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In recent years, unprecedented progress has been achieved regarding black holes’ observation through the electromagnetic chan-
nel. The images of the supermassive black holes M87* and Sgr A* released by the Event Horizon Telescope (EHT) Collaboration
provided direct visual evidence for their existence, which has stimulated further studies on various aspects of the compact celes-
tial objects. Moreover, the information stored in these images provides a new way to understand the pertinent physical processes
that occurred near the black holes, to test alternative theories of gravity, and to furnish insight into fundamental physics. In this
review, we briefly summarize the recent developments on the topic. In particular, we elaborate on the features and formation
mechanism of black hole shadows, the properties of black hole images illuminated by the surrounding thin accretion disk, and

the corresponding polarization patterns. The potential applications of the relevant studies are also addressed.
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1 Introduction

The releasing of the first image of the supermassive black
hole M87* by the EHT Collaboration [1-6] in 2019 is a mile-
stone event in physics. It provided direct visual evidence of
black hole in our universe, which means that black hole is
no longer just a theoretical model. Combining with the re-
cently published black hole image of Sgr A* [7], it is widely
believed that the observational astronomy of black holes has
entered a new era of rapid progress.

One of the most important ingredients in the images is the
black hole shadow [8]. It is a two dimensional dark region in
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the observer’s sky, which is caused by light rays falling into
an event horizon of a black hole [9-12]. The captured light
rays are very close to the black hole so that the shape and
size of the shadow carry the fingerprint of the celestial ob-
ject. Therefore, the study of shadows is beneficial to identify
black holes, to examine theories of gravity including general
relativity, and to further understand some fundamental prob-
lems in physics.

From the light propagation in spacetime, black hole
shadow depends on the light source, the background space-
time and even the properties of electrodynamics obeyed by
photon itself. The light sources in many theoretical investi-
gations are assumed to homogeneously distribute in the to-
tal celestial sphere. However, in the real astronomical en-
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vironment, accretion disk is a kind of actual and feasible
light sources around black holes due to its electromagnetic
emission. Undoubtedly, the matter configuration and the ac-
cretion process in the disks are indelibly imprinted on black
hole images. Conversely, analyzing the luminosity distribu-
tion and electromagnetic signals stored in the images can ex-
tract the information about the matter fields and the physi-
cal processes near the black holes. The twisting patterns in
the first polarized image of the M87* black hole [13, 14] re-
vealed the presence of a poloidal magnetic field about 1-30G
near the black hole. Thus, black hole images with polarized
information provide another new way to probe the matter dis-
tribution, the electromagnetic interactions and the accretion
processes in the strong gravity region of black holes.

The literature related to black hole images is rapidly in-
creasing. Therefore, it is necessary to summarize the existing
work at the present time and make prospects for the future.
This review focuses on the black hole images, and their rapid
development and potential applications. We first introduce
the basic concepts of black hole shadows and summarize the
main features of the shadows and their formation mechanism,
and review how the black hole shadows are determined by
the fundamental photon orbits [15] and the corresponding in-
variant manifolds [16]. Next, we introduce the images of the
black holes surrounded by a thin disk and their polarization
patterns arising from synchrotron radiation. We also discuss
the aspects of the potential applications of black hole images.

2 Black hole shadows and their formation

It is well known that the shadow of a common object is de-
termined by the light rays passing through the edge of the
object. However, for the objects with strong gravity, such as
the black hole, the situation is different. According to gen-
eral relativity, light rays travelling in a black hole spacetime
can be deflected due to the gravitational field of the black
hole. This phenomenon is known as gravitational lensing,
which is analogous to optical lensing [17-19]. The deflec-
tion angle of the light ray increases with the decreasing of
its impact parameter. Therefore, it is easy to infer that the
light rays passing very close to the black hole will be cap-
tured. Black hole shadow is a dark silhouette observed in the
sky originating from these captured light rays. Although the
black hole shadow is caused by the photons fallen into the
event horizon, its size is not equal to that of this null hyper-
surface. Actually, for a Schwarzschild black hole, its shadow
is about 2.5 times as large as the event horizon in angular
size [9, 10]. This can be explained by two reasons. Firstly,
it is not only the photons near the event horizon can be cap-
tured by a black hole. In fact, there exists a photon sphere
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outside the event horizon, which is an envelope surface of
unstable photon circular orbits in the spacetime [20-22]. The
light rays entered the photon sphere will be captured by the
black hole as shown in Figure 1. Thus, the boundary of the
shadow is determined by the photon sphere rather than the
event horizon. Secondly, due to the strong bending of light
rays induced by black hole’s gravity, both the size and shape
of the observed dark shadow are different from those naively
based on Euclidean geometry without gravity.

2.1 Features of black hole shadows

The shape and size of black hole shadows depend on the
black hole parameters and the observer inclination. For a
Schwarzschild black hole, the shadow is a perfect disk for
the observer with arbitrary inclination [10, 12]. For a rotating
Kerr black hole, the shadow also presents a circular silhou-
ette for the observer located on its rotation axis. However,
for the observer in the equatorial plane, the shadow gradually
becomes a “D”-shaped silhouette with increasing black hole
spin [10, 12]. For a Konoplya-Zhidenko rotating non-Kerr
black hole with an extra deformation parameter described
the deviations from the Kerr metric, the “D”-shaped shadow
could disappear and the special cuspy shadow could emerge
in a certain range of parameter values for the equatorial ob-
server [23]. This is also true for black holes with Proca hair
[15,24]. Thus, the dependence of shadows on black hole pa-
rameters could provide a potential tool to identify black holes
in nature. It also triggers the further study of black hole shad-
ows in various theories of gravity [25-30].

Black hole shadow also depends on the (non-)integrability
of motion equation of photon travelling in the background
spacetime. The completely integrable systems are such kind
of dynamical systems where the number of the first inte-
grals is equal to its degrees of freedom. Generally, in static
spacetimes of black holes with spherical symmetry, such
as in the Schwarzschild black hole spacetime, the dynami-
cal system of photons is completely integrable since it pos-
sesses three independent first integrals, i.e., the energy E, the

Observer

Photon sphere

Figure 1  (Color online) The event horizon (the black disk), the photon

sphere rps = 3M (the red circle) and the shadow with a radius rg, = 3 V3M
for a Schwarzschild black hole [22].
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z-component of the angular momentum L, and the Carter
constant Q [31]. This ensures the motion of photons is regu-
lar so that black hole shadow has the same shape as the pho-
ton sphere surface. In these completely integrable systems,
the black hole shadow can be calculated by analytical meth-
ods [10, 12]. However, as the dynamical system of photons
is not completely integrable, the null geodesic equations are
not be variable separable because there is no existence of a
Carter-like constant apart from the usual two integrals of mo-
tion E and L,. This implies that the motion of photons could
be chaotic and sharply affect the shadow so that its shape is
different from that of the photon sphere surface [32-37]. In
particular, due to chaotic lensing, there are eyebrowlike shad-
ows with the self-similar fractal structure near the primary
shadow, as shown in Figure 2. In addition, the black hole
shadows in the nonintegrable cases can be only obtained by
numerical simulations with the so-called “ray-tracing” codes
[32,35,38,39].

