
Article Not peer-reviewed version

Propagation of Electromagnetic Waves

in Morris-Thorne-Type Wormhole with

Topological Defects

Faizuddin Ahmed * and Meshwa Garnet Kurbah

Posted Date: 8 April 2025

doi: 10.20944/preprints202504.0535.v1

Keywords: Traversable wormholes; Magnetic monopoles; cosmic strings; Maxwell’s Equations; special

functions; Fuschian differential equations

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/207746


Article

Propagation of Electromagnetic Waves in
Morris-Thorne-Type Wormhole with Topological
Defects

Meshwa Garnet Kurbah * and Faizuddin Ahmed

Department of Physics, University of Science & Technology Meghalaya, Ri-Bhoi, Meghalaya 793101, India;
faizuddinahmed15@gmail.com
* Correspondence: meshwakurbah@gmail.com

Abstract: In this work, we investigate the propagation and behavior of electromagnetic waves in traversable

wormhole space-times influenced by topological defects. We focus on two specific scenarios: a Morris-Thorne-type

traversable wormhole embedded in a space-time with a global monopole and another with a cosmic string. The

primary objective is to examine how the wormhole geometry, combined with these topological defects, affects

the dynamics and propagation of electromagnetic fields in curved space-time. To achieve this, we derive the

Maxwell vacuum field equations in the context of curved geometries and solve them analytically, employing

special functions to address the complexities introduced by the wormhole structure and defects. Our analysis

highlights several key findings: the wormhole throat radius emerges as a critical parameter shaping the behavior

of electromagnetic waves, while the presence of topological defects, such as the global monopole and cosmic

string, introduces modifications to the electromagnetic fields. These modifications significantly alter the wave

dynamics compared to those observed in Minkowski flat space-time, offering deeper insights into the interaction

between electromagnetic phenomena and the geometry of curved space-times with topological defects.
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1. Introduction

A symmetry-breaking phenomenon known as the decoupling of fundamental interactions is
believed to have occurred during a phase transition in the early universe. This event, which marks
a crucial moment in the history of the cosmos, is expected to give rise to topological defects-cosmic
objects that are remnants of the symmetry-breaking process. Among the most studied of these defects
are the “domain walls" [1], “cosmic strings" [2–5], and “global monopoles" (GMs) [6]. Although direct
observational evidence for these defects remains elusive, the global monopole is considered the most
promising candidate for future detection. This anticipation has driven a considerable amount of
research, which has been documented in various studies and scientific literature [7–14].

Additionally, the behavior of global monopoles has been studied in the presence of other physical
phenomena, such as dyons (particles that carry both electric and magnetic charges), magnetic flux, and
scalar potentials. Precise solutions to the Klein-Gordon equation, which describes scalar fields, have
been employed to understand the influence of GMs in various contexts. These studies have extended
to the interaction of global monopoles with other fundamental forces, such as the electromagnetic
and gravitational fields. Investigations into the Aharonov-Bohm effect [15–18], which describes
the quantum mechanical interaction of charged particles with electromagnetic potentials, have also
included global monopoles as a key component in understanding their potential physical implications.
The exploration of global monopoles has not been confined to just scalar fields; the behavior of these
objects in the presence of fermions has also garnered attention. In particular, the precise solutions to the
Klein-Gordon and Dirac equations, which describe scalar and fermionic fields, respectively, have been
examined in the context of GM. The study of these oscillators in relation to global monopoles provides
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important insights into the quantum mechanical properties of such defects, particularly with respect
to energy levels and particle interactions in the presence of topological structures [19]. Moreover, the
study of GMs is closely related to the broader field of topological defects in the universe, such as
cosmic strings and domain walls, which have profound implications for the formation and evolution
of the early universe. Despite the lack of experimental confirmation, the theoretical investigations into
GMs continue to evolve, providing valuable information about the potential structure of the universe
at its most fundamental level. It is expected that, as detection techniques improve, we may eventually
observe these topological defects and validate many of the theoretical predictions that have emerged
from decades of research.

Wormholes represent one of the many solutions permitted by general relativity (GR), and they
have been extensively studied and analyzed in the literature [20,21]. These hypothetical structures
are often envisioned as conduits that enable rapid connections between distant regions in spacetime
or even between separate universes. Such properties have made wormholes a popular subject in
theoretical physics. However, for wormholes to exist, they require the violation of the null energy
condition, a fundamental constraint in GR. Wormholes are typically modeled as geometric structures
with a tubular shape, which are asymptotically flat on both ends. Wormholes have been studied from
a variety of perspectives, as reflected in numerous research papers [22–24,27–35]. Among the earliest
and most fundamental wormhole solutions is the Ellis-Bronnikov wormhole [36,37]. This solution
provides a simple yet effective framework for understanding the basic properties of wormholes in the
context of general relativity. In addition, alternative theoretical models have emerged, with modified
gravity theories exploring different aspects of wormhole physics without relying on exotic forms of
matter, such as dark energy [38,39]. One such modified gravity theory is Born-Infeld gravity (EiBI),
which is inspired by the work of Eddington [40]. EiBI gravity has been thoroughly examined due to its
remarkable ability to avoid the formation of singularities, a characteristic that typically requires the
introduction of exotic matter. The Morris-Thorne (or Ellis-Bronnikov) wormhole, developed within
the framework of EiBI gravity, describes a spherically symmetric, static spacetime with a topological
charge consistent with general relativity [41,42]. This solution was derived by incorporating the
geometry of spacetime with the energy-momentum tensor corresponding to the region outside the
global monopole (GM) core.

The study of the Morris-Thorne wormhole and similar solutions has been an active area of research,
with numerous contributions advancing our understanding of their properties and implications.
Notably, in 1988, Morris and his collaborator proposed an exact solution of the field equations involving
exotic matter, which inherently violates energy conditions [22–24]. The space-time represents a
wormhole metric and the line-element describing this wormhole is a spherically symmetric in the
Schwarzschild coordinates (t, r, θ, ϕ) given by

ds2 = −e2 Φ(r) dt2 +
dr2(

1 − b(r)
r

) + r2 (dθ2 + sin2 θ dϕ2), (1)

where Φ(r) is the redshift function and b(r) is called the shape function which determine the size of the
throat of the wormhole. A few criteria is that this shape function must satisfy: (i) b(r)/r → 0 as r → ∞,
(ii) b(r = r0) = r0, where r0 is the throat radius, and (iii) b′(r = r0)− 1 ≤ 0, where prime denotes
ordinary derivative w. r. t. r, and (iv) b(r)− r b′(r) > 0. Numerous authors have been studied this
wormhole space-times in general relativity as well as in modified gravity theories (see, for examples
Refs. [25,26] and related references therein).

