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Abstract: In this paper, by exploring photon motion in the region near a Bardeen black hole, we studied the shad-

ow and observed properties of the black hole surrounded by various accretion models. We analyzed the changes in

shadow imaging and observed luminosity when the relevant physical parameters are changed. For the different

spherical accretion backgrounds, we find that the radius of shadow and the position of the photon sphere do not

change, but the observed intensity of shadow in the infalling accretion model is significantly lower than that in the

static case. We also studied the contribution of the photon rings, lensing rings and direct emission to the total ob-

served flux when the black hole is surrounded by an optically thin disk accretion. Under the different forms of the

emission modes, the results show that the observed brightness is mainly determined by direct emission, while the

lensing rings will provide a small part of the observed flux, and the flux provided by the photon ring is negligible.
By comparing our results with the Schwarzschild spacetime, we find that the existence or change of relevant status

parameters will greatly affect the shape and observed intensity of the black hole shadow. These results support the

theory that the change of state parameter will affect the spacetime structure, thus affecting the observed features of

black hole shadows.
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I. INTRODUCTION

Since the concept of black hole was proposed, people
have been trying to find this mysterious physical object in
the universe. Recently, the first image of the super-
massive black hole at the center of M87* galaxy, which
was captured by the Event Horizon Telescope (EHT)
Collaboration, is a strong proof of the existence of black
holes [1-6]. A bright ring appears around a dark area in
the image, where the dark area in the center is called the
black hole shadow and the bright area is the photon
sphere. It is commonly known that the strong gravity of
black hole deflects light and forms the black hole shad-
ow, which was also known as the gravitational lensing ef-
fect [7]. With the deepening of the study of black holes,
people pay more attention to the observation of black

hole shadows, because this will bring new insights and
development to the study of black holes. There is a lot of
research into black hole shadows under different gravita-
tional backgrounds, such as finding extra dimensions
through the black hole shadow characteristics, the gravit-
ational lensing effect, the shape and size of the shadow
for a rotating or non-rotating black hole, constraining the
relevant parameters by shadow features, and so on
[8-43].

In our universe, real astrophysical black holes in
galaxies are surrounded by a large amount of high-en-
ergy radiation material, which makes it possible to indir-
ectly observe the black hole [44]. The accretion flow
around a black hole is usually not spherically symmetric,
but the simplified ideal spherical model can provide
strong support for the characteristics of black hole obser-
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vation. It is generally accepted that the shape of the black
hole shadow has a standard circular geometry in a static
spherically symmetric spacetime [45]. In Ref. [46],
Bardeen pointed out that the radius of shadow for a
Schwarzschild black hole is r; = 3M, where M is the mass
of black hole. Bardeen also mentioned that the shape of
the shadow for a rotating black hole is closely related to
angular momentum. In 1979, a simulated image of a
black hole was shown for the first time, in which a black
hole surrounded by an optically thin disk was considered
[47]. For a model in which the black hole is surrounded
rather by an optically thin spherical accretion, it has been
found that the shadow is dependent on the geometric
characteristics of the spacetime, and has nothing to do
with the details of the accretion process [48]. However,
the observed luminosity is affected by the accretion flow
model [49—53]. When an optically and geometrically thin
disk accretion is located on the equatorial plane of the
black hole, the observational peculiarities of the black
hole shadow observed by a distant observer have been
studied in Ref. [54]. Gralla et al. classified the trajector-
ies of light rays near the black hole, whereby dividing the
rings outside the shadow area into direct, photon ring, and
lensing ring, and proposed that the observed intensity is
dominated by the direct case. Furthermore, they also
found that the size of the dark central region depends on
the specific emission model of accretion flow. Using dif-
ferent accretion flow models, there is a series of interest-
ing observable features about the shadow and rings of the
black hole in other gravitational spacetime backgrounds;
see Refs. [55-65].

Most often, the black hole has a singularity inside the
horizon. However, in Ref. [66], a model of a black hole
with regular non-singular geometry was proposed by
Bardeen. In this system, an energy—momentum tensor is
introduced, which is interpreted as the gravitational field
of a nonlinear magnetic monopole charge. Since then, the
physical properties of the Bardeen black hole has aroused
people's interest, and involve a wide range of quasinor-
mal modes, energy distribution, radiation, thermodynam-
ic behavior and so on [67-80]. Indeed, the study of black
hole shadows can explore the basic physical properties of
the spacetime. Therefore, it is necessary to study the
shadow and observed characteristics in the context of the
Bardeen spacetime. In this paper, we focus on the shad-
ow and observed luminosity of a Bardeen black hole sur-
rounded by various accretion models, namely the static
model, infalling spherical accretion and optically thin
disk accretion, which were regarded as the only back-
ground light source. By comparing the results in this
work with the Schwarzschild spacetime, we can study the
influence of the magnetic monopole charge on the shad-
ow and observed characteristics, due to the charge para-
meter which has a remarkable role in the Bardeen space-
time. Therefore, this may provide a feasible method to

distinguish the Bardeen spacetime from the Schwarz-
schild spacetime.

