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ABSTRACT: We study the motion of charged test particles in the combined gravitational
and axially symmetric electromagnetic fields of a static Schwarzschild and slowly rotating
Kerr spacetimes, in particular considering the conditions for circular equatorial orbits. We
present a series calculation of the electromagnetic fields under the boundary condition that
they are to vanish at infinity, and verify these with the closed-form expressions obtained
previously in literature. Such particle orbits always exist in odd-multipole magnetic fields,
and they can exist for particular radii in a combination of two or more even-multipole
magnetic fields. Combinations of several odd-multipole fields can give rise to radial variation
in the field orientation and the direction of motion of charged particles. Deviations from
circularity are described using a perturbative approach. This also allows to study the stability
of the parent circular orbits.
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1 Introduction

Compact astrophysical objects are frequently accompanied by extended magnetic fields. These
fields can have their origin in the object itself, as happens with white dwarfs or neutron
stars, or they are caused by external currents of charged matter like accretion disks, as is
particularly relevant for black holes [1, 2].

Configurations of magnetic fields in the background of Schwarzschild or Kerr geometries
have been studied by many authors [3]-[10]; such an approximate description of the solutions
of the Einstein-Maxwell equations are relevant when the back reaction of the external
electromagnetic field on the space-time geometry can be neglected, i.e. when the effect of
the energy density in this field on the space-time curvature is sufficiently small, as is often
the case. These weak fields are sometimes refered to as test fields.

In this paper we review some of the earlier results and then proceed to study the motion
of charged particles in the combined gravitational and electromagnetic background, first of



all in a Schwarzschild background. Charged particle motion, in particular on circular orbits,
has been widely studied [11]-[17]. Here we extend the analysis by considering in detail the
conditions for their stability, and by allowing non-circular orbits as well. In addition we show
that combinations of different multipole fields allow discrete orbits that would not exist in
only a dipole or single higher-order multipole field by itself.

After considering magnetic fields in the static Schwarzschild geometry we also address
weakly rotating compact objects in the context of the linear approximation of a Kerr
background. In that case in the frame of a static observer at asymptotically large distance
any static axisymmetric magnetic field is necessarily accompanied by radial and polar electric
fields. We conclude by summarizing our results; many details of our calculations are collected
in the appendices. Throughout this paper results are expressed in natural units in which
the speed of light ¢ = 1.

2 Static magnetic fields in Schwarzschild space-time

Full analytic expressions for static and axially symmetric magnetic test fields in Schwarzschild
space-time have been derived by several authors. The precise form depends on the boundary
conditions. A particular solution which has been much studied is expressed in terms of the
Killing vectors of the underlying static and spherically symmetric space [3]; magnetic test
fields of this type are asymptotically uniform and finite.

In the present paper we consider test fields which are localized around stars and black
holes and vanish at asymptotically large distances; their structure close to the surface or
horizon can still be allowed to vary, depending on the source of the magnetic field. In the case
of a static and spherically symmetric space-time, employing standard Schwarzschild-Droste
co-ordinates (reviewed in appendix A), one can fix a gauge such that the electro-magnetic
vector potential has only one non-vanishing component A, satisfying the equation [4]-[12]

T28T [(1 _ 26:”) BTASO} + sin 69y [Sirllea@Av} = —r4gin? 0]"»07 (2.1)

where j¥ is the density of a current circulating the black hole and acting as a source for the
magnetic field. Details of the derivation are given in appendix B.

In regions where the current density vanishes: j¥ = 0, the equation becomes separable;
taking a potential defined by a product

Ay = f(r)®(cosh), (2.2)

the factors are related by coupled ordinary differential equations in r and x = cos #:

d 2GMN\ df L
2 & - a1 e
r . [(1 " ) r} = Af, and (1 T ) 5 = D, (2.3)

where \ is a constant common eigenvalue of the operators acting on ®(z) and f(r). For
the angular component ®(z) there exists a complete set of eigenfunctions ®;(x) defined in
terms of the Legendre polynomials Fj(z), | = 0,1,2,..., by

dP

O)(z) = (1 —a?) I

— 1(Pi(2) - ePy(x)). (2.4)



For [ = 0 this implies that ®y(x) = 0, therefore in the spectrum of ®; the value I = 0 may be
disregarded. Note that, as the Legendre polynomials are solutions of the equations

dci; {(1 - ) Ogj] = =1+ 1) (), (2.5)

it follows that

o

=—l(l+1)F(x). 2.6
d ( )Pi(z) (2.6)
Combining the above definitions and relations one then gets

(1—2?) Ci;;l = 114 1)®(2). (2.7)

Thus we obtain a complete set of solutions for the second equation (2.3) with eigenvalues
A=1(1+1), l=1,2,... (2.8)

It then remains to solve for the corresponding radial functions fi(r) to obtain the general
form of the vector potential in the form of a series:

Zfz )®;(cos B). (2.9)

The radial functions satisfy the eigenvalue equation (2.3) with the eigenvalues (2.8). This
equation has two kinds of solutions [4]; first there are solutions expressed in terms of an
infinite series in powers of 1/7:

3 c<’ <2GM> : (2.10)

n

with the coefficients related to the first one by

(I+m)* =1\ q
= —_— =1,2,... 2.11
CH—k k|H<2l+m+1>C ’ k [ ( )

These solutions are therefore defined by a single free normalization parameter cl(l). As
by construction they vanish in the limit »r — oo, they are relevant especially — but not
exclusively — in the large-r region.

