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Equilibrium configurations of a charged fluid around a Kerr black hole

Audrey Trova,* Kris Schroven, and Eva Hackmann

University of Bremen, Center of Applied Space Technology and Microgravity (ZARM),
28359 Bremen, Germany

Vladimir Karas
Astronomical Institute, Academy of Sciences, BoCni Il, CZ-14131 Prague, Czech Republic

Jiff Kovar and Petr Slany

Institute of Physics, Faculty of Philosophy and Science, Silesian University in Opava,
Bezrucovo ndm. 13, CZ-74601 Opava, Czech Republic

® (Received 7 March 2018; published 17 May 2018)

Equilibrium configurations of electrically charged perfect fluid surrounding a central rotating black hole
endowed with a test electric charge and embedded in a large-scale asymptotically uniform magnetic field
are presented. Following our previous studies considering the central black hole to be nonrotating, we show
that in the rotating case conditions for the configurations existence change according to the spin of the black
hole. We focus our attention on the charged fluid in rigid rotation, which can form toroidal configurations
centered in the equatorial plane or the ones hovering above the black hole, along the symmetry axis.
We conclude that a nonzero value of spin changes the existence conditions and the morphology of the
solutions significantly. In the case of fast rotation, the morphology of the structures is close to an oblate

shape.
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I. INTRODUCTION

In active galactic nuclei, accretion of matter from inner
accretion disks leads to intense emission of x rays [1]. The
emerging energetic radiation then irradiates the cooler outer
thick disks, where the temperature drops below the critical
value of the dust sublimation. Dust grains acquire electric
charge due to photoelectric effects and the complex
plasma environment [2,3]. At the same time, the continued
accretion events cause the central black hole to spin up.
Therefore, the effects of fluid charge and rotation of the
central black hole need to be taken into account together.

The thick accretion disks, especially those with negli-
gible loss of mass, can be well modeled by the toroidal
equilibrium configurations (tori) of fluids studied in proper
gravitoelectromagnetic backgrounds. Starting with the
basic Schwarzschild and Kerr ones [4,5], many studies
of neutral perfect fluid tori were realized in more compli-
cated backgrounds [6-12], also with the presence of the
background magnetic fields [13—15]. All of these studies
were performed in the general relativistic framework, but
many others also exist in the Newtonian description
[16,17]. Thus, dozens of scenarios of rotating fluids have
been described by taking many factors into account, some
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of them including the self-magnetic fields generated by the
moving charged fluid as well. However, a consideration of
the self-gravitational field of the torus is more or less rare
[18-21]. On the other hand, this self-field can be mostly
safely neglected for low-mass toroidal structures.

The purpose of this paper is an investigation of charged
perfect fluids encircling a rotating black hole endowed
with an electric charge and embedded in a large-scale
asymptotically uniform magnetic field. This background
represents a “rotational” generalization of the static one
considered in our previous paper [14]. Here, the strong
gravity near the considered rotating black hole is described
by the Kerr spacetime, which is combined with the test
external electromagnetic field, describing the test charge of
the black hole and the asymptotically uniform magnetic
field. Let us remind the reader that the test electric charge
itself is likely to converge to a very small value [22,23].
Despite this fact, electric charge distribution emerges
within the surrounding environment; the charges can
separate and play a significant role in the interaction with
the global magnetic field.

Even if the considered gravitational and electromagnetic
background generally plays an important role in the
structure of accretion flows (gravitational fragmentation
[24,25] and thermal stabilization of the flow [26]), our
interest here is the impact of the rotation of the black hole
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on the topology of the fluid toroidal structures, comparing
them with the ones in the nonrotating background [14].
According to the forces acting on the system, fluids can
exhibit various types of behavior. Here, we focus our study
on two different types of configurations: the regular ones,
centered in the equatorial plane (toroidal configurations),
and the unique ones, located along the symmetry axis
(polar cloud configurations).

In active galactic nuclei, strong irradiation of a dusty
torus by x rays originates from the central source, and it
leads to charging of grains due to the photoelectric effect
[21,27]. It can be shown that the mechanism of dust
charging helps to levitate grains above the equatorial plane,
thus counteracting the collapsing role of self-gravity in
magnetized disks and tori. The interplay between the
gravitational attraction and the repulsion/attraction of
the electromagnetic effect is important to characterize
the motion of matter. It has been shown [28] that halo
orbits (off-equatorial circular orbits) of electrically charged
particles exist near compact objects. This leads us to study
the equatorial tori which can represent the accretion disk
and the polar clouds that can scatter and polarize light
on the axis [29,30]. While the central black hole dominates
the gravitational field and remains electrically (almost)
neutral, the surrounding material has a non-negligible self-
gravitational effect on the torus structure, and, moreover,
by charging mechanisms, it acquires nonzero electric
charge density. While these influences need to be taken
into account together in order to achieve a self-consistent
picture, in the present paper, we concentrate on the latter
one (charge distribution), which appears to be of primary
role on the structure of equilibrium configurations.

