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Abstract Obviously, from the geometrical point of view, it is impossible to distinguish the electrically and magnetically charged
Reissner—Nordstrom black holes. One way of describing the differences between these solutions is to study the dynamical motion of
charged test particles in the vicinity of the charged black hole and explore the effects of the charge coupling parameters (o, 07,) on the
instability of the circular orbits. On the other hand, it is also possible to investigate the fundamental frequencies, such as Keplerian,
Larmor, and epicyclic frequencies of charged particles orbiting around a charged black hole. Lastly, we investigate the synchrotron
radiation by charged particles accelerated by charged black hole and estimate the intensity of relativistic radiating charged particles.
Finally, we comment on the possible utilization of our findings for the relativistic jets and magneto-hydrodynamical outflows.

1 Introduction

Recent observation of evidence of astrophysical black holes, such as images of supermassive black hole [1-6], X-ray flare due to
the orbital motion of matter near a supermassive black hole [7-9] and other type of stellar X-ray sources, provide new motivations
for studying the dynamical motion of test particles and massless photons in the framework of general relativity and theories of
gravity. The neutral particles motion is governed by geodesic equations and directly examines the geodesic structure of spacetime.
However, charged test particles can experience not only gravitational, but also an electromagnetic field, and, accordingly can provide
information about the electromagnetic properties of black holes being responsible for their rich observational phenomenology in
high energy electromagnetic radiation.

It is also widely believed that high-energy cosmic rays are produced due to relativistic charged particle in the presence of the
external electromagnetic field in the vicinity of the black hole [10—-15]. The high-energy acceleration of ionized particles by electric
Penrose process has been discussed in [16]. The producing high energy caused by the collisions of two particles in the vicinity of
the regular black holes has been studied in Refs. [17-20]. The quasi-periodic oscillations (QPOs) occurred in the inner parts of the
accretion disks around the black holes have been extensively explored in Refs. [21-25]. The detailed description of the oscillation
models in the accretion disk is presented in the review paper [26].

In Refs. [27,28], the significance of the electric and magnetic charges of the astrophysical black hole has been discussed. The
detailed analyses of neutral particles motion [29], dynamics of charged particles [30-34] in Reissner—Nordstrom spacetime has been
studied. In the Ref. [35], the dynamics of electrically and magnetically charged test particles in the Reissner—Nordstrom spacetime
has been investigated. The capture cross-section of massless and massive particles by the charged black hole has been investigated
in [36]. Charged particle motion around string charged black hole has been discussed in [37]. The innermost stable circular orbits
of charged spinning test particles have been analyzed in [38]. The analytical and numerical analysis of the quasi-normal modes and
relaxation rate of wave in the spacetime of the charged black hole has been discussed in [39-44]. In Ref. [45], the effect of charged
particles acceleration by the black holes in Reissner—Nordstrom spacetime has been studied. The acceleration of charged particles
from the polar cap of the magnetized neutron star has been studied in [46—48]. The dynamics and stable orbital motion circular of
the test particle around tidal charged black hole has been studied in [49,50].

2 e-mail: bturimov @astrin.uz (corresponding author)

Published online: 10 February 2022 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-022-02390-7&domain=pdf
http://orcid.org/0000-0003-1502-2053
mailto:bturimov@astrin.uz

222  Page2of 11 Eur. Phys. J. Plus (2022) 137:222

It is well-known that spherically symmetric, charged gravitational body with the mass M and charge Q can be described by the
Reissner—Nordstrom spacetime [51]:

2GM  GQ? 5

—gtt=g§1=1 goo =71°, gggzrzsinze. (1)

cr ctr?’
where G = 6.67430(15) x 10~8cm3g~!s~! is the Newtonian gravitational constant, and ¢ = 2.99792458 x 10'%cms~! is the
speed of light (see, for example [52]). However, throughout the paper, we use a spacelike signature (—, 4+, +, +) and a geometrized
units with G = ¢ = 1, while in the estimation of observational quantities we restore the gravitational constant and speed of light. It
is worth noting that Q can be either the electric charge (Q = Q.) or magnetic charge (Q = Qn) of the black hole, and associated
electromagnetic vector potential can be expressed as

Aq = <_%,0,0, 0), Ay =(0,0,0, —Qp cosb) , @
,

with the following components of the electromagnetic fields E; = Q./r? and B; = Q,,/r?, respectively.

Note that both solutions for vector potential in (2) together with the spacetime metric (1) satisfy the Einstein-Maxwell field
equations. In the literature, it is claimed by several authors that the black hole can be dyonically charged, which means that it
possesses both electric and magnetic charges, simultaneously with a total charge QO = /02 + Q2. In this case, the components of
the associated vector potential will be given by the superposition of solutions in (2) (See, for example: [35]). However, according
to Refs. [53,54], the electric and magnetic charges of the black hole can be imposed simultaneously.

From the astrophysical point of view, it is interesting to estimate the charge of the black hole. The maximal charge of the
Reissner—Nordstrom black hole can be estimated from the fact of existence of the black hole horizon, as Qmax = VGM, more
precisely, one can get

M
Omax =~ 5.13843 x 10%° (M—) statC | 3)
©

which is huge charge in nature. However, the maximal specific charge for Reissner—Nordstrém black hole can be estimated as
Omax/M =~ 2.58342 x 10~*statC/g. On the other hand, it is well-known that the specific charge of the electron is e/m, ~
5.27281 x lO”statC/ g (see, for example [52]), and it can be easily found that

e Omax
>> —

Me M @

where m,, e are the mass and charge of electron, respectively.

Here we plan to study charged test particle motion around spherically symmetric, electrically (ECBH) and magnetically (MCBH)
charged black holes. In order to compare the effect of the gravitational and electromagnetic fields one can consider the ratio of the
Coulomb potential and the rest energy of particle as —g Q/(rmc?), which can be easily estimated as

40 < 1Qm o (1) (%) (1) ®

where 7 = r/(GM/c?) is the normalized radial coordinate. One can see here that electromagnetic interaction dominates for charged
particle which means that the small value of the black hole charge is enough to accelerate charged particles.

In the present paper, we investigate charged particle dynamics in the vicinity of the charged black hole. We explicitly show
the difference between ECBH and MCBH by studying the circular motion of a charged particle around a charged black hole. (1)
studying the ISCO position of charged particle around charged black hole which is widely believed to be a candidate for an inner
edge of the accretion disk surrounding an astrophysical black hole. (2) the fundamental frequencies, namely, Keplerian, Larmor
and epicyclic frequencies, which are good candidate to explore quasi-periodic oscillation QPO in the accretion disk around X-ray
sources. (3) the synchrotron radiation from charged particle orbiting around the charged black hole.