In addition to the infinite series solutions vanishing at infinity there exist polynomial
solutions

Zgl )P;(cosb), (2.12)

with

1+1 n
alr) = Y- af <2GTM> . (2.13)



Here ag) is a free parameter, in terms of which the other coefficients are given by

k
o m(m+1) =1+ 1)) ) B B
asye = 1 ( (1 2) ay’, k=1,...,01—1. (2.14)

Obviously these solutions do not vanish asymptotically for large r; therefore they can be
relevant at most in a finite domain of r-values in the inner region of the magnetic field.
It should be noted that the radial functions f;(r) presented in series form above can be
written in closed form [4, 8]

fitr) =r2Q®Y (MTG—I), (2.15)

in which Ql(o’f ) is the Jacobi function of the second kind. The polynomial solutions g;(r) are

related to the Jacobi polynomial 77( 2) of the second kind by

gi(r) = r2 P2 ( MT 5 1) . (2.16)

More details are given in appendix D. Also the angular functions ®;(x) are related to
Gegenbauer polynomials by [4]

®)(z) = (1 — 2%)C%?(x). (2.17)

In the following we focus on the series solutions which vanish at infinity. From the vector
potentials (2.9) one derives two non-vanishing components of the Maxwell tensor:

if )P (cos ), Fy, = sinf il(l + 1) fi(r)P(cos9). (2.18)
=1 =1

The corresponding components of the magnetic field strength B; = Fy;, as defined in
appendix B, are

i (r)P(cosl), Bp=— _1 ( 2GM> if )@ (cosh), (2.19)

— sin 6 P

whilst the azimuthal component vanishes: B, = 0.

Dipole fields. The lowest and often dominant component of the magnetic field is of dipole
form with [ = 1; in that case

Py (cosf) = cosd, ®1(cosf) =1 — cos? 0, (2.20)
and
() 2GM 3GM 3 ( )
hir) =a T (1 2 r 5 ’
L (12GM GM 36 (GM) -
(r) = —q 3 ( S—T 3 G o] (2.21)



These expressions can actually be written in closed form as

(1) 2
_ 3q r 2GM r
hin=-7 <2G2M21n(1_ r >+GM+1>’

" (2.22)
3¢ r 2GM 1
/ 1
= — In(1- 1).
Hn) = =56 <GMH< r )+1—2€M+ )
The non-vanishing magnetic field components then have expansions
2 3GM GM
BT—MCOSH(l—F—i—...), Bg—usine(l—i——i—...), (2.23)
r3 2r r2 r
with the magnetic dipole moment p defined by
=2GMcY 2.24
B= €1 (2.24)
Note that the corresponding polynomial solution with [ = 1 follows from
IO G P C R 5 95
91(r) = ay 5GM ) g1(r) = ay W7 (2.25)
and gives rise to magnetic fields
B, = B, cos#, By =—B,(r—2GM)sin¥, (2.26)
where B, is the constant magnetic field strength on the positive z-axis:
(1)
a
B, =2 . 2.2

This magnetic field is purely transverse in the equatorial plane and purely radial along
the z-axis. This is the asymptotically constant field found in ref. [3] specialized to the
Schwarzschild case. In view of the boundary conditions at infinity we will not consider
this solution in the following.

3 The motion of charged test particles

The motion of massive test particles in combined gravitational and magnetic fields is decribed
by a world line &#(7) with tangent vector u# = £#, which are solutions of the covariant
Lorentz force equation

Wt + T (Eur” = = FH(&)u”. (3.1)
Here the overdot denotes a proper-time derivative: & = d¢ /dr; the forces are local, being
dictated by the values of the Riemann-Christoffel connection and the Maxwell tensor at the
location of the world line. Our conventions for the metric and components of the connection
in a Schwarzschild space-time are given in appendix A. The Maxwell tensor F},,, has non-zero
components F,., and Fy, given in equation (2.18).



As both the background geometry and the magnetic field are static, and they share
axial symmetry, the energy and the angular momentum component in the z-direction of
test particles are conserved. Indeed it is straightforward to check, using polar co-ordinates
& = (t,1,0,p), that the following are constants of motion:

2GM
€= (1 2 > ul, 0=r2sin20u? + L Ay, (3.2)
T m

In addition, by definition of the proper time there is a constraint

guu(g)uuuy = -1 (3.3)

Eliminating u’ and u% in terms of the constants of motion (3.2) this becomes

T (1 — 2GM> r2uf? = &2 — (1 — 2GM> [1 P <£— qu,ﬂ : (3.4)

r r r2sin2 6 m

The 6-component of the world line equation (3.1) can be written as

d (2 0\ _ . 2, 02 , 4 ©
%O‘u)—sm&cosﬁru —i—%Fgwu . (3.5)
Now recall, that for even [ = 2n the polynomials Pj(cos ) and ®;(cos#) in the equatorial

plane take the values

PQn(O) = : and (I)Qn(O) = 0, (36)

whilst for odd [ = 2n + 1

(—1)" (2n+1)!

P2n+1(0) =0, (I)2n+1(0) = (2n + 1)P2n(0> - 22n (n')2

(3.7)

It follows that the individual contributions of the even-I multipole fields to the magnetic
field strength Fy, in the equatorial plane never vanish, and charged particles in non-radial
orbits experience a transverse Lorentz force. Indeed in the equatorial plane cosf = 0, in
a magnetic multipole field with [ = 2n

d (59 gt

= (r?u )l:2n = 5 2020+ 1) fo (1) Pan(0).

This vanishes only on radial trajectories, with £ = 0. In contrast, for odd multipoles with
I = 2n + 1 the magnetic field in the equatorial plane is perpendicular to that plane, and
the Lorentz-force component on the right-hand side of equation (3.5) vanishes there. Planar

equatorial orbits then exist in odd multipole fields with
r2uf =0 — % (20 + 1) Pay(0) fopsr (). (3.8)

Note however, that although individual even-I multipole fields do not allow for planar
equatorial orbits, whenever there are several of these multipole fields they will in general
cancel each other in the equatorial plane for specific values of the radial co-ordinate r,
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Figure 1. Fy, as a function of r/2GM in the equatorial plane for combinations of quadrupole and
hexadecapole fields with relative strength 1 (blue), 1/2 (red), 1/4 (green) and 1/8 (yellow); the last
one has no zero-point outside the horizon.

depending on the relative strengths as determined by the coeflicients cl(l); this is clear from
the alternating signs in (3.6). As a consequence there exist circular orbits at characteristic
radius r = R such that

[e.e]
> 2n(2n 4 1) Pyn(0) fon(R) = 0. (3.9)
n=1
As an example Fj,, is plotted in figure 1 as a function of r/2GM for several combinations
of quadrupole (I = 2) and hexadecapole (I = 4) fields.

