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In this paper, we analytically present an exact confining charged black hole solution to the scalar-tensor 
description of regularized 4-dimensional Einstein-Gauss-Bonnet gravity (4DEGBG) coupled to non-linear 
gauge theory containing 

√−F 2 term. Part of the importance of using a non-trivial 4D theory of Gauss-
Bonnet gravity is that it is proven the absence of the Ostrogradsky instability was formulated in Glavan 
and Lin (2020) [26] and then regularized 4DEGBG theory was obtained in Hennigar et al. (2020) [45] and 
Fernandes et al. (2020) [49] as well as this theory gains many attentions because of its important finding 
for black hole physics. We therefore also study some properties of this solution such as temperature, 
specific heat, shadow and quasinormal modes. Our results here show that a confining charge f gives a 
significant contribution to the shadow of the black hole as well as quasinormal modes frequencies.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Gravitational tests have been conducted in a variety of cosmic settings since the 1919 solar eclipse, which is the first evidence of 
General Relativity (GR) [1,2]. Not long ago, gravitational tests have been organized to explore gravity outside the solar system and even 
on a cosmological scale. For instance, the Laser Interferometer Gravitational-Wave Observatory (LIGO) detects the gravitational waves that 
propagate through the fabric of spacetime as predicted by GR [3]. On the other hand, the Event Horizon Telescope (EHT) collaboration, 
has recently imaged M87’s central black hole, and provided a number of enlightening answers [4]. Based on an analysis of the black hole’s 
shadow, the team showed a solitary search of GR, boosting knowing about the properties of black holes (BHs) and eliminating many 
modified gravity theories [5,6].

GR stands among the most famous theories ever created, but it has some long-standing weak points for instance, combining GR with 
quantum mechanics (quantum gravity) or singularity problem [7,8]. One of the important descriptions of quantum theory for a linear 
confinement phenomena using the actions of effective nonlinear gauge field (NGF) was studied by ‘t Hooft [9]. It was shown that the 
nonlinear terms in NGF interpret as “infrared counterterms”. Along with the Maxwell term, one can add a square root of the field strength 
squared, and construct a special type of non-Maxwell nonlinear effective gauge field model as given by [10–16]:

S = ∫
d4xL

(
F 2

)
, L

(
F 2

) = − 1
4 F 2 − f

2

√−F 2

F 2 ≡ Fμν F μν , Fμν = ∂μ Aν − ∂ν Aμ,
(1)

where f being a positive coupling constant. Moreover, the square root of the Maxwell term is appeared naturally as a conclusion of 
spontaneous scale symmetry breaking of scale invariant theory of Maxwell with f . Here f is an integration constant and stands for the 
spontaneous breakdown. It is seen from Eq. (1) that a confining effective potential which is Coulomb plus linear one, in the form of well-
known “Cornell” potential in quantum chromodynamics (QCD) is arisen as V (r) = −α

r + βr. Adding both the usual Maxwell term with 
non analytic form of F 2 provide the form of nonlinear electrodynamics, which is different from the − f

2

√
F 2 Lagrangian models using 

in string theory [17]. Note that 
√−F 2 is for “electrically” dominated models on the other hand 

