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We study stationary and axisymmetric solutions of General Relativity, i.e., pure gravity, in four or
higher dimensions. D-dimensional stationary and axisymmetric solutions are defined as having D — 2
commuting Killing vector fields. We derive a canonical form of the metric for such solutions that
effectively reduces the Einstein equations to a differential equation on an axisymmetric D — 2 by D —
2 matrix field living in three-dimensional flat space (apart from a subclass of solutions that instead
reduce to a set of equations on a D — 2 by D — 2 matrix field living in two-dimensional flat space). This
generalizes the Papapetrou form of the metric for stationary and axisymmetric solutions in four
dimensions, and furthermore generalizes the work on Weyl solutions in four and higher dimensions. We
analyze then the sources for the solutions, which are in the form of thin rods along a line in the three-
dimensional flat space that the matrix field can be seen to live in. As examples of stationary and
axisymmetric solutions, we study the five-dimensional rotating black hole and the rotating black ring,

write the metrics in the canonical form and analyze the structure of the rods for each solution.
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L. INTRODUCTION

Black holes in four-dimensional General Relativity
have been the subject of intense research for several
decades. One of the most important results on four-
dimensional black holes in pure gravity, ie., gravity
without matter, is the uniqueness theorem stating that
the rotating black hole solution of Kerr [1] is the unique
solution for given mass and angular momentum [2-5].
This shows that the phase structure of black holes in four
dimensions is very simple: Only one phase is available.

In recent years, attention has turned to the study of
black holes in higher-dimensional General Relativity. It is
by now clear that the phase structure of black holes is
much more complicated when having more than four
dimensions. For five-dimensional asymptotically flat
black hole solutions, it was discovered by Emparan and
Reall in [6] that in addition to the Myers-Perry rotating
black hole solution [7], which has horizon topology S3,
there exists also a rotating black ring solution with hori-
zon topology S% X S'. This means that for a given mass
and angular momentum one can have as many as three
different available phases, for five-dimensional asymp-
totically flat solutions of pure gravity. For pure gravity
solutions asymptoting to Minkowski-space times a circle
M X S', one has an even richer phase structure, involv-
ing phases with different horizon topologies and also
phases with Kaluza-Klein bubbles.’

The complicated and rich phase structure of black
holes in higher dimensions makes it desirable to develop
new tools to find exact solutions. We focus in this paper on
a particular class of solutions: Stationary and axisym-
metric solutions of the vacuum Einstein equations in
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higher-dimensional General Relativity, i.e., in pure grav-
ity. These solutions have D — 2 commuting Killing vec-
tor fields where D is the dimension of the space-time. In
four dimensions, this class of solutions includes the Kerr
black hole [1], while in five dimensions both the rotating
black hole with horizon topology S° [7] and the rotating
black ring with horizon topology $? X S! [6] are in this
class.

We find in this paper a canonical form of the metric for
stationary and axisymmetric solutions of the vacuum
Einstein equations in higher-dimensional General
Relativity. With the metric in the canonical form, the
Einstein equations take a remarkably simple form: They
reduce effectively to a differential equation on an axi-
symmetric D —2 by D — 2 matrix field G living in a
three-dimensional flat space, apart from a subclass of
solutions that instead reduce to a set of equations on a
D — 2 by D — 2 matrix field living in two-dimensional
flat space.

We analyze the general structure of such solutions. In
the three-dimensional space that G can be seen to live in
the sources for G are in the form of thin rods along a line.
We examine the general structure of the rods that con-
stitute the sources of a given solution. We furthermore
identify the asymptotic behavior of asymptotically flat
solutions in four and five dimensions.

As examples of stationary and axisymmetric solutions,
we consider the five-dimensional rotating black hole with
horizon topology S* and the black ring with horizon
topology S? X S'. We write down the metric in the ca-
nonical coordinates and analyze their rod-structure, i.e.,
the structure of their sources.

In four dimensions, the canonical form of the metric
that we find for stationary and axisymmetric solutions is
equivalent to the so-called Papapetrou form for the met-
ric [10,11]. Papapetrou found that, under certain condi-
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tions, the metric of four-dimensional stationary and axi-
symmetric pure gravity solutions can be written in the
form®

ds?> = —e?V(dt + Adp)* + e 2Vr?dp?

+ e2(dr? + dZ?). (1.1)

The functions U(r, z), A(r, z) are solutions of

1 €4U
a% + 76}“ + a% U= - 72[(6,14)2 + (6ZA)2],
r 2r

oAU oAU
a,<—a,A> + az<— aZA> =0, (1.2)
r r
and the function »(r, z) is a solution of
a,v=—9,U+ r(0,U) — (8,U)*]
etV 2 2
——1(0,A)> — (0,A)~],
10,4 - (347"
AU
0.y = =0.U +2r3,Ud.U ~ = —0,A0.A. (13)
r

Here 9/dr and 9/90¢ are the two Killing vector fields.
Since the Eqs. (1.3) for » are integrable, one can solve the
Einstein equations by first finding U and A that solves
(1.2), and then a v can be found that solves (1.3).

The canonical form of the metric for stationary and
axisymmetric solutions that we find in this paper is a
generalization of the Papapetrou form (1.1) of the metric
for four-dimensional solutions. Moreover, the simplified
form of the Einstein equations that we find generalizes the
Egs. (1.2) and (1.3) for four dimensions.

For the special case when all the D — 2 Killing vector
fields are orthogonal to each other, the canonical form of
the metric that we find in this paper is equivalent to the
form of the so-called generalized Weyl solutions of
Emparan and Reall [16].° In Ref. [16] it is shown that,
under certain conditions, the metric for D-dimensional
pure gravity solutions with D — 2 commuting orthogonal
Killing vector fields can be written in the form

Dp-2
ds? = —e2Udr? + Z e2Vi(dx)? + e (dr?* + dZ?),
i=

D-2 (1.4)
U; = logr,
1

=

with = x!. The functions U,(r, z) are solutions of the
three-dimensional Laplace equations

*See also [12-15].

3See [8] for a brief review of generalized Weyl solutions. See
furthermore [17] for work on extending the generalized Weyl
solutions of [16] to space-times with a cosmological constant.
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1
<a$ +-9, + 8§>Ul- =0, (1.5)
r
fori=1,...,D — 2, while v(r, z) is a solution of
1 r D-2
= - 4+ _ ) — )2
0y =—5-+3 ;[(a,Ul) (9.U,)%]
! (1.6)

D-2
dv=r Z 0,U;0.U,.
i=1

Here 9/0x', i=1,..,D — 2, are the D — 2 orthogonal
Killing vector fields. Solutions with metric (1.4) and
with U; and v obeying (1.5) and (1.6) are called general-
ized Weyl solutions.

We see that using the form of the metric (1.4) for
solutions with D — 2 commuting orthogonal Killing vec-
tor fields, solving the Einstein equations effectively re-
duces to the task of solving D — 3 free Laplace equations
on a three-dimensional flat space. This is due to the fact
that the Egs. (1.6) for v are integrable, so that one can find
a v solving (1.6) given any solution for U,
i=1...,D—2.

It is important to remark that the method of general-
ized Weyl solutions generalizes Weyl’s work on four-
dimensional static and axisymmetric solutions [18].
Moreover, one also obtains Weyl’s form of the metric for
four-dimensional static and axisymmetric solutions by
setting A = 0 in Papapetrou form (1.1). This is consistent
with the fact that Eqs. (1.1), (1.2), and (1.3) become
equivalent to Egs. (1.4), (1.5), and (1.6) for D = 4 when
A =0, with U; = U and U, = logr — U.

Equations (1.5) can be seen as free Laplace equations
for axisymmetric potentials living in a three-dimensional
flat space. Solutions are then built up from thin rods
located at the line » = 0 in the three-dimensional space,
with a given rod being a source for one of the D — 2
potentials U; [16]. In this paper we generalize the concept
of rods to the more general class of stationary and axi-
symmetric solutions, i.e., solutions for which the Killing
vector fields are not necessarily orthogonal. One of the
new features is that for a given rod we can associate a
direction in the (D — 2)-dimensional vector space
spanned by the Killing vector fields. Solutions for which
the directions of the rods are not orthogonal to each other
are then also solutions where the Killing vector fields are
not orthogonal to each other.

The outline of this paper is as follows: In Sec. II we
derive a canonical form of the metric for stationary and
axisymmetric pure gravity solutions. Using this, we find a
simplified version of the Einstein equations, effectively
reducing them to an equation on an axisymmetric D — 2
by D — 2 matrix field G living in flat three-dimensional
space. Some of the details of the derivation are placed in
the Appendices B, C, and D. In Appendix Awe consider a
special subclass of solutions that has the matrix field G
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living in two-dimensional flat space. In Appendix E we
explore further the equation for the matrix field G.

In Sec. III we consider the behavior of the matrix field
G near the r = 0 line in the flat three-dimensional space
that G lives in. The sources for G lives on the r = 0 line in
the form of rods. We analyze the general structure of these
rods. See also Appendix E

In Sec. IV we consider the asymptotic region, and we
find out how to read off the asymptotic quantities for
solutions that asymptotic to four-dimensional or five-
dimensional Minkowski-space.

In Secs. Vand VI we write down the metrics for the
five-dimensional rotating black hole of Myers and Perry
and the rotating black ring of Emperan and Reall in the
canonical form. We furthermore analyze the rod-structure
for these solutions. For the rotating black hole solutions,
we make use of Appendix G on prolate spherical coor-
dinates, while for the black ring solutions we make use of
Appendix H which considers C-metric coordinates and
how to transform these to the canonical coordinates of
this paper.

In Sec. VII we have the conclusions.

IL. STATIONARY AND AXISYMMETRIC
SOLUTIONS

In this section we show that finding stationary and
axisymmetric solutions of General Relativity in D di-
mensions without matter (i.e. pure gravity) can be re-
duced to solving a differential equation on an
axisymmetric D — 2 by D — 2 matrix field in flat three-
dimensional Euclidean space. As part of this, we find a
particularly simple form of the metric for such solutions.

With respect to four-dimensional General Relativity,
the results of this section generalizes the work of
Papapetrou on stationary and axisymmetric metrics in
four dimensions [10,11] (see Egs. (1.1), (1.2), and (1.3) in
the Introduction), which again is a generalization of the
work of Weyl on static and axisymmetric metrics [18]. In
higher-dimensional General Relativity, the results of this
section generalizes the work of Emparan and Reall on
metrics with D — 2 orthogonal commuting Killing vector
fields [16] (see Egs. (1.4), (1.5), and (1.6) in the
Introduction). We comment in more detail on the connec-
tion to previous work in the following. Finally, we note
that the derivation of this section follows similar lines as
that of Wald’s derivation in [13] for four-dimensional
stationary and axisymmetric metrics.

A. Deriving canonical form of metric and
the Einstein equations

1. Formulation of problem

In this section we study D-dimensional manifolds
which have D — 2 commuting linearly independent
Killing vector fields V), i=1,...,D—2. With
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Lorentzian signature this corresponds to what we in this
paper call stationary and axisymmetric space-times,
where the term ‘stationary” means that one of our
Killing vector fields are timelike, while the D — 3 space-
like Killing vector fields give what we call “axisymme-
try” of the space-time.* That the Killing vector fields Vi
i=1,...,D— 2, commute means that

Vi, Vil =0,

fori, j = 1,..., D — 2. We see that the Killing vector fields
generate a (D — 2)-dimensional Abelian group.

We restrict moreover ourselves to consider solutions of
D-dimensional General Relativity without matter, i.e., we
consider metrics that solve the vacuum Einstein equations

2.2)

2.1

R,, =0.

In the following we find a canonical form of this class of
metrics, and we find furthermore a reduced form of the
Einstein Egs. (2.2).