2.2 Formation mechanism of black hole shadows

The photon sphere plays an important role in the formation
of black hole shadows. Actually, the photon sphere is com-
posed of unstable photon circular orbits around black holes.
The unstable photon circular orbits in the equatorial plane
are determined by the effective potential and its derivatives
[40,41], i.e., Veg(r) = 0, Veg(r), = 0 and Veg(r), < 0.
These unstable orbits can also be obtained by a geometric
way with Gauss curvature and geodesic curvature in the op-
tical geometry [42]. For a static four dimensional spacetime,
its optical geometry restricted in the equatorial plane is de-
fined by dr* = ggpdxidxj , i = r,¢. The geodesic curvature
and Gauss curvature can be expressed as [42]:
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Figure 2 The eyebrowlike shadows near the primary shadow for a Kerr
black hole with scalar hair [32].
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The geodesic curvature kg, = 0 gives the radius of the cir-
cular photon orbit and the positive (negative) of Gauss cur-
vature Kgay determines that the circular photon orbit is stable
(unstable).

Fundamental photon orbits The unstable photon circu-
lar orbits in the equatorial plane are often called light rings.
Light rings also affect dynamical properties of ultracompact
objects [15]. For the ultracompact objects without horizon
[43], light rings often come in pairs, one stable and the other
unstable. The existence of a stable light ring always implies
a spacetime instability [44]. In the Schwarzschild spacetime,
light rings are the only bound photon orbits. In the rotating
Kerr spacetime, there are two light rings located in the equa-
torial plane, one for co-rotating photon and one for counter-
rotating photon with respect to the black hole. Moreover,
there also exist the non-planar bound photon orbits with con-
stant » and motion in 6, known as spherical orbits (see also
Figure 2 in ref. [15]). These spherical orbits are unstable and
completely determine the Kerr black hole shadow.

Fundamental photon orbits are the generalization of light
rings and spherical orbits in usual stationary and axisymmet-
ric spacetimes [15]. The definition of fundamental photon or-
bits is given in ref. [15]. According to the features of orbits,
the fundamental photon orbits can be categorized as X,'™,
where X = {0, C}, and n,,n; € Ny. The orbit O is open and
it can reach the boundary of the effective potential. The orbit
C is closed and it can not reach the boundary. The sign + (=)
denotes the even (odd) parity of the orbit under the Z, reflec-
tion symmetry around the equatorial plane. n, is the number
of distinct r values at where the orbit crosses the equatorial
plane. For the light rings lied in the equatorial plane, their
n, = 0 because such special kind of orbits never cross the
equatorial plane. n; is the number of self-intersection points
of the orbit. In Figure 3, some fundamental photon orbits and
their classification are illustrated in the (r, 6)-plane.

By making use of the fundamental photon orbits,
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Figure 3 (Color online) Some fundamental photon orbits in the (r, 6)-plane
and their classification. The gray areas represent forbidden regions for the
effective potential [15].
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silhouette of a Kerr black hole with Proca hair shown in Fig-
ure 4(a). To clearly demonstrate the formation mechanism of
the black hole shadow, ten fundamental photon orbits are se-
lected out and marked by “A1-A4, B1-B3, C1-C3”. Then,
the distribution of A6 = [Oax — 5| and rpeq with the im-
pact parameter n are presented for each fundamental pho-
ton orbit, where 6,,x is the maximal/minimal angular co-
ordinate at the spherical orbit and 7, is the perimetral ra-
dius as a spherical orbit crosses the equatorial plane. The
right panel of Figure 4(b) shows the spatial trajectories of
the ten fundamental photon orbits in Cartesian coordinates,
which move around the black hole. The orbits Al and C3 are
the unstable prograde and retrograde light rings respectively
shown as two black circles on the equatorial plane. Other
fundamental photon orbits are non-planar bound photon or-
bits crossing the equatorial plane. The continuum of fun-
damental photon orbits can be split into one stable branch
(the red dotted line) and two unstable branches (the green
and blue lines). The swallow-tail shape pattern related to the
fundamental photon orbits in the n-Aé plane yields a jump
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Figure 4 (Color online) The cuspy shadow (a) and the fundamental photon
orbits (b) for the Kerr black hole with Proca hair [15].
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occurred at A4 and C1 in the -7y plane. The discontinuity
originating from this jump, i.e., Fperic1) > Tperiad), induces
the emergence of the cuspy shadow. The unstable fundamen-
tal photon orbits (C1-B3) non-related to the shadow could be
associated to a set of lensing patterns attached to the shadow
edge, called “eyelashes” in Figure 4(a). In the black hole
spacetimes where there exists a second pair of light rings, the
fundamental photon orbits can be classified into two fully
disconnected branches: the shadow related branch and the
non-shadow related one. If the shadow related branch is con-
nected, the shadow edge will be smooth with no cusp. But
the eyelashes, caused by the non-shadow related unstable
branch, appear to be disconnected from the shadow, form-
ing a pixelated banana-shaped strip in the lensing image as
shown in Figure 2. This feature has been dubbed “ghost
shadow” in ref. [24]. This mechanism is also applied to
explain the formation of the cuspy shadow in the Konoplya-
Zhidenko rotating non-Kerr black hole spacetime [23]. It is
further confirmed that the unstable fundamental photon or-
bits play an important role in determining the boundary of
shadow and the patterns of the shadow shape. In terms of
a toy model [45], the feature of cuspy shadow can be de-
rived by employing the Maxwell construction for phase tran-
sition in a two-component system. In addition, the shadows
for the black holes with general parameterized metrics have
been studied by using the fundamental photon orbits [46-51].
These studies could also be beneficial to test the Kerr hypoth-
esis through black hole shadows.

Invariant phase space structures The invariant phase space
structures are very important for dynamical systems because
they remain invariant under the dynamics. There are sev-
eral types of invariant structures including fixed points, peri-
odic orbits and invariant manifolds. The simplest is the fixed
points. These phase space structures are applied extensively
to design space trajectory for various of spacecrafts [52-55].
Since black hole shadow depends on the dynamics of pho-
tons in the background spacetime, the invariant phase space
structures should also play an important role in the formation
mechanism of the shadow. For a dynamical system of pho-
tons travelling in a curved spacetime, its fixed points can be
determined by the conditions

0H 0H
= — = 0’ ), = ——— = 0’ 3
6]7,4 Pu 9 3

M

where ¢* = (t,1,0,¢) and p, = (p;, pr, pe. pe), H is the
Hamiltonian of the system. Actually, the light rings on the
equatorial plane are the fixed points for the photon motion
[15, 16]. In the vicinity of the fixed points, one can linearize
eq. (3) and obtain a matrix equation:

X =JX, “4)
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where X = (¢", py) and J is the Jacobian matrix. The eigen-
values u; of the Jacobian matrix J determine the local dy-
namical properties of the system near the fixed points. The
stable and unstable invariant manifolds correspond to the
cases of Re(u;) < 0 and Re(u;) > 0, respectively; while
the center manifold corresponds to the case with Re(u;) = 0
where the eigenvalues u; are pure imaginary numbers. Due
to the special properties of the invariant manifolds, there
is no trajectory crossing the invariant manifolds. Points in
the unstable (stable) invariant manifold move to the fixed
points exponentially in backward (forward) time. In terms
of Lyapunov’s central limit theorem, the eigenvalue with
Re(uj) = 0 leads to the so-called Lyapunov orbits, which
is a one-parameter family vy, of periodic orbits [16, 52-55].
These orbits 7y, in the center manifold collapse into a fixed
point as € — 0. Similarly, the periodic orbits also have their
own stable and unstable manifolds. These invariant phase
space structures are also shown in Figure 1 in ref. [16]. Ob-
viously, the photon spheres and other periodic orbits can be
generalized to the Lyapunov orbits related to the fixed points
[16].