These structures can be constructed within the model
following from the conservation laws and Maxwell equa-
tions, where, along with the basic assumptions of the axial
symmetry and stationarity of the background, other
assumptions are imposed. Especially, we consider the
fluid in pure azimuthal motion and with adherent charges,
thus moving convectively together with the fluid only (zero
conductivity of the fluid—the opposite limit of the ideal
magnetohydrodynamics requirement); the structures are
modeled by the fluid with a nonvanishing electric charge
density, such as an ionized plasma [31-33]. Moreover,
radiation and viscosity of the moving fluid are neglected, as
it is characteristic for the perfect fluids. In order to calculate
the desired pressure profiles, we also need to specify the
angular velocity or the angular momentum profiles of the
circling fluid. Here, we chose the profile of constant
angular velocity (rigid rotation); even if the real disks have
more complicated velocity profiles, the rigid rotation has
the benefit that the problem can be treated analytically.
To close the system of equations, we specify the fluid
obeying a polytropic equation of state. Finally, we neglect
the self-gravitational and self-electromagnetic fields pro-
duced by the circling charged fluid.

The paper is organized as follows. In Sec. II, we describe
the background of the system. The Kerr spacetime metric
is introduced, and the physical characteristics of the fluid,
such as density, angular momentum, and velocity, are
prescribed. In this section, we also present the basic
equations of the systems. Section III is dedicated to the
integrability conditions of the pressure equations and to the
main assumptions. The general conditions of equilibrium
existence are given in Sec. IV and applied to the polar cloud
configuration and to the equatorial toroidal configurations.
Section V is devoted to the construction of the polar cloud
structures and equatorial tori. Various solutions are pre-
sented as a function of the spin of the black hole. We focus
our attention on two particular cases: a fast rotating and a
slowly rotating black hole. We conclude our work with a
study of two limiting cases: the zero electric charge of the
black hole and the zero strength of the external magnetic
field.

All throughout the paper, for quantities denoted by a bar,
X, we use the geometrical system of units. They become
dimensionless, x, when they are scaled by the mass of the
black hole. Finally, for a direct interpretation, we express
them in physical units (SI) and denote them as X.

II. FRAMEWORK

A. Gravitational field: Kerr metric

The considered fluid tori have a negligible mass, and
they do not contribute to the gravitational field, which is
generated by the Kerr black hole. The considered Kerr
spacetime is described, in the Boyer-Linquist spheroidal
coordinates (t,r,6,¢), by the axially symmetric metric
tensor g,s, written in the dimensionless system of units in

the form
2r
= — 1 -1,
i < Z)

2r
9ip = — < asin’0,

z
P =2r+d?
9rr = 3 ’
1
Joo = 5
2
Gpp = <r2 +a*+ 2% sin26?> sin’0), (1)

where T = 12 + a? cos? 0 and a is the dimensionless Kerr
spin parameter (0 < a <1).

B. External electromagnetic field

Along with the gravitational field of the Kerr black
hole, the studied toroidal structures are embedded into
external asymptotically uniform magnetic field. In terms of
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the vector potential, this scenario can be described by
Wald’s test-field solution of the Maxwell equations [22,34]

B

A = b (gt¢ + 2ag,, — e(.gn + l))’ (Za)
B

Ay = 5 (9pg + 20919 — €G1p), (2b)

where ¢ = Q/B is the electromagnetic parameter. The
quantities B and Q represent, respectively, the strength
of the external uniform magnetic field and the charge of
the black hole; as the parameters of the test field, they do
not influence the spacetime geometry. The related Faraday

electromagnetic tensor F %/;(T can be then determined from
the general expression

F%g(T = gaﬂgﬂy(vyAu - vuA;t)' (3)

C. Fluid: Density, angular momentum, and velocity

Within our model, the perfect fluid is characterized
by its motion in the ¢-direction only, described by the
4-velocity U* = (U',0,0, U?), where

(a)glcﬁ + gtr)z

(v =2, 4)

with
P= —(w2g¢¢ +2w8,p + Gur)- (5)

We introduce the specific angular momentum, [ = [(r, 0),
and the angular velocity, w = w(r,0), through the usual
definitions

w=— and [=
U’ U,
with U" = /P~!. Both quantities are linked to each other
by the relations

lg, + i

1914 + 949

@Ysp + Gu .