2. Finding two-dimensional orthogonal subspaces

Consider first a general D-dimensional space-time with
D —2 commuting Killing vector fields V), i=
1,..., D — 2. From the fact that the Killing vector fields
are commuting, as expressed in Eq. (2.1), we get that we
can find coordinates x, i=1,...,D — 2, and u%, a =
1, 2, so that ;

N T T, 2.3
() Ixt ( )

for i =1,..., D — 2. Clearly, this means that the metric
components in this coordinate system only depends on u!
and u>.

We need now the theorem [13,16]:

Theorem 2.1—Let V(;, i=1,...,D—=2, be D—2
commuting Killing vector fields such that;:

(1) The tensor V([f;'V“' S Vi D”V(’g vanishes at at

@ -7 | _
least one point of the space-time for a given
i=1...,D—-2

(2) The tensor V},RYVIVE -+ Vi3l =0 for all

i=1,...,D — 2. Then the two-planes orthogonal
to the Killing vector fields V(;, i=1,...,D — 2,
areintegrable. O

This theorem is stated and proven in four dimensions
in [13] using Frobenius theorem on integrable submani-
folds. Emparan and Reall generalized it to higher-
dimensional manifolds in [16].

Assume now that the two conditions in Theorem 2.1
are obeyed. That the two-planes orthogonal to the Killing
vector fields Vi, i=1,...,D — 2, are integrable means
that for any given point of our D-dimensional manifold
we have a two-dimensional submanifold that includes

“One can use our results for null Killing vector fields, but we
will not elaborate on that case in this paper.
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this point and moreover have the property that for any
point of the submanifold the two-dimensional tangent-
space is orthogonal to all of the Killing vector fields. By
choosing coordinates on one of these two-dimensional
submanifolds and dragging them along the integral
curves of our Killing vector fields, we can find two
coordinates y' and y?> for our D-dimensional manifold
so that /dx’ is orthogonal to 9/dy“ everywhere for all
i=1...,D—2 and a = 1,2. This means the metric
takes the form

D—2 2
ds* = Y Gydx'dd + ) gudy*dy’, (2.4)
i,j=1 a,b=1

where G;; and g, only depends on y' and y*.

From now on we restrict ourselves to solutions solving
the vacuum Einstein Egs. (2.2). This ensures immediately
that Condition (2) in Theorem 2.1 is obeyed. We assume
furthermore that Condition (1) in Theorem 2.1 is obeyed.
Condition (1) can, for example, be argued to hold if one of
the Killing vector fields is an angle, since then it is zero
on the axis of rotation. This means for instance that
solutions asymptoting to Minkowski-space M? for D =
4,5 obeys Condition (1) since they have angles in them.
Clearly, the same is true for solutions asymptoting to
MP=P X TP for D— p =4,5.

3. The r and 7 coordinates

Define now the function r(y!, y?) as

r =/l det(G;))l. (2.5)
In Appendix A we treat the case in which det(G;;) is
constant, giving rise to a special class of solutions.
Instead, we assume here and in the following that
r(y', ¥?) is not a constant function. From Appendix B
we get then that (9r/dy', ar/dy*) # (0, 0) except in iso-
lated points. We can then use the result of Appendix C that
we can find a coordinate z(y!, y?), along with two func-
tions »(y', y?) and A(y!, y), so that

2
Z Supdy®dy® = 2 (dr* + AdZ?). (2.6)
a,b=1

Therefore, the full metric takes the form

D-2
ds* = Z G,dx'dx) + ¢*(dr* + Adz?),

ij=1

2.7)

where v(r, z) and A(r, z) are functions of r and z.
From Appendix D, where part of the Ricci tensor for
the metric (2.7) is computed, we have from Eq. (DS8)

D-2

) 9, A
DGRy =+
. 2e” Ar

i,j=1

(2.8)
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Since our solution should fulfill the vacuum Einstein
equations R,, = 0, this means that

a,A = 0. 2.9)

This gives that A = A(z). Since we preserve the form of
the metric (2.7) under a transformation z’ = f(z) we can
therefore set A(z) = 1 by a coordinate transformation of z
alone. Thus, we can define the z-coordinate by demanding
A=1. This fixes z wup to transformations
z — z + constant.

4. Canonical form of metric

In conclusion, we have shown that for any Ricci-flat
space-time with D — 2 commuting Killing vector fields
Vi, i=1,..., D — 2, obeying Condition (1) of Theorem
2.1, we can find a coordinate system (x!,...,x72, r,z)
such that V(; = a/ dx’ and such that the metric takes the
canonical form

D—-2
ds> = Gydx'dxl + e(dr* + d2?), (2.10)
ij=1
with

where G;(r, z) and »(r, z) are functions only of r and z. In
addition to the assumption that the Killing vector fields
should obey Condition (1) of Theorem 2.1 we also assume
here that det(G,;) is not constant on our space-time. The
situation in which det(G; j) is constant is instead treated in
Appendix A.

5. The Einstein equations

We now consider the vacuum Einstein equations R ,, =
0 for the metric (2.10) with the constraint (2.11) using the
computed Ricci tensor (D9) in Appendix D.

Considering the R;; = 0 equations we see from (D9)
that the equations for G;; are

1 D—-2
(8% + —a, + 6§>G,, = Z leaeriarGlj
r KI=1
D-2
+ 3 GM9.G,;0.G;.
k=1

(2.12)

Considering the R,, — R,, = 0 and R,, = 0 equations we
see from (D9) that the equations for v are
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D-2 -
G'G"9,Gy0,G;
ik =1

P + !
p=—— 4 r
r 2r 8

r D-2
- GiGM9.Gyd,Gy,
5,2 0/C10:0udCy @13)
D

9, v =

-2
T aldl
G'iGH9,G0.G .
ijikl=1

B~

Using now (2.13) together with (2.12) one can check that
the integrability condition 9,0,» = 9,0,v on v(r, z) is
obeyed. Thus, for a given solution G;;(r, z) of (2.12) the
Eqgs. (2.13) can be integrated to give »(r, z).

Finally, there is the remaining nontrivial equation
R,, + R,, = 0 coming from the Einstein equations. The
explicit expression for this equation is easily found using
(D9) and is seen to involve second derivatives of ». Since
G,;(r, z) and v(r, z) already are determined by (2.12) and
(2.13) it needs to be checked that R,, + R,, = 0 is con-
sistent with (2.12) and (2.13). This can be checked by
finding 92v + 92 from (2.13). Inserting the result into
R,, + R, from (D9) this is seen to be zero using (2.12).

Therefore, we have shown that one can find solutions of
the vacuum Einstein equations for the canonical form for
the metric (2.10) and (2.11) by finding a G,-j(r, z) that
satisfies (2.12). Then, subsequently one can always find
a function »(r, z) that satisfies (2.13), and thereby we have
a complete solution satisfying all the Einstein equations.

6. Reduction to Papapetrou form and
generalized Weyl solutions

We show here that the canonical form of the metric
(2.10) and (2.11), along with the form of the Einstein
Eqgs. (2.12) and (2.13), reduces to the previously known
cases.

We first consider the Papapetrou form (1.1) for four-
dimensional stationary and axisymmetric solutions
[10,11], with the Einstein equations in the form (1.2)
and (1.3). Setting D = 4, we see that by setting G; =
—e?V, G, = —e?A and Gy, = e 2U(r? — A%2e*V) with
x' = tand x> = ¢, we get the Papapetrou form (1.1) from
(2.10). Furthermore, we see that (2.12) and (2.13) reduce
to (1.2) and (1.3).

Consider now instead the generalized Weyl solutions of
[16] which have D — 2 orthogonal commuting Killing
vector fields. These have metric (1.4), and the Einstein
equations are in the form (1.5) and (1.6). We see that
setting G;; = —e?Y' and G;; = €*Yi for i =2,.,D — 2,
we get the metric (1.4) from the canonical form (2.10).
detG = —r? gives then 3?72 U; = logr. For the Einstein
equations, it is easily seen that (2.12) and (2.13) reduces to
(1.5) and (1.6) (see also Appendix E). Thus, the canonical
form (2.10) and (2.11) correctly reduce to the generalized
Weyl solutions.
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B. Compact notation for the equations for G;;(r, z)

We have derived above that the metric of
D-dimensional manifolds with D —2 commuting
Killing vector fields obeying the vacuum FEinstein equa-
tions can be written in the canonical form (2.10) and
(2.11). Moreover, the vacuum Einstein equations reduce
to (2.12) and (2.13). We now show that we can write the
equations for G;;(r, z) in a more compact form. This is
highly useful for analysis of these equations.

For a given r and z we can view G;; as a D — 2 times
D — 2 real symmetric matrix, with G¥ as its inverse. In
this way we can write (2.12) in matrix notation as

_ 1 _ _
G '(a% + ;ar + a§>G =(G9,G)* + (G 19,G)?,
(2.14)

with the constraint | detG| = r? coming from (2.11).

We can make a further formal rewriting of (2.12) by
recognizing that the derivatives respects the symmetries
of a flat three-dimensional Euclidean space with metric

dr’ + r’dy* + dz’. (2.15)

Here 7 is an angular coordinate of period 27r.° Therefore,
if we define V to be the gradiant in three-dimensional flat
Euclidean space, we can write (2.12) as
G 'V’G = (G"'VG)~. (2.16)
Thus, by finding the axisymmetric solutions of the dif-
ferential matrix Eq. (2.16) in three-dimensional flat
Euclidean space, that obey the constraint | detG| = r2,
we can find all stationary and axisymmetric solutions of
the vacuum Einstein equations in D dimensions.®
We explore some of the mathematical properties of

Eq. (2.16) in Appendix E. Here the compact form (2.16)
of (2.12) prove highly useful.

III. BEHAVIOR OF SOLUTIONS NEARr =0

In Sec. II we derived the canonical form of the metric
(2.10) and (2.11), along with the corresponding equations
of motion, (EOMs) (2.12) and (2.13), for stationary and
axisymmetric solutions of the vacuum Einstein equa-
tions. In this section we consider the behavior of such
solutions close to r = 0.

3]t is important to remark that v is not an actual physical
variable for the solution (2.10), but rather an auxiliary coor-
dinate that is useful for understanding the structure of
E%s. (2.12).

To be precise, we mean all solutions for which the D — 2
Killing vector fields obey Condition (1) of Theorem 2.1 and for
which det(G; ;) is a nonconstant function on our D-dimensional
manifold.
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A. Behavior of G(r, z) near r = 0

We describe first how the z-axis at » = 0 is divided into
intervals, called rods, according to the dimension of the
kernel of G at r = 0. We find then coordinates in which a
solution simplifies near a rod, making it possible to
describe the solution in detail near the rod. We use this
to define the rod-structure of a solution in Sec. III B.

1. Dividing the z-axis into rods

Consider a given solution G(r, z). G(r, z) is required to
be continuous. Since | detG| = r*> we see that the product
of the eigenvalues of G(r,z) goes to zero for r — 0.
Therefore, we have that the eigenvalues of G(0, z), which
all are real since G(0, z) is symmetric, include the eigen-
value zero for a given z. This means that the dimension of
the kernel of G(0, z) is greater than or equal to one for any
z. We can write this more compactly as
dim(ker{ G(0, 2)]) = 1.

A necessary condition for a regular solution is that
precisely one eigenvalue of G(0, z) is zero for a given z,
except in isolated points. This statement is explained in
Appendix F where we argue that if we have more than one
eigenvalue going to zero as r — 0, for a given z, we have a
curvature singularity at that point. Therefore, in the fol-
lowing we consider only solutions which, for a given z,
only have one eigenvalue going to zero for r — 0, except
at isolated values of z. Written compactly, this means
dim(ker[G(0, z)]) = 1, except at isolated values of z.
Denote now these isolated values of z as ay, ay, ..., ay,
with a; < a, <...<ay.

We see now that we divided the z-axis into the N + 1
intervals [— o0, a;], [ay, 5], ..., [ay—1, ay] and [ay, 00].”
We call these N + 1 intervals the rods of the solution.

