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We consider the motion of classical spinning test particles in Schwarzschild and Kerr metrics and
investigate innermost stable circular orbits (ISCO). The main goal of this work is to find analytically the
small-spin corrections for the parameters of ISCO (radius, total angular momentum, energy, orbital angular
frequency) of spinning test particles in the case of vectors of black hole spin, particle spin and orbital
angular momentum being collinear to each other. We analytically derive the small-spin linear corrections
for arbitrary Kerr parameter a. The cases of Schwarzschild, slowly rotating and extreme Kerr black hole are
considered in detail. For a slowly rotating black hole, the ISCO parameters are obtained up to quadratic in a
and particle’s spin s terms. From the formulas obtained it is seen that the spin-orbital coupling has attractive
character when spin and angular momentum are parallel and repulsive when they are antiparallel. For the
case of the extreme Kerr black hole with co-rotating particle we succeed to find the exact analytical solution
for the limiting ISCO parameters for arbitrary spin. It has been shown that the limiting values of ISCO
radius and frequency do not depend on the particle’s spin while values of energy and total angular
momentum depend on it. We have also considered circular orbits of arbitrary radius and have found small-
spin linear corrections for the total angular momentum, energy and frequency at given radius. System of
equations for numerical calculation of ISCO parameters for arbitrary a and s is also explicitly written.
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I. INTRODUCTION

In general relativity the presence of a rotation (intrinsic
angular momentum, or spin) of the central body influences
motion of a particle orbiting it. Due to this reason the orbits
of test particles differ in the Schwarzschild and Kerr
backgrounds. When, in turn, a test particle has spin as
well, it will also influence the particle’s orbit. In particular,
the motion of a spinning particle will differ from the
nonspinning one even in the Schwarzschild background.

Let us consider a massive nonspinning test particle orbiting
a central black hole (BH). There exists a minimal radius at
which stable circular motion is still possible, it defines the so-
called innermost stable circular orbit (ISCO) in a given
background. For the Schwarzschild background the radius
of ISCO equals to 6M ! [1,2]. In the Kerr space-time circular
motion is possible only in the equatorial plane of BH and the
radius of ISCO depends on the direction of motion of the
particle in comparison with the direction of BH rotation,
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In this paper we use the system of units where G = ¢ = 1, the
Schwarzschild radius Rg = 2M, and other physical quantities
which will be introduced further have the following dimension-
alities: [L] = [M], [J] = [M], [E] =1, [a] = [M], [s] = [M].
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whether they co-rotate or counter-rotate. Co-rotation and
counter-rotation cases correspond to parallel and antiparallel
orientation of vectors of the orbital angular momentum of the
particle and the BH angular momentum. For the case of the
extreme Kerr background the difference between these two
variants is quite considerable: we have 9M for the antiparallel
and M for the parallel orientation [2—4].

Values of the ISCO parameters (radius, total angular
momentum, energy, orbital angular frequency) are deter-
mined by the Kerr parameter a. The main subject of the
present paper is to investigate how the ISCO parameters (at
a given value of a) are changed if a test particle has spin
(Fig. 1). We consider motion of spinning test particles in the
Schwarzschild and Kerr metrics in the equatorial plane and
analytically derive the corrections for the parameters of
ISCO taking spin to be a small parameter. We restrict our
consideration by the case when vectors of black hole spin,
particle spin, and orbital angular momentum are collinear.

For nonspinning particles moving in the Schwarzschild
metric the ISCO parameters were found by Kaplan [1]. The
solution of Einstein field equations around a rotating black
hole was found by Kerr [5]. In the following works of Carter
[6] and de Felice [7] the geodesic motion of general type was
studied for the Kerr and Kerr-Newman (charged BH) geom-
etry. See also Wilkins [8] for bound orbits in Kerr metric and
Dymnikova [9] for review. The parameters of ISCO in Kerr
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FIG. 1. The influence of BH and test-body’s spin on the radii of

ISCO. In case of Schwarzschild BH the ISCO radius for spinless
particles equals to 6M, see thick solid line. For a particle with
spin, ISCO radius splits in two cases, with different mutual
orientation of spin and orbital angular momentum (parallel or
antiparallel), see dashed lines. In the case of Kerr BH and spinless
particle, ISCO radius splits in two cases, with co- and counter-
rotation to BH (angular momentum is parallel or antiparallel to
BH spin), see thin solid lines. For a particle with spin each line
additionally splits in two dashed lines corresponding to different
spin orientation. The only exception is the case of extreme Kerr
BH with a co-rotating particle: in this case the ISCO radius is
equal to M and does not depend on magnitude and direction of
particle spin.

space-time for a nonspinning particle were obtained in the
works by Ruffini and Wheeler [3] and Bardeen [4].

The problem of the motion of a classical spinning test
body in general relativity was considered in papers of
Mathisson [10], Papapetrou [11] and Dixon [12—-14], using
different techniques. The equations of motion of a spinning
test particle in a given gravitational field were derived in
different forms; they are now referred to as Mathisson-
Papapetrou-Dixon equations. From these equations it
follows that the motion of the center of mass and the
particle rotation are connected to each other, and when the
particle has spin the orbits will differ from geodesics of a
spinless massive particle. In this paper we use the equations
of motion in the form derived in Dixon’s papers.

Influence of spin on orbits in the Schwarzschild metric
was investigated in the paper of Corinaldesi and Papapetrou
[15], and in the paper of Micoulaut [16]. A motion of a
spinning test particle in Kerr metric was considered by
Rasband [17]. Using integrals of motion arising from the
symmetries in the Kerr space-time Rasband [17] derived
the equations of motion of the radial coordinate of a
spinning particle for the motion in the equatorial plane
of a BH. Also in that work the spin-induced corrections for
the radii of last stable orbits for Schwarzschild (¢ = 0) and
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extreme Kerr (¢ = M) metric were illustrated through
numerical calculations. In the paper by Tod et al. [18]
the influence of test body’s spin on the radii of ISCO for
different values of Kerr parameter a including naked
singularities was numerically calculated, see also papers
of Abramowicz and Calvani [19] and Calvani [20]. More
general case of Kerr-Newman metric was analyzed by
Hojman and Hojman [21]. Subsequently the number of
works on this subject were published [22-43]. The detailed
derivation of the equations of motion using the integrals of
motion was presented in the work of Suzuki and Maeda
[22] for the Schwarzschild case and in the work of Saijo
et al. [24] for the Kerr background. Tanaka et al. [25]
suggested that the radius of the last stable orbit is
independent of the particle’s spin in the extreme Kerr
background (for co-rotating orbits).

