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Abstract: In this study, we investigated the gravitational weak lensing and shadow of the Ellis-Bronnikov worm-

hole. First, we studied the photon motion in a plasma medium and a wormhole shadow. It was shown that the radius

of the photon sphere of the Ellis-Bronnikov wormhole and the size of the wormhole shadow become larger under the

influence of the parameter a. The upper limit of the parameter a in the Ellis-Bronnikov wormhole spacetime was ob-

tained. Second, we investigated the weak gravitational lensing for the Ellis-Bronnikov wormhole and calculated the

deflection angle for uniform and non uniform plasma cases. The value of the deflection angle for uniform plasma in-
creased with the increase in plasma parameter value, and vice versa for non uniform plasma. We found that, under
the influence of the parameter a, the values of the deflection angles for two cases decreased. Finally, we investigated
the magnification of image brightness using the deflection angle of the light rays around the wormhole in the Ellis-

Bronnikov theory.
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I. INTRODUCTION

Wormbholes, hypothetical tunnels in spacetime that
potentially connect distant regions of the universe, attract
considerable attention from astrophysicists. Understand-
ing the properties, stability, and possible existence of
wormholes is essential in theoretical astrophysics. As
solutions to Einstein's field equations, wormholes repres-
ent intriguing spacetime configurations. Studying worm-
holes helps elucidate the complex topology of spacetime,
providing valuable insights into the fundamental struc-
ture of the universe. General relativity forms the founda-
tion for such studies, offering a framework to investigate
the theoretical possibility of traversable wormholes.

If traversable, wormholes could enable faster-than-
light travel between distant regions of the universe. This
has profound implications for space exploration and

travel, significantly reducing travel times and expanding
our reach in the cosmos. Different astrophysical proper-
ties of the traversable wormholes have been studied in
Refs. [1-4].

In addition, wormholes could act as crucial conduits,
linking different regions of the universe and allowing for
a deeper understanding of galaxies, black holes, and dark
matter. By investigating wormholes and their behavior
within various gravitational theories, one can explore
their potential role in the large-scale structure of the uni-
verse.

Alternative theories of gravity, which deviate from
general relativity, present opportunities to study worm-
holes in diverse gravitational frameworks. Understanding
wormholes within these alternative theories can shed light
on the nature of dark energy and dark matter, providing
alternative explanations for the enigmatic phenomena that
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dominate the universe [5, 6].

Overall, theoretical considerations of wormholes
challenge our entire understanding of the structure of
spacetime. General relativity predictions and alternative
theories introduce the possibility of wormholes existing
as natural features of the universe.

The study of compact object shadows in astrophysics
has emerged as a crucial area of research, offering unique
insights into the fundamental properties of compact ob-
jects and the nature of spacetime [7—11]. Observations of
the shadow of the compact objects at the center of Sgr A*
and M87 have provided new opportunities to test gravity
theories and different solutions representing astrophysic-
al objects [12, 13]. Particularly, the shadow of a worm-
hole holds special significance, presenting a theoretical
opportunity to probe the structure of the universe in un-
conventional ways. The shadow of a wormhole, if dis-
tinct and distinguishable from other compact objects,
could potentially serve as indirect evidence for the exist-
ence of these hypothetical tunnels in spacetime. By char-
acterizing and identifying unique features in the worm-
hole shadow, one can contribute to the ongoing quest for
observational confirmation of these exotic cosmic struc-
tures. By carefully examining the shape, size, and other
characteristics of the wormhole shadow, one can infer
valuable information about the wormhole throat size,
spin, and potential accretion processes. This could aid in
developing a comprehensive understanding of these spec-
ulative constructs. The analysis of the shadow of differ-
ent objects (black holes and wormholes) in different grav-
ity models may be found with and without plasma in Ref.
[11-36].

Gravitational lensing is one of the fascinating con-
sequences of the metric theories of gravity. This effect
enabled the first direct test of general relativity [37].
Gravitational lensing may provide information regarding
a gravitating object and its distance from the source.
There has been a lot of work on gravitational lensing
around a wormhole for various models [38—48]. Addi-
tionally, the study of gravitational weak and strong lens-
ing around compact objects surrounded by plasma can be
found in Refs. [49-67].

