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Stable circular orbits in Kaluza-Klein black hole spacetimes

Shinya Tomizawa"" and Takahisa Igata®’

'Mathematical Physics Laboratory, Toyota Technological Institute, Nagoya 468-8511, Japan
’KEK Theory Center, Institute of Particle and Nuclear Studies,
High Energy Accelerator Research Organization, Tsukuba 305-0801, Japan

® (Received 22 March 2021; accepted 2 May 2021; published 1 June 2021)

Reducing motion of particles to a two-dimensional potential problem, we show that there are stable
circular orbits around a squashed Kaluza-Klein black hole with a spherical horizon and multi-Kaluza-Klein
black holes with two spherical horizons in five dimensions. For a single horizon, we show analytically that
the radius of an innermost stable circular orbit monotonically depends on the size of an extra dimension.
For two horizons, the radius of an innermost stable circular orbit depends on the separation between two
black holes besides the size of an extra dimension. More precisely, the set of the stationary points of
the potential is composed of two branches. For a large separation, stable circular orbits exist on the two
branches regardless of the size of an extra dimension, and in particular, on one branch, the set of stable
circular orbits is connected for the small extra dimension but has two disconnected parts for the large extra
dimension. For a small separation, only on one branch it exists, and the radius of an innermost stable
circular orbit monotonically increases with an extra-dimension size.
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I. INTRODUCTION

Higher-dimensional black holes have played an impor-
tant role in understanding basic properties of fundamental
theories, such as string theory. A number of interesting
solutions of higher-dimensional black holes have been
discovered so far, revealing much richer structure of their
solution space than that of four-dimensional black holes,
and we are naturally led to address the question of how to
classify them [1]. However, since our real, observable
world is macroscopically four-dimensional, extra dimen-
sions have to be compactified in realistic, classical space-
time models [2,3]. Therefore, it is of great interest to
consider higher-dimensional Kaluza-Klein black hole
spacetimes, which look like four-dimensional ones at least
at large distances. The studies on such Kaluza-Klein black
holes may also help us to get some insights into the major
open problem of how to compactify and stabilize extra
dimensions in string theory. The simplest types of Kaluza-
Klein black holes are direct products of four dimensions
and extra dimensions. However, nontrivial, interesting
classes of Kaluza-Klein black hole solutions can be
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obtained by a squashing transformation from the same
class of noncompactified black hole solutions, such as
asymptotically flat rotating black hole solutions with equal
angular momenta, which are often called squashed Kaluza-
Klein black holes [4].

The studies on stable bound orbits for particles moving
around black holes is one of the interesting issues because it
significantly depends on the spacetime dimensions, the
topologies of black holes and the types of theories whether
stable bound orbits exist or what the radius of an innermost
stable circular orbit is. For instance, in a four-dimensional
Schwarzschild background, such stable bound orbits exist
for massive particles, and in contrast, in higher-dimensional
Schwarzschild backgrounds they do not exist [5]. Moreover,
as for the rotating black holes in five dimensions, in a Myers-
Perry background with a spherical horizon [6], any stable
bound orbits do not exist [7-9], whereas in a black ring
background with the horizon topology of S! x S? and black
lens backgrounds with horizon topologies of lens spaces
L(n;1) (n: natural number) they exist [10-13], and the
shapes and number of the existence regions of stable bound
orbits are quite different according to the horizon topologies.
As is discussed in Refs. [14,15] for multi-black holes
with two spherical horizons, in four dimensions [14], stable
circular orbits always exist from near-horizon to infinity, in
five dimensions [15], they exist only when the separation of
two black holes is large enough, and in higher dimensions,
they cannot exist regardless of the separation [15].