√
F 2 is for “magnetically” dominated 

Nielsen-Olesen models [17].
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To solve these problems, modified gravity theories appear as alternative theories, for example, adding higher curvature corrections to 
the Einstein action, which is inspired by the low energy limit of string theory [18]. A vast range of modified theories and their applications 
to black holes and wormholes now exist in the literature [19,20]. Since the Lovelock gravity and its simplest case Einstein-Gauss-bonnet 
(EGB) gravity are the most well-known theories of modified gravity [21,22], there were many studies on these theories for D > 4 black 
holes [23], on the other hand for D = 4, EGB gravity, is topological invariant, has not any physical contribution to dynamics [24]. Based on 
non-Lagrangian approach [25,26] by rescaling the Gauss–Bonnet dimensional coupling constant α as (D −4)α → α, it was shown that it is 
possible to construct a new theory at limit D → 4 of solutions without singularities, which is free from Ostrogradsky instability as well as 
bypass the Lovelock’s theorem. In addition, the GB term contributes to GR as a quantum correction. The properties of the EGB in 4D and 
its solutions have been studied in various papers [27–36]. On the other hand, EGB in 4D was debated in literature [37–46,49,50]. Gürses 
et al. claim that the EGB theory lacks of the continuity and covariant description at 4D [38], similarly Arrechea et al. show the divergent 
contributions to the field equations in 4D [40]. However, other authors claim that the problems disappear in certain circumstances and 
the theory is (locally) conformally flat, but the theory in 4D has preferred spacetimes, and it is not diffeomorphism invariant [41]. Some 
authors recognize the problems but also argue that the theory can be formulated in a consistent way to cosmology and gravitational 
waves [42], and show the theory either breaks the diffeomorphism invariance or has additional degrees of freedom in line with the 
Lovelock theorem. Moreover, the dimensional regularization of [26] is made righteous in the sight of some class of spherically symmetric 
spacetime metric that typically present a new scalar degree of freedom [43–46]. Moreover, it is shown that the field equation for the EGB 
is intimately connected with generalized conformal properties of the scalar field [49,50]. Aoki et al. study the gravitational waves (GW) in 
EGB and find a bound for the EGB parameter as α̃ �O(1) eV−2 [42], on the other hand using the velocity propagation of GW, Clifton el 
al. shows the bound at α ≈ 1049 eV−2 [53]. Hence, the spherically symmetric black hole solutions in the 4DEGBG are still valid in [26]
and therefore, it is worth studying more features of the black hole solutions in regularized 4DEGBG [45,49].

Main aim of the study is to find a possible new effects by coupling the confining potential generating nonlinear gauge field system in 
the scalar-tensor description of regularized 4DEGBG black hole. Here, we mainly attend to a regularized 4DEGB theory which is obtained 
in Ref. [45,49], that present a counter-term to eliminate the divergent part of the theory. In 1992 Mann also used same procedure in 2 
dimensions [48], which construct a well defined theory, costing only adding new scalar degree of freedom.

This paper is organized as follows. Section 2 contains the brief review of scalar-tensor description of regularized 4DEGBG, and then we 
solve the theory and present an exact black hole solution for the scalar-tensor description of regularized 4DEGBG with confining electric 
potential. In Section 3, we study some basic thermodynamics properties of the black hole, discuss their properties, and give numerical 
analyses. In Section 4, shadow of the black hole, and in Section 5, quasinormal modes frequencies are discussed. Finally, a conclusion is 
presented in Sect. 6.

2. Black hole with confining electric potential in regularized 4DEGBG

The action of the scalar-tensor formulation of regularized 4DEGBG coupled to non-linear gauge theory containing 
√−F 2 term is written 

as follows [45–51]:

S = 1

16π

∫
M

d4x
√−g

[
R + α

(
4Gμν∇μφ∇νφ − φG + 4�φ(∇φ)2 + 2(∇φ)4) +LNG F

]
. (2)

Note that g is the determinant of the metric tensor gab , α is a dimensionless coupling constant, and LNG F is the Lagrangian for the 
nonlinear gauge field. On the other hand, G stands for the Gauss-Bonnet invariant and φ is a scalar field. The action in Eq. (2) can be 
derived from the Lovelock theory L = √−g (−2� + R + αG + . . . ), with G ≡ R2 − 4Rμν Rμν + Rαβμν Rαβμν , using the by the addition of 
a counter-term that consists of the Gauss-Bonnet invariant of a conformally transformed geometry g̃μν = e2φ gμν . Then it gives [45,49]

lim
D→4

∫
M dD x

√−gG − ∫
M dD x

√−g̃G̃
D − 4

=
∫
M

d4x
√−g

(
4Gμν∇μφ∇νφ − φG + 4�φ(∇φ)2 + 2(∇φ)4

)
, (3)

where the factor of D −4 is appeared due to regularization of α → α/(D −4) for observational constraints α > 0 [53] which is different 
than the method of Glavan & Lin. Here it is shown that the counter-term has tildes, to remove divergences in the 4 dimensional limit. 
Hence, there is a well-defined scalar-tensor theory of gravity in (2).