Building on the foundations of previous research, we aim to further explore the electromagnetic
field equations within the context of Morris-Thorne-type wormhole space-time, specifically in the
presence of a global monopole charge. Maxwell’s equations, which form the cornerstone of electro-
dynamics, serve as the guiding framework for our investigation [47–51]. Although these equations
have been central to our understanding of electromagnetism for over a century, their interpretation
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and application continue to evolve as new theoretical developments emerge. The interplay between
Maxwell’s electrodynamics and Einstein’s general theory of relativity has long been a subject of interest.
Einstein’s work revealed a profound connection between the electromagnetic field and gravity, sug-
gesting that gravity is not only influenced by mass and energy but can also interact with and be shaped
by electromagnetic fields. This relationship, encapsulated in the Einstein-Maxwell equations, shows
that the presence of a gravitational field can affect the behavior of the electromagnetic field. In turn,
the electromagnetic field can influence the curvature of spacetime, reinforcing the idea that gravity can
intensify or distort an existing electromagnetic field under certain conditions. This mutual influence
between gravity and electromagnetism highlights the intricate dynamics between the fundamental
forces, and it plays a crucial role in the quest for a Grand Unified Theory (GUT). Such a theory aims to
merge all fundamental forces into a single, coherent framework, and the interaction between gravity
and electromagnetism within the context of wormholes and global monopoles could provide essential
insights into this larger goal. By studying the electromagnetic field equations in the background of
Morris-Thorne-type wormhole space-time with global monopole charge, we seek to uncover new
perspectives on the behavior of these fundamental forces under extreme conditions.

The relationship between space-time geometry and electromagnetic fields is fundamental in
classical field theories, with gravity being one of the most important aspects. Electromagnetic fields,
which carry energy and momentum, influence space-time geometry, and light propagates along
null geodesics. This creates a critical connection between the causal structure of space-time and the
propagation of electromagnetic fields. Given the close relationship between electrodynamics and
the fundamental concept of causality in physics, this classical field theory plays a central role in our
understanding of the universe. In the conventional particle paradigm, photons are massless particles
responsible for carrying electromagnetic waves, which makes their connection to the light cone unique
and allows for experimental exploration of null cones. Numerous studies have investigated various
aspects of electromagnetism in curved space-time backgrounds. For instance, Cohen et al. [52]
and other works have explored weak electromagnetic fields in rotating black holes [53], decoupling
Maxwell’s equations in curved space-time [54], and electromagnetic fields in Petrov type-D and Kerr
space-times [55], as well as in Kerr–NUT–(A)dS space-times [56,57], Myers-Perry geometry [58], higher-
dimensional black hole space-times [59], and the Plebanski-Demianski metric [60]. It is important
to note that Maxwell’s equations were the first relativistic field equations, and while the concept of
the light cone originated in Minkowski space-time, it can also be derived from electrodynamics, and
these equations possess a pre-metric formulation [61–63]. Additionally, studies such as Ref. [64] have
investigated the electromagnetic field equations in Minkowski flat space, rotating flat space, and black
hole space-times. In Ref. [65], the electromagnetic fields in curved space-time were explored, while
in Ref. [66], the electromagnetic fields within a topological defect space-time, including both global
monopoles and cosmic strings, were studied and Maxwell’s equations were solved. Similarly, in Ref.
[67], the electromagnetic field tensor in the curved space-time of a spherically symmetric black hole
accompanied by topological defects was examined, with the Schwarzschild black hole metric being
employed to solve Maxwell’s vacuum equations. In Ref. [68], electromagnetic fields in the context of a
traversable four-dimensional wormhole metric were analyzed, solving the Maxwell vacuum equations
analytically in the presence of cosmic strings and global monopoles. Finally, in Ref. [69], the effects of
a global monopole on electromagnetic fields in a curved space-time background under the framework
of Eddington-inspired Born-Infeld (EiBI) gravity were explored, with the free Maxwell’s equations
being solved analytically and their effects on electromagnetic wave propagation being analyzed.

In general relativity, Minikowski space-time is often extended to a more physically relevant,
perhaps curved space-time when applied to electromagnetic. This evaluates how matter affects the
universe’s space-time curvature. Considerable study on electromagnetic in curved areas has shown
a clear connection between Einstein fields and Maxwell’s equations. The vector character of the
electromagnetic field and the geometric framework created by general relativity result in this coupling,
which is comparable to a sort of scattering where space-time curvature impacts the propagation of
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electromagnetic waves. The electromagnetic field equations in curved space-time may be represented
as covariant versions, which can be used to formalise this complicated interaction[70–73].

1√−g
∂µ (

√
−g Fµν) = jν. (2)

And

Fµν;λ + Fνλ;µ + Fλµ;ν = 0 ⇒ Fµν,λ + Fνλ,µ + Fλµ,ν = 0. (3)

where coma denotes ordinary/partial derivative w. r. t. argument.
It is important to represent the electromagnetic field tensor within a coordinate system before

substituting the result into (3) to obtain the explicit version of the electromagnetic field equations.
The electromagnetic field tensor in flat space-time with Cartesian coordinates has a unique structure:
F0i = −E(i), Fij = ϵijk, Bk. Although this representation has an explicit definition for Cartesian
coordinates, it is less well-known in curvilinear coordinates inside flat space-times, and there aren’t
as many explicit formulations for field equations and electromagnetic tensors. A more complete
formulation becomes essential when searching for electromagnetic field equations in coordinate
systems such as cylindrical or "Schwarzschild" coordinates.