The paper has been organized as follows: In Sect. 2, we provide basic necessary equations related to charged particle motion in
the spacetime of the charged black hole. In Sect. 3, we investigate the general description to derive the fundamental frequencies
for charged particles orbiting around static black hole described by an arbitrary spacetime with given stationary, axially-symmetric
metric coefficients, and electromagnetic fields. Later on, we apply results obtained for Reissner—Nordsrom spacetime in order to
derive the difference between properties of ECBH and MCBH. In next Sect. 4, we overview basic equations in curved spacetime to
determine the intensity of relativistic charged particle accelerated by the black hole, as well as ECBH and MCBH. Then we compare
the results obtained for these two different black holes. Finally, in Sect. 5, we summarize the main results and give a future outlook
related to this work.
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2 Basic equations

In this section, we investigate charged particle dynamics in the vicinity of the ECBH and MCBH separately. We study the dynamical
motion of charged particle around a charged black hole. The Lagrangian for a charged particle with mass of m and charge g can be
expressed as

1
= EmgaﬂU"‘Uﬂ+qU°‘Aa, (6)
and the dynamical motion of charged particle is governed by the following equation
du“* o q
npgv — 4 po B
7 +1,,U%U _mFﬁU , 7
where U% = dx®/d is the four-velocity of particle normalized as g,s U*U# = —1, A is an affine parameter, Fpp = Ag g — Ag g i

the electromagnetic field tensor and I, are the Christoffel symbols. Notice that Eq. (7) is valid for charged particle motion around
both ECBH and MCBH, respectively. However, difference arises due to the canonical four-momentum of charged particle defined
as P, = mU, + qAq. Taking into account the definitions of the four-potential in (2), the conserved quantities, namely, specific
energy &, and specific angular momentum £ of charged particle, measured at the infinity, around ECBH can be found as

guU'+ A =—E.  gpU’ =L, ®)
while around MCBH, they have the form
gl =€,  gpeU? + %A¢ =C. ©)

As we can see from Eqs. (8) and (9) that the specific energy of charged particle in the vicinity of ECBH is shifted by —(q/m)A;,
and its angular momentum does not change, while in the vicinity of MCBH the specific energy does not change, and the angular
momentum is shifted by (¢/m)Ag, respectively.

Hereafter, using normalization of the four-velocity, taking into account the expressions (8) and (9), one can obtain

(U + goo(U")? +V(r,6) =0, (10)
where the function V (r, 6) is defined as
1 ., 1 q 2
Vi) =1+ —e+ — (£-La,)". (1
81t ) m

On the other hand, using the normalization of four-velocity and hereafter introducing the spatial components of three-velocity
of test particle measured by local observer

d do d
o & B 90 ) s o _ 4P| Ses (12)
drV  gu dr gu dt 8u

with v? = v% + v; + vé, one can obtain the classical expression for the energy of charged test particle, in the presence of the external

—81t q
&=/ — —A;. 13
1—1}2 m t ( )

It is important to compute the radius of the stable circular orbit for charged particles, so-called innermost stable circular orbit (ISCO),
orbiting around ECBH and MCBH. In order to find ISCO radius for charged test particle, one can explore the following conditions:

electromagnetic fields, in curved spacetime as

2.1 Innermost stable circular orbit (ISCO)

V(r,0)=0, 0 V(r,0) =0V (r,0) =0, Ber(r, 0) >0, 392V(r, 0) > 0. (14)

Here the first condition in Eq. (14) provides the particle motion to be in the circular orbit i.e. U = U? = 0, which can be easily
derived from Eq. (10), while the first-order derivatives with respect to coordinates (r, 0) represent the stationary point of the function
V (r, 0), and finally, the last two conditions in (14) correspond to the minimum of the function V (r, 8), which allows to write equation
for ISCO radius of charged test particle. Here we will discuss the different aspects of the properties of ECBH and MCBH. The
function V (r, ) explains the behavior of charged particles in the vicinity of ECBH and MCBH, where they are influenced by the
gravitational and electromagnetic forces, simultaneously.

Now we are in a position to determine the ISCO radius for charged particles orbiting around ECBH and MCBH. For simplicity, we
assume that the contribution of the black hole’s charge on background spacetime is comparatively small, however, the electromagnetic
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Fig. 1 Dependence of the ISCO
radius for charged particle orbiting
around ECBH and MCBH from
the various values of coupling
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interaction between the black hole and charged particle is very important. For simplicity, one can simply ignore the effect of the
electromagnetic contribution on the background spacetime Q2 — 0. In this section, the whole analysis will be done by using the
dimensionless charge coupling parameters which are given by, o, = ¢ Q./(v'GmM) and 0,, = ¢ Q,,/(~'GmM), or

Oen <2 x 107! (g) (@) . (15)

m

The charged particle motion around ECBH (i.e., o, # 0, 0, = 0) is quite well-known task and been studied by many authors (see,
for example: [32,33,35]). Nevertheless, we produce all results in order to show the difference between ECBH and MCBH through
particle dynamics. The ISCO radius for charged particle around MCBH is rather simple than that obtained in ECBH. Using the
conditions (14), we find that the ISCO radius and the energy of the charged particle at ISCO will be the same as for a neutral particle,
as shown in Ref. [29], however, the critical angular momentum takes a form Lo = / cr,% + 12. Another interesting result is that
the position of a charged particle rotating around MCBH is displaced from the equatorial plane with angle 6y = tan™! (2«5 / om),
depending on the coupling parameter o,,, which concludes that the charge separation will happen around MCBH. Figure 1 shows
the ISCO position for charged particles orbiting around ECBH and MCBH.

In order to better understand charged particle motion in the vicinity of the charged black hole, we produce the trajectory of
charged particles around the MCBH illustrated in Fig. 2. This consideration has been studied in the Refs. [55-58]. We set the
constants of motion, which are the specific energy and specific angular momentum, and the initial position of the particle (rg, 0p).
One can observe that in (x, y) plane there is no difference between trajectories of positively and negatively charged particles around
the MCBH. In opposite, in (x, z) plane, one can observe the charge separation symmetrically to the equatorial plane in vertical
directions, which is shown in central panel of Fig. 2. In the last panel the same plot is illustrated in (x — y — z) plane.