Many authors used an effective radial potential for
investigation of spinning particle orbits [17,18,21-
24,39,41,42]. Method of calculation of ISCO parameters
of spinning particle moving in Kerr metric is presented in
detail in the paper [39]. The equations for the circular orbits
in the equatorial plane resulting from the Mathisson-
Papapetrou-Dixon equations appear to be irresolvable
analytically, and ISCO parameters for arbitrary value of
a are supposed to be found numerically. Linear corrections
in spin for the ISCO parameters in Schwarzschild metric
were found by Favata [39]. In this work we analytically
obtain the small spin corrections for the ISCO parameters
for the Kerr metric at arbitrary value of a.

For the extreme a =M and almost extreme a =
(1 —6)M Kerr BH we succeed to find the exact analytical
solution for the ISCO parameters for arbitrary spin, with
only restrictions connected with applicability of Mathisson-
Papapetrou-Dixon equations. It has been shown that the
limiting values of ISCO radius and frequency for a = M do
not depend on the particle’s spin while values of energy and
total angular momentum do depend on it.

The present paper is organized as follows. In Sec. II we
describe a motion of a test body without spin and introduce
the notion of the effective potential (EP). In Sec. III we
describe how to find ISCO parameters with the help of EPs,
in the Schwarzschild and Kerr metric. In Sec. IV we present
the basic equations for motion of a spinning test body. In
Sec. V we introduce EPs for spinning particles and write
explicitly equations for ISCO parameters for arbitrary Kerr
parameter and arbitrary spin. In Sec. VI we derive formulas
for calculation of the small-spin linear corrections to ISCO
parameters for arbitrary value of a. In Secs. VII, VIII, IX
we consider in details the cases of Schwarzschild metric,
Kerr metric with a << M, and extreme Kerr metric. In
Sec. X we present an exact solution for extreme Kerr BH in
the case of co-rotation. In Sec. XI we consider circular
orbits of arbitrary radius. Section XII is conclusions.
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II. MOTION OF A SPINLESS TEST BODY.
EFFECTIVE POTENTIAL

In the problems of motion of a test particle in a central
field it is convenient to express the equations of motion for
the radial coordinate in terms of a so-called “effective
potential” energy.

In the Newtonian dynamics these equations for a particle
moving in the gravitational field of a central body with
mass M can be written as (see, for example, [44—46])

3 (G) +untr=e (1)

where ¢ is the total nonrelativistic energy per unit mass, Uy
is the so-called effective potential (EP)

GM L?
Uy=——+—. 2
N r +2r2 ()

Here L is the angular momentum per unit mass, G is the
gravitational constant.

In the framework of general relativity, the Schwarzschild
space-time is given by the expression for the interval (in
spherical Schwarzschild coordinates {z, 7,0, ¢}) as:

2M 2M\ -1
ds? = — (1——)(11‘2—1— (1——) dr?
r r

+ r?(d6* + sin*0dy?). (3)

In this space-time the equation of motion for the radial
coordinate is [46]

(G -e-(-20-8)

with the connection between dt and dr as

dt E

dr 1-2M/r’ )

Here E is the total energy at infinity per unit particle rest
mass, L is the angular momentum per unit particle rest
mass, 7 is the proper time. This equation can also be
presented in terms of an effective potential

dr\?
(%) =2 Vo )

Here we identify with the effective potential the following

expression:
2M L?
Usan = 1/ (1= ) (1455 )- (7)
r r
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Comparing Eqgs. (1) and (4) we should keep in mind that
nonrelativistic total energy ¢ is not an analogue of E, since
unlike the latter, it does not contain rest mass energy.
Newtonian nonrelativistic energy and effective potential
are obtained as ¢ = (E* — 1)/2 and Uy = (U3, — 1)/2,
see [46].

Let us consider the effective potential in the
Schwarzschild space-time (7) as a function of radial
coordinate. Then, the angular momentum L plays a role
of a parameter defining the shape of Usg,, (r) curve. In the
case L > 2\/§M the effective potential has two extrema:
maximum and minimum, at the radii of which unstable and
stable circular motion are possible correspondingly. In the
case when L equals to the boundary value 2\/§M, two
extrema of EP merge into one inflection point. This
boundary value of L defines parameters of the last stable
orbit which is also called the innermost stable circular orbit
(ISCO), i.e., the boundary orbit on which the finite motion
is still possible. Further, when the angular momentum L of
a test body is less than 2+/3M, the EP does not have an
extremum. For these values of angular momentum neither
type of finite motion is possible and a test body will
inevitably fall in the black hole whatever values of E it
may have.

In Boyer-Lindquist coordinates the Kerr metric is given
by the expression [2,45]

2M 4Marsin%0 by
ds? = _(1 - r) i - “;S‘“ didp + 7 dr*

>
2Mra*sin?0

+ Zdo* + (r2+a2+ S

) sin’fdg?, (8)

where a is the specific angular momentum of a black hole,
S=r2+a%cos?0, A=r*—2Mr+ a>.

The equation of motion for the radial coordinate of a test
particle in the equatorial plane (6 = z/2) of Kerr metric is
written as [45]

(ﬂ)zzgz_[l_z_M_M
dr

with the connection between dt and dr

dt 2Ma E 2Ma?
= L+=( 2 . 1
dr rA * A <r tatt r > ( 0)

Here L = L, is a z-component of the angular momentum
per unit rest mass, equal to the total angular momentum per
unit mass, when z-axis is parallel to the axis of the rotation
of BH. So L > 0 and L < 0 corresponds to the co-rotation
and the counter-rotation cases, respectively, and a is always
positive.
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We see at the right-hand side of Eq. (9) that the
expression in brackets is dependent on the energy E. For
this reason the effective potential in the Kerr space-time
cannot be defined in such a simple way as for the
Schwarzschild space-time.

