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Abstract: We review the physical origins for possible visible images of the supermassive black hole
M87* in the galaxy M87 and SgrA* in the Milky Way Galaxy. The classical dark black hole shadow of
the maximal size is visible in the case of luminous background behind the black hole at the distance
exceeding the so-called photon spheres. The notably smaller dark shadow (dark silhouette) of the
black hole event horizon is visible if the black hole is highlighted by the inner parts of the luminous
accreting matter inside the photon spheres. The first image of the supermassive black hole M87*,
obtained by the Event Horizon Telescope collaboration, shows the lensed dark image of the southern
hemisphere of the black hole event horizon globe, highlighted by accreting matter, while the classical
black hole shadow is invisible at all. A size of the dark spot on the Event Horizon Telescope (EHT)
image agrees with a corresponding size of the dark event horizon silhouette in a thin accretion disk
model in the case of either the high or moderate value of the black hole spin, a & 0.75.
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1. Introduction

The enigmatic black holes are really black objects in the sky due to their physical properties.
The famous quantum Hawking thermal radiation of black holes can be neglected in the case of
numerous astrophysical black holes originated from the gravitational collapse of old massive stars.
Nowadays, the only way to view black holes in the sky is a watching of black hole candidates
highlighted by the surrounding matter. General relativity (Einstein’s theory of gravity) predicts the
appearance of dark black hole images on the surrounding luminous background. The Event Horizon
Telescope (EHT) collaboration presents the first image of the supermassive black hole M87* at 1.3 mm
wavelength with an unprecedented high angular resolution [1–6]. Indeed, this image is the direct
experimental evidence of the black hole existence in the Universe besides the famous observations of
gravitational waves from the coalescence of black holes by the LIGO collaboration.

The visible shapes of black hole images depend on the distribution of emitting matter around black
holes. We describe below the possible visible shapes of black hole images of the central supermassive
black hole M87* in the galaxy M87 and SgrA* in our native Milky Way Galaxy.

We show that the unique physical properties of the Kerr metric for rotating black hole [7] provide
two qualitatively different forms of the visible black images: the standard black hole shadow or
the notably smaller event horizon shadow (or event horizon silhouette). A particular visible black
image crucially depends on the prevalence of emitting matter outside or inside of the so-called
“photon spheres” (see details and properties of photon spheres in Section 3).
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A standard black hole shadow is visible in the case of emitting matter placed outside the photon
spheres (e.g., if there is a distant luminous background of extended hot gas clouds or luminous stars
far outside the black hole). Meantime, a notably smaller event horizon silhouette is viewed, which is a
shadow of the event horizon itself, in the case of emitting matter placed inside the photon spheres
(e.g., if there is a highly luminous accreting matter in the vicinity of the event horizon). To distinguish
these two different black hole images, we will use in the following the term “classical black hole shadow”
for black hole image in the case of emitting matter placed outside the photon spheres (e.g., if there is a
luminous stationary background far behind the black hole).

We demonstrate below that on the first image of the supermassive black hole M87*, obtained by
the Event Horizon Telescope collaboration, it is viewed namely the lensed dark image of the southern
hemisphere of the black hole event horizon globe, highlighted by an accretion disk, while the classical
black hole shadow is invisible at all.

The major scientific goal of the EHT collaboration is the registration of the supermassive black hole
SgrA* image at the center of Milky Way [8–17]. This supermassive black hole is the nearest “dormant”
or “sleeping” quasar with a very low radiation activity and the mass M = (4.3± 0.3) × 106 M� [18–22].
Our native supermassive black hole SgrA* is evidently an object of intensive investigations [18,23–91].
The other goal of the EHT collaboration is the registration of the supermassive black hole M87* with
the mass M = (6.6± 0.4)× 109 M� in the nearest to us giant elliptical galaxy M87 (NGC 4486), which is
placed in the central part of the Virgo cluster of galaxies [92–95]. The technological levels of the EHT
and similar projects BlackHoleCam [96] and GRAVITY [97,98] permit us to reach the angular resolution
that matches the event horizon size of these supermassive black holes and allow us to get the black
hole image [99–112].

The construction of an advanced EHT version opens the new stage of the investigation of dark
black hole silhouettes, as well as the testing of general relativity and modified gravitation theories
in the strong field limit [68,113–154]. The promising breakthrough for similar future investigations
would be a construction of cosmic interferometer with a nanosecond angular resolution [155–157].

In standard astrophysical conditions, the brightness of the accreting disk greatly exceeds the
corresponding one of the distant luminous background, consisting of the extended hot gas clouds and
bright stars. For this reason, the classical black hole shadow is complicated to observe in comparison
with the event horizon silhouette (the shadow of the event horizon itself).

In Section 2 we describe the general properties of the classical black hole shadow, when the
black hole is highlighted by a distant luminous background. In Section 3 we elucidate the principal
properties of photon spheres, which are crucial for understanding the possible forms of black hole
images. At last, in the most original Section 4 we explain the significant features of the event horizon
silhouette (the event horizon shadow), produced by photons from the highly luminous accretion disk.

The line element of the classical Kerr metric [7,103,158–165], describing the rotating black hole in
standard Boyer–Lindquist coordinates (t, r,θ,φ) [159], is

ds2 = −e2νdt2 + e2ψ(dφ−ωdt)2 + e2µ1dr2 + e2µ2dθ2, (1)

where

e2ν =
Σ∆
A

, e2ψ =
A sin2 θ

Σ
, e2µ1 =

Σ
∆

, e2µ2 = Σ, ω =
2Mar

A
, (2)

∆ = r2
− 2Mr + a2, Σ = r2 + a2 cos2 θ, A = (r2 + a2)2

− a2∆ sin2 θ. (3)

In these equations M—black hole mass, a = J/M—black hole specific angular momentum (spin),
ω—frame-dragging angular velocity. We use the units with the gravitational constant G = 1 and the
velocity of light c = 1. For simplification of formulas in the following, we often use the dimensional
values for space distances r ⇒ r/M, for time intervals t ⇒ t/M and etc. In other words, we will
measure the radial distances in units GM/c2 and time intervals in units GM/c3. We also will use the
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dimensionless value for black hole spin a = J/M2
≤ 1, by supposing that 0 ≤ a ≤ 1. The black hole

event horizon radius rh is the largest root of the quadratic equation ∆ = 0:

rh = 1 +
√

1− a2, (4)

