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Riemann A2 % A& 7= 0 g (1)
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RiemannfBl# %+ B { 7~ 0 45 (1)
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Div(Fi,F2) = (F1). + (Fa2):
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FEEHE Riemann Problem:
CD
EBD
HE(2).
EE. TR Ty, SRR 2, RREE, 1971
£A.
RSDREE
CDDEE .
FSDRE
(7TREIZ)
&

RH

7K

(NER
RS:3
FS:3
CD:1)

Hirsch, C., “Numerical Computation of Internal and External Flows (Vol.2: Computational Methods

for Inviscid and Viscous Flows)”, A Wiley-Interseience Publication (1992).

head
of rarefaction discontinuity (CD)
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Adaptive mesh refinement % (# &4 TF%) »—4#] (Kifonidius et al. 2003 A&A)
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@\
> SR
)\'Q depends on Heating-dominated
neutrino luminosities, spectra, pHe Entv . . Stalled shock
and angular distributions. e cool e e !
cooling ~200km
X AHlC
f(t x.v.z.p_.p..p.) . X Ly
(LX.Y.Z.P5 Py P, 6:_:4 “ (2 (
SN T2, A8 dar
—a—PMY /limassless
E=cp f(tr,6,¢,E,0,9,) “MGMA”(6 dimensional problem)

RO NAPA R IWE  \iG'(\/ulti energy-Croup: z4u+—)
) or |DSisotropic diffusion source approximation

EL(t,r,0,0)= j I AN  “Gray (no energy-dependence)”

Gaaic>oWTIIH 3EHT)

EOXRE
BESTHOEE BHIC{Eik -
” BELLAL Za- hl)/nmﬁ*fww (| HEEeS) V =a2— MY 5H KB
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Vi Courtesy: : \ (\‘1’4 S £ 5
BEOKE BEERA X A 08 #7 % (Fermi-Dirac @
VT‘ETCEE_\ . \ ,C ‘i 7;(‘ w, e m

AT b =
{E=F& 0 9‘ vy,
T RIS EREL En ergyh‘& ﬁ_ 't*-— 3 ;i-‘ L 7~
R BHWMAIE I FRTR
BB -.‘ 00b RE10LOIEMT, LN (multi-energy group#ii%)

100 ___ (=X X —5 BHit)

(ERAEEE MeV V energy



## { ~ X% |1Boltzmann equation EAl 22— ) I ROES,
Ofy A Ofy  dp 9fy _ dfy a4

Ot dt or’ dt 0 fT dt coll

VEBHEI—FIceA 7uhEiAnbu—F2y 7

Easy

(1)Simple deleptonization: [ YefL 5 | (Ye(p) TEFHE 2% ))

(2)Neutrino leakage scheme: [ —a1—k!) /igH H L%
(Z=2—bY 7 AFHDZIBREITE ) )

(3)Simple deleptonization + Light-bulb treatment: 54 k7L 3T L]
(Z=2—=FMY) /ie#iFTANS)

(4)Single energy flux-limited diffusion: 'L A &% |

(5)(Multi-energy flux-limited diffusion:T < JLF% JL—J % +FLD |
Isotropic Diffusion Source Approximation (IDSA)

(5') Ray-by-ray Boltzmann transport : < JLF 5 JL—T#ii%E+a]

(6) Multi-angle Boltzmann transport: [ Y JLFTRILF—TILFT7 T )LEE .

Hard



# { X X |3Boltzmann equation

0 fo + i 0fy + dp- df, _ dfy

ot dt or dt Op dt

coll

VEBHEI—FIceA 7o iAnbu—F2 v 7

Easy 6 months
Only if your hydro is robust
Simple deleptonization —a—k)/9—)25NDHANDB
Neutrino leakage scheme <

Za—Rk)/mEM
Simple deleptonization + Light-bulb treatment [FITA%,

Single energy flux-limited diffusion J =a—kU s A A
/ﬁz/:}—élfibléké
Multi-energy flux-limited diffusion, v EZERE RN R RIR
PR : : : (implicit scheme)
Isotropic Diffusion Source Approximation