The paper is organized as follows. In section II, we
study the associated trajectories of light rays near a
Bardeen black hole, as well as the radius of the photon
sphere and the black hole shadow when the state paramet-
ers are changed. In section III, we analyze the shadow
image and luminosity of the black hole surrounded by the
different spherical accretion models. In section IV, we
consider thin disk emission near the black hole, and com-
pare the observed appearance with different emission pro-
files. Finally, we discussed our results and conclusions in
section V. In this paper, we use the units G=c = 1.

II. NULL GEODESIC IN THE BARDEEN
SPACETIME

We would like to consider the spherically symmetric
spacetime, with the metric of the Bardeen regular black
hole as follows [66],

ds® = —A(1dF* + B(r)dr® + C(r) (d6” +sin® 6dg?), (1)
with

2Mr?

@ PO 3y

A(r)=1-
(g

cr=r, ()

in which M is the mass of the black hole and g is the
magnetic charge of a self-gravitating magnetic field de-
scribed by a nonlinear electrodynamic source. Note that
the spacetime structure could recover to the Schwarz-
schild spacetime in the case where g — 0. As mentioned
in Ref. [67], the metric function can be approximated as

2
A(r)~1—27M+3gM+O(1). 3)

3 P

It is clear that the form of the above equation is differ-
ent from the Reissner —Nordstrom spacetime. The hori-
zon of the Bardeen black hole can be obtained by

A(r) =0, “4)

where the largest positive root is the event horizon of the
black hole. It is worth noting that the solution (1) is para-
meterized by the mass parameter M and magnetic charge
g, so changing the specific magnetic charge g/M will dir-
ectly affect the geometry of the spacetime. When the spe-

. . 44/3 L .
cific magnetic charge g/M < i, which is an important

threshold for the existence of the event horizon, there is
one unstable null circular geodesic located out of the
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44/3

event horizon. For the case g/M > 5 there is no hori-

zon; we do not consider this case in this paper [81]. A
light ray passing in the vicinity of a massive object is de-
flected due to the interaction between the light and the
gravitational field of the massive object. We can use the
Euler —Lagrange equation to investigate the motion of
photons around the Bardeen black hole, which reads as

d (oL oL
aﬂaﬁ)—a;’ 5

where 4 and #* are the affine parameter and four-velocity
of the photon, respectively. For the metric function (1),
the Lagrangian £ can be expressed as

1

L= gt = (A + B@)i? + C(r) (6% +sin67¢?))..

(6)

1
2

In the spherically symmetric spacetime, we discuss
the motion of photons confined to the equatorial plane of
a black hole [10, 45, 82], with the restrictive conditions

9=" and 6= 0. As the ¢ and 0 coordinates can not expli-
citly determine the coefficient of the metric equation,
there are two conserved quantities £ and L, representing
energy and angular momentum, respectively. That is

=% . (7)
0

a8 .
E=-—=A
¥ (N,

For the null geodesic g,,#'x" = 0, we can obtain the orbit
equation

1
P Ve = 7 ®)

in which Vg is the effective potential, which is given by

Vet = — [1 ©)

2Mr?
r? ’

g2+

Moreover, b is called the impact parameter, which is the
ratio of angular momentum to energy, i.e., b=L/E =

rng

(ﬁl(rrgé with radius b, for which the light along this curve
will asymptotically approach a bound photon orbit. For
the position of the photon sphere, the effective potential
should follow the condition =0 and # = 0, which means
[50]

. In the spacetime (1), there exists a critical impact

1
Veﬁz_

5 V=0,

(10)

From Eq. (10), one can find the relation between the
photon sphere radius r, and critical impact parameter b,

ry’ =brA(r) =0, 2b7A(r) -1, A'(r)=0. (1)
Indeed, the inner region of the critical curve is the shad-
ow region of the black hole, that is, the critical impact
parameter b, is the shadow radius that can be seen by a
distant observer (r, — o). In the spacetime (1), changing
the parameters M and g will directly affect the geometric
structure. Hence, for the different values of the specific
magnetic charge g/M, we show the different numerical
results for the photon sphere radius r,, shadow radius b,
and event horizon ry,, as listed in Table 1. In order to re-
flect the difference between the Bardeen and Schwarz-
schild spacetime, we take the value of b, of the Schwarz-
schild case (g — 0), which corresponds to the value in
Table 1, i.e., the shadow radius in these two spacetimes is
equal, and show the corresponding physical quantities of
Schwarzschild black hole in Table 2.