Let us write the equation for the radial motion as

d 2
y (d_r> = (" + @ + 2Mra®)E® — AMrLaE
T

+2ML%r — a®r* — L*r* — r* +2M7r3.  (11)

It is convenient to write this equation as [46]

<g>2 :%@Ez _2BE +7), (12)

where a, f, and y are defined as:

a= (r*+a*)? - Aa*> > 0,
p=la(r* + a*) — Aa]L = 2Mral,
y=a’L* — A(r* + L?). (13)

Let us rewrite (12) as
rt (ﬂ) T a(E VP o - ay)
dr) a

X

(E _P=vF @) (14)

and define EP equal to

:L v:iz—ay' (15)

UKerr(r;L)

The positive square root must be taken here, see [46]. This
definition keeps analogy with the EP in the Schwarzschild
space-time (and, therefore, with the Newtonian dynamics
as well).

In some other works, however, [4,45,47] the entire right-
hand side of Eq. (9) is used instead of the effective potential
Uxer» especially for the investigation of circular orbits and
the ISCO parameters. Despite that it contains energy, some
authors [4,45] keep calling it an “effective potential,”
because it has some features of the EP important for the
investigation of circular orbits (see next section).

II1. ISCO FOR NONSPINNING PARTICLES IN THE
SCHWARZSCHILD AND KERR SPACE-TIMES

Let us describe how to find ISCO parameters and first
consider the Schwarzschild metric.

For a circular motion we need two conditions to be
satisfied simultaneously:
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(i) the radial velocity should be equal to zero:

dr
— =0, 16
R (16)
what corresponds to the equality
E = Uscpy - (17)

(i1) the acceleration of the radial coordinate should be
absent:

S =o. (18)

Differentiating (6) with respect to 7 and dividing by 7, we
obtain

. d
2F = E [E2 - U%chw]’ (19)

so the condition (18) corresponds to the relation

d

LB = U] = 0. (20)

For a given E we have

dU%ChW — O,

P Uschw > 0. (21)

Solving the system of equations (17) and (21), we obtain
the expressions for the radius of the circular orbit » and for
the particle energy E on it [1,2], as a function of L in the
form

L2 12M?
r=——|1+4/1-—5—|, (22)
2M L
1 2M
E=L —(1——). (23)
Mr r

In Eq. (22) the upper sign corresponds to the stable circular
orbits in the minimum of EP and the lower one stands for
the unstable circular orbits in its maximum. In Eq. (23)
radius r given by (22) should be substituted. From the
expression (22) we see that for L < 2v/3M the radius
becomes complex and we do not have a circular orbit at all.
Mathematically this means that the EP with such values of
L does not have extrema.

In order to find the last stable orbit (ISCO) we need to
find the last value of L at which the EP still has extremum.
The ISCO takes place when points of maximum and
minimum of EP merge. Therefore we need the third
condition:
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(iii) the inflection point of the EP satisfies relation:

d2 U%Chw

prai 0. (24)
So, in order to find the parameters of ISCO (r, E, L),
we need to solve three equations (17), (21), (24)
simultaneously.

From (22) it is evident that the points of maximum and
minimum of EP merge at the marginal angular momentum
L =2v3M. Thus, the ISCO parameters in the
Schwarzschild space-time are [1]:

risco = 6M,

Lisco = 2V3M,

8
Eisco = \/; (25)

In the Kerr space-time the finding of ISCO parameters is
more complicated. ISCO in the Kerr space-time were
considered in [3,4], where, in particular, parameters of
ISCO for the extreme Kerr BH were found. This problem is
described at length, for example, in the textbook by Hobson
et al. [45].

It is convenient to solve the problem by introducing a
function

V(r:L, E) = %(aE2 _2BE+ 7). (26)

The function V(r; L, E) is the right-hand side of Eq. (12)
and has qualities which are important in our research. The
expression for acceleration is given by the first derivative
¥ = (1/2)dV/dr [compare with (19)], and stability of the
circular orbit is given by the sign of its second derivative
d*V /dr?. Itis convenient to use variable u = 1/r instead of
r and variable x = L — aFE instead of L.

For the circular motion we need the conditions for the
velocity (16) and the acceleration (18) to be satisfied
simultaneously. Therefore for the Kerr metric we have
from (26) the system of equations

{VZO’ (27)
av_ o,

The usage of u instead of » does not change anything in the
form of the system: since dV/dr = (dV /du)(du/dr), the
condition dV /dr = 0 is equivalent to dV/du = 0.

The solution of the system (27) defines the set of
parameters x = L —aFE and E for stable and unstable
circular orbits as functions of u [45]. For the stable circular
orbit we have

PHYSICAL REVIEW D 91, 124030 (2015)
a\/u+ M

(1 = 3Mu F 2av/Mu3))"*’

1 —2Mu F avVMu?®

Elw) = (1 =3Mu F 2avVMu?)"* 28)

x(u) = -

Using L = x + aE, we have:

VM(1 4 d®u? £ 2avVMu?)
[u(1 = 3Mu F 2avV/Mu3))"*

L(u) =F (29)

The upper sign corresponds to the antiparallel orientation of
particle’s angular momentum L and BH spin a (counter-
rotation), the lower to the parallel one (corotation).

In order to find the parameters of ISCO, we need to add
the condition

v

Weritten in terms of u the third condition transforms to [45]:

A’V d*V [(du\? dV d*u s (d*V dv
dr du” \dr du dr du du

(31)
Since dV /du = 0 for a circular orbit, the third condition

is d*V/du?> = 0.

The three equations V =0, dV/du =0, d*V/du®> =0
form a closed system on three parameters of ISCO E, x and
u, which are then dependent only on M and the Kerr
parameter a.

Solving this system [45], we obtain the equation for the
inverse ISCO radii in the Kerr metrics:

1 —3a*u® — 6uM F 8av/ Mu?® = 0, (32)
or
r> —6Mr —3a®> F 8avMr = 0. (33)

Analytic solution for the ISCO radius can be found in the
paper [4]. Solutions of (32) should be substituted into (28)
and (29) for finding E and L.

In the limit a =0, we have rigco=6M in the
Schwarzschild case. In the extreme Kerr limit a = M we
obtain

22 5
risco = M, Lisco = _ﬁM’ Eisco = Wg
(34)

for the counter-rotating orbit and
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E 1
ISCO \/§

2
—_M,

Lisco = NG

rsco = M,

(35)
for the co-rotating case [3.,4].