These concepts in dynamical systems provide a power-
ful theoretical foundation for understanding the formation of
shadows cast by black holes. The unstable invariant mani-
fold builds a bridge between the photon sphere and the ob-
server because such manifold can approach the fixed points
exponentially in backward time [16,35]. Only the Lyapunov
family of the spherical orbits near the unstable fixed points
is responsible for generating the black hole shadow. For a
Kerr black hole with scalar hair, there are three unstable light
rings €1, &, and £3. However, the Lyapunov orbits associ-
ated with ¥, are non-spherical and only the orbits emanating
from £, and ¥3 are spherical [16]. The numerical simulated
shadow in Figure 5 shows that the complicated and discon-
nected boundaries of the shadow are completely determined
by the Lyapunov spherical orbits. Thus, the invariant mani-
folds of certain Lyapunov orbits are directly related to black
hole shadows even in the case of complicated non-convex,
disconnected shadows. Moreover, the curved streamlines in
the unstable invariant manifolds could lead to that the shape
of the black hole shadow detected by the observer at spa-
tial infinity differs from that of the photon sphere surface
[16,35,37].

3 Image of a black hole with a thin accretion disk

In the real astrophysical conditions, a black hole is sur-
rounded by a hot accretion disk within which it emits a char-
acteristic spectrum of electromagnetic radiation. The electro-
magnetic radiation emitted by the disk illuminates the back-
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Figure 5 (Color online) Intersections of the unstable manifolds of £, €;,
and ¥3 as well as their Lyapunov orbits with the image plane. Lyapunov
orbits related to £y, £o, and £3 are marked by red, green, and blue dots,
respectively [16].

ground around the black hole and makes the black hole
shadow visible. Thus, the accretion disk is the actual light
source in the formation of black hole shadows. Clearly, the
black hole image cast by the light source with the disk-like
structure differs from that by the former homogeneous light
source in the previous analyses. Simultaneously, due to the
strong gravitational lensing near the central black hole, the
shape of the accretion disk is heavily distorted.

Luminet [56] first simulated a photograph of a
Schwarzschild black hole with a rotating thin accretion disk.
Here, the proper luminosity of the disk is calculated accord-
ing to the model described by Page and Thorne [57] in its
relativistic version, where the intensity of radiation emitted
at arbitrary given point of the disk only depends on the radial
distance to the black hole. As shown in Figure 11 in ref.
[56], the flying-saucer-shaped bright region is the primary
image of disk, which is formed by the light emitted directly
from the upper side of the disk [56]. Due to the considerable
distortion caused by the strong gravitational lensing near the
central black hole, the primary image related to the back part
of the disk is completely visible rather than hidden by the
black hole.

Moreover, one also sees a highly deformed image associ-
ated with the bottom of the gaseous disk. This is because
the light rays emitted from the bottom side can climb back
to the top and reach to the observer at the spatial distance
[56]. Actually, the gravitational lensing gives rise to an in-
finity of images of the disk, which are caused by the light
rays traveling around the black hole any number of times be-
fore reaching a distant astronomer [56, 58]. The number of
times of light ray crossing the disk determines the order of
the image. The higher order images are closer to the central
black spot and become thinner and fainter. The inner infinite
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order image is related to the photon sphere, which represents
the actual shadow boundary of the black hole. Generally, it
is difficult to distinguish the higher order images optically
because they are standing quite closely to each other. The
central black area is the black hole shadow formed by the
gravitational lensing and capture of light rays.

The existence of a dark gap between the primary image
and the higher order images is not surprising because the ac-
cretion disk is forbidden to touch the surface of the black hole
and then there is not any radiation from the region between
the black hole’s event horizon and the inner edge of the disk.
Moreover, below the inner stable circular orbit, the disk is
unstable so that the gas particles plunge directly towards the
black hole without having enough time to emit electromag-
netic radiation [56]. Unlike the shadow itself, the darkness
in these patches is of a fundamentally different nature, which
may be filled with the emission from lensed images of dis-
tant sources in the entire universe although it will also be
extremely faint [59, 60].

For a disk around the black hole, the region closer to the
horizon is generally brighter because the gas is hotter there.
However, the apparent luminosity of the disk’s image for the
distant observer is very different from the intrinsic luminosity
in the disk. The main reason is that the electromagnetic radia-
tion detected at a great distance undergoes shifts in frequency
and intensity with respect to the original radiation emitted di-
rectly by the disk [56,61]. There are two kinds of shift effects.
One of them is the so-called gravitational redshift caused by
the gravity of the central black hole, which lowers the fre-
quency and decreases the intensity of the electromagnetic ra-
diation. The other is the well-known Doppler effect originat-
ing from the displacement of the source with respect to the
observer. Doppler effect gives rise to amplification for the
approaching source and attenuation for the retreating source.
Therefore, for a disk rotating counterclockwise around the
black hole, the apparent luminosity of the disk in the left side
is brighter than that of in the right side [56]. The strong grav-
ity of the black hole can give a speed of gas rotation close to
the speed of light in the internal regions of an accretion disk,
which yields a very strong difference of Doppler shift effects
on two sides of the black hole. This strong asymmetry of
apparent luminosity is the main signature of the black hole
image with a thin accretion disk. In short, the effects from
Doppler shift and gravitational redshift drastically modify the
luminosity distribution for the observed disk image at large
distance.

The black hole spin hardly affects the shape of the primary
image. The principal effect of black hole spin is to change the
radius of the marginally stable orbit and hence to modify the
location of the inner edge of the accretion disk. Unlike in
the case of a Schwarzschild black hole, a rapid rotation of
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Kerr black hole could lead to that the inner edge of the direct
image coincides with the higher order images, so the dark
gap between them may no longer exist [62, 63]. Due to the
inner edge of the accretion disk being located far deeper in
the gravitational potential, the range of accessible redshift in
the disk for the rapidly rotating Kerr black hole is far broader
than for the Schwarzschild case. Thus, the higher order im-
ages round a rapidly spinning black hole carry less flux than
in the Schwarzschild case, which means that they are much
more difficult to spatially resolve from the direct image of the
disk in the rapidly rotating black hole case.