From Table 1, it can be found that all related physical
quantities r,, b, and r, show a decreasing trend with the
increase of specific magnetic charge g/M. In the Schwar-
zschild spacetime (g = 0), the values of r,, b, and r;, are
larger than those of Bardeen case (g # 0). In Table 2, the
shadow radius b, of the Schwarzschild black hole is con-
sistent with that of the Bardeen black hole, but the corres-
ponding photon sphere and event horizon radius of the
Schwarzschild black hole are slightly larger than those in
the Bardeen spacetime. In other words, although the
shadow radii observed in these two spacetime are equal,
the observed luminosity and appearance could be differ-
ent, as the geometric structure of the Schwarzschild and
Bardeen spacetime are different.

With the help of introducing parameter ug = 1/r, we

Table 1. Values of relevant physical quantities in the Bardeen spacetime under different values of specific magnetic charge g/M, in
which M =1.
g/M=0 g/M=0.1 g/M=02 g/M = 0.475 g/M =06 /M =07 2/M =075
by 343 5.18747 5.16108 4.98508 4.83975 4.67719 4.57212
p 3 2.99164 2.96617 2.7937 2.64674 2.47495 2.35745
h 2 1.99247 1.96946 1.80981 1.66546 1.47436 1.29904
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Table 2. Values of relevant physical quantities in the Schwarzschild spacetime under different values of mass.

M=1 M =0.99833 M =0.99325 M =0.95938 M =0.93141 M =0.90013 M =0.87991
by 343 5.18747 5.16108 4.98508 4.83975 4.67719 4.57212
rp 3 2.99499 2.97975 2.87814 2.79423 2.70038 2.63972
T 2 1.99666 1.9865 1.91876 1.86282 1.80025 1.75981

can rewrite the equation of motion for photons, and use it
to depict the trajectory of light ray:

| oM
V=30 - |L_ ol 2M gy

do p2 0 | 3/2
il

0

It is worth noting that the geometry of geodesics de-
pends entirely on Eq. (12), which is a function of the im-
pact parameter b. In the case of b < b,, the light ray is al-
ways trapped by the black hole and cannot reach infinite
distance. In the case of b > b, the light ray will be deflec-
ted at the radial position uy where V(up) =0, and then
move away from the black hole to reach infinite distance.
When b = b, the photons are in a state of rotation around
the black hole, neither falling into the black hole nor es-
caping. In the following sections, we further study the
shadow of a black hole surrounded by various profiles of
accretion flow.

III. IMAGE OF THE BARDEEN BLACK HOLE
WITH SPHERICAL ACCRETION

From equation (12), we find that the trajectory of a
light ray changes as we change the value of specific mag-
netic charge g/M and impact parameter b. Therefore, we
simply describe the path of light rays under the relevant

physical parameters, as shown in Fig. 1. In The red, green
lines and black lines correspond to b=b5,, b>b, and
b < b, respectively. When the value of specific magnetic
charge g/M increases, the radius of the photon sphere 7,
decreases, as well as the event horizon r,. Furthermore,
the deflection rate of light rays is different under the dif-
ferent values of specific magnetic charge g/M. This
means that the light density obtained by distant observers
is different, which naturally leads to a different observed
intensity cast by the black hole shadow. When the value
of b, is equal to that in Fig. 1, the trajectory of light near
the black hole in the Schwarzschild spacetime is shown in
Fig. 2. We found that the light trajectories and deflec-
tions near the black hole are different from the Bardeen
case, which means that the appearance of magnetic
charge g will lead to different observed intensity in these
two spacetimes, even though the observed shadow radii
are equal.

A. Shadow and photon sphere with static
spherical accretion flow

For the distant observer, we want to study the ob-
served luminosity of the black hole shadow, in which the
accretion flow around the black hole is the only light
source. We introduce two simple relativistic spherical ac-
cretion models, namely, static spherical accretion and in-
falling spherical accretion. In the background of the black
hole being wrapped by static spherical accretion flow, we
can integrate the specific emissivity along the photon
path y;, and so obtain the specific intensity 7, for the

(a) g/M =0.1
Fig. 1.

(b) g/M = 0.475

(color online) Trajectories of light rays for different values of specific magnetic charge g/M in the polar coordinates (r,¢),

(¢c) g/M =0.75

where M = 1. Here, the black hole is shown as a black disk, and the red dotted line represents the position of the photon sphere.
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(a) M = 0.99833
Fig. 2.