There are four integrals of motion for test particles in the Kerr metric: µ—test particle mass,
E—particle total energy, L—particle azimuth angular momentum and Q—Carter constant, related with
the non-azimuth angular momentum of the test particle and with non-equatorial motion [160].
The corresponding first-order differential equations of motion for the test particle are [103,158,160–165]:

Σ
dr
dτ

= ±

√
R(r), (5)

Σ
dθ
dτ

= ±

√
Θ(θ), (6)

Σ
dφ
dτ

= L sin−2 θ+ a(∆−1P− E), (7)

Σ
dt
dτ

= a(L− aE sin2 θ) + (r2 + a2)∆−1P. (8)

Here τ—the proper particle time or affine parameter along the trajectory of massless (µ = 0) particle.
In these equations the effective radial potential R(r) governs the radial motion in these equations:

R(r) = P2
− ∆[µ2r2 + (L− aE)2 + Q], (9)

where P = E(r2 + a2)− aL, and, respectively, the effective polar potential Θ(θ) defines the polar motion
of test particles:

Θ(θ) = Q− cos2 θ[a2(µ2
− E2) + L2 sin−2 θ]. (10)

In particular, the zeros of these potentials define the turning points dR/dτ = 0 and dΘ/dτ = 0 in
the radial and polar directions, respectively.

All trajectories of massive test particles (µ , 0) depend on three parameters (constants of motion or
orbital parameters): γ = E/µ, λ = L/E and q =

√
Q/E. Respectively, the corresponding trajectories of

massless particles (µ , 0) depends only on two parameters: λ = L/E and q =
√

Q/E. From equations
of motion (5)–(8) it follows that Carter constant Q ≥ 0 for all particle trajectories reaching the space
infinity at r = ∞. At finite distances from a Kerr black hole there are “vortex” orbits of test particles
with Q < 0 [166]. The vortex orbits are beyond the scope of this article because we are interested
mainly in the photon trajectories with Q ≥ 0, reaching a distant observer very far from the black hole,
formally at r = ∞.

There are the integral form [103,158,160,164] of equations of test particle motion in the Kerr
Metric, which are useful for numerical calculations:?

dr√
R(r)

=

?
dθ√
Θ(θ)

, (11)

τ =

?
r2√
R(r)

dr +
?

a2 cos2 θ√
Θ(θ)

dθ, (12)

φ =

?
aP

∆
√

R(r)
dr +

?
L− aE sin2 θ

sin2 θ
√

Θ(θ)
dθ, (13)

t =
?

(r2 + a2)P

∆
√

R(r)
dr +

?
(L− aE sin2 θ)a√

Θ(θ)
dθ. (14)
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In these equations the effective potentials R(r) and Θ(θ) are defined in Equations (9) and (10).
These specific integrals in (11)–(14) are the contour (path) integrals along the particle trajectory.
These contour integrals are monotonic growing along the particle trajectory: the integrands in these
contour integrals do not change their signs in transition through the radial and polar turning points.
In particular, the contour integrals along a particle trajectory in (11) come to the ordinary ones if there
are no radial and polar turning points along the particle trajectory∫ rs

r0

dr√
R(r)

=

∫ θs

θ0

dθ√
Θ(θ)

, (15)

where rs and θs—the initial (starting) particle radial and polar angle coordinates. Respectively, in the
case of a trajectory with only one turning point θmin(λ, q) (the extreme point in the polar effective
potential Θ(θ)), the contour integrals in (11) are written through the ordinary integrals in the form∫ r0

rs

dr√
R(r)

=

∫ θs

θmin

dθ√
Θ(θ)

+

∫ θ0

θmin

dθ√
Θ(θ)

. (16)

The contour integrals in (11) in the case of the trajectory with two turning points θmin(λ, q) and
rmin(λ, q) (the extreme point in the radial effective potential R(r)), are written through the ordinary
integrals in the form∫ rs

rmin

dr√
R(r)

+

∫ r0

rmin

dr√
R(r)

=

∫ θs

θmin

dθ√
Θ(θ)

+

∫ θ0

θmin

dθ√
Θ(θ)

. (17)

2. Classical Black Hole Shadow: Black Hole Highlighting by Distant Luminous Background

The classical black hole shadow is a capture photon cross-section in the black hole gravitational
field. It is observable if there is a distant luminous background behind the black hole at the distance,
exceeding the corresponding radius of the photon spheres (see definition and specific features of
photon spheres in Section 3). The classical black hole shadow is investigated in details in numerous
works [99–104,136,167–255].

The observed outline (contour) of the classical black hole shadow, projected on the celestial sphere,
is defined by the photon orbits with a constant radius, r = rph = const, named either the spherical
photon orbits or photon spheres. In a general case of the rotating Kerr black hole (with a black hole
spin a , 0) the photons on spherical orbits are moving in the azimuth and polar (latitude) directions on
the surface of a constant radius r = rph by oscillating in the polar direction between the minimum θmin

and maximum θmax = π− θmin polar angles (see. definitions and details in Section 3).
The shape of a classical black hole shadow in the Kerr metric is defined analytically in the

parametric form (λ, q) = (λ(r), q(r)), namely (see, e.g., [101,103]):

λ =
(3− r)r2

− a2(r + 1)
a(r− 1)

, q2 =
r3[4a2

− r(r− 3)2]

a2(r− 1)2 , (18)

where r is a radius of photon sphere and λ and q are, respectively, the horizontal and vertical impact
parameters of photons on the celestial sphere, viewed by a static distant observer in the black hole
equatorial plane. In this equation r is a radius of the photon sphere for given impact parameters λ and
q. Strictly speaking, Equation (18) with q ≥ 0 reproduce only upper half of the shadow. Lower half of
shadow is a mirror reflection of the upper one with respect to the black hole equatorial plane (due to
the Kerr metric reflection symmetry over the equatorial plane).

James Bardeen named the classical black hole shadow of the Kerr black hole as the
“viewed boundary” of the black hole in his pioneering work [101]. For a more general modern
definition of the classical black hole shadow, see, e.g., [256–258].
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The photon spheres are reduced to photon circles with radius rph = 3 in the simplest limiting case
of the Schwarzschild black hole (a = 0). The corresponding radius of the classical black hole shadow
in the Schwarzschild black hole case is rph = 3

√
3.