The energy efficiency of the particle can be determined as n = 1 — &, where & is the specific energy of a particle at the ISCO.
This value of the energy efficiency for a neutral particle in Schwarzschild space is about ~ 5.7%, while for a maximally charged
black hole itis ~ 8.9%. It can reach up to ~ 70% for a charged particle orbiting around ECBH, while around MCBH it is independent
of coupling parameter o, and will be the same as for neutral particle.

In Table 1, the detailed numerical calculations of the ISCO parameters such as radius, location, orbital velocity, specific energy,
specific angular momentum, and energy efficiency of charged particles are listed. It can be easily seen from Table 1 that the ISCO
radius for a charged particle around MCBH is the same as for a neutral particle, while around ECBH it is always larger for positively
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Table 1 The critical values of radius, angle, specific energy, specific angular momentum, energy efficiency and orbital velocity of charged particle at the
imzlermost stable circular orbit (ISCO) around ECBH and MCBH are listed. For simplicity, we assume that the square of the black hole charge is negligible
0 —0

Oe ) |7/2 — 6o &o Loy n [%] 0
0.7 6.705 0 0.35 3.500 65.33 0.20
0.6 6.408 0 0.50 3.500 50.20 0.27
0.5 6.234 0 0.61 3.500 39.40 0.32
0.4 6.128 0 0.69 3.487 30.67 0.37
0.3 6.063 0 0.77 3.477 23.24 0.40
0.2 6.025 0 0.83 3.469 16.75 0.43
0.1 6.006 0 0.89 3.466 10.95 0.48
0 6 0 0.94 3.46 5.72 0.5
—0.1 6.005 0 0.99 3.500 1 0.54
—03 6.035 0 1.08 3.500 —7.6 0.61
—-0.5 6.085 0 1.15 3.500 —15.1 0.72
—0.8 6.180 0 1.25 3.500 —24.9 0.79
— 1.0 6.253 0 1.31 3.500 —30.7 0.85
Om 7o |7/2 — 6o &o Lo n [%] vo/c
0 6 0 0.94 3.46 5.72 0.5
+0.1 6 0.029 0.94 3.46 5.72 0.5
+0.2 6 0.058 0.94 3.47 5.72 0.5
+0.3 6 0.086 0.94 3.48 5.72 0.5
+0.4 6 0.115 0.94 3.49 5.72 0.5
+0.5 6 0.143 0.94 3.50 5.72 0.5
+0.6 6 0.172 0.94 3.51 5.72 0.5
+0.7 6 0.199 0.94 3.53 5.72 0.5
+0.8 6 0.227 0.94 3.56 5.72 0.5
+0.9 6 0.254 0.94 3.58 5.72 0.5
+1.0 6 0.281 0.94 3.61 5.72 0.5

and negatively charged particles. Interestingly, one can see that the location of charged particles around ECBH is in the equatorial
plane, however, around MCBH it is displaced from the equatorial plane, which concludes that charged separation can be observed
near the equatorial plane depending on the coupling parameter o,,. One can see that the orbital velocity of a charged particle around
MCBH is half the speed of light, however, around ECBH it can reach the values between zero and the speed of light.

3 Fundamental frequency of charged particle

It is interesting to consider the periodic motion of charged particles orbiting around the black hole which allows determining the
fundamental frequencies such as Keplerian and Larmor frequencies. The most simple way of deriving the expressions for the
frequencies is to consider motion in the stable circular orbit with, U* = (U’, 0,0, U ¢), which allows to write

I S (16)

vV 8t — -ngdnb ’
where 2 = d¢/dt is the angular velocity of the orbital motion measured by a distant observer. Using the expression (16), the
expressions for the conservative quantities in the spacetime of ECBH are rewritten as
2
St 9 A, L= 8¢

Vv —8tt — ngq&q& m v — 8t — -ngqbqb ,

while in the spacetime of MCBH, they take the form:

£=—

2
£—_ 8it r— 8¢9 n 1A¢, . (17)

vV =8 — -ngdxp v — 8t — ngqbq& m
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Fig. 3 Dependence of orbital A S A P
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We determine the orbital velocity of charged particle around black hole. The expression for the orbital velocity of particle
measured by a local observer in curved spacetime is defined as [32,59]

v=g |8 (18)
81t

In order to evaluate the orbital linear velocity of the neutral particles orbiting around a charged black hole, we first calculate it at
the different radii as illustrated in Fig. 3. One can easily see from Fig. 3 that the neutral particle rounds with half of the speed of
light, v9 = 0.5, at the ISCO position around the Schwarzschild black hole, while it can orbit rapidly around charged black hole
depending on the value of the charge parameter. For extreme Reissner—Nordstrom black hole, the orbital velocity can reach up to
vy = 1/+/3. We have also calculated the orbital linear velocity of the neutral particle at the marginally bound orbit (MBO), it is
about vg = 1/+/2 with respect to that around Schwarzschild black hole. The value of the orbital velocity of the neutral particle at
the stable orbit around the extreme black hole is about vy = c. Similarly, the orbital velocity of charged particles orbiting around the
charged black hole can be derived. The numerical values of the orbital velocities of charged particles at the ISCO position around
ECBH and MCBH are listed in the top and bottom panels of Table 1, respectively.

3.1 Keplerean and Larmor frequencies

Now we focus on the derivation of the expression for the orbital angular frequencies, such as Keplerian and Larmor frequencies of the
charged particles orbiting around the black hole. To do this, we assume motion of particles in circular orbit with U% = U'(1, 0, 0, £2).
In this case, according to (7), equations for radial and vertical motion for charged particles around ECBH can be written as

gir + D20, = — 25 s =0, (19)
’ ’ m U’ ’
and around MCBH it takes a form:
2q Fy
s+ 26800r =0, 2gpp0 = —Zquzp (20)

Note that the physical meaning of the quantity £2 in equations (19) is the angular velocity of a charged particle orbiting around ECBH,
while 25 and £27, in Eq. (20) are the angular velocity of charged particle around MCBH due the gravitational and electromagnetic
fields, respectively. However §2 and §2; have the same meaning for a neutral particles i.e., when ¢ = 0. In this case, the solution of
the first Egs. in (19) and (20) becomes, 2 = /—g1,r/8¢¢,r at0 = 7 /2, which represents Keplerian frequency for neutral particle,
while the solution of the second equation will vanish. The solution of Eq. (19) is responsible for the angular velocity of charged
particle. Hereafter we eliminate U’ by inserting the expression (18) into (19), and after performing simple algebraic manipulations
the angular velocity for charged particle orbiting around the ECBH can be found as