We vary the action Eq. (2) with respect to metric, and obtain the following equations of motions (EOMs):

Gμν + αHμν = 8π Tμν , (4)

with the energy-momentum tensor Tμν and

Hμν =2Gμν (∇φ)2 + 4Pμανβ

(∇β∇αφ − ∇αφ∇βφ
) + 4

(∇αφ∇μφ − ∇α∇μφ
) (∇αφ∇νφ − ∇α∇νφ

)
+ 4

(∇μφ∇νφ − ∇ν∇μφ
)�φ + gμν

(
2 (�φ)2 − (∇φ)4 + 2∇β∇αφ

(
2∇αφ∇βφ − ∇β∇αφ

))
,

(5)

where the double dual of the Riemann tensor is

Pαβμν ≡ 1

4
εαβγ δ Rρσγ δερσμν = 2 gα[μGν]β + 2 gβ[ν Rμ]α − Rαβμν. (6)

Note the square brackets stands for anti-symmetrization.
We vary the action Eq. (2) with respect to φ, and obtain the following equations of motions:

Rμν∇μφ∇νφ − Gμν∇μ∇νφ − �φ (∇φ)2 + (∇μ∇νφ)2 − (�φ)2 − 2∇μφ∇νφ∇μ∇νφ = 1
G . (7)
8
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This equation is conformal invariance under the transformation gμν → gμνe2σ and φ → φ − σ [50]. Moreover, using Eq. (7), with (4), it 
becomes [49]

R + α

2
G = −8π T . (8)

Hence Fernandes shows that this purely geometric relation is a direct consequence of the conformal invariance of the scalar field equation 
[50]. Then one can calculate a Noether current with vanishing divergence [52]:

jμ = 1√−g

δS

δ(∂μφ)
, such that ∇μ jμ = 0 . (9)

Note that one can vanish divergence ∇μ jμ = 0 to show that ∂μ

(√−g jμ
) = 0, and then find the equation of motion (7).

Using the field equations (4) and (7), we will construct the black hole solution with confining electric potential in the regularized 
4DEGBG gravity. To construct the black hole, we consider the 4 dimensional static and spherically symmetric metric:

ds2 = −A(r)dt2 + 1

A(r)
dr2 + r2

(
dθ2 + sin2 θdϕ2

)
. (10)

On the other hand, Lagrangian for the nonlinear gauge field is given by [10]:

LNG F = −1

4
F 2 − f

2

√
−F 2, (11)

where F 2 ≡ Fκλ Fμν gκμgλν . This model produces a confining effective potential which is V = − a
r + βr of the form of the well-known 

Cornell potential in quantum chromodynamics (QCD) [12,13]. It is crucial to stress that the Lagrangian contains both the usual Maxwell 
term as well as a non-analytic function of F 2 and thus it is a non-standard form of nonlinear electrodynamics. The energy-momentum 
tensor of the nonlinear gauge field is [10–16]:

T (NG F )
μν =

(
1 − f√−F 2

)
Fμκ Fνλgκλ − 1

4

(
F 2 + 2 f

√
−F 2

)
gμν, (12)

and

∂ν

(√−g

(
1 − f√−F 2

)
Fκλgμκ gνλ

)
= 0. (13)

In this case the gauge field equations of motion (13) become:

∂r

(
r2

(
F0r − εF f√

2

))
= 0 , εF ≡ sign (F0r) (14)

in which

Fμν = 0 for (μ,ν) �= (0, r) , F0r = F0r(r) (15)

and its solution reads:

F0r = εF f√
2

+ Q√
4πr2

, εF = sign(Q ). (16)

Again, as in the flat space-time case (1), the electric field contain a radial constant piece εF f
√

2 alongside with the Coulomb term. 
The form of a QCD-like (Cornell-type) confining-type potential (provided εF f < 0) with εF . Then the energy momentum tensor for the 
nonlinear gauge field is

T 0
0 = T (F )

η η = −1

2
F 2

0η , Tij = gij

(
1

2
F 2

0η − f√
2

∣∣F0η

∣∣) . (17)