(b) M = 0.95938

(color online) Trajectories of light rays for the case g =0 (the Schwarzschild spacetime) for different values of M in polar co-

(c) M = 0.87991

ordinates (r,¢). Here, the black hole is shown as a black disk, and the red dotted line represents the position of the photon sphere.

distant observer (usually measured in ergs 'cm “str 'Hz ).
That is [8, 50]

T ops(vo) = fgs3j(ve)dlpropa (13)
Yi
and
g="2. (14)
Ve

It is worth mentioning that we focus on the case
where the emitter is fixed in the rest frame. In the above
equation, g, is the redshift factor and v, is the photon fre-
quency at the emitter. In addition, j(v,) is the emissivity
per-unit volume at the emitter, d/p,, is the infinitesimal
proper length, and v, is the observed photon frequency,
respectively. In the spacetime (1), the redshift factor
gs =A(r)'/2. For the specific emissivity j(v.), we con-
sider that the emission is monochromatic with emission
frequency v; and the emission radial profile is 1/2, that
is,

olve—
jovo) ~ w (15)

where 0 is the delta function. In addition, we can obtain
the proper length dlyrop as

2
! +r2(d—‘p) dr. (16)

dhwor =\ 709 "\ ar

Then, the expression of the observed specific intensity
can be rewritten as

(A2 / 1 e\’
Iobs(vo) = L T m +r2(5) dr. (17)

In Eq. (17), the total observed intensity ons(v,) as a
function of impact parameter b. In addition, the change of
a relevant physical quantity will directly affect the specif-
ic intensity observed by a distant observer. Taking the
value of specific magnetic charge g/M =0.1,0.475,0.75
as examples, we give the trend of observed intensity with
impact parameter b for the different values of specific
magnetic charge g/M in Fig. 3.

It is clear that the observed intensity increases slowly
with the increase of b (b < b,), but increases rapidly near
the photon sphere (b =b,) until it reaches a peak at the
position of the photon sphere. After that, the observed in-
tensity decreases with the increase of b (b > b,) until at
infinity 7 ,s(v,) — 0. In addition, the larger the value of
specific magnetic charge g/M, the stronger the specific
intensity observed. For the case g/M =0 (the Schwarz-
schild spacetime), the peak of observed intensity is
clearly smaller than when g/M =0.45 (or g/M =0.75). In
other words, the observed intensity of the Bardeen black
hole is stronger than that of the Schwarzschild spacetime,

Tobs
121

0.8
0.6
0.4

0.2

0.0 I I I i p
0 5 10 15 20

Fig. 3.
black hole surrounded by static spherical accretion flow. Here,
the black, green and red lines correspond to g/M =0,
g/M =0.475 and g/M = 0.75, respectively, and M = 1.

(color online) Observed specific intensity of the
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and higher values of specific magnetic charge g/M will
enhance the light density, so that the observer can obtain
more luminosity. The two-dimensional intensity map in
celestial coordinates casted by the black hole is shown in
Fig. 4.

In Fig. 4, there exists a bright ring with the strongest
luminosity, which is the position of photon sphere. As a

A

(a) /M =0

Fig. 4.

B. The shadow and photon sphere with infalling
spherical accretion flow

In the background of a black hole surrounded by in-
falling spherical accretion, radiating gas moves towards
the black hole along the radial direction. Indeed, the in-
falling spherical accretion is closer to the real situation
than the static spherical accretion model. Equation (17) is
still suitable in the infalling accretion model, but the red-
shift factor is different from the static case. In the infall-
ing accretion model, the redshift factor is related to the
velocity of the accretion flow, namely

Wpug
8= Rt (18)
and
K= 5, (19)

in which K* is the four-velocity of the photon and
u’é =(1,0,0,0) is the four-velocity of the static observer.
Moreover, the four-velocity of the infalling accretion cor-
responds to i, which is

r_ -1 r_ 1-A(r) 0_ ¢ _
u,=Ar)"", u,= ‘/A—(r)B(r)’ u, =u, =0. (20)

(b) g/M = 0.475
(color online) Image of the black hole shadow with the static spherical accretion for different values of specific magnetic
charge g/M, in which g/M =0 (left panel), g/M = 0.475(mid panel) and g/M = 0.75 (right panel). Here, we take M = 1.

tiny fraction of the radiation can escape from the black
hole, the inner region of the photon sphere is not com-
pletely black, and there is small observed luminosity near
the photon sphere. Clearly, the maximum luminosity of
the shadow image is enhanced with the increase of specif-
ic magnetic charge g/M, while the size of the shadow and
the radius of photon sphere is decreased.

