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A detailed study is presented of the counterrotating model (CRM) for electrovacuum stationary axially sym-
metric relativistic thin disks of infinite extension without radial stress, in the case when the eigenvalues of the
energy-momentum tensor of the disk are real quantities, so that there is not heat flow. We find a general con-
straint over the counterrotating tangential velocities needed to cast the surface energy-momentum tensor of the
disk as the superposition of two counterrotating charged dust fluids. We then show that, in some cases, this
constraint can be satisfied if we take the two counterrotating tangential velocities as equal and opposite or by
taking the two counterrotating streams as circulating along electro-geodesics. However, we show that, in gen-
eral, it is not possible to take the two counterrotating fluids as circulating along electro-geodesics nor take the
two counterrotating tangential velocities as equal and opposite. A simple family of models of counterrotating
charged disks based on the Kerr-Newman solution are considered where we obtain some disks with a CRM well
behaved. We also show that the disks constructed from the Kerr-Newman solution can be interpreted, for all
the values of parameters, as a matter distribution with currents and purely azimuthal pressure without heat flow.
The models are constructed using the well-known “displace, cut and reflect” method extended to solutions of
vacuum Einstein-Maxwell equations. We obtain, in all the cases, counterrotating Kerr-Newman disks that are

in agreement with all the energy conditions.
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I. INTRODUCTION

Several methods are known to exactly solve the Einstein
and Einstein-Maxwell field equations, or to generate new ex-
act solutions from simple known solutions [1]. However, the
above mentioned methods in general lead to solutions without
a clear physical interpretation or to solutions that depend on
many parameters without a clear physical meaning. Accord-
ingly, it is of importance to have some appropriate procedures
to obtain physical interpretations of these exact solutions. So,
in the past years such procedures have been developed for sta-
tic and stationary axially symmetric solutions in terms of thin
and, more recently, thick disk models.

Stationary or static axially symmetric exact solutions of
Einstein equations describing relativistic thin disks are of
great astrophysical importance since they can be used as mod-
els of certain stars, galaxies and accretion disks. These were
first studied by Bonnor and Sackfield [2], obtaining pressure-
less static disks, and then by Morgan and Morgan, obtaining
static disks with and without radial pressure [3, 4]. In con-
nection with gravitational collapse, disks were first studied by
Chamorro, Gregory, and Stewart. Also thin disks with radial
tension were considered [6]. Several classes of exact solu-
tions of the Einstein field equations corresponding to static
thin disks with or without radial pressure have been obtained
by different authors [7-15].

Rotating thin disks that can be considered as a source of
a Kerr metric were presented by Bicdk and Ledvinka [16],
while rotating disks with heat flow were studied by Gonzalez
and Letelier [17]. The nonlinear superposition of a disk and a

black hole was first obtained by Lemos and Letelier [10]. Per-
fect fluid disks with halos were studied by Vogt and Letelier
[18]. The stability of some general relativistic thin disks mod-
els using a first order perturbation of the energy-momentum
tensor was investigated by Ujevic and Letelier [19].

Gonzalez and Letelier [20] constructed models of static rel-
ativistic thick disks in various coordinate systems. Although
the disks have constant thickness, the matter density decreases
rapidly with radius and the z coordinate, and in principle they
also can be used to represent both the disk part and the cen-
tral bulges of galaxies. Also Vogt and Letelier [21] consid-
ered more realistic three-dimensional models for the gravi-
tational field of Galaxies in the General Relativistic context.
Essentially they formulate the General Relativistic versions in
isotropic coordinates of the potential-density pairs deduced by
Miyamoto and Nagai [22, 23] and Satoh [24].

Disk sources for stationary axially symmetric spacetimes
with magnetic fields are also of astrophysical importance
mainly in the study of neutron stars, white dwarfs and galaxy
formation. Although disks with electric fields do not have
clear astrophysical importance, their study may be of inter-
est in the context of exact solutions. Thin disks have been
discussed as sources for Kerr-Newman fields [25], magne-
tostatic axisymmetric fields [26], conformastationary metrics
[27], while models of electrovacuum static counterrotating
dust disks were presented in [28]. Charged perfect fluid disks
were also studied by Vogt and Letelier [29], and charged per-
fect fluid disks as sources of static and Taub-NUT-type space-
times by Garcia-Reyes and Gonzélez [30, 31].