The quantity (U’)? provides us with the basic necessary
existence conditions for our circling tori. Since (U')? > 0,
then P > 0, and it gives us:

(1) restriction on the radial coordinate r >

(1 + V1 —d?) = ry, where ry is the radius of the
outer event horizon,
(ii) restriction on the angular velocity @ (thus, also on
the size of torus), for @ = z/2 shown in Fig. 1.
Note that in the case of & = 0 the condition P > 0 reduces
to —g,, > 0, which on the symmetry axis coincides with
r > ry. Therefore, in this case, no additional restriction on
@ arises.
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3 0.0 3 0.0
-0.1 -0.1
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-0.1
-0.1
-02 ,
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r r
FIG. 1. The shaded region represents the area where the

condition P > 0 is satisfied in the equatorial plane (0 = z/2).
The condition is plotted for four values of the spin a. An effect of
frame dragging can be seen in the shown plots. The mirror
symmetry along @ = 0 is broken for nonvanishing spin values,
and close to the black hole horizon, higher absolute values for @
are allowed in the corotating case. This effect becomes larger the
bigger the value of a is.

D. Pressure equation

Pressure equations describing a rotating perfect fluid
equilibrium configuration can be derived from the follow-
ing conservation laws and Maxwell equations,

v/}T(lﬂ =0 (83)
V,F = 4n)e, (8b)

where J“ is the 4-current density which is linked to the 4-
velocity U charge density ¢, and electrical conductivity o
through the Ohm law,

JE = qU* + oF* U, (9)

Our assumption of zero conductivity (o = 0) leads to
J* = qU". Moreover, in our scenario of the fluid circu-
lation in the azimuthal direction only, the 4-current has the

only nonvanishing components
J? =qU? and J' = qU'. (10)

The total electromagnetic tensor F* can be split into
two terms,

a af
Faﬂ:FEgiT+FII<IT’ (11)
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where F 7 describes the electromagnetic self-field pro-
duced by the charged fluid. According to our assumption of
a test-charged fluid, this self-electromagnetic field (as well
as the self-gravitational field) generated by the fluid itself
are neglected in comparison with the external one, i.e.,
F&% > F% . thus, we can write F% ~ F% .

The stress-energy tensor 7% can be also split into two

parts,
T = TMAT + TEM’ (12)
where TK/{}AT is the matter part and is given by

Tltf/fAT = (e+ p)U U’ + pg™, (13)

where p is the pressure of the fluid and € is the energy
density. The electromagnetic part TEM can be expressed as

w1 1
TS, = = <F0‘},Fﬁ7 - ZFy(;Fy&gaﬁ>. (14)

From the continuity law (8a), Maxwell equations (8b),
and the stress-energy tensor decomposition, we get the
following equation [35],

vﬁT:AﬁAT = Fgg(TJﬁ’ (15)
where Jj is the 4-current density (10) produced by the

charged fluid. Equation (15) can be decomposed, and this
provides us with two differential pressure equations:

0)8 l
— wl

w0
dop = ~(p+¢) <a€1n|U B ‘;Z)

+ q(U'0pA, + U¢69A¢). (16)

0,p=—(p+e) <8 In

q(U'0,A, + U‘/’arA(/,)

E. Transformation of the pressure equations

To simplify the pressure equations (16) and to avoid a
numerical integration, we transform the two nonlinear
pressure equations to linear ones through the same process
as in Ref. [14]. For this purpose, we assume that the fluid
is described by a polytropic equation of state,

p=xp", (17)

with I" and « being the polytropic exponent and coefficient,
respectively, and p being the rest-mass density of the fluid;
moreover, we assume that for low temperatures (p < p) the
fluid energy density can be approximated as

exp; (18)
consequently, € + p ~ p. Then, we set

q

)

e (19)
and introduce the function 4 satisfying the relations
r-10 r-1
arh — rp ~ arp ,
I' p+e r p
-10 -1 0,
Dph = 0P 0P (20)
I p+te T »p

Here, K is the so-called correction function, and it
determines the charge density distribution. A proper form
of this function ensures the integrability of the pressure
equations (16), which can now be written as

-1
6,h:—— {6 In|U,| -

al
@ - K(U'0,4, +U¢6A¢)]

w&g

Dph = — Fr{aemm— 0 K(U'DA, +U‘/89A¢)}

(21)