Moreover, the gravitational field of the accretion disk
also affects the propagation of photon and further modifies
the shape of black hole shadow. Recently, a static axially
symmetric solution, which describes the superposition of a
Schwarzschild black hole with a relativistic thin and heavy
accretion disk (Lemos-Letelier disk [64]), is applied to study
black hole shadow [65]. This static disk with an inner edge
is assumed to be made of two streams of counter-rotating
particles [64], which leads to a total vanishing angular mo-
mentum and ensures the existence of a static disk in equilib-
rium with the black hole. A heavy accretion disk yields some
new features for the black hole image [65]. There is a pro-
gressive optical enlargement of the disk image covering part
of the shadow, despite the fact that the disk is infinitesimally
thin. This is a consequence of the increasing light rays’ bend-
ing towards the disk due to the increase of disk’s “weight”.
The heavy disk also stretches the black hole shadow so that
there is an extra deformation of the shadow shape, which be-
comes more prolate as the disk contributes to a higher frac-
tion of the total mass. Furthermore, the nonintegrability of
the photon motion arising from a heavy accretion disk also
leads to some chaotic patterns both in the black hole shadow
and the disk image. These features also appear in the gravity
system of a Schwarzschild black hole surrounded by a mas-
sive Bach-Weyl ring [37]. The chaotic lensing also leads to
some distinct differences in the shape of photon sphere and
the black hole shadow. This is because the chaotic orbits
sharply modify the locally measured four-momentum of the
photons reaching a distant observer and further influence the
celestial coordinates of the images associated with these pho-
tons in the observer’s sky, and the latter directly determines
the shape of the black hole shadow and the disk image.

4 Polarized image of a black hole

Electromagnetic wave is a kind of transverse waves so the op-
tical image of a black hole must carry the polarization infor-
mation about the light emitted from the accretion disk around
the black hole. Recently, the EHT Collaboration [13, 14] has
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published the polarimetric image of the black hole M87".
The twisting polarization patterns revealed the existence of
magnetic field near the black hole. It is the first time to mea-
sure the polarization information characterized by the mag-
netic field near the black hole, which is helpful to understand
the formation of the black hole jet far from 55 million light
years.

Actually, in order to extract the information carried in the
polarized image of a black hole, one must compare the ob-
served polarimetry data with the theoretical one. Thus, it is
very vital to make theoretical analyses and numerical simu-
lations on the polarized images for various black holes. In
general, the polarization structures in the black hole images
depend on the details of the emitting plasma, principally the
magnetic field geometry, and are also affected by the strongly
curved spacetime near the black hole. For the origin of the
polarized emission around a black hole, there is a typical sce-
nario where the light with high polarization degrees, espe-
cially the linearly polarized light, is produced by synchrotron
emission in a compact and energetic region of the inner hot
disk [66, 67]. It is because the relativistic Doppler beaming
effect yields that the propagation directions of the photons
emitted by a charged relativistic particle are beamed almost
along the tangent direction of the particle’s motion so that
the light rays in the particle’s orbital plane are linearly polar-
ized. In the cold disk model [57], the situation is different,
the dominant thermal radiation leads to that the polarized di-
rections of light waves are disorder so that the disk becomes a
source of natural light without the total polarization. Thus, in
the simulations of the polarized image of a black hole, only
the hot disk model is considered. Moreover, as the linearly
polarized light passes through the outer magnetized regions
in plasma, it further undergoes the Faraday depolarization ef-
fects [68-70].

Along the path of each light ray from plasma to observer,
the polarization components expressed by the Stokes param-
eters (I, Q, U, V) [71,72] satisfy the polarized radiative trans-
fer equations [73-77]:
dr
a- J-KI, ®)
where A is an affine parameter. The Stokes vector 7 =
g3(1 ,0,U,V), the propagation matrix K, and the emission
vector J describe synchrotron emission and absorption co-
efficients in all Stokes parameters, as well as Faraday rotation
and conversion. Thus, the propagations of the polarized light
rays depend heavily on the plasma properties.

In the general relativistic magnetohydrodynamic
(GRMHD) simulations, the plasma in the hot disk around the
supermassive black hole can be simplified by a model, where
the plasma is assumed to be collisionless with electrons and
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ions so that the electron temperature 7T, deviates from the ion
temperature 7;. The ratio between the temperatures 7; and
T, can be expressed as [66,67,78]:

T B

R=-' =Ry
T. "ip

+ Rlow

1
1+p% ©
where (8 is the ratio of gas pressure to magnetic pressure.
Ryign and Ryqy,, are numerical constants, which correspond to
the ratio of ion to electron temperatures in the inner disk and
in the jet region, respectively.

Through quantitatively evaluating a large library of images
based on GRMHD models and comparing with the resolved
EHT 2017 linear polarization map of M87* [13, 14], the vi-
able GRMHD models revealed that the characteristic param-
eters for average intensity-weighted plasma in the emission
region are the electron number density n, ~ 10*3cm™3, the
magnetic field strength B ~ 7-30 G, and the dimensionless
electron temperature 6. ~ 8-60.

Moreover, recent theoretical investigation shows that the
polarization images of M87 jets are very sensitive to the black
hole spin [66], which could provide a new possibility for
measuring the spin parameter of a black hole. In the low-spin
case, there are much more symmetric ring shape patterns.
This is because the beaming and de-beaming effects are not
so large and the jet acceleration is not so significant as the
spin is small. In the high-spin case as a = 0.99 Mgy, the po-
larized image of the approaching jet disappeared in the low-
spin case is clear [66]. This is because the high black hole
spin gives arise to that the particle motion in the plasma can
be accelerated up to the Lorentz factor of 'L ~ 3 and further
yields that the approaching jet is more bright than the counter
one [66]. Furthermore, there is the crescent-like image pro-
duced by the toroidal motion of gas blobs, which demon-
strates that the jet acceleration process strongly depends on
the black hole spin [79].

One can also extract information about circular polariza-
tion through analyzing the Stokes quantity V in the black hole
images. The circular polarization can be amplified by the
Faraday conversion in the well-ordered magnetic field. This
is different from the case of the linear polarization where the
polarization vectors are disordered by the strong Faraday ro-
tation near the black hole. Generally, in a model with hot
disk, the circular polarization light images are faint and tur-
bulent because the hot region occupied with chaotic magnetic
fields is Faraday thick so that the Faraday conversion can-
not be efficient. However, the study of circular polarization
images is helpful to understand the polarized information in
black hole images more completely. The combination of lin-
ear and circular polarizations in future observations could
provide a higher-precision detection on the magnetic struc-
ture, the temperature distribution and the coupling between
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proton and electron near black holes. It is shown that the
circular polarization images are sensitive to the inclination
angle [67]. Moreover, there is a “separatrix” in the circular
polarization images and across which the sign of the circular
polarization is reversed. This can be attributed to the helical
magnetic field structure in the disk [67]. It implies that future
full polarization EHT images are quite useful tracers of the
magnetic field structures near black holes.

The numerical simulations for the polarization image of
the black hole are generally computationally expensive due
to the broad parameter surveys and the complicated cou-
plings among astrophysical and relativistic effects. Recently,
a simple model of an equatorial ring of magnetized fluid has
been developed to investigate the polarized images of syn-
chrotron emission around the Schwarzschild black hole [80]
and the Kerr black hole [81]. Although only the emission
from a single radius is considered, this model can clearly
reveal the dependence of the polarization signatures on the
magnetic field configuration, the black hole spin and the ob-
server inclination. Moreover, with this model, the image of
a finite thin disk can be produced by simply summing con-
tributions from individual radii. The studies [80, 81] also in-
dicates that the ring model image is broadly consistent with
the polarization morphology of the EHT image. However,
one must note that this simple ring model produces a high
fractional polarization (= 60%) even after blurring, which is
much larger than that in the M87* image where the resolved
fractional polarization is about < 20% [80]. This suggests
that the significant depolarization from the internal Faraday
effects is essential when modeling and interpreting the M87*
image [82]. Nevertheless, the success of the ring model in
reproducing the structure of some GRMHD images that have
significant Faraday effects is encouraging for the prospects
of physical inference from this simple model. Moreover, this
simple model can be used to study the loops in the Stokes
Q-U plane, which describes the continuous variability in the
polarization around a black hole [83-88]. It is beneficial to
understand some time-varying features of emission from a
localized orbiting hotspot near black hole in the real astro-
nomical environment. Thus, this model has been recently
applied to study the polarized images of black holes in vari-
ous spacetimes [89-93].

