [F&F T X)UF— : shock BAMES I DN TR v~ R32)
I—accretion 2 IOV 47zr v~1. 7><1052ergls (1058%1)2( y 3XO.\:/LC )3

10° g/cm

> S RIC K Bloss ¢ ~10%erg for 0.6M ., Fe
M ~ pdariy ~1.9M,, s (15533)2(1095% [ )= Ly, ~ —2.8x10%%ergs

>»—1— b1 /IcKBloss (first O(10ms)=(100ms)) -

L, ~ —10>%erg/s (1 VY )4 (mkm)z = —10°erg's (7MeV )4 (sétm)z

R, :radius of neutrinosphere T, : neutrino temperature
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BEREEESEDICE?

S EINDENIXIVF—IF+D(CRZ D)
> 8% 077 (#01000km) D™ o [RES R4 F 2 (£X10km) | C BRI
>~ 3X10° erg
> &R SN SEBIHEBEROHEBIPNES T %)L+ —
>~ 105 erg (FEIRE N A ES I XILF—0D1/100)
SR ENSENIXRIVF—DIFEAET NT(99%)I
Za— M) /ICK D GEUESNS
>Za1—hJ)/DEXIRIVF—ZFZRTAEDLTABICEZS
(Neutrino-heating mechanism)

> O 7 D EREEL L TCWABEIEEN IR VF—5FEERT %) VF—
ELTEA BEENLTABITERT EHTESDLE NG
(Magneto-rotational explosion: Az&Z ClEAtN7ELY)




Neutrino heating mechanism (1)

»Gain radius (cooling vs. heating)
> BTRIERIS(preon+v )ITHESAIE: Th o
>Neutr|no sphere DS DBRGF( TP VT KDMERSE o L 1" o« 17

p+v, >n+e’ ™y

> NELE AEDERI Y & D gain radius HM FE

Shock front

Fermi’s Golden rule ezl
=t = Integration with final state density gives
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Neutrino heating mechanism (2)
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Neutrino heating mechanism (3)
BRI DB HEDBE/ NS A — 5 LHER

> Neutrino heating timescale (Eﬁ%?ﬁ%@%ﬂ%ﬁﬂz%d) BT INERES )
GMCOI‘em core v v r
U oheat = ~100 mS Mg, X Oszerg/5> AMeV (100km)

qheat
4 _ 20 erg 100km
qheat 1 5X1O gs (10529['9/3 X4MeV)2

> Gain region ym{ERFE -t :residence time
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Critical curve for explosion

L, (10 °2 ergs/s)
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Neutrino heating mechanism (4)

shock front: Rg = 200-300 km

BOUNCE SHOCK EJECTION SHOCK SNOW PLOW SHOCK

Rgain = 100-150 km

heating region

NEUTRINO 5=10% T =1/2mev
""" ’ PHOTOSPHERE HOT BUBBLE
v-iffusiorts $>100 goarreRING
J‘J'r : HEATING

4

Ve

ANNIRILATION
HEATING

RADIUS (cm)

(o]

10 [ | —
proto-neutron star v - sphere (energy dependent!} r:«_‘__ﬁ T T
R = 80-100 km Ry =50-70 km ] T e T T o
M=12M Ly, =2 »10°2 ergfs < exp [Vt ] 5 0.5 1.0
T2 10 MeV f =0.5-0.7s R e | st NEUTRINO ‘ ] 2nd NEUTRINO HEATING ——» 105
<gy >= 15 MeV HEATING TlME ( )

Cartoon by E. Muller (1998) Colgate (1989)




Neutrino heatlng mechanism (5)

- Sumlyoshl et al. (2005) ApJ 629, 922 Liebendorfer et aI (2001) PRD 63 103004
e T o o1 02 03 o4 05
ime [sec] Time After Bounce [s]
Rampp & Janka (2000) ApJL. 539, 33
(Roga ——— ———— L

» Current status in spherically gesmeeo=—

symmetric simulations -
»NO EXPLOSION IN 1D !

» Except for very low-mass
progenitor case o ioo oo 30 ., 400 500




Critical curve for explosion
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Multi-dimensional effects

> B DR
» 17" COmixing :
»Unexpected early appearance of
Co lines (e.g., Nomoto et al. (1994) )

> BN = Co lFNBICK Y ~1yr
ROETCRAGWET

HST image of SN1987A

> 177 DElEx
>SN remnant D& FRZEHZ
(Wang et al. (2002) ApJ. 579, 671)
»Linear polarization of about 1%

>l ~ 2
(Wang et al. (2001) ApJ. 550, 1030;
Leonard et al. (2001) ApJ. 553, 86)