III. INTEGRABILITY CONDITIONS AND
PHYSICAL CHARACTERISTICS

A. Correction function

The next step is to integrate the Eqs. (21) and obtain the
h-function. This set of equations is not in general integrable
and depends on parameters, such as the spin parameter a,
magnetic field strength B, electromagnetic parameter e,
correction function K (linked to the charge density profile
q), and the specific angular momentum [/ or angular
velocity . The function K can be constrained by the
integrability conditions of the two partial differential
equations (21). This is given as

8yd,h = 0,h. (22)

Equation (22) is automatically satisfied for ¢ =0, i.e.,
for a rotating uncharged perfect fluid [4,5]. For g # 0, the
integrability condition is not automatically fulfilled for a
given g and w or L Thus, in a charged case, the following
equation has to be satisfied:

D0p|K(U'0,A, + U?0,A,)| = 0,[K(U'0pA, + U?0yA,)).

(23)
To find an analytical solution for K, @ can be set to a

constant, meaning that the fluid rotates rigidly. This
assumption leads to the equation
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89(KUt)a,(At + O)A¢) = 8,(KUt)69(A, + COA¢), (24)
which is satisfied for

KU" = f(S) with §S=A, +wA,. (25)
Here, f(S) is an arbitrary function that determines the
charge density distribution of the rigidly rotating tori [see
also Ref. [36] for an alternative solution of Eq. (24)]. The
two partial differential equations (21) can be rewritten as

r-1 0,1
0,h = Tt [8rln|Uz| 1wl —f(S)@,S],
=1 w0yl
aeh = —T |:a€ In |Ut| - 1 —wl —f(S)395:| (26)

and integrated with the A-function expressed as

r-1
h:T<—ln|U,|—1n|1—wl|+/f(S)dS+ho>.

(27)

Here, A is a constant of integration, which determines the
size of the torus (i.e., its boundary).

B. Physical characteristics

From Egs. (17)—-(20) and (27), we can determine the rest-
mass density and the specific charge distributions:

o= (4" (28)

.=1-k 29
) (29)

The boundary of the torus is then determined by the
O-surface of p, p, or h.

IV. EXISTENCE CONDITIONS

A. General conditions

We investigate the existence of rotating charged con-
figurations which are centered at the coordinates (r.,d,),
corresponding to the maxima of the h-function. The
necessary conditions for a maximum read

O —— (30a)

3ah|r=rc,e=9£ =0, (30b)
while the sufficient ones require in addition

agrhlr:r(;ﬂ:@. <0, (31a)

detH|,_, g > 0. (31b)

where H is the Hessian matrix,

Roh Ph
e (Y -
Iy h - Oggh

Particularly, in this work, we are interested in two
configurations:
(1) structures centered on the polar axis named ‘“polar
clouds” (8, = 0),
(ii) equatorial tori centered in the equatorial plane
. =nr/2).
In both cases, the cross-derivatives vanish; thus, the
condition (31b) reduces to

82‘9h|r:rc.9:9‘ <0. (33)

The construction of equilibrium configurations depends
on the following free parameters: r., a, B, e, @, and the
function f(S). As for the f(S)-function, we use the same
forms as in Ref. [14], f(S) = kS", where k is a constant and
n = 1 or n = —2, mainly because we know solutions can be
found for these choices. Another advantage is that we can
establish a comparison between the case of a nonrotating
black hole and our case with rotation.

B. Polar cloud case

Our first interest is to focus on structures centered on the
polar axis. Before we proceed to analyze the necessary
and sufficient conditions for the existence, we have a look
at the symmetry of these structures. On the axis 8 = 0, «,
the only nonvanishing component of the electromagnetic
field tensor is

Frl|9:0,ﬂ = (© _(3;11_?512)2_ @) . (34)

This implies that on the polar axis an observer does not
see a magnetic field but only a radial electric field [22].
Therefore, it is clear that the polar cloud structures we are
looking for are symmetric with respect to the equatorial
plane.