In this simple ring model, the calculation of the polar-
ization vector usually resorts to a so-called Walker-Penrose
quantity [94,95]. It is conserved along the null geodesic in
the spacetimes where the dynamical system of photon motion
is integrable and the equation of motion is full variable sep-
arable [94]. The conserved Walker-Penrose quantity builds a
direct connection between the polarization vectors of photon
starting from the emitting source and reaching the observer.
So in such spacetimes, the propagation of polarization vec-
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tors can be calculated by analytical methods, which greatly
simplifies the calculation of polarization vectors along null
geodesics. However, in the spacetimes where the system
of photon motion is nonintegrable, such as, in the Bonnor
black dihole spacetime [96], the Walker-Penrose quantity is
no longer conserved along null geodesic. Without the help of
the Walker-Penrose constant, the calculation of the polariza-
tion vectors in this ring model may still rely on the numerical
methods. In the Bonnor black dihole spacetime, there exist
some fine fractal structures in the distribution of Stokes pa-
rameters Q and U in the polarized images [97]. The signs
of Q and U are opposite for two adjacent indirect images. It
could be caused by that the photons forming two adjacent in-
direct images are emitted from the upper and lower surfaces
of accretion disk, respectively, resulting in a large difference
in the corresponding polarization vectors.

5 Application prospects of black hole images

The significance of studying black hole images lies in the
following aspects. Firstly, such detections can identify black
holes and further verify and test the theories of gravity in-
cluding general relativity, and deepen our understandings on
the nature of gravity. Secondly, analyzing information car-
ried in black hole images enables us to understand matter
distribution and physical processes around the black holes,
and to give further insight into some fundamental problems
in physics. In the following, we present some potential ap-
plication prospects of black hole images.

5.1 Probe the matter distribution around black holes

To probe the matter distribution around black holes, one must
simulate images of black hole models by considering differ-
ent choices and select a model that could accurately represent
the main features of the observed images. For the black hole
MS87*, it is well known that it belongs to the class of low
luminosity active galactic nuclei, and its spectral energy dis-
tribution presents features associated with emission from an
optically thin and geometrically thick accretion disk ascribed
to the synchrotron radiation with an observed brightness tem-
perature in radio wavelengths in the range of 10°-10'°K [1].
Recently, the most salient features appearing in the EHT Col-
laboration images of M87* were reproduced with impressive
fidelity and the corresponding configuration model revealed
that there may exist an asymmetric bar-like structure attached
to a two-temperature thin disk in the equatorial plane of the
black hole [98]. Moreover, the asymmetry in brightness is a
robust indicator of the orientation of the spin axis. The sim-
ulations using different orientations of the black hole spin
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show that the spin direction opposite to the observed jet is
favored by the asymmetric shape of the observed crescent
sector.

As mentioned in the previous part, the comparison be-
tween the polarization patterns of the M87* image and the vi-
able GRMHD models reveals the existence of magnetic field
near the black hole. Actually, the magnetic field can generate
some features of black hole images [99, 100]. For a rotat-
ing black hole immersed in a Melvin magnetic field [99], the
shadow becomes oblate for the weak magnetic field. How-
ever, in the case with the strong magnetic field, the multi-
ple disconnected shadows emerge, including a middle oblate
shadow and many striped shadows. Moreover, the novel fea-
ture in the Melvin-Kerr black hole shadow is the gray re-
gions on both sides of the middle main shadow [99], which
are caused by the stable photon orbits around the stable light
rings. In fact, the photons moving along the stable photon or-
bits are trapped and they cannot enter the black hole. Strictly,
the gray regions do not belong to the black hole shadow, but
if there are no light sources in the stable photon orbit re-
gions, the observer also see dark shadows in the gray regions
[99,100]. The chaotic lensing arising from the magnetic field
gives rise to the self-similar fractal structures in the black
hole shadows. The chaotic image also occurs for the case il-
luminated by an accretion disk in the Kerr-Melvin black hole
spacetime with a strong enough magnetic field [101]. These
new effects in shadows could provide a new way to probe the
magnetic field near black holes.

The images of black holes indicate that the supermas-
sive black holes in the centers of galaxies are actually sur-
rounded by plasma. Besides as a light source to illuminate
black holes, plasma is a dispersive medium where the in-
dex of refraction depends on the spacetime point, the plasma
frequency and the photon frequency, so the plasma changes
the path of the light traveling through it and further affects
the geometrical features of black hole shadows [102-119].
The influence of plasma on the shadows depends mainly on
the ratio between the plasma frequency and the photon fre-
quency. If the plasma frequency is smaller than the photon
frequency, the shadow is not very much different from the
vacuum case. However, if the plasma frequency tends to the
photon frequency, the significant changes in the photon re-
gions will lead to a drastic modification of the properties of
the shadow. In the realistic case where the plasma frequency
is much smaller than the photon frequency, the plasma has
a decreasing effect on the size of the shadows if the plasma
density is higher at the photon sphere than at the observer
position. The above analyses are based on an assumption of
plasma with radial power-law density. Recent study of an-
gular Gaussian distributed plasma [115], where the plasma is
non-spherically symmetric, shows that the effect of plasma
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can be qualitatively explained by taking the plasma as a con-
vex lens with the refractive index being less than 1. For the
supermassive black holes at the centers of the Milky Way and
the galaxy M87, which are the main targets of the current ob-
servations by the EHT, it is shown that the plasma effects start
to become relevant at radio wavelengths of a few centimeters
or more. However, the present and planned instruments fo-
cus on the submillimeter range, where the scattering and self-
absorption have no significant effect on the emitted radiation
around the black holes and the plasma effects are very small
[117,118], so a realistic observation of the plasma influence
on the shadows seems unfeasible at present.

5.2 Constrain black hole parameters and test theories of

gravity

It is natural to expect to constrain black hole parameters by
the using of shadows because the shape and size of shad-
ows depend on the black hole parameters themselves. In
general, since black hole shadows have complex shapes in
the observer’s sky, the precise description of the shadow
boundaries is crucial for measuring black hole parameters.
To fit astronomical observations, several observables were
constructed by using special points on the shadow bound-
aries in the celestial coordinates. For the Kerr black hole,
the two observables R; and 6; = D.s/R; (as shown in Fig-
ure 6) are introduced to measure the approximate size of
the shadow and its deformation with respect to the refer-
ence circle [120], respectively. If the inclination angle is
given, the values of the mass and spin of the black hole
can be obtained by the precise enough measurements of
R, and ;. Recently, the length of the shadow bound-
ary and the local curvature radius are introduced to de-
scribe the shadow boundary [121]. The black hole spin and
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Figure 6 (Color online) The observables for the apparent shape of the Kerr
black hole R and 6y = D.s/R; [120].
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the observer inclination can be constrained by simply mea-
suring the maximum and minimum of the curvature radius.
Moreover, a topological covariant quantity is analyzed to
measure and distinguish different topological structures of
the shadows [122, 123]. To further describe the general
characterization of the shadow boundaries, a coordinate-
independent formalism [124] is proposed where the shadow
curves Ry (1)) are expressed in terms of Legendre polynomials

Ry = > ¢/Pi(cosy) with the expansion coefficients ¢;. The
1=0

dimensionless deformation parameters ¢, are defined to mea-
sure the relative difference between the shadow at ¢ = 0 and
at other angles = 7t/n, n = 1,2,...k, and k is an arbitrar-
ily positive integer. These distortions are both accurate and
robust so they can also be implemented to analyse the noisy
data.