After we solve the field equations Eq. (17) within Eq. (4):
[
2α(1−A(r))+r2]

A′(r)
r3 − [1−A(r)](r2−α(1−A(r))

)
r4 + 4π

(
f√
2

− Q
2
√

πr2

)2 = 0, (18)

with M the ADM mass, we get

A(r) = 1 + r2

2α

⎛
⎝1 ±

√√√√1 + 4α

(
1 + 2π f 2

3
− 2

√
2π f Q

r2
+ 2M

r3
− Q 2

r4

)⎞
⎠ , (19)

with the scalar field profile for this solution is

φ′(r) = 1 − √
A(r)

r
√

A(r)
. (20)

Note that the prime stands for a derivative with respect to r. The ± sign in front of the square root term in Eq. (19), corresponds to two 
different branches of solutions. It is shown that the negative branch of solution is for a charged 4D black hole, on the other hand, the 
3
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Fig. 1. The lapse function A(r) as a function of r for M = 2, Q = 1, α = +0.2 and for the different values of f .

positive branch gives instabilities of the graviton, because of the positive sign in the mass [36]. Thus, since only the negative branch leads 
to a physically meaningful solution, we will limit our analysis to this branch of the solution. Note that the metric function reduces to the 
scalar-tensor description of regularized 4DEGBG solution at the limit of f = Q = 0 founded by Fernandes et al. [49]. Moreover, when a 
confining-type charge term equals to zero f = 0, it reduces to the charged EGBG black hole solution founded by Fernandes [27].

The asymptotic of the metric function A(r) when r → ∞ is

A(r) = 1 − 2M

r
+ Q 2

r2
+ 2

3
r2π f 2 + 2

√
2π f Q +O

(
M2, Q 3, f 3

)
. (21)

The event horizon of the black holes r+ is the larger root of the equation (19), A(r) = 0. As shown in Fig. (1), the number of horizons 
depends on the parameters f .

3. Thermodynamics and physical properties

In this section, we study some thermodynamic properties of the black hole. First, the black hole mass can be calculated by g00|r=r+ = 0

M(r+) = 3α − 2π f 2r4+ + 6
√

2π f Q r2+ + 3Q 2 + 3r2+
6r+

. (22)

Note that one can take a limit of vanishing Gauss-bonnet coupling parameter, and charges α = Q = f = 0, then the mass of the black 
hole reduces to mass of Schwarzschild black holes: M+ = r+

2 . Second, the Hawking temperature associated with horizon radius r+ , can be 
obtained through:

T+ = κ

2π
=

r+

⎛
⎝1−

√
4α

(
2π f 2r4+−6

√
2π f Q r2++6Mr+−3Q 2

)
3r4+

+1

⎞
⎠

α − 2
(

2
√

2π f Q r2+−3Mr++2Q 2
)

r3+
√

8
3 πα f 2− 8

√
2πα f Q

r2+
+ 8αM

r3+
− 4αQ 2

r4+
+1

4π
, (23)

where κ is the surface gravity given by

κ =
√

−1

2
∇μχν∇μχν ≡ 1

2

∂ A(r)

∂r

∣∣∣∣∣
r=r+

, (24)

and the Hawking temperature is plotted in Fig. (2). Furthermore, we can take a limit of vanishing Gauss-bonnet coupling parameter, and 
charges α = Q = f = 0, then the Hawking temperature of the black hole reduces to temperature of Schwarzschild black holes: Tr+ = 1

8Mπ .
Moreover, to check the thermodynamics stability of black holes, the behaviour of specific heat (C+) of the black holes is calculated. 

The positive (negative) specific heat signifies the local thermodynamics stability (instability) of the black holes. By using the relation 
C+ = ∂M+

∂r+ /
∂T+
∂r+ , the specific heat is plotted in Fig. (3). It is shown that the regularized 4DEGBG black hole with confining electric potential 

is thermodynamically stable, where the Hawking temperature in Fig. (2) and the specific heat in Fig. (3) are positive, in some range of 
confining charge parameters and event horizon radii.