One can easily check that the above definition of rods
reduces to the definition of [16] for the special case of
generalized Weyl solutions, i.e., with D — 2 orthogonal
Killing vector fields.

2. Behavior of G(r, z) near a rod

In Sec. IT we found that G(r, z) should solve the equa-
tion G~'V’G = (G~'VG)? with the constraint that
| detG| = r*. However, this breaks down as r — 0, be-
cause for r = 0 we have that detG = 0 so G is not inver-
tible anymore. The reason for this is that we have sources
added to the equation G 'V’G = (G'VG)? at r = 0.
The sources corresponds precisely to the rods defined
above, ie., the intervals with dim(ker[G(r, z)]) = 1.
Moreover, if we view the solution G(r, z) as a matrix-
valued field in the unphysical three-dimensional flat
Euclidean space with metric (2.15), a rod is really a
source in the form of a rod of zero thickness in this

"Note that it is possible to have an infinite number of
intervals.
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unphysical space. In the following we examine in detail
the equation G~'V*G = (G~'VG)? near a rod in order to
describe more precisely the behavior of G(r, z) near a rod.

Consider a solution G(r,z) and a given rod [zj, z,].
Consider furthermore a given value of z = z. obeying
71 < z+ < z,. Since G(0, z,) is a symmetric real matrix
we can diagonalize it using an orthogonal matrix A, such
that AZG(0,z,)A. is diagonal. Furthermore, since
G(0, z,) has precisely one zero eigenvalue, we can choose
A, so that [ATG(0, z,)A.];; = 0.

Define now G(r, z) = ALG(r, 2)A.. Clearly, G(r, z) is a
solution of (2.12) by Lemma E.7, and furthermore detG =
detG = *r2. Note that all entries of G(r, z.) are of order
O(r*) for r— 0, expect the entries G;(r,z.), i =
2, ..., D — 2, which are finite and nonzero.

Since G (0, z,.) is not well-defined we need to consider
the limit of G¥(r, z,) for r — 0 carefully. To this end,
define the D — 2 by D — 2 matrix-valued function M(r, z)

2 A (3.1)

for any (r, z). We see that this corresponds to a rescaling
Xy = rx(l)ld. Clearly, we have that M(0, z.) is diagonal,
with nonzero eigenvalues. Moreover, we have that G'! =
M"Y/, G =M"/rand GV =M, i, j=2,...,D —2.
Since M,;, i =2,...,D — 2, are of order O(r), we have
that M, i =2,...,D — 2, are of order O(r), and there-
fore that G'(r, z,), i = 2,..., D — 2, stay finite (or goes
to zero) in the limit r — 0. Also, G¥(r, z,) — O with 2 <
i<j=D-2 and G(r,z.) —[G;;(0,z.)]"" with i=
2,...,D — 2, while G'\(r, z,) is of order 1/r2 for r — 0.

Consider now the equation G VG = (G~_1§ G)? for
7 = z, and r — 0. We have

D—2
62611 = 611(6611)2 +2 Z G”%GH * 661,’
b ) i=2
+ > GGy, (3.2)
i=2
up to terms that go to zero for r — 0. Since we just found
that G' and G are finite for z = z, and r — 0 (with i =
2,...,D —2) and since we require that G,-j(r, z) and its
derivatives are finite as a necessary condition for regular
solutions,® we see that the left-hand side and the second
and third term on the right-hand side of (3.2) are finite for
z =z, and r — 0. Since G — 00 we see therefore that
we need 6@11 — 0 for z = z, and r — 0. If we consider

SExcept in the endpoints of a rod where the derivatives are
not necessarily well-defined. Hence the condition z; < z, < z,.
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instead V2G~ii we see similarly that

V2G,; = G'Y(VG,,)? + finite terms,  (3.3)

so we get that 66“ — 0 for z = z, and r — 0. Thus, we
have derived that %GU(O, z.)=0fori=1,...,D—2.In
particular, this implies that 9.G;(0, z.) = 0. Therefore,
since this works for any z, €]z, z,[ we get the following
theorem:

Theorem 3.1—Consider a rod [z, zp] for a solution
G(r, z). Then we can find an orthogonal matrix A, such
that the solution G(r, z) = ATG(r, z) A, has the property
that G,;(0,z) =0fori=1,...,D —2and z € [z}, 2,].00

We take now a closer look at the EOMs (2.12) and (2.13)
near r = 0. Consider a solution G(r, z) and a particular
rod [z}, zo]. Using Theorem 3.1 we always make a con-
stant coordinate transformation of the x’ coordinates so
that G(r,z) has the property that G,;(0,z) =0 for
i=1,...,D—2 and z € [z}, 2p]. To leading order, we
can therefore write G(r, z) = [*a(z)r*] ® A(z) for r — 0
with z; < z < z, where a(z) is a function of z with a(z) >
0 for z €]z, z5[ and A(z) is a D — 3 by D — 3 matrix-
valued function of z. Thus, G;; = *a(z)r* for r — 0.
Note that | det[A(2)]] = 1/a(z).

If we consider Eqs. (2.12) we see that %2611 =
*+4a(z) + O(r) and that G''(3,G,,)? = *4a(z) + O(r),
so this is consistent. Considering 4,7 in (2.13) we see
that since 9,G;; = *2a(z)r we have that 9, v =0 to
leading order. Considering instead d,v in (2.13), we get

1 !/
0.v=— g O(r).
N 2 a

(3.4)

Thus, to leading order for r — 0 we have e¢?” = c%a(z)
where c is a positive number. Therefore, for r — 0 with
71 < z < z, the metric (2.10) has the form

ds? = Z Al.j(z)dxidxj + a(z)[irz(dxl)z

i,j=2,.D—2

+ c2(dr* + dz?)]. (3.5)
This is the behavior of the canonical metric (2.10) near a
rod.

Notice now that if G,;/r* is positive for r — 0 the
coordinate x! is spacelike and the metric (3.5) has a
conical singularity for » — 0, unless x! is periodic with
period 27rc. For a regular solution, this means that if we
have a rod in a spacelike direction we have necessarily
that this direction is periodic with the period constrained
from avoiding the conical singularity.

If G,,/r* is negative for r — 0 the coordinate x! is
timelike and we see that there is a horizon at r = 0 since
G,; = 0. Moreover, using the above argument for the
spacelike direction, we see that the Wick rotated coordi-
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nate ix! must be periodic with period 27rc. This means
that the horizon has a temperature T = 1/(27r¢) associ-
ated to it.

B. The rod-structure of a solution

In this section we define what we mean by the rod-
structure of a solution, and we discuss the general struc-
ture of rods, in view of the considerations of Sec. IIT A.

1. Specifying the rod-structure of a solution

Let a solution G;;(r, z) of Egs. (2.11) and (2.12) be given
with N + 1 rods which meet in the z-values a; < a, <
...<ay. Introduce here the notation ay; = —o0 and
ay+1 = o0 in order to write the equations below more
compactly. The solution G(r, z) thus have the N + 1 rods
l[ay_i, ap ] withk=1,...,N + 1.

Define now for the solution G;;(r, z) the N + 1 vectors
v inRP2 k=1,...,N+1,by

G0, 2)vyy =0 for z € [asy,al,

3.6
k=1...,N+1, .0

with vy # 0 for all k=1,..., N + 1. In other words,
v € ker[G(0, z)]. We call v, the direction of the cor-
responding rod [a;_{, a;].

We define then the rod-structure of the solution
G,;j(r,z) as the specification of the rod intervals
[ax—1, ar] plus the corresponding directions v,
k=1...,N+1.

Obviously, since v is defined as an eigenvector, it is
only defined up to a multiplicative factor (different from
zero). In other words, one should really regard vy as an
element of the real projective space RPP 73,

We now demonstrate that it follows from the consid-
erations of Sec. III A that the above definition of the rod-
structure is meaningful. This involves showing that
v(pfor a given k, as defined in (3.6) exists and is unique,
as element in RPP~3

Observe first that by Theorem 3.1 we get for each of the
N + 1 rods an orthogonal matrix A(k), k=1 ...,N+1,
so that [A{ G(0, 2)Aly; = 0 for z € [a;—y, a;]. Define
the unit vector e = (1,0, ...,0) in RP~2. Note that from
the above we have then that A(T,()G(O, 2)Ape =0 for z €
[ay—;, a] with k =1,..., N + 1. We can now define the
N + 1 vectors vy = Age, k=1,...,N + 1. Clearly,
then these N + 1 vectors v, obey (3.6). Thus, we have
shown that we can always find N + 1 vectors vy obeying
(3.6).

To see that each of the N + 1 vectors v, are unique,
seen as elements of RPP 73, it is enough to notice that we
know from Sec. III A that dim(ker[G(0,z)]) =1 for
< E]ak,l, ak[.

124002-7



TROELS HARMARK

2. Discussion of existence and uniqueness of solutions

We discuss here whether a solution is uniquely given by
its rod-structure, and whether there exists a solution for
any given rod-structure. We consider here only solutions
of Euclidean signature, but one can easily extend the
considerations to solutions of Lorentzian signature.

If we consider the special case of the generalized Weyl
solutions of [16], corresponding to G(r, z) being a diago-
nal matrix, we clearly have the directions of the rods can
be chosen to have the form vy = (0,...,0, £1,0,...,0).
It is then known from the analysis of [16] that we can
specify a solution completely by the N parameters a; <
...<ay and N + 1 vectors v, i.e., a solution is com-
pletely specified by its rod-structure.

We now speculate that this statement can be general-
ized, i.e., that also in the more general class of solution
considered here, a solution is specified uniquely by its
rod-structure. Thus, we claim in detail that: A solution
with N + 1 rods is completely determined by specifying
the parameters a; <...<ay and directions v,
k=1,...,N + 1, ie, it is not possible to find two physi-
cally different solutions with N + 1 rods that have the
same N parameters a; and N + 1 directions wv,.
Intuitively, this statement seems valid since one would
expect that the system of Egs. (2.12) determine G(r, z)
once we have determined the sources for G(r, z) at r = 0.
And, the values a; and directions v seems precisely to
specify that.

Note that if this statement is true, it iS moreover true
that it is not possible to find two physically different
solutions with N + 1 rods that have the same N parame-
ters a;, up to a global translation of all N parameters, and
the same N + 1 directions v, up to a global rotation of
all N + 1 directions.

One can also turn things around and ask whether there
exists a solution with N + 1 rods given the N parameters
a; <...<ay and N + 1 directions V(k) k=1,...,N +
1 (not imposing the solution to be regular). This would be
interesting to examine further. However, there is an ob-
vious restriction on the directions of the first and last rod
[—0,a;] and [ay, ]. For a given asymptotic space,
which the solution is required to asymptote to for

Jr? + 72 — oo with z/4/r? + 22 fixed (see Sec. IV), the
directions of these two rods should be correlated, and can
therefore not be chosen independently.

C. Analysis of the rod-structure

In this section we summarize how to analyze the rod-
structure, and add some useful nomenclature and general
comments. We consider here solutions G;;(r, z) of (2.12)
with detG = 2.

In Sec. IIT Awe learned that in order to avoid curvature
singularities it is a necessary condition on a solution that
the kernel of the matrix G(0, z) for a given z should be
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one-dimensional, except for isolated values of z. We
therefore restrict ourselves to solutions where this applies.
Naming the isolated z-values as ay, ..., ay, we see that
the z-axis splits up into the N + 1 intervals [—oo, a,],
la,, ay]....lan—1, an], [ay, o0]. The first task in under-
standing the rod-structure of a solution is thus to find
these intervals, called rods.

Consider now a specific rod [z}, z,]. From Theorem 3.1
(see also Sec. III B) we know that we can find a vector

.0
v=v—, 3.7
X

so that

D-2

> G020 =0, (3.8)
j=1

for i=1,...,D—2 and z € [z, zo]. This vector v is
called the direction of the rod [z;,z,]. Then, if
G,;;v'v//r? is negative (positive) for r — 0 we say the
rod [z}, zo] is timelike (spacelike).