Ray-by-ray Boltzmann transport

Multi-angle Boltzmann transport

' |
Hard > 1 year (or a life work!)




vYe A7
BRI FRAR LY R U ENERTE N B FD LT Ye(p) Dfitting formula 15,

(Cons) /N RRILAMEZZZLY,
HEMNEIFOZAME,
B DL AT LDHER,

v Neutrino |eakaqe scheme (N LS) (van Riper 1981, Bludman et al. 1981,
”  Rosswog & Liebendoerfer 2003, Kotake et al. 2003)

» Outside the neutrino sphere, neutrinos are assumed to vanish
instantaneously.

assuming

, the beta equilibrium is assumed.

ter R lDlzgil‘."‘cmz’
~ 14X 10119;’n:m:"



vYe A7
BRIV Y o EnEETE N FEo N T-Ye(p) Dfitting formula Z {5,

(Cons) /N RRILAMEZZZLY,
HEMNEIFOZAME,
BN AT LDHER,

v Neutrino |eakaqe scheme (N LS) (van Riper 1981, Bludman et al. 1981,
”  Rosswog & Liebendoerfer 2003, Kotake et al. 2003)

» Outside the neutrino sphere, neutrinos are assumed to vanish
Ironc:ok—\

instantaneously.
: The neutrino heating cannot be treated.

Pros : The NLS can reproduce important features
obtained in a Boltzmann simulation, like evolution of

neutrino energy, luminosity, etc, to some extent.
The scheme is valid only before the neutrino heating becomes °

Important (~50 ms after bounce).

Ptrap & 1.4 X 10'g/cm?



Roadmap to implement the supernova microphysics to your code!

Easy 6 mopths |
Only if your hydro is robust

Simple deleptonization The neutrino cooling
can be taken into account.
Neutrino leakage scheme

: . : The neutrino heating,
Matthias parametrization + Light-bulb treatment @8 1t only parametrically,

Single energy flux-limited diffusion

v The neutrino heating/cooling
without any parameters.

Multi-energy flux-limited diffusion,

Isotropic Diffusion Source Approximation [l ¥ !mPlicit schemes are needed
to treat accurately

the matter-neutrino coupling
Ray-by-ray Boltzmann transport as well as to solve the

Boltzmann equation !

Multi-angle Boltzmann transport
Hard > 1 year (or a life work!)



(Scheck et al. 04, Ohnishi et al. 07,

v’ Matthias’ recipe + light-bulb method Murphy & Burrows 08, Nordhaus et al. 10)

SA,/\)LTFE M
BRFFPHETFENLLBL I NS Standing

—a2a—bMN) /REE2FTEZ 5,
(type I simulation T X { 29 b h %)

Oy (pE)=—V - (pul)+pu+pu-g+ p(H —C)

H=1.544 x 10%Y (L— )

1052 erg s—1

100km \ 2 .. L ore

1

and

.\ ('
oro

5Ta .l T 0 - - - -
- 1 2Q0C e ~20 i Fa N :-_T[-"'r.':' o
C =1.399 x 10 ( 5 MoV ) (Yo +Y,)e [ S

Qualitative effects of neutrino heating

on convection or hydrodynamic instability
can be studied.

(Cons): The neutrino heating is completely
an input parameter !



Roadmap to implement the supernova microphysics to your code!

Easy 6 months

Only if your hydro is robust

Simple deleptonization The neutrino cooling
can be taken into account.
Neutrino leakage scheme >

The neutrino heating,

Matthias parametrization + Light-bulb treatmentJ but only parametrically,

Single energy flux-limited diffusion / The neutrino heating/cooling

without any parameters.
Multi-energy flux-limited diffusion,

Isotropic Diffusion Source Approximation [l ¥ 'Mmplicit schemes are needed

to treat accurately

the matter-neutrino coupling
Ray-by-ray Boltzmann transport as well as to solve the
Boltzmann equation!