4. Shadow of the black hole with confining electric potential in regularized 4DEGBG

Studying the shadow of the black hole is recently gained more attention, (see, for example, [54–64] and references therein). Therefore, 
now we analyse the shadow of the black hole and study the effect of the confining charge on the shadow cast. The Hamilton-Jacobi 
approach for a photon in the equatorial plane θ = π

2 can be written in the form of

H = 1
gμv pμpv = 1

(
L2

2
− E2

+ ṙ2 )
= 0. (25)
2 2 r A(r) A(r)

4
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Fig. 2. Hawking temperature T versus r for M = 2, Q = 1, α = +0.2 and for the different values of f .

Fig. 3. Specific heat C+ versus horizon r+ for M = 2, Q = 1, α = +0.2 and for the different values of f .

Note that pμ is the photon momenta, ṙ = ∂ H/∂ pr , E = −pt is the energy and L = pφ is the angular momentum. Using the (25), a complete 
description of the dynamics with effective potential V is given by

V + ṙ2 = 0, V = A(r)

(
L2

r2
− E2

A(r)

)
. (26)

The stability condition of the circular null geodesics provides that V (r) = V ′(r) = 0 and V ′′(r) > 0 [63]. For the circular photon orbits, 
unstability associated to the maximum value of the effective potential so that

V (r)|r=rp
= 0, V ′(r)

∣∣
r=rp

= 0, (27)

where the impact parameter b ≡ L
E = rp√

A
(
rp

) and rp is the radius of the photon sphere, which can be calculated by finding the largest root 

of the this relation:

A′(rp)

A(rp)
= 2

rp
. (28)

The above equation (28) is complicated to solve analytically, just so, the numerical methods are used to obtain the photon sphere 
radius rp which are presented in Table 1. It is shown that increasing values of the confining charge parameter tend to increase the photon 
sphere.

The radius of the black hole shadow as observed by a static observer at the position r0 is

Rs = rp

√
A (r0)

A
(
rp

) , (29)

and for large distant observer (A(r0) = 1) and

R2
s = r2

p

A(rp)
. (30)

The apparent shape of a shadow is plotted by a stereographic projection in terms of the celestial coordinates X and Y in Fig. (4), that 
the radius of the shadow increases with the decreasing value of f . Fig. (4) shows the evidence that confining charge f has a stronger 
effect on the shadow size of the 4D EGBG black hole.
5



A. Övgün Physics Letters B 820 (2021) 136517
Table 1
Effects of the confining charge on the BH shadow for fixed M = 2, 
Q = 1 and α = 0.2.

f rp Rs

0.20 2.52725 9.65169
0.30 1.89395 8.88559
0.40 1.4573 4.68954
0.50 1.1166 2.62366

Fig. 4. Shadow of the black hole for different values of f for M = 2, Q = 1, α = +0.2.

Fig. 5. Energy emission rate of the black hole for different values of f for M = 2, Q = 1, α = +0.2.

The relation between the high energy absorption cross section and the shadow for the observer located at infinity is

d2 E(ω)

dtdω
= 2π3ω3 R2

s

exp (ω/T+) − 1
, (31)

where ω stands for the emission frequency. In Fig. (5), indicates that the there is a peak of the energy emission rate and increasing the 
value of f , the peak of the energy emission rate increases.

5. Quasinormal modes

Since the discovery of the LIGO experiment, gravitational waves which is emitted by perturbed black holes become popular, that are 
dominated by ‘quasinormal ringing’. Quasinormal modes are damped oscillations at single frequencies which are characteristic of the 
underlying system and can be calculated using the scalar perturbation of massless field around black hole:

1√−g
∂μ

(√−g gμv∂ν�
) = 0, (32)

and separate the above equation using the

� = e−iωt R(r)
eimφYlm(ϑ), (33)
r

6
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Fig. 6. Effective potential for different values of f for M = 2, Q = 1, l = 1, and α = +0.2.