In Ref. [69], we studied electromagnetic fields in a Klinkhamer-type traversable wormhole
featuring a global monopole and subsequently considering a cosmic string and analyzed the radial
solutions in detail. Building on this previous work, the current study focuses on another well-known
traversable wormhole metric, featuring the topological defects as does in the previous work. This
wormhole metric is called the Morris-Thorne-type traversable wormhole and we investigates the same
phenomenon within this setup, incorporating a global monopole and then a cosmic string. We derive
the Maxwell vacuum field equations and solve them analytically using special functions to address
the mathematical complexities introduced by the wormhole structure and the topological defects.
The analytical solutions are thoroughly examined to understand how the wormhole throat radius
and the topological defects influence the propagation of electromagnetic waves in curved space-time.
Moreover, it is shown that the results in the current study are fundamentally different from those results
obtained in the previous work in Ref. [69], as we focus on a different wormhole geometry other than
Klinkhamer-type wormhole. In addition, we demonstrate that the topological parameters, along with
the wormhole throat radius, modify the present electromagnetic fields compared to flat Minkowski
space. Our findings highlight the significant impact of the wormhole geometry and topological
defects on the behavior of electromagnetic fields, providing new insights into the interaction between
electromagnetic waves and the curvature and topology of space-time.

The structure of the paper is as follows: In section 2, we present the electromagnetic field
tensor in detail in the context of topologically charged Morris-Thorne-type wormhole and derive the
corresponding Maxwell vacuum equations. In section 3, we present the electromagnetic field tensor
in the context of Morris-Thorne-type wormhole with a cosmic string and derive the corresponding
Maxwell vacuum equations. We then solve these equations analytically using special functions and
analyze the results. In Section 4, we provide our conclusions. Throughout the paper, we adopt units
where c = 1 = G = h̄.

2. Maxwell Equations in Morris-Thorne-type wormhole with a global monopole

In this part, we study Maxwell’s equation in curved space, specifically in the context of Morris-
Thorne-type wormhole with topological defects. Therefore, we begin this section by writing the line
element which is given by (setting red shift Φ(r) = 0 without loss of generality)

ds2 = dt2 − dr2

α2
(

1 − b(r)
r

) − r2
(

dθ2 + sin2 θ dϕ2
)

. (4)
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Here,−∞ < r < ∞, 0 < α = (1 − 8 π2 G η2) < 1, where G is the Newtonian gravitational constant,
η being dimensionless volumetric mass density also called energy-scale of the symmetry breaking
similar to GM [74]. Numerous authors have been studied wormhole space-times with global monopole
charges in the context of quantum mechanical system (for example, see Refs. [43–46]). In the limit
where b(r) = 0, this metric reduced to a global monopole space-time. Recently, electromagnetic fields
in this global monopole metric have been studied in [66].

The covariant gµν and contravariant gµν metric tensor for the above space-time will be

gµν =


1 0 0 0
0 − 1

α2
(

1− b(r)
r

) 0 0

0 0 −r2 0
0 0 0 −r2 sin2 θ

, gµν =


1 0 0 0

0 −α2
(

1 − b(r)
r

)
0 0

0 0 − 1
r2 0

0 0 0 − 1
r2 sin2 θ

. (5)

The tetrad vector h(a)
µ related with metric tensor gµν is given by the following relations

gµν = h(a)
µ h(b)ν η(ab), ηab = gµν hµ

(a) hν
(b), hµ

(a) h(a)
ν = δ

µ
ν , h(a)

µ hµ

(b) = δa
b , (6)

where η(ab) is the Minkowski metric tensor, Greek indices run from 0 to 3 with xµ = (t, r, θ, ϕ) and
Latin indices a = 0, 1, 2, 3. We derive the electromagnetic field tensor for the generic comoving observer
in the considered curved space-time backgrounds as significant examples. The general comoving
observer’s velocity is determined by (+,−,−,−),

uµ = (1/
√

g00, 0, 0, 0) = (1, 0, 0, 0). (7)

Using equations (6) and selecting the general comoving observer velocity (7) as hµ

(0), the coordinate
tetrad for this metric is obtained as follows:

h(a)
µ =


1 0 0 0
0 1

α

√
1− b(r)

r

0 0

0 0 r 0
0 0 0 r sin θ

, hµ

(a) =


1 0 0 0

0 α

√
1 − b(r)

r 0 0
0 0 1

r 0
0 0 0 1

r sin θ

. (8)

Noted that these tetrads can be immediately generated from the metric (4). In order to convert
into spherical coordinates, we select the following q0 = t, q1 = x, q2 = θ, q3 = ϕ and E(1) =

Er, E(2) = Eθ , E(3) = Eϕ, the electromagnetic field tensor Fab in non-coordinate basis is given by

F(ab) =


0 Er Eθ Eϕ

−Er 0 Bϕ −Bθ

−Eθ −Bϕ 0 Br

−Eϕ Bθ −Br 0

, F(ab) =


0 −Er −Eθ −Eϕ

Er 0 Bϕ −Bθ

Eθ −Bϕ 0 Br

Eϕ Bθ −Br 0

. (9)

Therefore, the electromagnetic field tensor in the background of a topologically charged Morris-
Thorne-type wormhole by utilizing equation (39)-(9) in coordinate basis becomes

Fµν =



0 α

√
1 − b(r)

r Er
Eθ
r

Eϕ

r sin θ

−α

√
1 − b(r)

r Er 0
α

√
1− b(r)

r Bϕ

r − α

√
1− b(r)

r Bθ

r sin θ

− Eθ
r − α

√
1− b(r)

r Bϕ

r 0 Br
r2 sin θ

− Eϕ

r sin θ

α

√
1− b(r)

r Bθ

r sin θ − Br
r2 sin θ

0


. (10)
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And it’s covariant form is given by,

Fµν =



0 − Er

α

√
1− b(r)

r

−r Eθ −r sin θ Eϕ

Er

α

√
1− b(r)

r

0 r Bϕ

α

√
1− b(r)

r

− r sin θ Bθ

α

√
1− b(r)

r

r Eθ − r Bϕ

α

√
1− b(r)

r

0 r2 sin θ Br

r sin θ Eϕ
r sin θ Bθ

α

√
1− b(r)

r

−r2 sin θ Br 0


. (11)

From equation (2) and (10) we obtain the following vacuum electromagnetic field equations in the
Morris-Thorne-type wormhole when we operate on a coordinate basis

α

√
1 − b(r)

r

r
∂

∂r
(r2 Er) +

1
sin θ

∂

∂θ
(sin θ Eθ) +

1
sin θ

∂Eϕ

∂ϕ
= 0, (12)

∂Er

∂t
− 1

r sin θ

∂

∂θ
(sin θ Bϕ) +

1
r sin θ

∂Bθ

∂ϕ
= 0, (13)

∂Eθ

∂t
+

α

√
1 − b(r)

r

r
∂

∂r
(r Bϕ)−

1
r sin θ

∂Br

∂ϕ
= 0, (14)

