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Observational appearance and extra photon rings of an asymmetric
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Abstract: In this work, the optical appearance of an asymmetric thin-shell wormhole with a Bardeen profile is
studied. To initiate the process, we need to construct an asymmetric thin-shell wormhole utilizing the cut-and-paste
technique proposed by Visser and subsequently ascertain its pertinent physical quantities such as the radius of the
photon sphere and critical impact parameters for different values of magnetic charge g. Then, the effective potential
and motion behavior of photons are also investigated within the framework of asymmetric thin-shell wormholes with
a Bardeen profile. It can be found that the effective potential, ray trajectory, and azimuthal angle of the thin-shell
wormhole exhibit a strong correlation with the mass ratio of black holes. By considering the accretion disk as the
sole background light source, we observe additional photon rings and lensing bands in the optical appearance of the
asymmetric thin-shell wormhole with a Bardeen profile compared to those exhibited by the Bardeen black hole. One
can find that there is an increase in the size of the specific additional light bands with increasing magnetic charge g,
which is different from the black hole case. These exceptionally luminous rings can serve as a robust criterion for the

identification and characterization of the thin-shell wormhole spacetime.
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I. INTRODUCTION

The initial direct detection of the gravitational-wave
signal by the Laser Interferometer Gravitational Wave
Observatory (LIGO) marked a significant milestone,
providing compelling evidence for the existence of a bin-
ary stellar-mass black hole (BH) system [1-3]. Moreover,
the groundbreaking observations conducted by the Event
Horizon Telescope (EHT) further support the existence of
supermassive BHs in both M87* and Sagittarius A*
[4-15]. The BH image exhibits a central dark region en-
circled by a luminous ring, arising from the interaction
between light rays and the photon sphere (also referred to
as the critical curve) of the BH [16]. The region enclosed
by the critical curve, commonly referred to as the BH
shadow, is indeed situated in the central area of the im-
age [17]. The BH image provides comprehensive inform-
ation regarding the jet and surrounding matter, enabling
us to investigate essential physical properties of the BH,

including its mass, rotation, and charge. For the Schwarz-
schild BH, Synge and Luminet studied the angular radius
for the photon capture region [18, 19]. For the Kerr BH,
Bardeen studied the deformation of the BH shadow due
to the dragging effect of the spin [20-22]. Recently, there
has been a significant surge in the investigation of BH
shadows within the realm of modified gravity theories
[23-52].

However, there still exists some uncertainty regard-
ing the definitive identification of the ultracompact ob-
jects (UCOs) located at the center of M87* and Sagittari-
us A* as BHs within the framework of general relativity
(GR). Although the results obtained from the EHT
primarily focus on BHs in GR, they do not completely
exclude the possibility of BHs in modified gravity theor-
ies or other UCOs. In fact, certain UCOs have the poten-
tial to create a shadow resembling that of a BH [53-59].
Therefore, it is imperative to develop a methodology cap-
able of discerning BHs from other UCOs, such as worm-

Received 24 January 2024; Accepted 15 March 2024; Published online 16 March 2024
* Supported by the National Natural Science Foundation of China (11903025), the Science and Technology Program of Sichuan Province, China(2023Z2YD0023),

and the starting fund of China West Normal University (18Q062)
T E-mail: kjhe94@163.com
 E-mail: ZhiLuo@cqu.edu.cn
$ E-mail: sguophys@126.com
* E-mail: gpliphys@yeah.net

©2024 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

065105-1



Ke-Jian He, Zhi Luo, Sen Guo et al.