Consider now a spacelike rod [z;, z,]. For r — 0 with
Z €]z}, 72| we have a potential conical singularity. Let 5
be a coordinate, made as a linear combination of x, i =
1,...,D — 2, with

LI .
an—v—vaxi. 3.9

Then in order to cure the conical singularity at the rod,
the coordinate 71 should have period

An = 27lim

r—0

(3.10)

with z € [z, z,]. This is seen from the analysis of
Sec. IIT A. We see from this that a spacelike rod corre-
sponds to a compact direction. For a timelike rod, one can
similarly find an associated temperature, by doing a Wick
rotation. Therefore, a timelike rod corresponds to a hori-
zon (see Sec. 11T A).

We introduce here some additional nomenclature for
rods. Consider a rod [z;, z,]. If this is a finite interval we
call [z, z,] a finite rod. If either z; = —o0 or z, = o but
not both of them, we call [z}, z,] a semi-infinite rod.
[—o0, 0] is instead called the infinite rod.

As discussed in [16], a finite timelike rod corresponds
to an event horizon, at least if there are no semi-infinite
timelike rods for the solution. Similarly, a finite spacelike
rod corresponds to a Kaluza-Klein direction if there are
no semi-infinite spacelike rods in that direction.
Moreover, a (semi-)infinite spacelike rod corresponds to
an axis of rotation, with the associated coordinate being
the rotation angle, while a semi-infinite timelike rod
corresponds to an acceleration horizon.
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IV. ASYMPTOTICALLY FLAT SPACE-TIMES

In this section we consider asymptotically flat space-
times. More specifically, we consider the four- and five-
dimensional Minkowski-spaces M* and M3, and we
consider the asymptotic behavior of solutions that asymp-
tote to M* and M>.

The Minkowski-spaces M* and M? are special in that
they are the only Minkowski-spaces that one can describe
using the ansatz (2.10) and (2.11). This is easily seen by
counting the number of Killing vector fields. An obvious
generalization of the considerations of this section would
be to consider the Kaluza-Klein space-times M* X §!
and M> X S!, or other space-times with even more com-
pact directions, i.e. M* X TP or M5 X TP. We leave this
for the future.”

In the following we put Newtons constant Gy = 1. To
reinstate Gy one should substitute M — GyM and
J— GyJ.

A. Perturbation of diagonal metric

Before describing asymptotically flat spaces, we first
develop a tool that will prove useful. We consider in this
section a perturbation 8G(r, z) of a solution G(r, z) of
Egs. (2.12), with G(r,z) being diagonal, such that
G(r, 7) + 8G(r, 7) also is a solution of Egs. (2.12). This
will be useful below since asymptotic behavior of a solu-
tion typically involves the solution asymptoting towards a
diagonal metric like, for example, the metric of
Minkowski-space. The results here can also be used in a
broader context to find corrections to solutions.

Now, Eqgs. (2.12) for the perturbation §G(r, z) becomes

>

VG, VG..
V25G” = <VG“ + —

G;i G

VG, NGy
Ly

Gi G

JJ

4.1)
We see here that the equations for 6G;; are completely
decoupled, i.e., we can solve for each component of
8G(r, 7) separately. The only constraint is that | det(G +

8G)| = r*. Using that | detG| = r? this constraint can be
written as tr(G~'8G) = 0 which we again can write as

i =,

D-2
2.5
i=1 !

We see thus that only the diagonal components of 6G; are
subject to a constraint. We note that for the diagonal

4.2)

1

9Strictly speaking, one can consider higher-dimensional
Minkowski-spaces MP with D = 6, for example, by making
the split up MP = M* X RP~4, with the RP~* part spanned
by the Killing vector fields. However, one can not use that to
write any nontrivial solutions which asymptotes to MP, since
any solution would be independent of the R”~* part. Instead,
one should consider M* X TP~* or M> X TP~3,
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components of §G(r, z) the Egs. (4.1) can be written

6 2<5Gii> _ 0’

G, 4.3)

fori=1,...,D—2.

B. Four-dimensional asymptotic Minkowski-space

We consider in this section the four-dimensional
Minkowski-space M* and the asymptotic structure of
solutions asymptoting to M*.

We first describe D = 4 Minkowski-space M?*. In
terms of G(r, z) we have that M* is given by

Gy =17, 4.4)
Thus, we have an infinite spacelike rod [—oo, o0]. In
accordance with (2.13) we choose ¢*” = 1. Demanding
regularity of the solution near r = 0 we get using (3.10)
that x> = ¢ should have period 277. Making the coordi-
nate transformation

r = psind, 7 = pcosb, 4.5)
we get the metric in spherical coordinates
ds* = —df* + p*sin’0d¢> + dp® + pd6?, (4.6)

where we put x' = ¢ and x*> = ¢.

If we consider a D = 4 asymptotically Minkowski-
space solution we have for p — oo the corrections to the
metric

2M
gy =—1+ P + @(p_z)y

sin%6 @.7)
8ip = —2J p [1+0(p )]

with g4 = p?sin?0[1 + O(p~")].

In the (r, z) canonical coordinates the asymptotic re-
gion corresponds to y/r* + z> — co with z/4/r* + Z* finite.
In the canonical coordinates we have therefore from (4.7)
the asymptotic behavior

2M
N

2J 12

rz{l + M

\/r2 + 72
for \/r? + z2 — o0 with z/4/r*> + z? finite. For G,, we

used (4.2) and (4.3) of Sec. IVA. We see from (4.8) that
the leading asymptotic behavior of G(r, z) is determined
completely from M and J. For %", the asymptotic behav-

ior is simply that e?” =1 for +/r? + z>— o0 with

G]l = -1+ +(9[(r2+12)7]],

(4.8)

Q
N]
Il

+am+&w¢
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z/\/r* + 2 finite.

1. The period of ¢

In the above we considered the period of x> = ¢ to be
27r. We can also consider the more general case where
x> = ¢ has period A¢ = 27e. Then the asymptotic be-
havior of a solution is

M R
AN P (P

eZV ~ 82, (49)
or \/r* + 7> — oo with z/4/r? + z? finite, where we used

here a less precise notation than above for the sake of
brevity.

G =

C. Five-dimensional asymptotic Minkowski-space

We consider in this section the five-dimensional
Minkowski-space /M> and the asymptotic structure of
solutions asymptoting to M?.

We first describe D =5 Minkowski-space M3. In
terms of G(r, z) we have that M3 is described by

G=-1, Gp=Vr*t+z#—z Gu=Vrr+z72+z

(4.10)

This corresponds to two semi-infinite rods [—oo, 0] and
[0, o]. In accordance with Egs. (2.13) we choose

1
e =" 4.11)
2\/r2 + 72
|
aM 1
G11=_1+— +(9[(r +22) 1]

N
LTy

G = —
12 T 24+

+O0[(r* +22)7']

2 M+

Gp=Wr+zZ2 -2l + — ——
n= (-9 r A

PHYSICAL REVIEW D 70, 124002 (2004)

Demanding regularity of the solution near r = 0 we get
using (3.10) that both x? and x> are periodic with period
2. Making the coordinate transformation

1 1
r= ipz sin26, 7= 5'02 c0s26, 4.12)

we get the metric in spheroidal coordinates

ds> = —dr* + p?sin’0d > + p*cos?0dy? + dp* + p*d6>,
4.13)

where we put x! = £, x> = ¢ and x> = . We remind the
reader that regularity of the solution requires both x? =
¢ and x> = ¢ to be periodic with period 27.

If we consider a D = 5 asymptotically Minkowski-
space solution we have for p — oo the corrections to the
metric

8M 1
gu= 1400 L+ 0(p),
3m p
47, sin%0 _
g =" 0L @1y
4] cos26 _
Sy =——= [1+0(p)]
7 p?
with g4 = p?sin?d[1 + O(p~2)] and gy, =

p*cos?8[1 + O(p~?)]. Using this together with (4.1) and
(4.2), we get the asymptotics in the (7, z) canonical coor-
dinates

2
r
Gy ={———=+ 0[P +2)7"]
23 g(rz + Zz)% [(r < ) ]
6= -2V e e
2

(4.15)

+ o[ + zz)']},

G33=(\/r2+z2+z){l+i M~ + O[(r* + 22~ 1]}

37 2+ 2

for/r* + 72 — oo with z/4/r? + z? finite, where { and 7 are constants. Note that n changes under the transformation
z—z+constant and is thus not a gauge-invariant parameter, unlike . Finally, we remark that the asymptotics of e is

€2V ~

or \/r? + z> — oo with z/4/r* + Z? finite.

N

! (4.16)

1. The periods of ¢ and s

The periods of x> = ¢ and x°

general case where the period A¢ of x> =
asymptotics of G;;(r, z) and e takes the form

=4 were chosen to be 27 in the above. We consider here the more
¢ and the period Ay of x> = ¢ are given by A = Ayy=2me. Then the
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G U Gt r? 2 &?
~ — e — ~ = eV = —
11 372 \/m 23 &t (r2 + Z2)3/2 Zm
J P+ 2 -2 > 2 M+
Glz—_—lf;iz ) y G22:( r2+12—z)|:1+ 277’ :|,
TE" rr+z 3me” [12 & )
J, PP+ +z2 2 M-
Gz = _%ﬁr G33=(\/r2+zz+z)[1 +—27n} 4.17)
mE re+z 3me” [,2 4 2
\
for \/r?> + 72 — oo with z/4/r? + z? finite, where we used ~ We compute
here a less precise notation than above for the sake of x2c0s2A + y2sin?A — 1
. G = - >
brevity. H (1 4+ xcosA)? + y?sin’A
(1 = y?)(1 + xcosA)
V. ROTATING BLACK HOLE SOLUTIONS G, = —2a ——, (5.6)
(1 + xcosA)? + y?sin’A
In this section we con.sider rotating black hole solutions ,, (14 xcosA)? + y?sin?A
in four and five dimensions and describe them using the e = 2 — y)cos?A
canonical form of the metric (2.10) and (2.11). Y
where we defined
A. Kerr solution sinA = %_ (5.7)
‘We first consider the four-dimensional Kerr solution [1]
which corresponds to a rotating black hole. The topology =~ The G,, component can be found from
of the event horizon is that of a two-sphere S?. It is already G2, — a2(x2 — 1)(1 — y?)
known how to write the Kerr solution in the canonical G,y = —12 Y (5.8)

form (2.10) and (2.11) (see for example [12,14,15]), but we
review this here for completeness, and since it illustrates
the methods developed in Sec. IIL

The Kerr-metric in Boyer-Linquist coordinates is

A — 202 2 + 2 A
ds? = —“Tsmedzz - Zasinzﬁ%dtdd)
2 + 2\2 A 2cin2
Lprta) 5 AN 20dp? +§dp2+2d02,
5.1
with -1
A= p?>—2Mp + a? S = p? + a’cos?h. (5.2)

The coordinates for the two Killing directions are x' = ¢
and x> = ¢. From det(G) = —Asin’6 we get the
r-coordinate, and it is a straightforward exercise to find
a z-coordinate so that the metric fits into the ansatz (2.10).
We find

r= \/Zsinﬂ,

Using this, we can in principle write the Kerr-metric in
the canonical form (2.10) and (2.11). However, it is useful
to instead first write the Kerr-metric in the prolate spheri-
cal coordinates (see Appendix G). From the definition
(G1) of the prolate spherical coordinates (x, y) we see that

a’(x*> = 1)(1 — y?) = Asin?6,

7= (p — M)cosé. (5.3)

axy = (p — M) cosb,

5.4
Using the ansatz x = x(p) and y = y(0) we get
-M
=Pt y=cosf, a=+M*—ada* (55)
M2 _ [12

Gll

We obtained now G;; and e?” as functions of x and y.
From this it is straightforward to use Eq. (G7) to get G;;
and e*” as functions of r and z.