∂Eϕ

∂t
−

α

√
1 − b(r)

r

r
∂

∂r
(r Bθ) +

1
r

∂Br

∂θ
= 0 (15)

for ν = 0,1,2,3, respectively.
From equation (3) and (11) we obtain the source free equations

α

√
1 − b(r)

r

r
∂

∂r
(r2 Br) +

1
sin θ

∂

∂θ
(sin θ Bθ) +

1
sin θ

∂Bϕ

∂ϕ
= 0, (16)

∂Br

∂t
+

1
r sin θ

∂

∂θ
(sin θ Eϕ)−

1
r sin θ

∂Eθ

∂ϕ
= 0, (17)

∂Bθ

∂t
−

α

√
1 − b(r)

r

r
∂

∂r
(r Eϕ) +

1
r sin θ

∂Er

∂ϕ
= 0, (18)

∂Bϕ

∂t
+

α

√
1 − b(r)

r

r
∂

∂r
(r Eθ)−

1
r

∂Er

∂θ
= 0 (19)

Now, we attempt to find solution of the above electromagnetic field equations. So, differentiating
Eq. (13) w. r. t. time t and using Eqs. (18)–(19) and finally then Eq. (12), we obtain the following
differential equation in terms of Er as follows:

−d2 Er

dt2 + α2
(

1 − b(r)
r

)
d2Er

dr2 +

[
4 α2

r

(
1 − b(r)

r

)
+

α2 [b(r)− r b′(r)]
2 r2

]
dEr

dr

+

[
α2 [b(r)− r b′(r)]

r3 +
2 α2

r2

(
1 − b(r)

r

)
− ℓ (ℓ+ 1)

r2

]
Er = 0, (20)

where we have used the following relation[75,76]

−
[

1
sin θ

d
dθ

(
sin θ

d
dθ

)
+

1
sin2 θ

d2

dϕ2

]
Ym
ℓ (θ, ϕ) = ℓ (ℓ+ 1)Ym

ℓ (θ, ϕ). (21)
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Here Ym
ℓ is the spherical harmonics, ℓ is the angular quantum number and m is the magnetic quantum

number related by ℓ = (|m|+ n) with n = 0, 1, 2, ...
Similarly, differentiating Eq. (17) w. r. t. time t and using Eqs. (14)–(15) and finally Eq. (16), we

obtain the following equation for the magnetic field Br as follows:

−d2 Br

dt2 + α2
(

1 − b(r)
r

)
d2Br

dr2 +

[
4 α2

r

(
1 − b(r)

r

)
+

α2 [b(r)− r b′(r)]
2 r2

]
dBr

dr

+

[
α2 [b(r)− r b′(r)]

r3 +
2 α2

r2

(
1 − b(r)

r

)
− ℓ (ℓ+ 1)

r2

]
Br = 0. (22)

Since the differential Eqs. (20) and (22) are of the same form, let’s consider the following ansatz for the
electric and magnetic field components (Er, Br) given by

Er (or Br) = exp(−i ω t)ψ(r), (23)

where ω is the frequency of the electromagnetic waves and ψ(r) is the radial function.
Substituting this solution (23) into the Eq. (20) and (22) results the same second-order differential

equation given by

α2
(

1 − b(r)
r

)
ψ′′(r) +

[
4 α2

r

(
1 − b(r)

r

)
+

α2 [b(r)− r b′(r)]
2 r2

]
ψ′(r)

+

[
ω2 +

α2 [b(r)− r b′(r)]
r3 +

2 α2

r2

(
1 − b(r)

r

)
− ℓ (ℓ+ 1)

r2

]
ψ(r) = 0. (24)

Below, we aim to solve the above differential equation (24) using different shape function form
b(r) and analyze the result.

2.1. Analytical Solutions for Shape Function b(r) = r2
0/r

In this case, we chose the following shape function form

b(r) = r2
0/r, (25)

where r0 is the throat radius. This shape function satisfies the flare-out condition, namely b(r = r0) = r0,

and b′(r)
∣∣∣
r=r0

< 1 as well other conditions. It is worth noting that numerous authors have studied the

Morris-Thorne-type wormhole with this particular shape function in the context of general relativity
as well as modified gravity theories (see Refs. [77–79] and the related references therein).

Thereby, using the above shape function form (25) into the eq. (24) results

α2

(
1 −

r2
0

r2

)
ψ′′(r) +

1
r

[
4 α2 −

3 α2 r2
0

r2

]
ψ′(r) +

[
ω2 − {ℓ (ℓ+ 1)− 2 α2}

r2

]
ψ(r) = 0. (26)

To solve the above equation, let us consider a transformation r2 = r2
0 s into the Eq. (26) and after

some straightforward calculation results

ψ′′(s) +
(

1/2
s − 1

+
2
s

)
ψ′ +

(
∆2/4
s − 1

+
τ2/4

s

)
ψ = 0. (27)

where we defined

τ =

√
ℓ (ℓ+ 1)

α2 − 2, ∆ =

√
ω2 r2

0
α2 − τ2. (28)
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The above equation is the confluent Heun equation form [75,76,80,81] given by

H′′(s) +

(
α̃ +

β̃ + 1
s

+
γ̃ + 1
s − 1

)
H′(s) +

(
µ̃

s
+

ν̃

s − 1

)
H(s) = 0,

µ̃ =
1
2
(α̃ − β̃ − γ̃ + α̃ β̃ − β̃ γ̃)− η, ν̃ =

1
2
(α̃ + β̃ + γ̃ + α̃ γ̃ + β̃ γ) + δ + η,

H(s) = HC
(
α̃, β̃, γ̃, δ̃, η̃; s

)
. (29)

Comparing Eqs. (27) and (29), we get

α̃ = 0, β̃ = 1, γ̃ = −1/2, µ̃ =
τ2

4
, ν̃ =

∆2

4
. (30)

Using the above parameters, we find other as follows:

δ =
ω2 r2

0
4 α2 , η = −τ2

4
. (31)

Therefore, the radial solution ψ of Eq. (27) is the confluent Heun function and is given by

ψℓ α(s) = Hc

(
0, 1,−1

2
,

ω2 r2
0

4 α2 ,− ℓ (ℓ+ 1)
4 α2 +

1
2

; s

)
. (32)

From the above expression, it is evident that the factors such as the global monopole characterized
by the parameter α, the wormhole throat radius characterized by the parameter r0, and the orbital
quantum number ℓ including the frequency of the em waves ω alters the behavior of the radial solution.