Chin. Phys. C 48, 065105 (2024)

holes [60—73] and boson stars [74—77]. As an innovative
attempt, Wang et al. studied the optical appearance of an
asymmetric thin-shell wormhole (ATSW), demonstrating
that the shadow of the ATSW exhibits a smaller size
compared to that generated by a BH [60]. This finding
presents a promising avenue for directly observing worm-
holes. Subsequently, the researchers focused on analyz-
ing the double shadows cast by ATSWs, presenting a
novel radioastronomical observation approach to differ-
entiate UCOs from BHs [61-63]. Moreover, the optical
appearance and extra photon rings of the Schwarzschild
ATSW was studied in [64]. The optical appearance and
extra photon rings of an ATSW with a Hayward profile
were studied in [65], while the optical appearance of
an infalling star within an ATSW was examined in the re-
search carried out by [66]. Olmo et al. [70] studied the
observational appearances of BHs and traversable
wormholes, as well as the Lyapunov exponents of the un-
stable circular orbit for the photon. Bronnikov et al. [71]
calculated the quasinormal modes and shadows for differ-
ent examples of the parametrization of the wormhole
metrics.

It is well known that the singularity theorem [78, 79],
established by Penrose and Hawking, asserts that within
the framework of GR, if the strong energy conditions are
satisfied and the global hyperbolicity exists, then the BH
will inevitably confront the issue of singularity. The sin-
gularity of spacetime is characterized by the divergence
of curvature and density to infinity, leading to a complete
breakdown in the predictive capacity of physical laws.
The singularity of spacetime is widely believed to be a
manifestation of the incompleteness inherent in GR,
which could potentially be resolved through the incorpor-
ation of the quantum gravity theory. However, Bardeen
proposed the regular BH solution, which circumvents the
BH singularity [80]. In [81-84], Ayon-Beato and Garcia
revealed that the physical source of the Bardeen BH is a
nonlinear magnetic monopole. Furthermore, as an addi-
tional regular BH solution, the Hayward BH was dis-
covered in [85]. In our previous work [86], we observed a
correlation between changes in magnetic charge g and the
characteristics of the BH shadow. Specifically, an in-
crease in magnetic charge g leads to a reduction in both
the size of the shadow region and its associated bright
rings when considering a Bardeen BH surrounded by a
thin disk accretion. In this work, we focus on examining
the characteristics of optical appearance projected by the
ATSW with a Bardeen profile. On the one hand, the ob-
servational appearance of the Schwarzschild ATSW was
studied in [64], prompting our interest in exploring
whether variations in magnetic charge g would induce
corresponding alterations in the observed characteristics
of an ATSW with a Bardeen profile, similar to those
found in the case of the Bardeen BH. On the other hand,
we wanted to investigate whether it is possible to distin-

guish between ATSWs and BHs based on the character-
istics of their shadows, thus providing a viable approach
for studying strong gravitational systems from an obser-
vational perspective.

The organization of this paper is as follows: In Sect.
II, the ATSW with a Bardeen profile is constructed and
its geodesic is studied. Next, the light deflection and tra-
jectory of the light ray in the ATSW spacetime are calcu-
lated. In Sect. III, the transfer functions and the observa-
tional appearances of both the BH and ATSW in two
emission models are studied. Our conclusions are given
in Sect. IV. In this paper, we adopt units G =c = 1.

II. EFFECTIVE POTENTIAL AND NULL
GEODESIC OF THE ASYMMETRIC THIN-
SHELL WORMHOLE WITH A BARDEEN
PROFILE

In this section, we use Visser's cut-and-paste method
to construct an ATSW with a Bardeen profile [87]. The
ATSW consisted of two spacetimes M,; and M, with dif-
ferent mass parameters M, and M,, connected by a thin
shell (i.e., the "throat"). The ATSW can be represented by
the manifold M, which is defined as M= M, UM,, that
is,

1

dsf =—fi(r) dti2 + 0

dr,.2 + "52 (dé?,-2 +sin® 9,-d¢,-) . (1)

For the Bardeen case, metric f;(r;) can be written as [80]