IV. MOTION OF A SPINNING TEST BODY IN THE
EQUATORIAL PLANE OF A BH

For a description of the influence of a body’s spin on the
parameters of its circular orbits we use the Mathisson-
Papapetrou-Dixon (MPD) [10-12,24] equations of motion:

Dp# 1
Dr = "3RS,
DS
D= ploY — pro. (36)

Here D/Dz is a covariant derivative along the particle
trajectory, 7 is an affine parameter of the orbit [24], R*,,, is
the Riemannian tensor, p# and ¢* are 4-momentum and
4-velocity of a test body, S$”° is its spin-tensor. The
equations were derived under the assumption that the
characteristic radius of the spinning particle is much
smaller than the curvature scale of a background space-
time [24] (see also [17,26]) and the mass of a spinning body
is much less than that of BH.

These equations are, however, incomplete, because they
do not define which point on the test body is used for spin
and trajectory measurements, so we need some extra
condition to do that [15]. We use the condition of
Tulczyjew [12,24,48] that fixes the center of mass of the
test body

S =0, (37)

Let us consider the motion of a spinning particle in the
equatorial plane of Kerr BH. In this case the angular
momentum of a spinning particle is always perpendicular to
the equatorial plane [24]. Therefore we can describe the test
particle spin by only one constant s which is the specific
spin angular momentum of the particle. Value |s| indicates
the magnitude of the spin and s itself is its projection on the
z-axis. It is more evident to think of the spin in terms of the
particle’s spin angular momentum S; = smZ which is
parallel to the BH spin angular momentum S, = aM2Z,
when s > 0, and antiparallel, when s < 0. Here Z is a unit
vector in the direction of the z-axis and m is a mass of the
particle [24,39].

Saijo et al. [24] have derived the equations of motion of a
spinning test particle for the equatorial plane of Kerr BH.
The equations of motion for the variables r, #, ¢ in this case
have the form [24]

PHYSICAL REVIEW D 91, 124030 (2015)
(ZSASi.)Z = RS’

) M2 2 2
zsAsrza(1+3 S)[J—<a+s>E]+ﬂPs,
rX, A
3M s> a
SAp=|(1 - E|+—P,.
A= (1425 =@t 9B+ 5P G
where

Ms?
Zs—r2<1——3 ),
p

3Ms*r[—(a+ s)E + J)?
Ay=1- ,
X2
R, =P? - A{r—‘2+ [-(a+ s)E+ 1}2},

P, = {r2+a2+M}E— <a+?>f- (39)

r

Here X = dx/dr and the affine parameter 7 is normalized as
p“v, = —m [24]; E is the conserved energy per unit particle
rest mass, and J =J, is the conserved total angular
momentum per unit particle rest mass which is collinear
to the spin of a BH.

The equation for radial motion can be rewritten as

(ESASi‘)z = aSE2 - 2ﬁS‘E + YS7 (40)
where

T VR

b = |:(a+?) <r2+a2+M> —A(a+S)]J,

r

Ms\ 2 M2 2
v = <a+—s> JZ—A[ﬂ(l——f) +12]. (41)
r r-

This form is used by Favata [39]. Coefficients ay, f, 7
agree with Rasband [17] results.

ag = {rz—kaz—i—

V. THE EFFECTIVE POTENTIAL AND CIRCULAR
ORBITS FOR SPINNING TEST PARTICLES

The question of what we should consider as the EP in the
case when a particle has spin does not differ from the
“spinless case” in the Kerr space-time. If we want to keep
analogy with the EP in the Schwarzschild background, we
should define it as the solution of equation a,E> — 23,E +
vy = 0 with a, S, y, from (41).

EP in this form can be found in the paper [24]:

):ﬁs+ :B?_as}/s.

Ug(r;J,s
aS

(42)
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with ay, f;, v, from (41), see also Favata [39], Rasband
[17], Suzuki and Maeda [22,23], Steinhoff and Puetzfeld
[41]. For a review of misprints and comparison of effective
potentials presented in different works see appendices of
the paper [41].

Using this EP for finding the ISCO parameters is
presented, for example, in the paper of Favata [39]. It is
shown that conditions for a circular orbit (the vanishing of 7
and #) are equivalent to

dU g
E=U,, =0 43
sk dr ( )
For the ISCO the third condition is added:
LU,
T —=0. 44
er ( )

A general solution of these three equations for the ISCO of
a spinning particle is supposed to be found numerically. In
the small-spin limit, Favata [39] analytically had found
parameters of ISCO in the Schwarzschild metric.

Since our purpose is to obtain the analytical expressions
for circular orbits in the Kerr metric, it is more convenient
to define the “effective potential” similar to (26), by
analogy with the work [4]. We rewrite Eq. (40) as:

. 1
P = s (@ E = 2B E+7,), (43)

and define the effective potential as its right-hand side:

Vi(rJ,E) = (B> =2B,E +vy,).  (46)

1
A7
It can be easily shown that solution of system of equations
determining circular orbits is not changed if the effective
potential is multiplied by some function which is not equal
to zero (with its first and second derivatives) for physically
|

—AM?$2u* + 2a*Ms*u® — M2s*ub + 2M3s*u’

— a?M>s*
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relevant parameter values. Therefore it is more convenient
for analytical calculations to define effective potential as

1
Vs(r;-]a E) :_4(asE2_2ﬁsE+7s)’ (47)
r

with ag, f, 7, from (41). Notice that in the case of a
spinning particle we use the total angular momentum J
instead of the orbital angular momentum L.> Further, for
the sake of convenience, we shall change variables and
work not with r and J but withu = 1/rand x = J — aE, so
the function V(u;x, E) will be used.

In order to find the circular orbits we need to solve the
system of equations

vV, =0,
L o

The explicit form of these equations is given in the first two
equations in the system (50). The solution of this system
defines the set of parameters x and E for stable and unstable
circular orbits as functions of s and u. In Fig. 2 we present
the numerically calculated dependence of r on total angular
momentum J and the influence of spin on it for the
Schwarzschild background, see also [17].