In all the above cases, the disks are obtained by an “in-
verse problem” approach, called by Synge the “g-method”
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[32]. The method works as follows: a solution of the vac-
uum Einstein equations is taken, such that there is a discon-
tinuity in the derivatives of the metric tensor on the plane of
the disk, and the energy-momentum tensor is obtained from
the Einstein equations. The physical properties of the mat-
ter distribution are then studied by an analysis of the surface
energy-momentum tensor so obtained. Another approach to
generate disks is by solving the Einstein equations given a
source (energy-momentum tensor). Essentially, they are ob-
tained by solving a Riemann-Hilbert problem and are highly
nontrivial [33-39]. A review of this kind of disks solutions
to the Einstein-Maxwell equations was presented by Klein in
[40].

Now, when the inverse problem approach is used for sta-
tic electrovacuum spacetimes, the energy-momentum tensor
is diagonal and its analysis is direct and, except for the
dust disks, all the obtained disks have anisotropic sources
with azimuthal stress different from the radial stress. On
the other hand, when the considered spacetime is stationary,
the obtained energy-momentum tensor is non-diagonal and
the analysis of its physical content is more involved and, in
general, the obtained source is not only anisotropic but with
nonzero heat flow. Due to this fact, there are very few works
about of stationary electrovacuum disks and they are limited
to disks obtained with solutions that lead to disks without heat
flow [25, 31].

The necessary condition to obtain a thin disk without heat
flow is that the eigenvalues of the energy-momentum tensor
must be real quantities, which can be only for very few known
electrovacuum solutions. In [31] we consider a Taub-NUT
type solution such that the energy-momentum tensor can be
written as an upper right triangular matrix, so that the diag-
onalization is trivial and the eigenvalues are real quantities.
However, the obtained disks are not really rotating disks since
the spatial components of their velocity vectors are zero with
respect to the coordinates and so the disks are “locally sta-
tics”. The first true rotating electrovacuum thin disks were
obtained by Ledvinka, Bi¢ak, and Zofka [25] by applying the
“displace, cut and reflect” method to the Kerr-Newman solu-
tion. The so obtained disks have no radial pressure and no
heat flow. However, the authors do not show if the eigenval-
ues of the momentum-energy tensor are real quantities for all
the values of the parameters, is that, if these disks can always
be interpreted as a matter distribution with currents and purely
azimuthal pressure, or if there are some case where can exist
nonzero heat flow (complex eigenvalues).

The above disks can also be interpreted as made of two
counterrotating streams of moving charged particles, as was
also indicated in [25]. Now, in order to do this interpretation,
the counterrotating tangential velocities of the two streams
must to satisfy a constraint, which in general is not satis-
fied for disks obtained from generic stationary electrovacuum
solutions. In [25] the authors take the two counterrotating
streams as circulating along electro-geodesics, but they do not
show if such decomposition can be done. In addition, as we
will show in this paper, in general the electro-geodesics mo-
tion do not agree with the above mentioned constraint and so
it is necessary to consider another possibility for the com-
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plete determination of the counterrotating tangential veloci-
ties. Another possibility, also commonly assumed, is to take
the two counterrotating velocities as equal and opposites but,
as we will show, in general the counterrotating velocities are
not completely determined by the constraint, so that the corre-
sponding interpretation as two counterrotating streams is not
possible.

The above interpretation is obtained by means of the Coun-
terrotating Model (CRM) in which the energy-momentum ten-
sor of the source is expressed as the superposition of two
counterrotating perfect fluids. Now, even though this inter-
pretation can be seen as merely theoretical, there are observa-
tional evidence of disks made of streams of rotating and coun-
terrotating matter (see, for instance, [41—43]). These disks are
made of stars and gas so that they are disks with pressure.
Nevertheless, as is suggested in [42], the preexisting galax-
ies have a component originally constituted mainly by a gas
free stellar disk, i.e., collisionless matter or dust. A detailed
study of the CRM for generic relativistic static thin disks was
presented in [15] for the vacuum case, whereas the extension
for static electrovacuum disks was presented in [28, 30]. On
the other hand, the CRM for stationary thin disks has not been
completely developed, neither for the vacuum case, and only a
preliminary version of it was presented in [17] for the case of
stationary thin disks without heat flow and with positive radial
stress (pressure).

