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Radiation MHD simulation : Ohsuga+09
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GR ray-tracingst®

GRIEHEIXEAER (GREFRILY Y VHFER)

L . . o .
dz— = — @ Invariant specific intensity
1%

_ g . . . .
e — — == : invariant emission coeflicient
d )\ Y

A = vy, : invariant absorption coefficient

- SHIHBER IC78 > TEYERE D invariant specific intensity Z % < o
- ZE[E 32RJT. A2 KTt IRENE 1 RITD 6 RITZER DR THEZ KD 5,

Takahashi & Mineshige (2011,Ap),729,86) - Takahashl & Harada (2010,CQG, 27 075003)

; 1 ————
a.Sl (BH)

[ 7 = 85°

Ay = Qcr ]




GR ray-tracingstEDEF - KEF

s FARB LU —IxENRIRIESEE A LRZ S,
RFMEDEH, ENRARSE. BHOEN., Ky 75—, BROIIETNE,

* emission, absorption, scattering (out-going)(dOK

> FRZTEIHZECZE IR D,

di§k QPO
image

- scattering (in-coming)hEF

» scattering (in-coming)DE B /R [GE8 (e.g. comptonization)
> Monte-Carloft BB INTE e, L. EET
>SHEVIaAL—YayYERBCIEEREENRTWLWEGEL,




BEAARENFHEIE
Photon Sphere

7? oc R(r)

R = le—f = 0, % > 0 (unstable)
z ] a*l=0.9|?5 ' b
A =80 B A |

—~ 0
o i g
AL :
& .
B el men | sl T VRS, R

-8 6 4 2 0 2 4 6 8

|
|
|
'
"
| et
' ~ A
~ "
O o
S -
e -
. At
’ . MR
,
N
Ll L

observer

observer




image of a standard accretion disk (1)

Dexter & Agol (2009) Fig.2
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Figure 4. Image of an optically thick standard relativistic accretion disk around
a near extremal black hole (@ = 0.998). The disk has outer radius 7oy

and the observer’s inclination is 85°.
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Beckwith & Done (2005) Fig.7
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Figure 7. Unobscured N = 1 (left-hand panel) and N = 2 (right-
hand panel) images of a thin, Keplerian accretion disc around an
extreme Kerr black hole, with the disc extending from r;,s to
20r4. The observer is located at radial infinity with an inclination
of 6, = 87.5°. The images are highly asymmetric, indicating the
strong coupling of these photons to the black hole spin



hot spot (image, light curve, SED)(1)

Broderick & Loeb (2009)

Bright spot

Primary image
Direct path

l——— Bright spot

Secondary image
Detour

Tertiary image
Full orbit




L RE TS

scattering
scattering (out-going)
(in-coming) /a '\
emission
absorption

BEETEINE TR, (22 3 55T, 518 2 5T, 1REhEK 1 RITD 6 RITHIET)

18[,/(11) | Ty
S VL) = 1L () =0, 1, ()40, [ (mn)T, ()Y

emission scattering (out-going)
absorption scattering (in-coming)




FEHX SRRV S 2 Lb—3 Y

Cosmological Radiative Transfer Comparison Project II: The
Radiation-Hydrodynamic Tests
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Code Gnd Parullehzation hydro method rad. transfer method
Capreole+C?-Ray  fixed shared/distnbuted  Eulerian, Riemann solver short-characteristics ray-tracing
TVD+C*-Ray fixed shared/distributed  Eulerian, TVD solver short-characteristics ray-tracing
HART AMR shared/distnbuted  Eulerian, Riemann solver Eddington tensor moment
RSPH particle-based distnibuted SPH long-charactenstics ray-tracing
ZEUS-MP fixed distributed Eulerian 3-D ray-tracing
RHID sph. Lagrangian  no Lagrangian 1-D ray-tracing
Coral AMR no Eulerian, flux-vector spliting  short-characteristics ray tracing
LICORICE AMR shared SPH Monte-Carlo ray-tracing
Flash-HC AMR distributed Eulerian, PPM Hybnd charactenstics ray-tracing

Enzo-RT fixed distributed Eulerian, PPM Flux-lhimated diffusion
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GR radiation MHD simulation

GR MHD simulation [by many authors]

Koide + 1999, Hawley + 2000, Gammie + 2003,
Komissarov 2005, Duez+2005, Shibata & Sekiguchi 2005,
Nagataki 2009 etc.

GR radiation MHD simulation

Farris+ 2008 (FLD), Zanotti+2011(FLD),
Shibata+ 2012 (M1 closure), Fragile+2012(FLD),
Sadowski+ 2012 (M| closure) etc.
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Mixed-frame-approach
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ref.
D. Miharas, 1980, Ap), 237,574 ((ZUHTIREEL I=7m30)
M. G. Park, 2006, MNRAS, 367, 1739 (Schwarzschild FRFZ=2)
RT, 2007, MNRAS, 382, 1041 (Kerr FFZZ, Park 2006 Z KerriCc L7 H D)
RT, 2008, MNRAS, 383, 1155 (Kerr 5§22, Horizon-penetrating coordinate)
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scattering orbit plunging orbit
(infinity & infinity) (BH < infinity)
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near orbit
(BH < BH)

Cadez & Kostic (2005, PRD,72,104024)
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GR radiation HD
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GR serchlight-beam test

BHEFZE CODGR-ARTEIC K BEHE
light bending’a ED TR b

scattering orbit



GR serchlight-beam test

BHEFZE CODGR-ARTEIC K BE51HE
light bending’a ED TR b
plunging orbit



radiation collision test
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shadow test

FFTEXTREVET

Petkova & Springel (201 |, MNRAS, 415,373 1)

log photon density, arbitrary units

Gonzalez, Audit & Huynh (2007, A&A, 464, 429)




BH shadow formation test
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BH shadow formation test
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BH shadow formation test
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Primary image
Direct path
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b Broderick & Loeb (2009)
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GR radiation field =X FRI&E

|.in optically thick limit
(a) shock tube [a]%8 [SR Riemann problem]

2.in OPtiC&”)’ thin limit Ray-tracing&ERIUER%Z
(a) searchlight beam test BRTE
(b) radiation collision test BEDOMI closure It & 3
(c) BH shadow formation test SHETIH@@DH

(d) wave-front propagation test  (Sadowski+2012)

3. intermediate regime (optically thin and thick)
(a) photon trapping

4. energy spectrum
(a) thermalization
(b) non-thermalization (e.g. inv. Compton)