Multi-dimensional effects

N — N -
>§E,EIJO)7_|—\D& . Filippenko et al. astro-ph/0312500
-7 O I\Z1 .
> Td)mlxmg i SN 1998S: Large Implied Asphericity
»Unexpected early appearance of (a) e R
Co lines (e.g., Nomoto et al. (1994) ) 1.5 fes,
> ERFE = Co IZAEIC K W) ~1yr S [
BEOECRAGTWET N oo
> 7 DEEE v EmERIR
>SN remnant DEAXIFRZHZ ' i
(Wang et al. (2002) ApJ. 579, 671) oo
»>Linear polarization of about 1% S
>EREE ~ 2 |
(Wang et al. (2001) ApJ. 550, 1030; .. SN

Leonard et al. (2001) ApJ. 553, 86)




T3 FLEHCENFEEReorr—1a)

> TRIVF—ZNCEXT B L ERAIR
> R /BT (B F; A BkiR) —
> BK BRI (G Reg g 2E)

» Za— b)) /X (33WLEEER) )&

> BT HT B RTDEE
> BRIIHR(ZER 1 007T) TIAARRE L &L u




> XA LB
> B entropy/baryon AJEC
> B lepton fraction AJED

> XA R E TR
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> neutrino sphere 3455 (PNS convection)
> BEFERAIEER - ZED neutrino £
neutrino sphere Z BB X CldHTINTG

— v-sphere 1IBEFIC neutrino burst emission
> negative Y, gradient (lepton-driven)

> gain radius _t 73 (neutrino-driven convection)

» Heating is strongest slightly beyond the gain
radius ("."cooling drops rapidly as r®)
> negative s gradient (entropy-driven)




(10% erg/s)

Neutrino burst

2.5 \\}é&
\0 I
O
&(S\
= $® \
1.5

] ] ] I
Frogenitoer Model:

Thompson et al. 2003

L
L
I-J

11

M e

[

=

’
™

M.,
'\.l-i




Janka & Muller (1996) (figures fromhttp://www.mpa-garching.mpg.de/hydro/SNII/)

PNS and neutrino-driven convections

PNS convection v-driven convection

Entropy

1.42E+01

3.22E-M

-3.56E-01

=3.07E+00

-3.74E+00




Free energy available by convection

> WU NblobiRAEDY AW FEHDTU LD T T 5
> blob 7R | BR(FEROE I EWNET S (do)piop = ( )Ye(dp)blob

S
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How convection aids explosion

»PNS (proto-neutron star) convection

» 1D: Neutrinos diffuse out from PNS in long
diffusion time

» Multi-D: Convection more efficiently dig
up neutrinos from PNS faster than diffusion

» However, PNS convection activity is likely
to be weak in reality
» Neutrino-driven convection

» Cooler matter down to gain radius where
heating Is strongest

» Hotter matter rises up to shock front to push
the shock

» Advection time gets larger due to the
convective motions

v V

iD PNS convection

radius




XT3t - Current status

< XHRDFEEZ V. neutrino luminosity (& enhance ....

LHO L. XRH+DITEN T BERIFET 550

< Herant et al. (1992) ApJ. 395, 642; (1994) ApJ. 435, 399;
Burrows & Fryxell. (1992) ApJ. Science 258, 430; (1993) ApJ. 418, 33;
Burrows et al. (1995) ApJ. ApJ. 450, 830;

Yamada et al. (1993) PTP 89, 1175;

Shimizu et al. (1994) ApJL. 432, 119;

Janka & Mueller (1996) A&A 306, 167,

Keil et al. (1996) ApJL. 473, 111,

Mezzacappa et al. (1998) ApJ. 493, 848; (1998) ApJ. 495, 911,
Fryer &Warren (2002) ApJ. 574, 65; (2004) ApJ. 601, 391;
Buras et al. (2003) PRL 90, 241101; (2006) A&A 447, 1049;
Dessart et al. (2006) ApJ. 645, 534




Overall picture

shock front: Rg = 200-300 km

Rgain = 106-150 km

heating region
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v-diffusion’s
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gain radius

proto-neutron star v - sphere {energy dependent!}

R = 80-100 km Ry = 50-70 km

M=12M Ly, = 2 10°% erg/s x exp [-t;]

Tz 10 MeV lL= 0.5-0.7s R _ 200 km
3

'CEVB} = 15 MEV

Cartoon by E. Muller (1998) Cartoon by T. Janka




Blondin et al. (2003) ApJ. 584, 971: (2006) ApJ. 642, 401

SASI: Standing Accretion Shock Instability

» Non-radial, non-local low-mode (I=1,2) instability behind accretion shock
> AHNZAL  BERHNES » BGEFEICHTRESN I RIVLF—RoHES
(FIOHEHER) = BP0 rOEE—EBEOLER = PNS~gain radius CE K
E LTRSS = SRNMEBEZ T 5ICPHeS
> XD A L 75 WG T Al F= PIBE(Yamasaki & Yamada (2006) ApJ. 650, 291)

MEntropy/ vartex
perturbation

Acoustic  ..---..,
wave . R ‘

gai". PNS
radius

SASI Z B9 B eI FREmENFRD
REENLIEYZaL—Y3 &[T
WEHD STz | (SASIORBHENTIER)