The purpose of the present paper is twofold. In first
instance, we present a detailed analysis of the energy-
momentum tensor and the surface current density for elec-
trovacuum stationary axially symmetric relativistic thin disks
of infinite extension without radial stress, in the case when the
energy-momentum tensor of the disks can be diagonalized,
so that there is not heat flow. And, in the second place, we
present the complete study of the Counterrotating Model for
these stationary thin disks. The paper is structured as follows.
In Sec. II we present a summary of the procedure to obtain
models of rotating thin disks with a purely azimuthal pressure
and currents, using the well-known “displace, cut and reflect”
method extended to solutions of Einstein-Maxwell equations,
in the case when the eigenvalues of the energy-momentum
tensor of the disk are real quantities. In particular, we obtain
expressions for the surface energy-momentum tensor and the
surface current density of the disks.

In Sec. III the disks are interpreted in terms of the counter-
rotating model (CRM). We find the general constraint over the
counterrotating tangential velocities needed to cast the surface
energy-momentum tensor of the disk as the superposition of
two counterrotating charged dust fluids. We then show that
this constraint can be satisfied if we take the two counterro-
tating tangential velocities as equal and opposite as well as
by taking the two counterrotating streams as circulating along
electro-geodesics. However, we show that, in general, it is not
possible to take the two counterrotating fluids as circulating
along electro-geodesics nor take the two counterrotating tan-
gential velocities as equal and opposite. We also find explicit
expressions for the energy densities, current densities and ve-
locities of the two counterrotating fluids.

In the following section, Sec. IV, we consider a family
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of models of counterrotating charged dust disks based on the
Kerr-Newman metric, perhaps the only simple electrovacuum
solution that lead to stationary thin disks without heat flow.
We show that for Kerr-Newman fields the eigenvalues of the
energy-momentum tensor of the disks are always real quan-
tities, for all the values of the parameters, and so they do
not present heat flow in any case. We also analyze the CRM
for these disks and study the tangential velocities, energy and
electric charge densities of both streams when the two fluids
move along electrogeodesics and when they move with equal
and opposite velocities. Also the stability against radial per-
turbation is analyzed in both of the cases. Finally, in Sec. V,
we summarize our main results.

II. ELECTROVACUUM ROTATING RELATIVISTIC THIN
DISKS

A sufficiently general metric for our purposes can be writ-
ten as the Weyl-Lewis-Papapetrou line element [1],

ds* = — Y (dt + Wde)? + e 2¥[FPde* + M dr* + d7?)],
(1)
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where we use for the coordinates the notation (xo,xl 7xz,x3) =

(t,9,r,z), and P, W, and A are functions of r and z only.
The vacuum Einstein-Maxwell equations, in geometric units
in which 8nG = ¢ = yp = €9 = 1, are given by

G = Taba (2a)
Fab;b =0, (2b)
with
c 1 cd
T = Fach _ZgachdF y (3a)
Fiop = Apa—Aup, (3b)

where A, = (A;,Ag,0,0) and the electromagnetic potentials A,
and Ay, are also functions of 7 and z only.

For the metric (1), the Einstein-Maxwell equations are
equivalent to the system [44]

V-[r 2 f(VAg — W VA,] =0, (4a)
V- [f VA A+ fW(VAg — W VA, =0, (4b)
V[ 22V — 252 A, (VAg — W VA,)] =0, (4c)
VE=Vf-Vf—r2f'VW.-VW+ fVA, - VA
+ 123 (VAg— WYVA,) - (VAg— WVA,), (4d)
1 1
A, = r(‘I’Zr — ‘I’ZZ) - Z(W% — W§)€4T - 2*(”2@72‘? - WZ@ZW)(AtZr _Atzz)
r P : p AL
1 1
+ ;( (2P,r _A(ZP-,Z>62\P - ; W(A(P,VAIJ _A(PAZAY»Z)eZtP’ (4e)
1 1
A,Z = 2}"\}’.’,,1}’71 — Z wr er4q1 — ;(r2672T — WZeZT)A[7rA[,Z
1 1
+ ;A(PJAq),zeZ\P o W(AgrArz +Ag Arr) e, (40)

where V is the standard differential operator in cylindrical co-
ordinates and f = ¢2¥.