1. Asymptotic region
Using (G9) we find that in the asymptotic region

Jr? + 72 — oo with z/4/r* + z* finite, we have

2M
Gy = —1+— + O[( + )]
r2 + 72
3 (5.9)
— _ 2 2\—1
GIZ = 2Ma—(r2 n Z2)3/2 + (9[(}’ + z ) ]

From (4.8) we see that this means that M is the mass,
which justifies our use of this symbol in the solution, and
that the angular momentum is J = Ma.

Note that e?” ~1 in the asymptotic region. From
Sec. IVB we know that this means that A¢ = 277, i.e.,
that ¢ is required to have period 27r. This can also be
found directly from the solution near r = 0 using the
analysis of Sec. IIT A.

2. Rod-structure

We now analyze the rod-structure of the Kerr solution
according to the methods of Sec. III. We have:

(i) The two semi-infinite spacelike rods [—oo, —«]
and [a, oo]. For z € [—0, —a] and r = 0 we see
from (G7) that x = —z/a and y = —1. Similarly,
for z € [a, co] and r = 0 we have that x = z/a and
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y = 1. Considering Eqgs. (5.6) and (5.8) we see that
for both intervals G, = Gy, = 0 while G;; # 0.
By Eq. (3.8) this means that the two rods both are
in the direction v = (0, 1), i.e., that the rods are in
the 9/dx* direction and therefore spacelike.

(ii) The finite timelike rod [—a, a]. For z € [—a, a]
we see from (G7) that x=1 and y = z/a.
Considering Eqgs. (5.6) and (5.8) we see that
Zle G;v/ = 0 for z € [—a, a] with

sinA

v=(9) Q= 2M(1 + cosA)’

(5.10)

This means that we have a rod [—«, «] along the
direction (5.10). Since G;v'v//r* is negative for
r — 0 the rod is timelike. Note that €} in (5.10) is
the angular velocity of the event horizon.'” One
finds easily that this rod corresponds to an event
horizon of topology S2. This is a consequence of
the fact that the rods on each side of the [—a, «]
rod are in the same spacelike direction, i.e., the
d/dx? direction.

For the timelike rod [ —a, a] we see from (5.10) that if
we change coordinates as ¥' = x! and ¥ = x> — Qx!,
then in these coordinates the [—a, a] rod is along the
d/0x" direction. This means that ¥! and %> are two of the
coordinates of the comoving coordinates for the Kerr
solution since the comoving coordinates precisely gives
a diagonal metric at the horizon. In other words, finding
the direction of the [—a, a] rod precisely corresponds to
finding the comoving coordinates near the horizon.

Finally, in the accordance with the ideas of Sec. 111 B,
we note that we can make an alternative parametrization
of the Kerr solution by stating that we have three rods, the
two rods [—o0, —a] and [a, o0] in the x* direction and the
rod [—a, a] in the (1, ) direction. Then the whole Kerr
solution can be parametrized uniquely by the two pa-
rameters « and ().

B. Five-dimensional Myers-Perry solution

The five-dimensional Myers-Perry solution [7] corre-
sponds to a five-dimensional spinning black hole."" This
is an asymptotically flat stationary solution of the vacuum
Einstein equations with an event horizon that has the
topology of a three-sphere S°.

The metric of the five-dimensional Myers-Perry black
hole is

'ONote that v in (5.10) precisely is the null Killing vector for
the Killing horizon (the event horizon), since v = ?=1 vl Vi
and since v2 = G;jv'v/ =0 for r=0 and z € [~a, a]. In
other words, for a Killing horizon the null Killing vector is
the same as the direction of the timelike rod.

""The five-dimensional Myers-Perry black hole generalizes
the static Schwarzschild-Tangherlini black hole [19].
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2
ds? = —d? + %[dr — aysin20de — aycos20di]?
+ (p? + a?)sin®0d p* + (p* + a3)cos>0diy*

+ Edp2 + Xde?,

R (5.11)

where

2 2
s-(i+ o)

S, = p? + a}cos?O + adsin6.

(5.12)

The coordinates for the three Killing directions are x' =
t, x> = ¢ and x> = . We now transform this metric to
the canonical form (2.10) and (2.11). We compute that
detG = — 1 p?Asin?26. From this we can determine r,
and z can be found by demanding the metric to be of
the form (2.10). We get

1
r= Ep\/zsinZB,
5.13)
Lofy _ph—ai=al <
z= §p2<1 — T) cos26.

This determines in principle how the Myers-Perry metric
(5.11) should transform to the form (2.10). However, as for
the Kerr-metric, it is convenient to express the Myers-
Perry metric in prolate spherical coordinates, defined in
Appendix G, instead. From the definition of the prolate
spherical coordinates (G1) we see that

2
a2> cos26.
(5.14)

If we try the ansatz x = x(p) and y = y(0) we get

y = co0s26,
(5.15)

o —at —af —daia3

— 2 2 2\ _ 4,22
a——\/(po ay — as 4aias.

Using this, we can write G;; and e?” in terms of the
prolate spherical coordinates. We get
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alP(Z)(l - )
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ayp3(1 + y)

" 4ax + (a} — a3)y + p3’

[4ax+p%+a%—a%+

G - = ]
P 4ax + (a} — a3)y + p§

2aipi(l —y)
dax + (at — a3)y + p§ ]
_dax + (a3 — ad)y + p}

2v

dax + (a3 — a3)y — p3

Gll = - 2 7 3 12:
dax + (a7 — a3)y + p;

G L a@api(l —y?) G _L1—v

3 2 4ax + (a7 — ad)y + p§’ 2 4
1+ 2a3p3(1 +

Gy =L Nhar 4 -+ @+ 2ol E) )

4 4ax + (af — a))y + py

8a?(x? — y?)
(5.16)

Using Eq. (G7) it is now a straightforward exercise to write the components G;; and e?” as functions of the canonical

(r, z) coordinates.

1. Asymptotic region

Regarding (5.16) as functions of the canonical coordinates (r, z), we find that G;;(r, z) in the asymptotic region,

Jr? + 72 — oo with z/4/r* + 22 finite, behaves as

P O[> + 2)7'],

R Rt

Gy =-"1+—— G, = + 0[P+ )1
11 2\/@ 12 4 212 [(r )7 ']
ap2 \Jrr+ 22 +z _ a,a, pr’ _
Gy = -2 0[P+ )7 Gy = 0l + )]
4 r-+z 8(r +Z) (517)
2 4 42— 2
Gy =Wrr+z2~- Z){l +R 2 o[(r* + Zz)_l]}’
4Jr* + 72
2 _ 24 2
Gy =Wrr+z2+ z){l + 20N Dy o[ + zz)l]}.
4Jr* + 22
|
We can now use (4.15) to read off the asymptotic quan- v =19, Q) (5.19)
tities. We get with
2 2 2
37 T T _pPytal—a;—4a
M ==—p} Jy =—a,p}, Jy = —ayp}, 0, = 2002 ,
1 , 37, (. _Po—aita3—4a '
g = §a|a2p0, n = ?(01 - 2) (518) 2 202[)(2)

Note that one can see from the above results that e?” =~
1/(24/r* + z%). From Sec. IV C we have that this means
x> = ¢ and x> = ¢ are periodic with period 2.

2. Rod-structure

We now analyze the rod-structure of the five-
dimensional Myers-Perry solution according to the meth-
ods of Sec. III. We have

(i) The semi-infinite spacelike rod [—oo, —a]. For
7 €E[—o0, —a] and r = 0 we see from (G7) that
x = —z/a and y = —1. From (5.16) we see then
that G5 = Gy;3 = G33 = 0. By Eq. (3.8) we see
that this rod has the direction v = (0, 0, 1), i.e., it
is in the 9/9x> direction.
The finite timelike rod [—a, a]. For z € [—a, «]
we see from (G7) that x = 1 and y = z/a. Using
(5.16), we see that Zle Gjv/ =0 for z €
[—a, a] with v being the vector

(ii)

Therefore, the rod [—a, a] is in the direction v
given by (5.19). Note that {); and (), are the
angular velocities of the Myers-Perry black hole.
That the rod [—a, «] is timelike can be seen by
noting that G;;v'v//r? is negative for r — 0. One
can check that this rod corresponds to an event
horizon with topology S°. This follows from the
fact that the [—a, ] rod has spacelike rods on
each side in two different directions.

The semi-infinite spacelike rod [«, oo]. For z €
[@, ] and r = 0 we see that x = z/a and y = 1.
From (5.16) we see then that G, = Gy, = Gy3 =
0. This means that the rod [a, o] is in the direc-
tion v = (0, 1, 0), i.e., in the 9/9x2 direction.

(iii)

We see that one can use the direction (5.19) to trans-
form to coordinates (¥!, %% %) = (x!, x> — Qx!, x® —
Q,x!') so that the [—a, a] rod is along the 9/d%' direc-

tion. This means that (¥!, ¥, ¥}) are comoving coordi-

124002-13



TROELS HARMARK

nates for the event horizon. Thus, finding the direction of
the rod [—a, a] corresponds to finding the comoving
coordinates on the horizon of the Myers-Perry black hole.

We note furthermore that we can make an alternative
parametrization of the five-dimensional Myers-Perry so-
lution. Clearly, the direction v = (1, Q,, ),) in (5.19) is
given uniquely by the two parameters {); and {),. Letting
then a be the third parameter, we have that the five-
dimensional Myers-Perry solution 1is characterized
uniquely by the three parameters «, ; and (,, in
accordance with the ideas of Sec. III B.

C. Myers-Perry solution with one angular momentum

In the following we give details on the five-
dimensional Myers-Perry solution with one angular mo-
mentum. In our conventions, we obtain the Myers-Perry
solution with one angular momentum below from the
Myers-Perry solution with two angular momenta above
by setting a; = a and a, = 0. The metric is

2
ds?=—di* + %(dt — asin®0d¢)* + (p> + @)
102 2 2 2 2 2 2 2
X sin?0d ¢? + p>cos’Odiys +de +3d6%, (5.21)
\

_ xcos?A + ysinA — 1

PHYSICAL REVIEW D 70, 124002 (2004)

where

A =p?—p}+ad 3 = p?+d’cos?f.  (5.22)

From (5.13) we see that the (r, z) coordinates are given by

1
r= E'D\/K sin26,

2
(5.23)
The prolate spherical coordinates are given by
2,2 2 _ 2
x = 2p >— 1, y = cos20, a=u,
Po—a 4
(5.24)

as one can see from (5.15). From Egs. (5.16) we obtain
that the metric in prolate spherical coordinates is given by

2 JatanA(l — y)

G = ) G = - . )

” xcos?A + ysin?A + 1 . xcos?A + ysin?A + 1

a . 2sin’A(1 — y)

G, = 1 - cosZA + 1 + sin?) + ,

2 coszx\( y)[x ! xcos?A + ysin?A + 1} (5:25)

xcos?A + ysin?A + 1

Gy = alx + 1)(1 +y), 2 = ,

33 C((X )( )’) e 20(C052)l(x2 — yz)

where we have defined
sind = =, (5.26)
Po

Using Eq. (G7) we get furthermore the metric written in the canonical form (2.10) and (2.11) as functions of the

canonical (r, z) coordinates

R, + R_cos2A — 2«

~ 2/atanAQa — R, + R_)

G =— , = ,
1 R, + R_cos2A + 2« 12 R, + R_cos2A + 2«
_ 2 2 _
Gy — 20 — R, + R_ R.+R_+ 2a1 + s;n A datan“A(Qa — R, + R_) , (5.27)
4a cos“A R, + R_cos2A + 2«
R, + R_cos2A +2
G33 = R+ +z+ o, €2V =" cos 0 a
4R, R_cos“A

with
R, = \/rz + (z + @)?,

We see that the whole solution (5.27) is determined by the
two parameters « and A.