20F,; \> 2¢F, &y [ 20F,; \2
Qécsﬂ=9?<—gﬂ< 1 ) + A \/—gz,—fz%g¢¢+¢4’(q”> . @1)
2 \mgpp.r Mgpe.r 4 \mgpy,r

On the other hand, the same problem can be easily considered for charged particle around the MCBH. However, one needs to be
careful because the angular velocity of charged particle is caused due to the gravitational and magnetic field effects. One needs to
take the effects simultaneously and find the angular velocity £2ycpy for charged particle. The solution of the first Eq. (20) gives the
angular velocity of charged particle due to pure gravitational field £2¢ while the second one represents the Larmor frequency 27,
due to the external monopole magnetic field. One can get 2vcpa = 26 + 21 for the explicit expressions for angular frequency
of charged particle orbiting around MCBH. Replacing 2 in Eq. (16) with £2ycyg and combining it with Eq. (20) one can find £2¢
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and £27 . Indeed, in this case, one can solve three equations for three unknown quantities. The solution of the first Eq. (20) is simple
and can be found as 2 = \/—g:1,r/8¢¢,r- The Larmor frequency £2; satisfies the following equation:

QF(1+8) +2262, + 2%+ 5 =0, 22)

8¢¢

5= 2 (mgwﬂ)z
8o¢ \ 2qFop

Finally, the angular velocity of charged particle orbiting around MCBH can be expressed as

where

1 2 81t
$2MCBH = T3 326 + |88 — (1 +8)% (23)

Indeed, for neutral particle i.e. ¢ = 0, 2ycpn simply reduces to Keplerian frequency, which can be easily verified by considering
the following limit:

lim QMCBH = 11m £2McBH = 26 = 2k, 24

Om—>
at the equatorial plane 8 = /2.

3.2 The epicyclic frequencies

It is also interesting to derive the expressions for the epicyclic frequencies (£2,, £29) produced by the oscillatory motion of charged
particles (hot spots) along the radial and vertical directions located at the stable circular orbits around the black hole. Our main
interest is in study of the quasi-periodic oscillations (QPOs) of charged particles in the vicinity of the black hole. The QPO is quite
well-known observational feature of the accretion disk around the black hole. One of the simple models of explanation of the QPO
origin is described by harmonical oscillatory test particles motion [60,61]. In order to find the epicyclic frequencies, one may expand
the function V (r, ) around stationary points (rg, 6p) in the form:

1 1
V(r,0) = V(ro.00) + 0,V (r,0)8, + 8oV (r,0)8p + 5aEV(r, 0)87 + 5agv(r, 0)8% + 8,30V (r,0)8,80 + O (5%, 86°)

| 2

553 2V (r,0) + 89 AV (r,0), (25)
which is analog of the harmonic oscillator problem. Here we have used the conditions represented in (14). Now, inserting the
expression (11) into (10), and using the expression (25) one can obtain equation of harmonic oscillatory motion for charged particles
along the stationary orbit (rg, 6p), for the displacement §, = r — rg, §g = 6 — 0y in the form: §, + (238, =0and §yp + .(20289 =0,
where double dots indicate derivative with respect to time and the epicyclic frequencies are determined as

(27, 27) = 2(;{)2( ! 2V (r, 0) ! aQV(r 9)) (26)

Finally, using Egs. (17) and (25), the explicit form of the epicyclic frequencies (£2,, £2g) of charged particle orbiting around
ECBH can be expressed as

2
(gui)* 1 (gp.)% 1 I 21 Ay
gif2} = S g+ 22 (B0 >8¢¢.ii | — 1*, Arii =24, 850 ) — (1) ——, 27)
8tt 2 8¢ 2 mU 8t m/ (U')* gy
while around MCBH, they take the form:
2
(gui)* 1 (gp0.0)* 1 2 g 2 1 Ay,
gi @ = 21— i+ 27 (= Cgggii ) = L (Mg =245, 220 ) - (L) 2 @)
&t 2 ) 2 m U’ ) m/ (U')* ggo

where i = (r, 6). From Eqgs. (27) and (28), one can see that the radial and vertical frequencies (£2,, §£29) depend on the background
geometry, the external electromagnetic field, and also parameters of the test particle. Once background spacetime geometry and
external magnetic field are given,one can immediately determine §2, and 2y, however, keep in mind that they still depend on
Keplerian frequency, which is the most important quantity in the calculation of the fundamental frequencies.
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4 Radiation intensity of accelerated charged particle

Accretion of surrounding matter onto a super massive and stellar mass black holes is strongly believed and justified to produce the
high energy relativistic particles in the vicinity of the active galactic nuclei (AGN) and stellar low mass X-ray binary sources. The
detailed mechanisms of the production of energy in such high energetic sources are still need to be clarified. However, it is widely
believed that the magnetic field in rotating black hole environment plays an important role to produce the high energetic relativistic
particles (See for example, [13,14,16]). Now question arises how the charge of black hole is important to produce energy extraction
from the black hole. It is well-known that relativistic charged particle accelerated, in particular, by an external electromagnetic field
emits electromagnetic radiation. One of the simplest examples of such radiation processes is known as synchrotron radiation of an
accelerated charged particle, which is formed as a relativistic form of the cyclotron radiation. For example synchrotron radiation
from charged particle near the magnetized Schwarzschild black hole has been studied in [62]. Here we concentrate on study of
the electromagnetic radiation from the accelerated charged particle orbiting the charged black hole. The radiation spectrum of the
relativistically moving charged particle in strongly curved spacetime can be expressed as [63]
2
1= 24 wew®, (29)
3

where w® is the four-acceleration of particle in a curved spacetime, defined as w* = U B VgU¥, on the other hand, taking into
account non-geodesic equation (7), one can write

w* = iF‘)‘ﬁU’3 , weU% = 0. (30)
m

As one can see from Eq. (30) that four-acceleration of particle is an orthogonal to its four-velocity. Finally, taking into account all
above-mentioned, one can write expression for the electromagnetic radiation spectrum as

_ 2q4 vBre 31
For simplicity, we consider the motion of charged particle in the stable circular orbit with U* = U(1,0, 0, £2) to see the

behavior of the radiation spectrum. Since the velocity and acceleration of particle are orthogonal to each other, i.e., w,U% = 0, we
can immediately express the four-acceleration of particle in the form, w* = (0, w”", w?, 0), where the components of the acceleration
of charged particle around ECBH can be found as