In order to obtain a solution of (2a) - (2b) representing a thin
disk at z = 0, we assume that the components of the metric
tensor are continuous across the disk, but with first derivatives

discontinuous on the plane z = 0, with discontinuity functions

bap = gab,z|1:04r - gab,z|z:07 = Zgab,z‘2:0+~ (5)

Thus, by using the distributional approach [46-48] or the
junction conditions on the extrinsic curvature of thin shells
[49-51], the Einstein-Maxwell equations yield an energy-
momentum tensor Ty, = TS™ + T, where T = Q,, 8(2),
and a current density J, = j,8(z) = —2¢*¥"NA,, .8(z), where

(

8(z) is the usual Dirac function with support on the disk. 5™
is the electromagnetic tensor defined in Eq. (3a), j, is the
current density on the plane z = 0, and

1 .
0 = 5 b8, — b8+ b, — b + b (68 — ¢°5;))

is the distributional energy-momentum tensor. The “true” sur-
face energy-momentum tensor (SEMT) of the disk, S,p, and
the “true” surface current density, j,, can be obtained through
the relations

t A—¥
Sap = /Tar;yla ds, = e Qb

/Ja ds, = A¥ Ja

(6a)

Ja = (6b)
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where ds, = /g, dz is the “physical measure” of length in
the direction normal to the disk.
For the metric (1), the nonzero components of SZ are

e‘{’*A

s = & [2r2(A,Z—2‘P,Z)— e”"WW,Z}, (7a)
I
6‘{171\

0 = =S AW (P W)W ] ()

r

Y—A

1 _ ¢ 4y

So = 3 [e sz}a (7c)
€\P7A

st = 5 [2r2A,Z+e4‘waw,z}, (7d)

and the nonzero components of the surface current density j,
are

o= 2" A, (8a)
Jo = 2" Mg, (8b)

where all the quantities are evaluated at z = 0.

These disks are essentially of infinite extension. Finite
disks can be obtained introducing oblate spheroidal coordi-
nates, which are naturally adapted to a disk source, and impos-
ing appropriate boundary conditions. These solutions, in the
vacuum and static case, correspond to the Morgan and Morgan
solutions [3]. A more general class of solutions representating
finite thin disks can be constructed using a method based on
the use of conformal transformations and solving a boundary-
value problem [4-6, 15, 30, 31].

Now, in order to analyze the matter content of the disks
is necessary to compute the eigenvalues and eigenvectors of
the energy-momentum tensor. The eigenvalue problem for the
SEMT (7a) - (7d)

ShE" =ne, ©)
has the solutions
xi:%(Tifo), (10)
where
T=5)+ S, D=(S]—S0)>+487s), (1D
and A, = A, = 0. For the metric (1)

AN e 2 4w )
D = 4 r2 (47’ 1P7Z—er ):A — B y (12a)
= 4¢P MAL W), (12b)
where
2
A=4¥ ' B= - WA, (13)
The corresponding eigenvectors are
Efjl: = ( (j):’ &;:7 0, O)?
Xx¢ = ¢Y=1(0,0,1,0), (14)

Y¢ = ¢V=14(0,0,0,1),
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with
2
g(Es,E) =2Nee®? 8 (15)
b Sg —S} :l: \/5 9’
where
Ni=+VD(—VD=A). (16)

We only consider the case when D > 0, so that the two
eigenvalues Ay are real and different and the two eigenvec-
tors are orthogonal, in such a way that one of them is timelike
and the other is spacelike. Since |A| > /D, from (16) follows
that when A > 0 the negative sign corresponds to the timelike
eigenvector while the positive sign to the spacelike eigenvec-
tor. When A < 0 we have the opposite case. So the function
Y . determines the sign of the norm.

Let V¢ be the timelike eigenvector, V,V¢ = —1, and W¥ the
spacelike eigenvector, W,W¢ = 1. In terms of the orthonor-
mal tetrad or comoving observer e;” = {V? W’ X? v}, the
SEMT and the surface electric current density may be decom-
posed as

Sap = €ViVp+ peWaWp, (17a)

Ja = Vot W, (17b)
where

€= A,  po = As, (18)

are, respectively, the surface energy density, the azimuthal
pressure, and

==V, j=w, (19)

are the surface electric charge density and the azimuthal cur-
rent density of the disk measured by this observer. In (18) the
sign is chosen according to which is the timelike eigenvec-
tor and which is the spacelike eigenvector. However, in order
to satisfy the strong energy condition p = €+ py > 0, where
p is the effective Newtonian density, we must choose &_ as
the timelike eigenvector and & as the spacelike eigenvector.
These condition characterizes a disk made of matter with the
usual gravitational attractive property. Consequently ¥ ; must
be taken positive. So we have

e= A, pp=Ar, (20)
and
0 ve o
VO = m(é’o—&—@% (21a)
2ve ¥
vl = —= S6, (21b)

where v = £ so that the sign is chosen according to the
causal character of the timelike eigenvector (observer’s four-
velocity),

2

wo = \/WS?’ (22a)
1

wh = E(S}—Sgﬁ-vD), (22b)
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where

M=+D {gu\/B—l— 2 WB+ (Pe 2 1 w%”yx} . (23)

III. COUNTERROTATING CHARGED DUST DISKS

We now consider, based on Refs. [15] and [30], the pos-
sibility that the SEMT S* and the current density j* can be
written as the superposition of two counterrotating charged
fluids that circulate in opposite directions; that is, we assume

s = 5P+ 57,
a

o=+,

(24a)
(24b)

where the quantities on the right-hand side are, respectively,
the SEMT and the current density of the prograde and retro-
grade counterrotating fluids.