Weak and strong deflection gravitational lensing and
photon motion have been studied around different types
of compact objects, e.g., by a charged Horndeski black
hole [68], by a renormalization group improved Schwarz-
schild black hole [69], in Einstein-scalar-Gauss-Bonnet
theories [70], by a quantum deformed Schwarzschild
black hole [71], in a black-bounce-Reissner-Nordstrom
spacetime [72], for photons coupled to Weyl tensor in a
Schwarzschild black hole [73], by a modified Hayward
black hole [74], and by a black-bounce, traversable
wormhole [75]. The solar system test can also be useful
to justify the gravity theories. Such a test has been dis-
cussed within f(R) gravity [76], quantum corrected grav-

ity [77], a Yukawa parameterization approach [78], and
nonlocal gravity [79]. Furthermore, test particle motion
around compact objects may play an important role in
testing the gravity theories (see, e.g. [80—85]).

In this study, we investigated the effect of weak grav-
itational lensing around the Ellis-Bronnikov wormhole in
the presence of a plasma medium and its shadow. The pa-
per is organized as follows. In Sect. II, we review the
spacetime surrounding the Ellis-Bronnikov wormhole and
study its shadow. Weak gravitational lensing is con-
sidered in Sect. III. Image source magnification due to
weak lensing is studied in Sect. IV. We draw conclusions
based on our obtained results in Sect. V.

II. WORMHOLE SHADOW

The Ellis-Bronnikov wormhole spacetime metric can
be expressed as [47]

ds? = —e?0d? + e~ 2O[dr? + (r* + a®)dQ?] , (1)

where dQ? = d6? + sin® 6d¢?, r is the radial coordinate run-
ning from —oco to +oo0, and

u(r) = % (arctang - g) . (2)

m and a are two free parameters. a corresponds to the ra-
dius of the wormhole throat located at r =0, and m is the
asymptotic mass of the Ellis-Bronnikov wormhole. Eq.
(2) accounts for the following asymptotic behavior:

= (1 - 2’”) +OG7Y),

Q2u(r) m
r

e = (1Mo, o)

|7

r——oo

We can see that the spacetime metric in Eq. (1) has
two asymptotically flat regions R, : r — +co. The asymp-
totical masses of the R, and R_ regions are equal to
m,=m and m_=-mexp(—nmm/a), respectively. Both
masses clearly have different signs and values. Therefore,
from the perspective of a distant observer in region R_,
the Bronnikov-Ellis wormhole appears to have a negat-
ive mass. Two asymptotical regions R, and R_ are con-
nected by the throat, with the radius of the throat being
R2(r) = e (2 +4?), which is the minimum radius of
two-dimensional sphere. The minimum value of R(r) oc-
curs at r =m and is equal to

Rozexp[—%(arctan%—g)](m2+a2)”2. 4)
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If m is equal to zero, then both m. become zero, and the
metric in Eq. (1) reduces to the Ellis metric.

A. Photon motion

We now consider the photon motion using the
Hamilton-Jacobi equation. One can write the Hamiltoni-
an of a photon around a wormhole surrounded by plasma
in the following form [86]:

1
ﬂ(xa»pa) = E [gaﬁpapﬁ - (n2 - 1)(Pﬁuﬂ)2] > (5)

where x® are the spacetime coordinates, and p, and
are the four-momentum and four-velocity of the photon,
respectively. In Eq. (5), n represents the refractive index
(n=w/k, where k is the wave number). For plasma, one
can write the refractive index as [87]

(6)

with plasma frequency wf,(x“) =4ne’N(x)/m, (m, and e
are the electron mass and charge, respectively, whereas N
is the number density of the electrons). The frequency of
photon @ is defined by w? = (psu¥)* and

Wo

f(r)

w(r) = R wo = const .

(7

The lapse function is such that f(r) —» 1 as r — oo and
w(e0) = wy = —p,, which shows the energy of the photon
at spatial infinity [88]. Besides, the plasma frequency can
be sufficiently smaller than the photon frequency
(w), < w?), which allows the BH shadow to be differenti-
ated from the vacuum case (w, = 0).

