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Abstract: In this study, we explore the properties of a non-rotating black hole in the Einstein-Maxwell-scalar

(EMS) theory and investigate the luminosity of the accretion disk surrounding it. We determine all the orbital para-

meters of particles in the accretion disk, including the radius of the innermost stable circular orbit (ISCO) with angu-

lar velocity, angular momentum, and energy. Further, we study the radiative efficiency for different values of black

hole parameters. Finally, we analyze the flux, differential luminosity, and temperature of the accretion disk.
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I. INTRODUCTION

Black holes are assumed to form as a result of the
gravitational collapse of compact massive objects that
have exhausted all their resources to resist gravity. There-
fore, they are fascinating objects with a very attractive
nature. The existence of black holes has been confirmed
by recent gravitational wave [1, 2] and astronomical ob-
servations associated with the BlackHoleCam and EHT
collaborations [3, 4]. These observational studies open up
captivating avenues for forthcoming investigations to test
remarkable aspects and gravitational properties of black
holes in general relativity (GR) and modified theories of
gravity.

It is a fact that astrophysical black holes can have
three parameters in most cases, including black hole mass
M, spin a, and charge Q. According to recent astronomic-
al observations, black holes can be considered as rotating
[5—10] as well as charged black holes that correspond to
the Reissner-Nordstrom (RN) black hole solution charac-
terized by M and Q. This well-known RN solution in GR

was first proposed by H. Reissner in 1916 [11]. It was
also independently considered by G. Nordstrém in 1918
[12] with linear Maxwell electrodynamics. Afterwards,
the remarkable aspects of the RN black hole were dis-
cussed by addressing the motion of neutral and charged
particles [13, 14]. Several astrophysical mechanisms have
since been proposed in relation to how black holes can
possess electric charge. For example, the balance between
gravitational and Coulomb forces for charged particles al-
lows black holes to have a positive net electric charge at
the compact object's near surface [15, 16], and the irradi-
ating photons also give rise to charged matter at the sur-
face [17]. Another way is that the twisted magnetic field
lines due to the black hole spin can produce the induced
charge, referring to the well-known Wald mechanism
[18]. Later, an exact rotating Schwinger dyon solution
was proposed as a charged black hole solution with mass
M, electric charge Q,, magnetic charge Q,, and spin a
[19, 20]. Charged black hole solutions that are free of the
physical singularity » = 0 also exist, which are referred to
as regular black hole solutions coupled to non-linear elec-
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trodynamics (NED) in GR [21-37] addressing various
situations. As these solutions can avoid physical singular-
ity, they have since been studied and tested for various
possible cases [38—40].

Einstein gravity is known as a best theory in the
strong field regime. The GR can also be extended to the
low energy limit of the string theory associated with the
dilaton scalar field as an extra term added to the action
that refers to the Einstein-Hilbert action, including the ax-
ion, gauge, and dilaton fields [41, 42]. In this context, the
authors of Ref. [43] considered the heterotic string the-
ory including the scalar dilaton field that is coupled to the
electromagnetic field tensor. On these lines, there has
been an extensive analysis [42—47] addressing the causal
structures and thermodynamic properties of black hole
solutions associated with the dilaton field. Several invest-
igations have also been conducted on black hole solu-
tions in various extended theories [48—52]. In the context
of extended theories of gravity, some approaches includ-
ing quantum features have been proposed and analyzed
so as to give a peculiarity to the literature (see, for ex-
ample, in [53—60]).