In Figure 3, we show the radial solution ψℓ,α(r) from Eq. (32), varying parameters such as the
global monopole parameter α, the wormhole throat radius r0, and the frequency of the electromagnetic
waves ω, while keeping the azimuthal quantum number fixed at ℓ = 1. We observe that the radial
solution exhibits a gradual increase with increasing s. However, in some panels, we observe that as
one or more of the aforementioned parameters increases, the increasing trend of the radial solution
shifts downward as well as upward.

In Ref. [69], we studied electromagnetic fields in topologically charged Klinkhamer traversable
wormhole metric and analyzed the results. The radial solution is given by (changing notations β → α,
b → r0 and Rι(r) → ψℓ α in Eq. (67) in [69])

ψℓ α = c1 Γ

(
1 +

√
ℓ (ℓ+ 1)

α2 +
1
4

)[
ω2

4 α2 (r
2 + r2

0)

]−3/4

J√
ℓ (ℓ+1)

α2 + 1
4

(
ω

α

√
r2 + r2

0

)
. (33)

By comparing Eqs. (32) and (33), it is clear that the radial solutions are fundamentally differ-
ent. This discrepancy arises because the current metric describes a Morris-Thorne-type traversable
wormhole, while the previous one corresponds to a Klinkammer-type traversable wormhole. The key
distinction lies in the geometric structure of these two types of wormholes, particularly in the presence
of a global monopole, which affects the space-times in distinct ways. However, in the absence of the
global monopole also, these results are completely different.
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Figure 1. The radial solution ψℓ α = Hc given in Eq. (32) for various values of parameters, such as the
global monopole α, the throat radius r0, frequency of the em waves ω keeping the orbital quantum
number ℓ = 1 fixed.

The complete solution of the radial electric magnetic field component is given by

Eℓm α
r (or Bℓm α

r ) = Aℓm α exp(−i ω t)Ym
ℓ (θ, ϕ) Hc

(
0, 1,−1

2
,

ω2 r2
0

4 α2 ,− ℓ (ℓ+ 1)
4 α2 +

1
2

; s

)
. (34)

where Aℓm α is the normalization constant.
From the expression in (34), it is clear that the global monopole parameter α, the wormhole throat

radius r0, and the frequency ω electromagnetic waves influence the behavior of the electromagnetic
fields. As a result, the presence of these factors leads to modifications in the outcomes compared to the
Minkowski flat space result previously obtained in [64].
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In the limit where α = 1, topologically charged wormhole space-time (4) reduces to Ellis-
Bronnikov-type wormhole metric [36,37]. Following the similar procedure, we find the radial compo-
nent of the electric field (and magnetic field) as,

Eℓm
r (or Bℓm

r ) = Cℓm exp(−i ω t)Ym
ℓ (θ, ϕ)ψℓ(r),

ψℓ(r) = Hc

(
0, 1,−1

2
,

ω2 r2
0

4
,− ℓ (ℓ+ 1)

4
+

1
2

; s

)
. (35)

where Cℓm is the normalization constant.
In Figure 2, we show the radial solution ψℓ(r) from Eq. (35), varying parameters such as the

wormhole throat radius r0, and the frequency of the electromagnetic waves ω, while keeping the
azimuthal quantum number fixed at ℓ = 1. We observe that the radial solution exhibits a gradual
increase with increasing s. This increasing trend shifts upward with increasing values of one or more
of the aforementioned parameters.
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Figure 2. The radial solution ψℓ = Hc given in Eq. (35) for various values of parameters, such as the
throat radius r0, frequency of the em waves ω, and the orbital quantum number ℓ.

2.2. Analytical Solutions for Shape Function, b(r) = r0

In this case, we chose the following shape function form

b(r) = r0, (36)

where r0 is the throat radius. It is worth noting that numerous authors have studied the Morris-
Thorne-type wormhole with this particular shape function in the context of general relativity as well
as modified gravity theories (see Refs. [77–79] and the related references therein).

Thereby, using the above shape function form (36) into the eq. (24) results

α2
(

1 − r0

r

)
ψ′′(r) +

1
r

(
4 α2 − 7 α2 r0

2 r

)
ψ′(r) +

(
ω2 − α2 r0

r3 − τ2 α2

r2

)
ψ(r) = 0. (37)
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Let us perform the transformation r = z r0 in the Eq. (37) and some algebraic calculation results

ψ′′(z) +
(

1/2
z − 1

+
7/2

z

)
+

ω2 r2
0

α2 +
1 + τ2

z
+

ω2 r2
0

α2 − (1 + τ2)

z − 1
+

1
z2

ψ(z) = 0. (38)

The above equation can be expressed in the standard 2nd-order Fuchsian ordinary differential
equation form [82–84]:

ψ′′(z) + P(z)ψ′(z) + Q(z)ψ(z) = 0, (39)

where we defined

P(z) =
1/2

z − 1
+

7/2
z

, Q(z) =
ω2 r2

0
α2 +

1 + τ2

z
+

ω2 r2
0

α2 − (1 + τ2)

z − 1
+

1
z2 . (40)

One can see that this equation (39) has three regular singular points at z = 0, z = 1 and z = ∞.
The presence of these singular points suggests the following transformation of ψ(z) as,

ψ(z) = zp (z − 1)q y(z), (41)

where p and q are determined to eliminate the singular terms at z = 0 and z = 1.
Substituting (41) into the Eq. (39) and eliminate leading singularities near z = 0 and z = 1 gives

us

p = −5
4
±
√

41
16

− ℓ (ℓ+ 1)
α2 , q =

1
4
±

√
ℓ (ℓ+ 1)

α2 − 15
16

−
ω2 r2

0
α2 . (42)

And the resulting equation will be the following form:

z (z − 1) y′′(z) + [c − (a + b + 1) z] y′(z)− a b y(z) = 0 (43)

which is the hypergeometric differential equation [80,81,85,86].
The solution to the above hypergeometric equation is:

y(z) = h1 2F1(a, b, c, z) + h2 z1−c
2F1(a + 1 − c, b + 1 − c, 2 − c, z). (44)

where 2F1(a, b, c, z) is the Gaussian hypergeometric function, h1 and h2 are constants of integration and
other parameters are as follows:

c = 2 p +
9
2

, a + b = 2 p + 2 q + 2, ab = p (p − 1) + q (q − 1) +
ω2 r2

0
α2 +

9
4

. (45)

Thus, the general solution therefore is given by

ψℓ α(z) = zp (z − 1)q
[

h1 2F1(a, b, c, z) + h2 z1−c
2F1(a + 1 − c, b + 1 − c, 2 − c, z)

]
. (46)

As we have shown that the parameters p, q, a, b and c are related with the global monopole charac-
terized by the parameter α, the wormhole throat radius characterized by the parameter r0, and the
orbital quantum number ℓ including the frequency of the em waves ω. Thus, the radial solution (79) of
the electromagnetic fields gets influenced by these aforementioned parameters, and hence, alters the
behavior.