Figure 1 shows the 3D illustration of the classical black hole shadow formation in the Schwarzschild
black hole case (a = 0), when the luminous background is placed behind the black hole at the distance,
exceeding the size of photon sphere (purple sphere with a radius rph = 3). Throughout this paper we
use the standard (dimensionless) Boyer–Lindquist coordinates (t, r,θφ) in all 3D Figures similar to
the Figure 1.

Figure 1. The classical shadow (lighter blue disk) of the Schwarzschild black hole (a = 0), highlighted
by a distant luminous background. A typical 3D photon trajectory is shown (multicolored 3D curve),
which starts from the distant background. Then, this trajectory winds multiple times near the radius
of circular photon orbit around the black hole event horizon globe (darker blue sphere) at the return
radius rmin = rph = 3. The finishing point of this photon trajectory is the north polar point on the
outline of the black hole shadow, viewed by a distant observer. Inside the black hole shadow is shown a
fictitious image (dark blue disk with a radius r = 2) of the lensed image of the black hole event horizon
in the imaginary Euclidean space (in the absence of gravity). The circular orbits of photons, producing
the outline of shadow, are placed on the purple photon sphere with the radius r = 3.

In the limiting case of extreme Kerr black hole (a = 1) the expressions (18) for classical black hole
shadow are simplified:

λ = −r2 + 2r + 1, q2 = r3(4− r). (19)

It must be noted that these limiting formulas do not produce the closed form of the outline
(boundary) for the classical black hole shadow due to the nonuniform nature of the limit a→ 1 in the
Boyer-Lindquist coordinates. The vertical line (r = 1, 0 ≤ q ≤

√
3) must be added to close the outline

of shadow [101]. The inverted forms of expressions (19) are

rph(λ) = 1 +
√

2− λ, qph(λ)
2 = (1 +

√

2− λ)3(3−
√

2− λ). (20)
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See in Figure 2 the corresponding 3D illustration of the classical black hole shadow formation
in the extreme Kerr black hole case (a = 1). As in Figure 1, the luminous background is placed
behind the black hole at the distance, exceeding the size of all photon spheres. A closed purple
region is an envelope of all photon spheres for photons with λ < 0 and, respectively, a closed green
region is an envelope of all photon spheres for photons with λ > 0). Multicolored curves in this
figure are the examples of photon trajectories, producing an outline (boundary) of the classical
black hole shadow, with orbital parameters, respectively, (λ, q) = (2, 0)—corotating skimming
photon in the equatorial plane, (λ, q) = (−7, 0)—counter-rotating photon in the equatorial plane and

(λ, q) = (0,
√

11 + 8
√

2)—fully spherical photon orbit. A blue disk with a radius r = 1 inside the black
hole shadow is the observed position of the black hole event horizon in the imaginary Euclidean space
(in the absence of gravity). The magenta arrow is the black hole rotation axes.

Figure 2. The classical shadow (closed magenta region) of the extreme Kerr black hole (a = 1),
highlighted by the distant luminous background and viewed by a distant observer in the black
hole equatorial plane. A closed purple region is an envelope of photon spheres for photons with
λ ≤ 0, while a closed green region is an envelope of photon spheres for photons with λ ≥ 0.
Multicolored curves are the examples of photon trajectories, producing an outline (boundary) of the
classical black hole shadow, with orbital parameters, respectively, (λ, q) = (2, 0)—corotating skimming
photon in the equatorial plane, (λ, q) = (−7, 0)—counter-rotating photon in the equatorial plane and

(λ, q) = (0,
√

11 + 8
√

2)—fully spherical photon orbit. A blue disk with a radius r = 1 inside the black
hole shadow is the observed position of the black hole event horizon in the imaginary Euclidean space
(in the absence of gravity). The magenta arrow is the black hole rotation axes.

The gravitational lensing by black holes provides, in general, an infinite number of
images [259–263]. Christopher Cunningham and James Bardeen elaborated the very usable classification
scheme for multiple images (or light echoes) [259,260], based on the number of intersections the black
hole equatorial plane by a photon on its way from the initial emission point to a distant observer.
An astrophysical example of the stationary luminous background is shown in Figure 3, demonstrating
direct images and also the first and second light echoes of the lensed images of a compact star (luminous
probe) in discrete times at the circular equatorial orbit with radius r = 20 around a near extreme black
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hole. The orbital radius of this star exceeds the corresponding photon spheres. Therefore, this star
plays a role in the distant stationary background and all its multiple images are placed outside the
classical black hole shadow (see details in [264] and animation of numerical modeling in [265]).

Figure 3. Direct images and also the first and second light echoes of the lensed compact star (luminous
probe) in discrete times at the circular equatorial orbit with radius r = 20 around a near extreme black
hole SgrA* viewed by a distant observer. All multiple images of this star are placed outside the classical
black hole shadow (the closed black region). The dashed magenta circle is the projection of the black
hole event horizon on the celestial sphere in the imaginary Euclidean space (in the absence of gravity).

3. Photon Spheres

Among the others, a striking feature of the Kerr metric is the existence of relativistic spherical
orbits for massive and massless particles moving on the sphere r = const and oscillating in polar
(latitude) direction between the turning points. From differential equations of motion in the Kerr
metric (5)–(8) it follows that parameters of spherical orbits are defined by the common solutions of
equations R(r) = dR(r)/dr = 0, where the radial effective potential R(r) is from (9). Correspondingly,
the polar turning points θmin and θmax = π − θmin are defined by zeros of effective polar potential
Θ(θ) from (10). Spherical orbits were described in the pioneering work by Daniel Wilkins [166]
(see also [266–272]). The spherical orbits are reduced to the circular ones in the limiting case of
equatorial orbits with q = 0 [158].

The spherical orbits of photons are naturally named as “photon spheres”. The outline (contour) of
classical black hole shadow is defined namely by photon spheres according to expressions (18).

Figure 4 shows the radii of photon spheres, depending on one of the photon orbit parameters
λ or q according to expressions (18). At a = 1 the photon spheres (red curve) are placed at radii
rph = 1 +

√
2− λ at the radial interval 1 ≤ rph ≤ 4. At a = 0 the photon sphere are reduced to photon

circles with a radius rph = 3 (green semicircle) with λ2 + q2 = 27. A blue curve corresponds to the
radii of photon spheres at a = 0.6.

