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SN mechanism (infall ~ Bounce)
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SN mechanism (shock stall)

e FMEIRIIFDIGIBLELLIZIRILTF—FKS

Eshock = Eshock,init T j I—hydrodt o j (Lphoto T Lv)dt

E

~ 3><1051erg(

shock,init

solar j (1Okm)

L

hydro

10°g/c

_ 1051 erg/s Pshock core shock
m® 100km

solar

Lo ~ 1052erg/s( Pshosk

M core 2 Rshock 2
10°g/em? =R
g/cm M., / \100km

L - 1052erg/s£ Pshock

( kT i Rshock i
10°g/cm® ) \ 4MeV ) { 100km
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Shock dissipation

Photo-dissociation

Neutrino cooling



SN mechanism (neutrino heating)

e Neutrino cooling (electron capture) rate : o« T°ocr™®

e Neutrino heating (neutrino capture) rate : o« L r?or™

— cooling = heating
t7%i5 lgain radius] DOFEE

— gain radius &EE KM DfE] Theating
(e.g. Janka et al. (2006) Phys. Rep. 442, 38)

2 -2
LV et ™ 3 x 105lergls M v-heated 53Lv ( gv j ( r j
’ 0.IM, ){10”erg/s )\ 15MeV /) \ 200km

— Neutrino heating 1Z& % shock revival
(Delayed explosion)

Wilson (1985) in “Numerical Astrophysics”

Shock front

gain radius

cooling o 1/r®

heating oc 1/r? :




SN mechanism (v -driven SN)

e Delayed explosion FID =812

L .. ~GMcoremu ~25ms Lv,sphere 1( &, jz I\/Icore ( r jz
heating Q'r 10%ergls ) \4MeV ) (M 100km

1% solar

L : gain region [ZiH7E 9 B RER]

® 1:heating <J[adv THHENE

e heating $1FE% L IF5 and/or HBEERZELT S

— Lv,sphere’ gv %K%(Té
— Advection time Z&<9 % *tifii? SASI?
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SN mechanism (infall ~ Bounce)
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GENERAL RELATIVISTIC HYDRODYNAMICS AND THE
ADIABATIC COLLAPSE OF STELLAR CORES!

KENNETH A. VAN RIPER
Department of Physics, University of Illinois at Urbana-Champaign
Received 1978 Seprember 18; accepted 1979 March 7

It is incorrect to conclude that GR corrections to the
evolution will always be as small as R,/R; because of
the more restrictive dynamic stability criteria in GR the

evolution can be substantially altered, even though

the GR terms appear small. The critical adiabatic index

in GR is greater than 4/3 by an amount that depends
on how relativistic the star is.

A P 4 GM
7/crit,GR :§+278—2 ~ ——+ 278XO(1)

oC 3 Rc?

Chandrasekhar 1964, 1965
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Takahara & Sato (1984) PTP 72, 978

. depends on weak rates (e - capture, v - trapping)
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Van Riper (1988) ApJ 326, 235

P,

= Kpol(p/po)’ — 11/9y MeV fm™>

Kolehmainen, K., Prakash, M., Lattimer, J., and Treiner, J. 1985
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central density p_[10

F K

Dimmelmeier et al (2002) A&A 393, 523
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— BIRIILF—KAIEZR (small 8timplies compact source)
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(M’ gab) — (zt’ 7/ab’ Kab)
— Spacelike foliation 2, characterized by

a closed one form Q_on M
 normalized one form :

ds® = (—a® + B, )dt* + 2 8,dtdx’ + y,dx'dx’

w,=aQ,, (a’=-9,Q2.0Q,)

un|t normal vectorto X,:
n® =-g° a)

Dual vector to Qcan be
time direction :
t*=an®+ 4%, Q,f°=
« . lapse function
- BEOEDFDODBEHE
B . shift vector
- ERIEZEDEVFODERE
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G,,n°n" =8zT,,n°n"|=>|PR+ K* — K, K" =167p,| | EXEFAFED

¥ [ 73 5] D 1153

Hamiltonian constraint > EEEALN

1.G,n* =87 LT,,n*|=p|D; (K" —'K) =8| | mmssu

momentum constraint

1G,, =87 LT, |=| (6 -L )K; =-DDja+a[R; - 2K,K] + KK, ]

+47Z-a[7/ij (S—pn) - 2Sij]

K NDFEEAEX

Kabm 7{%‘;{‘ |:> (@t _L ,B)j/ij - _ZaKij v abOD%Ejj—*EnEEE

Energy momentum tensor : T, = p,n.ny + N, J) + S,

Pn :Tabnanb Sab = J—Tab
ja I—J_Tbanb
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HEARAFFE: (BSSN (Shibata-Nakamura) formarism)

(6,- B0, )4 :1(—aK +0,8")