2M,‘l"l~2
()™

1

fir)=1- r>R, )

where M; denotes the mass parameter, and g is the mag-
netic charge. R denotes the position of the thin shell and
satisfies R > max {ry,,r;, }, where r;, and r,, denote the
event horizon radii of BHs. Considering that the gravita-
tional interaction is the only force acting on photons as
they pass through the thin shell, the 4-momentum p* of
the photon remains constant. In spacetime M, we have
8,%‘(1?) = g{)ﬁz (R) due to the continuity of the metric [60].
This system has two conserved quantities, namely,
p. =—E; and py, = L;, when the photon moves along the
geodesic and satisfies the motion equation

oo ()

) i)

=0, )

in which p{ =dx’"/dA is the 4-momentum of the photon,
where 4 is the affine parameter. From Eq. (3), we obtain

065105-2



Observational appearance and extra photon rings of an asymmetric thin-shell wormhole...

Chin. Phys. C 48, 065105 (2024)

, b?
pi=+E 1= Lf(). @)

Here, symbols + and — represent the outgoing and in-
coming directions, respectively. b; is an impact paramet-
er, which is given by b; = |L;|/E;. Using Eq. (4), one can
obtain that the effective potential Vi(r;) of the ATSW with
a Bardeen profile is

i\ ] ZMI2
V,-(ri)=f(”=2<1—(r’)m>. ()

2
r: g2 + r2

1 1 i

Moreover, for photons occupying the unstable circular or-
bit, one can obtain that

1
Vilrm) = g7 Vi) =0, (©)

where b, denotes the critical impact parameter, and r,,
denotes the photon sphere radius. When the event hori-
zon is obscured by the photon sphere, it is necessary to
find a way to distinguish the ATSW from the BH. Given
that an observer is located in spacetime AM,; with mass
parameter M, =1, we set M, =k for spacetime M,.
Terms of £ and R must satisfy the following condition
[60, 64]:

(7

In fact, the subsequent discussion and result remain

. R .
consistent for any 1 <k < 5 Following the approach ad-

opted in previous studies [64, 65], we set M, =k=1.2. In
the distinct spacetimes M; and M,, one can obtain the
relationship of impact parameters b, and b, as follows
[60]:

by _ HR) _
b, AR

®)

Given that M, =1 and M, = 1.2, we use Eq. (6) to calcu-
late photon sphere radius r,, and critical parameter b,
for different values of magnetic charge g, as presented in
Table 1. The result shows that an increase in magnetic
charge g leads to a decrease in both photon sphere radius
rpn and critical impact parameter b.,, which implies that
an increase in g causes an inward contraction of the
photon sphere. Note that g=0 corresponds to the
Schwarzschild ATSW.

Table 1. Critical impact parameters and photon sphere radii
for the ATSW with a Bardeen profile. We consider different
magnetic charges g = 0,0.1,0.3,0.5,0.7. For spacetime M;, we
set M, =1, while for spacetime M, we set M =1.2.

g 0 0.1 0.3 0.5 0.7
be, 5.19615 5.18745 5.11484 4.9488 4.58839
T'phy 3 2.99162 2.92088 2.75252 2.3132
be, 6.23538 6.22814 6.16853 6.0386 5.80418
T'phy 3.6 3.59303 3.53519 3.40605 3.15773

The effective potentials of the Bardeen BH and AT-
SW with a Bardeen profile are shown in Fig. 1. For the
effective potentials of the BH in Fig. 1, three distinct
cases of trajectories of photons [16] can be observed in
the illustration positioned in the bottom right corner of
Fig. 1(a). When b <b,., the photon falls into the BH.
When b = b,., the photon has a periodic circular motion
around the BH. When b > b, the trajectory of the photon
is deflected due to the gravitational force. In addition,
Fig. 1(a) shows that the peak of the effective potential ex-
hibits an upward trend as parameter y increases.