F,
W=y =0, (32)
my/ =g — $2°8¢¢
while around MCBH, they are defined as
N F,
w =0, wp= 42760 (33)

my/—8u — -ngqﬁqb .
Finally, the expressions for the intensity of electromagnetic radiation (29) of the radiating accelerated charged particle orbiting
around ECBH and MCBH are

2¢* ( 1 ,
IgcBH = —5 | ———5—2¢""F, ’ G
3m? \ =g — 228s9" ") pcn
I 24* ( 00 g2 ) 5)
MCBH = —— | —————¢ 7
3m* \ —gu — 27849 “? ) B
which can be estimated as
4 2 M 2
Ipcpn =~ 1.3 x 10% (i) (%) Mo\"(__ [ 7 G6)
¢ " M f=22r% Jcpn
4 2/ M~\2 0272
Ivcpn =~ 1.3 x 10% (g> (@> Mo\ (27 ’ a7
¢ " M f=22r% Jyicam

for maximally charged black hole with Qmax = /G M. The ratio of the intensities of charged particle at the ISCO position around
MCBH and ECBH is Invicpu/IecBu == 1.41(Q0p/ Qe)z, while for the identical electric and magnetic charges this ratio reduces to
Ivcsu/Iecu =~ 1.41.

Similarly, one can also explore more realistic situation when the charged particle falling into black hole with the four-velocity,
U* = U'(1,u,0, ), where u = dr/dt is radial velocity and @ = d¢/dr is angular velocity of the particle. In this case, the
four-acceleration of charged particle falling onto ECBH can be introduced as w® = (w’, w”, 0, 0), where w; = (q/m)F;U" and
w, = (g/m)F,,U’, which satisfies the orthogonality condition w,U%* = 0. On the other hand, the four-acceleration of charged
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particle falling into MCBH can be written as w* = (0, 0, w?, 0). Finally, the intensity of electromagnetic radiation from relativistic
charged particle can be expressed as

2q4 ( uzgtt +grr > 5
I = —— F, 38
ECBH 32 \ g + 027 + 890 0 (38)
24 w2 g% ,
I = —— Fy, 39
MCBH 2 <gtt 20 + @0 6 (39)

which concludes that charged particles accreting onto ECBH and MCBH with radial and angular velocities u, and w, emit the
electromagnetic radiation. Now using the three-velocity (12) and replacing the electromagnetic tensor as Fr, = Q./r% and Fop =
O, sin 6 above expression can be expressed as

2
2402 (1-v; 2¢°0, [ Y 2 2
IgcBH = it \ 102 ) IvcH = it | 1202 | vt = v (40)

o

5 Conclusions and future outline

In this research note, we investigate the charged particle motion around ECBH and MCBH. We perform analyses on the effects of
the charge coupling parameter on the ISCO parameters, namely, the specific energy, specific angular momentum, the critical angle,
and the innermost radius, respectively. Our numerical calculations show that the ISCO position for charged particle around ECBH
at the equatorial plane gets always larger than that obtained for neutral particle, depending on the charge parameter o,, while around
MCBH the ISCO position can be derived analytically, and it will be the same as for neutral particle, however it is displaced from
the equatorial plane by angle 6y = tan~! (2+/3/0,,) depending on the coupling parameter o,,. It concludes that one can distinguish
charge separation in accreting matter around MCBH.

According to the standard way of deriving the fundamental frequencies, such as Keplerian and Larmor frequencies, for charged
particles around the charged black hole they have been explicitly derived. We show that Keplerian frequency of charged particle can
be either greater or less than that is obtained in the Schwarzschild spacetime depending on the sign of the coupling parameter.

Finally, it has been investigated the synchrotron radiation caused by acceleration of charged particle in the vicinity of the charged
black hole. The explicit expressions for the intensity of the radiating charged relativistic particle around ECBH and MCBH due to
acceleration by electromagnetic (Coulomb and Lorentz) have been derived. Numerical calculations show that the radiation intensity
of accelerated charged particle around MCBH is always greater than the radiation intensity around ECBH. Another important result
shows that radially falling charged particles onto ECBH and MCBH, with arbitrary radial and angular velocities (u, w), produce
synchrotron radiation with intensity proportional to I ~ (2¢*Q?%)/(3m?r*) with the different factors. These facts also show various
distinguishable features of the electric and magnetic charge of a black hole.

It would also be interesting to study charged particle acceleration around rotating electrically charge (Kerr-Newman) black hole
and magnetized black hole, as well as the effects of rotation of the black hole and external magnetic field on synchrotron radiation
from accelerated charged particle.

Acknowledgements This research is supported by Grants F-FA-2021-432, F-FA-2021-510, and MRB-2021-527 of the Uzbekistan Ministry for Innovative
Development and by the Abdus Salam International Centre for Theoretical Physics under the Grant No. OEA-NT-01. The authors thank Naresh Dadhich for
useful discussions and comments on the black hole’s charge.

References

1. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: I-the shadow of the supermassive black hole. Astrophys. Lett. 875(1),
L1 (2019). https://doi.org/10.3847/2041-8213/ab0ec7

2. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: II—array and instrumentation. Astrophys. Lett. 875(1), L2 (2019).
https://doi.org/10.3847/2041-8213/ab0c96

3. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: III—data processing and calibration. Astrophys. Lett. 875(1), L3
(2019). https://doi.org/10.3847/2041-8213/ab0c57

4. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: [IV—imaging the central supermassive black hole. Astrophys. Lett.
875(1), L4 (2019). https://doi.org/10.3847/2041-8213/ab0e85

5. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: V—physical origin of the asymmetric ring. Astrophys. Lett. 875(1),
L5 (2019). https://doi.org/10.3847/2041-8213/ab0f43

6. Event Horizon Telescope Collaboration, First M87 event horizon telescope results: VI—the shadow and mass of the central black hole. Astrophys. Lett.
875(1), L6 (2019). https://doi.org/10.3847/2041-8213/ab1141

7. Gravity Collaboration, Detection of orbital motions near the last stable circular orbit of the massive black hole SgrA*. aap 618, L10 (2018). https://doi.
org/10.1051/0004-6361/201834294

@ Springer


https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.3847/2041-8213/ab0c96
https://doi.org/10.3847/2041-8213/ab0c57
https://doi.org/10.3847/2041-8213/ab0e85
https://doi.org/10.3847/2041-8213/ab0f43
https://doi.org/10.3847/2041-8213/ab1141
https://doi.org/10.1051/0004-6361/201834294
https://doi.org/10.1051/0004-6361/201834294

222  Page 10 of 11 Eur. Phys. J. Plus (2022) 137:222

8.