Hence, the complete expression for the radial electric or magnetic field is given by

Eℓm α
r (or Bℓm α

r ) = Mm β exp(−i ω t)Ym
ℓ (θ, ϕ)ψℓ α(z), z = r/r0, (47)

where ψℓ α(z) is given in Eq. (46) and Mℓm α is the normalization constant.
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3. Maxwell Equations in Morris-Thorne-type wormhole with a cosmic string

In this part, we study Maxwell’s equation in curved space, specifically in Morris-Thorne-type
wormhole with a cosmic string. Therefore, we begin this section by writing the line element which is
given by [87–90]

ds2 = dt2 − dr2(
1 − b(r)

r

) − r2
(

dθ2 + β2 sin2 θ dϕ2
)

. (48)

Here −∞ < r < ∞, the cosmic string parameter 0 < β = (1 − 4 µ) < 1 with µ being linear mass
density of the string, and a is the wormhole throat radius. If we set b(r) = 0, one will find a cosmic
string space-time in the spherical coordinates system. Recently, electromagnetic fields in a cosmic
string space-time background has been reported in [66].

The covariant gµν and contravariant gµν metric tensor for the above space-time will be

gµν =


1 0 0 0
0 − 1(

1− b(r)
r

) 0 0

0 0 −r2 0
0 0 0 −β2 r2 sin2 θ

, gµν =


1 0 0 0

0 −
(

1 − b(r)
r

)
0 0

0 0 − 1
r2 0

0 0 0 − 1
β2 r2 sin2 θ

. (49)

The coordinate tetrad for this metric tesnor (48) is as follows:

h(a)
µ =


1 0 0 0
0 1√

1− b(r)
r

0 0

0 0 r 0
0 0 0 β r sin θ

, hµ

(a) =


1 0 0 0

0
√

1 − b(r)
r 0 0

0 0 1
r 0

0 0 0 1
β r sin θ

. (50)

Therefore, the electromagnetic field tensor in the background of a Morris-Thorne-type wormhole by
utilising equation (9) and (50) in coordinate basis becomes

Fµν =



0
√

1 − b(r)
r Er

Eθ
r

Eϕ

β r sin θ

−
√

1 − b(r)
r Er 0

√
1− b(r)

r Bϕ

r −
√

1− b(r)
r Bθ

β r sin θ

− Eθ
r −

√
1− b(r)

r Bϕ

r 0 Br
β r2 sin θ

− Eϕ

β r sin θ

√
1− b(r)

r Bθ

β r sin θ − Br
β r2 sin θ

0


. (51)

And it’s covariant form is given by,

Fµν =



0 − Er√
1− b(r)

r

−r Eθ −β r sin θ Eϕ

Er√
1− b(r)

r

0 r Bϕ√
1− b(r)

r

− β r sin θ Bθ√
1− b(r)

r

r Eθ − r Bϕ√
1− b(r)

r

0 β r2 sin θ Br

β r sin θ Eϕ
β r sin θ Bθ√

1− b(r)
r

−β r2 sin θ Br 0


. (52)
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From equation (2) and (51), we obtain the following vacuum electromagnetic field equations:√
1 − b(r)

r

r
∂

∂r
(r2 Er) +

1
sin θ

∂

∂θ
(sin θ Eθ) +

1
β sin θ

∂Eϕ

∂ϕ
= 0, (53)

∂Er

∂t
− 1

r sin θ

∂

∂θ
(sin θ Bϕ) +

1
β r sin θ

∂Bθ

∂ϕ
= 0, (54)

∂Eθ

∂t
+

√
1 − b(r)

r

r
∂

∂r
(r Bϕ)−

1
β r sin θ

∂Br

∂ϕ
= 0, (55)

∂Eϕ

∂t
−

√
1 − b(r)

r

r
∂

∂r
(r Bθ) +

1
r

∂Br

∂θ
= 0 (56)

for ν = 0,1,2,3, respectively.
From equation (3) and (52), we obtain the source free equations√

1 − b(r)
r

r
∂

∂r
(r2 Br) +

1
sin θ

∂

∂θ
(sin θ Bθ) +

1
β sin θ

∂Bϕ

∂ϕ
= 0, (57)

∂Br

∂t
+

1
r sin θ

∂

∂θ
(sin θ Eϕ)−

1
β r sin θ

∂Eθ

∂ϕ
= 0, (58)

∂Bθ

∂t
−

√
1 − b(r)

r

r
∂

∂r
(r Eϕ) +

1
β r sin θ

∂Er

∂ϕ
= 0, (59)

∂Bϕ

∂t
+

√
1 − b(r)

r

r
∂

∂r
(r Eθ)−

1
r

∂Er

∂θ
= 0 (60)

Now, we attempt to find solutions of the electromagnetic field equations. Differentiating Eq. (54)
w. r. t. time t and using Eqs. (59)–(60) and finally then Eq. (53), we obtain the following differential
equation in terms of Er as follows:

−d2Er

dt2 +

(
1 − b

r

)
d2Er

dr2 +

[
4
r

(
1 − b

r

)
+

(b − r b′)
2 r2

]
dEr

dr

+

[
(b − r b′)

r3 +
2
r2

(
1 − b

r

)
− ℓ′ (ℓ′ + 1)

r2

]
Er = 0. (61)

Similarly, differentiating Eq. (58) w. r. t. time t and using Eqs. (55)–(56) and finally Eq. (57), we
obtain the following equation for the magnetic field Br as follows:

−d2Er

dt2 +

(
1 − b

r

)
d2Er

dr2 +

[
4
r

(
1 − b

r

)
+

(b − r b′)
2 r2

]
dEr

dr

+

[
(b − r b′)

r3 +
2
r2

(
1 − b

r

)
− ℓ′ (ℓ′ + 1)

r2

]
Br = 0. (62)

where ℓ′ is the effective angular quantum number satisfying the following angular equation [66–69]