A turning point in polar direction θmin on the spherical photon trajectory defined by the condition
Θ(θ) = 0. According to the Cunningham–Bardeen classification scheme of the multiple lensed
images [259,260], the photons, providing the prime image of the emitting source, do not intersect the
black hole equatorial plane on their way from the source to a distant observer.

In the Schwarzschild black hole case (a = 0) the corresponding turning point
θmin = arccos(q/(3

√
3). In the Kerr case (a , 0) the polar turning point (if it exists) is placed at

cos2 θmin =

√
4a2q2 + (q2 + λ2 − a2)2 − (q2 + λ2

− a2)

2a2 . (21)
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This expression for θmin is used in the numerical solution of integral Equations (15)–(17).

Figure 4. The radii of photon spheres depend on one of the photon orbit parameters, λ or q. At a = 1
the photon spheres (red curve) are placed at radii rph = 1 +

√
2− λ, q2 = (1 +

√
2− λ)3(3−

√
2− λ).

The corresponding photon spheres exist at the radial interval 1 ≤ rph ≤ 4. At a = 0 the photon sphere is
reduced to the photon circle with radius (green semicircle) with λ2 + q2 = 27. A blue curve corresponds
to the radii of photon spheres at a = 0.6.

Figure 5 shows some 3D examples of photon spheres (spherical photon trajectories) around
the extreme Kerr black hole. These photons oscillate in the polar direction between θmin and
θmax = π−θmin. The multicolored curves in this Figure are the examples of spherical photon trajectories
with orbital parameters, respectively, (r,λ, q) = (1, 2, 0)—co-rotating photon in the equatorial plane,

(r,λ, q) = (1+
√

2, 0,
√

11 + 8
√

2)—fully spherical photon orbit, (r,λ, q) = (1+ 2
√

2,−6,
√

16
√

2− 13)
and (r,λ, q) = (4,−7, 0)—counter-rotating photon in the equatorial plane.

Figure 6 shows 3D green regions, which are the envelopes of all photon spheres with λ ≥ 0 in
the case of Kerr black holes with spin a = 1 and a = 0.95. In the extreme black hole case with a = 1,
the green part of the event horizon globe is a region for the very specific photon spheres, which
are called “skimming photons” [166]. The orbit parameters of skimming photons are λ = 2 and
0 ≤ q ≤

√
3. These skimming photons move both in the azimuth and latitude direction on the sphere

with radius r = 1 by oscillating in polar directions with 0 ≤ cos[θmin] ≤

√
2
√

3− 3, as it follows from
Equations (19) and (21).
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Figure 5. Examples of photon spheres in the case of the extreme Kerr black hole (a = 1). The multicolored
curves correspond to spherical photon trajectories with orbital parameters, respectively, (r,λ, q) =

(1, 2, 0)—co-rotating photon in the equatorial plane, (r,λ, q) = (1+
√

2, 0,
√

11 + 8
√

2)—fully spherical

photon orbit, (r,λ, q) = (1 + 2
√

2,−6,
√

16
√

2− 13) and (r,λ, q) = (4,−7, 0)—counter-rotating photon
in the equatorial plane.

Figure 6. Envelopes of photon spheres with λ ≥ 0 (closed green regions) in the case of Kerr black holes
with spin a = 1 (left panel) and a = 0.95 (right panel). In the case of extreme Kerr black hole (a = 1)
there are skimming photons, which are move both in the azimuth and latitude directions on the sphere

with radius r = 1 by oscillating in polar directions with 0 ≤ cos[θmin] ≤

√
2
√

3− 3.
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4. Event Horizon Silhouette: Black Hole Highlighting by Accretion Disk

In the general case of a static distant observer, placed at the given radius r0 � rh (e.g., practically at
the space infinity), at the given polar angle θ0 and at the given azimuth φ0, the horizontal impact
parameter α and vertical impact parameter β must be used on the celestial sphere (see details
in [101,259,260]):

α = −
λ

sinθ0
, β = ±

√
Θ(θ0), (22)

where the effective polar potential Θ(θ) is from Equation (10).
In the simplest case of the spherically symmetric Schwarzschild black hole (a = 0) the boundary

of the event horizon image (the boundary of the dark event horizon silhouette), viewed by a distant
observer (which is placed at θ0 = π/2), is defined by solution of the integral equation∫

∞

2

dr√
R(r)

= 2
∫ π/2

θmin

dθ√
Θ(θ)

, (23)

where θmin is a turning point in the polar direction on the photon trajectory for the direct image
of the small accreting fragment (probe), defined by the condition Θ(θ) = 0. According to the
Cunningham–Bardeen classification scheme of the multiple lensed images [259,260], the photons,
providing the prime image of the emitting source, do not intersect the black hole equatorial
plane on their way from the source to a distant observer. The event horizon radius of the
Schwarzschild black hole is rh = 2, and turning point θmin = arccos(q/

√
q2 + λ2). An integral

in the right-hand-side of Equation (23) in this case is equal π/
√

q2 + λ2. In result, the numerical
solution of the integral Equation (23) gives for the radius of the event horizon image (silhouette) the
value reh =

√
q2 + λ2 ' 4.457. This radius is notably smaller than the corresponding radius of the

black hole shadow rsh = 3
√

3 ' 5.2.
The supermassive black hole SgrA* at the center of the Milky Way galaxy has a mass

M = (4.3± 0.3) × 106 M�, i. e., three orders of magnitude less than in the case of M87*, but at the
same time the black hole SgrA* is placed three orders of magnitude closer than the black hole M87*.
So, the event horizons of these two black holes have approximately the same angular sizes accessible for
observations by the EHT. The rotation axis orientation of the black hole SgrA* most probably coincides
with the rotation axis of the Milky Way galaxy [273]. For concreteness, we suppose that the distant
observer is placed near the equatorial plane of the black hole SgrA* at cosθ0 = 0.1 or θ0 ' 84.24◦.

In this paper, we used the (motivated by astrophysics) model of the black hole illuminated
(highligted) by a thin accretion disk in the black equatorial plane. In this model the outline (contour)
of the dark event horizon silhouette (or, simply, the black hole silhouette) is defined by the highly
red-shifted photons, emitted near the black hole event horizon by the thin accreting disk and registered
by a distant observer. We numerically calculated the form of the black hole silhouette, which does not
depend on the emission pattern of the thin accretion disk but is completely determined by the black
hole gravitational field. It appears that the form of the dark event horizon silhouette in this model is in
good agreement with the form of the dark spot on the image of the supermassive black hole M87*
obtained by the EHT collaboration.