9.

10.

11.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

G.D. Karssen, M. Bursa, A. Eckart, M. Valencia-S, M. Dov¢iak, V. Karas, J. Horak, Bright X-ray flares from Sgr A*. mnras 472(4), 4422-4433 (2017).
https://doi.org/10.1093/mnras/stx2312

M. Zamaninasab, A. Eckart, M. Dov¢iak, V. Karas, R. Schodel, G. Witzel, N. Sabha, M. Garcia-Marin, D. Kunneriath, K. Muzi¢, C. Straubmeier, M.
Valencia-S, J.A. Zensus, Near-infrared polarimetry as a tool for testing properties of accreting supermassive black holes. mnras 413(1), 322-332 (2011).
https://doi.org/10.1111/j.1365-2966.2010.18139.x

N. Dadhich, A. Tursunov, B. Ahmedov, Z. Stuchlik, The distinguishing signature of magnetic Penrose process. Mon. N. R. Astron. Soc. 478(1), L89-1L.94
(2018). https://doi.org/10.1093/mnrasl/sly073

M. Kolos, A. Tursunov, Z. Stuchlik, Radiative Penrose process: Energy gain by a single radiating charged particle in the ergosphere of rotating black
hole. Phys. Rev. D 103(2), 024021 (2021). https://doi.org/10.1103/PhysRevD.103.024021

Z. Stuchlik, M. Kolos, J. Kovéf, P. Slany, A. Tursunov, Influence of cosmic repulsion and magnetic fields on accretion disks rotating around Kerr Black
Holes. Universe 6(2), 26 (2020). https://doi.org/10.3390/universe6020026

. A.Tursunov, Z. Stuchlik, M. Kolo§, N. Dadhich, B. Ahmedov, Supermassive Black Holes as possible sources of ultrahigh-energy cosmic rays. Astrophys.

J. 895(1), 14 (2020). https://doi.org/10.3847/1538-4357/ab8ae9
A. Tursunov, M. Zajacek, A. Eckart, M. Kolos, S. Britzen, Z. Stuchlik, B. Czerny, V. Karas, Effect of electromagnetic interaction on galactic center
flare components. Astrophys. J. 897(1), 99 (2020). https://doi.org/10.3847/1538-4357/ab980e

. S.M. Wagh, S.V. Dhurandhar, N. Dadhich, Revival of the penrose process for astrophysical applications. Astrphys. J 290, 12 (1985). https://doi.org/10.

1086/162952

A. Tursunov, B. Juraev, Z. Stuchlik, M. Kolos, Electric Penrose process: high-energy acceleration of ionized particles by nonrotating weakly charged
black hole. Phys. Rev. D 104(8), 084099 (2021). https://doi.org/10.1103/PhysRevD.104.084099

AN. Chowdhury, M. Patil, D. Malafarina, P.S. Joshi, Circular geodesics and accretion disks in the Janis-Newman-Winicour and gamma metric
spacetimes. Phys. Rev. D 85(10), 104031 (2012). https://doi.org/10.1103/PhysRevD.85.104031

. M. Patil, P.S. Joshi, Ultrahigh energy particle collisions in a regular spacetime without black holes or naked singularities. Phys. Rev. D 86(4), 044040

(2012). https://doi.org/10.1103/PhysRevD.86.044040

Z. Stuchlik, J. Schee, Optical effects related to Keplerian discs orbiting Kehagias-Sfetsos naked singularities. Class. Quantum Gravity 31(19), 195013
(2014). https://doi.org/10.1088/0264-9381/31/19/195013

Z. Stuchlik, J. Schee, A. Abdujabbarov, Ultra-high-energy collisions of particles in the field of near-extreme Kehagias-Sfetsos naked singularities and
their appearance to distant observers. Phys. Rev. D 89(10), 104048 (2014). https://doi.org/10.1103/PhysRevD.89.104048

C. Bambi, Probing the space-time geometry around black hole candidates with the resonance models for high-frequency QPOs and comparison with
the continuum-fitting method. jeap 2012(9), 014 (2012). https://doi.org/10.1088/1475-7516/2012/09/014

0. Donmez, O. Zanotti, L. Rezzolla, On the development of quasi-periodic oscillations in Bondi-Hoyle accretion flows. mnras 412(3), 1659-1668
(2011). https://doi.org/10.1111/j.1365-2966.2010.18003.x

P.J. Montero, O. Zanotti, Oscillations of relativistic axisymmetric tori and implications for modelling kHz-QPOs in neutron star X-ray binaries. mnras
419(2), 1507-1514 (2012). https://doi.org/10.1111/j.1365-2966.2011.19806.x

Z. Stuchlik, A. Kotrlovd, Orbital resonances in discs around braneworld Kerr black holes. Gen. Relativ. Gravit. 41, 1305-1343 (2009). https://doi.org/
10.1007/s10714-008-0709-2

0. Zanotti, C. Roedig, L. Rezzolla, L. Del Zanna, General relativistic radiation hydrodynamics of accretion flows: -——Bondi-Hoyle accretion. mnras
417(4), 2899-2915 (2011). https://doi.org/10.1111/j.1365-2966.2011.19451.x

M.A. Abramowicz, P.C. Fragile, Foundations of Black Hole Accretion Disk Theory. Living Rev. Relativ. 16(1), 1 (2013). https://doi.org/10.12942/lrr-
2013-1

D. Ghosh, A. Thalapillil, E. Ullah, Astrophysical hints for magnetic black holes. (2020). arXiv e-prints arXiv:2009.03363

M. Zajacek, A. Tursunov, A. Eckart, S. Britzen, On the charge of the Galactic centre black hole. Mon. Not. R.A.S 480(4), 44084423 (2018). https://
doi.org/10.1093/mnras/sty2182

D. Pugliese, H. Quevedo, R. Ruffini, Circular motion of neutral test particles in Reissner-Nordstrom spacetime. Phys. Rev. D 83(2), 024021 (2011).
https://doi.org/10.1103/PhysRevD.83.024021

D. Bini, A. Geralico, R. Ruffini, On the equilibrium of a charged massive particle in the field of a Reissner Nordstrom black hole. Phys. Lett. A 360(4-5),
515-517 (2007). https://doi.org/10.1016/j.physleta.2006.09.028