Above analyses are based on an assumption that the black
hole shadows are cast by a bundle of photons in parallel tra-
jectories that originating at infinity. For a realistic black hole
surrounded by an accretion disk, the shadow is imprinted on
the image of the accretion flow. In principle, comparing a
detailed model of the accretion disk around the black hole
with astronomical observations will yield a measurement of
the size and shape of the shadow. However, it is not feasible
to predict the details of the brightness profile of the accretion
flow image. The first reason is the incompleteness of accre-
tion disk models, and all theoretical models are simplified by
introducing some assumptions so they are impossible to be
completely consistent with the real disks. The other reason
is the observed variability of the emission in the disk, since
the inner accretion flow is highly turbulent and variable in the
real astronomical environment. Thus, it is necessary to build
a procedure to analyze the observation data that focuses on
directly measuring the properties of the shadow in a manner
that is not seriously affected by our inability to predict the
brightness profile of the rest of the image [125]. The gra-
dient method [126, 127] is such kind of model-independent
algorithms in image processing, which has already been ap-
plied successfully to interferometric images to quantify the
properties of the turbulent structure of the interstellar mag-
netic field. The basic concept in this algorithm is that the
magnitude of the gradient of the accretion flow image has lo-
cal maxima at the locations of the steepest gradients, such
as, in the case of the expected EHT images, which coincide
with the edge of the back hole shadow [125]. With the ob-
tained gradient image where the rim of the black hole shadow
appears as the most discernible feature, a shadow pattern al-
gorithm matching with the Hough/Radon transform is em-
ployed to determine the shape and size of the shadow. This
algorithm not only measures the properties of the black hole
shadow, but also assesses the statistical significance of the
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results.

The distinct features of black holes originating from de-
viation parameters in the alternative theory can help test the
general relativity. It is shown that the shadow becomes pro-
late for the negative deviation parameter and becomes oblate
for the positive one [128]. The large deformation parame-
ter in the Konoplya-Zhidenko rotating non-Kerr black hole
yields the special cusp-shaped shadow for the equatorial ob-
server [23]. The large deviation arising from the quadrupole
mass moment leads to chaotic shadow and the eyeball-like
shadows with the self-similar fractal structures [36]. The
similar features of shadows also appear in other non-Einstein
theories of gravity including the quadratic degenerate higher-
order scalar-tensor theories [27]. Moreover, using the priori
known estimates for the mass and distance of M87* based
on stellar dynamics [1-6, 129-131], the inferred size of the
shadow from the horizon-scale images of the object M87*
[1] is found to be consistent with that predicted from gen-
eral relativity for a Schwarzschild black hole within 17%
for a 68% confidence interval. However, this measurement
still admits other possibilities. The size of the black hole
shadow M87* can be used as a proxy to measure the devia-
tions from Kerr metric satisfied weak-field tests [132]. For
the parameterized Johannsen-Psaltis black hole, it has four
lowest-order parameters and the shadow depends primarily
on the parameter @3 and only weakly on spin [133]. The
2017 EHT measurement for M87* places a bound on the de-
viation parameter —3.6 < a3 < 5.9 [132]. For the modified
gravity bumpy Kerr metric [134], the size of the shadow de-
pends primarily on the parameter vy;, and the requirement
that the shadow size is consistent with the measurement of
M87* within 17% gives a constraint on the deviation param-
eter =5.0 < y;2 < 4.9 [132]. For the Konoplya-Rezzolla-
Zhidenko metric [135], the EHT measurements results in the
constraint —1.2 < a; < 1.3 [132]. For these parametric de-
viation metrics, the measurements of the shadow size lead to
significant constraints on the deviation parameters that con-
trol the second post-Newtonian orders. This means that the
EHT measurement of the size of a black hole leads to met-
ric tests that are inaccessible in the weak-field tests. In gen-
eral, such parametric tests cannot be connected directly to
an underlying property of the alternative theory. Recently,
the EHT measurements have been applied to set bounds on
the physical parameters, such as, the electric charge [136]
and the MOG parameter in the Scalar-Tensor-Vector-Gravity
Theory [137]. The quality of the measurements [136] is al-
ready sufficient to rule out that M87* is a highly charged dila-
ton black hole, a Reissner-Nordstrom naked singularity or a
Janis-Newman-Winicour naked singularity with large scalar
charge. Similarly, it also excludes considerable regions of the
space of parameters for the doubly-charged dilaton and the
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Sen black holes. Such tests are very instructive [25, 138-140]
because they can shed light on which underlying theories are
promising candidates and which must be discarded or modi-
fied. The constraints and tests from shadows are complemen-
tary to those imposed by observations of gravitational waves
from stellar-mass sources.

Black hole shadow may also provide a way to test bi-
nary black hole. Nowadays, the gravitational-wave events
detected by the LIGO-Virgo-KAGRA Collaborations [141-
145] confirm the existence of binary black hole system in
the universe, and the systems of binary black hole are ex-
pected to be common astrophysical systems. The shadows
of the colliding between two black holes were simulated by
adopting the Kastor-Traschen cosmological multiblack hole
solution, which describes the collision of maximally charged
black holes with a positive cosmological constant [146, 147].
Figure 7 shows the change of the shadows with time ¢ dur-
ing the collision of the two black holes with equal mass.
At t = 0, the two black holes are mutually away enough
and their shadows are separated. However, each shadow is
a little bit elongated in the « direction because of the inter-
action between the two black holes. At ¢ = 1.6, the eye-
browlike shadows appear around the main shadows. The
eyebrowlike shadows can be explained by a fact that light
rays bypass one black hole of binary system and enter the
other one. With the further increase of time, the eyebrow-
like structures grow and the main shadows approach each
other. Although not discernible in the figure, in fact there
appear the fractal structures of the eyebrows, i.e., infinitely
many thinner eyebrows at the outer region of these eyebrows
as well as at the inner region of the main shadows [147].
As time elapses, the interval between two black hole shad-
ows becomes indefinitely narrower, and it is expected that the
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Figure 7 The change of black hole shadows with time # during the collision
of two equal mass black holes [147].
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black hole shadows eventually merge with each other [147].
However, due to the special properties of Kastor-Traschen
metric, the recent investigation also implies that there is no
observer who will see the merge of black hole shadows even
if the black holes coalesce into one [148]. Another important
solution of binary black hole with analytical metric form is
Majumdar-Papapetrou solution, which describes the geom-
etry of two extremally charged black holes in static equilib-
rium where gravitational attraction is in balance with electro-
static repulsion. The similar eyebrowlike shadows are found
in the Majumdar-Papapetrou binary black hole system [149].