—— |
—

(c) g/M = 0.75

Here, % is a constant of motion. For the photon, X can
be obtained by the equation %, K* = 0, and consequently

K=, %:i B(r)(1 b—z), 21

1
b A 2

in which the sign + or — corresponds to the photon
approaching or going away from the black hole. Hence,
the redshift factor of the infalling accretion is

-1
gi= (ufe + (&)MZ) . (22)

On the other hand, the form of the proper distance
should be rewritten as

<

dl =K u'd1 =
prop e gl % |

dr. (23)

Considering that the specific emissivity has the same
form as in the equation (15), the observed flux for the dis-
tant observer in the case of infalling spherical accretion
model is

; g?‘K,dr
IObS(V”)OCj; Ak 24)
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Based on the above equation, we can also investigate
the shadow and observed luminosity of the Bardeen black
hole surrounded by infalling spherical accretion. Simil-
arly to before, the observed luminosity distribution under
different values of the specific magnetic charge g/M is
given in Fig. 5.

We find that the maximum value of observed intens-
ity is still at the position of photon sphere (b ~ b,,). In ad-
dition, the observed intensity increases with the increase
of impact parameter b in the region of b<b,,and de-
creases with the increase of impact parameter b in the re-
gion b > b,. However, the peak value of the observed in-
tensity is much smaller than that of the static model, and
the difference in peak value is more obvious under the
different values of specific magnetic charge g/M. In oth-
er words, the black hole shadow with infalling spherical
accretion is darker than that in the static case. A two-di-
mensional image of the observed intensity is also shown
in Fig. 6.

We find that the central region inside the photon
sphere in Fig. 6 is evidently darker than the correspond-
ing region in Fig. 4, and the intensity of the bright ring is

Tobs
0.005 -

0.004 |-
0.003 |-
0.002 -

0.001 -

0.000 . - b
0 5 10 15

Fig. 5.
black hole surrounded by the infalling spherical accretion, in

(color online) Observed specific intensity of the

which the black, green and red lines correspond to g/M =0,
g/M =0.475 and g/M = 0.75, respectively. Here, we take M = 1.

(a) g/M =0
(color online) Image of the black hole shadow with infalling spherical accretion, for different values of specific magnetic
charge g/M, in which g/M =0 (left panel), g/M = 0.475 (mid panel) and g/M = 0.75 (right panel). Here, we take M = 1.

Fig. 6.

(b) g/M = 0.475

far less than that with static accretion. The obvious differ-
ence between these two models is due to the Doppler ef-
fect, as near the event horizon of the black hole, this ef-
fect is more obvious. In addition, we find that the radius
of the shadow and the position of photon sphere remain
unchanged in the different accretion processes. This sug-
gests that the shadow is an inherent property of the space-
time, and the behavior of accretion flow around the black
hole only affects the observed intensity.

IV. SHADOW AND RINGS WITH THIN DISK
ACCRETION FLOW

A. Behavior of light ray trajectories

In this section, we study the shadow when a black
hole is surrounded by thin disk accretion in the Bardeen
black hole, where an optically and geometrically thin disk
is placed on the equatorial plane of black hole. The tra-
jectories of light rays near the black hole are the import-
ant basis for studying the shadow and observed features
of black hole. In Ref. [54], Gralla et al. distinguish the
trajectories of light rays near the black hole, and they pro-
pose the total number of orbits which is defined as

n(b) = % (25)

which is a function of impact parameter b. Using equa-
tion (25), the trajectories of the light ray are divided into
three types, namely, direct, lensing and photon ring tra-
jectories. That is, there are not only the photon rings but
also lensing rings outside of the black hole shadow. In the
case of n(b) < 3/4, the light ray will intersect the equatori-
al plane only once, corresponding to the direct emissions.
In the case of 3/4 < n(b) < 5/4, the light ray will cross the
equatorial plane at least twice, corresponding to the lens-
ing rings. In the case of n(b) > 5/4, the light ray will in-
tersect the equatorial plane at least three times, corres-
ponding to the photon rings. For the different values of

0

(c) g/M =0.75
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specific magnetic charge g/M, the range of impact para-
meters corresponding to direct, lensing rings and photon
rings in the Baedeen spacetime is shown in Table 3. Also,
we show the relationship between the total number of or-
bits n(b) and impact parameter b in the Bardeen space-
time in Fig. 7.

In Fig. 7, we find that the same value of b may corres-
pond to different regions under different values of specif-
ic magnetic charge g/M, as seen in Table 3. In addition,
the values of impact parameter b corresponding to the
photon rings and lensing rings are smaller than those in
the Schwarzschild spacetime (g — 0), but the specific
magnetic charge g/M leads to the increase of the ratio of
the region occupied by the photon rings and lensing rings.
When the impact parameter b increases to a large enough
value, the light ray trajectories are the direct case no mat-
ter what the value of g/M is. That means, both the specif-
ic magnetic charge g/M and impact parameter b will af-
fect the observed characteristics of the Bardeen black
hole. In order to more clearly distinguish the distribution
of light ray trajectories near the black hole, we show the
associated photon trajectories for the Bardeen black hole
in polar coordinates (b,¢) in Fig. 8.