One can now write the Hamiltonian for the light rays
in plasma medium as follows [50, 86]:

1
H=— [g"ﬁpapﬁ +wf,] .

: ®)

The components of the four-velocity for the photons
in the equatorial plane (6 = 7/2, py = 0) can be written as

dr =D

= a = m, (9)
; dr u(r

rzazp,CZU, (10)
- d¢ eZu(r)

¢= al =P¢m, (1

using the relationship ** = 9H/dp.. From Egs. (10) and
(11), one can obtain the following expression for the
phase trajectory of light (or photon) in the following
form:

dr _ &"p
dp  g*py

(12)

Using the constraint H =0, we can rewrite the above
expression as [88]

2

dr g7 wj
= = P2 -1, (13)
dg g% P
where
2
YR SN
V)= (14)

The circular radius of light, particularly the one which
forms the photon sphere of radius r,,, can be determined
as the solution of the following equation [88]:

d(y*(r))
dr

=0. (15)

r=rph

Using Eq. (14), we have solved the above equation
numerically. The results are presented graphically in Fig.
1, where we have plotted the dependencies of photon or-
bits on the plasma frequency. The value of the radius of
the photon sphere increased with the increase in plasma
frequency. Also, there is a slight increase with the in-
crease in parameter a.

B. Wormbhole shadow in plasma

Now, we consider the radius of the shadow of the El-
lis-Bronnikov wormhole in the presence of plasma. The
angular radius ay, of the wormhole is defined as [88, 89]

Fig. 1.  (color online) The dependence of the radius of the
photon sphere on the plasma frequency.
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2
sinay, = L) (16)

Yi(ry) '

where r,, and r, represent the photon sphere and observ-
er locations, respectively. One can now easily find the
¥*(rpn) and y*(r,) from Eq. (14). If the observer is located
at a sufficiently large distance from the wormhole, the ra-
dius of the wormhole shadow can be approximated using
Eq. (16) as [88]

Rsh ~ I"oSiIlCL'Sh. (17)

Ry, 1s calculated numerically, and the radius of the
wormhole shadow is depicted for different values of the a
parameter in Fig. 2 for a homogeneous plasma with fixed
plasma frequencies. Fig. 3 demonstrates the dependence
of the wormhole shadow radius on plasma frequencies.
These figures show that the size of the wormhole shadow
radius decreases with increasing plasma frequency. Ac-
cordingly, the BH shadow in the presence of a plasma
medium would shrink further, as expected.

Now, we consider the assumption that the compact
objects Sgr A* and M87* are static, spherically symmet-
ric objects in the Ellis-Bronnikov gravity, even though
the observation obtained by the EHT collaboration does
not support the assumption made here. However, we the-
oretically investigate the upper limits of the parameter a
in the Ellis-Bronnikov wormhole spacetime using the
data provided by the EHT collaboration project. The
spacetime metric comprises only one parameter, a.
Hence, we chose the plasma frequency as the second
parameter for the constraint. One can use the observation-
al data provided by the EHT collaboration regarding the
shadows of the supermassive black holes Sgr A* and
MS87* to constrain these two parameters, a and w,/w.
The angular diameter Oys7. of the BH shadow, the dis-
tance from Earth, and the mass of the BH at the center of
the M87* are Oyg7. =42+3uas, D=16.8+0.8 Mpc, and

wp?w?=0

T
6.2

I
2.0

Fig. 2.
shadow radius on the plasma frequency for the different val-
ues of parameter a.

(color online) The dependence of the wormhole

Rshlm

2,2
wplw

Fig. 3.
shadow radius on the a parameter for different plasma fre-
quency values.