For the effective potentials of the ATSW in Fig. 1(b),
V,(r,) in spacetime M, is scaled by a factor of Z%. Given
a specific impact parameter, b;, three cases of trajector-
ies of photons can be observed. Considering the case of
g =0, corresponding to the black and green lines in Fig.
1(b), when b, <Zb,., =3.6001, the photon in spacetime
M, drops into spacetime M, and then moves to infinity
in spacetime M,. When Zb., <b, <b, =5.19615, the
photon in spacetime M, reaches the turning point in
spacetime M, and then returns to spacetime M,;. When
b, > b, , the photon in spacetime M, reaches the turning
point in spacetime M, and then returns to infinity in
spacetime M;.

To investigate the optical appearance of the ATSW
with a Bardeen profile, we performed calculations to de-
termine the trajectory and deflection angle of photons as
they propagate within the spacetime of the ATSW. Using
Eq. (3), one can obtain the trajectory of the photon as fol-
lows:

1 fit) 1 (dr,-)zl )

b dgp;

b? 72 - 74

To streamline the calculation process, we introduce

x=1/r and subsequently derive the motion equation of
photon as

dr\> 1, 2M,
X; g+?

1

In the case of b, <Zb,.,, the photon will drop into
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(a) The effective potential of the Bardeen BH
Fig. 1.
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(b) The effective potential of an ATSW with a Bardeen profile
(color online) Effective potentials for the Bardeen BH and ATSW with a Bardeen profile. We consider different magnetic

charges g: 0,0.3,0.5. The BH case is shown in the left panel, while the ATSW case is shown in the right panel. For the ATSW case, the
effective potentials in spacetimes M; and M, are represented by the solid and dashed lines, respectively. For magnetic charge ¢ =0,
one can obtain b., =5.1965 (the green line) and Zb., = 3.6 (the green dashed line). Here, we take M =1, M, =1.2, and R =2.6.

spacetime M, and then move to infinity in spacetime
M,. In this scenario, the consideration of the deflection
angle of the photon is unnecessary. When b, > b,,, the
photon will remain within spacetime M;. The turning
point in spacetime M, can be determined by the minim-
um positive root of G,(x;) =0, which is represented by
xin With Eq. (10), the total change of the azimuth angle,
i.e., the deflection angle, for the photon in spacetime M,
is calculated by

min

M dx]

b)) =2 ——L b >b.. 11
wo0=2 [ s b D
If Zb., < b, < b,,, the photon will reach the turning point
in spacetime M, and return to spacetime M,;. In space-
time M,, the deflection angle for the photon is calcu-
lated by

VR 4y,
‘b= [ ———, b <b,. 12
o= [ ot @

In spacetime M,, the turning point can be determined by
the maximum positive root of G,(x,) = 0, which is repres-
ented by x**. In addition, impact parameter b, can be
obtained by Eq. (8). Hence, in spacetime M,, the deflec-
tion angle for the photon is calculated by

1/R dx,

b)=2[ ———,
$2(b2) e VG, ()

by>b,,. (13)

With Egs. (11)—(13), the trajectories of photons in the
ATSW spacetime are plotted in Fig. 2. Considering g =
0.3 as an example, the impact parameter satisfies the con-

dition Zb., < b, <b,,, as shown in Figs. 2(d), 2(e), and
2(f). For the photon that originates from infinity in space-
time M;, we find that as impact parameter b, decreases,
the trajectory of the photon in spacetime M, becomes
longer. In Fig. 2, from the left column (Fig. 2(a), 2(d),
and 2(g)) and the right column (Fig. 2(b), 2(e), and 2(h)),
it can be found that as magnetic parameter g increases,
b., decreases, while Zb,, increases.

IIT. OBSERVATIONAL APPEARANCE OF THE
ASYMMETRIC THIN-SHELL WORMHOLE

For an incoming photon with a specific impact para-
meter, the unique reflection mechanism of the ATSW
makes its observable appearance different from that of
the BH. We consider that an optically and geometrically
thin disk encircles the ATSW with a Bardeen profile.
With two emission models, we compare the observation-
al appearances of the ATSW and the BH.