Now, we search for maxima at the coordinates
(re, 8. =0). We set

f(s) = -2Hog, (35)

eB
where k is a constant that has to be chosen and which
represents the effect due to the fluid’s charge. The second
necessary condition (30b) is automatically fulfilled for
0. = 0. Using Egs. (35), (26), and the definitions of U,
and [, the first necessary condition (30a) implies
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FIG. 2. Behavior of Bky(r.,a,e) in function of r. for four
values of the spin a =0, 0.2, 0.5, 0.9 and for e = 4.17.

o 1 e(a* + r2)?
07 2B(e—2a)(d® + ar? + er. — 2ar ) (a® + 2 = 2r,)

(36)

By choosing the same electromagnetic parameter as in
Ref. [14], i.e., ¢ = 4.17 (meaning the same B and Q for
comparison with the previous paper), we plot Bk, for
various values of a (see Fig. 2); the case of a = 0 has been
fully studied in the article cited above. The validity of the
first sufficient condition (31a) is plotted in Fig. 3 and
summarized in Table I, depending on the value of the spin
a. We note that for a = 0.9, with the same distribution of
charge [i.e., the same f(S)-function] and the same value of
e, equilibrium configurations can exist only relatively far
away from the black hole. The second sufficient condition
(33) leads to constraints on the angular velocity @, which
are presented in Fig. 4. We note that this second sufficient
condition gives us another point of view of the @ value.
Note that values of w are also restricted by the condition
P > 0 (see Fig. 1).

C. Equatorial torus case

Our second interest is to focus on structures in the
equatorial plane. Thus, we search for maxima of A (r, 9) at
the coordinates (r., 0. = z/2). Here, we set

_ ko

=757 (37)

f(S)

TABLE I. Summary of the validity of the sufficient condition
(30a), for e = 4.17

a 9%h(r.,0) <0 if

0 r. >4

0.2 r. > 4.47

0.5 r. > 5.80

0.9 r. > 16.65

0,004 —

0,002

-0,002

-0,004

5 10 15 20

FIG. 3. Behavior of the function 82,k(r,, 0, a, e) for four values
of the spin a = 0, 0.2, 0.5, 0.9, for ¢ = 4.17 and f(S) given by
relation (35). The inserted graph represents a zoom of the case
a=0.9.

a=0 a=0.2
0.2 02
0.1 0.1
0.0 0.0
3 3
-0.1
-0.1
-0.2
-0.2
-03
5 10 15 20 5 10 15 20
I Ie
a=0.5 a=0.9
0.2
0.2
0.1
0.0 0.0
3 o4 3
02
-0.2
-0.3 o4
-0.4
5 10 15 20 5 10 15 20
I Ie

FIG. 4. The shaded region represents w-values allowed by the
sufficient condition (33) for e = 4.17, f(S) given by Eq. (35), and
four values of the spin.

The second necessary condition (30b) is automatically
fulfilled for . = x/2. The first necessary condition (30a),
as above, gives us a relation for ky = ky(r.,a, e, w, B),
which is now also dependent on w. The sufficient conditions
(31a) and (33) for the existence of equatorial tori and the
basic necessary condition P > 0 are displayed in Fig. 5. We
note that for large spin (a = 0.5 and a = 0.9) only corotating
tori (w > 0) are possible. For small ., we can see that there
is no solution within the ergosphere.
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FIG.5. Union of the conditions (31a) and (33) together with the
condition P > 0. The shaded region represents the area where all
conditions are valid, meaning that the value of w allows a
solution. They are shown for four values of a = 0, 0.2, 0.5, 0.9.

We note that there is a clear difference between the
conditions of existence for the case of nonrotating black
holes and the rotating ones.

Of course, both the represented cases are dependent
on the function f(S) and the value of e. If we change one
of these parameters, the conditions of existence will be
different.

V. CONSTRUCTION OF EQUILIBRIUM
CONFIGURATIONS

Once the conditions of existence are known, meaning
that we can choose the right values of @ and k satisfying
conditions (30)—(31), we can construct the equilibrium
configurations. As said in Ref. [14], the configurations
highly depend on the values of B and Q. The electromag-
netic field has to be strong enough to compete with the
gravitational field of the black hole. Second, to fulfill
the assumed test-field approximation, Q and B have to be
higher than the total charge and the magnetic field
produced by the torus itself. As our uniform magnetic test
field is assumed to be produced by a distant magnetic source
with a dipole field, the maximum strength is B ~ 10° T,
corresponding to B ~ 107!, To check our weak self-field
approximation, we can calculate the total charge of the torus,
determined by the following equation,

a=0.9
6-— o 207| " T T T T T T T T T T T T T " T T “ ]
4+ il
s 100 | 1
LI . I
g | )
£ L 1 = 4 J
n 0 5 or | |
L 3
-2+ | i
-10r 4
—4t i
_6_| | _2071 ! ‘\ 1 1 ‘ “ 1]
-6 6 -20 -10 0 10 20

rxCos|[6]

rxCos[6)]