Figure 7 from [274] shows a visible dark silhouette of the northern hemisphere of the black hole
event horizon illuminated by a thin accretion disk in the equatorial plane of the black hole with the spin
a = 0.9982, corresponding to the orientation of the supermassive black hole SgrA*. The typical photon
trajectory (multicolored 3D curve) is shown, with parameters λ = 0.063 and q = 0.121, emitted by the
hot accreting matter in the black hole equatorial plane at the radius r = 1.01 rh and reaching a distant
observer near the external boundary (contour) of the dark silhouette of the northern hemisphere of the
event horizon globe.
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It is necessary to note that the motion of the accreting matter in the region inside the photon
spheres and adjoining the event horizon is non-stationary. The accreting matter in this region is falling
into the black hole along the spiraling-down trajectories.

Figure 8 shows the possible forms of the dark event horizon silhouette (event horizon image)
of the supermassive black hole SgrA* for three values of the black hole spin a. Note that in the case
of rotation axis orientation of the black hole SgrA* relative to a distant observer, the contour of the
northern hemisphere of the lensed event horizon globe (black region) projected inside the boundary of
the classical black hole shadow (closed purple region).

Figure 7. A visible dark silhouette of the northern hemisphere of the event horizon (black region)
illuminated by a thin accretion disk in the equatorial plane of the black hole with the spin a = 0.9982,
corresponding to the orientation of supermassive black hole SgrA* with respect to a distant observer.
The outline (contour) of this silhouette is defined by the highly red-shifted photons, emitted near the
black hole event horizon by the thin accreting disk and registered by a distant observer. The photon
trajectory is shown (multicolored 3D curve), producing the north pole point on the outline of the event
horizon dark silhouette.

A space orientation of the supermassive black hole M87* and its equatorial accretion disk relative
to a distant observer at the Earth (or at the near-Earth space orbit) is shown in Figure 9. The dashed
magenta circle in this Figure and in all other similar Figures corresponds to the black hole event horizon
image in the imaginary Euclidean space. Two 3D photon trajectories are also shown, starting from the
different points of the circle with a radius r = 1.01 rh at the thin accretion disk (light green oval) in the
equatorial plane of rotating black hole with the spin a = 0.9982 and reaching a distant observer near
the outer contour of the event horizon silhouette (dark gray region). Parameters of these two photon
trajectories are λ1 = −0.047 and q1 = 2.19 and, respectively, λ2 = −0.029 and q2 = 1.52.
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Figure 8. The dark silhouettes of the northern hemisphere of the event horizon (black region) in the
case of supermassive black hole SgrA* (θ0 = 17◦), projected inside the boundary of classical black
hole shadow (closed purple curves) for the values of black hole spin, respectively, a = 0.9982 (left),
0.65 (middle) and 0 (right).

Figure 9. Two 3D photon trajectories, starting from the different points of the circle with a radius
r = 1.01 rh at the thin accretion disk (orange oval) in the equatorial plane of rotating black hole with the
spin a = 0.9982 and reaching a distant observer near the outer contour of the event horizon silhouette
(dark gray region). The closed dark red curve is a projection of the classical black hole shadow contour
on the celestial sphere.

The corresponding forms of the dark silhouette of the supermassive black holes SgrA* and M87*,
highlighted by thin accretion disks, are shown, respectively, in Figures 8 and 10 for three different
values of spin a.

Note, that the dark event horizon silhouettes, similar to ones in Figures 7–10, were reproduced
during many years in numerical modeling of accretion disks with the inner edge at the black hole
event horizon (see, e.g., [167,274–287]).
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Figure 10. The dark silhouettes of the southern hemisphere of the event horizon (black region) in the
case of supermassive black hole M87* (θ0 = 17◦), projected inside an outline of the classical black
hole shadow (closed purple curves) in the cases of black hole spin, respectively, a = 0.9982 (left),
0.65 (middle) and 0 (right).

Figure 11 demonstrates a numerical model for the gravitational lensing of a compact star,
falling into the fast rotating black hole SgrA* (a = 0.9982) and observed in discrete time intervals by a
distant static observer, placed a little bit above the equatorial plane. A falling star has a zero azimuth
angular momentum and moves in the black hole equatorial plane. Images of this star are projected on
the celestial sphere inside the classical black hole shadow (a big closed light purple region), when this
star is approaching the black hole event horizon, and then are multiply winding up very near to
the black hole equatorial parallel θ = π/2 on the lensed event horizon globe. The first circle of this
multiple winding is shown. The brightness of the lensed star is exponentially faded in time during
successive windings (see animation in [288]). The closed blue curves are meridians and parallels on
the reconstructed image of the lensed event horizon globe (for details see [241,242,274]).

Figure 11. Numerical modeling of the gravitational lensing of the compact star, falling into the fast
rotating black hole SgrA* (a = 0.9982) and observed in discrete time intervals by a distant static
observer, placed a little bit above the equatorial plane. The falling star has a zero azimuth angular
momentum and moves in the black hole equatorial plane. A yellow curve is a viewed trajectory of
this star. The images of this star are projected on the celestial sphere inside the classical black hole
shadow (a big closed light purple region), when this star is approaching the black hole event horizon,
and then start to multiply winding up around the black hole very near to the black hole equatorial
parallel θ = π/2 on the lensed event horizon globe. The first circle of this multiple winding is shown.
Brightness of the lensed star exponentially faded in time during successive windings. The closed blue
curves are meridians and parallels on the reconstructed image of the lensed event horizon globe.
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Finally, Figure 12 shows the superposition of the image of M87*, obtained by the EHT with both
the contours of classical black hole shadows (purple closed curves) and the event horizon silhouettes
(dark regions) for different values of the black hole spin, a = 0.998 (left panel), a = 0.75 (central panel)
and a = 0 (right panel). A white dashed circle with a radius 21µas corresponds to ≈ 5.5MG/c2.
This circle was used by the EHT collaboration to model a bright crescent for the reconstruction of the
M87* image [1]. The angular size of the M87* gravitational radius MG/c2 corresponds to θ = 3.8µas.
The modeled dark spot on the right panel in the a = 0 case produces an excessively large dark spot in
comparison with one on the THT image. At the same time, a size of the dark spot on the EHT image
agrees with a corresponding size of the dark event horizon silhouette in a thin accretion disk model in
the case of either the high or moderate value of the black hole spin, a & 0.75.