B. Transfer functions

We consider that a distant static observer is located at
the north pole, and the thin disk accretion at the equatori-

@2
Photon Ring
151
1ok / Lensed
05F .
Direct
2 4 6 8 10 12 14

Fig. 7.  (color online) Behavior of photons in the Bardeen
black hole as a function of impact parameter b in case of
M = 1. The colors correspond to g/M =0 (black), g/M = 0.475
(blue), and g/M = 0.75(red), respectively.

al plane of the black hole. Moreover, the light emitted
from the thin disk accretion is isotropic for the static ob-
server. In view of this, the specific intensity and fre-
quency of the emission are expressed as IS™(r) and vem,
so as the observed specific intensity and frequency are
defined as I°°(r) and vops. By considering that IS /v? is
conserved along a ray from the Liouville theorem, we ob-
tain a correlation between the observed specific intensity
and the emissivity specific intensity [55],

L = (A0 PE" (). (26)

Thus, we can obtain the total observed and emitted in-
tensity by integrating for the full frequency,

Ip= f () dv),, = f A L™ dvem = (A I™(1r),
@27)

and
Iz =fl§m(r)dvem. (28)

It is worth mentioning that this only includes the in-
tensity of light emitted from the accretion disk, and the
absorption or reflection of light and other factors are not
considered. When the trajectory of a light ray passes
through the accretion disk on the equatorial plane, a cer-
tain luminosity will be obtained, and transmitted to the
observer at infinity. As discussed earlier, the different
values for the number of orbits n(b) define the number of
times that the ray path pass through the equatorial plane
of the black hole. In the case of 3/4 < n(b) < 5/4, the light
ray will bend around the black hole and intersect with the
back of the thin disk after the first intersection with the
thin disk. In this way, the light ray will pass through the
thin disk twice. When n(b) > 5/4, the light passes through
the back of the thin disk and then through the front of the
thin disk again, as the light ray is more curved around the
black hole, i.e., the light will pass through the thin disk at
least three times. Hence, the sum of the intensity at each
intersection is the total intensity that the observer can ob-
serve, which is

Table 3. Regions of direct, lensing rings and photon rings corresponding to impact parameters b under different values of specific

magnetic charge g/M, where M =1.

Lensing rings Photon rings

g/M Direct
0 b <5.0267 or b > 6.1927
0.1 b <5.0049 or b > 6.1623
0.475 b <4.7564 or b > 6.0446
0.75 b <4.0769 or b > 5.8461

5.0267 < b <5.1893 and 5.2305 < b < 6.1927
5.0049 < b <5.179 and 5.2196 < b < 6.1623
47564 <b <4.9717 and 5.0276 < b < 6.0446
4.0769 < b < 4.5142 and 4.6561 < b < 5.8461

5.1893 < b < 5.2305
5.179 < b <5.2196
4.9717 < b < 5.0276
4.5142 < b < 4.6561
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J

0 5 10

(a) g/M =0.1 (b) g/M = 0475 (¢c) g/M =0.75
Fig. 8. (color online) Selection of associated photon trajectories in polar coordinates (b,¢), in which the red, blue and green lines cor-
respond to direct, lensing, and photon ring bands, respectively. The spacing in the impact parameter is 1/10, 1/100, and 1/1000 in the
direct, lensing and photon rings, respectively. The black hole is shown as the black disk, and the dashed red line represents the photon

ring. The black hole mass is taken as M =1.

o —/ 5 _/ st ’/
(a) g/M =0.1 (b) g/M =0.475 (c) g/M =0.75

(color online) Relationship between the first three transfer functions r,(b) and b in the Bardeen spacetime, in which the black,

Fig. 9.
orange, and red lines correspond to the direct, lensing rings and photon rings, respectively. The black hole mass is taken as M = 1.

Io(r) = » (A 1| (29)

r=r,(b) ’

Here, r,(b) is the transfer function, which represents the
radial position of the nM intersection with the thin emis-
sion disk, which means that the relationship between radi-
al coordinate » and impact parameter b can be expressed
by the transfer function. In addition, dr/db corresponds to
the slope of the transfer function, which is called the de-
magnification factor. Actually, the slope of the transfer
function reflects the demagnified scale of the transfer
function [54, 55]. In Fig. 9, graphs of the transfer func-
tions are given under the different values of specific mag-
netic charge g/M.

The black line corresponds to the first transfer func-

tion (n=1), and its slope (%'1) is a small fixed value.