Where Fy, = 0 a stable circular orbit exists, provided it lies outside the horizon
r/2GM = 1 and the satisfies stability conditions to be discussed later on.

Figure 2 shows F,., for similar combinations of dipole (I = 1) and octopole (I = 3) fields.
The absolute values depend on the scale set by c§1’2); however the zeros are not affected by
the scale. These combinations of odd multipole fields allow for equatorial orbits of any radius
outside the horizon meeting all stability criteria, but whenever F,., = 0 the magnetic field
and the Lorentz force on charges moving in the equatorial plane changes sign.

4 Circular equatorial orbits

Generic circular orbits in the equatorial plane with fixed r = R exist for dipole and other
odd-I multipole fields. On circular orbits both the radial velocity and the radial acceleration
vanishes. They also require Fyp,(R,7/2) = 0. Writing u¥ = wg the radial component of
equation (3.1) then implies

with By as defined in (2.19). In addition the constraint (3.3) with u” = u? = 0 becomes:
2GM
<1 - R) u'? =1+ R%w%,. (4.2)
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Figure 2. F,, as a function of 7/2G M in the equatorial plane for combinations of dipole and octopole
fields with relative strength 1 (blue), 1/2 (red), 1/4 (green) and 1/8 (yellow).

Combining these results provides a relation between the angular velocity and the orbital radius:

(1_3GM) ,  qBg GM

T Yk = I, (4.3)

mR R3

For all values of R # 3GM this quadratic equation for wgr has general solutions

1 qBy GM 3GM qu>2
= = (1- . 4.4
flon =1 seu (Qm i\/R ( R )+(2m (44

However, provided ¢By # 0, for the special circular orbit at R = 3GM the equation reduces

to a linear one, in which case
Rup=——"_  R=3GM. (4.5)

For electrically neutral particles, or in the absence of a magnetic field, this circular orbit is
available only to massless particles like photons. A number of physically relevant solutions (4.4)
have been plotted in figure 3 for R > 2GM.

Solutions for test particles with opposite charge or opposite magnetic field strength, such
that ¢By — —qBy, are related by opposite angular velocity: wp — —wpg. For each of these
cases there is always a solution with R > 3GM. From eq. (4.4), it follows that a second
solution with 2GM < R < 3GM also exists provided

()= (1) (- )

When this condition is not met, no circular orbit inside 3GM exists.
Two extreme cases are ¢ = 0 when only gravity acts:

GM 1
+ .
Wg =%/ 53 1_3C]:%M’ (4.7)
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Figure 3. Solutions of equation (4.4).

and GM = 0 when there is only a magnetic field causing cyclotron motion:

By

. (4.8)

_ + _
wp =0, wp =

5 More on bound equatorial orbits

Starting from the circular orbits discussed in the previous section, one can construct more
general bound motions using the method of relativistic epicycles [19, 20]. In this procedure
bound orbits are obtained as deformations of circular motion in a perturbative expansion.
In this paper we discuss only first-order deviations from circular motion; these deviations
also provide information on the stability of circular orbits. It is straightforward to extend
the procedure to higher orders [21, 22].

The deviation of any bound orbit from a circular one is parametrized by £# = & + nt,
where to first order the deviation n* is a solution of the extended relativistic deviation equation

D*nk . q
D77'2 = RHU)'\u'U/ uAnV + E T'u, (51)
where
Dn?
T = FF D”T + 0¥ D, Fhu, (5.2)

In these expressions the Riemann curvature R, {'(&), the magnetic field strength F*, (&)
and the proper velocity u# = 56‘ are evaluated on the circular reference orbit [18].

We first consider deviations out of the equatorial plane, parametrized by n?. As on a

0

circular equatorial orbit u” = u” = cos = 0 and we require Fp, = 0 in the plane, it follows



that the various contribution combine to

©
i = GM [(1 — 2GM> ut? + 2R2u‘p2] n? + I [R (1 — 26;35W> Frp + aQFHtp] n’

R3 R mR?2
dB,
= — (w%% + avr wR) ne, where vp = (%) .
m dcos 0 |cos9—0

(5.3)
Clearly the orbital deviations in the plane do not mix with the resulting periodic transverse
motion, and hence can be treated separately. The solutions of eq. (5.3) are periodic with
frequency wyg given by

v
wi = wh (1 + gbw];) ; (5.4)

unless the squared frequency wg becomes negative, for qur/mwpr < —1. This value represents
the limit of stabilty of the orbit with respect to transverse fluctuations.

The remaining components of the deviation vector n* are coupled by eq. (5.2) and can
be expressed in the form

2
% Oé% 0 nt
ga 2 i ||| =0 (5.5)
d d? »
0 1z = )\
where
2GM  ut 2GM 2GM\
= R2 1_2C}¥{M7 f= R2 L= R U
2GM qBy 2u?  qBy 1
=(1- 222 ) 2R — 4 == _
7 ( R ) Y m’ "SR T mR21_ QGTM’
(5.6)

I <1 - 2GM> Loa 2aByu? R—3GM _ qBju?
mR R-—-2GM m
_ 3GM R —-2GM  qBywg R? — 6G?M? qBjwr

R3 R—3GM ' mR (R—2GM)(R—-3GM) m
Here Bj(R) = (0,Bp)(R). The eigenvalues iw of the operator d/dr in equation (5.5) are

solutions of the characteristic equation

ot (@2 —ny+af+ n) =0. (5.7)
Apart from the zero-modes, the solutions are
o GMR-6GM g¢Bywg R? — 4GMR + 6G%M?
R} R-3GM mR (R—2GM)(R—3GM)

. (de>2 1 L 4Bjen,
m ) R(R—2GM) m

resulting in periodic expressions for n!, n”, n¥ for real frequencies @.
As in general the period of the deviations is different from that of the circular orbit,
the periastron will perform a precession the phase of which is determined by the ratio of

,10,



the angular frequencies; more precisely, with n"(7) = n"(0) cos @ it follows that the angles
of two periastra at proper time 7 = 0 and 7, differ by

Wty =nm = (1) —(0) = YR . (5.9)

Following the criterion for transverse stability, orbital stability for fluctuations in the equatorial
plane requires the squared frequency eq. (5.8) to be non-negative, whereas exponentially
run-away solutions are found when it is negative. Thus unstable orbits are possible for
appropriate strength and sign of the magnetic interaction term gBy.