Let U¢ = (U,UL,0,0) = U%(1,0+,0,0) be the velocity
vectors of the two counterrotating fluids, where o = UL /U?
are the angular velocities of each stream. In order to do the
decomposition (24a) and (24b) we project the velocity vectors
onto the tetrad e;”, using the relations [52]

Ul = Ut U= UL, (25)
In terms of the tetrad (14) we can write
Ve wa
ve = L (26)
1—v%
so that
\/1=v2v, U% — MV,U“
ya — T (27
Vy —V_
A1 =209 — /12 U°
wa — . , (27b)
Vi —Vv_

where v = U /U are the tangential velocities of the streams
with respect to the tetrad.

Another quantity related with the counterrotating motion
is the specific angular momentum of a particle rotating at a
radius r, defined as hy = go,U$. This quantity can be used to
analyze the stability of circular orbits of test particles against
radial perturbations. The condition of stability,

d(h?)
dr

> 0, (28)

is an extension of Rayleigh criteria of stability of a fluid in rest
in a gravitational field [53]. For an analysis of the stability of
a rotating fluid taking into account the collective behavior of
the particles see for example Refs. [19, 54].
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Substituting (27a) and (27b) in (17a) we obtain

F(v_v_)(1—v2) UsU?

Sab —
(v —vo)?
F(vi,vi)(1—v2) Ueu?
+ 2
(ve—vo)
F(vi,v ) (1—12)31(1 =) (UU +UU?)
(v+—v_)?
where

F(vi,v2) = &viva+ pe. (29)
Clearly, in order to cast the SEMT in the form (24a), the mixed
term must be absent and therefore the counterrotating tangen-
tial velocities must satisfy the following constraint

F(vy,v_) = eviv_+pe =0, (30)
where we assume that |vy| # 1.

Then, assuming a given choice for the tangential velocities
in agreement with the above relation, we can write the SEMT
as (24a) with

s —e. ULUY, (31)
so that we have two counterrotating dust fluids with surface

energy densities, measured in the coordinates frames, given
by

(32)

Thus the SEMT S? can be written as the superposition of two
counterrotating dust fluids if, and only if, the constraint (30)
admits a solution such that vy # v_.

Similarly, substituting (27a) and (27b) in (17b) we can write
the current density as (24b) with

Ji=01U (33)

where 6 are the surface electric charge densities, measured
in the coordinates frames,

=i 5 5
o = it o). 34
+ N U —Jvs) 34

Thus, we have a disk makes of two counterrotating charged
dust fluids with surface energy densities given by (32), and
surface electric charge densities given by (34).

As we can see from Eqgs. (26), (32) and (34), all the main
physical quantities associated with the CRM depend on the
counterrotating tangential velocities v,.. However, the con-
straint (30) does not determine v+ uniquely so that we need
to impose some additional requirement in order to obtain a
complete determination of the tangential velocities leading to
a well defined CRM.
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A possibility, commonly assumed [25, 38], is to take the From (24a), (24b), (31), and (33) we have
two counterrotating streams as circulating along electrogeo-

desics. Now, if the electrogeodesic equation admits solutions 1 0
corresponding to circular orbits, we can write this equation as o Ug = 1711’
(0:]: - (Dq:
1 b 01 _ 00
58+8ap ULUL =~ FyoUS. (35) e (U0 = 0=
W+ — 0O
In terms of ®. we obtain ST s
O = SO1 — @, §00°

1
581 (U (g1 1,r0)3E +2g01,,0++800,r) = —o. U (A +Ag 0 ).
(36) and substituting (37a) and (37b) in (36) we find