Multi-angle Boltzmann transport

IIIdIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII EE I I B E E E EEEEEEEEEEEER
Har > 1 year (or a life work!)

g EE EEEEEEEEEEEER



Why implicit scheme (£ #% ;%) is needed ?

absorption

A: absorptivity

f v — Jemit (l ~ Treq
JU

(No] R\l 1/ M4 (w) = exp { B[w —(pp, +p.— #n)] }j(w)




Neatrmo mteractions - Comespondence fo £, |

N A,
. J | <0O(100) MeV
Th=6T] Af T R)LFE—EEL (M_{nuc}~1GeV>>Ev) :

m[ m;Hf m $0)] . ;’[@'.
/_| / 0 @ / '

g
—
TL
Ef_':_":-l
e
— 1

)F(

| =, \T!
)+ AR e if I JERE T EREL

1
c(2rhe)?

ES — li_lr

= i- . ! ! ! ! o i 1
/ w 2dw / dpe f(pe,w) f do R\ (w, w), cos 0)
0 -1 0
2w
_..‘.1.2 . I pyp o F o pout! ¢ ) )

—— "7 W ‘Q r"'* '{\l f W
v = =G / d [d“/f cosOL — ()]

(2?&('):‘][; w 2dw /_Eff;z /” do R p(w,w , cosb) f(p W), (1.34)




(Bruenn 1985 ApJS)
nu_e

\ /

Gz 4 3 2 : 2 . 2
r=LrEE " ¥t n —pe= )| (20 + 272y pe 21 g+ (80— 8075y a2 — (85 — 83) M, M, p,- g

. L

{ j(w) } fde f d>p, jd]pL[ 2F,(E,)[1- FE(E)|2F.(E)r(p, + P> Pt 4) |
1/N9(w) (2x)’ Y (27)7 (27) |~[1—@(iﬁ;}]zﬁ(ﬂﬂ}{l—.E,{EL,}}-"(,I?,,+r?—’PP+.P¢~}J

G2
m

5(w) = Tpu((g} +3g3) @+ 0)(w+ Q:f[l -

” 3 1/2
/N w)=—m,, (g} +323)[1- F(o+0Q)](0+Q)|1- — |
T > 32
(w+0Q)



(Bruenn 1985 ApJS)
nu_e

\ /

aPARN| )\: absorptivity

Gz \ & . 2 g 2 9 2
r=—rp 5 (27) 8(q+ =2~ )| (80 + 80, 2o g+ (80— 24) Py app.— (83— 83) M,M, p,- q|
& p n

g

{ j{h’-‘) } dePp f djp,, f dap,_., I E‘F;:{Ep)[l_"F::{En)]gﬁ(Eejr{Pp+.pf_’.pri+q} ‘l'
1/A(w) ) T @2a)! a7 @) | [1-E(E)|2E(E)1- E(E)] (P, + 9~ 2, +P.) |

/ww/vzfaﬁmtﬂuﬁﬁofﬁﬁféz
/ﬁw/V/ﬁ&£§%<twcu t70xom% i S NS




RV v RADOKRERE

WA O R IRA, BRI R K —,
HoHkhE, dA, di2 @& T LHERICK S

Intensity» AEE—XA ~ b &

v £ iR = radiation energy

(scalar)

A

-y \ 1 " puny . c p .
K;(t,r.e) = — / dQnmn;I(t,r.e,n) = —F;(t,r. €

4 7Y gl (tensor)

= SO ( 0'"_order moment equation)

¢+ 5t . \
(1""-order moment equation)

Y2ITH->TIHL W

v Closure 35 2 ¥5%%
(1) Flux limited diffusioni® (A% RE)
(2) M1 closure
(3) Variable Eddington factor %



Z]. }l/ / .7 ﬁ*f-ﬁ ) %/%(1/3) ﬁ;ut:l?geett;ll.zlggg, Livne et al. 2005,

N ) —~0 __
( er y T VF v Ql ( 0'"_order moment equation)

] ) /18 .
0 f.F y T VI: y — Y. (15*-order moment equation)

RERFIRE ( lux- |m|ted iffusion)
fo(t,m,w, 1) = f},, t,m,w) + fi,, (t,m,w)u

\v BRST IR FE AR &L,

Fick D &R 5 LA T 21RE

Flux limiter

“(Rgw) = 1| + —————

T""lﬂav + |RP'|

AN— 0TF,— F,(#0).