The point at which upper and lower branches on Fig. 2
meet defines the ISCO for the given value of spin. In order
to find the dependence of the radius of the ISCO on spin,
we need to add the condition d?V,/dr* =0, which is
equivalent to

=0, (49)

to the system (48). The resulting system for finding the
ISCO parameters, thus, consists of three equations (48) and
(49) and has the explicit form

(1 + 2asu® — s>u® + 2Ms*u?)E? + (=2au’x + 2su’x — 6Msu’x — 2aMs*w’x)E — 1 + 2Mu — a*u® + 2Ms*u?

ud — ux® 4+ 2MuPx? + 2aMsudx*r + M2s*u®x? = 0,
(4asu —25*u + 6Ms*u®)E? + (—daux + 4sux — 18Msu’x — 10aMs*u*x)E + 2M — 2a*u + 6Ms*u® — 16M?su’
+10a’Ms2u® — 6M?s*ud + 14M3s*u® — 8a2M?s*u” — 2ux? + 6Mu?x? + 10aMsu*x? + 6M?s*u’x* = 0,

(4as — 25> + 12M s*u) E? + (—4ax + 4sx — 36Msux — 40aMs*ux)E — 2(a*> — 6M s>u + 24M?*s*u* — 20a* M s*u?
H1SM2s*u* — 42M3s* 1 + 28> M2 s*u® + x* — 6Mux* — 20aM su’x> — 15M>su*x?) = 0.

(50)

“For a spinless particle the conserved quantity is the orbital angular momentum L, whereas in the case of a spinning particle the
conserved quantity is the total angular momentum J,, which includes spin terms [24]. In this case “orbital angular momentum” at
infinity L, can also be introduced as L, = J, — s, see [24]. Further we can say that in both cases total angular momentum is conserved
with a note that in the spinless case it consists of the orbital angular momentum part only.
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FIG. 2 (color online). Dependence of the radii of the stable
(upper branches) and unstable (lower branches) circular orbits on

the total angular momentum, for different values of spin s. All
parameters are given in units of M, see also [17].

These three equations form a closed system on three
parameters of ISCO E, x and u, which are then dependent
only on the Kerr parameter a and particle’s spin s. This
system can be used for numerical calculation of r, E, J of
ISCO at given a and s.

Using EP in the form U (r;J) (42) permits of splitting
that system of three equations into two parts: equations
dUg/dr = 0and d*U,/dr* = 0 contain only r and J, and
can be solved independently from equation £ = Uy. So
actually the problem is reduced to solving of the system of
two equations. It is clearly seen in the case of the
Schwarzschild metric for a spinless particle, see Sec. III.
In the case of using EP in the form V(u;x, E) (47) the
equations dV,/du = 0 and d*V,/du® = 0 contain not only
u and x, but also E, so that in order to find these three
parameters it is necessary to solve simultaneously three
equations. Disadvantage of Ugy(r;J) is that it contains
radicals, and each differentiation increases complexity of
expressions. EP in the form V  (u; x, E), on the contrary, has
polynomial form with respect to u, and each differentiation
makes the expressions simpler. All these properties are
present in the spinless case also, and it is convenient to look
for the ISCO parameters for the Schwarzschild case using
Usenw (3 L) and the ISCO parameters for the Kerr case
using V(u; x, E).

Another important characteristics of the particle circular
motion is its angular velocity. We calculate the spin
corrections for the orbital angular frequency of the particle
at the ISCO, as seen from an observer at infinity. This
angular frequency is defined as

_do/dz
T dt/dr

(51)

The values d¢/dr and dt/dz are found from the second and
the third equations in (38), where we should substitute
values of r, E, and J at a given orbit. To find the ISCO
frequency Q5co we need to use the ISCO values of r, E,
and J, see [39].
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VI. SMALL-SPIN LINEAR CORRECTIONS FOR
ISCO PARAMETERS AT ARBITRARY KERR
PARAMETER

The system (50) does not admit an analytical solution for
arbitrary values of @ and s. Using s << M, we can expand
the equations of the system (50) into series of powers of s.

In this section we find analytical solution for ISCO
parameters with small-spin linear corrections, for an
arbitrary value of a.

To perform analytical calculations and get analytical
results for small-spin corrections, it iS more convenient to
use the following equivalent system of equations instead of
the system (48) and (49):

1dVy

s =0

14V _

iduu—VS—O, (52)
1d°V,

27di? 0

A similar approach for spinless case is used in [45].
We shall seek for solution of the system (52) in the form

X = Xy + 5xq,
E: EO +SE1,
U= uy+ su;. (53)

Here x, E, ug are the values of x, E, u in the spinless case,
and x;, E,, u; are the linear corrections associated with
spin. The dimensionalities are [x] = [xo] = [M], [x{] =1,
(E) = [Eg) = L. [Ey] = (M), [u] = [ug] = [M], u)] =
[M~2], [s] = [M]. Further we introduce these expressions
into (52) and linearize it in spin. Since the equations of
the system are to be satisfied for arbitrary values of spin, we
obtain the system of six equations for six unknowns
X0 Eo, Up, X1, El’ up.

First, there are three equations for three unknowns x,
Ey, uy, at given a:

M — a®uy — x3ug — 2aEgxouy + 3Mx3u = 0,
1 = E} = Mug + Mx3ui = 0, (54)

—a* — x} — 2aEyxy + 6Mx3uy = 0.

These equations describe the parameters of ISCO for the
spinless case. Solution of the first two equations in this
system gives us the values of x;, and E, for an arbitrary
circular orbit of given inverse radius, see (28). Solving three
equations simultaneously, we can obtain the equation for
uy, see (32).

The solution of equation (32) for u, has a complicated
form. Therefore it is more convenient to express the six
unknowns not as explicit functions of a but as the explicit
functions of a and 1, keeping in mind that u, can be found
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from Eq. (32) at arbitrary a. Before we proceed we need to
notice that representation of all unknowns via u, given
below could be rewritten in a different form using (32).

To get xy and E, for ISCO we can substitute # = 1 into
the expressions for an arbitrary circular orbit (28). But it is
more convenient to obtain directly the connections between
parameters X, E, uo for ISCO from three equations (54). It
is easy to obtain that:

2

Whereas E(, has positive value and we can write

[ 2
EO = 1 —EMM(), (56)

the value of x; can have both signs. From expression for x,
in (28), we see that the second term in the numerator is
always bigger (or equal) than the first term, which means
that the sign of x, is determined by the sign in front of the
second term in numerator. Therefore x, > 0 stands for co-
rotating orbits and x, < 0 for counter-rotating orbits. We
can write:

1
Xo = .
o=F N

(57)

For E, we can also write:

~ 6Muy —3ufa’ -1

(6Muy — 3uda® — 1)V/3
6aulx, '

E
0 6au

(58)

Three equations for small-spin corrections x;, E;, uj,
partially simplified with using the third equation in (54) and
relation xju} = 1/3, are

(—6xy — 6aEy + 18Mxyug)x, — 6axyE,

+6aE3 + 6Eyxy — 2TEqMxug + 5aMuy = 0,
2Mxguix; — 2EE, + Mau3 — 3EgMxqui = 0,
(=3x0 — 3aEy + 18Mxqug)x; — 3axoE| + IMxGu,
+3aE3 + 3Egxg — 2TEgMxgug + 10aMug = 0.