Actually, these eyebrowlike shadows with fractal struc-
tures also appear in other binary black hole systems, such as,
in the double-Schwarzschild and double-Kerr black hole sys-
tems [150] in which two black holes are separated by a coni-
cal singularity. These common key features imprinted in the
shadows of binary systems, such as disconnected shadows
with characteristic eyebrows, open up a new analytic avenue
for exploring four dimensional black hole binaries [151].

5.3 Fundamental problems in physics

Dark matter The nature of dark matter is one of the most im-
portant open fundamental questions of physics. Dark matter
is assumed to be an invisible matter, which constitutes the
dominant form of matter in the universe and has feeble cou-
plings with the common visible matter at most. Despite ex-
tensive observational data supporting its presence on a large
scale, dark matter has not been directly detected by any sci-
entific instrument. Dark matter should influence black hole
shadow due to its gravitational effects. A simple spherical
model consisting of a Schwarzschild black hole with mass M
and a homocentric spherical shell of dark matter halo with
mass AM is applied to tentatively study the effects of dark
matter on the black hole shadow [152]. It is found that the
mass of dark matter and its distance over mass distribution
lead to larger radius of shadows. However, it must be pointed
out that in this simple model the dark matter is unlikely to
manifest itself in the shadows of galactic black holes, unless
its concentration near black holes is abnormally high [152].
The effect of dark matter halo on black hole shadows has
been studied in the spacetimes of a spherically symmetric
black hole and of a rotating black hole [153-157]. It is shown
that the structures of the black hole shadows in the cold dark
matter (CDM) and scalar field dark matter (SFDM) halos are
very similar to the cases of the Schwarzschild and Kerr black
holes, respectively. Both dark matter models influence the
shadows in a similar way and the sizes of the shadows in-
crease with the dark matter parameter k = p.R>, where the
characteristic density p. and the radius R are related to the
distribution of dark matter halo in two models. In general,
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the influence of the dark matter on the black hole shadows
is minor and only becomes significant when k increases to
order of magnitude of 107 for both CDM and SFDM mod-
els [153]. The calculation of the angular radii of the shadows
shows that the dark matter halo could influence the shadow of
Sgr A* at a level of order of magnitude of 10~* and 107> pas,
for CDM and SFDM, respectively. However, it is out of the
reach of the current astronomical instruments [153]. The cur-
rent EHT resolution is ~ 60 pas at 230 GHz and will achieve
15 pas by observing at a higher frequency of 345 GHz and
adding more very long baseline interferometry (VLBI) tele-
scopes. The space-based VLBI RadioAstron [158] will be
able to obtain a resolution of 1-10 pas. This is still at least
three orders of magnitude lower than the resolution required
by the CDM model. The black hole shadow has been studied
for a rotating black hole solution surrounded by superfluid
dark matter and baryonic matter. Using the current values
for the parameters of the superfluid dark matter and baryonic
density profiles for the Sgr A* black hole, it is shown that
the effects of the superfluid dark matter and baryonic mat-
ter on the sizes of shadows are almost negligible compared
to the Kerr vacuum black hole [155]. Moreover, comparing
with the dark matter, the shadow size increases considerably
with the baryonic mass. This can be understood by the fact
that the baryonic matter is mostly located in the galactic cen-
ter. Similarly, the baryonic matter in this model yields an
increase of the angular diameter of the shadow of the magni-
tude 107> pas for the Sgr A* black hole [155].

The axion is a hypothetical particle beyond the standard
model, which is initially proposed to solve the strong CP
(charge-conjugation and parity) problem [159-162]. Nowa-
days, axionlike particles are also introduced in fundamental
theories and served as an excellent dark matter candidate so
there are many search experiments designed to prob axions
[163-168]. Axion cloud around a rotating black hole may be
formed through the superradiance mechanism if the Comp-
ton wavelength of axion particle is at the same order of the
black hole size [169, 170]. Due to the existence of the axion
cloud, the axion-electromagnetic-field coupling gives rise to
that the position angles of linearly polarized photons emitted
near the horizon oscillate periodically [171-174]. Along this
line, a novel strategy of detecting axion clouds around super-
massive black holes is recently proposed by using the high
spatial resolution and polarimetric measurements of the EHT
[175]. Figure 8 presents the axion parameter space which is
potentially probed by M87* and Sgr A* for different position
angle precisions [175]. This method is complementary to the
constraints from the black hole spin measurements through
gravitational wave detections [176]. Since the position an-
gle oscillation induced by the axion background does not de-
pend on photon frequency, it is expected that polarimetric
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measurements at different frequencies in the future can be
used to distinguish astrophysical background and to improve
the sensitivity of tests of the axion superradiance scenario.
Moreover, the possibility of probing ultralight axions by the
circular polarization light is also studied in ref. [177].

Extra dimension The possible existence of extra dimen-
sions is one of the most remarkable predictions of the string
theory. The extra spatial dimension could play an important
role in fundamental theories within the context of the unifi-
cation of the physical forces and also in black hole physics.
For the high-dimensional black holes, it is shown that the ex-
tra dimension influences the shape and size of the shadows
[151,178-180]. Using the size and deviation from circularity
of the shadow of the black hole M87* observed by the EHT
collaboration, the curvature radius of AdSs in the Randall-
Sundrum brane-world scenario is bounded by an upper limit
I < 170 AU [181]. This upper limit is far from being com-
petitive with current O (mm) scale constraints from precision
tests of gravity, but greatly improves the limit / < 0.535 Mpc
obtained from GW170817 [182]. More importantly, it is an
independent limit from imaging the dark shadow of M87*.
Using a rotating black hole solution with a cosmological in
the vacuum brane, the black hole shadow together with the
observed data of M87* also provides a upper bound for the
normalized tidal charge g < 0.004 [183], which is the second
best result for the tidal charge to date and is a little higher
than the best one ¢ < 0.003 from a solar system test [184].
Moreover, the negative values of the tidal charge are reported
to be favored with the M87* and Sgr A* data in the brane
contexts by the using of Reissner-Nordstrom-type geometry
[185-187] and a rotating black hole without a cosmological
constant [ 188].

For the case of the compactified extra dimension, the
shadow of a rotating uniform black string has been studied
where the extra spatial dimension is treated as a compacted
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Figure 8 (Color online) The expected axion parameter space probed by

polarimetric observations of M87* (green) and Sgr A* (red) for different
position angle precisions [175]. The bounds from CAST [167] (gray) and
Supernova 1987A (pale yellow) are shown to make a comparison.
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circle with the circumference / [189]. The momentum of pho-
ton arising from the fifth dimension enlarges the photon re-
gions and the shadow of the rotating 5D black string while
it has slight impact on the distortion. The angular diameter
in the EHT observations of M87* leads to the constraint on
the length of the compact extra dimension 2.03125 mm < / <
2.6 mm [189]. Similarly, from the observations of Sgr A*,
the constraints 2.28070 mm < / < 2.6 mm and 2.13115 mm
< | < 2.6 mm can be given by the upper bounds of the
emission ring and the angular shadow diameter respectively
[189]. In particular, within these bounds, the rotating 5D
black string spacetime is free from the Gregory-Laflamme
instability [189].