2
at_ﬁkak 7/ = 2aA|J+7/k(| j)ﬂ )/Uaﬂ

( )
(6,- B0, )K =-D DkaJ{AijA” +%K2}+4ﬂa(ph +5)
(6.~ 53, ) A =e*[aR;-DDja]" +a(KA -2AA)
+ A0, " —géjakﬂk —8ra(eS)™F
(at _ﬁkak)Fi =-167a j; "‘5”(‘: ZA” ka+(akﬂ )aﬂ/u +ak(7/l(| J)IB 7.; o\p )}

+2a [7kjajAk _ainj + Aikﬁjfkj —%Ajkﬁifkj +6Ak8k¢—§8iK}
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- EREESZEEIREAER (Shen et al. 1998)
— FExERA TRl (FEN R T B ZEL)
— + Sumiyoshi & Nakazato extension

 Weak Interactions V. (ou*)=0
- BEF(v)HERIG (Fuller et al.1985) |y (pY.u?) =S,

« Thermal unblocking &¢
— Za—hkJ /&R V.(pY u%)=S
« EF*tHiE (Cooperstein et al. 1986) .
e Plasmon decay (Ruffert et al. 1996) Va(,OY;eU ) = Sge

« Bremsstrahlung (Burrows et al. 2004) a
Va(pY,u') =3,

« Za—k) /@A (YS 2008)

— (e, n, p, A) — scattering V(T Matter)g =-Q,
 lon correlation, etc ¢ 2

— (n, p, A) — absorption V.(T") =Q,
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e 1D GR Boltzmann §t& & L<{—

(0,Ye, entropy profiles, neutrino energy)
Spherical 15 solar mass model by Woosley et al. (2001)

4 T
e neutrino .
e antineutrino Liebendoerfer et al. (2004)
35 ¢ u, T neutrinos 7
10ms after bounce
T 1 x1n® (@)
2 c 4 1 1 I I T T
2T ] — e Neutrino
|1 — ¢ Antineutrino

Cad
T

u,7 Neutrinos ||
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]

.
T
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Ledoux criterion: (—j
P
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IR F 2 DX
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0S Jpy, dr
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15Msolar model by Woosley et al. 2002
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YS (2009)
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20Msolar model by Heger et al. 2000 IND RN\

YS (2009)
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o (FExtERRY) BREEIIRESER
- BEENERTEZAGOIENEFLL
— AR TIXF 1931584 : Shen et al. (1998) + o

« Thomas-Fermi +spherical cell 3T{Ll

e (0,Ye, T) TT—7 Lt
_ [EERET—T /L 10° < p<10®g/cm®, 0<T <several100 MeV

e VAL —3arTIEMAIRE = T—J L
- AR FRHEETOREEEDEHE
— [ERYEEE(NewtoniE)IZBITH5MH DETR

— BhFEE—FZEEZEL-RN{EH T EE
« GRETETIIEE




07 RREEHFEI (1)

o« AP /NP AREREARER
— BFIZ[EX K@bounce (T, Ye {&F) BN/NESLNEEF
e Cf. 9YEULVF~-kx), TR ILF—(E~kx?)
« Incompressibility, L D2 (R#F)
— T=0,Z=N T/Z{SN¥MEFYT
- BEDEE
e K=K [1_2(1_2\(8)2] Van Riper (1988) ApJ 326, 235

sym

* P =0.16[1-3(0.5-Y,)*]fm™®

e NRAtF1E. REIDHR
e IXYFVIII—DHR



0> KEEAFED (2)

« MRAREMHLAEAER

Ledoux criterion: op | + (a—p] E>O (unstable)
Y, ), .| dr 0S )y |dr

o E[IFARSNTLVZL

— HREFTIERTREDIEE T oHETE

— RYICEEREFECETHEAINIITIEE

— SASIEZa—R) /MBI FERINNIZITEE
o BkxiF+ZRITIZaL— 3
e XMMLDENK
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o JA—UtRERB TIL
MIT Bug model

- KUk =By HKi>

Sagert et al. (2009) PRL 102, 081101
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e Zero or low BEREAFEX

- EEFHEFEDSAHR(TBHAKHASNDESR)
MroEND (KRREDLE2—)

— QCDTHEINE=&%DZAHWNT
NARZ-EEREEZERELTEoNT-
BB EOSZEH->TY3Ial—Yay

- = BEhHEK = /—AN)VEIZHFE

— N RAY  HF—H
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Weak rate

f : lepton phase space factor

ﬂ,weak _ Z P| Zﬂ‘ij /1” _ C‘I\/l ij‘z fij M: transition matrix
j

o IRR: IREFTEX = M(A,2), Xp, Xn, Xa
_1BOEFRKICRERIETHE

— Indepe

ndent particle model (Fuller et al. 1985)