This first transfer function corresponds to the direct im-
age of the thin emission disk, which is the redshift of the
source profile. The orange line corresponds to the second

transfer function (n = 2), for which the slope (%t) is a

very large value. Therefore, the observer will obtain a

highly demagnified image on the back of the thin disk,
which corresponds to the lensing rings. The red line rep-
resents the third transfer function (n=3), whose slope

CARE ., [dr '
(@'3) is close to infinity (@L ~ oo)_ The observer will

see an extremely demagnified image of the front side of
the disk. The third transfer function corresponds to the
photon ring. As a result, the observed luminosity
provided by the photon rings and lensing rings only ac-
counts for a small proportion of the total observed flux,
the direct emission is the main measure of observed in-
tensity. In addition, the image provided by the later trans-
fer functions are more demagnetized and negligible, so
we only consider the first three transfer functions.

C. Observed appearance of Bardeen black hole sur-
rounded by thin disk accretion

With the help of this preparatory work, we can fur-
ther study the specific intensity of emission. For the form
of emission, we mainly consider three different models.
In Model I, the peak of emission intensity is at the posi-
tion of the innermost stable circular orbit (ris,). There
will be no emission inside the innermost stable circular
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orbit, but there exists a sharp downward trend outside the
innermost stable circular track:

1 2
Ig(r)) = (r—(risco—l))’ "> Tisco (30)

0, ¥ <Tisco

In Model II, we assume that the position of the emis-
sion peak is located at the photon sphere (r,), and the
emission is a decay function of the third power:

1 3
Ig(r) = (Tp-n) T

0, r<ry,

G1)

In Model III, there is a gradual decay of the emission
between the event horizon r, and the innermost stable
circular orbit riso, such as

g —tan™' (r = (rigeo — 1))

0= T iy

r>ry (32)

0, r<ry

Taking the specific magnetic charge g/M =0.475 as
an example, the results for the intensity of the emission
and observation are shown in Fig. 10. The left column is
the trend of emission profiles Ix(r) with the increase of
radius 7, The middle column is the relationship between
the observed intensity Ip(r) and the impact parameter b.
The right column is the two-dimensional density plot of
observed intensities Io(r) in celestial coordinates. The
first, second and third row correspond to the emission
Models I, II and III, respectively. As can be clearly seen
from Fig. 10, there is a disparity for both the central black
area and observed intensity in the different emission
models.

In Model I where the emission starts at the position of
the innermost stable circular orbit, although the photon
rings can gain more brightness from the thin disk, they
are highly demagnetized. As can be see from the middle
column, the observed intensity in the photon ring region
is very small and confined to a narrow region. Moreover,
the two-dimensional density map also shows that there is
an almost invisible thin line in the photon ring region.
Therefore, the contribution of the photon ring to the total
observed flux is negligible. For the lensing rings, the ob-
served intensity is larger than that of the photon rings, but
the area occupied by the lensing rings is also very narrow,
which leads to a bright line in the area of the lensing rings
in the two-dimensional density map. As the result, the ob-
served intensity obtained by the observer at infinity is
mainly provided by direct emission.

In Model II where the emission starts at the photon
sphere, the emission regions of the lensing rings and the
photon rings overlap, which resulting in a bright band
outside the shadow as shown in the two-dimensional
density map. The contribution of the lensing rings to the
total observed flux is higher than that of Model I, while
the contribution of the photon ring is still negligible. That
is to say, the observed intensity obtained by the distant
observer will still be determined by direct emission.

In Model III where the emission starts from the event
horizon of black hole, the observed intensity increases
with the increase of b from the outer edge of event hori-
zon until it reaches to the peak near the lensing ring. The
photon rings and lensing ring completely coincide and
cannot be distinguished. In addition, the contribution of
the lensing rings to the total observed flux is partially
helpful while the photon ring makes a negligible contri-
bution, but direct emission continues to dominate the total
observed intensity.

The profiles of emission and observed intensities
when the specific magnetic charge g/M = 0.75 are shown
in Fig. 11. By comparing Fig. 10 with Fig. 11, it can be
found that the observed intensity, range of the central
dark area and size of the light band outside the shadow
are all clearly different. As the value of specific magnetic
charge g/M increases, the range of the central dark area
and size of the light band outside the shadow decrease.
Moreover, the observed intensity obtained by the distant
observer also decreases. As the proportion of area for the
photon rings and lensing rings increases with larger val-
ues of specific magnetic charge g/M, the proportion of
area from direct emission decreases relatively, which nat-
urally leads to the weakening of observed intensity de-
termined by direct emission.