−
[

1
sin θ

d
dθ

(
sin θ

d
dθ

)
+

1
β2 sin2 θ

d2

dϕ2

]
Ym′
ℓ′ (θ, ϕ) = ℓ′ (ℓ′ + 1)Ym′

ℓ′ (θ, ϕ),

ℓ′ = (|m′|+ k), m′ =
m
β
+ k (k = 0, 1, 2, 3, ....). (63)
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Since the differential Eqs. (61) and (62) are of the same form, let’s consider the following ansatz
for the electric and magnetic field given by

Er (or Br) = exp(−i ω t) R(r), (64)

where ω is the frequency of the electromagnetic waves and R(r) is the radial function.
Substituting this ansatz (64) into the equation (61), we find the following differential equation(

1 − b
r

)
R′′(r) +

[
4 (r − b)

r2 +
(b − r b′)

2 r2

]
R′(r) +

[
ω2 +

(2 r − b − r b′)
r3 − ℓ′ (ℓ′ + 1)

r2

]
R(r) = 0. (65)
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Figure 3. The radial solution ψℓ α = Hc given in Eq. (32) for various values of parameters, such as the
global monopole α, the throat radius r0, frequency of the em waves ω keeping the orbital quantum
number ℓ = 1 fixed.
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As done in the earlier section, we choose different shape function for b(r) and solve the above
differential equation (65).

3.1. Analytical Solutions for Shape Function, b(r) = r2
0/r

Substituting the shape function form b(r) = r2
0/r into the differential equation (65) results the

following form: (
1 −

r2
0

r2

)
R′′(r) +

1
r

(
4 −

3 r2
0

r2

)
R′(r) +

(
ω2 − ι2

r2

)
R(r) = 0, (66)

where we set the following parameter

ι =
√
ℓ′ (ℓ′ + 1)− 2. (67)

Following the procedure done in the previous section, we find

R′′(s) +
(

1/2
s − 1

+
2
s

)
R′(s) +

(
(ω2 r2

0 − ι2)/4
s − 1

+
ι2/4

s

)
R(s) = 0. (68)

Thus, the radial solution R is the confluent Heun function given by

Rm β(s) = Hc

0, 1,−1
2

,
ω2 r2

0
4

,−

(
|m|
β + k

) (
|m|
β + k + 1

)
4

+
1
2

; s

. (69)

From the above expression, it is evident that the factors such as the cosmic string characterized by the
parameter α, the wormhole throat radius characterized by the parameter r0, and the magnetic quantum
number m including the frequency of the em waves ω alters the behavior of the radial solution.

In Figure ??, we show the radial solution Rm β(r) from Eq. (69), varying parameters such as the
cosmic string parameter β, the wormhole throat radius r0, and the frequency of the electromagnetic
waves ω, while keeping the magnetic quantum number fixed at m = 1. We observe that the radial
solution exhibits a gradual increase with increasing s. However, in some panels, we observe that as
one or more of the aforementioned parameters increases, the increasing trend of the radial solution
shifts downward as well as upward.

In Ref. [69], we studied electromagnetic fields in Klinkhamer-type traversable wormhole metric
with cosmic string effects and analyzed the results. The radial solution is given by (changing notations
α → β, b → r0 and ψℓ′(r) → Rm β(r) in Eq. (31) in [69])

Rm β(r) = c0 Γ
(

3
2
+ ℓ′

) [
ω2

4
(r2 + r2

0)

]−3/4

Jℓ′+1/2

(
ω
√

r2 + r2
0

)
, ℓ′ =

|m|
β

+ k. (70)

By comparing Eqs. (69) and (70), it is clear that these radial solutions are fundamentally different.
This discrepancy arises because the current metric describes a Morris-Thorne-type traversable worm-
hole, while the previous one corresponds to a Klinkammer-type traversable wormhole, featuring a
cosmic string in both wormhole metrics. The key distinction lies in the geometric structure of these
two types of wormholes, particularly in the presence of a cosmic string, which affects the space-times
in distinct ways. However, in the absence of the cosmic string also, one can easily show that these
results are completely different.
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Thus, the complete solution of the radial component of the electric or magnetic field is given by

Eℓm β
r (or Bℓm β

r ) = Dm β exp(−i ω t)Ym′
ℓ′ (θ, ϕ) Hc

0, 1,−1
2

,
ω2 r2

0
4

,−

(
|m|
β + k

) (
|m|
β + k + 1

)
4

+
1
2

; s

.

(71)
where Dm β is the normalization constant.

In the limit when β = 1, the quantum number m′ → m and ℓ′ → ℓ = |m|+ k, and therefore, the
above result reduces to those obtained in the previous section given by Eq. (35).

3.2. Shape Function, b(r) = r0

Substituting the shape function form b(r) = r0 into the equation (65) results the following
differential equation:

(
1 − r0

r

)
R′′(r) +

(8 r − 7 r0)

2 r2 R′(r) +
(

ω2 − r0

r3 − ι2

r2

)
R(r) = 0. (72)

Let us perform the transformation r = z r0 in the Eq. (72) and some algebraic calculation results

R′′(z) +
(

1/2
z − 1

+
7/2

z

)
R′(z) +

[
ω2 r2

0 +
1 + ι2

z
+

ω2 r2
0 − (1 + ι2)

z − 1
+

1
z2

]
R(z) = 0. (73)

As done in the previous section, let us consider the following function of R(z) as,

R(z) = zp′ (z − 1)q′ y(z), (74)

where p′ and q′ are determined to eliminate the singular terms at z = 0 and z = 1.
Substituting (74) into the Eq. (73) and after eliminating leading singularities near z = 0 and z = 1

gives us

p′ = −5
4
±

√
41
16

−
(
|m|
β

+ k
)(

|m|
β

+ k + 1
)

, q′ =
1
4
±

√(
|m|
β

+ k
)(

|m|
β

+ k + 1
)
− 15

16
− ω2 r2

0. (75)

And the resulting equation will be the following form:

z (z − 1) y′′(z) +
[
c′ − (a′ + b′ + 1) z

]
y′(z)− a′ b′ y(z) = 0 (76)

which is the Gaussian hypergeometric-type differential equation.
The solution to the above hypergeometric equation is:

y(z) = d1 2F1(a′, b′, c′, z) + d2 z1−c′
2F1(a′ + 1 − c′, b′ + 1 − c′, 2 − c′, z). (77)

where 2F1(a′, b′, c′, z) is the Gaussian hypergeometric function, d1 and d2 are constants of integration
and other parameters are as follows:

c′ = 2 p′ +
9
2

, a′ + b′ = 2 (p′ + q′ + 1), a′ b′ = p′ (p′ − 1) + q′ (q′ − 1) + ω2 r2
0 +

9
4

. (78)