J

1 .
5 (SO1 - 0)1500)(&11(01 +2g01,,0+ + g00,r) = —(ll - (szjo)(Ax,r +Ap,04),

and using (37c) we obtain
1
2

Therefore we conclude that

~Th /T —Ti T

T

04+ =

with
j() SOl _ jl SOO

T = gnrt 2orgorgor— soogin

0 01 -1 c00 -1 c01 0¢ll
S =58 U =S
L = gOl.r+Alr él J +A(P‘r J J )
’ " 01601 _ g00g11 " 501501 _ g00g11
1601 _ g1l
_ J JS
Ty = go0.r 241 Grgor — gougii

On the other hand, in terms of w. we get

{Wo + Wi+ }
vi=—|o 75— |>
Vo +Viox
and so, by using (40), we have that

TiWE — 2T, WoW; + TsWE
Vg —2LVoV) + T3V}

Vv =

)

so that, using (17a), we get

3264 IAL(PPA VD + 42N ¥ eV A — w2V
13 (A+ VD) pe(SO1 SO — SOSIY (T VE — 2T VoV + T3VE)

F(vy,vo) =

1 1
X |A;=2r¥,¥  + 3 Wr‘l/l{zew + - (rzefz‘P — ‘erle)At_,A,,z

1

r

1
Ag g™ + r W(AgsAr: +AgAr )Y |

[(5°1)% = 595" (g11,0% +2801,0x +g00.,) = —[8*]' =S/ + s (S")° — SV )](Arr +Ag,01).
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(37a)

(37b)

(37¢c)

(38)

(39)

(40)

(41a)

(41b)

(41c)

(42)

(43)

(44)

(

Finally, using the Einstein-Maxwell equation (4f) follows im- mediately that F(v;,v_) vanishes and therefore the electro-
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geodesic velocities satisfy the constraint (30) and so, if the
electrogeodesic equation admits solutions corresponding to
circular orbits, we have a well defined CRM.

Another possibility is to take the two counterrotating flu-
ids not circulating along electrogeodesics but with equal and
opposite tangential velocities,

+=1v==4/pg/E. (45)
This choice, that imply the existence of additional interactions
between the two streams (e.g. collisions), leads to a complete
determination of the velocity vectors. However, this can be
made only when 0 < |pe/€| < 1. In the general case, the two
counterrotating streams circulate with different velocities and
we can write (30) as

vy = L% (46)
€
However, this relation does not determine completely the tan-
gential velocities, and therefore the CRM is undetermined.

In summary, the counterrotating tangential velocities can
be explicitly determined only if we assume some additional
relationship between them, like the equal and opposite condi-
tion or the electro-geodesic condition. Now, can happen that
the obtained solutions do not satisfy any of these two condi-
tions. That is, the counterrotating velocities are, in general,

not completely determined by the constraint (30). Thus, the

J

B k L
m(1—qqx*)’ m(1—qqx*)’
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CRM is in general undetermined since the counterrotaing en-
ergy densities and pressures can not be explicitly written with-
out a knowledge of the counterrotating tangential velocities.

IV. DISKS FROM A KERR-NEWMAN SOLUTION

As an example of the above presented formalism, we con-
sider the thin disk models obtained by means of the “dis-
place, cut and reflect” method applied to the well known Kerr-
Newman solution, which can be written as

1 a’x —|—b2 22
Y= 5 { (ax+c?)2+ b2 2} (472)
1 2.2 b2 2 2
A= zln[“* c], (47b)
2
ckb(1 — )(2ax—|—1+c )
W = 47
a(a2x2+b2y —c%) 7 “@7c)
c/2(2 = 1) (ax+?)
A = 47d
' (ax+c?)2+b%y? 7 (47d)
b
Ay = —k;(l—yz)A,, (47e)
where a® + b* = ¢? > 1, with
1 2_ 2
= = [?—¢é, |q|=— (48)

where m, L and e are the mass, angular momentum and electric charge parameters of the Kerr-Newman black hole, respectively.
Note that c is the parameter that controls the electromagnetic field. The prolate spheroidal coordinates, x and y, are related with
the Weyl coordinates by

P =R 1)(1-)),

7+ 20 = kxy, 49)

where 1 < x < oo, 0 <y <1, and k is an arbitrary constant. Note that we have displaced the origin of the z axis in zg. This
solution can be generated, in these coordinates, using the well-known complex potential formalism proposed by Ernst [44] from
the Kerr vacuum solution [1]. When ¢ = 1 this solution reduces to the Kerr vacuum solution.