In particular, understanding on geodesic motion of
particles and light propagation around Kaluza-Klein black
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holes has important roles in observation of the extra
dimensions since they closely depend on the size of the
extra dimension, as is discussed in Refs. [16—-18]. In our
previous paper [19], we studied the motion of massive
particles in a five-dimensional spacetime with a compacti-
fied extra-dimensional space where a black hole is localized
in the direction of extra-dimensional space, which is
referred to as a caged black hole. We showed the existence
of circular orbits and their stability for both massive and
massless particles. In this paper, we study the motion of
massive particles around a squashed Kaluza-Klein black
hole with a compactified extra-dimensional space where a
black hole extends. In our analysis, we consider motion of
particles as a two-dimensional potential problem, focusing
on the static charged black hole solutions with a single
horizon and two horizons in the five-dimensional Einstein-
Maxwell theory, which were constructed in Ref. [20]. More
precisely, a problem of whether there exist stable circular
orbits for particles can be replaced with a simple problem
of whether the two-dimensional effective potential has a
local minimum. First, we analytically show the existence of
stable circular orbits for a static charged black hole with a
single horizon, which has a mass parameter (saturating a
Bogomol’nyi-Prasad-Sommerfield bound) and an extra-
dimension parameter. Near the horizon, the spacetime
behaves like a five-dimensional black hole, whereas at
infinity, it effectively behaves like a four-dimensional
spacetime. Therefore, as can be easily expected, stable
circular orbits do not exist near the horizon as the five-
dimensional Schwarzschild black hole [5] but exist at
infinity as the four-dimensional Schwarzschild black hole.
Next, we numerically clarify the existence of stable circular
orbits for static multi-charged black holes with two
horizons, which have a separation parameter between
two horizons, besides (equal) mass parameters
of the black holes and the extra-dimension parameter.
Moreover, we see that the existence region of stable circular
orbits significantly changes on the separation of the black
holes and the size of the extra dimension.

The rest of the paper is composed as follows: In the
following Sec. II, we briefly review the static solution of
multi—Kaluza-Klein black holes in the five-dimensional
Einstein-Maxwell theory (the five-dimensional minimal
supergravity). In Sec. III, we explain our formalism to
find stable circular orbits. In Sec. IV, we show that there are
stable circular orbits for a single black hole and two black
holes. In Sec. V, we summarize and discuss our results.

II. REVIEW OF KALUZA-KLEIN BLACK HOLES

For later use, we briefly review the static solutions of
multi-Kaluza-Klein black holes in the five-dimensional
Einstein-Maxwell theory [20]. As is shown in the
Appendix, these solutions can be obtained from the super-
symmetric solutions in the five-dimensional minimal super-
gravity [21]. Note that this theory is a five-dimensional

Einstein-Maxwell-Chern-Simons theory with a certain
special coupling constant, but the Chern-Simons term
vanishes for such a static charged case.

The metric and the gauge potential of the static
solutions of multi—-Kaluza-Klein black holes are written,
respectively, as

ds? = —=L72d® + LIH™'(d{ + ) + Hdx'dx'], (1)

A= igL‘la’t, (2)
2

where dx'dx’ = dx* + dy* + dz* is the metric on three-
dimensional Euclidean space [E®, and ¢ is a periodic
coordinate with the range 0 < § < 2zl, where [ corresponds
to the radius of the compactified extra dimension. The
functions H and L are the harmonic functions on E3
with point sources at r =r; [r= (x,y,2),r; = (X;, i, 2;),
ri = |r—ri,

H=1+;]Z_", L:1+Z;A;Iii’ (3)

and the one-form @ = w;dx' is given by

n

=S 2"% (x = x;)dy = (y — yi)dx
: ; i (=x)??+ (=) @

Let us introduce the spherical coordinates (r,@, )
defined by

(x,v,2z) = (rsinfcos ¢, rsin@sing, rcosg), (5)

where r > 0,0 <0 <7z, 0 < ¢ <2z A point source with
M; > 0and N; = 0 or with M; < 0 or N; < 0 corresponds
to a naked singularity. Furthermore, a point source with
M; =0 and N; > 0 corresponds to a Gross-Perry-Sorkin
monopole with a nut charge N;, in which case N; = 1/2
must be required from regularity at r = r;. A point source
with M; > 0 and N; > 0O denotes a black hole with mass
M;, where N; = In;/2 (n;: natural numbers) is required
from regularity on the horizon, whose topology is the lens
space L(n;; 1) = $%/Z, because the induced metric on the
ith point source r = r; is written as

IM;n; [ (d 2
ds? = —Z’n’ [(_‘/f + cos 6d(p> + (d&* + sin?0d¢?) |,
(6)

where 0 <y :=2{/l <4x. For n; =1, this coincides
with the metric on S written in the Euler angles, and
for n; > 2, this coincides with the metric on the lens space
L(n;;1)=8%/7,. At infinity r — oo, the metric (1)
behaves as
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ds? ~ —dt* + dr* + r*(d0* + sin*0dg?)

n 2
+ [dg“ + ZNi cos Gdgo] , (7)

i=1

which has the structure of S' fiber bundle over the four-
dimensional Minkowski spacetime. Thus, it turns out that
Eq. (1) describes the Kaluza-Klein black hole which looks
five-dimensional near the horizon but four-dimensional at
large distances.

