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General Relativity (1915)

A object with mass M and radius R has 
strong gravity if:

R ~ 2GM/c2 (Event Horizon)

Gravity = Curved spacetime

“compactness”

＊space is radially stretched by a 
massive object 



Strength of a gravitational field?
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M1  >  M2

“spacetime curvature”
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Figure 18: The spectral (redshift) and timing capabilities required for an observatory to probe di↵erent
strengths of gravitational fields. Phenomena that occur in the vicinities of neutron stars and stellar-mass
black holes experience large redshift and occur over sub-millisecond timescales.

Testing general relativity in the strong-field regime with neutron stars and black holes will
require advanced observatories that will be able to resolve various phenomena in the characteristic
energy and time scales in which they occur. The two parameters used to quantify the strength of
a gravitational field in Section 3.1 are also useful in discussing the specifications required for such
future observatories.

The potential and the curvature in a gravitational field are directly related, respectively, to
the characteristic energy and time scales that need to be resolved in order for an observation to
be able to probe a particular region of the parameter space. The potential ✏ directly gives the
gravitational redshift z according to

z = 1� (1� 2✏)�1/2 , (30)

the measurement of which is the goal of spectroscopic observations; for weak gravitational fields
z ' ✏. At the same time, the curvature ⇠ is directly related to the dynamical timescale ⌧ in the
same region of a gravitational field by

⌧ =
2⇡

c
⇠�1/2 . (31)

As shown in Figure 18, only observatories with excellent spectroscopic and millisecond timing
capabilities will be able to resolve phenomena that occur in the strongest gravitational fields found
in astrophysics, i.e., those in the vicinities of neutron stars and stellar-mass black holes.
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Parameter space for quantifying the 
strength of a gravitational field

“compactness”

“spacetime
curvature”
Psaltis  2008
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Test of Strong-Field Gravity

“compactness”

“spacetime
curvature”
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Figure 19: The parameter space that will be probed by an experiment based on gravitational wave
detection with LIGO and LISA, for an assumed source at a distance of 1 Mpc.
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One of the most promising avenues of testing strong-field general relativity is via the detection
of the gravitational waves emitted during the coalescence of compact objects. In the simple case
in which two compact objects of mass M are orbiting each other in circular orbits with separation
a, slowly approaching because of the emission of gravitational waves, the characteristic period P
of the gravitational wave is half of the orbital period and, therefore, is related to the spacetime
curvature by

P =
⇡

c
⇠�1/2 . (32)

At the same time, the strain h detected by an observatory on Earth for a gravitational wave emitted
by such a source placed at a distance D, is [58]

h =
✓

GM

ac2

◆ ✓

GM

Dc2

◆

. (33)

Given the distance to the source and the measurement of strain, the curvature of the gravitational
field probed is

⇠ =
✏5

h2D2
= 10�3✏5

✓

h

10�23

◆�2 ✓

D

1 Mpc

◆�2

cm�2 . (34)

The sensitivity of each gravitational wave detector depends strongly on the period of the wave.
Using Equations (32) and (34), the sensitivity curve of a detector can be converted into a region
of the parameter space that can be probed, given the distance to the source. This is shown in
Figure 19 for the advanced LIGO and LISA for an assumed source distance of 1 Mpc. Gravitational
waves detected by LISA will probe the same curvatures as current tests of general relativity, but
significantly larger potentials. On the other hand, gravitational waves detected by the advanced
LIGO have the potential to directly probe directly the strongest gravitational fields found around
astrophysical objects.

In the near future, a number of observatories will exploit new techniques and open new hori-
zons in gravitational physics by exploring the strong-field region of the parameter space shown
in Figure 18. Observations with the Square Kilometre Array [151] may lead to the discovery
of the most optimal binary systems for strong-field gravity tests with pulsar timing, in which a
pulsar is orbiting a black hole [78]. High-energy observations of black holes and neutron stars
with IXO [74] and XEUS [185] will detect highly-redshifted atomic lines and measure their rapid
variability properties. Finally, gravitational wave observatories, either from the ground (such as
LIGO [88], GEO600 [62], TAMA300 [163] and VIRGO [175]) or from space (such as LISA [108])
will directly detect, for the first time, one of the most remarkable predictions of general relativity,
the generation of gravitational waves from orbiting compact objects and black-hole ringing.
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Testing general relativity in the strong-field regime with neutron stars and black holes will
require advanced observatories that will be able to resolve various phenomena in the characteristic
energy and time scales in which they occur. The two parameters used to quantify the strength of
a gravitational field in Section 3.1 are also useful in discussing the specifications required for such
future observatories.