From the theoretical and observational studies, the ex-
istence of an accretion disk around black holes is expec-
ted to be the primary source of information about gravity
and geometry in the strong field regime. It can also en-
able very potent tests for probing unknown aspects of
high energy phenomena occurring in the close vicinity of
black holes [61]. Therefore, it has value to consider im-
portant and valuable insights of the spacetime geometry
in the strong field regime that can have a significant im-
pact on the test particle geodesics and can result in chan-
ging observable quantities, that is, the innermost stable
circular orbit (ISCO) and accretion disk parameters. With
this in view, having confidence with the conclusions from
observations related to the accretion disks is significantly
important. Thus, observational data on the thin accretion
disk though the anticipated thermal spectra could play a
decisive role in testing the gravity in the strong field re-
gime. With this motivation in mind, in this work, we ex-
plore the properties of an interesting solution describing a
non-rotating black hole in the Einstein-Maxwell-scalar
(EMS) theory. We investigate remarkable aspects and ra-
diation properties of the accretion disk around a black
hole on the basis of the geometrically thin Novikov—
Thorne model as an optically thick disk. We also analyze
the ISCOs around black holes in the EMS theory. Further,
we represent the radiation properties of the accretion disk,
that is, the temperature and spectral energy distributions
for a thin Novikov—Thorne disk as a consequence of the
comparison with the results of the standard Schwarz-
schild case in the context of GR.

The paper is organized as follows. We briefly review
the solution of the charged black hole in the EMS theory
in Sec. II. Sec. III is devoted to the study of charged test

particle dynamics around the black hole and the geomet-
rically thin Novikov-Thorne model for the accretion disk.
We discuss the flux of the radiant energy over the accre-
tion disk, accretions disk's radiative efficiency, temperat-
ure profile, and differential luminosity in Sec. IV. We
summarize our results in Sec. V. Throughout this paper,
we use the (-, +, +, +) signature for the spacetime metric
and system of units in which we set G =c = 1.

II. STATIC BLACK HOLES IN EINSTEIN-
MAXWELL-SCALAR THEORY

Here, we review the charged black hole solutions in
EMS theory. To this end, we first write the action as fol-
lows [42, 62]:

S = / d*xv=g [R —2V, ¢V ¢ — K($)F ,xsF — V(¢)] ,

with the covariant derivative V,, Ricci scalar R, and
massless scalar field ¢.F,z and K(¢)refer to the electro-
magnetic field tensor and the function of scalar field, re-
spectively, that describes the coupling function between
the electromagnetic and dilaton fields. V(¢) refers to the
scalar potential associated with the cosmological con-
stant A in the frame of the EMS theory and describes the
black hole in the de-Sitter universe coupled with the
dilaton field, that is, V(¢)=A (e +4+e7)/3 [63].
However, we further restrict ourselves to the black hole
solution with vanishing cosmological constant, that is,
V(¢) = 0. With this in view, the metric describing a static
and spherically symmetric black hole solution in the
Schwarzschild coordinate system is then given by [62]

dr?

2 _ 2
ds” =-U(r)dr + )

+f(r) (d6° +sin*6de”), (1)

where U(r) and f(r) refer to radial functions given in
terms of the function K(¢) that is written as

2e%

KO = g g2y

2

Hence, these two functions are written in the following
forms:

f(r)=r2(1+%),

oM _BQ?
Ur=1-"—+= 3
AT ®
with mass M and electric charge Q of the black hole. We
note that the new terms are given with £ and y, which are

dimensionless constants of the static black hole solution
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in EMS theory. The metric functions f(r) and U(r) re-
duce to the Schwarzschild case in the limit of =0 and
v =0, and to the Reissner-Nordstrom case in the limit of
v =0 and 8 = 1. However, it is worth noting that the func-
tions f(r) and U(r) present the dilation solution in the
limit of =0 and y=-1 (i.e.,, K(¢)=¢* and V(¢) =
[42, 43]).

We assume that the vector and the dilaton fields de-
pend on the radial coordinate only as shown in Ref. [62],
and thus, their radial form can be defined by

PRI
s)=—sm (12, ©

Further, the condition U(r) = 0 with respect to r solves to
give the black hole horizon as

Lre 204
T amt

T 7Q2 Q*(y-p)
M- Toan” \/1 M?

(6)

In Fig. 1, we demonstrate the radial profiles of the ra-
dial function U(r) for various combinations of the EMS
parameters f and y and also for the black hole charge. As
can be observed from Fig. 1, the zeros of the metric func-
tion imply the location of black hole horizons. Fig. 1
shows that Cauchy and event horizons become close to
each other for large values of f. In addition, the black
hole event horizon increases for negative values of y,
whereas it decreases for y > 0.