Thus, the general solution becomes

Rm β(z) = zp′ (z − 1)q′
[
d1 2F1(a′, b′, c′, z) + d2 z1−c′

2F1(a′ + 1 − c′, b′ + 1 − c′, 2 − c′, z)
]
. (79)

As we have shown that the parameters p′, q′, a′, b′ and c′ are related with the cosmic string charac-
terized by the parameter β, the wormhole throat radius characterized by the parameter r0, and the
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magnetic quantum number m including the frequency of the em waves ω. Thus, the radial solution
(79) of the electromagnetic fields gets influenced by these aforementioned parameters, and hence,
alters the behavior.

Hence, the complete expression for the radial electric or magnetic field is given by

Em β
r (or Bm β

r ) = Nm β exp(−i ω t)Ym′
ℓ′ (θ, ϕ) Rm β(z), (80)

where Rm β(z) is given in Eq. (79) where Nm β is the normalization constant.
In Figure 4, we compare the radial solutions ψℓ α(r) from Eq. (32), ψℓ(r) from Eq. (35), and Rm β(r)

from Eq. (69), both in the absence and presence of the global monopole and cosmic string effects. For
this comparison, we fixed the wormhole throat radius at r0 = 1, the frequency of the electromagnetic
waves at ω = 1, the azimuthal quantum number at ℓ = 1, the magnetic quantum number at m = 1, and
set k = 0. This figure highlights the differences in how the presence of the global monopole and cosmic
string, within a curved geometry, alters the behavior of the radial solutions of the electromagnetic
fields compared to the case where these effects are absent.

EBMT wormhole

EBMT wormhole with GM

EBMT wormhole with CS

-1.0 -0.5 0.0 0.5

1.0

1.5

2.0

2.5

s

H
c

Figure 4. A comparison of the radial solutions ψℓ α(r) given in Eq. (32), ψℓ(r) given in Eq. (35), and
Rm β given in Eq. (69). Here we set ℓ = 1, m = 1, k = 0, ω = 1, r0 = 1. EBMT wormhole: α = 0, β = 0,
EBMT wormhole with GM: α = 0.5, β = 0, and EBMT wormhole with GM and CS: α = 0.5 and
β = 0.5.

4. Conclusions

This paper investigated the behavior of electromagnetic waves in Morris-Thorne-type traversable
wormhole space-times embedded with topological defects, specifically focusing on a global monopole
and a cosmic string. The primary aim was to derive and solve the Maxwell vacuum field equations in
these curved geometries and analyze how the wormhole structure and the topological defects influence
the propagation of electromagnetic fields.

Initially (section 2), we studied a Morris-Thorne-type wormhole geometry incorporating a global
monopole, characterized by the monopole parameter α. Two forms of the wormhole shape function
were considered: (i) b(r) = r2

0/r and (ii) b(r) = r0, where r0 represents the wormhole throat radius. The
Maxwell field equations were derived in this specific geometry, reduced to second-order differential
equations, and solved analytically using special functions to address the complexities introduced by
the curved space-time. Our analysis showed that both the monopole parameter α and the throat radius
r0 significantly affect the behavior of electromagnetic waves, introducing distinct modifications to
wave dynamics. These findings demonstrate how the unique curvature associated with the global
monopole alters the propagation of electromagnetic fields compared to flat space-time.

In the second part of our study (section 3), we extended the analysis to a Morris-Thorne-type
wormhole geometry embedded with a cosmic string, characterized by the deficit angle parameter β.
Using the same forms of the shape function, we derived the Maxwell vacuum field equations in this
curved geometry and followed a similar analytical approach to solve them. Our results indicated that
the cosmic string parameter β and the throat radius r0 induce significant changes in the electromagnetic
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fields, leading to wave behavior distinct from that observed in Minkowski space-time. These effects
highlight the influence of the cosmic string’s space-time topology on wave propagation.

Our findings emphasize the critical role of wormhole geometry and topological defects in shaping
electromagnetic wave dynamics. The study underscores how parameters such as the global monopole
α and cosmic string β introduce curvature and topological effects that profoundly influence elec-
tromagnetic wave behavior. The wormhole throat radius r0 acts as a central geometric parameter,
further modulating these effects. The implications of this work extend beyond theoretical interest,
offering potential insights into astrophysical phenomena where such exotic space-time structures
might exist. By showing how electromagnetic fields respond to the interplay between geometry and
topology, this study contributes to the broader understanding of general relativity, wave propagation
in curved space-times, and the observable effects of topological defects in the universe. These results
pave the way for further exploration of physical processes in non-trivial geometries, deepening our
comprehension of the relationship between space-time structure and field dynamics.

The discovery of the cosmic microwave background (CMB), predicted by Ralph et al. [91], remains
a cornerstone of evidence for the Big Bang theory of the universe’s origin. While the CMB itself is
predominantly smooth and uniform, it exhibits subtle anisotropies that can be precisely mapped
using highly sensitive detectors. Ground-based and space-based experiments, such as NASA’s COBE
(Cosmic Background Explorer), WMAP (Wilkinson Microwave Anisotropy Probe), and the ESA’s
Planck spacecraft, have played a critical role in measuring these temperature fluctuations, enhancing
our understanding of the early universe’s structure.

Similarly, the first direct detection of gravitational waves marked a groundbreaking achievement
when a signal from the merger of two black holes was observed by the LIGO detectors [92], in
collaboration with the VIRGO network. This discovery opened a new era in astrophysics, allowing
us to probe the universe in an entirely new way. In more recent times, the Event Horizon Telescope’s
imaging of the supermassive black hole at the center of the M87 galaxy has captured the scientific
community’s attention and significantly advanced our understanding of black hole physics [93].

In a similar vein, we envision that, with the continued advancement of high-resolution radio,
optical, and other specialized telescopes, detecting electromagnetic waves passing near exotic cosmic
objects, such as wormholes, could become a reality in the near future. These observations would
offer unprecedented insights into the nature of such objects, potentially unlocking new realms of
understanding in both theoretical and observational astrophysics
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