R_=4r+(z—a’

(5.28)

\
From the analysis of the asymptotic region of the

Myers-Perry solution with two angular momenta, we
see that the asymptotic quantities are now

37 T
Mz?pé, lezap%, J2=O,
(5.29)
3
=0, n = %a?
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We list for completeness here the rod-structure of the
solution (5.27). This can easily be obtained using the
results of the analysis for the case of two angular mo-
menta.

(i) The semi-infinite spacelike rod [—oo, —a]. This
rod is in the direction v = (0,0, 1), i.e., in the
9/dx> direction.

(i1) The finite timelike rod [—a, a]. This rod is in the
direction v given by

a _ sinAcosA

v=(1,0,0),
P 2a

. (5.30)

(iii) The semi-infinite spacelike rod [, co]. This rod is
in the direction v = (0, 1,0), i.e., in the 9/9x>
direction.

VL BLACK RING SOLUTIONS

In this section we consider the rotating black ring [6].
The rotating black ring is the first known example of a
stationary and regular asymptotically flat five-
dimensional solution with an event horizon that is not
topologically a three-sphere S°. Instead the horizon is
topologically a ring §% X S!.

We first describe in Sec. VI A the general black ring
solution which generically has a conical singularity. We
write its metric in the canonical form (2.10) and (2.11) and
discuss the rod-structure. We consider then briefly the
special case of the static black ring solution and further-
more how to obtain the Myers-Perry rotating black hole
with one angular momentum.

In Sec. VI A we present the regular rotating black ring,
write its metric in the canonical form (2.10) and (2.11) and
discuss its properties.

A. General black ring solution

We begin by reviewing briefly the general black ring
metric. So far, the general black ring metric has been
written only in the so-called C-metric coordinates. In
the C-metric coordinates of [20], the general black ring
metric is'?

ds?=— M(dt - CKH_”d¢>2 + LZF(“)

F(u) F(v) (uz—v)2 .
_G) ., Gu), , du dv
X T ™ G o ) O

"2We use here the C-metric coordinates of [20], since they are
particular convenient for our purposes. There have been given
three different, but equivalent, C-metric coordinates for the
black ring in the literature: i) The original coordinates of [6].
ii) The coordinates described in [21] where one takes the
solution of [6] and rewrite it so that structure functions are
factorable. iii) The coordinates of [20] where the structure
functions also are factorizable, but where detG is simpler.
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Here F(£) and G(&) are the structure functions, which
takes the form

F)=1+b& G =1-)+cf) (62
where the parameters b and c lie in the ranges
0<c=b<l. (6.3)
Furthermore, in (6.1), the constant C is given in terms of
b and c by
/ 1+b
C=,[2b(b — c)1 — (6.4)
The u and v coordinates in (6.1) have the ranges
—“-1l=u=1, v=-—1 (6.5)

Note that the solution (6.1) generically has conical singu-
laritiesat u = 1, u = —1 and v = —1 [20]. These will be
analyzed below using the methods of Sec. III. We note
here that while the potential singularities at # = —1 and
v = —1 will be cured by choosing the periods of x> = ¢
and x* = ¢ appropriately, we do not fix the singularity at
u = 1 before in Sec. VI B where we consider the regular
rotating black ring. Thus, in the following the black ring
solution is generically singular at u = 1.

1. Metric in canonical coordinates

We now find the metric in the canonical coordinates
(2.10) and (2.11). In the following we use extensively the
results of Appendix H. In Appendix H the general relation
between C-metric coordinates (u, v) and the canonical
coordinates (r, z) is discussed in detail. Furthermore, for
the specific case relevant here several useful relations
between the C-metric coordinates (u, v) and the canoni-
cal coordinates (r, z) are given.

We take the coordinates for the Killing directions to be
x'=1t x>*=¢ and x*=4. Using the results of
Appendix H we see that the r and z coordinates takes
the form

_ 2k2/—G(u)G(v)

(w—v3? 7’
K (1= uv)2 + cu + cv)
a (u — v)? '

(6.6)

This is obtained by first computing detG, which gives r.
In Appendix H it is then found for this particular r, given
by the structure function G(£) in (6.2), that z can be
chosen as in (H12).

From (6.1) and (6.2) we get using (H18) of Appendix H,
giving u and v as functions of r and z, that G;(r, z) is
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(1)1 = R, + (1= b)(1 + )Ry — 2(b — )Ry — 2b(1 — ¢2)i?

G = (1+b)1 —c)R; + (1 —b)(1 + )Ry — 2(b — ¢)R; + 2b(1 — H)?’
Goo— — 2Ck(1 = o)[R3 — R, + (1 + ¢)x?] 6.7)
12 (1 +b)(1 — )R, + (1 — b)(1 + ¢)Ry — 2(b — ¢)Rs + 2b(1 — 2)K2’ ’
G — (Ry + Ry +2ck®[R; — Ry + (1 + ¢)k*][R, + Ry — (1 — ¢)k?]
33 262[(1 — )R, — (1 + ¢)R, — 2¢R;] ’
where we have defined R, R, and R; by | gularity corresponds to the one at © = —1 men-

Ry =/r* + (z + ck?)?,
R3 = ﬂrz + (Z - K2)2,

as also defined in (H15). For simplicity, we do not write
G, explicitly here, but note that it is given implicitly as a
function of (r, z) by

R, =4/r* + (z — ck?)?,

(6.8)

’,,2 G2
Gy =~ + 2, (6.9)
? GuGx G
Using now furthermore (H10), we get
¢ =[(1+b)1 = )R, + (1 = b)(1 + c)R,
+ 2(c — b)R; + 2b(1 — ¢?)K?]
(I=cR + (1 + )R, + 2cR; 6.10)

8(1 - C2)2R1R2R3

This completes the general black ring solution as written
in canonical coordinates (2.10) and (2.11). Note that using
(H17) in Appendix H it is easy to see that Gz3 can be
written in the alternative form

_ R+ 2= KRy — 2+ cK)

Gy; = 5 (6.11)

R —z—ck

2. Rod-structure

We now analyze the rod-structure of the general black
ring metric. This includes an analysis of the possible
conical singularities of the solution. The rod-structure is
as follows:

(i) The semi-infinite spacelike rod [—oo, —ck?]. For
r=0 and z € [—o0, —ck?] we have that R, —
R; + (1 + ¢)k* = 0 which using (6.7) is seen to
give that G33 = 0. This means we have a rod
[—o0, —ck?] in the direction v = (0,0, 1), i.e., in
the 9/0x> direction. Using (3.10) we see further-
more that x> = ¢ needs to have period

1-b

s

Ay =2m (6.12)
to avoid a conical singularity for r = 0 and z €
[—o0, —ck?]. Since u = —1 is equivalent to R; —
R; + (1 + ¢)k?> = 0 we see that this conical sin-
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(i)

(iii)

@iv)

tioned above.

The finite timelike rod [ —c«?, ck?]. For r = 0 and
7 € [—cK? ck*]wesee that R, + R, — 2ck? = 0.
One can then check that Z?zl G; jv/ =Q0forr=20
and z € [—ck?, ck?] with v being the vector

b—c
(I —c)Ck’

From this we see that we have a rod [—c«k?, ck?]
along the direction v given in (6.13). The rod
[—ck?, ck?] is timelike since G;;v'v//r? is nega-
tive for r — 0. Note that ) in (6.13) is the angular
velocity of the general black ring solution. One
can check that this rod corresponds to an event
horizon with topology S? X S'. This follows from
the fact that the [—ck?, ck?] rod has rods in the
d/dx3 direction on each side, so that the z and x°
coordinates parametrize the S? while the x* coor-
dinate parametrize the S'.

The finite spacelike rod [c«?, k%]. For r = 0 and
7 € [ck* k*] we have that R, +R;— (1 —
c)k?> = 0. Using (6.7) we see that this gives that
G3; = 0. This means we have a rod [ck?, k%] in
the direction v = (0, 0, 1), i.e., in the 9/9x> direc-
tion. Using (3.10) we see furthermore that x> = ¢
needs to have period

v={(1,Q,0), Q0= (6.13)

N1+b

1+c¢’

to avoid a conical singularity for r =0 and z €
[cx?, k?]. However, since we have already fixed
the period of x> = ¢ by (6.12), curing the conical
singularity associated with the rod [c«?, k*] re-
quires putting b = 2¢/(1 + ¢*). We do not fix b in
terms of ¢ here, thus we consider here solutions
that can have conical singularities for r = 0 and
7 € [ck?, k*]. In Sec. VI B we consider the subset
of solutions for which we do not have any conical
singularities. Finally, note that since u =1 is
equivalent to R, + Ry — (1 — c)k> = 0 we see
that this conical singularity corresponds to the
one at ¥ = 1 mentioned above.

The semi-infinite spacelike rod [«?, o0]. For r = 0
and z € [«? o] we have that R, — R; — (1 +
c)k?> = 0. Using (6.7) we see that this gives that
Gy, = Gy = 0. This means we have a rod [ k2, 0]

Ay =27

(6.14)
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in the direction v = (0, 1,0), ie., in the 9/dx>
direction. Using (3.10) we see furthermore that
x> = ¢ needs to have period

NI —b
1—c¢’
to avoid a conical singularity for r = 0 and z €
[k?, ]. Since v = —1 is equivalent to R, — Ry —
(1 + ¢)x*> = 0 we see that this conical singularity
corresponds to the one at v = —1 mentioned
above.

Ap =27 (6.15)

3. Static black ring

We consider here briefly the case of the static black
ring, obtained by setting b = c. The static black ring was
first discussed in [16]. The static black ring is in the class
of generalized Weyl solutions of [16] since its metric is
diagonal.

Putting b = ¢ in (6.1) one easily gets the neutral black
ring in C-metric coordinates. Note that C = 0, G(¢) =
(1—E)F(&),F(é) =1+ c£and 0 < ¢ < 1. Using (6.7),
(6.8), (6.9), and (6.10), we see that the static black ring
metric in canonical coordinates (2.10) and (2.11) takes the
form [16]

_R1+R2_2CK2_
R, + R, + 2¢ck?
G22:R3_Z+K2,

R, — 7 — ck?

G - ’
I R, — 7+ ck?

(6.16)
Gar — Ry +z— k)R, — 7+ cK?)
33 R, — 7z — ck? ’
v — Ri+ Ry + 2eiA)[(1 = Ry + (14 )Ry + 2¢Rs]

8(1 - C2)R1R2R3

The static black ring metric have previously been written
in canonical coordinates in [16] since it falls in the class
of generalized Weyl solutions considered there. The rod-
structure of the static black ring is:
(i) The semi-infinite spacelike rod [—oo, —ck?] in
the 9/9x> direction.
(ii) The finite timelike rod [—ck?, ck?] in the 9/9x’
direction.
(iii) The finite spacelike rod [c«?, «*] in the 9/dx>
direction.
(iv) The semi-infinite spacelike rod [« o] in the
d/dx? direction.
We see that all the rods are rectangular relative to each
other. The rod-structure of the static black ring was
previously described in [16].

4. Getting the Myers-Perry black hole from the general
black ring solution

We show here how one obtains the five-dimensional
Myers-Perry rotating black hole solution with one angu-
lar momentum, that we considered in Sec. V C, from the
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general black ring solution. This has previously been
described in Ref. [20] in terms of the C-metric coordi-
nates used in the metric (6.1). Here we do it instead in
terms of the canonical form of the metric (6.7), (6.8),
(6.9), and (6.10).