Letbe D = kzD, T =kT, and jt = kj,, therefore
;o 4cay{2%(1 — 72) (& + 2ax + ) — (2 — ) [a(@ + 1) + &1 + )]} (508)
- (22 — 72)3/2[(ax + 2)2 + 2§23/ ’
b 16c4a2)7f{[a(_)?2 +1)+x(1 +c2)_}2 - bzfz}’ (508)
(2 —3%)[(ax+c?)> + b?5?)3
< 2ey/2(2 = 1)ay{—b*5* (3ax® + 2%c* — a) + (ax + ¢?)(a’% + ac’ %
J= (-3 )1/2[(ai+cz)2 +b2)72]5/2
—a*%+2b* % —ac?)}, (50¢)
C20y/2(c2 = 1)by(1 — ) {—ab’3* (2 — 1) + (ax + ?) (3a%%
Jo = (2 —32)12[(ax + 2)2 1 L2252
+5ac’%* — a*i 4205 4 2¢*% — ac?)}. (50d)
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In the above expressions X and y are given by

2% =\/P+(a+1)2+/P+(a—1)2
2y =P+ (at+1)?2—/P+(a-1)2,

(51a)
(51b)

where 7 = r/k and o. = z9/k, with o0 > 1.
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Now, in order to analyze the behavior of D, is enough to
consider the expression

Do = [a(®# + 1)+ &1 +*))* — b7, (52)

that can be written as

Dy = a(l1+)Rijafa—1)+2+7+a(l+c*)R_[a(o+1)+2+7

+IRLR_[(P+ 1)+ (P + 02 +3)]+ 3[(2+ 1)* + 547 (53)

3Pt + 1+ a* (P 4202 4 6)] + 307 [(? 4+ 1)2 + a* (0 +2)],

where Ry = /7 + (a£1)2. Since a(aF 1) +2 > 0 for
any o, from (53) follows that D always is a positive quantity
for Kerr-Newman fields and therefore the eigenvalues of the
energy-momentum tensor are always real quantities. So we
conclude that these disks can be interpreted, for all the val-
ues of parameters, as a matter distribution with currents and
purely azimuthal pressure and without heat flow.

We can see also that for the vacuum case, when ¢ =1, D
is everywhere positive. These disks, obtained from the Kerr
vacum solution, were previously considered by Gonzdlez and
Letelier in the reference [17]. In this previous work, due to
a mistake in the computation of the expressions for 7 and
D, was concluded that the energy-momentum tensor could
present complex eigenvalues for some values of the parame-
ters. As we can see from the expressions presented here, this
is not correct and, in all the cases, we have a matter distribu-
tions with purely azimuthal pressure and without heat flow for
all the values of parameters.

In order to study the behavior of the main physical quanti-
ties associated with the disks, we perform a graphical analysis
of them for disks withao=2,b=0.2andc=1.0, 1.5, 2.0, 2.5,
and 3.5, as functions of 7. For these values of the parameters
we find that W ; is a positive quantity in agreement with the
strong energy condition. Therefore, € = —A_ and py = A,
However, one also finds values of the parameter for which ¥ ,
takes negative values. Furthermore, we take v = —1 in order
to V¢ be a future-oriented timelike vector.

In Fig. 1 we show the surface energy density € and the az-
imuthal pressure py. We see that the energy density presents
a maximum at 7 = 0 and then decreases rapidly with 7, be-
ing always a positive quantity in agreement with the weak en-
ergy condition. We also see that the presence of electromag-
netic field decreases the energy density at the central region of
the disk and later increases it. We can observe that the pres-
sure increases rapidly as one moves away from the disk cen-
ter, reaches a maximum and later decreases rapidly. We also
observe that the electromagnetic field decreases the pressure
everywhere on the disk.

The electric charge density j, and the azimuthal current den-
sity jo, measured in the coordinates frame, are represented

(

in Fig. 2, whereas the electric charge density jo and the az-

imuthal current density jl, measured by the comoving ob-
server, are represented in Fig. 3. We observe that the electric
charge density has a similar behavior to the energy and that the
current density have a similar behavior to the pressure which
is consistent with the fact that the mass is more concentrated
in the disks center. We also computed this functions for other
values of the parameters and, in all the cases, we found the
same behavior.