Letus now examine the characteristics of the ex-
tremes in the black hole charge and the minimum in the
event horizon radius by setting the following condition:

Q/M=05,y=0

r/M

Fig. 1.
and right panels, respectively.

0.0 0.5 1.0 1.5 2.0

Ur)=U'(r)=0. (7

The above condition allows one to obtain the radius and
charge expressions as follows:

(rh)min —7_ \/ 2ﬁ (8)

M 7

s ' ©)

In Fig. 2 we show the dependence of the minimum
values of the outer horizon and extreme values of the
black hole charge from the parameter y for the different
values of f. The solid lines stand for the minimum event
horizon, whereas the dashed ones stand for the extreme
charge. As can be observed from Fig. 2, the minimum ra-
dius of the outer horizon decreases with an increase in the
value of y, and it also decreases with an increase in the
value of § at y <0. Similarly, the extreme in Q also de-
creases at y <0. The event horizon becomes zero in the
case in which g reaches its critical value, thus implying
that f must be less than B... The critical value of f in-
creases with the increase in parameter .

Our numerical analysis shows that for all possible
values of parameter y, the following conditions are al-
ways satisfied:

}}_I)%{(rh)mim Qextr} ={2M,0},
and
ﬁEm {(")min> Qexee} = {0, Qexer}-

Q/M=05, g =1

0.0 0.2 0.4 0.6 0.8 1.0
/M

(color online) Radial dependence of the metric function U(r) plotted for the different values of parameters f and y in the left
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2.0

Fig. 2.
the parameter y for various combinations of £.

The upper value of Bmax (Qex) increases (decreases) as
parameter y increases. Together with Egs. (8) and (9), one
can easily find the following relations:

Oex
ﬁmax = 27, Aeltr =

(10)

<[

In Table 1, we present the critical values of § and corres-
ponding values of Qe for the given values of y.

III. NOVIKOV-THORNE MODEL OF THE
ACCRETION DISK

Following the Novikov-Thorne model [64], one can
let the accretion disk be optically thick and geometrically
thin in the close vicinity of the EMS black hole.
However, the accretion disk is really very thin in vertical
size because it is extended to the horizontal size. This in
turn gives rise to a negligible size in terms of the vertical
size in comparison with its long horizontal extension.
Therefore, its height / is much smaller than the radius of
the disk » extended in the horizontal direction, that is,
h<r. From this property of the thin accretion disk
formed in the surrounding environment of the EMS black
hole and from the hydrodynamic equilibrium of the thin
disk, the vertical entropy and pressure gradients are re-
garded as negligible in the accreting matter. The heat
generated due to the stress and dynamical friction cannot
be accumulated in the accretion disk that is efficiently
cooled as stated by the thermal radiation on the disk sur-
face. Hence, this leads to the stabilized thin disk, whose
inner edge is then located at a stable orbit around the
black hole, thus taking the Keplerian motion for the
plasma accreting in stable orbits.

We now define the bolometric luminosity of the ac-
cretion disk that is given by [65, 66]

Ly =nMc?, (11)

-1.0 -0.5 0.0 0.5 1.0

— B=1/4
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- — B=
2
“:
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=]
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-
>

Y

(color online) Critical values of black hole charge (left panel) and minimal radius of the horizon (right panel) as functions of

Table 1. Extremes of black hole charge and critical value of
y for different values of f when the event horizon is zero.

14 Bmax Qexee/M
1/8 1/4 4
1/4 1/2 242
3/8 3/4 4/3
1/2 1 2
3/4 3/2 2v2/3
1 2 V2

where M and 7 refer to the rate of accretion matter that
falls into the black hole and the energy efficiency of the
accretion disk, respectively. It is known from an astro-
physical point of view that some issues exist in ob-
serving the bolometric luminosity, depending on the
black hole parameters and its type. It does, therefore, be-
come very important to measure the bolometric luminos-
ity through the theoretical analysis and models. To this
end, it is valuable to define the energy efficiency of the
accretion disk around black holes, which is the highest
energy that can be mined out via the the accretion disk, as
that of matter falling into the black hole. Hence, the en-
ergy efficiency is increasingly important to explain the
nature of the accretion process due to the fact that the rest
mass-accreting matter turns into the electromagnetic radi-
ation that goes out from the central object. One can then
further determine the energy efficiency that stems from
the radiation rate of the photon energy that is emitted
from the disk surface [67, 68]. Thus, the efficiency can be
determined via the measured energy at the ISCO [69] in
the case when the photons emitted from the disk escape
to infinity, that is [70]:

T]Z I_SISCO . (12)

The above expression for the measured energy at the
ISCO allows one to find the radiative efficiency # for the
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emitted photon from the disk. Therefore, it is essential to
determine the ISCO parameters, that is, risco, Sisco, and
Lisco. For that purpose, one needs to consider the test
particle dynamics around electrically charged EMS black
holes. It is well-known that the standard form of the ef-
fective potential for the radial motion of the test particle
can generally be defined by [71]

82g¢¢ + 28-£gn/> + ngtt

Ver() = -1+ 80
8ip — 8u8o¢

(13)

with the specific energy &=E/m andangular mo-
mentum £ = L/m. Here, we note that the metric func-
tions are given by g,=U(r) and g = f(r)sin®d with
8 =0 for a static and spherically symmetric black hole.
These two conserved quantities can be written in terms of
metric tensors as follows:

8n

FSY S {— (14)
V —8u— ng;bt/)
and
L: Qg¢¢ (15)

\V —8un ngw '

Similarly, the orbital angular velocity of the test particle
is also given by [72—74]

=% _ [ 8w (16)
dr 8oo.r

Here, we note that we further restrict motion to the equat-
orial plane, that is, 8 = /2. According to the model, the
accretion disk's inner edge around the black hole can be
determined by the ISCO radius that is defined by the fol-
lowing set of conditions for the effective potential:

Ver(r) =0, Vig(r)=0, Vi) =0. (17)

Let us then turn to the charged particle dynamics
around EMS black holes. To that end, we can now define
the effective potential for the charged particles moving

around the EMS black hole [75],

2
Ver(r) = qA = L ) (18)

v (1 T () sin’6

The above effective potential has two parts, the column
and gravitational interaction parts. Two different solu-
tions exist because the effective potential can behave as
symmetry in the following replacements ¢Q — —¢Q:
Vig = —Vi and Vi — -V, However, we will restrict
ourselves to the effective potential V7 that corresponds
to the positive energy for physically meaningful timelike
motion and for analysing the charged particle's dynamics.
Taking VJ; into consideration, we can further find the
ISCO values of the charged particle, that is, risco, Eisco,
and Lisco. It is worth noting that we decided to explore
the ISCO values numerically. The results are presented in
Table 2. As can be observed from the results on the ISCO
radius determining the inner edge of the accretion disk, it
decreases as a consequence of an increase in the value of
the dimensionless parameter S, whereas it increases un-
der the effect of parameter y. Taking all together, we then
analyse the energy efficiency of the accretion disk around
the black hole in EMS theory. The value of the energy ef-
ficiency is presented in Table 2. As can be observed from
the results, the radiative efficiency increases with an in-
crease in the value of parameter f, whereas it decreases as
a consequence of the impact of parameter y. Note that the
Schwarzschild black hole case can be obtained in the lim-
it of 8=0 and y = 0. At this point, the efficiency is equal
to n~5.7% [76]. Similarly, the following limit, 8 =1 and
v =0, refers to the RN black hole case. The radiative effi-
ciency is then evaluated to be = 7.5% in the RN black
hole case.