Figure 12. Superposition of the M87* image, obtained by the Event Horizon Telescope (EHT), with both
the contours af classical black hole shadows (purple closed curves) and the event horizon silhouettes
(dark regions) for different values of the black hole spin, a = 0.998 (left panel), a = 0.75 (central panel)
and a = 0 (right panel). Magenta arrows—a black hole rotation axis. Small dashed ring—a black hole
event horizon projection on the celestial sphere in the imaginary Euclidean space (in the absence of
gravity). The modeled dark spot on the right panel in the a = 0 case produces an excessively large dark
spot in comparison with one on the EHT image. At the same time, a size of the dark spot on the EHT
image agrees with a corresponding size of the dark event horizon silhouette in a thin accretion disk
model in the case of either the high (left panel) or moderate (central panel) value of the black hole spin,
a & 0.75.

In the Figure 12, a position angle of the large-scale jet PA = 288◦ and the viewing angle between
the jet axis and line-of-sight θ0 = 17◦ according to [289,290]. We are especially grateful the authors of
paper [290] for pointing out the wrong angle of the large-scale jet from M87* PA = 215◦, which we used
for superposition of the EHT image of supermassive black hole M87* with the simulated event horizon
silhouettes [291]. All model images, projected on the celestial sphere, must be rotated counter-clockwise
to the angle 73◦ to correct this error in [291]. Additionally, our claim in [291] on the preferable value of
spin a = 0.75 for M87* is dubious. It seems that the dark silhouette of the event horizon on the image
of M87* is either heavily shaded or the accretion disk around this black hole is not thin.

5. Discussions

The classical black hole shadow is visible if the emission of luminous matter outside the photonic
spheres dominates (e.g., if there is a distant luminous background of extended hot gas clouds or
luminous stars far beyond the black hole). On the contrary, the much smaller event horizon silhouette
is visible if the emission of luminous matter within the photonic spheres dominates (e.g., if there is a
highly luminous accreting matter in the vicinity of the event horizon).

The classical black hole shadow is complicated to observe with the present state of art either due
to the low luminosity of the distant background far behind the black hole or due to the extremely high
accretion activity of the black hole, which completely dilute the emission from distant background.
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The basic necessary requirement for observation of the black hole silhouette is, of course, the stability
of the basic image structure among different days of observations according to [1].

Photons, emitted near the event horizon by the luminous matter falling into the black hole,
undergo extremely high red-shift by reaching a distant observer. Therefore, the registration accuracy
of the event horizon silhouette strongly depends on the angular resolution and sensitivity of the
used telescope.

A size of the dark spot on the EHT image agrees with a corresponding size of the dark event
horizon silhouette in a thin accretion disk model (see Figure 12)) in the case of either the high or
moderate value of the black hole spin, a & 0.75. The form of the dark event horizon silhouette does not
depend on the emission pattern of the thin accretion disk but is completely determined by the Kerr
black hole gravitational field.
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Bintley, D.; et al. First M87 Event Horizon Telescope Results. VI. The Shadow and Mass of the Central Black
Hole. Astrophys. J. 2019, 875, L6.

7. Kerr, R.P. Gravitational Field of a Spinning Mass as an Example of Algebraically Special Metrics. Phys. Rev. Lett.
1963, 11, 237–238. [CrossRef]

8. Fish, V.L.; Akiyama, K.; Bouman, K.L.; Chael, A.A.; Johnson, M.D.; Doeleman, S.S.; Blackburn, L.; Wardle, J.F.;
Freeman, W.T.; The Event Horizon Telescope Collaboration. Observing—And Imaging—Active Galactic
Nuclei with the Event Horizon Telescope. Galaxies 2016, 4, 54. [CrossRef]

9. Lacroix, T.; Silk, J. Constraining the distribution of dark matter at the Galactic centre using the high-resolution
Event Horizon Telescope. Astron. Astrophys. 2013, 554, A36. [CrossRef]

10. Kamruddin, A.B.; Dexter, J. A geometric crescent model for black hole images. Mon. Not. R. Astron. Soc.
2013 , 434, 765–771. [CrossRef]

http://dx.doi.org/10.1103/PhysRevLett.11.237
http://dx.doi.org/10.3390/galaxies4040054
http://dx.doi.org/10.1051/0004-6361/201220753
http://dx.doi.org/10.1093/mnras/stt1068


Universe 2020, 6, 154 16 of 27

11. Johannsen, T.; Broderick, A.E.; Plewa, P.M.; Chatzopoulos, S.; Doeleman, S.S.; Eisenhauer, F.; Fish, V.L.;
Genzel, R.; Gerhard, O.; Johnson, M.D. Testing General Relativity with the Shadow Size of SgrA*. Phys. Rev.
Lett. 2016, 116, 031101. [CrossRef] [PubMed]

12. Johannsen, T.; Wang, C.; Broderick, A.E.; Doeleman, S.S.; Fish, V.L.; Loeb, A.; Psaltis, D. Testing General
Relativity with Accretion-Flow Imaging of SgrA*. Phys. Rev. Lett. 2016, 117, 091101. [CrossRef] [PubMed]

13. Broderick, A.E.; Fish, V.L.; Johnson, M.D.; Rosenfeld, K.; Wang, C.; Doeleman, S.S.; Akiyama, K.; Johannsen, T.;
Roy, A.L. Modeling Seven Years of Event Horizon Telescope Observations with Radiatively Inefficient
Accretion Flow Models. Astrophys. J. 2016, 820, 137. [CrossRef]

14. Chael, A.A.; Johnson, M.D.; Narayan, R.; Doeleman, S.S.; Wardle, J.F.C.; Bouman, K.L. High Resolution
Linear Polarimetric Imaging for the Event Horizon Telescope. Astrophys. J. 2016, 829, 11. [CrossRef]

15. Kim, J.; Marrone, D.P.; Chan, C.K.; Medeiros, L.; Özel, F.; Psaltis, D. Bayesian techniques for comparing
time-dependent GRMHD simulations to variable Event Horizon Telescope observations. Astrophys. J. 2016,
832, 156. [CrossRef]