(59)

After significant simplifications with using expressions
(55), (57), (58) we succeed to obtain the corrections in a
simple form:

PHYSICAL REVIEW D 91, 124030 (2015)

1
E, = —xoMu} = £+ —Mu3,

V3
X =— (1 — 6MMO + 9(,121,{%))(0 _ 4 1-— 6Mu0 + 9(121/!(2)
4a 4\/3auy
1-6M 5a%u?
"y = _uo( 2u0 + 3a uo)' (60)
a

To avoid singularity in the Schwarzschild case (a =0,
uy = 1/6M), we can also rewrite (60) as

1
E| = —xoMu3 = +—=Mu},

V3
1 1
x; = t—=Bauy =2/ Muy) = — (2+/ Muy £+ 3au),
1 \/g( 0 0) \/§( 0 0)
uy = —4ud(aug £ /Mug). (61)

Let us summarize the results of this section. To obtain
ISCO parameters for given a in the form (53) one should
find u, from equation

1 = 3ad?u} — 6Muy F 8a\/Muj = 0, (62)

and then calculate x, with using (57), E, with using (56),
x1, Eq, u; with using (60) or (61). The value J can be found
by using J = x + aFE:

J=Jo+ sJ; = (xog + aEy) + s(x; + aEy). (63)
The ISCO radius r can be found by using r = 1/u:

1
r:ro—l—sr]:——sﬂ. (64)

Up M%

We calculate also the ISCO frequency for arbitrary value

of a, as described at the end of Sec. V. Using (57), (58), and
(60) in (51) we obtain Q as

Q= Q)+ s5Q, (65)
o _ VM)’  OVMu(VM * a\/ig)
N e 2(1 F avMu)?)?
(66)
or, in terms of r( as
o VM o 9\/1l_4(\/r0M +a)
0 = —-— , 1 = .
avM F r)? 2\/%(r(3)/2 T ayM)’
(67)

In all the formulas the upper sign corresponds to the
antiparallel orientation of a particle’s angular momentum J
and BH spin a (counter-rotation, J < 0), the lower—to the
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parallel one (corotation, J > 0); s is the projection of spin
on the z-axis and can be positive (spins of particle and BH
are parallel) or negative (antiparallel); a is positive or equal
to zero; the z-axis is chosen to be parallel to BH spin a.

VII. SMALL-SPIN CORRECTIONS FOR ISCO
PARAMETERS IN SCHWARZSCHILD METRIC

In order to illustrate the obtained results, let us consider
some important limit cases: Schwarzschild metric and Kerr
metric, when the BH rotation is slow (a < M) and
extremely fast (a — M). The latter case is called “extreme
Kerr BH,” for at the values of a exceeding M the BH
disappears and we have a naked singularity [47] without an
event horizon.

In the Schwarzschild case there is no preferential
direction associated with BH spin (a = 0), so z-direction
can be chosen arbitrarily. Choosing z-axis along J vector,
and taking ug = 1/6M, we obtain:

Jisco = 2\/§M+\fs1,
FEisco Z&—;s—l,
3 363 M
2
rsco = 6M — 2\/;s1
1 Sy

Q = .
ISCO 6\/6M+48M2 (68)

Here instead of s, which is the projection on the z-axis that
does not unambiguously correspond to any physical
direction in Schwarzschild case, we use s; which is the
projection of particle’s spin upon the direction of J and is
positive when the particle’s spin is parallel to it and negative
when it is antiparallel. Value J is considered as positive in
this case.

Small-spin corrections for Schwarzschild metric were
derived by Favata [39].

VIII. CORRECTIONS FOR ISCO PARAMETERS
FOR SLOWLY ROTATING BH

The case of slowly rotating Kerr BH (¢ <« M) allows us
to separate corrections that arise from different types of
angular momentum coupling.

Our general formulas, presented in Sec. VI, allow us to
obtain correction terms proportional to a, s, and as.
Considering a < M in Eq. (62), we get uy:

1 1 2a 13 42

W= Tom\3m  2tem (69)

Using the first two terms from (69) in (56), (57), (61), we
obtain xy, Ey, x;, E;, and u,. Note that when using
formulas (60) for calculation of corrections E; and u,
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the quadratic terms from (69) should be also taken into
account. Corrections a, s, as for ISCO parameters can also
be obtained directly by solving the system (50), with
keeping terms linear in a and s.

If we do not assume any ratio between values a and s, a
full description of the problem requires us also to obtain
quadratic terms s and a? in ISCO parameters. The scheme
for obtaining the squared corrections is analogous to the
linearization procedure, only we need to express the
parameters in the form

X = Xo + 5x1 + 52x,,
E = Ey+ sE, + s°E,,
U= uy+ su; + s>u,, (70)

and retain the squared in spin terms in the system (50).
For our purposes we can use a more simple way:
corrections s? can be found from the solution of the system
(50) for Schwarzschild case, and a2-corrections can be
found from consideration of the spinless case.
Finally, we obtain:

2f V2 11 a
J =323 a+—s
1sco = F 3 36\/_M

4\/_M<> 1,
+ — -,
27 \M 4M+/3
242 1 ai 1 s 2as

Eqeg=—Yoqp - 4, - 2 _Ved?d
BEOT T3 T 8y3AM T 36\3M 81 MM

5 (a)z 5 5
-—— = -5,
1622 \M 432/2M?

aj:Z\/:s—l———s
a\? $2

. 1
T ( > 72M (71)

Different situations of mutual orientation of BH and
particle spin are presented on Fig. 3, where the case
a < M is drawn on the basis of the first three terms in
formula (71) for rigco. For example, for particle C' we
should use the upper sign and s > 0, for particle D’ we
should use the lower sign and s < 0.

This result allows us to understand the character of the
spin-orbital coupling in GR. From the terms +4+/2/3a and
+2./2/3s, we see that the spin-orbital coupling depends
on mutual orientation of the spin and angular momentum
vectors: it is attractive and the radius decreases, when they
are parallel, and repulsive, if they are antiparallel.