Specifying to a single-multipole magnetic field of rank [, eq. (2.19) implies

2GM 1 !
B,=|—"F— _ +°L|B 5.10
19 ( R 1_ 2GRM fl/> o ( )

the orbital frequency wg is expressed in terms of the magnetic field Bjg, and the limit of planar
stability ©? = 0 becomes a quadratic equation for By, which can easily be solved algebraically.

6 Kinematical stability of circular orbits for dipole fields

We will now collect results on the existence and stability of circular orbits in a Schwarzschild
space-time, applying them to the special case of a dipole field with [ = 1. We use the
dimensionless quantities introduced in figure 3;

R By

(6.1)

GM’
As we consider the exterior of horizon, x > 2. By eq. (2.23)
qp
=————h 6.2
V= e o) (62

where using eq. (2.22)

h(x):i<1_i>x2 <1+1i§+xln(1—i>>. (6.3)

But eq. (4.3) states that the dimensionless magnetic field expressed in terms of x and (2 is
1

D =(x-3)0— ——.

y(‘T? ) (‘T 3) .'EQQ

Combining these results we find for 2(z) in terms of the physical data (q,u, m, M) the

e__ 1 ) (1 +/1+ 4(362_23)) : (6.5)

(6.4)

expression

y  2(x-—3 2y

Real solutions for € exist iff.
4
2

This inequality is automatically satisfied for all y if x > 3. The circular motion is stable
against fluctuations in the transverse direction (out of the plane) provided wj > 0; in view
of eq. (5.4) this requires
qVR
mwpg

> —1.

— 11 —



Now for | = 1, using eq. (2.3)

2 3 [a? 2
Therefore stability requires
y _ zh(z)
Q7 o) (6:8)

This is always satisfied if y/€© > 0. Combining this inequality with (6.4) it follows that
2k(z)

Q% > : 6.9
22 [2(x — 3)k(x) + xh(x)] (6.9)
We can also eliminate 2 to get another inequality for y:
4(x — 3)k(x) 1 k(z) 1 7 11
>-1, —==14+—4——5+—=+... (6.10)
xh(z) 14.,/1+ 45;;23) h(z) 2¢ 1022 1023

This inequality holds automatically if the 1.h.s. is positive, which happens with the plus sign
for the square root for all y and « > 3. Finally the circular motion must be stable under
fluctuations in the equatorial plane, which imposes the condition @? > 0. Now for a dipole field

gBy 1 dy 2qp (2) = 2k(z)

m ~ "Rh@)”

m  GMdz  m(GMz)3 (6.11)

and hence stability under fluctuations in the equatorial plane follows via eq. (5.8) as

(z=2)(z-6) @ <532—4$+6 WC)) > 0. (6.12)

232 g\ x5 T Um

The results in equations (6.6), (6.10) and (6.12) provide implicit formulae for the curves
dividing allowed stable regions from unstable regions in the (x,y)-plane. The results are
shown in figure 4, where the magnetic field strength is quantified in terms of the dipole
moment p. The key features are the regions separated by the colored lines. The red line
denotes the dividing line between kinematically allowed and disallowed orbits, where all of
the region above the red line is allowed. The solid (dashed) blue line denotes the dividing
line between planar stability and instability for orbits with minus (plus) sign in eq. (6.5),
where the region above (below) the blue line is stable. The solid (dashed) green line denotes
the dividing line between transverse stability and instability for orbits with minus (plus) sign
in eq. (6.5), where for both signs the region right of the corresponding green line is stable.
Analytical details are provided in appendix E. An important feature is that, in case of the
minus sign, the smallest radius of equatorially stable circular orbits shifts from R/GM = 6 to
3, while simultaneously the smallest radius of kinematically allowed circular orbit shifts from
R/GM = 3 to the horizon of the black hole at R/GM = 2. This is the result of gravitational
attraction being counterbalanced by the Lorentz-force.

Note that in this section we have only considered the kinematical stability of circular orbits.
In a complete treatment one would also have to consider the emission of electromagnetic and
gravitational radiation, which ultimately destabilizes any classical bound orbit.

— 12 —
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Figure 4. Regions of existence, and planar and perpendicular stabilities, for the orbits with plus
and minus sign in eq. (6.5). The red line denotes the dividing line between kinematically allowed and
disallowed orbits, the blue lines separates equatorial stability from instability, and the green lines
separates transverse stability from instability. The resulting regions are described in the main text.

7 Magnetic fields of slowly rotating stars

In the limit of slow rotation and distances r > 2GM (that is, to first order in G) the line
element of Kerr space-time takes the form of the Lense-Thirring metric

2GM 2GM 4
ds® ~ — (1 _ > dt* + (1 + G) dr® + r2d6? + r*sin” 0 dp?® — GJ
r r

sin? 0 dtdep,

(7.1)

where J = Ma is the angular momentum of the star. In this background space-time a static
and axially symmetric Maxwell field with a gauge-fixed vector-potential of the form:

A(r,0) = Ay(r,0)dt + Ay(r, 0)de,

satisfies the curved-space Maxwell equations

[a&+iar+ L <1+22M>8gsin089]14t

r2sin @
2GJ
-3

1 1 .
{03 - Or + 79(99 sin 989] Ay,

r2 sin

0 (55 (1- 255 ) 0re) + 00 (g0,

sin 6 r r2siné

_ 2GTsing [33 — 20, + ——Osin 989] As
, r r?sin 6

Note that we cannot impose A; to vanish, unless J = 0. However, if we expand the solutions

in powers of G, retaining only the terms to first order in G:

At = a; + th, A@ = Qyp + be, (73)

,13,



and require the solutions to reduce to the corresponding Schwarzschild solution in the limit
J — 0, it follows that a; = 0. As a result to this order the second equation (7.2) reduces
to the same equation for A, as in the Schwarzschild case, except that here we should only
retain the terms up to order G:

Zd—l < l+ 12) Gi\/[> ®;(cosb). (7.4)

Inserting this expression into the right-hand side of the first equation, to the first order
in G only a, contributes:
(82 + =0+ -

———0psinf 89> 2J <82 110 O + Opsin 6 89) Q- (75)

no r2sin 0

The coefficients d; determine the relative strengths of the multipole components. From these
expressions we now deduce the components of the electromagnetic field strength tensor; the
non-vanishing magnetic components are

=, 1d, GM

=1

) ®;(cosb),

(7.7)
(14 1)d, ( I(1+2) GM) .
Fp, = ————— 1+ —— ) sinf P;(cosb),
v ; rl l4+1) r
with corresponding non-vanishing electric components at order G:
11+ 3)d

F.. = GJZ —;_4 cos 0 Py(cosh),

(7.8)

Fy = GJZ m sin @ (Py(cosf) + cos 0P, (cos b)) .

As the dependence on J indicates, the appearance of these electric components is clearly
a result of the rotation of the gravitational field in the presence of static magnetic field
components. Following the analysis in appendix B, the #-component of the magnetic dipole
field takes the standard form

By = % sinf (1+ O[G]),

after identifying d; = p. Of course, to first order in G higher-l multipoles are to be taken
into account only as long as djy1 > u(GM).
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8 Equatorial orbits in slowly rotating background

As the metric (7.1) is axially symmetric and stationary, the energy and z-component of
angular momentum of test particles are again constants of motion:

Pt = —ME, pp = ml, (8.1)

2GM 2
52(1— G >ut+GJsin29u“"—th,
r r m

with

(8.2)

0 =r?sin®Qu? — 2GJ
r

sin? 0 u? + g A,
m

By inverting these equations we get the proper velocity components involved:

ut = <1+ 2GM>5— 2G;,M+i <At+2G;JA¢>,
r r r
1 2GJ (8:3)
o _ _ 4 )
Y r2sin26 (Z m Ap |+ e

all expressions modulo terms O[G?], keeping in mind that according to eq. (7.6) A; ~ O[G].

Next observe, that the electric fields (7.8) vanish in the equatorial plane for odd multipoles;
in fact for [ = 2n + 1 only the magnetic field component F., remains in the plane 6 = 7/2.
Therefore in the presence of dipole and other odd-multipole fields there exist solutions of
the equations of motion (3.1) in the equatorial plane with sin = 1 and v’ = 0. On such
orbits Ay = 0 and the hamiltonian constraint implies

re_ 2 _ _2GM> 1(_‘1 )2_4GJE(_‘1 ) 2
u't=c¢ (1 " 1+r2 14 mA¢ 14 mA¢ + O[G7]. (8.4)

r3

For circular orbits with »r = R a constant, u¥ = wg a constant, u” = 0 and @" = 0 it
then follows that

£2 — (1_2GM> (1+R2w%),

R
(1_3GM>W2_{qB¢9_2GJ5]WRZGM
R B |mR  R3 R3

(8.5)

For non-relativistic orbital velocities the last equation can be simplified (at order G) to give

2GJe _2GJ  GJw},

m @ T g (8.6)
In this limit, and always up to terms of order O[G?]:
3GMYN qBy 2GJ GJw% GM
Al PP R (et = :
( R )“’R (mR R )“’R R R ®.7)

To check the stability of these orbits, we have again evaluated the world-line deviation
equation (5.1) for the deviations n? out of the equatorial plane; using the results of ap-
pendix F we get

. 2GJe
it =~ [W% T TR YRT % (Do Fopwr + OpFee) | n. (8.8)
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In particular, for dipole fields:

. 2GJe 2quwpr 3GM 2quGJe
0 _ 2 G
= b= g et St (14 55 )~ T ) (8.9)
This guarantees stability when
2GJe
7 < WR, (8.10)

which is implicit in our approximation of a weakly rotating background geometry.

9 Discussion and summary

The starting point of this paper is the development of a multipole expansion for magnetic fields
in a background Schwarzschild space-time and its generalization to slowly rotating stationary
curved space-times. These results are valid in the case the back reaction of the magnetic field
on the space-time geometry can be neglected. This is correct when the space-time curvature
is large compared to the energy density in the magnetic field. Now the leading term in the
dipole magnetic field gives the energy density in the equatorial plane as

2
€0 g2 ~, SOH

2 T 4r6

(9.1)

modulo higher-order corrections in G falling off faster. Higher multipoles also fall of faster
than the dipole field. In contrast the curvature of Schwarzschild space-time satisfies

T 4/3GM
R/“,,{)\RHVHA — T (92)

Therefore the condition

8TGTY < 1/ Ryuyrr RIS, (9.3)

is satisfied everywhere if it is satisfied in the near-horizon region. Reinstating the speed of
light, at the horizon the condition becomes

GeoB? 2 2
002 < <2GM> . (9.4)

For example, for neutron stars in the range of one to three solar masses this is satisfied for

magnetic fields of 10!° T or less at the surface, which is about the observed upper limit.

Once the fields are known one can establish if stable circular orbits in the equatorial
plane for charged particles are possible. This requires the radial magnetic field component to
vanish in this plane, a condition always satisfied by odd-I multipole fields, like dipole and
octopole fields. In the presence of even-I multipole fields such orbits can only exist for special
radii where the odd multipole fields happen to cancel each other. Orbits within the stable
photon orbit 3GM are possible in principle, provided the magnetic field strength exceeds
the limit (4.6) and satisfies the stability conditions displayed in figure 4.
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In addition to circular orbits, for the case of Schwarzschild space-time we have also found
approximate non-circular orbits by the method of relativistic epicycles (world-line deviations).
In general the periods of the epicycles differ from the parent orbital period, which leads
to displacement of the periastron of the charged particles. Moreover, in the presence of
combinations of odd multipole fields the sign of the magnetic field can vary as a function of
radial distance r, causing the direction of the rotation to change.