IV. RADIATIVE PROPERTIES OF THE
ACCRETION DISK AROUND A CENTRAL
COMPACT OBJECT

In this section, we study the flux produced by an ac-
cretion disk of the EMS black hole. We note that an ac-
cretion disk consists of gas and dust moving on stable or-
bits of a black hole or neutron star. The gas and dust can

Table 2. Value of the innermost stable circular orbit (ISCO) radius and radiative efficiency of the accretion disk tabulated for the dif-
ferent values of parameter £ in the possible cases of parameter y. Note that we have set ¢=0.5 and 0 =0.5.

y=-1 vy=0 y=1
% 1SCO n(%) 1SCO n(%) 1SCO n(%)
0.0 5.76641 7.50318 6.0 5.7191 6.2865 4.0603
0.5 5.61325 8.41598 5.82216 6.58717 6.05386 4.89047
1.0 5.46477 9.35293 5.65896 7.47554 5.85509 5.74132
2.0 5.16738 11.3155 5.35546 9.31973 5.51641 7.50318
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lose their energy and angular momentum owing to the
background geometry when they start moving around the
compact object. As a result, the orbits of gas and dust
move to the inner edge of the accretion disc so that they
fall towards the compact object. This process ends up
with accretion disk radiation, in which the gas and dust
can heat up and emit radiation. We further expect that the
accretion disk radiation can be affected by the EMS black
hole parameters. In particular, the black hole charge can
affect the gas and dust in the accretion disk around the
black hole, thus resulting in highly ionized gas and dust
in the accretion disk around the black hole. As a con-
sequence of the ionization process, the high energy radi-
ation can be emitted in the form of X-rays that can be de-
tected. The radiation of the accretion disk around a black
hole in the EMS theory is expected to be a potent test to
explain valuable and remarkable aspects of the accretion
disk and can also lead to serious implications from the
observational point of view. The flux of the electromag-
netic radiation can be defined by the following equation
[67,77,78]:

with the determinant of the three-dimensional subspace
8= \—8u&r8ss With (t,r,¢) coordinates. In the above
equation, the quantity #(r) can be defined as the func-
tion of M, that can be regarded as unknown and corres-
ponds to the accretion rate of the disk mass. However, we
can set M, = 1 for further analysis.

Using Egs. (14) and (15) we further derive the flux of
the electromagnetic radiation. It does however turn out
that it is complicated to derive the analytical expression
of the flux, and thus, we resort to it numerically, as
shown in Fig. 3. As can be observed from Fig. 3, the
shape of the flux of the electromagnetic radiation in-
creases/decreases under the effect of the y parameter as
compared with the RN case, depending on its sign.
However, it increases as a consequence of an increase in
the value of black hole charge Q and parameter f. In the
top-left panel of Fig. 3, we show the flux of the electro-
magnetic radiation for the Schwarzschild and RN black
hole cases. From Fig. 3, it can be easily observed that the
black hole charge increases the value of the flux of the
electromagnetic radiation. In addition, the flux of the
black body radiation can be written as ¥ (r) = cT* with ¢

y r
Fr)=— Mo Q, / (E-QL)L,dr (19)  as the Stefan-Boltzmann constant. The radial dependence
_ 2 & . . .
Am\g (E= QL) g of the disk temperature and energy is further shown in
Fig. 4 for various values of black hole charge. In this
QM=05,y=0
3.0 : 20
—— Schwarzschild —— RNBH
N
] S — RN BH (Q/M =0.5) | N — =025
TN 15/ f - o\
2wl N e - RNBH(@M=1) | 272N B=05
/ hS % N
o I - - p=15
i LSp ,'; l,” ~~\\‘~ \\. ] g LoF /) 1':/ §“\'\\\\ p =2
Loy NN ilit NN
Iy o i ™
1o[! [ N ] it =3
(] S i
i SRS 0.5
L e iy
osif o T S ] li
i ; 1
0.0 L L L L
10 15 20 FE 10 15 20 25
™M r/M
QM=05,8=1
2.0 T
N 4
80 85 90 95 100 105
lh 1‘5 2‘0 25
M
Fig. 3. (color online) Radial dependence of the flux of electromagnetic radiation of the accretion disk on different values of Q, 5, and

7, plotted for the black hole in EMS theory. Numerical evaluation of the flux & divided by 1075 of the accretion disk as a function of

r/M.
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Fig. 4.
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(color online) Radial dependence of the temperature and energy of the accretion disk plotted in the left and right panels, re-

spectively, for different values of black hole charge Q in the case of fixed y=0 and g=1.

graph, we select =0 & y=0and B=1 & y =0 for the
Schwarzschild and Reissner-Nordstrom black holes, re-
spectively. As can be observed from Fig. 4, the temperat-
ure and energy of the accretion disk around the EMS
black hole increase with increasing black hole charge Q.