We now consider the CRM for the same values of the pa-
rameters. We first consider the two counterrotating streams
circulating along electrogeodesics. In Fig. 4 we plot the tan-
gential velocity curves, v, and v_. We see that these velocities
are always less than the light velocity. We also see that the in-
clusion of the electromagnetic field make less relativistic these
disks. In Fig. 5 we have drawn the specific angular momenta
hz+ and A2 for the same values of the parameters. We see that
the presence of electromagnetic field can make unstable these
orbits against radial perturbations. Thus the CRM cannot ap-
ply for ¢ = 6 (bottom curve). In Fig. 6 we have plotted the
surface energy densities €, and €_. We see that these quan-
tities have a similar behavior to the energy density €. In Fig.
7, we plotted the surface electric charge densities 6 and &_.
We find that these quantities have also a similar behavior to
S

The Figs. 4 - 7 show that the two fluids are continuous in r
which implies to have two particles in counterrotating move-
ment in the same point in spacetime. So this model could be
possible when the distance between streams (or between the
counterrotating particles) were very small in comparing with
the length r so that we can consider, in principle, the fluids
continuous like is the case of counterrotating gas disks present
in disk galaxies.

Finally, in the case when the two fluids move with equal
and opposite tangential velocities (non-electrogeodesic mo-
tion) we find that the physical quantities have a similar be-
havior to the previous one.
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FIG. 1: (a) The surface energy density € and (b) the azimuthal pressure j¢ for Kerr-Newman disks with « =2, b =0.2 and ¢ =
with crosses), 1.5, 2.0, 2.5, 3.0, and 3.5 (bottom curves), as functions of 7.
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FIG. 2: (a) The surface electric charge density j, and (b) the azimuthal current density Jg for Kerr-Newman disks with o = 2, b = 0.2 and
¢ = 1.0 (axis 7), 1.5 (top curves), 2.0, 2.5, 3.0, and 3.5 (bottom curves), as functions of 7.

V. DISCUSSION

We presented a detailed analysis of the energy-momentum
tensor and the surface current density for electrovacuum sta-
tionary axially symmetric relativistic thin disks of infinite ex-
tension without radial stress, in the case when the energy-
momentum tensor of the disks can be diagonalized, so that
there is not heat flow. The surface energy-momentum tensor
and the surface current density were expressed in terms of the
comoving tetrad and explicit expressions were obtained for
the kinematical and dynamical variables that characterize the
disks. That is, we obtained expressions for the velocity vector
of the disks, as well for the energy density, azimuthal pressure,
electric charge density and azimuthal current density.

We also presented in this paper the stationary generaliza-
tion of the Counterrotating Model (CRM) for electrovacuum
thin disks previously analyzed for the static case in [28, 30].
Thus then, we were able to obtain explicit expressions for all
the quantities involved in the CRM that are fulfilled when do
not exists heat flow and when we do not have radial pressure.
We considered both counter rotation with equal and opposite
velocities and counter rotation along electrogeodesics and, in
both of the cases, we found the necessary conditions for the
existence of a well defined CRM.

A general constraint over the counterrotating tangential
velocities was obtained, needed to cast the surface energy-
momentum tensor of the disk in such a way that can be inter-
preted as the superposition of two counterrotating dust fluids.
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FIG. 3: For Kerr-Newman disks we plot, as function of 7, (a) jo with . =2, b = 0.2, and ¢ = 1.0 (axis 7), 1.5 (bottom curve, away from the
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crosses), 1.5, 2.0, 2.5, 3.0, and 3.5 (bottom curves), as functions of 7.

The constraint obtained is the generalization of the obtained
for the vacuum case in [17], for disks without radial pressure
or heat flow, where we only consider counterrotating fluids
circulating along geodesics. We also found that, in general,
there is not possible to take the two counterrotating tangential
velocities as equal and opposite neither take the two counter-
rotating fluids as circulating along geodesics.

A simple family of models of counterrotating charged disks
based on the Kerr-Newman solution were considered where
we obtain some disks with a CRM well behaved. We also find
that the disks constructed from the Kerr-Newman solution can
be interpreted, for all the values of parameters, as a matter

distribution with currents and purely azimuthal pressure and
without heat flow. We obtain, for all the values of parame-
ters, counterrotating Kerr-Newman disks that are in agreement
with all the energy conditions. Finally, the generalization of
these models to the case of electrovacuum stationary axially
symmetric solutions where the energy-momentum tensor of
the disk can to present complex eigenvalues for some values
of the parameters, the stability of counterrotating fluids tak-
ing into account the collective behavior of the particles, and
a thermodynamic analysis of the disks, will be considered in
future works.
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FIG. 6: The surface energy densities (a) € and (b) &_ for electrogeodesic Kerr-Newman disks with oo =2, 5 = 0.2 and ¢ = 1.0 (curves with

crosses), 1.5, 2.0, 2.5, 3.0, and 3.5 (bottom curves), as functions of 7.
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