16. Roelofs, F.; Johnson, M.D.; Shiokawa, H.; Doeleman, S.S.; Falcke, H. Quantifying Intrinsic Variability of
Sagittarius A* Using Closure Phase Measurements of the Event Horizon Telescope. Astrophys. J. 2017, 847, 55.
[CrossRef]

17. Doeleman, S.S. Seeing the unseeable. Nat. Astron. 2017, 1, 646. [CrossRef]
18. Ghez, A.M.; Salim, S.; Weinberg, N.N.; Lu, J.R.; Do, T.; Dunn, J.K.; Matthews, K.; Morris, M.R.; Yelda, S.;

Becklin, E.E.; et al. Measuring Distance and Properties of the Milky Way’s Central Supermassive Black Hole
with Stellar Orbits. Astrophys. J. 2008, 689, 1044–1062. [CrossRef]

19. Gillessen, S.; Eisenhauer, F.; Trippe, S.; Alexander, T.; Genzel, R.; Martins, F.; Ott, T. Monitoring stellar orbits
around the Massive Black Hole in the Galactic Center. Astrophys. J. 2009, 692, 1075–1109. [CrossRef]

20. Gillessen, S.; Eisenhauer, F.; Fritz, T.K.; Bartko, H.; Dodds-Eden, K.; Pfuhl, O., Ott, T.; Genzel, R. The orbit
of the star S2 around SGR A* from very large telescope and Keck data. Astrophys. J. 2009, 707, L114–L117.
[CrossRef]

21. Meyer, L.; Ghez, A.M.; Schödel, R.; Yelda, S.; Boehle, A.; Lu, J.R.; Do, T.; Morris, M.R.; Becklin, E.E.; Matthews,
K. The Shortest-Known-Period Star Orbiting Our Galaxy’s Supermassive Black Hole. Science 2012, 338, 84–87.
[CrossRef] [PubMed]

22. Johannsen, T.; Psaltis, D.; Gillessen, S.; Marrone, D.P.; Özel, F.; Doeleman, S.S.; Fish, V.L. Masses of nearby
Supermassive Black Holes with Very Long Baseline Interferometry. Astrophys. J. 2012, 758, 30–37. [CrossRef]

23. Baade, W. A Search For the Nucleus of Our Galaxy. Publ. Astron. Soc. Pac. 1946, 58, 249–252. [CrossRef]
24. Becklin, E.E.; Neugebauer, G. Infrared Observations of the Galactic Center. Astrophys. J. 1968, 151, 145.

[CrossRef]
25. Dokuchaev, V.I.; Ozernoi, L.M. Tidal disruption of stars and the evolution of a massive black hole under the

conditions of the galactic center. Soviet Astron. Lett. 1977, 3, 209–211.
26. Dokuchaev, V.I. The Evolution of a Massive Black-Hole in the Nucleus of a Normal Galaxy. Sov. Astron. Lett.

1989, 15, 167–175.
27. Allen, D.A.; Hyland, A.R.; Hillier, D.J. The source of luminosity at the Galactic Centre. Mon. Not. R.

Astron. Soc. 1990, 244, 706–713.
28. Dokuchaev, V.I. Joint evolution of a galactic nucleus and central massive black hole. Mon. Not. R. Astron. Soc.

1991, 251, 564–574. [CrossRef]
29. Dokuchaev, V.I. Birth and life of massive black holes. Sov. Phys. Usp. 1991, 34, 447–470. [CrossRef]
30. Manko, V.S.; Novikov, I.D. Generalizations of the Kerr and Kerr-Newman metrics possessing an arbitrary set

of mass-multipole moments. Class. Quantum Gravity 1992, 9, 2477–2487. [CrossRef]
31. Lo, K.Y.; Backer, D.C.; Kellermann, K.I.; Reid, M.; Zhao, J.H.; Goss, W.M.; Moran, J.M. High-resolution VLBA

imaging of the radio source SgrA* at the Galactic Centre. Nature 1993, 362, 38–40. [CrossRef]
32. Backer, D.C.; Zensus, J.A.; Kellermann, K.I.; Reid, M.; Moran, J.M.; Lo, K.Y. Upper limit of 3.3 astronomical

units to the diameter of the galactic center radio source SgrA*. Science 1993, 262, 1414–1416. [CrossRef]
33. Eckart, A.; Genzel, R. Observations of stellar proper motions near the Galactic Centre. Nature 1996,

383, 415–417. [CrossRef]
34. Haller, J.W.; Rieke, M.J.; Rieke, G,H,; Tamblyn, P.; Close, L.; Melia, F. Stellar Kinematics and the Black Hole in

the Galactic Center: Erratum. Astrophys. J. 1996, 468, 955. [CrossRef]

http://dx.doi.org/10.1103/PhysRevLett.116.031101
http://www.ncbi.nlm.nih.gov/pubmed/26849580
http://dx.doi.org/10.1103/PhysRevLett.117.091101
http://www.ncbi.nlm.nih.gov/pubmed/27610837
http://dx.doi.org/10.3847/0004-637X/820/2/137
http://dx.doi.org/10.3847/0004-637X/829/1/11
http://dx.doi.org/10.3847/0004-637X/832/2/156
http://dx.doi.org/10.3847/1538-4357/aa8455
http://dx.doi.org/10.1038/s41550-017-0278-y
http://dx.doi.org/10.1086/592738
http://dx.doi.org/10.1088/0004-637X/692/2/1075
http://dx.doi.org/10.1088/0004-637X/707/2/L114
http://dx.doi.org/10.1126/science.1225506
http://www.ncbi.nlm.nih.gov/pubmed/23042888
http://dx.doi.org/10.1088/0004-637X/758/1/30
http://dx.doi.org/10.1086/125835
http://dx.doi.org/10.1086/149425
http://dx.doi.org/10.1093/mnras/251.4.564
http://dx.doi.org/10.1070/PU1991v034n06ABEH002383
http://dx.doi.org/10.1088/0264-9381/9/11/013
http://dx.doi.org/10.1038/362038a0
http://dx.doi.org/10.1126/science.262.5138.1414
http://dx.doi.org/10.1038/383415a0
http://dx.doi.org/10.1086/177750