A. Trajectories of photons

First, we introduce the total orbit number of the
photon, which quantifies the total number of cycles that
the photon completes around the BH, that is,

n=¢/2n. (14)

As the deflection angle depends on the impact parameter,
it is natural for the total number of orbits to also be a
function of the impact parameter. For a BH with a fixed
equatorial plane, the observer is positioned at infinity on
its North Pole and the light source is placed at infinity on
its South Pole. Based on the value of the total number of
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(color online) Trajectories of light rays with impact parameter Zb., < b; <b., for the ATSW with a Bardeen profile. We con-
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(i) g = 0.5, Zb., = 4.1336

sider different magnetic charges g: 0, 0.3, 0.5. The red solid lines represent the incoming photons in spacetime M, the blue dashed lines
represent the photons that move in spacetime M,, and the green solid lines represent the outgoing photons in spacetime M; . Here, we

take My =1,M,=1.2,and R=2.6.

orbits n, the light near the BH can be classified into the
following three types [16]:

® Direct emission: n<3/4. The photon intersects
with the equatorial plane only once;

® Lensing ring: 3/4 <n < 5/4. The photon crosses the
equatorial plane twice;

® Photon ring: n>5/4. The photon crosses the equat-
orial plane at least three times.

For the optical appearance of the ATSW, we con-
sider that the observer in spacetime M, is positioned at
the North Pole. For the photon with impact parameter

Zb., < by < b,, that originates from spacetime M,, it will
drop into spacetime M,. For the ATSW case, the orbit
number is redefined as follows [64]:

m =200, (15)
7/
iy~ 980 810D, )
T
oy 2000+ 000 12) )

2
where n, and n; are the additional orbit functions for the
ATSW, which correspond to the additional photon rings.
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In Fig. 3, orbit number n,,; is shown as a function of
impact parameter b, for a photon. For orbit number n; in
Fig. 3(a), one can find that the orbit number n; of the AT-
SW is the similar to that of a BH. In this case, the photon
remains in spacetime M,;. When the photon drops into
spacetime M, and returns to spacetime M,, if n, <3/4
(solid lines in Fig. 3(b)) and n; > 3/4 (dashed lines in Fig.
3(b)), it will finally intersect with the accretion disk on
the back side. If n, <5/4 and n; > 5/4, the photon will fi-
nally intersect with the accretion disk on the front side. In
addition, it can be found from Fig. 3(b) that with an in-
crease in magnetic charge g, the range of impact paramet-
er b, decreases. This result implies that as magnetic
charge g increases, these additional photon rings will con-
tract towards the inner region of the ATSW shadow. This
result is consistent with the results presented in Table 1
and Fig. 2.

B. Observed intensity and transfer functions

We consider that the emission originates from an op-
tically and geometrically thin accretion disk around the
ATSW, which is located in spacetime M, . Assuming that
a static observer in spacetime M, is located at the North
Pole, and the accretion disk is situated in the equatorial
plane. The emission from the accretion disk is isotropic
for the static observer in the rest frame. Considering the
spherical symmetry of spacetime M,, the emitted specif-
ic intensity depends on the radial coordinate as I™(r),
where v represents the emission frequency in the static
frame. Then, we have

I:/)[bs I‘E/:m
= (18)

Vr3 V3
The observed specific intensity reads

2.
- g=0
- g=03
- g=0.5
1.5 o
n=5/4
< 1.0
n=3/4
\
0.5
n=1/4
o 3 4 5 6 7

by,

(a) The orbit number nq
Fig. 3.

19 = RO (). (19)

One can integrate Eq. (19) to obtain the total observed in-
tensity for each intersection as follows:

]obs — /I“/’/bsdy/ = /lefmdv = fz(r)lem(r), (20)

where I°"(r) = [ I°™dv denotes the total emitted intensity.
Then, one can calculate the total observed intensity for all
intersections, that is,

Lis(B) = Y I () ()

n

; 2

r=ry(by)

in which transfer function r,(b;) denotes the radial co-
ordinate of the n-th intersection between the photon with
impact parameter b, and the accretion disk. In addition,
the derivative of the transfer function (i.e., dr/db;) can be
defined as the demagnification factor. In fact, the "direct
emission" (the redshift of the source profile) is provided
by the transfer function (n =1), while the "lensing ring"
is provided by the second transfer function (n=2), and
the "photon ring" is provided by third transfer function
(n=3).