In what follows, to find the stable circular orbits for
test particles moving around such a Kaluza-Klein black
hole, we consider only the case of M;, N;> 0 and
nj=1(i=1,...,n), in which the horizon topology of
each black hole is S3. In the analysis below, we use
the cylindrical coordinates (p, ¢, z) defined by (x,y,z) =

(pcos@.psing, z).

III. OUR FORMALISM

Our method to find stable circular orbits is based on the
previous work [12]. Now, we give the brief review as
follows. We assume that all the black holes exist on the
z-axis, i.e., x;, =y; = 0, which does not lose generality
for the cases n = 1, 2. Then, the spacetime described by
Eq. (1) has three Killing vector fields (&.¢,.¢&;) =
(0/0t,0/09,0/9;), and therefore, three scalars
(E.L, L) := (—gﬂy.f’,‘u”,gﬂbfff,u”,gﬂyé’éu”) are constants
of motion along a geodesic with a tangent vector u/ :=
dx"/dA (A: affine parameter), which correspond to the
energy, the angular momentum around the z-axis and the
momentum along 9/9¢ of a particle, respectively. Then,
the normalization condition g, u*u” = —« is written as

=~z

(P +2°) +U=E, (8)

where U is the effective potential for massive particles with
unit mass (k = 1) and massless particles (xk = 0) and is
simply written as

UK Ly + (H*p* + wy)L; = 20,L,L;
LZ HL3p2

©)

Thus, because we can consider the motion of the massive
particles in the two-dimensional potential U(p,z), the
allowed motion regions of particles are restricted to
U < E?. At a stationary point such that V,U =0 and
U = E?, there exists a circular orbit of particles, whose
stability is determined from the positivity of the determi-
nant and trace of the Hesse matrix (V,V,U)(i, j = p, z) of
U, where V; is the covariant derivative associated with the
two-dimensional conformally flat metric

H
ds* = T (dp* + dz?). (10)

Namely, if the conditions Tr(V,V;U)>0 and
det(V;V;U) >0 hold at a stationary point V,U = 0 and
U = E?, the potential U has a local minimum at the point,
where particles move on a stable circular orbit. Because
V,;V;U = 0,0;U at the stationary points, the conditions
can be replaced with Tr(H;;) >0 and det(H;) >0
for (H;;) = (9,0,U).

Throughout this paper, for simplicity we consider the
case of L, =0, where U can be written as

2
K L,/J

Ulp.z;:L}) = YHL (11)

N

The set of such stationary points of the potential U is
determined by

L, _p(H,L+3HL,) +2HL

_ 4 2 _
U, = -2 L 2-0, (12)
L. H.L+3HL, ,
UZ:_ZKf;_WpZZL‘/’:O’ (13)
U= E. (14)

From Eq. (12), the squared angular momentum Lf, is
written as
3172
12—y 2p°H°LL, _
v (H,L +3HL,)p +2HL

L2 (p.2),  (15)
and from this, Egs. (13) and (14) are written, respectively,

as

o 2HL.+ H)Lp—H.Lyp
L*(2HL + H,Lp + 3HL ,p)

Uz(p’ ZQL?;O) ==

. (16)

E*=U(p,z;:L})
K 2kpHL,

T =E}(p.z). (17
L? [(HpL+3HLp>p—|—2HL]L2 5(p.2) (17)

We define the set y of stationary points by

7o ={(p. 2)|U.(p.2: L3y) = O}, (18)

which denotes certain curves on the two-dimensional

(p. z)-space. From the relation between Eg and L7,

2 _ K LiO
E} 1+ , (19)

- L? p*H
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we find that Ej >0 is satisfied whenever L2; >0 is

satisfied. We define the two-dimensional region D on
the (p, z)-space by

D ={(p.2)|hy > 0.ky > 0,12, >0},  (20)

IV. STABLE CIRCULAR ORBITS
A. Single black hole

First, we show the existence of stable circular orbits for
the static charged black hole with a single spherical horizon