We first note that we need to take the limit ¢ — 1, since
the [ck?, k?] rod should be absent for the black hole
solution. By considering explicit expressions for the
mass M and angular momentum J, plus the fact that ¢ =
b <1, one can see that (1 — b)/(1 — ¢) and «*/(1 — ¢)
should be fixed as ¢ — 1. One can furthermore see that we
can find A and «, so that

c=1—¢ b =1— ecos?A, K=\/a €,
CcosA
(6.17)
with the limit being defined as € — 0. Since x*> and x*

have periods (6.15) and (6.12) we need to make the
rescaling

) COSA - 5 COSA _;

\/_G.X, X‘—?X‘,

so that now %2 and ¥ have period 27 for € — 0. From the
definition of the canonical (7, z) coordinates, we see that
this means we should make the rescaling

(6.18)

X

€ €
Pz =

Z (6.19)

r= 7,
cosZA

cosZ\

This gives that /r> + (z + k2)> = &/7 + (Z = a)?/cos?A.
Using this with the metric (6.7), (6.8), (6.9), and (6.10) it
is easy to see that one gets the metric (5.27) of a Myers-
Perry rotating black hole with one angular momentum.

B. Regular rotating black ring

We now consider the regular black ring solution. In
Sec. VIA we cured the conical singularities at the
[—o0, —ck?] and [k?, o] rods by imposing x> = ¢ to
have period (6.12) and x> = ¢ to have period (6.15).
However, we did not fix the potential conical singularity
at the [c«?, k*] rod. To ensure regularity at the [c«?, k2]
rod, x> = 4 should have period (6.14), which means we
need to impose

2c

=—. 6.20
1+ ¢? ( )

Therefore, with (6.20) imposed, and with X2 = ¢ and
x* = ¢ having their periods given by

27

Vit

the rotating black ring solution (6.1) is regular [6,20].
Note that the constant C in (6.4) now takes the form

Ap = Ay =

6.21)
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C_Zc(l-i—c) 1+¢
1+c¢2 V1-¢

From (6.7) we get that the regular rotating black ring
metric in canonical coordinates (2.10) and (2.11) is given
by

(6.22)

(I + )R + (1 — )Ry — 2¢R3 — 4ck?

G — s
U (U R+ (1= R, — 2¢R; + 4ck?
4ek1 + ¢
G =——"F—
1—-c¢
y Ry — R, + (1 +c)k?
— — 2’
(L+ Ry + (1= )Ry = 2Ry +4er®” (53
(Ry + 2= kDR, — 2+ cx?)
Gy = 2 ’

R —z—ck

e’ =[(1+ c¢)R, + (1 — ¢)R, — 2cR5 + 4ck?]
(I =¢)Ry + (1 + )R, + 2¢cRy
8(1 — ¢YR RyR; '

One can furthermore find G, using (6.9).

1. Rod-structure

The rod-structure of the regular rotating black ring
solution is easily obtained from the rod-structure of the
general black ring solution analyzed in Sec. VI A by
imposing (6.20). We list here therefore only a short sum-
mary of the rod-structure of the regular rotating black
ring:

(i) The semi-infinite spacelike rod [ —o0, —c«?]. This
rod is in the direction v = (0,0, 1), i.e., in the
9/dx> direction.

(ii) The finite timelike rod [—c«?, c«?]. This rod is in
the direction

1—c¢
1+c¢

=100, Q=_ C624)
2K

(iii) The finite spacelike rod [c«?, k*]. This rod is in
the direction v = (0, 0, 1), i.e., in the 9/9x> direc-
tion.

(iv) The semi-infinite spacelike rod [«?, o]. This rod
is in the direction v = (0, 1, 0), i.e., in the 9/9x>
direction.

2. Asymptotic region
For the regular rotating black ring solution (6.23) in the

asymptotic region /r* + z> — co with z//r* + z? finite,

we find
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4ck? 1
I—cfis 2
_2CK3<1 t C>3/2\/;2+—Z2 -

1—¢ r?+ z2

G =-1+ +O[(r*+ )71,

‘s o[+ )71

-~ (1+c+2c2)k? 1
GQZ_(\/r2+ZZ—Z){1+ I—C m
+O[(P + 22)1]}, (6.25)

(2¢c — 1)K?

Gyu=WrR+2+ Z){1 + + O[> + ZZ)-I]}.

Using (4.17) we then get

M= 37cK? ’
(1-0o)(1+¢c?)
J—2med(—LTe NP (6.26)
: ((1 —o)(1 + c2)> ’ ‘

_ 37k (1 — ¢ + 2¢%)
TS0 -00+3)

along with J, =0 and { = 0, where we used that ¢ =
1/+/1 + ¢* from (6.21). Note that

241+

- T 6.27)

We see that this has the minimum at ¢ = 1/2 with value
1/4r. For ¢ — 0 it goes to infinity, while for ¢ = 1 it has
the value 32/(27). This is in accordance with [6,20,22].

VIIL DISCUSSION AND CONCLUSIONS

The main results of this paper are as follows. We found
in Sec. II that the metric of stationary and axisymmetric
pure gravity solutions in D dimensions can be written in
the form (see Egs. (2.10) and (2.11))

D-2

ds? = Z G[jdxidxj +e¥(drr+dz?), r?=|detG]|,

ij=1

apart from a subclass of solutions with constant detG that
is considered in Appendix A. The equation on the D — 2
by D — 2 dimensional symmetric matrix G was found to
take the simple form (see Egs. (2.16))

G 'V*G = (G"'VG)?,

where V is the gradient on a three-dimensional flat
Euclidean space, with metric (2.15). The function » can
then be found from G using the integrable Egs. (2.13).
In Sec. III we considered then the behavior of G for r —
0. We generalized the concept of rods of [16] so that it can
be used for stationary and axisymmetric solutions. One of
the key points is that for each rod [z, z,] one has a
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direction in the (D — 2)-dimensional vector space
spanned by the Killing vector fields.

In Sec. IV we analyzed the asymptotic region of four-
and five-dimensional asymptotically flat solutions. In
particular we identified how to read off the asymptotic
quantities.

Finally, in Secs. Vand VI we wrote down the metrics of
the five-dimensional rotating black hole of Myers and
Perry and the rotating black ring of Emparan and Reall
in the canonical form (2.10) and (2.11). Furthermore, we
analyzed the structure of the rods according to Sec. III
and moreover the asymptotic region according to Sec. IV.

The results of this paper have at least three interesting
applications:

(i) Finding new stationary and axisymmetric solu-
tions using the canonical form of the metric and
the Einstein equations. For example one can look
for new five-dimensional black ring solutions
with two angular momenta, or for new solutions
with a rotating black hole attached to a Kaluza-
Klein bubble, as advocated in [8].

(i1)) Understanding the rod-structure of known sta-
tionary and axisymmetric solutions.

(iii) Understanding better the uniqueness properties
for higher-dimensional black holes. In four di-
mensions, the Carter-Robinson uniqueness theo-
rem [3,5] on the Kerr rotating black hole rests on
using the Papapetrou form (1.1) of the metric. We
expect therefore similar arguments to be appli-
cable in higher dimensions, although they of
course cannot prove any kind of strict uniqueness
for five-dimensional rotating black holes due to
the existence of rotating black rings.
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APPENDIX A: SPECIAL CLASS OF SOLUTIONS

In this appendix we consider stationary and axisym-
metric solutions to the vacuum Finstein equations for
which det(G;) is constant, with G;; defined by Eq. (2.4).

We can always find coordinates (r, z) so that the metric
(2.4) can be written

D—2
ds* = Z G,dx'dx! + e (dr* + d2?).
ig=1

(A

This is possible since any two-dimensional manifold is
conformally flat. The metric (A1) is obviously the same as
(2.10). However, the difference is that the constraint (2.11)
is replaced by restricting det(G;;) to be constant.

Note first that demanding det(G;;) to be constant leads
to the identities
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D-2
z G9,G;;
i,j=1
(A2)
D—-2
Z G9,0,G,; = Z G79,G G 9,G,;,
i,j=1 i,7,k,1=1

with a, b = r, z. Computing the Ricci tensor for the met-
ric (A1) and using the constraint that det(G;) is constant,
we get that the vacuum Einstein equations can be written

D—-2
Z 9,6 G"9,G);
k=1

(07 + )Gy =

D—-2
+ > 9.6iG".G);,
k=1

D_2 . D_z .
G'9,G;,G"9,G); = G9,G;G"9,Gy,
i,j k=1 i,k 1=1
D-2 B
G79,G;G"9,G; =0 (A3)
ik I=1
D-2 y
07+ v =—2 > (GY9,6,G"9,G
ik =1
+ G79,GGMa,Gy). (A4)

In conclusion, we can find solutions in the form of (Al)
with det(G;;) being constant by first finding a G;;(r, 2)
solving (A3) and then finding a solution for »(r, z) of
(A4).

1. Four-dimensional examples

In four dimensions, we have a well-known class of
solutions to Egs. (A3) and (A4) in the form of a particular
kind of pp-wave solutions. These pp-wave solutions have

G[l = _1 —H(r,z),
Gp =

G22 == 1 - H(r, Z),

—H(r, 2). (AS)

We see immediately that det(G;;) = —1. Furthermore,
one can check that the Eqgs. (A3) with D = 4 are solved,
provided H(r, z) obeys

(02 + 92)H(r, z) = 0. (A6)

Finally, v(r, z) = 0 solves Eq. (A4). Therefore, the pp-
wave metrics

ds? = —df* + dx® — H(dt + dx)* + dr* + dz2, (A7)

with H(r, z) obeying Eq. (A6), are in the class of solutions
described by the metric (A1) with det(G;;) being constant
[12]. Note moreover that any »(r, z) solving (32 + 92)v =
0 also gives a solution.
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APPENDIX B: ANALYSIS OF det(G;;)

In this appendix we study the behavior of det(G;;) as a
function. If we start with the metric (2.4) we can always
put it in the form

D2 o
ds? = Z G;jdx'dx) + C(du* + dv?),
ij=1

(B1)

where C(u, v) and G;;(u, v) are functions only of u and v.
That we can bring the metric (2.4) to this form is easily
seen from the fact that any two-dimensional manifold is
conformally flat. Define now

f =4/l det(G;))l. (B2)

In the following we study the function f(u, v). By com-
puting the Ricci tensor for the metric (Bl) we get

D2 2 2
g 1 /0 d
GiR,: = —— (2 + 2 ¢
Z Y Cf (8u2 6v2>f

ij=1

(B3)

Now, since we consider solutions that are Ricci-flat, we

get that
0> 92
< + —> f=o.

— B4
our 92 (B4)

If we define the complex variable w = u + iv, along with
the derivatives 9 = L+iland 9 =L—iL, we see
that ddf = 0. Therefore, df is a holomorphic function.
We know from elementary complex analysis (see for
example [23]) that either the zeroes of a holomorphic
function are isolated or the function is identically zero
(assuming the set that the function is defined on is simply
connected). Since df = % +1i g_lf} we can draw the con-
clusion:

(i) Either f(u, v) is a constant function or (%, %) *

(0, 0) except in isolated points.

APPENDIX C: DIAGONALIZING A
TWO-DIMENSIONAL METRIC

In this appendix we prove, for the sake of clarity and
completeness, the rather basic result that given a well-
behaved function on a two-dimensional Riemannian
manifold one can diagonalize the metric with the given
function being one of the coordinates.

Consider a two-dimensional Riemannian manifold M
with a coordinate system (y', y?). Write the metric as

ds* = g,,dy*dy". (Cl)

Let z'(y,,y®) be a given function with
(9z'/ay', 9z'/9y*) # (0,0). We want to show that we
can find a function z2(y!,y?) so that (z!,z%) is a new
coordinate system and so that the metric in z¢ coordinates
is diagonal, i.e., so that g;, =0, where we write the
metric as ds> = g,,dz"dz". Equivalently, we can demand
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that g'> = 0. This is the same as

az' 97>
5ab 9% ib = (C2)
ay* dy
Now, define the vector field V = V! % + V22 by
y dy
yo = gov 02 (3)
8 ayb .