— Langanke b(ZE>T7)LA shell model

o ARK(IE

1% IR DIEHRHAWBHE (Shell model)

- BEK(ZE)EIRIGELHNEL
- FPREZRDE)FIRIGEHFL

e (0,Ye,T) TT—IIESNTWSEERIZCHER

— f O QEKRFIEDEAICIEIBEZEZDSD

ﬂweak _ |:ZP|ZCMIJ 2:|'|: :l M (p,Ye,T) |2 f
j
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f Weak rate (1)
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Sawyer (2005) PLB 630, 1

o N\ AOATHEELE weak rate
— INDVZAOATHREVERFEIZHF : Meoreo< (Y1)2

« Coherent scattering & ion electron correlation
— Hete|

1.0

dﬂ,«-'(q)/dﬂl = (dag/dﬁl)nf S(q) | |

& 10
V
10°
dn
10 5
W(Q? 57 K’e) 10°° . ! s )
1.0 0.5 0.0 0.5 1.0 ‘
W(q,0,0) E a g 22 i 1/'3_1/3
log e = logﬁ‘I ™ € = Ne
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e ZTDMDENE (e.g. electron polarization Leinson
etal. 1988) D E =RIEH = 2al—i 3y

(6{_.01-) J
@Gs>y]

as

0 5 19 15 20 25 30
L . ok
Fig, 1. Feynman diagram of v A-scattering from a Coulomb centre.
Double lines show the polarization tensor /1, and the Green | | frq term in (6) - for iron nucleus ,¢Fe® in a collapsar with the
function of a plasmon in the medium D,,. In the static limit, the [ | gensity values p~10'° g/cm® (a), p~10'2 g/em® (b), and for

only components are limg_o/loo(0, K)=r5* and Dgo(0, K) = | | oxygen nucleus ;0 for p~10'? g/om? (c). The parameter ¢ is
dr/ (k2+rp?). equal to 0.25. ' '

Fig. 2. The ratio of the cross section ;. (E) (6) and o5 (F) —the
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¢« ZRITDETILHADHE
o 1RIT:ZLDiY = SEIFLHIHFEIZTDOVLWTEHE
— IR DERY HLy
e Schwarzshild & Ledox

« Doubly diffusive instability, Semiconvection
« Convective overshooting & convective penetration

— I'Elgx | D ERY Ly
« Rotation induced mixing
« Chemically homogenious evolution

— 'Mass loss | EXY) LY

 Metallicity {&#F. JEBkXI#F loss
« FHMD—ZFZE: zero metal

« HIEE - TREAFTEDER




GRB Collapsar Model

Woosley (1993); MacFadyen & Woosley (1999)

RELAEHENDE

— Type-lc / Type-1b SNe D {1 [& :
- DIybDEREANDEERREMHE 5000 g

- AEHERRELODHABELT
¢« V4V —e+e’ (ol ) g )
- BFHERIS(c L p)EDHE el
- EEESREGOLER m
o FREIS (B>10°G) HAHE S o a0 w0 awo
— PopllI4RIBIE T DREISIL ? e oy 3/

18.00 18.56 19.13 19.69 20.25 20.82 21.38 21.94
MacFadyen & Woosley 1999




GRB Collapsar Model

« Neutrino pair annihilation: v+v —>e+e”
- BEERETIEINIAVICKEZ2—N)/IRIRIZAEITS
« rate: L’ vs Lp

— KB TlEAER EFDPauli broking A%< F-RkR=—a—
k) /B D70

e rate « [1+9Xp(—77v+77e)]_1

— [ R(ZIELDisk BNdHHERLY
e rate o <1—c056?

vcolision >



GRB Collapsar Model

e SNRLH?
— Direct BH formation 72 51&FLAELV?

e v Disk wind
(Qian & Woosley 1996, Lee & Ramirez-Ruiz 2006)
5

. 3 . 5L
M 05x10“M_ s SZLV MO LZ
10>"erg/s c

o« MHIDAN=ZXL"?
— Fallback BH formation Zz5 A g dp Y
— W53 2 (Blandford & Payne 1982)

o [FEAEEZLNTLVELY
— GRB without SN [Z&H>THULWNET !

_ : M4 = \EB 7t ?
GRB with SN ETEEMWNEE DM ~ Woosley & Heger (2006)



GRB progenitor model

¢ J;I;ZIKH/‘JEE%
— Progenitor [ Type-lc SNe #2239
— H, He 4} E AVEELN
— mass loss ?
— mass loss [& spin loss Z¥5

— (GRB + Disk & GRB i X{KEREL Q)
AEEEXFRIELDD. ESHNBEETH?