@0 =
’ (n = 1), which can be obtained by setting the parameters in
where Eq.(1)as (M|,N,,n;) = (M,N,1) andr; = (0,0,0). The
_ o, set y, of the stationary points is restricted on z = 0 because
ho(p. z) := det(Hyj(p. 23 Lyo)): (21) U.(p, Z;L5;0> = 0 is equivalent with z = 0. Therefore, let
ko(p.z) = Tr(H;(p. 2 L2,)). (22) us consider only the geodesic motion of particles on the
! ’ p-axis (z = 0), where E3, Lio, ko and h are reduced to,
To summarize, showing the existence of stable circular respectively,
orbits can be reduced to finding the overlap of the curves y,,
and the region D on the two-dimensional (p, z)-space. 3
Let us note that our formalism cannot be applied to E}(p,0) :w, (23)
massless particles (x = 0) because Egs. (15)—(17) vanish. (p+M)*fi(p)
However, within the framework of k = 1, we can obtain the
results of « = 0 by observing the limit in which E; and Léo
diverge, respectively, while keeping the ratio L,/ E, finite. 12,(p,0) = 2M(p + M)(p + N)? (24)
This is why in the analysis below, we consider only the w0 \P2 T = filp) ’
motion of massive particles.
|
ko(p.0) 2M[4p* +2(M + 2N)p? + (M? — MN + 2N?)p* + (M + N)MNp + 2M>N?] (25)
0 p» - 3
(p+M)*p+N)fi(p)
|
1
8M?pg, (p g1(p1) = —4MN(M + N) + = (N* — 14MN - 3M?)p,
ho(p.0) = M PIE) (26) 2
(0 +M)°f1(p) A2
where
where in the last inequality, we have used the upper bound
f1(p) =2p> = (M = N)p —2MN, (27)  of py,

a1(p) =2p> —=2Mp*> — M(M +9N)p —3MN(M + N).
(28)
The conditions EG(p,0) >0, Lzy(p,0) > 0 and ko(p,0) >0

are equivalent with f; > 0, which can be rewritten as the
range of p,

M —N + /(N +7M)* — 48M?

- (29)

p=pri=

On the other hand, the condition &4(p,0) > 0 reduces to
g1 > 0, or equivalently,

p > pr(M.N), (30)
where p, is the unique positive root of the cubic equation

g1 = 0. Furthermore, for any M >0 and N > 0, the
following inequalities hold:

- \/—_—_*7
o <M N + 4(N+7M) _ o (32)
As aresult, the conditions f; > 0 and g; > 0 are equivalent
to Eq. (30). This means that the region y, N D is reduced to
a semi-infinite line p > p, on z = 0. Hence, it turns out
that p, corresponds to the radius of the innermost stable
circular orbit.

As is shown in Fig. 1, p, is a monotonically increasing
function of N/M. In particular, in the small limit of the
extra dimension size N/M(=1/(2M)) — 0, p, takes a
minimum as p,/M — (1 +1/3)/2 = 1.366.... In the large
limit of N/M — oo, we have p, — oo, and stable circular
orbits vanish because the limiting solution is a five-dimen-
sional asymptotically flat black hole.

B. Two black holes

Next we consider the solution for n = 2 in Eq. (1) with
two spherical horizons at z = £z; (z; > 0) on the z-axis,
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0 5 10 15 20
N/M
FIG. 1. The dependence of p, on N/M.

which can be obtained by setting the parameters in Eq. (1)
as (Ml,Nl,nl) = (Mz,Nz,nz) = (M,N, 1) and ry=-r,=
(0, 0, 21 )

The set y, of the stationary points is determined by

Uup.ziL2) =06 (7 + e+ (] -z =0, (33)

which describes curves in the (p,z)-plane. The roots
of Eq. (33) have two branches, {(p,z)|z =0} and
{(p,2)|(ri + )z + (ri —r3)z; =0,2# 0}, which we
call “z = 0 branch” and “z # 0 branch”, respectively.

Next let us denote the graph corresponding to the
z # 0 branch by a function p = p(z). Equation (33) can
be written as

3 3
Z rn—nr
—:F ’Z :=—7, 34
21 (,0 ) V%‘l’l’z ( )

and hence we find that the function p = p(z) exists
in the range 0 < |z| <z,. From F(v/2z;,0) =0 and

N
_/

ol

o
-
N
wkh
N
(&}

FIG. 2. Curves denote the set y of stationary points for z; = 1,
which has two branches, the z = 0 branch and the z # O branch.
Two black points at (p, z) = (0, 1), which are endpoints of the
z # 0 branch, correspond to two black holes.