Table 2
Effects of the confining charge on the quasinormal modes frequencies for 
fixed M = 2, Q = 1, n = 0, l = 1 and α = 0.2.

f ωR ωI

0.20 0.103609 0.0641446
0.30 0.112542 0.0723644
0.40 0.213241 0.134316
0.50 0.381146 0.209336

where separation of variables for radial function R(r) and spherical harmonics Ylm . Using the tortoise coordinates r∗ = ∫
dr/ f (r), the 

Eq. (32) for the radial field becomes:

d2 R (r∗)
dr2∗

+
(
ω2 − V (r∗)

)
R (r∗) = 0, (34)

with the effective potential (l = 1, 2, 3 is multipole number, and ω = ωR − iωI is a complex quasinormal mode frequency)

V (r) = A(r)

(
A′(r)

r
+ l(l + 1)

r2

)
, (35)

which is plotted in Fig. (6).
Here we use the WKB approximation method to find quasinormal mode frequency and the unstable circular null geodesic method 

[65,66]. The imaginary part of the quasinormal mode frequency (Imω = −ωI ) which is responsible for the temporal, exponential decay 
can be calculated, in the large-l limit as follows:

ωl�1 = l�p − i

(
n + 1

2

)
|λL| , (36)

with the angular velocity �p :

�p =
√

A
(
rp

)
rp

, (37)

and Lyapunov exponent λL:

λL =
√

A
(
rp

) [
2A

(
rp

) − r2
p A′′ (rp

)]
2r2

p
, (38)

where n is the overtone number and take values n = 0, 1, 2, ... Table 2 shows the real part as well as imaginary part of the quasinormal 
modes increasing with the increasing f . Hence, the modes are stable because in the Table 2 the imaginary parts of the quasinormal modes 
frequencies (Imω = −ωI ) are negative, furthermore, the real part stands for the frequency of oscillations. Explained differently, increasing 
the confining charge parameter f , the scalar perturbations oscillate with greater frequency ω which means that oscillates decay faster.

6. Conclusion

In this paper, we obtain the exact BH solution in the scalar-tensor description of regularized 4DEGBG including confining electric 
charge. EGB gravity theory is known as nontrivial for in D > 4, notwithstanding, till one shows that dimensional reduction by re-scaling 
of the coupling constant α as (D − 4)α → α, open on to the novel regularization method to build the effective solutions in 4D [26]. On 
the other hand, we show new effects of regularized 4DEGBG by coupling the confining potential which generates nonlinear gauge field 
system. This is also clear way to generate dynamically the cosmological constant through the non-Maxwell gauge fields [10–15]. The metric 
7
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function for the derived black hole solution in Eq. (19), reduces to the regularized 4DEGBG solution at the limit of f = Q = 0 founded by 
Fernandes et al. [49] as well as it reduces to the charged 4DEGBG black hole solution founded by Fernandes [27] when a confining-type 
charge term equals to zero f = 0. In addition, at the limit of α → 0 and Q = 0, the solution reduces to Schwarzschild-de-Sitter black hole 
with effective cosmological constant: �ef f = 2π f 2.

Next, we study thermodynamics of the regularized 4DEGBG black hole with confining electric potential, and analyze its thermodynam-
ics stability using the black hole mass, Hawking temperature, and specific heat of the black hole. We show that the regularized 4DEGBG 
with confining electric potential is thermodynamically stable, where the Hawking temperature in Fig. (2) and the specific heat in Fig. (3)
are positive, in some range of confining charge parameters and event horizon radii. Moreover, the shadow size, the energy emission 
rate, and at last, quasinormal modes of the black hole are investigated to see the effect of confining charge on the regularized 4DEGBG 
black hole. The possible range of the confining charge parameter is constrained and the results indicate that increasing the parameter 
of confining charge shrinks the shadow’s radius in Fig. (4) and Table 1. We show that there is a peak of the energy emission rate and 
increasing the value of f , the peak of the energy emission rate increases in Fig. (5). Furthermore, using the correspondence between null 
geodesics and quasinormal modes in the eikonal regime for test fields, we also observe that the increasing the parameter of confining 
charge, increases the real part and also imaginary part of the quasinormal modes frequencies as well as the modes are stable because in 
the Table 2 the imaginary parts of the quasinormal modes frequencies (Imω = −ωI ) are negative. It is worth to mention that increasing 
the confining charge parameter f , the scalar perturbations oscillate with greater frequency ω which means that oscillates decay faster. 
Thus, we conclude that these results showing the contribution of the NGF, mainly with confining charge, on the black holes in regularized 
4DEGBG tell us clearly that, this is an important analytical solution to the regularized 4DEGBG. In future, we plan to extend this model to 
a case without spherical symmetry.
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[38] M. Gurses, T.Ç. Şişman, B. Tekin, Comment on “Einstein-Gauss-Bonnet gravity in 4-dimensional space-time”, Phys. Rev. Lett. 125 (14) (2020) 149001.
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[64] A. Övgün, İ. Sakallı, J. Saavedra, Shadow cast and deflection angle of Kerr-Newman-Kasuya spacetime, J. Cosmol. Astropart. Phys. 10 (2018) 041.
[65] V. Cardoso, A.S. Miranda, E. Berti, H. Witek, V.T. Zanchin, Geodesic stability, Lyapunov exponents and quasinormal modes, Phys. Rev. D 79 (2009) 064016.
[66] R.A. Konoplya, Z. Stuchlík, Are Eikonal quasinormal modes linked to the unstable circular null geodesics?, Phys. Lett. B 771 (2017) 597–602.
9