(color online) The dependence of the wormhole

Mgz, = 6.5+0.7x10°M,, [12], respectively. For Sgr A*,
the data provided by the EHT collaboration are
Osgra: =48.7+TuD = 8277+9+33 pc and Mgga. =4.297+
0.013x 10°M,, (VLTI) [90]. From this information about
it, one can calculate the diameter of the shadow caused by
the compact object per unit mass as follows

dy=— . (18)

We know that from the expression dg, = 2Ry,, we can
easily get the expression for the diameter of the BH shad-
ow. Thus, we obtain the diameters of the BH shadow as
A" = (11 +1.5)M for M87* and d>¥" = (9.5+1.4)M for
Sgr A*. From observational EHT data, we can find the
upper limits on parameters a and w’/wj for the super-
massive BHs at the centers of the galaxies Sgr A* and
M&7*. Here, we try to theoretically fulfill the constraint
for Ellis-Bronnikov wormhole as a BH mimicker. It is
demonstrated numerically in Fig. 4. We have demon-
strated that the size of the shadow depends on the worm-
hole and plasma parameters. The upper limits of the a and
plasma parameters correspond to the EHT results.
Moreover, we estimated the values of the parameter a and
the plasma frequency for the supermassive BHs M87*
and Sgr A* in Table 1.

III. WEAK GRAVITATIONAL LENSING FOR

WORMHOLE
In this section, we investigate the weak gravitational
lensing around the Ellis-Bronnikov wormhole. We will

expand metric (1) in the weak-field approximation as fol-
lows [49, 54]:

gaﬁ :naﬂ+haﬁ ) (19)
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Fig. 4. (color online) The values of parameters a and w?/w}
for the supermassive BHs in galaxies M87* and Sgr A*. We
consider m = 1 for both panels.

Table 1. The estimated values of parameters ¢ and w?/w}
for the supermassive BHs: M87* and Sgr A*.

- M87* SgrA*
wy /W
a a
0.20 2.53 1.08
0.25 2.67 1.24
0.30 2.81 1.39
0.35 2.97 1.55

where 71,5 and h,z refer to the expressions for flat space-
time and perturbation due to gravity, respectively. The
above expressions require the following properties:

Nap = diag(-1,1,1,1),
hog <1, hy—0 under x%— oo,

g(yﬁ — naﬁ _ h(rﬁ’ hdﬁ — haﬁ' (20)

Now, we will study the effect of the plasma on the de-
flection angle «; in the gravitational field of the Ellis-
Bronnikov wormhole. In this paper, we consider two

types of plasma: w, and w,, representing the frequencies
for uniform and non-uniform plasma, respectively. One
can write the equation for the deflection angle around the
Ellis-Bronnikov wormhole as [49]

R 1 / “b (dhsy N 1 dhgy K., dN d
Qp =~ - == —_ = -
PTa ) r\Uar T —2fw? dr  W*-w? dr ©

2

where w represents the frequency of the photon. One can
write the line element (1) as

ds’ ~dsg+ (1-e*7)dr + (1-e*7)dr*,  (22)

where ds? = —d7? + dr? + (r* + a*)(d6? + sin> 6d¢?). Now, we
can easily find the components of %, of metric tensor
perturbations in Cartesian coordinates as

hoo = 1—€*, (23)
h,‘k = (1 - eZu(r)) ning, (24)
hys = (1-e*7) cos’x, (25)

with cos®y =22/(b*+7%) and r? = b* +7>. One may easily
calculate the derivative of hy, and h3; as follows:

d/’loo 2me2“(’)

ar @+ (26)
dl’l33 222 mr 2u(r)
- =7<—1+(1—7a2+r2)e ). 27)

The expression for the deflection angle can be writ-
ten as [91]

02b=cf|+(i2+c?3, (28)
with

1 [ bdhs
. _1 bahs 4,
@ 2[mr d
PR A -
P2 ri—@e? dr

1 /b K, dN
= | 2(- = )dz. 2
@ Z/fx,r(wz—wf,dr)Z 29)

Now, we can examine and assess the deflection angle

025104-5



Mirzabek Alloqulov, Farruh Atamurotov, Ahmadjon Abdujabbarov ef al.

Chin. Phys. C 48, 025104 (2024)

for various plasma density distributions.

A. Uniform plasma

In this subsection, we consider the uniform plasma
distribution, which can be expressed as a sum [91]:

d'uni = C,i'unil + &uniZ + &uni3~ (30)

From Egs. (25), (28), and (29), one can find the ex-
pression for @ui. Our metric is complicated, so we can-
not find the expression for the deflection angle explicitly.
Therefore, we use the numerical method and plot the de-
pendence of the deflection angle on the impact parameter
b for different values of the a parameter and plasma para-
meter w’/w” in the Ellis-Bronnikov wormhole spacetime.
The numerical results are represented graphically in
Fig. 5. It can be seen from the graphs that the value of the
deflection angle a., decreased with the increase in the
impact parameter for fixed values of the plasma fre-
quency and the a parameter. Moreover, we present the ef-
fect of the deflection angle on plasma parameters in
Fig. 6. Under the influence of the a parameter, the value
of the deflection angle a,, decreases, while the effect of
the plasma frequency on the deflection angle is the op-
posite.