F(0,+z;) = 1, the graph intersects with the p-axis at

p=+/2z, and with the z-axis at z = +z,. From the
derivative

<0 (0<z<z)
(z=0) . (35)
>0 (-z1<z<0)

@__Z]Fz—l —0
dZ Zle

it turns out that p(z) is monotonically decreasing for z > 0
and monotonically increasing for z < 0, which is illustrated
in Fig. 2.

We discuss whether the stationary orbit at a point on y,
are circular or not. It is useful to clarify our definition of the
circular orbit in higher-dimensional spacetimes. If a particle
orbit projected onto a preferred time slice (e.g., a Killing
time slice) coincides with a closed orbit of an axial Killing
vector, we call the particle orbit the circular orbit. From our
assumption, we have L; = g,,&;u” = gg(é + w,¢) = 0.
A particle staying at a point on the z = 0 branch satisfies
é = 0 because w,, vanishes on z = 0. Then, the particle
orbit projected onto the static time slice coincides with a
closed orbit of 9/ g, and thus, the stationary orbit of such a
particle is circular. On the other hand, the stationary orbit of
a particle staying at a point (p(zg), z9) on the z # 0 branch
is not always circular. It is circular if w,(p(zo),z¢) is a
rational number, whereas it is noncircular if w,, (p(zo), z9) is
an irrational number. Nevertheless, in what follows we call
the stationary orbits on the z # 0 branch the circular orbits
because they are a dense set.

Figures 3-6 show the dependence of the existence
region of stable circular orbits on [ for a large separation
under the parameter setting (M, z;) = (1,5) and / = 0.05,
150, 200, 250, where the black solid curves and the blue
shaded regions denote y, and D, respectively. On the z = 0
branch, the stable circular orbits extend from the point

10F

0 10 20 30 40 50

Joj

FIG.3. M=1,z;=5,1=0.05.

124004-5



SHINYA TOMIZAWA and TAKAHISA IGATA

PHYS. REV. D 103, 124004 (2021)

10F

10F

10},

T T

T

T

T

0 10 20 30 40 50
FIG. 4. M—=1,7, =5, = 150.

0 10 20 30 40 50
FIG.5. M=1,2 =5, = 200.

0 10 20 30 40 50

FIG. 6. M =1,z =5,1=250.

0 5 10
0.4 U 0.4
0.2} {0.2
0 } 0
0.2} {-0.2
-0.4 H -0.4
0 5 10
0
FIG.7. M=1,z,=01,1=1.
0 5 10
0.4 U 10.4
0.2} 0.2
0 } 0
0.2} {02
-0.4 h 104
0 5 10

0

FIG.8. M=1,z =0.1,1=4.

(p.2) = (v/22,,0) to infinity (p,z) = (c0,0) for small I,
whereas they are composed of two portions, a finite
portion 2z, < p < p;, and a semi-infinite portion pg, <
p < oo(0< V22 < pin < Pout)> for large I. Moreover, in
the limit / — oo, only a finite portion exists because the
semi-infinite portion goes to infinity and vanishes, which is
similar to the case of the single horizon. On the z # 0
branch, the stable circular orbits extend from the points
(p,2) = (p(z1), £21)(0 < z; < z;) near the horizon to the
point (p, z) = (v/2z;,0) on the p-axis. Furthermore, it can
be seen from these figures that as / becomes small, p(z;)
becomes smaller, namely, the radius of innermost stable
circular orbits becomes smaller.

Figures 7-10 show the typical shapes of the existence
region of stable circular orbits for a sufficiently small
separation z; << M in the choice of parameters (M, z;) =
(1,0.1) and I = 1, 4, 5, 10. The stable circular orbits exist
only on the z =0 branch but not on the z # 0 branch,
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0 5 10
0.4 U 0.4
0.2 H 40.2

e O } 0

-0.2 H -4-0.2
-0.4 h --0.4

0 5 10

P

FIG.9. M=1,z,=0.1,1=5.