The potential and the curvature in a gravitational field are directly related, respectively, to
the characteristic energy and time scales that need to be resolved in order for an observation to
be able to probe a particular region of the parameter space. The potential ✏ directly gives the
gravitational redshift z according to

z = 1� (1� 2✏)�1/2 , (30)

the measurement of which is the goal of spectroscopic observations; for weak gravitational fields
z ' ✏. At the same time, the curvature ⇠ is directly related to the dynamical timescale ⌧ in the
same region of a gravitational field by

⌧ =
2⇡

c
⇠�1/2 . (31)

As shown in Figure 18, only observatories with excellent spectroscopic and millisecond timing
capabilities will be able to resolve phenomena that occur in the strongest gravitational fields found
in astrophysics, i.e., those in the vicinities of neutron stars and stellar-mass black holes.
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“BH Shadow”
*projects: 
EHT and GLT



Outline (1/2)

• Black hole shadow

• required angular resolution

• Event Horizon Telescope project

• Greenland Telescope Project

• Very Long Basle Interferometry (VLBI)



Outline (2/2)

• Rotating black hole and shadow features

• accretion flow physics

• jet physics



BLACK HOLE “SHADOW”

credit: Jean-Pierre Luminet

a shadow is cast by the photon 
capture cross section of the 

black hole

photon orbit
(unstable circular orbit) ~5M  (c=G=1)

“photon ring”



e.g., McConnell et al. 2011
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Figure 4: The opening angles, as viewed by an observer on Earth, of the horizons of a number of
supermassive black holes in distant galaxies with a secure dynamical mass measurement (sample
of [167]). The opening angle of the black hole horizon in the center of the Milky Way (Sgr A∗) is
also shown for comparison.
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4 Probing Strong Gravitational Fields with Astrophysical

Objects

A number of astrophysical objects offer the possibility of detecting directly the observable conse-
quences of two strong-field predictions of General Relativity that have no weak-field or Newtonian
counterparts: the presence of a horizon around a collapsed object and the lack of stable circular or-
bits in the vicinity of a neutron star or black hole. As in most other areas of astrophysics research,
we have to rely on imaging, spectral, or timing observations in order to reveal the information of
the strong-field effects that is encoded in the detected photons. The construction of gravitational
wave observatories will offer, for the first time in the near future, a wealth of additional probes
into the inner workings of gravitational fields in the vicinities of compact objects.

In the following, I review a number of recent attempts to probe strong-field phenomena that have
used a variety of techniques and were applied to different astrophysical objects. I will only discuss
phenomena that are observable in the electromagnetic spectrum and refer to a number of excellent
reviews on the gravitational phenomena that are anticipated to be detected by gravitational wave
observatories [59, 135].

4.1 Black hole images

To paraphrase the common proverb, a picture is worth a thousand spectra. Directly imaging the
vicinity of a black hole promises to provide a direct evidence for the existence of a horizon. However,
black holes are notoriously small, and the resolution required for imaging their horizons is, for most
cases, beyond current capabilities. For a stellar-mass black hole in the galaxy, the opening angle
of the horizon, as viewed by an observer on Earth, is only

θ = 2 × 10−4

!

M

10 M⊙

" !

1 kpc

D

"

µarcsec , (18)

where M is the mass of the black hole and D is its distance.
For a supermassive black hole in a distant galaxy, the opening angle is

θ = 20

!

M

109 M⊙

" !

1 Mpc

D

"

µarcsec . (19)

This is shown in Figure 4 for a number of supermassive black holes with secure mass determina-
tions. The angular size of the horizons of some of the sources are barely resolvable today with
interferometric observations in the sub-mm/infrared wavelengths and will be resolvable in the
X-rays in near future with the Black Hole Imager [113].

The black hole that combines the highest brightness with the largest angular size of the hori-
zon is the one that powers the source Sgr A∗, in the center of the Milky Way. Since the first
measurements of the size of the source at 7 mm [89] and at 1.4 mm [79] demonstrated that the
emitting region is only a few times larger than the radius of the horizon (see Figure 5), a number
of observational and theoretical investigations have aimed to probe deeper into the gravitational
field of the black hole and constrain its properties.

The long-wavelength spectrum of Sgr A∗ peaks at a frequency of ≃ 1012 Hz, suggesting that
the emission changes from optically thick (probably synchrotron emission) to optically thin at a
comparable frequency (see, e.g., [106]). As a result, observations at frequencies comparable to or
higher than the transition frequency can, in principle, probe the accretion flow at regions very
close to the horizon of the black hole.