B. Non uniform plasma

In this part of our work, we consider the non-singular
isothermal sphere (SIS), which represents the most favor-
able model for understanding the unique characteristics of
gravitational weak lensing effects on photons around the
wormhole. In general, SIS is a spherical gas cloud charac-
terized by a singularity located at its center, where the
density tends to infinity. The density distribution of a SIS
is described as follows [49]:

2

o
LA 31
2nr? (1)

p(r) =

where o2 denotes a one-dimensional velocity dispersion.
The analytical expression for the plasma concentration is
given as [49]

Niy =20 (32)
P

where m, represents the mass of a proton, and £ is a di-
mensionless coefficient generally associated with the
dark matter universe. The plasma frequency is

2
K.o

2
=KN(r)= —— .
Ve ) 2ntkm,r?

(33)

A
Qyni

A
QAyni

bim

Fig. 5.
@i on the impact parameter b for different values of paramet-

(color online) The dependence of the deflection angle

er a (upper panel) and the plasma medium (bottom panel).

A
QAyni

Fig. 6. (color online) The dependence of the deflection angle
@i on plasma parameters for the fixed value of impact para-
meter b=5M.

Now, we explore the non-uniform plasma (SIS) ef-
fect on the deflection angle in the spacetime of the Ellis-
Bronnikov wormhole. One can write the expression of
deflection angle around the Ellis-Bronnikov wormhole as
[91]

Qsis = Qsis) + sisa + Asiss - (34)

For uniform plasma, we also use the numerical meth-
od. These calculations establish a supplementary plasma
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constant w? with the following analytic expression [54]:

2 K.0,
@e = 2rkm,R} (33)
We have represented the dependence of the deflec-
tion angle on impact parameter b for different values of
the a parameter and w?/w?* for a non-uniform plasma me-
dium in the Ellis-Bronnikov wormhole spacetime, as
shown in Fig. 7. The graphs show that the value of the
deflection angle ay decreased as the impact parameter
increased. Then, we demonstrate the dependence of the
deflection angle of a light ray around a wormhole in the
presence of a non-uniform plasma in Fig. 8. One can eas-
ily see from Fig. 8 that the value of the deflection angle
ags decreased under the influence of the plasma and a
parameters. In addition, we compared the different ef-
fects of plasma on the Ellis-Bronnikov wormhole deflec-
tion angle with gravity, as shown in Fig. 9. By comparis-
on, it can be seen that the deflection angle of the light ray
for the uniform plasma is greater than that for the non-
uniform plasma.

IV. MAGNIFICATION OF GRAVITATIONALLY
LENSED IMAGE

Now, we explore the image brightness in the pres-
ence of plasma through the angle of deflection of light
rays around the Ellis-Bronnikov wormhole. By employ-
ing the lens equation, the combination of light angles
around the Ellis-Bronnikov wormhole can be written (&,
0, and p) [51, 54, 92] as

GDS :BDs+dde.v s (36)

where D, D,;, and D, are the distances from the source
to the observer, lens to the observer, and source to the
lens, respectively. In Eq. (36), 8 and f§ denote the angular
position of the image and the source, respectively. One
can now rewrite the above equation for £ as follows:

Dy £0) 1
D, D,d?6 ’

B=6 (37)

where £(6) = |@,|b , with b = D46, as used in [54].

When the image has a ring-like appearance, it is clas-
sified as Einstein's ring, with a ring radius defined as
R, =D,0. The angular part 6, arising from the space-
time geometry between the source's images in a vacuum,
can be expressed as [51]

(38)

A
Asis

02l I I I I I I

bim
0.8
w2/ w?=0.0
TENC e we2lw?=03 |
06K SeloNN 0 mEmm - w02/w2=0.5 4
-
~.
@
p B‘" 05 R
04 e I
03] T
02hs ‘ ‘ ‘ ‘ ‘ ‘
4 5 6 7 8 9 10
bim
Fig. 7. (color online) The dependence of the deflection angle

@sis on the impact parameter for different values of parameter
a (upper panel) and plasma parameters (lower panel).