P. Das, R. Sk, S. Ghosh, Motion of charged particle in Reissner-Nordstrom spacetime: a Jacobi-metric approach. Eur. Phys. J. C 77(11), 735 (2017).
https://doi.org/10.1140/epjc/s10052-017-5295-6

D. Pugliese, H. Quevedo, R. Ruffini, Motion of charged test particles in Reissner-Nordstrom spacetime. Phys. Rev. D 83(10), 104052 (2011). https://
doi.org/10.1103/PhysRevD.83.104052

D. Pugliese, H. Quevedo, R. Ruffini, General classification of charged test particle circular orbits in Reissner-Nordstrom spacetime. Eur. Phys. J. C
77(4), 206 (2017). https://doi.org/10.1140/epjc/s10052-017-4769-x

B. Turimov, O. Rahimov, B. Ahmedov, Z. Stuchlik, K. Boymurodova, Dynamical motion of matter around a charged black hole. Int. J. Modern Phys.
D 30(5), 2150037-407 (2021). https://doi.org/10.1142/S0218271821500371

S. Grunau, V. Kagramanova, Geodesics of electrically and magnetically charged test particles in the Reissner-Nordstrom space-time: analytical solutions.
Phys. Rev. D 83(4), 044009 (2011). https://doi.org/10.1103/PhysRevD.83.044009

A.F. Zakharov, Particle capture cross sections for a Reissner-Nordstrom black hole. Class. Quantum Gravity 11(4), 1027-1033 (1994). https://doi.org/
10.1088/0264-9381/11/4/018

B. Turimov, J. Rayimbaev, A. Abdujabbarov, B. Ahmedov, Z. Stuchlik, Test particle motion around a black hole in Einstein-Maxwell-scalar theory.
Phys. Rev. D 102(6), 064052 (2020). https://doi.org/10.1103/PhysRevD.102.064052

M. Zhang, W.B. Liu, Innermost stable circular orbits of charged spinning test particles. Phys. Lett. B 789, 393-398 (2019). https://doi.org/10.1016/j.
physletb.2018.12.051

S. Hod, Quasinormal resonances of a charged scalar field in a charged Reissner-Nordstrom black-hole spacetime: a WKB analysis. Phys. Lett. B 710(2),
349-351 (2012). https://doi.org/10.1016/j.physletb.2012.03.010

S. Hod, Stability of the extremal Reissner-Nordstrom black hole to charged scalar perturbations. Phys. Lett. B 713(4-5), 505-508 (2012). https://doi.
org/10.1016/j.physletb.2012.06.043

S. Hod, No-bomb theorem for charged Reissner-Nordstrom black holes. Phys. Lett. B 718(4-5), 1489-1492 (2013). https://doi.org/10.1016/j.physletb.
2012.12.013

S. Hod, The instability spectrum of weakly-magnetized SU(2) Reissner-Nordstrom black holes. Phys. Lett. B 739, 157-161 (2014). https://doi.org/10.
1016/j.physletb.2014.10.050

@ Springer


https://doi.org/10.1093/mnras/stx2312
https://doi.org/10.1111/j.1365-2966.2010.18139.x
https://doi.org/10.1093/mnrasl/sly073
https://doi.org/10.1103/PhysRevD.103.024021
https://doi.org/10.3390/universe6020026
https://doi.org/10.3847/1538-4357/ab8ae9
https://doi.org/10.3847/1538-4357/ab980e
https://doi.org/10.1086/162952
https://doi.org/10.1086/162952
https://doi.org/10.1103/PhysRevD.104.084099
https://doi.org/10.1103/PhysRevD.85.104031
https://doi.org/10.1103/PhysRevD.86.044040
https://doi.org/10.1088/0264-9381/31/19/195013
https://doi.org/10.1103/PhysRevD.89.104048
https://doi.org/10.1088/1475-7516/2012/09/014
https://doi.org/10.1111/j.1365-2966.2010.18003.x
https://doi.org/10.1111/j.1365-2966.2011.19806.x
https://doi.org/10.1007/s10714-008-0709-2
https://doi.org/10.1007/s10714-008-0709-2
https://doi.org/10.1111/j.1365-2966.2011.19451.x
https://doi.org/10.12942/lrr-2013-1
https://doi.org/10.12942/lrr-2013-1
http://arxiv.org/abs/2009.03363
https://doi.org/10.1093/mnras/sty2182
https://doi.org/10.1093/mnras/sty2182
https://doi.org/10.1103/PhysRevD.83.024021
https://doi.org/10.1016/j.physleta.2006.09.028
https://doi.org/10.1140/epjc/s10052-017-5295-6
https://doi.org/10.1103/PhysRevD.83.104052
https://doi.org/10.1103/PhysRevD.83.104052
https://doi.org/10.1140/epjc/s10052-017-4769-x
https://doi.org/10.1142/S0218271821500371
https://doi.org/10.1103/PhysRevD.83.044009
https://doi.org/10.1088/0264-9381/11/4/018
https://doi.org/10.1088/0264-9381/11/4/018
https://doi.org/10.1103/PhysRevD.102.064052
https://doi.org/10.1016/j.physletb.2018.12.051
https://doi.org/10.1016/j.physletb.2018.12.051
https://doi.org/10.1016/j.physletb.2012.03.010
https://doi.org/10.1016/j.physletb.2012.06.043
https://doi.org/10.1016/j.physletb.2012.06.043
https://doi.org/10.1016/j.physletb.2012.12.013
https://doi.org/10.1016/j.physletb.2012.12.013
https://doi.org/10.1016/j.physletb.2014.10.050
https://doi.org/10.1016/j.physletb.2014.10.050

Eur. Phys. J. Plus (2022) 137:222 Page 11 of 11~ 222

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.

62.

63.
64.