The transfer functions as functions of the impact para-
meter are shown in Fig. 4, where we consider various
magnetic charges. Fig. 4(a) shows the transfer functions
with magnetic charge g = 0.3. The results indicate that the
first transfer function produces a "direct image" with a
small demagnification factor, indicating the redshift of
the source profile. The second transfer function generates
the "lensing ring," which has a large demagnification
factor and represents the reduced image of the back side

O'Q.O 3.5 4.0 45 5.0 55 6.0
bi/M;y

(b) Orbit numbers na,ns

(color online) Orbit number of the photons around the ATSW with a Bardeen profile. We consider different magnetic charges:

g =0 (black lines), g = 0.3 (blue lines), and g =0.5 (red lines). Orbit number n, is shown in the left panel, while orbit numbers n, (solid
lines) and n3 (dashed lines) are shown in the right panel. M; =1,M, =1.2, and R=2.6.
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(a) g=0
Fig. 4.

byM

(b) g=0.3

(color online) Transfer functions for the ATSW with a Bardeen profile. We consider different magnetic charges g: 0,0.3,0.5.

biiMy

(¢) g=0.5

The first transfer function is represented by the black lines, the second transfer function is represented by the blue lines, and the third
transfer function is represented by the red lines. M; =1,M, = 1.2, and R =2.6.

of the disk. The third transfer function generates the
"photon ring," exhibiting an even higher demagnification
factor and resulting in a highly reduced image of the front
side of the disk.

The transfer functions as the functions of impact para-
meter b; are shown in Fig. 4. The magnetic charge has
three specific values g: 0,0.3,0.5. We find that the first
transfer functions (black lines) provide the "direct image"
of the accretion disk, which owns a small demagnifica-
tion factor. The second transfer functions (blue lines) pro-
duce a "lensing ring" with a large demagnification factor,
which generates a reduced image for the back side of the
accretion disk. The third transfer functions (red lines) ex-
hibit the largest demagnification factor and represent a
highly reduced image, which is known as the "photon
ring" on the front side of the accretion disk.

Comparing the ATSW and BH cases, the ATSW has
new second transfer functions (n = 2), plotted by the blue
dashed lines, which correspond to the "lensing band"
[64]. There also exist new third transfer functions (n =3,
the red dashed lines) near critical curves Zb., and b,
which correspond to the "photon ring group" [65]. In ad-
dition, by comparing the demagnification factors of the
new second transfer functions (see the dashed blue lines
inFig. 4) for different magnetic charges g, one can find
that as magnetic charge g increases, there is a higher de-
magnification factor of the new second transfer function.

C. Observational appearance of the asymmetric
thin-shell wormhole with two emission
models of the accretion disk

In this section, we consider two emission models of
the accretion disk to study the optical appearance of the
ATSW. We believe that the image of the BH received by
the observer is closely dependent on these emission mod-
els. One can use a Gaussian function to approximate the
emission of the thin accretion disk. Given that M; = 1, the
innermost stable circular orbit can be calculated, which is

denoted as riy,. In emission model I, the radiation func-
tion 1S

0
I (r) = ( 1

r— (risco

7" < Tisco»