0.8

A
Asis

03: ‘ ‘ ‘ ‘
wllw?

Fig. 8. (color online) The dependence of the deflection angle

@sis on plasma for the fixed value of impact parameter b =5M.

Now, we investigate the brightness magnification
equation as follows [54]:

)

where I« and I, are the the total brightness of all images

, k=12, (39)

Mz=%=z
* k

and the unlensed brightness of the source, respectively.
The magnification of the source can be expressed as [49,
54]
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Uniform

0.5F

0.0 L I I I I

4.0 45 5.0 55 6.0
bim
1.2 T
Uniform
----- - SIS

Fig. 9.
&, on the impact parameter (upper panel) and plasma para-

(color online) The dependence of the deflection angle

meters (lower panel).

1 X x2+4
”5122( =t +2), (40)

1 2+4
uli’:Z( X —+ a —2), (41)
x°+ X

where x =/0r is a dimensionless quantity [54] and ,uﬁl
and u” are the image magnifications. Using equations
(40) and (41), we can obtain the expression for the total
magnification as follows:

2
pl_  pl pl _ X"+ 2
Hiot = +pl = ——— . (42)
e x Va2 +4
Now, we explore the magnification in the presence of
plasma with different distributions in the wormhole envir-
onment: (i) uniform and (ii) non-uniform cases.

A. Uniform plasma
Here, we study the effect of uniform plasma on the
magnification image. The total magnification u{ﬁt can be
expressed as

xX2.+2
uni , 43
Xomi A/ X2 +4 43)

uni

pl _ i ! _
Hiog = 1+ =

. ] . .
The expression for (8% )., is complicated; therefore,
. . [ [
we use numerical calculations. Xui, (U )uni, and (U )uni
are defined as

Xuni = # (44)
(92 )uni
The image magnifications can be written as
Wy = - [ VA 45)
o 4 xﬁni +4 Xuni ’
(le) _ l Xuni + xlzmi +4 2 (46)
T4 X2 +4 Xuni '

The total magnification of the image in the presence
of a plasma ,u{fft for the Ellis-Bronnikov wormhole is
demonstrated in Fig. 10. Fig. 11 shows the dependence of
the total magnification on x, in the presence of uniform
plasma for different values of the a parameter. These fig-
ures clearly indicate that the value of the total magnifica-
tion of the image for uniform plasma increases with the
plasma parameter value.

B. Non-uniform plasma

In this subsection, we explore the effect of non-uni-
form plasma on the magnification of the image. We may
write the expression for total magnification (u{i,lt)sm as

xXio+2
(:uﬁ)lt)SIS = (ﬂﬁl)SIS + (lll—ﬂ)SIS = S ) 47

2
XsIS X318 +4

with

1 X+ 4
(u%m:( Tols Vst +2>, (48)

4 Xgs +4 Xsis
- 2) , (49

(50)

2
X5 +4

1 X
W)sis = ( e

2
X5 +4 Xs1s
Xs1s = — -
pl
(O )sis

As with (0§l)uni, we use the numerical method for
@)sis.
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21

Fig. 10.
ation o on the plasma parameter for different values of para-

(color online) The dependence of the total magnific-

meter a corresponding to the fixed value of impact parameter
b=5M.

Uniform

L pr/w2=0.5 -------
3 o[ w2 w?=0.9
3
S
T 2
] L
0.01 0.10 1 10 100 1000
Xo
Fig. 11.  (color online) Image magnification in the presence

of uniform plasma. The fixed parameters used are M =1,
b=3M,anda=1.

We can find the dependence of total magnification on
the plasma parameter using Eq. (47). From Fig. 12, we
can see that the magnification decreased as the plasma
parameter increased. Moreover, the plot of the depend-
ence of total magnification on x, in the presence of
plasma for the fixed values of parameter a is provided in
Fig. 13. These figures show that the value of the total
magnification of the image for non-uniform plasma de-
creased as the plasma parameter values increased. Fi-
nally, we compared the two cases, i.e., uniform and non-
uniform plasma distributions, in Fig. 14.