0 5 10
0.4 H 10.4
0.2 40.2

-0.2 4{-0.2

\¥] 01 0
J

{-0.4

0 5 10

0

FIG. 10. M =1, z; =0.1, [ = 10.

regardless of the size of the extra dimension. On the z = 0
branch, the existence region of the stable circular orbits
has only a semi-infinite region p,, < p < o0, where pg
corresponds to the radius of an innermost stable circular
orbit. This implies that the inner portion seen in a large
separation case vanishes, while only the outer portion
exists. Furthermore, as is seen from these figures, as [
becomes large, p,,; becomes large. In the limit of / — oo,
the radius p,; goes to infinity, and hence, the stable circular
orbits vanish.

Finally, we explain the reason why there are stable
circular orbits at infinity. On the z =0 branch in the
asymptotic region, L2, hy, k, behave as, respectively,

90>

L2(p,0) ~2Mp, (36)
16M?

/’lo(p5 O) =~ p6 , (37)

8M
ko(p,0) = p—g (38)

The positivity of these quantities implies that on the z =0
branch in the asymptotic region, there always exists an
overlap region y, N D, where we can always find stable
circular orbits. We can physically interpret that the space-
time effectively behaves as four-dimensional one in the
asymptotic region because of the compactification of an
extra dimension.

V. SUMMARY AND DISCUSSIONS

In this work, we have shown the existence of the stable
circular orbits for massive particles around the static
squashed Kaluza-Klein black holes with a single horizon
and two horizons in the five-dimensional Einstein-Maxwell
theory (five-dimensional minimal supergravity), reducing
the geodesic motion of particles to a two-dimensional
potential problem. For a single horizon, we have shown
analytically that there always exists an innermost stable
circular orbit, whose radius monotonically depends on the
size of the extra dimension. This result (for the charged,
extremal squashed Kaluza-Klein black hole in five-
dimensional Einstein-Maxwell theory) is the same as for
the neutral squashed Kaluza-Klein black hole in five-
dimensional Einstein theory in Ref. [18], which studied
the motion of neutral particles in the equatorial plane. In
addition, we have also shown that stable circular orbits exist
only in the equatorial plane z = 0. In the large limit of the
extra dimension (to an asymptotically flat black hole), the
radius goes to infinity and the stable circular orbits vanish.
This is consistent with the result we have expected.
Moreover, for two horizons, the existence region of the
stable circular orbits depends on the size of an extra
dimension and the separation between two black holes.
For a sufficiently large separation, on two branches, the
z = 0 branch and the z # 0 branch, the stable circular orbits
exist regardless of the size of extra dimension, whereas for
a sufficiently small separation, only on the 7 = 0 branch
they exist, and the radius of an innermost stable circular
orbit monotonically increases with the extra dimension
size. In particular, for a large separation, on both branches
stable circular orbits exist for the small extra dimension,
and as [ becomes large, the set of the stable circular orbits
on the z = 0 branch separates into two parts (an inner
portion and an outer portion), and the outer portion goes to
infinity as [ — oo.

It is interesting to compare this result of the stable
circular orbits in the Kaluza-Klein solution (with a single
horizon) with that of the caged black hole solution in
Ref. [19]. Similarly to the Kaluza-Klein black hole, for the
caged black hole, in the asymptotic region, stable circular
orbits always exist because of the small extra-dimensional
space, whereas in the vicinity of the black hole, they do not
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exist because the effect of compactification is no longer
effective. However, when the size of an extra dimension
becomes smaller and smaller, the explicit difference
appears. As it becomes smaller, in the caged black hole
background, the radius of an innermost stable circular orbit
becomes larger, but in contrast, in the Kaluza-Klein black
hole background it becomes smaller.

Moreover, it is also interesting to compare the result
of the stable circular orbits in the Kaluza-Klein solution
(with two horizons) with that of the Majumdar-Papapetrou
solution (with two horizons) in Ref. [15]. In the Majumdar-
Papapetrou background, for a large separation, stable
circular orbits exist from the vicinity of the horizons to
infinity; for a median one, they appear only in a certain
finite region bounded by the innermost stable circular orbit
and the outermost stable circular orbit outside the horizons;
and for a small one, they do not appear at all. The most
significant difference appears in the asymptotic region. In
the asymptotic region of the Kaluza-Klein background,
stable circular orbits can exist for any parameters, whereas
in the asymptotic region of the Majumdar-Papapetrou
background, they can only exist for a large separation.