SASI animation




SASI aided supernova explosion

25
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> First success by Marek and Janka
(2005)
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Murphy and Burrows (2008); Nordhaus et al. (2010)

Critical curve : 1D vs. 2D

> 2R critical curve ZEANTHB E. WHRPSASIOFNRICK ST
BHRICELCADITHERERR = 21— b/ HEHELL0%ER
> How about 2D vs. 3D ? ($&1h)
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28r
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e
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0.2 0.3
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Yamasaki & Yamada (2005) ApJ. 623, 1000
— -t
EERORIES

> Rotation reduces the critical luminosity

> For a given mass accretion rate, there is a critical neutrino luminosity, above
which no steady accretion flow exists

» Anisotropic neutrino heating also reduces the critical luminosity

_‘ 1 T 1 B T T T T T T T T T T T T T T T T ]
100 |- - ,_..-',','-;""';-;'/ 7
_ [no rotation [ ]
280 |- _ - i
S 60 |- %ﬂ gty :
S g I \, Isotropic]
= O L A i
A0 = F e -
~ A 40 — ?/ . ]
20 [- ] B / 10% anisotropy

i ] 20 - 7 0 - 1

O ‘T’ | | L1 ‘ L1 1 1 J 1 L1 | l L1 L1 |_ i 30 A) anISOtrOpy i

0 ! 2 3 * O | \ \ I—_

MlMo/s] 0 1 2 3 4
M[M,/s]




]

o

\E)
I




Muller & Janka (19906) (figures fromhttp://www.mpa-garching.mpg.de/hydro/SNII/)

XT3t : 2D vs. 3D

> 2RITCTIT L D KR AH — )LD convective eddies D3E K

> 3IRTGIZ BT B convective eddies (F/N A7 — L (57 R RE D B
> Cf. iLiR A X7 b LD direct cascade vs. inverse cascade

Convection in 2D Convection in 3D




y4 [107 cm]

Blondiin & Mezzacappa (2007) Nature
SASI: 2D vs. 3D

» 2D: the so-called sloshing motion
» 3D: additional degrees of freedom, rotational SASI

Iwakami et al, (2013)
20 u T - 20

Sloshing motion, Model A0, t =078 [s] Spiral mouon Model BO, t— 114 [s]
dM/dt = 02M, .. L, = 2.0x10°*[erg/s] dM/dt =02M_, ., L, = 2.5x10 *[erg/s]
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Morphology: 2D vs. 3D

Nordhaus et al. (2010)

2D L=2.1 Time = 0,200 5 Time = 0,500 5 Time = 1,000 s

EnLropy

500 km 500 ki

203 L.=2.1 Time = 0.200 2D L=2. Time = 0.500 » 2D L=2.1 Time = 1.000 s




Critical curve : 2D vs. 3D (1)

> JERIC R 5N EEL
> Nordhaus (2010) : 3D |FIBFEICEF]
> Hanke et al. (2011) : 3DIXBRIHFICTHEFI TIE AL
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Critical curve : 2D vs. 3D (2)

> FDAR—EE Nordhaus et al. (2010) @ gravity solver DR &l &5
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From Burrows (2013) Hanke et al. (2011)




Iwakami et al, (2013)

A bit more complexity

(c)Entropy bubbles, Model C0, t 47 [s] 8.0 RS i e s R R R S
dM/dt = 02M, . L, = 3.0x107*[erg/s] f 5 5 é é
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2Dvs.3D : &b gAREL

> Dolence et al. (2013) Parameterized study: 3D Tl R IEFHT 5
» Takiwaki et al. (2013) Self-consistent study: 3D CIFE S IBFHT 5
> Hanke et al. (2013) Self-consistent study: 3D CIEJEF L& L

Dolence et al. (2013) Takiwaki et al. (2013)
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Pre-collapse fluctuations in progenitors

» Arnett & Meakin (2011) : convection in Si/O layer nuclear burning
phase may be very strong to develop large-scale asymmetries

» Such pre-collapse fluctuations may affect the SN dynamics
»Burrows & Hayes (1996); Lai & Goldreich (2000)

» Such fluctuations are amplified as they infall (Takahashi & Yamada (2013))

©
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00 02 04 06 020 40 60 80 100
C I -

Si-28 Mass Fraction Net energy generation [1e+13 erg/g/s]




Pre-collapse fluctuations in progenitors

» Couch & Ott (2013) :
3D leakage simulations
with/without velocity
perturbations in Si/O layers.

» The perturbations can trigger
shock revival.

» Large-amplitude fluctuations
may activate convection that
are stable to small-amplitude
perturbations

> Interaction between pre-
collapse fluctuation and
convection/SASI should be
Investigated.
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Supernova as a computational challenge
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Appendix: N—#A BRIR D FermiiE:m

Y
T

FE kA BAE FH 2> 5 O FEHE

Hpy :eJElMAy :e(il?pVﬂ‘//p)Aﬂ
Hﬂ ¥ e‘],gAﬂ = CV (il?pyﬂarwn)(i l/7e7/,u'7”v)