To distinguish the Bardeen black hole from the
Schwarzschild black hole, here we have employed M =
0.87991 and plotted the shadows and light rings of the
Schwarzschild black hole under the three models, as
shown in Fig. 12. When M =0.87991 for the Schwarz-
schild black hole, the shadow radius b, is equal to that of
the Bardeen black hole (i.e., g/M = 0.75). In this case, if
there is no matter, or only spherical accretions around the
black hole, the size of shadow is exactly the same for the
Bardeen and Schwarzschild black holes. However, by
comparing Figs. 11 and 12, we find that with a thin disk
the observed intensities (i.e., the middle columns for
Figs. 11 and 12) for all three emission models are very
different. For instance, the light rings observed in the
Schwarzschild case are larger, due to the radius of the
photon sphere and the event horizon of the Schwarz-
schild black hole being larger than those of the Bardeen
spacetime. More importantly, the results show that for
Model III the direct emission and rings all overlap for the
Schwarzschild black hole, but are distinguishable in the
Bardeen case. In addition, the intensities of direct emis-
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Fig. 10. (color 0nl1ne) Observed appearance of the thin disk with different emission proﬁles near the black hole V1ewed from a face-
on orientation. The value of specific magnetic charge g/M =0.475, and M =1.
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Fig. 11.  (color onhne) Observed appearance of the thin disk with different emission proﬁles near the black hole v1ewed from a face-
on orientation. The value of specific magnetic charge g/M =0.75, and M =1.

085106-11



Ke-Jian He, Sen Guo, Shuang-Cheng Tan ef al.

Chin. Phys. C 46, 085106 (2022)

0.4 0.06F

0.2

0.0 I 0.00
0

Ie(r3) 06
1.0

0.8

04

0.2
Ih

2 4 6 8 10 0 2 4

6

L L L R b L
8 10 12 14

Fig. 12.  (color online) Observed appearance of the thin disk with different emission profiles near a black hole in the Schwarzschild

spacetime with M =0.95938, viewed from a face-on orientation.

sion and the rings are very different for these two black
holes. From these facts, we can conclude that the shad-
ows and rings could be an effective characteristic for dis-
tinguishing the Bardeen black hole from the Schwarz-
schild black hole, and that the magnetic charge g has a
close correlation with the observed intensity.

V. CONCLUSIONS AND DISCUSSIONS

It is commonly known that black holes are surroun-
ded by accretion matter, and the distribution of accretion
plays a key role in the imaging of black holes. In the con-
text of the Bardeen spacetime, we have investigated the
black hole shadow and observed luminosity under differ-
ent accretion models. In particular, we pay close atten-
tion to the different observed characteristics for a distant
observer when the related physical quantities have differ-
ent values.

When the black hole is surrounded by spherically
symmetric accretion flow, we consider two behaviors of
the accretion, i.e., the static and infalling accretion mod-
els. For the case of static spherically symmetric accretion,
we find that the observed luminosity increases with the
increase of the specific magnetic charge g/M, while the
photon sphere and radius of the black hole decrease. In
addition, the maximum observed luminosity always ap-
pears in the region of the photon sphere under the differ-
ent values of specific magnetic charge g/M. From the ob-

served intensity density map, one can see that the central
region of the shadow is not completely dark, and the ob-
served brightness of the central region increases slightly
with the increase of g/M. In the infalling accretion mod-
el, the maximum observed luminosity is clearly lower
than that of the static model, which is the most promin-
ent difference between these two models. The Doppler ef-
fect for the infalling matter leads to this difference
between the two kinds of spherical accretion. As a result,
the observed image in the infalling accretion model is
darker than the static one under the same state paramet-
ers. This change of observed intensity is more obvious
when the specific magnetic charge g/M takes a larger
value. The maximum observed luminosity with
g/M =0.75 is about twice that of g/M =0 (Schwarz-
schild black hole). It must also be mentioned that in both
spherical accretion models, there is a great difference in
the observed luminosity, but the position of photon
sphere and the shadow radius are unchanged under the
same parameters, which means that the shadow is an in-
herent property of the spacetime and not affected by the
accretion flow behavior.

By considering the Bardeen black hole surrounded by
a geometrically and optically thin disk accretion, we have
distinguished the trajectory of light rays near black hole.
Then, we take three different emission models for the thin
disk accretion flow. For an observer at infinity (ry — o),
there is not only a dark central area, but also the photon
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rings and lensing rings outside of black hole shadow. In
the different emission models, the maximum observed lu-
minosity and the size of central dark area are different.
The thin disk serves as the only background light source.
Light rays in the region of the photon rings can accretes
through the thin disk more than three times, gaining extra
brightness. However, the photon rings cannot be ob-
served directly by the observer, as the photon ring region
is very narrow and its image is extremely demagnetized.

In addition, the image of the lensing ring region also ex-
periences high demagnetization, such that the lensing
rings can only provide a very small part of the total ob-
served flux. Therefore, the observed intensity is domin-
ated by direct emission in all three different emission
models. Although these results are obtained with ideal
models, it is very important to push forward the theoretic-
al study of the black hole shadow as far as possible and
lay the foundation for observed results.
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