S. Hod, Numerical evidence for universality in the excited instability spectrum of magnetically charged Reissner-Nordstrom black holes. Eur. Phys. J.
C 75, 180 (2015). https://doi.org/10.1140/epjc/s10052-015-3414-9

S. Hod, Stability of highly-charged Reissner-Nordstrom black holes to charged scalar perturbations. Phys. Rev. D 91(4), 044047 (2015). https://doi.org/
10.1103/PhysRevD.91.044047

O.B. Zaslavskii, Acceleration of particles by nonrotating charged black holes? Soviet J. Exp. Theor. Phys. Lett. 92(9), 571-574 (2010). https://doi.org/
10.1134/S0021364010210010

J. Rayimbaev, B. Turimov, F. Marcos, S. Palvanov, A. Rakhmatov, Particle acceleration and electromagnetic field of deformed neutron stars. Mod. Phys.
Lett. A 35(9), 2050056 (2020). https://doi.org/10.1142/S021773232050056X

0. Zanotti, V. Morozova, B. Ahmedov, Particle acceleration in the polar cap region of an oscillating neutron star. Astron. Astrophys. 540, A126 (2012).
https://doi.org/10.1051/0004-6361/201118380

V. S. Morozova, B.J. Ahmedov, V.G. Kagramanova, General relativistic effects of gravitomagnetic charge on pulsar magnetospheres and particle
acceleration in the polar cap. Astrophys. J 684(2), 1359—1365 (2008). https://doi.org/10.1086/590322

A. Abdujabbarov, B. Ahmedov, Test particle motion around a black hole in a braneworld. Phys. Rev. D 81(4), 044022 (2010). https://doi.org/10.1103/
PhysRevD.81.044022

B. Turimov, Electromagnetic fields in vicinity of tidal charged static black hole. Int. J. Modern Phys. D 27, 1850092 (2018). https://doi.org/10.1142/
S021827181850092X

H. Reissner, Uber die eigengravitationn des elektrischen felds nach der Einsteinshen theorie. Ann. Phys. 50, 106-120 (1916)

M. Tanabashi et al., Review of particle physics. Phys. Rev. D 98(3), 030,001 (2018). https://doi.org/10.1103/PhysRevD.98.030001

P. Singh, N. Dadhich, Field theories from the relativistic law of motion. Mod. Phys. Lett. A 16(2), 83-90 (2001). https://doi.org/10.1142/
50217732301002900

P. Singh, N. Dadhich, The field equation from Newton’s law of motion and the absence of magnetic monopole. Int. J. Modern Phys. A 16(7), 1237-1247
(2001). https://doi.org/10.1142/S0217751X01003147

M. Kolos, Z. Stuchlik, A. Tursunov, Quasi-harmonic oscillatory motion of charged particles around a Schwarzschild black hole immersed in a uniform
magnetic field. Class. Quantum Gravity 32(16), 165009 (2015). https://doi.org/10.1088/0264-9381/32/16/165009

B. Turimov, B. Ahmedov, M. Kolos, Z. Stuchlik, Axially symmetric and static solutions of Einstein equations with self-gravitating scalar field. Phys.
Red. D 98(8), 084039 (2018). https://doi.org/10.1103/PhysRevD.98.084039

B. Turimov, B. Ahmedov, Z. Stuchlik, On exact analytical solution of Einstein-Maxwell-scalar field equations. Phys. Dark Univ. 33, 100868 (2021).
https://doi.org/10.1016/j.dark.2021.100868

A. Tursunov, Z. Stuchlik, M. Kolos, Circular orbits and related quasiharmonic oscillatory motion of charged particles around weakly magnetized rotating
black holes. Phys. Rev. D 93(8), 084012 (2016). https://doi.org/10.1103/PhysRevD.93.084012

B. Turimov, B. Ahmedov, Zipoy-Voorhees gravitational object as a source of high-energy relativistic particles. Galaxies 9(3), 59 (2021). https://doi.org/
10.3390/galaxies9030059

M.A. Abramowicz, W. Kluzniak, A precise determination of black hole spin in GRO J1655-40. Astron. Astrophys. 374, L19-1.20 (2001). https://doi.
org/10.1051/0004-6361:20010791

M.A. Abramowicz, W. Kluzniak, J.E. McClintock, R.A. Remillard, The importance of discovering a 3:2 twin-peak quasi-periodic oscillation in an
ultraluminous X-Ray source, or how to solve the puzzle of intermediate-mass black holes. Astrophys. J. Lett. 609, L63-L65 (2004). https://doi.org/10.
1086/422810

A. Tursunov, M. Kolos, Z. Stuchlik, D.V. Gal’tsov, Radiation reaction of charged particles orbiting a magnetized Schwarzschild Black hole. Astrophys.
J. 861(1), 2 (2018). https://doi.org/10.3847/1538-4357/aac7c5

L.D. Landau, E.M. Lifshitz, The classical theory of fields, course of theoretical physics, vol. 2 (Elsevier Butterworth-Heinemann, Oxford, 2004)

V. S. Morozova, B. J. Ahmedov, V. G. Kagramanova, General relativistic effects of gravitomagnetic charge on pulsar magnetospheres and particle
acceleration in the polar cap, Astrophys. J. 684(2), 1359-1365 (2008). https://doi.org/10.1086/590322

@ Springer


https://doi.org/10.1140/epjc/s10052-015-3414-9
https://doi.org/10.1103/PhysRevD.91.044047
https://doi.org/10.1103/PhysRevD.91.044047
https://doi.org/10.1134/S0021364010210010
https://doi.org/10.1134/S0021364010210010
https://doi.org/10.1142/S021773232050056X
https://doi.org/10.1051/0004-6361/201118380
https://doi.org/10.1086/590322
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1103/PhysRevD.81.044022
https://doi.org/10.1142/S021827181850092X
https://doi.org/10.1142/S021827181850092X
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1142/S0217732301002900
https://doi.org/10.1142/S0217732301002900
https://doi.org/10.1142/S0217751X01003147
https://doi.org/10.1088/0264-9381/32/16/165009
https://doi.org/10.1103/PhysRevD.98.084039
https://doi.org/10.1016/j.dark.2021.100868
https://doi.org/10.1103/PhysRevD.93.084012
https://doi.org/10.3390/galaxies9030059
https://doi.org/10.3390/galaxies9030059
https://doi.org/10.1051/0004-6361:20010791
https://doi.org/10.1051/0004-6361:20010791
https://doi.org/10.1086/422810
https://doi.org/10.1086/422810
https://doi.org/10.3847/1538-4357/aac7c5
https://doi.org/10.1086/590322

	Distinguishable feature of electric and magnetic charged black hole
	Acceleration of charged particle in Reissner–Nordström spacetime
	Abstract
	1 Introduction
	2 Basic equations
	2.1 Innermost stable circular orbit (ISCO)

	3 Fundamental frequency of charged particle
	3.1 Keplerean and Larmor frequencies
	3.2 The epicyclic frequencies

	4 Radiation intensity of accelerated charged particle
	5 Conclusions and future outline
	Acknowledgements
	References