The terms with as, a?, s? in formulas (71) are of second
infinitesimal order and include information about inter-
actions of particle spin, BH spin, and orbital momentum.
Considering the formula for the radius it is easy to show

risco = 6M +4
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\ \
\ \
hsco = 6M ‘\% Nisco =9M |
\
\

FIG. 3. Radii of ISCO for different directions of motion and
spin of test particles. Six particles, A, B, C, D, E, F, with different
directions of spin and orbital motion are presented, for different
Kerr parameter a. For a =0 we use just letters (e.g., A), for
a < M we use primes (e.g., A), for a = M we use double primes
(e.g., A”). Direction of particle’s spin is shown by an arrow on a
circle: clockwise arrow (C and F) indicates particles co-rotating
with black hole, anticlockwise arrow (D and E) indicates counter-
rotating particles, for spinless particles (A and B) we use circles
without arrow. Direction of orbital motion around BH is shown
by straight arrow outside circles. Size of BH is shown for the case
of the extreme Kerr space-time. The ISCO radii for a < M are
drawn on basis of only the first three terms in formula (71), with
s < a < M. In the case of a Schwarzschild BH (a = 0) the ISCO
radius for spinless particles equals to 6M, independently of
direction of orbital motion, see A and B. In the case of a Kerr BH
the ISCO radius depends on direction of orbital motion. For
slowly rotating BH, a < M: counter-rotating particle A’ has orbit
with  rigco > 6M, co-rotating particle B’ has orbit with
risco < 6M. For the extreme Kerr BH, a = M, a counter-rotating
particle A” has orbit with rigco = 9M, a co-rotating particle B”
has orbit with rigco = M. Presence of spin increases or decreases
ISCO radius in comparison with spinless case, see particles C, D,
E, F (also C', C" and so on). We recall that the z-axis is directed
along the axis of rotation of BH, so a > 0. Total angular
momentum J = J,: J > 0 corresponds to co-rotating of orbit,
J < 0 corresponds to counter-rotating orbit. Spin s > 0 corre-
sponds to spin vector parallel to a (corotation with BH), spin
s < 0 is antiparallel to it. The ISCO radius of a spinning particle
in the Schwarzschild case depends on s;, projection of spin
vector on total angular momentum vector. Therefore, particles C
and D (also E and F), which have different ISCO radii in the
Kerr metric, have the same ISCO radius in Schwarzschild case.
For the extreme Kerr BH particles B”, D”, F” have the same
ISCO radii.

that the trinomial containing these three terms is negative
for all possible values of a and s. Therefore, quadratic
corrections always lead to decrease of the ISCO radius.

Substituting values of Jisco, Eisco, and rigco from (71)
into (51), we obtain the ISCO frequency as

PHYSICAL REVIEW D 91, 124030 (2015)
1 11 a 1

Qusco = “
isco = F ey T otemm T asa2?

- ( 1 ﬁ-i— 59 a_2
18v6M M?  648v/6M M?

97 52
+—= ). 72
3456\/6MM2> (72)

IX. SMALL-SPIN LINEAR CORRECTIONS
FOR EXTREME KERR BH

In the extreme Kerr background (¢ — M) for a spinless
particle the ISCO radius is 9M in the antiparallel case
(counter-rotation), and M in the parallel case (co-rotation).
Numerical solution of the system (50) for a close to M
shows that ISCO radius has very different behavior for
co-rotating (J > 0) and counter-rotating (J < 0) particles,
see Figs. 4 and 5. We will therefore consider these cases
separately.

In the antiparallel case we get, using (56), (57), (60), (66):

221/3 82V/3
Jisco = — 9 M S
5V3 V3s
Fisco ==~ 23
16
rlSCO = 9M+gs,
1 3s

Qusco=—7—+ . 73
15C0 = T 26M T 3380 ()

For the parallel case we search for ISCO parameters at
values of a = (1 —§)M, § < 1, because divergences may
appear at a = 1 at some ways of calculations. Using (56),
(57), (60), (66), we get:

(a)

2'2‘\

(c 14 \

-—

r—

02 0.1 0 0.1 02 8

FIG. 4. The ISCO radius as a function of a particle’s spin for
different values of a close to M: a/M = 0.9 (a), 0.99 (b), 0.999
(), 0.9999 (d), 0.99999 (e), in the case of co-rotation. In limit
a — M curves tend to the horizontal asymptote rigco = 1.
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9.2

(@) 8.4+

0.2 0.1 0 0.1 02§

FIG. 5. The ISCO radii as a function of a particle’s spin for
different values of a close to M: a/M = 0.9 (a), 0.99 (b), 0.999
(c), in the case of counter-rotation. In limit a — M the ISCO
radius at s = O tends to the 9M.

2 2x 22383
oo = (5+2557)

2 4x223s'3
-t s
( V3 V3 )
2x22/35‘/3> s

1 22/351/3 1
EISCO:(\/§+ 7 )+<_\/§_|_ 7 =,
risco = (1 +22383)M — 2 x 2%/35'/35,

1 3 x 22383 9 x22/35/3

Qpeco = — — . 74
1SCO = 2a7 s 1o ° (74)

We see that in the case of a = M (6 = 0) the corrections,
linear in spin, are absent in formulas for ISCO radius and
frequency. This was also demonstrated in [19]. In the next
section we discuss this feature in detail and find the exact in
spin expressions for the ISCO parameters.

The radius of the horizon of the Kerr BH,

Fhor = M +V M? — a2, (75)

in the case a = (1 — §)M will have the form [2,4]

JISCO = 2ZWEISCO’
MZ _ s2

(Mz _ s2)1/3(2M + s)2/3Z(M,s)2/3
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rhor:M(1+ V25) (76)

As s < M and §'/? < 6'3 for § < 1, it will always be
that risco > Thor+

X. EXACT SOLUTION FOR EXTREME KERR BH
IN THE CASE OF CO-ROTATION

In the work [25] on the basis of the numerical calcu-
lation, it was noticed that in the extreme Kerr background
for the parallel case the magnitude of the test-body’s spin
does not influence the radius of the last stable orbit and it
always remains equal to M. Solving numerically Egs. (50),
we plot Fig. 4 where this conclusion is distinctly visible.
We also succeeded in proving this analytically.