Universe 2020, 6, 154 17 of 27

35. Ghez, A.M.; Klein, B.L.; Morris, M.; Becklin, E.E. High Proper-Motion Stars in the Vicinity of Sagittarius
A*: Evidence for a Supermassive Black Hole at the Center of Our Galaxy. Astrophys. J. 1998, 509, 678–686.
[CrossRef]

36. Backer, D.C.; Sramek, R.A. Proper Motion of the Compact, Nonthermal Radio Source in the Galactic Center,
Sagittarius A*. Astrophys. J. 1999, 524, 805–815. [CrossRef]

37. Reid, M.J.; Readhead, A.C.S.; Vermeulen, R.C.; Treuhaft, R.N. The Proper Motion of Sagittarius A*. I. First
VLBA Results. Astrophys. J. 1999, 524, 816–823. [CrossRef]

38. Baganoff, F.K.; Angelini, L.; Bautz, M.; Brandt, N.; Cui, W.; Doty, J.; Feigelson, E.; Garmire, G.; Kallman, T.;
Maeda, Y.; et al. Chandra Imaging of SgrA* and the Galactic Center. Bull. Am. Astron. Soc. 1999, 31, 1463.

39. Falcke, H.; Markoff, S. The jet model for Sgr A*: Radio and X-ray spectrum. Astron. Astrophys. 2000,
362, 113–118.

40. Novikov, I.D.; Frolov, V.P. Black holes in the Universe. Phys. Usp. 2001, 44, 291–305; Translated: Usp. Fiz.
Nauk 2001, 171, 307–324.

41. Baganoff, F.K.; Bautz, M.W.; Brandt, W.N.; Chartas, G.; Feigelson, E.D.; Garmire, G.P.; Maeda, Y.; Morris, M.;
Ricker, G.R.; Townsley, L.K.; et al. Rapid X-ray flaring from the direction of the supermassive black hole at
the Galactic Centre. Nature 2001, 413, 45–48. [CrossRef] [PubMed]

42. Hornstein, S.D.; Ghez, A.M.; Tanner, A.; Morris1, M.; Becklin, E.E.; Wizinowich, P. Limits on the Short-Term
Variability of Sagittarius A* in the Near-Infrared. Astrophys. J. Lett. 2002, 577, L9–L13. [CrossRef]

43. Genzel, R.; Schödel, R.; Ott, T.; Eckart, A.; Alexander, T.; Lacombe, F.; Rouan D.; Aschenbach, B. Near-infrared
flares from accreting gas around the supermassive black hole at the Galactic Centre. Nature 2003, 425, 934–937.
[CrossRef] [PubMed]

44. Aschenbach, B.; Grosso, N.; Porquet, D.; Predehl, P. X-ray flares reveal mass and angular momentum of the
Galactic Center black hole. Astron. Astrophys. 2004, 417, 71–78. [CrossRef]

45. Yusef-Zadeh, F.; Roberts, D.; Wardle, M.; Heinke, C.O.; Bower, G.C. Flaring Activity of Sagittarius A* at 43
and 22 GHz: Evidence for Expanding Hot Plasma. Astrophys. J. 2006, 650, 189–194. [CrossRef]

46. Marrone, D.P.; Baganoff, F.K.; Morris, M.R.; Moran, J.M.; Ghez, A.M.; Hornstein, S.D.; Dowell8, C.D.;
Muñoz, D.J.; Bautz, M.W.; Ricker, G.R.; et al. An X-Ray, Infrared, and Submillimeter Flare of Sagittarius A*.
Astrophys. J. 2008, 682, 373–383. [CrossRef]

47. Doeleman, S.S.; Weintroub, J.; Rogers, A.E.E.; Plambeck, R.; Freund, R.; Tilanus, P.P.J.; Friberg, P.; Ziurys, L.M.;
Moran, J.M.; Corey, B.; et al. Event-horizon-scale structure in the supermassive black hole candidate at the
Galactic Centre. Nature 2008, 455, 78–80. [CrossRef]

48. Doeleman, S.S.; Fish, V.L.; Broderick, A.E.; Loeb, A.; Rogers, A.E.E. Detecting Flaring Structures in Sagittarius
A* with High-Frequency VLBI. Astrophys. J. 2009, 695, 59–74. [CrossRef]

49. Dodds-Eden, K.; Porquet, D.; Trap, G.; Quataert, E.; Haubois, X.; Gillessen, S.; Grosso, N.; Pantin, E.;
Falcke, H.; Rouan, D.; et al. Evidence for X-ray synchrotron emission from simultaneous mid-IR to X-ray
observations of a strong Sgr A* flare. Astrophys. J. 2009, 698, 676–692. [CrossRef]

50. Broderick, A.E.; Loeb, A.; Narayan, R. The Event Horizon of Sagittarius A*. Astrophys. J. 2009, 701, 1357–1366.
[CrossRef]

51. Sabha, N.; Witzel, G.; Eckart, A.; Buchholz, R.M.; Bremer, M.; Gießübel, R.; García-Marín, M.; Kunneriath,
D.; Muzic, K., Schödel, R.; et al. The extreme luminosity states of Sagittarius A*. Astron. Astrophys. J. 2010,
512, A2. [CrossRef]

52. Dexter, J.; Agol, E.; Fragile, P.C.; McKinney, J.C. The Submillimeter Bump in Sgr A* from Relativistic MHD
Simulations. Astrophys. J. 2010, 717, 1092–1104. [CrossRef]

53. De Paolis, F.; Ingrosso, G.; Nucita, A.A.; Qadir, A.; Zakharov, A.F. Estimating the parameters of the Sgr A*
black hole. Gen. Relat. Gravit. 2011, 43, 977–988. [CrossRef]

54. Broderick, A.E.; Loeb, A.; Reid, M.J. Localizing Sagittarius A* and M87 on Microarcsecond Scales with
Millimeter Very Long Baseline Interferometry. Astrophys. J. 2011, 735, 57–75. [CrossRef]

55. Neilsen, J.; Nowak, M.A.; Gammie, C.; Dexter, J.; Markoff, S.; Haggard, D.; Nayakshin, S.; Wang, Q.D.;
Grosso, N.; Porquet, N.; et al. A Chandra/HETGS Census of X-Ray Variability from Sgr A* during 2012.
Astrophys. J. 2013, 774, 42–56. [CrossRef]
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