Obergaulinger and Janka (2010)

R =2 v FREADBE2I3)
0E, +VF, = O°

(0 h_order moment equation)

|
)

1 :

0 f.F Vv + VI: 11_.- — QL_,. ( 1%*-order moment equation)

v M1lclosure (L RomomentHD X THC) .. E’,
streaming 'fi
limit
P, = P,(E,, F, LEXL I I T E S XY #
. ' . - LR
B HELLAL /
Eddington tensor 2 VAT DB ITIRE T 5, S arent 5’% -
. ﬁ VTETC%'E\

3
b2 F6&

+ocRbaE

U memELE<
SEF

Y. BRGEE  ERERE

YDiffusion limit2 8 5% ¥, fv—0 Yestreaming limit2# 3 5 ¥, fv —1
Pv —1/3, Pv(#@%E) — 1/3Ev Pv —1,Pv(#84&E) — Ev



FIY = v FRADBEBI) VE; Rampp & Janka (1998)

Sn: Livne et al. (04), Hubney & Burrows(06)

a ~0
d rE y T VF v Q . (0° th_order moment equation)

'1_.

1 .
", ;F vy T VF J}.r = Q .. (1I*"-order moment equation)

AL

v/ Variable Eddington factor method
VRayliZ > TEBRICREFTEARNLBE. 1 %23 5 (ray-method)

AT uf

o=l exp (~Ama) + | diS() exp [~(Ary = 1)
0

Vintensity?* R oh iz, BEF S

F——fﬂn)dm= f f I, ®)dud® .

P, = -il[- f I(n)n,n,dw =%f:’r f‘l I(u, )2 dud®
v S\i& (Spectral ordinates method)

1r;‘ (; £ )4 N1- 1 cosgp, 4 9 (sinbf.)+ \J1- 1 sing, af,

c ot rt o rsin® d0 rsin6 0

1-u; cosf ¢ /ep )
o [(1_“ )/, ]+@ ~ (sing, f, )—_[%}

Ot

r d,u\_. rsinf  Jd¢, c

/ collision

Moment* ] 56§, BEEFANY 2V FTRACARET@ITET 2R TR,
(formalismiistraightforwad 4%, X Ich{ EEZH»KE)



KOTAKE ET AL. ApJ (2009)

Z]' w2 v ﬁi{f& 7 %/%(3/3) Ray-trace 3% » —#)
ﬁi‘E y T VF v Q)D (0™_order moment e
('%FV + VP,; = Ql. (1%*-order moment e

v

Polar (Ray) Axis [100km]

dlidQ/ds [10°7 ergisiem?/str]

-0.5

v/ Variable Eddington factor methog
v/ Rayiz % - (| IEEEETE

X [10" cm]

crg:‘scmz Istr]

5
=)
2}
o
=]
O
S

./

-0.5 0
X [107 cm]

v S\ % (Spectral ordinates method

1df, M Jd . 5, \1-u; coso,

c ot = ar rsinf d0

TRV R et

rsinf

(sin

Polar (Ray) Axis [100km]

w
dlid/dS [1037 ergxs‘cm?.'slr]

N

I \

Moment%2 85 3, BE#FINY <2 v F 3
(formalismixstraightforwad 7= %, ¥ i<

-

(=]

Equatorial Direction [100 km] ~
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At B IED KT LI

Diffusive regime

Semi-transparent Transparent
regime

Boltzmann
solver
(VERS,)

Flux-limited
Diffusion,
M1 closure

Ray-tracing
method

orange fields




Liebendoerfer et al. (09), ApJ

The neutrino distribution function “f’ .
> SN [— L\GT ik Vs
Z2R RS S
D(f) =j-¢*f
f =f(trapped) + f(streaming) = ft + fs
.trapped part — opaque region j -y *ft - (1)  Different approx.