In this work, for simplicity we have considered only
the motion of particles with L, = 0, which implies that
particles on the z = 0 branch have no electric charges in a
dimensionally reduced four-dimensional spacetime. The
generalization of our analysis to particles with L, # 0 may
be of physical interest because such particles have electric
charges from a four-dimensional point of view and hence
are subject to the Coulomb force from black holes. This
will significantly change the existence region of stable
circular orbits. This issue deserves further study.
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APPENDIX: STATIC MULTI-KALUZA-KLEIN
BLACK HOLES AS SUPERSYMMETRIC
SOLUTIONS

Let us begin with supersymmetric solutions in the five-
dimensional minimal ungauged supergravity [21], whose
bosonic Lagrangian consists of the Einstein-Maxwell
theory with a Chern-Simons term. In the theory, the metric
and the gauge potential of the supersymmetric solutions
take the form:

s = —f2(dt + w)* + f~ds3,, (A1)

V3

A:—[f(drm)—%(dwm—f, (A2)

2

where ds3, is the Gibbons-Hawking metric,

ds3, Ydy + y)? + H(dx* + dy* + dz?),

=H
Z (A3)

(A4)

n h
H= ho+zr—’,
i=1 "1

where ;= |r—ri| =/ (x=x)>+ (y—y)*+ (z2—2)%
r:=(x,y,z) and r; = (x;,y;,2;). The vectors 0/0t and
0/0w are Killing vectors. The others are written as

fTT=H'K*+L, (A5)

o =w,(dy+y)+o (A6)

= HK? 3H_IKL M A7
Wy, = +§ + M, ( )

i=1

o3 (310 Yo =55 (S0 )
i,j=

(A8)

and the one-forms @; and @;; on E3 are determined by
*d; = d(1/r;) and *d@;; = (1/r;)d(1/r;) — (1/r;) x
d(1/r;). Under the choice of the parameters [, =1,
ki=my=m; =0 (i=1,...,n), the functions f~!, w
and & can be simply written as

fl=L, (Al1)
w =0, (A12)
£=0, (A13)

and the metric is reduced to
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ds? = —L72d* + LIH ' (dy + x)? + H(dx® + dy* + dz?)]
(Al14)

= —L72di* + L[(H/ho) " (dw/\/ho + x/\/ho)?

+ (H/ho)ho(dx* + dy* + dz?)] (A15)
= —-H7?dr + H[V(dl + @)
+ V7I(dx* + dy* + dz?)], (A16)

where we have replaced as follows:

n_]. _ " M.
L=1+§ 7’—>H:1+§ r— (A17)
i=1 "1 i=1 i

H/h0:1+i%—>f/-‘:l+i%, (A18)
i=1 l i=1 !

w/Vho = ¢, (A19)

Vhox' = X, (A20)

Vhor; > 7 = |x = xi], (A21)

\/h_Oli - M;, (A22)

hi//hy = N;. (A23)

This coincides with the solution in Ref. [20].

[1] R. Emparan and H. S. Reall, Black holes in higher dimen-
sions, Living Rev. Relativity 11, 6 (2008).

[2] T. Kaluza, On the problem of unity in physics, Sitzungsber.
Preuss. Akad. Wiss. Berlin (Math. Phys.) 1921, 966 (1921)
[Int. J. Mod. Phys. D 27, 1870001 (2018)].

[3] O. Klein, Quantum theory and five-dimensional theory of
relativity, Z. Phys. 37, 895 (1926).

[4] S. Tomizawa and H. Ishihara, Exact solutions of higher
dimensional black holes, Prog. Theor. Phys. Suppl. 189, 7
(2011).

[5] F.R. Tangherlini, Schwarzschild field in n dimensions and
the dimensionality of space problem, Nuovo Cimento 27,
636 (1963).

[6] R. C. Myers and M. J. Perry, Black holes in higher dimen-
sional space-times, Ann. Phys. (N.Y.) 172, 304 (1986).

[7] D.N. Page, D. Kubiziidk, M. Vasudevan, and P. Krtous,
Complete Integrability of Geodesic Motion in General Kerr-
NUT-AdS Spacetimes, Phys. Rev. Lett. 98, 061102 (2007).

[8] V.P. Frolov and D. Stojkovi¢, Particle and light motion in a
space-time of a five-dimensional rotating black hole, Phys.
Rev. D 68, 064011 (2003).