)2 (22)
> Fise
_1) I 2 Fiscos

where ri, also represents the inner edge of the accretion
disk, implying that no radiation is emitted within the re-
gion smaller than this inner edge. We plot the radiation
function (22) in Fig. 5(a). In addition, we use emission
model I to plot the observed intensity, density plot, and
local density plot of the ATSW in the top panel of Fig. 6.
For comparison, we also plot the optical appearance of
the BH with the same mass parameter and radiation func-
tion in the bottom panel of Fig. 6. In Figs. 6(a) and 6(d),
one can find that there exists a spatial separation between
the direct emission, lensing band, and photon rings. For
the ATSW case, it can be found that the direct emission
with an initial intensity of 0.435 appears near critical
curve b, ~6.788M;, and then decreases, as shown in Fig.
6(a). In addition, the lensing band is confined from critic-
al curve b, ~5.405M, to the critical curve b; = 5.965M,.
The photon rings appear near critical curves b, ~ 3.841M,,
by ~4.948M,, and b, ~5.131M,. Note that comparing the
ATSW and BH cases, that is, Figs. 6(a) and 6(d), two ad-
ditional photon rings appear near the critical curves
by ~3.841M,, b, ~4.948M, in Fig. 6(a). From the dens-
ity plot and the local density plot of the ATSW, one can
find that the direct emission appears at the periphery of
the black disk, while the narrow lensing band is confined
within the black disk, which are shown in Figs. 6(b) and
6(c). In comparison to Figs. 6(e) and 6(f) (i.e., the BH
case), we find that for the ATSW case, there are the two
additional photon rings near the center of the black disk.
In emission model II, the radiation function is
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(a) Emission model I

Fig. 5.
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Fig. 6.
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in which r, denotes the event horizon radius. Hence,
there is no radiation for the region smaller than the event
horizon radius. We plot the radiation function (23) in Fig.
5(b). In comparison to emission model I, a more gradual
decrease is observed for the radiation function of emis-
sion model II. Then, we use emission model II to plot the
observed intensity, density plot, and local density plot of
the ATSW in the bottom panel of Fig. 7. The optical ap-
pearance of the BH is also plotted in the bottom panel of
Fig. 7. In Figs. 7(a) and 7(d), we find that there exists an
overlap between the direct emission, lensing band, and

0
04

03

£

02

0

o 2 0 G 0 7

‘ n

-

My

(b) Emission model IT

(color online) Two emission models of the accretion disk.

@)

(color online) In emission model I, observed intensities (left panel), density plots (middle panel), and local density plots (right
panel) for the ATSW with a Bardeen profile (top panel) and Bardeen BH (bottom panel). We consider magnetic charge g=0.3, M; =1,
M, =1.2,and R=2.6.

photon rings in both the ATSW and BH cases. For the
ATSW case, we find that the direct emission appears near
critical curve by ~2.822M,, as shown in Fig. 7(a). From
Figs. 7(b) and 7(c), we find that there is a bright ring
structure with multiple layers, as the photon rings are en-
compassed within the lensing band. We plot the optical
appearance of the BH in the bottom panel of Fig. 7. From
Figs. 6 and 7, it can be found that there is an extra lens-
ing band between critical curves Zb., ~ 4.011 and b,, ~
5.051 for emission model II, which implies that in emis-
sion model II of the accretion disk for the ATSW, the
new second transfer function could contribute to the ob-
served intensity.

When g = 0 (the Schwarzschild ATSW case), we also
present the observed intensity, density plot, and local
density plot in Fig. 8. Emission models I and II are em-
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Fig. 7. (color online) In emission model II, observed intensities (left panel), density plots (middle panel), and local density plots (right
panel) for the ATSW with a Bardeen profile (top panel) and Bardeen BH (bottom panel). We consider magnetic charge g =0.3, M; =1,

M>=12,and R=2.6.
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Fig. 8.

ployed in the top and bottom parts of Fig. 8, respectively.
For the observational appearance of the Schwarzschild
ATSW under emission model I, Fig. 8(a) shows that the
direct emission appears near critical curve b, =~ 6.928M,.
Two photon rings appear near critical curves b; ~
5.056M, and b, ~5.210M,, respectively. Moreover, the

Q

®

(color online) Observed intensities (left panel), dens1ty plots (middle panel), and local density plots (right panel) of the
Schwarzschild ATSW for emission model I (top panel) and emission model II (bottom panel). We consider M; =1, M, =1.2, and
R=26.

