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Historical Brief Review @
on a Black-Hole Silhouette/Shadow

e« Optically thick standard disk
— Luminet 1979
— Fukue & Yokoyama 1988
— Karas et al. 1992
— Jaroszynski et al. 1992
— Fanton et al. 1997
— Takahashi 2004, 2005

e Optically thin ADAF-like flow
— Falcke et al. 2000
— Broderick & Loeb 2005

e Optically thick slim-like flow

— Fukue 2003
- Watalgietal. 2005 e naxzeanses
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Schwarzschild/ photograph @
Luminet 1979

Orbits in the plane $=0
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Schwarzschild/ photograph @
Luminet 1979
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#5chwarzschild/ color photo, X-réga?
Fukue and Yokoyama 1988
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Kerr/ light curve of spots @
Karas et al. 1992

Asaoka 1989 doppler variation—wg _
Karas+ 1992 S Sy
........ lensing peak /00/> @]

Fukue 2003 /

Zoogﬂz E Ifii%%éﬂzé Figure 11. The light curve, as in Fig. 10, but for 100 randomly
tTEtY 3 SgrA+BH 0 genemat ed spots.



Kerr/ microlensed light curve@
Jaroszynski et al. 1992

Jaroszynski, Wambsganss, Paczynski 1992
Yonehara+ 1998




Kerr/ line
Fanton et al. 1997
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Kerr/ shadow shapes

%

Takahashi 2004

a=0
a=0.8
a=0.998

(a) a=0, i=45°
(b) a=0.5, i=45°
(c) a=0.958, i=45°

(d) a=0, i=80°
(e) a=0.5, i=80°
(a) a=0.955, i=80°
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Kerr/ shadow shapes
Takahashi 2004
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Kerr-Newman

Takahashi 2005
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ADAF-like flow
Falcke et al. 2000
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Optically-Thick Bright Spots @
Broderick and Loeb 2005
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Optically-Thin Hot Spots @
Broderick and Loeb 2006
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slim-like disk




slim disk, self-occultation e
Wataral et al. 2005
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Fig. 3. Spectral enerpy distribution with different inclination angles, i = 07 (solid lines), 307 (dashed lines), 507 (dotted lines), and 70° (dol-dashed
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slim disk, self-occultation
Wu et al. 2007
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eclipsing light curves

Takahashi and Wataral 2007
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Figure 2. Schematic diagrams for the eclipsing black-hole bina-
ries when the ingress (top panel) and the egress (bottom panel). 0‘




Next Two Decades

s G-lensing
— nearby star: Einstein ring (Alexander and Sternberg 1999)

¢ Environment: Wind, Jets, Corona

— optically thick black-hole wind (Sumitomo et al. 2007)
— optically thin ADAF flow (Broderick and Loeb 2006)
— disk with jets (Broderick and Loeb 2008)

# GR Radiative Transfer and Radiation Hydrodynamics
— limb darkening (Fukue & Akizuki 2006)
— limb darkening + aberration (Fukue 2009)
— GR transfer (Wu et al. 2008)
— Reflection Spectra (Lee et al. 2009)

& Polarization
Tomography/Line mapping
‘{ =rgo resaive: 2009 AARNFRESZESR 20
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Orbiting stars around Sgr A*
Gillessen et al. 2008

la | |
WAAVAVIV/ RV Sy | :

