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solid lines : analytic solutions in Rauch & Blandford (1994)
dots : numerically calculated rays (sampled plots)
doted circle : event horizon Takahashi & Umemura (2015)



Hagiwara 1931}

Yusuke Hagiwara, Jap. J. Astr. Geophys., 8, 67-176 (1931)

“Theory of the Relativistic Trajectories in a Gravitational Field of Schwarzschild”

*k SchwarzschildiFZE D HIMRDEEITEE, IEXEFIEN. Hamilton-JacobiZTER.
W 6. BEBEDT3E

FRIREETH (1897-1979)

Chapter IX, Trajectory of a Light Ray
“... an observer in any part of the space can see every star ... ” (p79)



PETRTLIRELR]

C. Darwin, Proc. R. Soc., A, 249, 180-194 (1958)
“The gravity field of a particle”

%k SchwarzschildlFZE DRI R

** bending angle

Pm 32 34 36 38 4 5 6 7 8 9 10 11 12
u° 273 205 162 143 125 179 58 46 38 32 28 25 23
I/m 523 530 540 553 566 646 7-35 828 924 1022 11-20 1217 13-15

P : perihelion distance, u : bending angle, [ : constant
% impact parameter &bending angle D DRI

(photon orbitifrf% THRXILY SR {LIT)
[ = (5:19 + 3-48e~#)m.

(~ V2T)

X relativistic images S S DAL EEHE
¥ Hagiwara (1930) 5|FH= 11T L V& LY




J. L. Synge, Mon. Not. R. astro. Soc., 131, 463-466 (1966)
Mge .I 966 ‘ “The Escape Photons from Gravitationally Intense Stars”

“Planetary orbits and light rays in the spherically symmetric Schwarzschild field have
been discussed very throughly by Hagiwara and, independently, by Darwin”
< Hagiwara(1931), Darwin(1958)

o SN = S e

Grenzebach, Perlick & Lammerzahl (2014, PRD, 89, 124004)
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Misner,Thorne & Wheeler (1973, Gravitation)

SyngeD AT\
Sinza:27po_1, = A
4 2G M /c?

Synge (1966, MNRAS, 131,463)
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R.Takahashi & M.Takahashi (2010,A&A, 513,A77)
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Bardeen 1973]

J. M. Bardeen, in Black Holes ed. C. DeWitt & B. S. DeWitt (1973)

“Timelike and Null Geodesics in the Kerr Metric”

Symmetry axis

s A Photon Sphere —
I sin 6)0 i —73 4+ 3mr? — a?*(r + m)
a(r —m)
5 et [77 —+ COS2 (90 S )\2 C()t2 90]1/2 e r3[4a2m —r(r— 3m)2]

a?(r —m)?
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Photon Sphere around a Kerr BH
E. Teo, General Relativity and Gravitation 35,1909 (2003)
“Spherical Photon Orbits around a Kerr Black Hole”

Complete Table of Example Orbits

Here we focus on two values of a, namely the extreme case a = M and a non-extreme case a = 0.5M. Phi y ( ) Phi =19M
takes the range -7M < Phi < 2M in the former case, while it takes the range -6.1382M < Phi < 4.0963M in 4 ) b (fora=M)
the latter case. Example orbits are chosen at more or less equal intervals along these ranges. y A ; | ! Phi=2M
In most of the examples, the orbits have been plotted for an integer number of latitudinal oscillations until (for a=0.5M)
they return to near the starting point. Again, clicking on each figure gives a three-dimensional wire-frame
model of the orbit.
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http://www.physics.nus.edu.sg/~phyteoe/kerr/



Falcke, Melia & Agol 2000|

H. Falcke, F. Melia & E. Agol, The Astrophysical Journal 528, L13-L16 (2000)
“Viewing the Shadow of the Black Hole at the Galactic Center”
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Bromley. Melia & Liu 2001 |

B. C. Bromley, F. Melia & S. Liu, The Astrophysical Journal 555, L83-L86 (2001)

“Polarimetric Imaging of the Massive Black Hole at the Galactic Center”

1.5 mm

1.0 mm

8000km baseline polarization polarization
ray-tracing image VLBI + scattering vertical component horizontal componen




H. Nagakura, R. Takahashi, The Astrophysical Journal 711, 222-227 (2010)
“Direct Radio Variability induced by Non-axisymmetric Standing Accretion Shock Instability:

CERIE
IIII

1

Implication for M87”

ray-tracing radiative
transfer, 43 GHz




Credit: ESA . , . ;



Luminet 1979 |

J.-P. Luminet, Astron. Astrophys. 75, 228-235 (1979)
“Image of a Spherical Black Hole with Thin Accretion Disk”

equotorial plane (disk

2M, deflexion p=m

return of Light




Luminet 1979 |

J.-P. Luminet, Astron. Astrophys. 75, 228-235 (1979)
“Image of a Spherical Black Hole with Thin Accretion Disk”