(f)

lensing band appears near critical curve b, ~5.472M,.
For the case of emission model II, Fig. 8(d) shows that
the direct emission appears near critical curve b =
2.856M,. The results show that an increase in magnetic
charge g leads to a decrease in the size of the light bands
outside the shadow, which is consistent with the Bardeen
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BH case [86]. However, based on the observations from
Fig. 8(a) and 8(d), it can be inferred that there exists an
additional photon ring (corresponding to the newly intro-
duced second transfer function) in close proximity to crit-
ical curve b; ~3.600M; under emission model I. Further-
more, there is an additional lensing band near critical
curve Zb., ~3.742 under emission model II. The results
demonstrate that for the ATSW with a Bardeen profile, as
magnetic charge g increases, there exists an increase in
the size of the specific additional light bands. Hence, the
trend of the influence of the change of magnetic charge g
on the specific additional rings is opposite to the trend of
the change of the related rings in the BH case.

IV. CONCLUSIONS

To investigate the optical appearance of the ATSW
with a Bardeen profile, we employ Visser's cut-and-paste
method to construct an ATSW consisting of two space-
times, M, and M,. In this ATSW spacetime, one can as-
sume that a static observer is situated in M;, and we
present the calculated values for the related physical
quantities, namely, photon sphere radius r,, and critical
impact parameter b.,. The results demonstrate that as
magnetic charge g increases, there is a decrease in both
photon sphere radius r,, and critical impact parameter
b.,. In other words, an increase in g leads to a contraction
of the photon sphere towards the center. Then, we study
the effective potentials of both the ATSW with a Bardeen
profile and the Bardeen BH, as shown in Fig. 1. Accord-
ing to the impact parameter of the photon, its trajectory
can be classified into three cases. If b, < Zb,,, the photon
in spacetime M,; will drop into spacetime M, and then
go to infinity in spacetime M,. If Zb., <b, <b,,, the
photon in spacetime M, will reach the turning point in
spacetime M, and then return to spacetime M,. If

by > b.,, the photon in spacetime M; will reach the turn-
ing point in spacetime M; and then return to infinity in
spacetime M;.

We study the trajectory and deflection angle of the
photons, and then we plot their trajectories in Fig. 2. We
find that as impact parameter b, decreases, the trajectory
of the photon with impact parameter Zb., <b; <b., in
spacetime M, becomes longer. In addition, as magnetic
parameter g increases, b., decreases, while Zb., in-
creases. For the ATSW with a Bardeen profile, we also
study the orbit number and number of intersections
between the photon and accretion disk. The result shows
that as magnetic charge g increases, the range of impact
parameter b, decreases, which is consistent with the res-
ults presented in Table 1 and Fig. 2. The transfer func-
tions of the ATSW are studied, and we find that there are
new second and third transfer functions. The new second
transfer function corresponds to the "lensing band", and
the new third transfer function corresponds to the "photon
ring group". In fact, when Zb., < b, <b,,, spacetime M,
can reflect photons back to spacetime M,, which leads to
new transfer functions.

In two emission models of the accretion disk, we
study the observational appearances of both the ATSW
and BH. By comparing the ATSW and BH cases in emis-
sion model I, we find that there exist two extra photon
rings near critical curves b, ~3.841M, and b, ~4.948M, .
In emission model II, an additional lensing band is ob-
served between critical curve Zb., ~4.011 and critical
curve b, ~5.051. By comparing the observational ap-
pearances of the Schwarzschild ATSW and the ATSW
with a Bardeen profile, one can find that as magnetic
charge g increases, there is an increase in the size of the
specific additional light bands. Therefore, this may be a
possible method to distinguish ATSWs from BHs by their
observational appearances.
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