GRB/SN and Metallicity

:: — 9.5 T T | T T T T | T
° SN&GRBOjiE;é " @ SN Ic (broad) KDO2 i
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> I 20903 ]
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80 I [{'m\]% (131w _
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Modjaz et al. (2008) Galaxy Magnitude My




Effect of rapid rotation

(Yoon & Langer 2005,2006; Woosley & Heger 2006)
o ER[EER — mixing [T& YL RO —FRITEL

M, =16M,, Z=1073 vmﬁroa M= 16M,, Z=107, V_,/V,=0.6

! B & [B]E#E :
o FFERERE

- | EEEE: .
: 9100037 !ﬁ%g%i///////// m

4 2 0 -2 ] 4 3 a
leg (time till the end of ealeulatlen /yr) leg {time till the end ef ealculatlen /yr)




GRB Progenitor model

Yoon et al. (2006)
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0> HEAR T ER - TR

- EREESZEEIREAER (Shen et al. 1998)
— FExERA TRl (FEN R T B ZEL)
— + Sumiyoshi & Nakazato extension

 Weak Interactions V.(ou*)=0
- BF(v)HERIC (Fuller et al.1985) |y (pY.u?) =S,

« Thermal unblocking &¢
— Za—hkJ /&R V.(pY u?)=S
« EF*tHiE (Cooperstein et al. 1986) .
e Plasmon decay (Ruffert et al. 1996) Va(,OYgeU ) = Sge

« Bremsstrahlung (Burrows et al. 2004) a
Va(pY,u7) =3,

« Za—k) /@A (YS 2008)

— (e, n, p, A) — scattering V(T 'V'attef)s =-Q,
 lon correlation, etc ¢ 2

— (n, p, A) — absorption V.(T") =Q,




Energy Momentum Tensor

Basic equation : |V, (T ™)2 =0|=>|V, T, ™ =-Q,

T a(v) _ Qb
Energy momentum tensor of neutrinos :
— “Trapped neutrino’ and V (TR Tabnsteamy = Q
‘Streaming neutrino’ parts v Tba(v,trap) Q, - (Ieak)
a
Ta(bV) Ta(t;/ trap) —I—T (v,stream) v T (v, stream) _ éleak)

Trapped neutrino part is included into Fluid part

T, - (fIU|d) FT (v trap) T,, = phu,u, +Pg,,
TS < Engn, + a0, + Ry, + Py

The equation to be solved

\V4 -I-a . Q(Ieak)

a (v, stream) (leak)
V. T, A




Neutrino cooling

YS (2009) c.f. Rosswog & Liebendoerfer (2004)

* Neutrino Leakage Scheme

— “Cross sections” : |o;(E,)=6.E>

“Opacities”

“Optical depth” : |7(E,) = j xds = 7E;

Diffusion time

Fermi 2 CEHELT:
cooling source &% %

. [KE) =3 K(E)=RE?

: -I-Vdiff (E)= AX(E,)

~2

r(E,) =—E?
CK

Neutrino energy and number leakage rate :

Q" =]

(R = |

E N(E,)

T (E,)
A(E,)

7" (E)

dEV OCTZFl(nv)

dE, ocT F(n,) ”VZIﬁ(EV)dEV




Notes

o Za—k)/BEIDINGA—A:2
— Optical depth < diffusion time
— {a][B] @ collision T thermalize 9 5H

e —a—k/5, FFIZ flux LEELNTULNAD T
ZHIZE DT luminosity A ETETE5

e —a—rJ/;REDE A (on going)
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e =T
u'u, =-1 =w,(p)
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nO4 — %R X M BT v BaNE

~n+1/2

0.=0 = p"using (Y,",T")

Ye _ SYe(pbeT’g Y ) :>Y 7 n+1/2 USlng (pn+1/2 Y Tn)

Y =S, (p,Y., T,&,Y,) =YY" using (p"*2,Y,""* T")

{é:Se(p,Ye,T,gv,Yv) } r€n+1/2(-'|:n+1)\
m—

év :Sg(pﬂYe’T’gv’Yv) gn+1/2

. V

n+1/2 Y 7 n+1/2 Y n+1/2)

using (o

e=>1T
uiu, =-1 = w,(p) DT—TIHY—FIZK>THALS




FEHERE

e JRREEAFER “ ‘AOZ‘
—(p0,Ye,T)TT—2 L1t
— EJE#J'EJE’&LZEL\*E*T.:HHE’JETK
— WA (ER)BT—IIIEEShBIEMNEFELL

i?ﬁ?‘%)ﬁﬁ?(weak interaction)
- T LERFEODEFESL
— transition matrix DT7—7JL 1k

o
TmTII

o —RRAEXTEMAY v ERSTENIE ‘AO4 ‘
— ZRFTTIIKREAHRS T
— GElE)ERE. full GR Boltzmann @ &R 1T
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