.. for trapped & streaming
\“) neutrino components!

:streaming part — transparent region | S
: 2 determined by'diffusion limit of (1)

Boltzmann equation is then ,

D(f = fl+f3)=Cc=Ct'+C"*

The two components are evolved
separately ,

.t
(i+)f
Matter

- is the (diffusion) term,
which converts trapped into streaming part and vice verse.
-is determined between the free-streaming and the B-equilibrium limit via a
kind of flux limiter.



MGFLD | Burrows+07 =n + 2CB

Suwa et al. +10
Liebendoerfer et al. 09

1D

LT EgrlLir< - -

Blondin+03 Blondin+07
2D 2N

‘ Spacial Dimensions
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Kt

~ 1000 events/yr
FHICEIE., FHHENER

EH TR ~200 keV, QIE*NE’J
G AFfEI 1035~ 10%s
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~10°'erg/sec
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THEDo R GRB@ H%Fﬂﬁ %Ej Fishman&Meegan(95)

18 920110 BATSE trigger # 18 920110C

1.sF 3
y | SHORT BURST
3 A f 1
?
N
o
— -~
€ o o
1B 9201108 BATSE trigger 1B 920113 g
u o q
B ]
2 o ' -
| [ LONG BURST
5 D 1.5p 3
3 |
o e 1 b ' 3
a8 c P l
2 : s 5 | \ : 4
8 .- - 2 osk 3
@ v
= BATSE trigger 18 920114 BATSE trigger § 1301 1B 9201168 of
= '
L L N L L
-10 30

Time Since Trigger [s]

0 5

BATSE trigger # 1306 1B 920120

Seeends (e o Troen Long burst. Short burst® — 85 %h

Figurel Sample page fromthe First BATSE Catalog of Gamma-Ray Bursts (Fishman et al 1994b),

indicating the diversity in the time profiles, intensities, and durations of gamma-ray bursts.
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0 KRR EGRBY 45 » CTHEM » 8.8 X h - R4k
BEE =07 !

]
—

AR kL— (per galaxy)

e ™ w_z !
Rars ™
Matsubayashi et al.
06

B ELGRBAEIERE &
9 5L 10FETRIEAT HHESR:

Rcomb~ 10~ 7

45

48’

51

54"

—52'57

T
: o
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l I
X
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FIG. 4: Illustration of the Blandford-Znajek Process and cir-
cuit analogue. Taken from [6].

(Thorne, Membrane /X7 4 & X Y)




oz L CLN\ABHDEFZE :Kerr B22¢ BZ7O+X

7.2 2 3.2 A B w10 PR B 37 T4
ds” = —a“dt” + g;;(dx” + [ dt)(dx’ + 5dt).

Boyer-Lindquist EE4Z

A—a“sin“f AaGMrsin® @

i 2 12 |
dt* — ————dtdop + Edr“ + 2db” +

by

N

2 2 2
r< 4+ a“ cos“t

A =72 Z2GMr + a2

Kerr parameter

BHOAEFHEILHEMD L

Event horizon:

L saine

ry = .1| lil' T "'.,.-":.._1| ;ir 2 I!..rE

H.K. Lee et al, astroph/9906213

> (r“ 4+ a“)* 4+ a*Asin” 6
T.

a—y

a L
= CoE=

TIZ. non-static observer.
Frame-dragging &&.5

black hole spin axis
C,TD

pair plasma

ol

ergosphere

PhD thesis by A. Mueller

radius of
static limit

»

sin” @do




Blandford-Znajek process MOrder&Eih
-Kerr BH o)a%ﬁﬁﬁ -Kerr BHM 55| &R IT 4 EIER T 1

Je _
— —— :’EII
Q ERJTKerr parameter

=21 Maximally rotating Kerr BH
(Schwarzshild£ ZE % H#E T
BIE5 3 515 E)

- BZ'E‘?;I%}EH%) A EE T R
N ) efficiency M5,




Recent simulations of BZ processes _
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