We have derived conditions for existence and stability of circular orbits in the equatorial
plane, in particular in non-rotating Schwarzschild space-time. We found that the radius of
innermost circular orbit and the innermost stable circular orbit can shift, for appropriately
high values of the magnetic interaction, towards the black hole horizon. For the special
case of a dipole magnetic field in a Schwarzschild spacetime, we found the existence of a
‘forbidden region’ in between the horizon and the photosphere where circular orbits are not
allowed to exist, and two regions of stability where the circular orbits are allowed and stable
in planar and transverse directions in a specific range of magnetic field strengths. In principle,
these regions are most likely to host charged particles in circular orbits, resulting in distinct
gravitational wave and electromagnetic frequencies. We have not considered their dynamical
stability, due to the emission of gravitational or electromagnetic radiation. We expect these
regions to have measurable consequences for the detection of magnetic fields around black
holes and determining their strengths. This remains to be addressed in future research.

We have not constructed orbits in the transverse direction, out of the equatorial plane.
In general such orbits will have a helical structure, as the Lorentz force will causs charged
particles to circle around magnetic field lines. We have considered the effect of slow rotation
of the background gravitational field, by considering the first-order in G approximation of
the Kerr geometry. An interesting result is, that in that case also electric fields arise, both in
the radial and the polar direction. However, again for odd-I multipoles these electric field
components vanish in the equatorial plane, still allowing for stable circular orbits.

Topics discussed in the literature but not addressed in this paper include non-vacuum
modifications of the Schwarzschild and Kerr metrics, discussed in [23], and euclidean extensions
of the background geometry [24].

Finally we have not considered here the origin of the magnetic fields. As is well-known
white dwarfs and neutron stars can have their own intrinsic magnetic fields. For black holes
the source of magnetic fields, as observed by the Event-Horizon Telescope, must be currents of
charged particles such as accretion disks circulating close to the black hole itself. This presents
an intricate problem of magnetohydrodynamics; for rotating compact bodies there is an
abundant literature on an effective description of such processes using the Blandford-Znajek
scenario [25]; for recent discussions, see refs. [26-28].

A Schwarzschild geometry

In this appendix we summarize our conventions for the connection and curvature components
of Schwarzschild geometry. Taking ¢ = 1 the line-element in standard Schwarzschild-Droste
co-ordinates reads

2GM dr?
ds? = — <1 _ 2 ) dt? + 1% + 12df? + 12 sin? 0 dp?. (A.1)
r —
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The non-vanishing components of the corresponding Riemann-Christoffel connection are

M 2GM M
Fttr:G;z<1_ Ci, )7 Frtt:Ftrt:2<G2G]wa
re(1— —)
-
rr GM 1
e r2 1_2CiM’
2GM 1 (A.2)
r,  =— 1— T 0 _ r 0 _
00 r < , ) ) 6 or g
2GM 1
— 2 — _
[, = —7rsin”0 <1 - ) ; Ig="I,"= oy
0 .
T, = —sinfcosb, Fef = Fgf = cotgd,
whilst the non-vanishing components of the Riemann curvature tensor are given by
2GM 2GM 2GM
R,.," = —5 (1 - > , Rmt = YOI
o (1-26)
GM 2GM GM
R’ = — 3 (1 - > ; Ryy' = — (A-3)
GM 2GM GM
v _ t_ )
Ry,," = — 3 (1 - ) , R, = . sin” 0,
and GM GM
0
Rr&r 3 (1 _ QGM)’ R0r9 - T
T
GM GM
© _ ro__ s 2
Rrgpr 3 (1 B 2GM)7 R(pnp - , sin 07 (A4.)
T
2GM 0 2GM .,
Rewe - — , 3 RgDG(P = — Sin 9

B Magnetic fields in Schwarzschild space-time

We describe electromagnetic fields in Schwarzschild space-time in the frame of a static distant
observer associated with the Schwarzschild-Droste co-ordinate system (A.1). In the absence
of electric components, any static magnetic fields can be derived in the radial gauge A, =0
from a vector potential 1-form

A= Agdd+ A, dp.

Imposing axial symmetry then implies that the components are functions of (r,8) only. As
a result the magnetic field strength F;; = 0;A; — 0;A; has components

Fro=0:A9,  Frp=0,A,  Fy,=0hA,. (B.1)

The Maxwell equations for the magnetic field strength components (B.1) in the presence
of a current density j° then reduce to

0; (vV=9F") = 0; (V=99"9"Fua) = V=37". (B.2)
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Written out separately for i = (1,0, ¢):
9 (V=99"9"Fro) = V=95,
o (V=99"9"Fu) = V=95, (B.3)
On (V=997 9 Frp) + 05 (V=9 9" 9" Fp) = /=9 %

In the absence of radial and polar currrents: j© = j% = 0, the first two equations imply that

K
Fry = \/7_7 9rr9g60, (B'4)
with x a constant; in Schwarzschild space-time this becomes
1
S — (B.5)

0 — . .
" sm@l—QGTM

This solution is singular everywhere on the z-axis as well as on the horizon. Therefore we
discard it by setting Ay = 0.
Finally, evaluation of the third equation (B.3) yields the result [4]
2GM 1
r20, [(1 - ) 8TA4 + sin 09y [_8914(4 = —r*sin? 0 5,
r sin 6
which is defines the starting point eq. (2.1) for the discussion in section 2.