[9] V.P. Frolov, P. Krtous, and D. Kubiziidk, Separability of
Hamilton-Jacobi and Klein-Gordon equations in general
Kerr-NUT-AdS spacetimes, J. High Energy Phys. 02 (2007)
005.

[10] T. Igata, H. Ishihara, and Y. Takamori, Stable bound orbits
around black bings, Phys. Rev. D 82, 101501 (2010).
[11] T. Igata, H. Ishihara, and Y. Takamori, Stable bound orbits
of massless particles around a black ring, Phys. Rev. D 87,

104005 (2013).

[12] S. Tomizawa and T. Igata, Stable bound orbits around a
supersymmetric black lens, Phys. Rev. D 100, 124031
(2019).

[13] S. Tomizawa and T. Igata, Stable bound orbits in black lens
backgrounds, Phys. Rev. D 102, 124079 (2020).

[14] K. Nakashi and T. Igata, Innermost stable circular orbits in
the Majumdar-Papapetrou dihole spacetime, Phys. Rev. D
99, 124033 (2019).

[15] T. Igata and S. Tomizawa, Stable circular orbits in higher-
dimensional multi-black hole spacetimes, Phys. Rev. D
102, 084003 (2020).

[16] K. Matsuno and H. Ishihara, Geodetic precession in
squashed Kaluza-Klein black hole spacetimes, Phys. Rev.
D 80, 104037 (2009).

[17] Y. Liu, S. Chen, and J. Jing, Strong gravitational lensing in a
squashed Kaluza-Klein black hole spacetime, Phys. Rev. D
81, 124017 (2010).

[18] S. Chen and J. Jing, Thin accretion disk around a Kaluza—
Klein black hole with squashed horizons, Phys. Lett. B 704,
641 (2011).

[19] T. Igata and S. Tomizawa, Stable circular orbits in caged
black hole spacetimes, Phys. Rev. D 103, 084011 (2021).

[20] H. Ishihara, M. Kimura, K. Matsuno, and S. Tomizawa,
Kaluza-Klein multi-black holes in five-dimensional Ein-
stein-Maxwell theory, Classical Quantum Gravity 23, 6919
(2006).

[21] J. P. Gauntlett, J. B. Gutowski, C. M. Hull, S. Pakis, and
H. S. Reall, All supersymmetric solutions of minimal super-
gravity in five-dimensions, Classical Quantum Gravity 20,
4587 (2003).

124004-9


https://doi.org/10.12942/lrr-2008-6
https://doi.org/10.1142/S0218271818700017
https://doi.org/10.1007/BF01397481
https://doi.org/10.1143/PTPS.189.7
https://doi.org/10.1143/PTPS.189.7
https://doi.org/10.1007/BF02784569
https://doi.org/10.1007/BF02784569
https://doi.org/10.1016/0003-4916(86)90186-7
https://doi.org/10.1103/PhysRevLett.98.061102
https://doi.org/10.1103/PhysRevD.68.064011
https://doi.org/10.1103/PhysRevD.68.064011
https://doi.org/10.1088/1126-6708/2007/02/005
https://doi.org/10.1088/1126-6708/2007/02/005
https://doi.org/10.1103/PhysRevD.82.101501
https://doi.org/10.1103/PhysRevD.87.104005
https://doi.org/10.1103/PhysRevD.87.104005
https://doi.org/10.1103/PhysRevD.100.124031
https://doi.org/10.1103/PhysRevD.100.124031
https://doi.org/10.1103/PhysRevD.102.124079
https://doi.org/10.1103/PhysRevD.99.124033
https://doi.org/10.1103/PhysRevD.99.124033
https://doi.org/10.1103/PhysRevD.102.084003
https://doi.org/10.1103/PhysRevD.102.084003
https://doi.org/10.1103/PhysRevD.80.104037
https://doi.org/10.1103/PhysRevD.80.104037
https://doi.org/10.1103/PhysRevD.81.124017
https://doi.org/10.1103/PhysRevD.81.124017
https://doi.org/10.1016/j.physletb.2011.09.071
https://doi.org/10.1016/j.physletb.2011.09.071
https://doi.org/10.1103/PhysRevD.103.084011
https://doi.org/10.1088/0264-9381/23/23/019
https://doi.org/10.1088/0264-9381/23/23/019
https://doi.org/10.1088/0264-9381/20/21/005
https://doi.org/10.1088/0264-9381/20/21/005