FIG. 6. Poloidal sections of equipressure surfaces for a slowly rotating black hole on the left (¢ = 0.01) and a fast rotating black hole
on the right (a = 0.9). The thick curves mark, where the h-function becomes zero (i.e., zero pressure and zero density). The tiny clouds
are centered on the z axis at (r = 5, 6 = 0) (on the left) and at (r = 18, & = 0) (on the right). The dashed line represents the equipotential
leading to a cusp point (cannot be resolved on the right graphic due to the chosen scale). The gray region represents the ergosphere.
In the plot at the left, the ergosphere cannot be seen, since it is nearly completely swallowed by the black hole horizon.
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FIG.7. Mass (on the left) and specific (on the right) charge density profile of the polar clouds. The top panels correspond to the case of
slow rotation (a = 0.01) from the configuration shown on the left side of Fig. 6. The bottom panels are for the case of fast rotation

(a = 0.9), as shown on the right side of Fig. 6.

Q- / gdv.
Vv

and the magnetic field generated by the torus itself. We
approximate the torus by an infinitely thin ring centered in
r = r.. The strength of the self-5 field close to the outer
edge of the torus can be approximated by [14]

(38)

fig Q&
4”(7out - ?c) ’

B= (39)

where r,, is the outer edge radius and g, the vacuum
permeability.

A. Polar cloud configuration

In this section, we are going through the construction of
the polar cloud configurations. We show solutions for two

different values of the black hole spin, a = 0.01 (slow
rotation) and a = 0.9 (fast rotating black hole). In the first
case, we set the following parameters: B = 107! (corre-
sponding to B=23x10°T), e = Q/B =4.17 (corre-
sponding to Q =4.17 x 107" and Q =7.17 x 10° C),
f(S) given by Eq. (35), r.=35, and w = —1/1000.
According to these values and Eq. (36), k, has to be set
to kgB = 0.9976 in order to find a solution. The integration
constant is set to hy = —0.03549, which defines the

TABLE II. Maximal values of the physical characteristics
corresponding to the polar cloud described in Fig. 7 (top).

[)max ~10 kg ' m_3
Pmax = 1012 Pa

Prmax = 10720
Prmax 2 1075
qmax = 1010
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TABLE III. Maximal values of the physical characteristics of
the torus corresponding to the polar cloud described in Fig. 7
(bottom).

Pmax = 10_20 /N)max ~10 kg : m_3
Pmax = 10;)27 pmax =~ 10“ Pa
qmax = 10

boundary of the torus (see Fig. 6). By using the s-function,
through Egs. (20), (17), (28), and (29), we can determine
the physical characteristics of the torus, such as the pressure,
the mass density, and the charge density. In our case, we set
I' = 5/3 and k = 107, which leads to the mass density and
the specific charge distributions shown in Fig. 7 (top).
Their maximal values are summarized in Table II. We can
also compute the total charge of the torus, Q =~ 10713
(corresponding to Q ~ 108 C), which is almost two orders
lower than the charge of the black hole. This gives us the
strength of the magnetic field B ~ 10~'® (corresponding to
B~1 T) close to the outer edge. Thus, we can conclude that
our weak self-field approximation is valid in this case.

As we can see in Fig. 7 the morphology of the solution
is basically the same as in the nonrotating case, with an
ellipsoidal shape and a tiny cross section (r;, =4.959,
Four = 5.041).

We turn now to the second case of a fast, rotating black
hole (a = 0.9). In this configuration, according to Fig. 3,
the center of the torus has to be located farther away from

a=0.01
200 T ]
[ ‘ \ \m‘:jm““ |
m“ |/
10 - .
)
= L T s |
'(,—) 0 .-’l
2 L
-10 - 4
20, Ll L
-20 -10 0 10 20
rx=Cos[6]

the black hole than in the previous case. We set r. = 18
and take the same values as before for B, e, and w, which
leads to a new value of kyB = 0.9601. Furthermore, h is
set to hy =0.0745. The chosen parameters involve the
configuration presented in Fig. 6 (right). As before, setting
I'=5/3 and k = 105, we obtain the mass and specific
charge density profiles described in Fig. 7 (bottom). We can
see the resulting configuration is different as compared to
the first case, as it is now close to an oblate ellipsoid.
The maximal values of its physical characteristics are given
in Table III. Again, we have to check the validity of the
weak self-field approximation. The total charge of the
rotating polar cloud, Q ~ 10~!2 (corresponding to Q =~ 108
C), is again almost two orders lower than the charge of
the black hole. The associated magnetic field B~ 10~
(corresponding to B~0.12T) is sufficiently weak to
validate our assumption.