Even though the exact shape and size of the image of Sgr A∗ at long wavelengths depends on
the detailed structure of the underlying accretion flow (cf. [115] and [184]), there exist two generic
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with updated parameters,
shadow size for 

Sgr A* ~50uas
for M87 ~40 uas

~5M  (c=G=1)



Sgr A*

Ｍ87

0.001arcsec ~ 250 GM/c2 

0.1arcsec ~ 104-5 GM/c2 

• smaller dynamical time scale
• southern sky
• galactic equatorial plane 

(intersteller scattering)
• no jet



Event Horizon Telescope

Resolution 

∝ λ / B 

PI: Shep Doeleman 
(CfA)





M87’s view
Greenland Telescope Project

PI: Paul Ho 
(ASIAA/EAO)



“a virtual telescope”

sky plane

How Interferometry works?

constructive 
interference

destructive 
interference   distance of baseline



Aperture Synthesis

“virtual telescope”“stationary source”



Status of EHT 

ALMA will join VLBI 
observation this year!

Atacama Large Millimeter/submillimeter Array



Summit

2016 2016-2018

2019

2019-2020

Thule

Status of GLT
• 2017 Dec. Single-Dish First Light  

• 2018 Feb. VLBI First Fringe  

Greenland Telescope
2016 Oct. at Thule, Greenland

(visit ASIAA/VLBI website for more photos)



non-rotating and rotating BHs

20

event horizon

ergospherestatic limit

Non-rotating BH:
described by Schwarzschild metric

Rotating BH:
described by Kerr metric

gtt = 0



21

event horizon

a = 0  i = 45 degree



22

event horizon

ergospherestatic limit

a = 0.998  i = 45 degree



google “Odyssey_Edu” and explore yourself! (Pu et al. 2016)



Receiving the photon

the shadow shifts because
co-rotating photons can be more easily escape 

than contra-rotating photons

shadow shift direction

zero-angular-momentum photon



Black Hole Shadow
as a test for GR in strong gravity field
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FIG. 5. Left column: Shadows from the radial expansion of the Johannsen-Psaltis metric with spin parameter a = 0.9 for "
3

= 0.24 (top),
"
3

= �0.5 (middle) and "
3

= �1 (bottom). Only the first four orders of the expansion are shown. Right column: Percentage errors of each
expansion order relative to the original Johannsen-Psaltis metric. Blue, red, orange and green curves denote the expansion at first, second,
third and fourth order in cos

2 ✓, respectively. For comparison, the dotted curve shows the shadow from a Kerr black hole with the same spin
parameter.

Younsi et al. 2016

Kerr metric



*Photon p↵

GR Radiative Transfer as an Tool



*Photon

*GR +  HD/ MHD

*energy shift 

*radiative transfer 
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Constructing 
Dynamical Jet Evolution�
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Fuerst & Wu 2004

Younsi et al.  2012

“observer-to-source approach”



e.g., Falcke et al. 2000



e.g, Fukue 1989



Z. Younsi et al.: General relativistic radiative transfer

Fig. 5. Surface brightness images of optically thin radiative pressure
dominated accretion tori viewed at inclination angles of 15◦, 30◦, 45◦,
60◦, 75◦ and 89◦ (left to right, top to bottom). The torus parameters are
n = 0.21, rk = 12 rg and β = 1.235× 10−5. The black-hole spin parame-
ter a = 0.998. The brightness of each pixel represents the total intensity
integrated over the entire spectrum. The torus brightness is normalised
such that the brightness of the brightest pixel in each image is the same.

For the β = 1.235×10−5 optically thin torus model, the value
of β was chosen so that the inner and outer radii of the torus very
closely matched the inner and outer radii of the opaque tori and
thin disks discussed in the previous section, allowing a compar-
ison of the resulting images and emission line profiles. The sec-
ond model with β = 5 × 10−5, i.e. a smaller internal radiation
pressure, illustrates the dependence of the torus size on β. The
dynamical parameters of the two tori are n = 0.21 and rk = 12 rg,
and the spin parameter of the central black hole is a = 0.998.
The emissivity takes the form j ∝ ρ, and the light-of-sight opti-
cal depth across the tori τ≪ 1. As seen in the figures, changes in
the pressure ratio parameter β alter the aspect ratio of the torus,
which determines to which degree self-eclipsing would occur
for a given viewing inclination angle. In spite of this, the gen-
eral emission properties as shown in the images are qualitatively
similar, because of the low optical depth in the torus. In both
tori, the intensity of the emission is strongest at the interior of
the torus, where the density is high. The rotation of the torus
causes frequency shifts in the emission and Doppler boosting of
the emission’s intensity. These relativistic effects are more ob-
vious for high viewing inclination angles. The emission from

Fig. 6. Surface brightness images of optically thin radiation pressure
dominated tori viewed at inclination angles of 30◦, 45◦, 75◦ and 85◦
(left to right, top to bottom). The torus parameters are n = 0.21, rk =
12 rg and β = 5 × 10−5. The black-hole spin parameter a = 0.998. The
brightness of each pixel represents the total intensity integrated over
the entire spectrum. The torus brightness is normalised such that the
brightness of the brightest pixel in each image is the same.

the approaching limb of the torus is amplified and appears to be
significantly brighter than the emission from the receding limb
of the torus.