The relation between the magnetic field strength components F;; and the dual axial
vector field B; is defined in terms of the antisymmetric permutation tensor

E,u,z/p(f =V Y9 €uwpos = 7'2 sin 0 Euvpos (BG)

with €., = +1 for even permutations of (uvpo) = (tréyp), €ups = —1 for odd permutations
of (pvpo) = (trfy), and €., = 0 in all other cases. Its inverse is

1 1
EHvpe — wurpo _ ,uupa7 B.7
V=g c r2sind - (B.7)
with e#?? = —1 for even permutations of (uvpo) = (trfy) and €., = +1 for odd

permutations of (uvpo) = (trfy). With these definitions the dual electromagnetic field
strength is

_ 1
F1 = 2 EP Fy, (B.8)

and the B-field components are defined by

1
S
2\/jg gOOgZ]

Bi = Foi = googij F = — M P (B.9)

Therefore in Schwarzschild space-time

1 1 2GM 2GM
=1 p. By—-— 1— Frpy By=(1-""")Fe  (B.10
r2sing 0¥ o sinH( r ) " v ( r ) o ( )

The vanishing of the field-strength component Fjg is seen to be equivalent to B, = 0.
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C Angular dependence of magnetic fields

The angular dependence of the magnetic fields discussed in this paper is expressed in terms
of Legendre polynomials Pj(cosf) and the related functions ®;(cosf) derived in section 2.
Here we give explicit expressions for the cases [ = 1,2, 3,4, or dipole, quadrupole, octopole
and hexadecapole fields. Writing x = cos6:

Py(z) =1, Pi(z) =z, Py(z) = % (33:2 — 1) ,
Rx@::%(mﬁ—sx), Py(z) = %Qﬁx ~ 3027+ 3),
(C.1)
and
<I>1(x):—<x2—1), Oy(x) = 3(3: —:c)
3 5 (C.2)
O3(z) = D) (5:34 — 622 + 1) ) Oy(z) = D) (7:35 — 1023 + 3:1:) :

D Radial dependence of magnetic fields

In this appendix we provide details of the solutions for the radial dependence of the magnetic
vector potential A,. We first consider the series solution in inverse powers of r. Switching
to the new variable n = 2GM /r the first equation (2.3) takes the form

d | o dfi| /o 2fz dfy
n [n (1 —-n)(h7] = (=) =5 e + (20— 3n) = gy~ DS (D.1)
With the Ansatz
:§3#MT (D.2)
n=0

this becomes

(+1) e + 00 +1) =20 dn+ [ +1) = 6) ) +3¢])] n?

0 0 (D.3)
+Z[ I+ 1) =nn+1)dl +n-1)n+1)d) |y =0.
Since this is to hold for any 7, it follows that cél) = 0 and for any k£ > 1:
I+ k)?*—1
g - (R o (D.4)

TR+ k1) T

The upshot is, that cl(l) is a free parameter, and higher coefficients are related to this
parameter by

o _ 1 (I+m)3—1) o
Uk = A__L( 2A+m+1 )T (D-5)
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The first few series then start out as

1 3 3 1
fl(n)zcg)ﬁ<1+4n+5n2+2n3+>,

4 10 10
fg(n)=0§2)772(1+3n+7772+7n +> (D.6)

= I+ —n+-n’+=n’+... ).
fa(n) = c5™n ( gty N

Up to the normalization factor these series can actually be summed and written in closed form:

3 n?
f1(n):—? In(l=n)+n+ 51,
20 > 7
f2(7]):*$ (4=3n)In(1 —n) +dn—n" ==, (D.7)
105 25 nt
=—— (15— 2)In(1 — 150 — —n?+n3+ .
falm === [( 5 — 207 + 617) In(1 — ) + 157 51 5

These solutions all have a logarithmic divergence on the horizon n = 1. They are equivalent
to the closed-form expressions (2.15), (2.16) derived in [4, 8]. As mentioned in section 2, in
addition to these solutions valid for » > 2GM there also exist polynomial solutions of the
radial equation in the domain 0 < r < co. We denoted these solutions by ¢;(z), where by
definition z = 1/n = r/2GM; equation (2.3) then becomes:

d 1 dgz} g dgi
2
—|{1=-=)—=| = - 1)—=4+—==1(+1)g. D.
Zde z) iz et =i Da (D-8)
Looking for solutions
g(z) = al)z", (D.9)
n=0

by substitution in (D.8) this equation becomes

0=1I11+1) a(()l) — a,gl) +I(l+1) agl)z

+ 3 [(n =D+ Dal, + (11 +1) = n(n—1)al)] 2" (D.10)
n>2
It follows that a(()l) = agl) = 0 and for n > 2
@ _nn-1)-I1(l+1) (D.11)

T T T 1)
Then for all k£ > 2 also al(l) = 0, and the solutions become polynomials of order [ + 1:

+k —

a(z) =Y =, (D.12)
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with aél) a free parameter and all coefficients agl_)Hc defined by

k
0 _ m(m+1)—l(l+1)> 0 _
a2+k—H( T2 ay’, k=1,...,1—1. (D.13)

m=1

The first few polynomials are

4
gi(z) = a2, go(2) = a5 22 (1 —3 2) :
D.14
(3),2 10 5 » @) 2 21 5, 28 5 (D1
g3(z) =ay 'z 1_324_52 , ga(z) =ay 'z 1—6z+5z - )

For 1 < r < 0o both the asymptotic solutions or the polynomial solutions exist. In fact, as
pointed out in [4] there is a direct relation between these two sets of solutions:

i(1/2) = Brai(2) /m(lf)gﬂc)
EENye

The solutions (D.7) correspond to specific choices of the normalization factor J;, specifically

(D.15)

B1 =3, B2 =20/3, B3 = 35/2. An equivalent integral expression for the asymptotic solutions
filr) = rZQl(E’;) (a7 — 1) is given in [8].