To be more informative, we plot the temperature
through the "color map" in Fig. 5. From Fig. 5, it can be
clearly observed that the dark region lies inside the accre-
tion disk's inner edge, whereas the red parts refer to the
regions where the temperature of the disk can reach its
maximum value.

We then turn to another important quantity referred to
as the differential luminosity. It can be expressed as fol-
lows [67, 77, 78]:

d-CDO

dInr (20)

=4nr\gEF (r).

We assume that the radiation emission can be described
by black body radiation. Keeping this in mind, one can

amMm

Fig. 5. (color online) Left panel:

4.0

3.5

| 1
1 -10
o ! f -20*.k7......
0.6 0.8 1.0 -20

then define the spectral luminosity £, as a function of
the radiation frequency v at infinity [69, 79, 80] as fol-
lows:

60 [ +gE (u'y)*
VLv,oo = _3 >/W_2 l/[t ’ (21)
T1SCO T exp [—y -1
(GF)T

with y = hv/kT,, where h and k respectively refer to the
Planck constant and constant of Boltzmann, as well as the
total mass Mr. In addition, T\, corresponds to the charac-
teristic temperature and has a relation with the Stefan-

M,

Boltzmann law, that is, 0T, =
b b * 47TM% b

ingly refers to the Stefan-Boltzmann constant. Another
important quantity is the differential luminosity. The radi-
al dependence of the differential luminosity is represen-
ted in Fig. 6. The electromagnetic radiation flux of the ac-
cretion disk can be scaled in powers of 107, The differ-
ential luminosity of the accretion disk depends on the flux

where ¢ accord-

Q/M=05,8=2,y=0.1

4
=

N

-10 0
XIm

temperature profile of the radial dependence of black hole charge. Right panel: temperature profile

on the equatorial XY plane in the form of density plot. Here, the Cartesian coordinates are defined by X and Y.
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35

—— Schwarzschild
Tl e RN BH (Q/M = 0.5)

10 2 30 40 50

/™M
Fig. 6.
luminosity of the accretion disk scaled in powers of 1072 plot-

(color online) Radial dependence of the differential

ted as a result of the numerical evaluation.

by the relation given in Eq. (20). Therefore the value of
the differential luminosity can be of the order of 1072, As
can be observed, the value of the differential luminosity
increases as a consequence of an increase in the value of
black hole charge Q.

V. CONCLUSIONS

In this paper, we studied the radiation properties of
the accretion disk around black holes in EMS theory as
the accretion disk radiation can be affected by the EMS
black hole parameters. The theoretical study of the accre-
tion disk radiation around a black hole in EMS theory is
expected to be a potent test to explain its valuable proper-
ties and the astrophysical observations. We can summar-
ize the main results of our research as follows:

e We extensively studied the behavior of metric func-

tions in Fig. 1 and we found the horizon behaviour of the
black hole in EMS theory. In addition, we obtained the
extreme values of the black hole parameters using the
equation for the horizon. We present the results for the
extreme value of black hole parameters in Table 1.

e We also investigated the effective potential for the
charged particles. On the basis of the effective potential,
we further found the ISCO radius numerically and
present the results in Table 2. We found that parameters y
and S have significant influence on the the ISCO radius
of the charged particles.

e Further, we explored the radiative efficiency and
present the results in Table 2. It was shown that the radi-
ative efficiency increases with increasing parameter S,
while it decreases as a consequence of an increase in the
value of parameter .

e Finally, we considered the radiative properties of
the black hole accretion disk, that is, we explored the
flux, temperature, and spectral and differential luminosit-
ies of the black hole accretion disk. We show the results
in Figs. 3—6. It was found that the black hole electric
charge increases the flux of the electromagnetic radiation
in EMS theory. Similarly, the temperature and energy of
the accretion disk increase due to the impact of the black
hole charge, as can be observed in the graph of temperat-
ure in the form of a density-plot in Fig. 5.
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