Figure 7 shows the profile of an emission line from a ra-
diative pressure dominated optically thin torus viewed at differ-
ent inclination angles (top panel). The lines are broad and have
an asymmetric profile, characteristic of line emission from rel-
ativistic accretion disks viewed at moderate inclination angles,
i ≈ 45◦−70◦ (see e.g. Cunningham 1975; Fabian et al. 2000). In
contrast to the lines from relativistic accretion disks, the profiles
of lines from optically thin tori do not change significantly when
the viewing inclination angle changes from 45◦ to 85◦ (cf. the
line profiles in Fig. 4). The asymmetric broad profiles of the
lines from optically thick relativistic disks are due to the com-
bination of a number of effects: Doppler boosting, Doppler ve-
locity shift, gravitational time dilation and gravitational lensing.
Emission from an optically thin torus does not depend on the
projected area of an emission surface element, as is the case for
the optically thick accretion disks or optically thick accretion
tori. While the emission from an optically thin torus is modified
by Doppler boosting, Doppler velocity shifting and gravitational
time dilation, it is less affected by gravitational lensing and the
area projection effect. The transparency of the torus to the emis-
sion could complicate the process of using the emission lines
to diagnose the dynamical properties of the torus. First of all,
the emission of the higher-order lensed images, which are un-
obscured, could severely contaminate the emission from the di-
rect image. Secondly, two emission lines can cross-contaminate
each other in the spectrum, and because of the large relativistic
shifts one line could cause absorption of another line that orig-
inates from a different region within the torus. For an optically
thin torus, multiple rays corresponding to different energy shifts
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#Black Hole 
image features

+ accretion flow physics
+ jet physics
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electron radiation cooling Coulomb interaction
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ion
electron radiation cooling Coulomb interaction

Ti  =  Te 



ion
electron radiation cooling Coulomb interaction

Ti  >  Te 



accretion rate

innermost stable circular orbit

“radiatively inefficient”
hot,  “puff up” accretion flow  (Ti>>Te)

“radiatively efficient”
cool, thin accretion disk

radiative cooling
advection cooling

LOW HIGH



accretion rate

innermost stable circular orbit

radiative cooling
advection cooling

LOW HIGH

balance between gravity, 
rotation and pressure

balance between gravity 
and disk rotation

Kepleriansub-Keplerian



SgrA* and M87 have RIAFs

• Sgr A*(~10-8 MEdd) 

• M87 (~10-5 MEdd) 

MEdd = efficiency x LEdd/c2

(Radiative Inefficient Accretion Flow)



one-fluid simulation
by HARM code

approaches

(1): 

numerical simulations

(2):

semi-analytical model

a=0.9375  edge on

a=0  varying incli.



one-fluid simulation
by HARM code

approaches

a=0  varying incli.

photon ring 

less materials along the 
flow rotational axis 

Doppler effect  a=0.9375  edge on



Effect of 
observation frequency

optically thick
(opaque)

higher frequency

optically thin
(transparent)

Broderick et al. 2006



photoshpere sphere of the sun

(GM/c2)

(GM/c2)



credit: C.-K. Chen
  

GRMHD model for M87 core
Moscibrodzka, Falcke, Shiokawa 2016

43 GHz 86 GHz

 - GRMHD+GRRT intrinsic images, I, image FOV
 - dominates by forward jet but counter jet visible 
at shorter wavelengths, circle, movie (t=1yr) 

Movie

- limb-brightened structure
- subluminal motion of plasma v~0.2-0.4c
- Doppler boost – jet rotation

Moscibrodzka et al. 2016

energy distribution of 
electrons

“thermal synchrotron”  vs.
“non-thermal synchrotron”



Summary (1/2)

• black hole shadow size/shape as a strong-gravity 
test

• top candidates: Sgr A* and M87

• ongoing projects: EHT/GLT 

• 230/345 GHz,  VLBI observation (~9000 km 
baselines)

• required angular resolution: microarcsec



• Sgr A* and M87 have RIAF:  Ti>Te, sub-Kep

• Other Astrophysics:

• innermost region of accretion flow

• test the origin of jet formation

• extraction of black hole rotational energy

• Challenging for engineer, science, and VLBI image 
technique

• Future: Imaging merging of binary black holes ?!!
(dynamical spacetime)

Summary (2/2)