B. Equatorial tori configuration

The second interesting case we will have a look at is
about tori configurations in the equatorial plane. We
perform a study similar to the one made for the polar
clouds and analyze solutions for the case of a slowly
(a = 0.01) and a fast rotating black hole (a = 0.9). In the
case of a slowly rotating black hole, we set the parameters
of choice as follows: r. = 8, B = 8.78 x 10~!! (correspond-
ing to B =2.35x 10* T), e = —1/8.78 (corresponding to

a=0.9
/‘ ‘\‘ “
|
|
4 |
|
|
|
|
|
2F |
I |
@ 1
S 0 N «
2 |
\
-2k |4
|
|
|
|
|
-4 |4
|
— | |
-15 -10 -5 0 5 10 15
rxCos[0]

FIG. 8. Equatorial tori configurations for a slowly rotating black hole at the left (¢ = 0.01) and a fast rotating black hole (a = 0.9). The
thick curves mark where the /-function becomes zero (i.e., zero pressure and zero density). The tiny tori are located at (r = 8, 8 = 7/2)
for both configurations. The dashed line represents the equipotential leading to a cusp point (cannot be resolved on the right graphic due
to the chosen scale). The gray region represents the ergosphere. In the plot at the left, the ergosphere cannot be seen, since it is nearly

completely swallowed by the black hole horizon.
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FIG.9. Mass (on the left) and specific (on the right) charge density profile of the polar clouds. The top panels correspond to the case of
slow rotation (¢ = 0.01) from the configuration shown on the left side of Fig. 9. The bottom panels are for the case of fast rotation

(a =0.9), as shown on the right side of Fig. 9.

Q=-10""" and Q0 =-1.72x10° C), and w = 1/100.
According to these parameters and the existence conditions,
we get ky = 0.10819B. Finally, we set hy = —0.025995.
The corresponding equatorial torus is represented in Fig. 8.
As before, to obtain the mass density and the specific charge
profile, we set the polytropic index to I' =5/3 and the
polytropic coefficient to k = 10%. This is shown in Fig. 9.
The physical characteristics are given in Table IV. We note
that in the case of a slow rotation of the central mass the

TABLE IV. Maximal values of the physical characteristics of
the torus corresponding to the polar cloud described at the top
of Fig. 8.

Pmax = ]0_21 ﬁmax ~ | kg -m™3
Pmax = 109_27 Dimax = 10'° pa
Gmax = 10

morphology of the solution does not change. We obtain a
rotating torus with a tiny equatorial cross section (7,
7.9174, roy = 8.0836). In the final step, we check the weak
self-field approximation again: the total charge of the torus,

Q ~ 10713 (corresponding to Q ~ 107 C)is two orders lower
than the charge of the black hole, and the magnetic field
generated by the torus is approximately B~ 10~'* (corre-
sponding to B~ 102 T).

In case of a fast rotating central mass, according to
Fig. 5, we choose the center of the torus to be at r, = 8
again. If we take the same values as above for B and e,
according to Fig. 5, we can choose @ = 0.03, which leads
to ky = 0.007329B for the given set of parameters. The
equatorial torus corresponding to these parameters is shown
in Fig. 8 (right). UsingI" = 5/3 and x = 107, the associated
mass and the specific charge density are shown in Fig. 9
(bottom). The maximal values are given in Table V. As in
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TABLE V. Maximal values of the physical characteristics of
the torus corresponding to the polar cloud described at the bottom
of Fig. 8.

Pmax = 10_21 ﬁmax ~2 kg : m_3
Pmax = 10-%7 ?max ~10'° Pa
Gmax = 108 dmax =

the previous polar cloud configuration, the torus has an
oblate spheroidal shape. The total charge of the torus,
Q ~ 107" (corresponding to Q ~ 10° C), is three orders
lower than the charge of the black hole, and the magnetic
field generated by the torus is approximately B =~ 10713
(corresponding to B~ 10% T).

VI. LIMITING CASES

After a general study, we focus our attention on two
limiting cases: (i) Q =0, B# 0 and (ii)) B=0, Q #0. In
this part, our interest is only on the condition of existence of
polar clouds. In Ref. [14], with a nonrotating central object
and a charged perfect fluid in permanent rigid rotation, no
polar cloud was found. By contrast, this is now possible for
a certain choice of f(S) and certain sets of parameters.

A.Q=0,B#0

After some tests of f-functions, we set f(S) = —k/S%.
The first necessary condition of existence (30a) implies the
following condition on ky(r., a, B):

a(r:+a*-2r.)