Effects of the specific angular momentum &, of photon
from the fifth dimension on black hole shadow have also
been studied for a rotating squashed Kaluza-Klein black hole
[190], which is a kind of interesting Kaluza-Klein type met-
rics with the special topology and asymptotical structure
[191]. It has squashed S 3 horizons so the black hole has a
structure similar to a five-dimensional black hole in the vicin-
ity of horizon, but behaves as the four-dimensional black
holes with a constant twisted S! fiber in the far region. For
this special black hole, the radius R; of the black hole image
in the observer’s sky has different values for the photons with
different angular momentum &;. The real radius of the black
shadow is equal to the minimum value of R;,, . Especially, as
the black hole parameters lie in a certain special range, it is
found that there is no shadow for a black hole since the min-
5., = 0 1n these special cases [190], which is
novel since it does not appear in the usual black hole space-
times. It must be pointed out that the emergence of black
hole without shadow does not mean that light rays can pen-
etrate through the black hole. Actually, it is just because the
photons near the black hole with certain range of &, change
their propagation directions and then become far away from
the black hole. The phenomenon of black hole without black
shadow will vanish if there exists the further constraint on
the specific angular momentum &, of photon from the fifth
dimension. In the case where black hole shadow exists, the
radius of the black hole shadow increases monotonically with
the increase of extra dimension parameter in the non-rotating
case. With the increasing of rotation parameter, the radius
of the black hole shadow gradually becomes a monotonously
decreasing function of the extra dimension parameter. With
the latest observation data, the angular radii of the shadows
for the supermassive black hole Sgr A* at the centre of the
Milky Way Galaxy and the supermassive black hole in M87
are estimated [190], which implies that there is a room for the
theoretical model of such a rotating squashed Kaluza-Klein
black hole.

Coupling between the photon and background field Analo-

imum value R
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gous to the motion of charged particles in an electromagnetic
field, the propagation of light rays in a spacetime is also in-
fluenced by the coupling between the photon and background
field, which could leave observable effects on the black hole
shadow. In the standard Einstein-Maxwell theory, there is
only a quadratic term of Maxwell tensor directly related to
electromagnetic field, which can be seen as an interaction
between Maxwell field and metric tensor. Actually, the in-
teractions between electromagnetic field and curvature ten-
sor could appear naturally in quantum electrodynamics with
the photon effective action originating from one-loop vacuum
polarization [192]. Although these curvature tensor correc-
tions appear firstly as an effective description of quantum ef-
fects, the extended theoretical models without the small cou-
pling constant limit have been investigated for some physical
motivations [193-196].

The coupling between the photon and Weyl tensor leads to
birefringence phenomenon so that the paths of light ray prop-
agations are different for the coupled photons with different
polarizations. Thus, it is natural to give rise to double shad-
ows for a single black hole because the natural lights near the
black hole can be separated into two kinds of linearly polar-
ized light beams with mutually perpendicular polarizations
[197]. With the increase of the coupling strength, the um-
bra of the black hole decreases and the penumbra increases.
In the case of an equatorial thin accretion disk around the
Schwarzschild black hole, the black hole image and its polar-
ization distribution are also affected by the coupling strength
[198]. The observed polarized intensity in the bright region
is stronger than that in the darker region. It is also noted that
the effect of the coupling on the observed polarized vector is
weak in general and the stronger effect appears in the bright
region close to the black hole in the image plane. More-
over, for the different coupling strengths, the observed po-
larized patterns have a counterclockwise vortex-like distribu-
tion with a rotational symmetry as the observed inclination
angle 6y = 0°. The rotational symmetry in polarized patterns
gradually vanishes with the increase of the inclination angle.
Quantum electrodynamic effects from the Euler-Heisenberg
effective Lagrangian on the shadow have been studied in the
black hole background [199]. Similarly, in this case, the
birefringence effect also yields that observer sees different
shadow sizes of a single black hole for different polarization
lights.

The coupling between a photon and a generic vector field
is also introduced to study black hole shadow [200]. The
generic vector field is assumed to obey the symmetries pos-
sessed by the black hole and the boundary condition that the
vector field vanishes at infinity. It is found that the black hole
shadow in edge-on view also has different appearances for
different frequencies of the observed light. This is because
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the coupling form alters the way that the system depends on
the initial conditions. These new phenomena about the black
hole shadow originating from the coupling between the pho-
ton and background vector field are not simply caused by
modifications of the metric, which could help give insight
into new physics [200]. In particular, such a kind of coupling
can affect the motion of photons and phenomenologically de-
pict a violation of equivalence principle [200]. Thus, it is
proposed as a mechanism to test the equivalence principle by
analyzing black hole shadows. Although the current obser-
vation conditions might not allow us to directly detect these
novel phenomena, it is expected that the future project of the
next generation EHT with other future multi-band observa-
tions [201] as well as the related data-processing techniques
could allow for tests of these new physics imprinted in the
black hole shadows. Moreover, the shadow images of M87*
and Sgr A* are recently used to constrain the parameters in
the generalized uncertainty principle (GUP) [202] and the
Lorentz symmetry violation [203], respectively. Although
these best upper limits are weaker than those obtained in most
other physical frameworks, they are valuable for further un-
derstanding black hole images and fundamental problems in
physics [204-206].

6 Summary

The near-horizon images of the shadows of the supermassive
compact objects M87* and Sgr A* delivered by the EHT have
opened an amazing window for the strong-field test of grav-
ity theories as well as fundamental physics. These images
are composed of black hole shadow and the image of accre-
tion disk around the central black hole. Black hole shadow is
essentially formed by the light rays entering the black hole’s
event horizon, in spite that its shape and size also depend
on the position of observer and the types of light sources.
The fundamental photon orbits and the invariant phase space
structures determine the intrinsic features of the black hole
shadow. However, the visualization of the shadow must re-
sort to the emission in the accretion disk around the black
hole in the real astronomical environment. This means that
the visible images of the black hole also depend on the prop-
erties of the accretion disk and the physical processes in the
disk, which yields that the black hole images could have
a highly model-dependent appearance [125]. For example,
some models show a partially obscured shadow and others
present an apparently exaggerated shadow. Especially, if the
disk is optically thick, there may be no visible shadow at all,
which means that the geometrical thickness is a key ingredi-
ent for observing the shadow. On the other hand, the infor-
mation on luminance and polarization stored in the image of
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accretion disk can be helpful to understand the matter distri-
bution and structures in the strong field region near the black
hole.

Although black hole shadow and image carry the charac-
teristic information of a black hole, it must be pointed out that
the black hole shadows and images in some spacetimes may
be not sensitive enough to certain parameters so that the ef-
fects of these parameters on the black hole images can not be
discriminated in terms of the resolution of the current obser-
vation devices. With the increasing accuracy and resolution
of the future astronomical observations and the technologi-
cal development, as well as the more theoretical investiga-
tions, it is expected that these mint markings of black holes
can be more clearly detected in the next generation EHT, the
BlackHoleCam and the space-based experiments. The future
detections of the fractural fine structures in black hole shad-
ows arising from the chaotic lensing and the competitive con-
straints on fundamental physics principles from black hole
shadows will help better test theories of gravity and to deeply
understand the fundamental problems in modern physics. In
a word, the study of black hole images is still in its infancy,
and the detection of images for M87* and Sgr A* black holes
is only a starting point.
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