On the basis of results of the numerical solution we have
substituted u = 1/M into the system (50) and have
obtained the expressions for x and E, which is the analytical
proof of the existence of such solution of the system. The
exact solution is then

M?* — §?
Tisco =29 = 6s/M’
M? — 2
Eisco = WTT/M’
risco = M. (77)

Using (77) in (51), we obtain the ISCO frequency as

1

- (78)

QISCO =

Developing (77) in series in s, we get the linear in spin
terms which are in agreement with (74) at 6 = 0. This result
allows us to obtain the full in spin correction to the nearly
extreme black hole, with a = (1 —§)M, considered in
Sec. IX. For this purpose after substituting this value for
a we develop the system (50) in series in 6 and seek for the
solution in the form y = y,(s) + y,(s)8'/3, where y stands
for x, E, r. After some algebraic calculation we obtain for
the nearly extreme Kerr metric the expressions:

BOTM2 B+ 6s/M V3IMS2(M + 25)3/
M(M? —s?)'32M + 5)*3
rsco =M + Z(M,5)1/3 813,
Qe 1 3(M — )3 (M + 2s) 7
2M 4(2M + )3 (M + 5)*3Z(M, 5)'/3
where Z(M, s) = M* + TM>s + 9M?s? + 11M s> — s*. (79)
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Developing this result in series in s, one obtains all terms in
expressions (74).

Note that derivation of MPD equations was performed
under condition s < M, so always we have Jigcg > 0,
Eisco > 01n (77) and (79). Indeed, equations of motion of
a spinning particle were derived under the assumption that
its characteristic size is very small compared with the

PHYSICAL REVIEW D 91, 124030 (2015)

characteristic length of the background field (e.g., the
distance from the central body) [11,24]. Mgller [49] had
shown in the context of special relativity that the classical
spinning body must have a certain minimum characteristic
size connected with its specific spin, see also Wald [50].
For particles at ISCO, in our system of units the above
conditions reduce to s < M, see also [17,24,26].

XI. SPIN CORRECTIONS FOR ARBITRARY CIRCULAR ORBITS

In previous parts of the present paper we have discussed ISCO, and investigated how the presence of spin influences
parameters of ISCO for different given a. Let us now discuss not innermost stable but arbitrary circular orbits. We will
investigate how the presence of spin influences orbit of given radius—namely, how E, J, Q of a circular orbit of given radius

are changed if a test particle has spin.

Let us suppose that inverse radius u of circular orbit is known and consider the system (48). We shall seek for its solution

in the form

X =Xy + 5xq,

E:E0+SE1. (80)

Here x( and E|, are the values of x and E in the “spinless” case, see (28), x; and E| are the linear corrections associated with

spin. We obtain for the linear corrections:

2E3xg — IME3xou — 3a°Mxju® + 2aE} + 8aM Egx3u®

xy(u) =

2(aE} + Egxg — 3MEgxou + aMxju®)

Mudxy(—Egxg + 3a?Egxgu* — aE} — 4aMx3u® + 3ax3u®)

’

E(u) =

2(aE} + Egxg — 3MEgxou + aMxju®)

(81)

These expressions are valid for both stable and unstable circular orbits with the zero order parameters given by (28). Value
of total angular momentum J = J, + sJ; can be obtained using J = x + aE.
The expressions (81) can be simplified further. Using (28) we obtain:

1

B Mw?(av/u + VM)(1 + 3a*u® + davVMu?)
2(1 = 3Mu F 2avVMu?)3/?

(82)

- 3Ma*u® +7a3M32u0? + AM2uta? 7 3vMu' 263 + 2MuBa? + 21M% 2632 q + 18M2u? F 9avVMu® — 13Mu + 2

Ji =

Written as functions of r, the resulting formulas are

2 —2Mr/? £ aM/?
= PR = 3MP? F 2aM )12

Ey

£ ~ M(a++/Mr)(r* 4+ 3a*> £ 4a/Mr)
e 2rV4 (P12 = 3M /T F 2av M)

2(1 =3Mu F 2avVMu?)3/?

(83)

I FMV2(r? £ 2aM"?r'/? 4 a?)
0= r3/4(r3/2 —3Mr2 ¥ 2aM1/2)‘/2'

(84)

- 2P —13Mr* F 9aM'2r12 L 18M2 P £ 21aM>/2 P2 + 242 M r? F 3a3MV2PR2 L A MPr + 7@ MP2 P2 4 3a* M

J =

2r11V4(P2 = 3M /1 F 2a/M)3/?

(85)
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Substituting (82) and (83) into (51), we obtain angular
frequency Q = Q, 4 sQ, at the circular orbit with a given
inverse radius u as

o — vVMu?
T aMEE L
3uP/M (VM =+ a\/u)
L= - LY (86)
2(avVMu’ F 1)
or, as function of radial coordinate r, as
VM
Q = 3/2°
avM F r
3vVM(VMr + a)
2y/r(av/M F 1*/?)?

The linear corrections for the energy, angular momentum
and frequency at a given radius for the circular orbits are
given also in [19,20] in another presentation, see also
Appendices A and B in [4]] where comparison of spin
orientation in different papers is discussed.

XII. CONCLUSIONS

(i) The linear in spin corrections for the ISCO param-
eters: radius, total angular momentum, energy, orbital
angular frequency for arbitrary Kerr parameter a, are found
analytically, see Sec. VI.

(i) Small-spin linear corrections for Schwarzschild
metric (first obtained by Favata [39]) were derived, see
formulas (68).

(iii) Expressions for the ISCO parameters of a slowly-
rotating Kerr BH up to second order in spin and Kerr
parameter are obtained, see (71) and (72). The case of a
slowly rotating Kerr BH gives the idea of spin-orbital
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coupling’s influence on the parameters of ISCO. It is found
that spin-orbital coupling has an attractive character when
the total angular momentum J and spin of either BH or a
test-body are parallel and repulsive when they are
antiparallel.

(iv) Linear in spin corrections to the ISCO parameters for
extreme Kerr BH both for counter- and co-rotating cases
are obtained, see (73) and (74).

(v) The exact parameters of ISCO for a spinning test-
body in the extreme Kerr background in corotation case are
found, see (77), (78) and (79). It is proved analytically that
radius and angular frequency of such orbits are independent
of the particle’s spin while the values of energy and total
angular momentum depend on it.

(vi) Figures 1 and 3 illustrate the number of possible
configurations for rotating BH and a spinning test particle
with parameters calculated in the present work.
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