1
ky=——=
0 2 r%—i—a2

(40)
As in the general case in Sec. IV B, the second necessary
condition of existence (30b) is automatically fulfilled. The
second sufficient condition leads to constraints on the choice
of @, which has to be @ € [1/a;2ar./(r? + a*)?]. Finally,
the first sufficient condition (31a) implies

2(r2 + a*)?

_ 0, 41
(Prad—2r)(P+d) (4

which is always true if 72 + a®> —2r, > 0, ie. if r, > 7y,
which is always the case. This condition is satisfied by the
conditions P > 0 analyzed in Sec. II C. Thus, polar clouds
can exist with an uncharged rotating compact object.

B.B=0,0+#0
Setting f(S) = —2k,S, Eq. (30a) gives us ky(r.,a, Q),
1 (r2 + a*)?

ky=—— . 42
0 20% (r2 +a* = 2r,)r. (42)

The second necessary condition of existence (30b) is auto-
matically satisfied. The second sufficient condition (33)

0,01 ‘

— a=0.01
—-a=02
= a=05
- a=09

0,005

r,0)

m

0 ’h

R
I |

-0,005 —

-0,01 | | | I |
’ 5 10 15 20 25

FIG. 10. Behavior of 92,h(r.,0) for four values of the spin
a=0.01,0.2, 0.5, 0.9, for Q #0, B=0 and f(S) = —2kS.

implies o € [0;2ar,/(r2 + a*)?]. Finally, the first suffi-
cient condition (31a) is represented in Fig. 10 for various
values of the spin parameter. We conclude that also in this
second limit equilibrium polar clouds can be found. Thus, it
seems that the rotation of the compact object plays an
important role in the existence of such structures.

VII. CONCLUSION

In this paper, we presented the model of equilibrium
configurations of electrically charged perfect fluids encir-
cling a rotating (Kerr) black hole endowed with test charge
and embedded into a large-scale asymptotically uniform
magnetic field. The introduced work can be compared to
the preceding one [14], where the central black hole is
considered nonrotating and, as well as here, the structures
like polar clouds and equatorial tori are discussed.

We started our study by analyzing the conditions of
existence of both the types of configurations for various
values of the black hole spin. As the study depends on
many parameters, such as the black hole charge, the
strength of the uniform magnetic field, the black hole
spin, the angular velocity, and the distribution of charge
throughout the torus, we decided to fix the latter one and
used the conditions of existence to constrain the others.
The most important conclusion that can be drawn is that for
both the configurations, the polar clouds and the equatorial
tori, the addition of a nonzero spin seriously changes the
existence conditions and the morphology of the solution.
In the case of polar clouds, and for a fast rotating black hole
(high spin), solutions can only be found relatively far away
from the black hole, which is not the case for slow rotation
(small spin). The same result was found for the equatorial
tori, where we can see that the range of possible solutions
substantially changes with the spin value. We have to note
that the conditions plotted in Sec. IV are valid only for the
distribution of charge we chose. They will be different if
another distribution is used.
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In the second part of our study, Sec. V, we focused on the
construction of polar clouds and equatorial tori. We discussed
in details two different cases: the one for a slowly rotating
black hole and the one for a fast rotating black hole. Each of
these cases was tested for both the considered types of
configurations. We showed that the density, the pressure
profile, and the morphology highly depend on the strength
of the magnetic field but also on the spin of the black hole.
We also found that for both the types of configurations, for
a selected set of parameters, in the case of fast rotation, the
morphology of the structures is close to an oblate shape.

Finally, by analyzing two limiting cases, i.e., the zero test
electric charge of the black hole and the zero magnetic field
strength, respectively, we can say that the rotation plays
a very important role in the possibility of the presence of
the equilibrium polar configurations. In the case of a non-
rotating black hole, the existence of polar clouds needs both
the external magnetic field and the test electric charge of
the black hole. The situation changes for a rotating central
black hole, which allows for the existence of polar clouds
also when one of the background parameters, i.e., the black
hole charge or magnetic field strength, is set to zero.

Considering following studies of the charged fluid
equilibrium configurations, along with the more detailed

discussion of the possible morphologies in dependence on
the chosen charge density distributions, we can see a
challenge for an addition of the self-fields (gravitational
and magnetic) in our model. In this respect, for now, the
constructed configurations must have been kept with a very
small cross section. The consideration of the self-fields
could allow us to obtain more extended solutions imitating
real accretion disks.
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