|

Gillessen et al.
I T T Tl | - I * E Toi ol T T Twmr] [ leir =3I
: - . . L |
e, 95 § - —
— - ; = e i L —
|- [
1" ; ] : ‘ L
B : Y ose2 s112
-2 - o) i '.5.67 F " aso $101 o
iz & . \ - s & $102 £599
S - . i S69 =
= o \\ i # S70 L 4
- 596 g .4 $103 $100
o « B - « 526588 B 553 w57 s104 o W _S105
o ' L N\ & S28 & S29 "
[ - W 533 W S30 W s85 =]
s s b8 SES s52/ S1a@
B 1 B : 539 5106 _| —~
bS8 q 9 | 5400564 5 550 s62 # i
#s93 S6 oo M@/ M e S6 s3g | ES86 5 o
Je e " o SolF g p S2813 == S17/SgrA*(?) — 3
|~ a» o $20 4 e $107 __|
9 %592 55 STl © ¥ © o ss5 W ¥
L] . g § 5 5843 $84 =
|l $23 -® $19 18 54 )
8§57 8§22 §1 ®
|4 $80 4 1 l > s32 #1551 W S65 ; _
» - > e .
e 534 5 ®S33 vy
syl g sg s1o ¥
5 LS SE1 WSTY g mlsis | 8 oy 588 o
= il 6y ws7g S1 $58 - $42/841 S0
". * 875 ws71 % —_— &
| il ST # S74 e 3
) 1597- ss sS4 WS s111 |
S L - LB 0 i 566 S73 o 587 -~
I 5 e, 5109 ]
| . - . . ® $110 =
L ; -
— - " ;:" B » 1" 0.. » “_1'" .
¥ -. - #
E 0 Lo e | I‘IJ lJ!l'l! (ko

VUV VTT 'T‘/\A%K%EKEK

21
1t Etv3> SarA+BH




= |

Y Lt

G-Lensing of orbiting stars @
Alexander and Sternberg 1999

The effective size of a gravitational lens at the lens plane
is set by the Einstein radius, R,

o _(4GMq Dd
£ ¢ D+d

1/2
) ~22x10"°(M, d)"? em, (1)

where G is the gravitational constant, ¢ is the speed of light,
M o is the lens mass (here the black hole mass), and D and d
are the observer-lens and lens-source distances, respectively
(see, e.g., review by Bartelmann & Narayan 1998). We
assume, as will be justified below, that d < D and define
M, = Mg/2.6 x 10° M and d, = d/1 pc. The effective
size of the lens at the source plane is R¢ = Rg(D + d)/D ~
Rg. The angular size of the Einstein radius, 0, 18

O ~ 0018D5 (M, od,)"? , 2)

G where 8Dg kpc 1s the Sun’s Galactocentric distance (Carney
S etal 1995)



G-Lensing of orbiting stars @
Bozza and Mancini 2008
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Fig. 1.— Left column: light curves for the secondary images of S6 (a), S17 (c), S27(e). Right
200! column: the alignment angle 4 as a function of time for S6 (b), S17 (d), S27(f).




nd/ apparent photospher@
umitomo et al. 2007
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disk + jets
Broderick and Loeb 2008
M87:1.3mm

TABLE 1
JET MODEL PARAMETERS

Model a(M) 8 7rg(GM/c?) €
MO  0.998 25° 10 1/2
M1 0.998 25° 20 1/2
M2 0 25° 10 /2 o _
M3 0.998 40° 10 /2 | 8 )
M4  0.998 25° 10 5/8 % S =
M5  0.998 25° 10 3/8 8 o =
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i RS
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disk + jets
Broderick and Loeb 2008
M87:0.8/mm

TABLE 1
JET MODEL PARAMETERS

Model a(M) 8 7rg(GM/c?) €
MO 0.998 25° 10 1/2
M1 0.998 25° 20 1/2
M2 0 25° 10 1 / 2 - = =
M3 0.998 40° 10 1/2 & 5 g
M4 0.998 25° 10 5/8 f b =
M5 0.998 25° 10 3/8
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RT: limb-darkening
Fukue and Akizuki 2006
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RT: GR transfer
Wu et al. 2008

¢ Fe-line torus

a0998 E..

o electron -scattering torus

a O 998
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RT: Reflection Spectra

Lee et al. 2009
@ pitch angle p

a=0, 0.998
| =45°
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Polarization
Schnittmann+2009

e X-ray polirization & Returning radiation
M=10
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“Limb-Darkening on Colar Chang€&™*
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