http://refhub.elsevier.com/S0370-2693(21)00457-3/bib85098AC3A557534072560C24B3024D84s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib161BF5743A6ECE230F3F4A6DEF397C2Cs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib71945778DDD2129E1C54CA1D2F4CCE30s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib6A79C28DA8A47EA19AFEE7FF7915E119s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibD54B0AE4F15E8C731D468948ACCED48Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibD54B0AE4F15E8C731D468948ACCED48Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib2A61B3E23CA04DE87099F55E8213CEF9s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib63A53F1ABAB3E9D86B82E93F21835173s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib63A53F1ABAB3E9D86B82E93F21835173s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib18931B920531D4CFC7E5D01CF798CEA0s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib0A63DBEFFA66948021DE9EF725BC2CE1s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibDF7A2A91515149AD699045D23F239E02s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib6C046A27B6D9A0BCD10AE94B6E85F86Fs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib2FC2A55B3099F436F4B95249D9B283B8s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib2FC2A55B3099F436F4B95249D9B283B8s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibB4A2C4A44C208F7E27BFCF69F100D94Es1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib313B9326D7D6DD1BC6CB385B6E6A7E1Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib313B9326D7D6DD1BC6CB385B6E6A7E1Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib47449CCBD3DE5A2CD3F203878278AC20s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib8F06186B14BAB3B6FA8B58B430AAA1B0s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib8F06186B14BAB3B6FA8B58B430AAA1B0s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib8C7670482CCBE9D48B7ED80761293A93s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib8A1DB614E477BCDE2D2C430500DCD22Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib49CBBA52B1DD0722DC8C612BEEF8DE27s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib97A92FBCA8BC2D2F25318CC850500831s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibEDC8BF09DF6538BF1FD04BB947E66F29s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib330442EBCE914608ED68FDC466AC620Bs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibE13284EEEFB42551F533E341E79ED5E3s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibF1E0E420A66269CDB84959D5421DF6CEs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib713DB61D74D0BF756EFC2F517791D37Fs1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibB1A37415E2BC305262C56318A9B9EA60s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bibB1A37415E2BC305262C56318A9B9EA60s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib4F7242ED6ECBC8CDC2C55A0E32FBC1E1s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib3366FB9EBD226DA64045B4716E3BCD98s1
http://refhub.elsevier.com/S0370-2693(21)00457-3/bib4F9FB5E4DFE57573ECC09AC2781E757Cs1

	Black hole with confining electric potential in scalar-tensor description of regularized 4-dimensional Einstein-Gauss-Bonne...
	1 Introduction
	2 Black hole with confining electric potential in regularized 4DEGBG
	3 Thermodynamics and physical properties
	4 Shadow of the black hole with confining electric potential in regularized 4DEGBG
	5 Quasinormal modes
	6 Conclusion
	Declaration of competing interest
	Acknowledgements
	References