The effect of uniform and non-uniform plasma on the
total magnification differs; the former increases the total
magnification while the latter decreases the total magni-
fication of the images. Also, the image magnification for
uniform plasma is greater than that for non-uniform
plasma.

V. CONCLUSIONS

In this paper, we discussed the optical properties of

the Ellis-Bronnikov wormhole. From the performed re-
search, we can summarize our main results as follows:

e We investigated photon motion around a wormhole
surrounded by plasma. We obtained numerical results re-

17

w2 w?
Fig. 12.

ages as a function of non-uniform plasma. Here, the impact
parameter is set as b =5M.

(color online) The total magnification of the im-

pPp, P

0.01 0.10 1 10
Xo

Fig. 13. (color online) Image magnification in the presence

of SIS. The fixed parameters used are M =1, b=3M, and

a=1.
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Fig. 14. (color online) Image magnifications in the presence

of uniform plasma and SIS. The fixed parameters used are
2 2

M=1,b=3M,%2 =09, % =09,and a=1.
w w
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garding the dependence of the photon sphere radius on
the plasma frequency (see Fig. 1). The photon sphere ra-
dius increased as the plasma frequency increased.

e We also studied the shadow of the Ellis-Bronnikov
wormhole in plasma. The wormhole shadow radius was
calculated using the numerical method. The dependen-
cies of the wormhole shadow radius on the plasma fre-
quency and wormhole parameter are demonstrated in
Figs. 2 and 3. The figures show that the wormhole shad-
ow radius increased as the a parameter increased, and
vice versa for the plasma frequency, as demonstrated in
Figs. 2 and 3.

e Since we have demonstrated that the size of the
shadow depends on the wormhole and gravity theory
parameters, in the future, the obtained results can be ap-
plied to the images of Sgr A* and M87* SMBHs to de-
termine the constraints on Ellis-Bronnikov gravity para-
meters.

e Furthermore, weak gravitational lensing for the El-
lis-Bronnikov wormhole was investigated. For this, we
considered that the wormhole was surrounded by uni-
form and non-uniform plasma, and we obtained the de-
flection angle for each case. The obtained results are il-
lustrated in Figs. 5, 6, 7 and 8. The value of the deflec-
tion angle @uwi decreased as the impact parameter b in-
creased. Under the influence of the uniform plasma fre-
quency, the deflection angle @uwi increased, and vice
versa for the a parameter. For uniform plasma, the values
of the deflection angle @sis decreased as the impact para-
meter b increased. Also, a slight decrease in the deflec-
tion angle @siswas observed under the influence of the a

parameter and the non-uniform plasma frequency.

e In addition, we compared the deflection angle of
light for uniform and non-uniform plasma in Fig. 9. The
figure clearly indicates that the deflection angle of the
light ray for uniform plasma is greater than that for non-
uniform plasma.

e Finally, we studied the total magnification of the
images as a function of uniform and non-uniform plasma.
The dependencies are plotted in Figs. 10 and 12. From
these figures, we can see that the value of the total magni-
fication of the image for uniform plasma increased as the
plasma parameter increased, and vice versa for non-uni-
form plasma. Also, we investigated the image magnifica-
tion in both cases. The results are demonstrated in Figs.
11 and 13. Moreover, we compared the image magnifica-
tions in the presence of uniform plasma and SIS. The im-
age magnification for uniform plasma is greater than that
for SIS, as demonstrated in Fig. 14.

The above results demonstrate that plasma changes
the optical properties of the Ellis-Bronnikov wormhole
and its parameters. Also, we can see that the type of
plasma plays an important role in the deflection angle be-
cause the deflection angle increases as the uniform
plasma frequency increased, and vice versa for non-uni-
form plasma. In this work, we focused only on the con-
straint of the BH shadow. In future studies, the observa-
tional data of the gravitational lensing in Refs. [93-96]
may be further employed to obtain constraints on the
spacetime parameters of EB and estimate the plasma
characteristics.
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