Fukue & Yokoyama 1979]

J. Fukue & T. Yokoyama, Publ. Astron. Soc. Japan 40, 15-24 (1988
“Color Photographs of an Accretion Disk around a Black Hole” 8, = 20°

Bolometric Photograph

X-ray Photograph Optical Photograph
2-30 keV 0.38-0.77 um

Optical Photograph
0.38-0.77 um
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BHAE
a=0.5
s 10)E

B E 1keV (XH3Y)
BHE & 10KBH &

P
0.1 Eddingtonffs5 3%

BREEHIPH 0~4500
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B. C. Bromley, K. Chen & W. Miller, The Astrophysical Journal 475, 57-64 (1997)

“Line Emission From an Accretion Disk around a Rotating Black Hole: Toward a
Measurement of Frame Dragging”
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K. Akiyama et al., astro-ph/1505.0354 (2015)

“230 GHz VLBI Observations of M87: Event-Horizon-Scale Structure at the Enhanced
Very-High-Energy y-ray State in 2012”

= S

>

,‘.?:
< ==
(VL)
RE) LD
@
) (((
()
==

._——E.))WW

Relative Dec (uas)

60 40 20 0 -20 —40 —-60
Relative RA (uas)

m
©
=
O
@
(m)
v
2
-+
5
Q
[a'd

60 40 20 0 -20 —40 —60
Relative RA (uas)

Relative Dec (uas)

60 40 20 0 -20 —40 -60
Relative RA (uas)




A. Bohn et al., Classical and Quantum Gravity, 32, 065002 (2015)
“What does a binary black hole merger look like?”
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The Gargantua black hole from Interstellar. Credit: Double Negative
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Y. Nambu, Journal of Physics: Conference Series 410, 012036 (2013)

“Wave optics and image formation in gravitational lensing”

source

! (V2 + w?)® = 4w°U(r)®

telescope (observer)




Beyond Kerr Spacetime|
* ENHDR * No Hair Theorem M + 1.5; = M(ia*)l

(M) : mass multipole, S; : current multipole)
Geroch(1970), Hansen (1974)

- HIERPATHIESNTWS

- ENE2 DR
s REEAE R *k multipole structure DIE

— KerrlFZDHREE, £EIERDIREE
M; +1iS; = M(ia,)" + 6 M; + i6S;

7iE A Kerrl§ZD 5 DREE)Z TE B EIT—AxHIICECR
(REE L)

T

00 l
f(rv 97 Cb) = Z Z alm'rlYVZm(ea ¢)
l

=0 m=—

e.g.
— i = o
a=0.998M, i=90 Johannsen & Psaltis (2011)

Johannsen (201 3)
Cardoso, Pani & Rico (2014)

BEKerriFZTOBHY ¥ KU DFER

GRACE Gravity Model T. Johannsen, ApJ, 777, 170 (201 3)

7% B : Case-by-case analysis
— Black Hole Shadow Zoo




Black Hole Shadow Zoo|

Schwarzschild BH Kerr BH
(Synge 1966) (Bardeen 1973)

* Contour of a Shadow (for a BH, a naked singularity and other objects)

Kerr-Newman BH (de Vries 2000), Schwarzschild-de Sitter BH (Bakala et al. 2007), Sen BH (Hioki & Miyamoto 2008),
braneworld Kerr BH (Schee & Stuchlik 2009), Tomimatsu-Sato spacetime (Bambi & Yoshida 2010),

dynamical Chern-Simons BH (Amarilla, Eiroa & Giribet 2010),

Kastor-Traschen cosmological multi-BH solution (Nitta, Chiba & Sugiyama 201 1),

rotating braneworld BH (Amarilla & Eiroa 2012), Majumder-Papapetrou solution (Yumoto et al. 2012),

Kalza-Klein rotating dilaton BH (Amarilla & Eiroa 2013), Kerr-Taub-NUT BH (Abdujabbarov et al. 201 3),

rotating Horava-Lifshitz BH (Atamurotov, Abdujabbarov & Ahmedov 201 3),

rotating non-Kerr BH (Atamurotov, Abdujabbarov & Ahmedov 201 3), Einstein-Maxwell-dilaton-axion BH (Wei & Liu 201 3),
Kerr-Newman-NUT (Newman-Unti-Tamburino) BH with a cosmological constant (Grenzebach, Perlick & Lammerzahl 2014),
a five-dimensional rotating Myers-Perry BH (Papnoi et al. 2014), gravastar (Sakai 1914),

Schwarzschild-MOG(modified gravity) & Ker-MOG (Moffat 2015), binary BH (Bohn et al. 2015),

Plebanski-Demianski spacetime (Grenzebach, Perlick & Lammerzahl 2015),

a Schwarzschild BH in an external gravitational field (Abdolrahimi, Mann & Tzounis 2015)

ftaic. fiic®drsd (fcd> - ¢« )
%k Black Hole Shadow in an Accretion Disk
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