E Stability analysis for circular dipole orbits

In section 6 we discussed the stability of circular orbits in dipole magnetic fields. This
appendix presents the details of the analysis on which the results about stability are based.
The input of this analysis is first the condition of existence of circular orbits, and second the
periodicity of the fluctuations about these orbits, expressed by the reality of the frequencies
of the transverse and planar deviations. In terms of the dimensionless variables (6.1) these
conditions are summarized by egs. (6.6), (6.10) and (6.12). The complication of analyzing
these conditions is, that they need to be considered separately in different domains of variables:
2<x <3, 3<ax<6andax > 6;and that they have to be discussed for two choices of
sign in the relation between the angular velocity 2 and equatorial magnetic field y. We
first discuss the choice of positive sign:

2(m—3)Q:y<1+ 1+4(§2;23)>. (E.1)

This relation imposes the inequality (6.6), which is trivially satisfied for = > 3; but for
2 < x < 3 it requires a non-zero magnetic field:

43 -z
y? > (332) (E.2)

Next, the inequality (6.10) for transverse stability becomes

1+ 4(;;23) > <1 + 4(3“"96_}5’33’;(”3) ) . (E.3)
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* 203 = k(x)

xh(x)

Figure 5. Range of x for which 2 < z < 3 and 2(3 — z)k(x)/xh(z) < 1.

Again, it is satisfied for all y in the range (E.2) if the r.h.s. is negative, which happens if
xh(x) > 4(3 — z)k(x). (E4)

This is true automatically for x > 3; if xh(z) < 4(3 — x)k(x) the case 2 < = < 3 has
to be considered separately. Terms on both sides of the inequality can then be squared
and rearranged to give

43—z 1
vt > ( x2 ! 4(3—2)k(z) 2 (E.5)
- (a1

Non-trivial solutions of this inequality implying transverse stability (E.3) exist only in
the domain
2(3 — x)k(x)

0< xh(x)

<1, (E.6)

or approximately 2.23 < z < 3; see figure 5.
In summary, either > 3 for all values of 2, or 2.23 < 2 < 3 and y? in the range
5 483 —1x) 1 43 —x)

Y- > 2 7 > 3
x _ _ 4(B—x)k(x) x
1- (155 )

(E.7)

Finally it remains to consider the condition for planar stabilty, expressed by the inequal-
ity (6.12), which can be recast in the form

(2~ 2)(2 2‘@/23)(“; =6) L (5—3)2— F(a) (1 + )1t 4(;"2;23) ) >0, (E.8)
where
F(z) = % <x2 —dx +6+2(x —2)(:;;—3)%). (E.9)

Figure 6 shows that in the domain = > 2 this function is everywhere positive. For
comparison we have also plotted the function (x — 3)2/2 to show that

2F(z) > (x — 3)°.
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Fix)

x

Figure 6. The function F(z) defined in eq. (E.9).

This implies that the inequality (E.8) is never satisfied in the limit 4 — oo; thus it imposes
restrictions on the allowed values of the magnetic field as represented by y. Defining the

coeflicients
A= (z—-2)%(x—3)*(x—6)%

B =2%z - 3) [(z - 2)(z — 6) (F(2) — (z — 3)2) + 2F*()),
C =zt (x —3)? (F(Jr) — %(x — 3)2> ;
and considering the domain = > 6 where (z — 2)(z — 3)(x — 6) > 0 and (4,B,C) > 0

everywhere, the condition of planar stability reduces to

A 2B
Z 22 20 >0,
vty

which is solved for

A
2 < ) E.10
Y =B VBT12AC (E-10)

For 3 < z < 6 it follows that (z — 2)(z — 3)(x — 6) < 0; in that domain

(z = 2)(z - 3)(x — 6)
222

2,2

¥ (z—3)% - Fla) <1+ 1+4(f;3)> <0

thus the condition (E.8) for planar stability has no solutions. Finally, for 2 < z < 3 the
coefficient A > 0, but B can become negative; however, as v B2 + 2AC > |B| there are still
non-trivial solutions for y in the domain defined by (E.10), provided (E.2) holds:

4(3 — ) 9 A
L <yt < . E.11
2 Y S B{JVB 240 (B0
It remains to investigate the stability of circular orbits for which
4(x — 3)
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Again we have to distinguish the domains z > 3 and 2 < z < 3; in both cases y/2 < 0 and
therefore the inequality (6.8) becomes non-trivial:

o> 4223 zhl@) (E.13)

- 1+44D 0 %@
For x > 3 this imposes the explicit constraint

4(x — 3) 1

0<y®< - — (E.14)
x A(z—3)k(x)
(1+50) -1
For 2 < z < 3 we get
g2 < 28 —2) ! (E.15)
x? 4B-a)k() _ 4 2
- (5 -
with z in the range (E.G); see figure 5.
Finally, we have to impose the inequality (6.12), which in this case becomes
(x —2)(x — 3)(x — 6) 9 4(x — 3)

For x > 6 it is always satisfied. Next, for 3 < x < 6 it still holds in the limit y?> — oo,
but there is a lower threshold

A
2

> )
vo= B+ VB2 4+2AC

In the remaining domain 2 < =z < 3 the situation is similar, but there is the additional

(E.17)

condition (E.2); therefore the condition for stability of circular orbits in the plane becomes

A 4(3 — x)
2> ( , ) : E.18
V=B i VB r24a0 o2 (E.18)

F  Weak field limit of Kerr geometry

The weak-field approximation of Kerr geometry, deviating from Minkowski space-time only
by terms linear in G, is described by the line element (7.1). Based on this, the expressions
for the components of the connection to first order in G read

L, = _6;7]2\/[’ Log = —r (1 - 2CiM> , T = %7

T, =—rsin’f (1 — 22M> , g = %

Fttr = 65"7]2\4’ Frtt = %v (Fl)
F%g = —sinfcosf, Fef = %

L, = —SZJ sin? @), r,” = %, L, = —% sin? @),

Fe; = % sin 6 cos 0, r,,~ = —% Z?TSZ, FWG = % sin 6 cos 6.



Non-zero #-components of the Riemann tensor:

GM GM
0 0
Rip” = — 73 Ry, = 73
2GM 2GJ (-2)
0 .2 0 )
RLPGQD = — . sin 0, RtW = 77“3 sin 0’
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