Consider now the integral curves of V. Define an equiva-
lence relation ~ on M where two points p,g € M are
equivalent, i.e. p ~ ¢, if they are connected by an integral
curve. Then we can define the quotient space M/ ~ .
Clearly, M/~ is a one-dimensional space. Let now z>
be a coordinate on M/ ~ . We then extend the scalar field
72 on M/~ to a scalar field z> on M. Clearly, this scalar
field z2> on M has the property that z? is constant on the
integral curves of V. Since z? is constant on the integral
curves of V we get that

(C4)

which is the same as (C2). We have therefore proven that
for any given  function  z'(y',y?)  with
(az'/ay', 0z /9y*) # (0,0) we can find a function
Z2(y", ¥) such that

ds* = ., dy’dy’ = A(dz")* + B(dz?)%, (C5)

and so that (z!,z%?) is a coordinate system on the two-
dimensional manifold.

APPENDIX D: COMPUTATION OF
RICCI TENSOR

1. Computation of the Ricci tensor with general A

We consider first the D-dimensional metric

D-2
ds* = Z Gdx'dx’ + e*(dr? + Adz?), (D1)
=1
with
where G;;, v and A are functions of r and z only. The

nonzero components of the Christoffel symbols for the
metric (D1) are
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- _ oy s — 1 J,A 1
Iy =—5e 29,G;, 5, = —5e " A710.Gy), 2e*R;; = —0;G;j — ~0,Gyj — Zr—Aa,G,-j - XaEG,-,-
' | D=2 ‘ | D=2 . 9.A D-2
I =32 GGy ri; =3 > G"Gyp 2Aza G+ > GM9,Go,G
=1 =1 KI=1
M= a  T% =00+ a.A (D3) 1 &
rr ¥ 2z z A Ot +K Z leaszi()ZGlj. (D6)
1 k,l=l
I7, =9, I, =0,v+—9A,
2A
1 Notice now that from the fact that » = ,/| detG;;| we have
I7,=—-Ad,v %G,A, Iz, =—-——o,v
2
_ ija2 ijkl
Note now that since r = ,/| detG;;| we have Z GY97G; + Z GYG"9,Gyi0,G; = 72’
i,j=1 i,k =1
D2 (D7)
D—2 — ij 52 ikl —
. 2 - GYo:G;; + GYG"9,G;0,G;; =
.Zl GY0,Gij = Z GY9.G; (D4) L/Z=1 o i,j,%:l S
L]= J=
Using (D7) together with (D6), we get
Using this we get
D-2
. a,A
D2 D2 G/R;; = ———. D8
> GITy = —le_z”, > GIT; = i,jz=:l ! 2¢* Ar o
i=1 r i=1
(D5)
D2 1 D2
Z I, = o Z I, =0 2. Computation of the Ricci tensor with A =1
= - We now set A =1 in the metric (D1). The nonzero
components of the Ricci tensor can then be computed to
We compute then . be
1 D-2 D-2
2e*R;; = —(a% +-9, + a§>G,.j + Z G"9,Gy,0,G; + Z G"9.G,;9.Gy;,
r KI=1 KI=1
11 1 22
R,=—0lv—2v+—5+-0,v— 1 G'G"9,G0,Gj,
r r L=
i,j,k1=1 (D9)
1 122
R,=—-0v—9%v——-9,v—- G'G"9,.Gy0.G,
r 4,5

1 D-2
er ; ZV_Z

ij, 1

APPENDIX E: PROPERTIES OF THE EQUATIONS
FOR Gij(r, Z)

In this appendix we derive several useful properties of
the Egs. (2.12) for G,»j(r, z). We use in the following the
formal rewriting of these equations in the form of
Eq. (2.16).

Let A(r, z) and B(r, z) be D — 2 times D — 2 matrices
obeying

[A(r, 2), B(r', 2)] = 0,

for any (r, z) and (¥, z). Note that this means that A(r, z)

(ED)

Z GiGM9,G0,Gjy.
k1=

|
or any derivative of A(r, z) commutes with B(r, z) or any

derivative of B(r, z). Write now G = AB. Then we have

IV?A — (A"1VA)?

(B~'VB)2.
(E2)

(GIVG)? = A~
+ B 'V?B —

G VG —

From this equation we get the following lemma:

Lemma E.1—Let A(r, z) and B(r, z) be D — 2 times
D — 2 matrices that commutes as in (E1). If A and B obey
the differential equations
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ATIWPA =(A"'VA)?,  B'V'B=(B'VB? (E3)
then the matrix G = AB obeys G~ 'V*G = (G~'VG)2.0
The consequence of this lemma is that we can combine
solutions into new solutions, as long as (E1) is obeyed. An
important use of lemma E.1 is the following corollary:
Corollary E2—Let A(r,z) be a D — 2 times D — 2
matrix and let f(r, z) be a function. If G and f obey the
differential equations
ATIVPA = (A"'VAR, V' f =0, (E4)
then the matrix G = ¢/A obeys G~ 'V°G = (G~'VG)2.0
Another important situation where the lemma E.1 can
be applied and where the implication of lemma E.1 in fact
can be reversed is expressed in the following lemma:
Lemma E3—ILet the D —2 times D — 2 matrix
G(r, 7) be such that G = A ® B, where A(r, z) is a k times
k matrix and B(r,z) is a D —2 —k times D —2 — k
matrix. Le. G is the geometric direct sum of A and B. In
this case, it is clear that A and B obey the differential
equations
AT'WPA =(A"'VA),  B'V’B=(B"'VB), (E5)
if and only if G obeys G~'V>G = (G~'VG)? .
This lemma can of course be used successively for the
cases where G(r, z) can be split up to the direct sum of
several matrices acting on linearly independent subspa-
ces,i.e. G=A ®A,®---®A,. An important special
case of this is when G is diagonal. We have the following
corollary of lemma E.3:
Corollary E4—Let the D —2 times D — 2 matrix
G(r, z) be a diagonal matrix

G = diag[* exp(2U,), exp(U,), . .., exp(RUp_»)],

(E6)

where U;(r,z),i = 1,..., D — 2, are functions. Then
ViU, =0, i=1,....D—2 (E7)
if and only if G"'V°G = (G 'VG)2. O

When G(r, 7) is diagonal it corresponds to a general-
ized Weyl solution (1.4) (see [16]), since the D — 2
Killing vector fields are orthogonal. We see that (2.12)
correctly reduce to (1.5). Moreover, it is clear that
det(G,;) = *r is equivalent to 3272 U; = logr.

We have also a general result for the inverse of a
matrix:

Lemma E.5—An n by n invertible matrix G(r, z) obeys
the equation G~'V>G = (G"'VG)? if and only if the
inverse matrix G~! obeys the corresponding equation

GV’G™' = (GVG ) (E8)
O

This lemma can be used to find new solutions from
already known solutions. Of course, one has to remember
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that the complete G matrix moreover should have
| detG| = r2. The following corollary is one way to take
this into account:

Corollary E.6—Let G(r,z) be a D —2 by D — 2 ma-
trix with | detG| = 2 and G™'V’G = (G"'VG)2. Then
the matrix M = r*/P72G~! obeys detM = detG and
MM = (M~ 'VM)2. 0

We note that we can multiply constant matrices on
solutions:

Lemma E.7—Let the D — 2 by D — 2 matrix G(r, z)
solve the equation G~'V*G = (G~'VG)? and let A and B
be constant invertible matrices. Then the matrix M =
AGB obeys M~ 'V*M = (M~'VM)? 0.

Finally, an important and useful theorem that concerns
systems with an orthogonal Killing vector is the
following:

Theorem E.8—Consider the class of metrics with
G;=0,i=2,...,D—2, ie., with the Killing vector
Vg = % being orthogonal to the D — 3 other Killing
vector fields. Then we can always write G as

G = se2U @ o(-2/D-3Upq
se2V 0 e 0
| (E9)
6‘_(2/D_3)UM ’

0

where s = *1, U(r, z) is a function and M(r, z) isaD — 3
by D — 3 symmetric real matrix with detM = sdetG so
that |detM| = . Moreover, G obeys G~ 'V2G =
(G"'VG)? if and only if

>

V2U=0, M 'V*M=(M"'VM)> (E10)

Proof— It is trivial to see that we can always write G on
the form (E9). That G~'V’G = (G~'VG)? if and only
(E10) is true follows from using lemma E.3 together with
lemma E.2. O

Theorem E.8 is useful since it allows one to takea D =
n dimensional solution and creating new nontrivial D =
n + 1 dimensional solutions. Moreover, for a D = n di-
mensional solution with a Killing vector orthogonal to all
other D — 3 Killing vector fields we can reduce the
system of equations to be a 3-dimensional Laplace equa-
tion together with, but decoupled from, the equations for
a D = n — 1 dimensional solution.

APPENDIX F: SINGULARITIES AT r =0

We consider in this appendix what happens for solu-
tions that have more than one eigenvalue of G(r, z) going
to zero for r — 0. We restrict for simplicity here to the
case with two eigenvalues going to zero for r — 0. One
can easily extend the argument to consider more than two
eigenvalues.
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We begin by considering the solution

Gll — ’,,Za’ 272:1’

Gy =r e = r2al=a (F])

where 0 = a = 1. This solves the Egs. (2.12) and (2.13).
We compute the curvature invariant

RHP7 = 16a2(1 — a)*(1 — a + a2)r—41-ata’),

(F2)

R,uvpa

Since 1 — a + a? is strictly positive we see that there is a
curvature singularity at » =0, unless a =0 or a =1
which in both cases corresponds to only having one
eigenvalue going to zero. Therefore, for this solution we
see that having two eigenvalues going to zero invariably
leads to a curvature singularity.

Consider now a general solution for which we have an
interval [z, z,] so that for any z € [z}, zo] we have that
two eigenvalues of G(r, z) going to zero for r — 0. Then
using the same type of arguments as in Sec. III Awe can
make a constant orthogonal transformation of G(r, z) so
that G;;(0,z) = G,;(0,z) =0 for i =1,2,...,D — 2, for
a given z; < z < z,. Therefore, given the structure of the
Egs. (2.12) and (2.13), we see that we effectively can
reduce this system to the example given by Eq. (F1). In
conclusion, we have shown that for any solution having
two eigenvalues of G(r, z) that go to zero as r — 0 for a
given z, we get curvature singularities, except perhaps in
isolated points on the z-axis corresponding to the end-
points of the interval given above. As mentioned above,
one can easily extend these arguments to consider more
than two eigenvalues going to zero.

APPENDIX G: PROLATE SPHERICAL
COORDINATES

We define here the prolate spherical coordinates (x, y)
which for certain stationary and axisymmetric solutions
are convenient to use. The prolate spherical coordinates
were introduced for four-dimensional stationary and axi-
symmetric solutions in [24] (see also [12,14,15]). The
prolate spherical coordinates are used to describe rotating
black hole solutions in Sec. V.

The prolate spherical coordinates (x, y) are defined in
terms of the canonical (r, z) coordinates by

r=ayo = (1 - ),

where a > 0 is a constant. We take x and y to have the
ranges

(G

7= axy,

x=1 —l=y=1 (G2)
We have
A dy?
dr + d* = a*(x* - yz)[xzf 1 ]_%} (G3)
y

Note that Egs. (2.12) can be written in prolate spherical
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coordinates as
0,[(* = Da,G] + 0,[(1 = »?)9,G]
= —1)(0,6)G™'9,G + (1 = y*)(9,G)G'9,G.
(G4

We now give the transformation from (x, y) coordinates to
(r, z) coordinates. Defining

R, = \/rz + (z + @)?, R_

one can easily check using (G1) that

=./r*+ (z— @) (G5)

Ry =alx+y) R_=a(x—y). (G6)
Therefore, we see that
R, +R_ R, —R_
=—) =—\ G7
o 2c0 Y 2a0 G7)
Furthermore, we note that
Rit+zxa=alkxx1)(1+y),
+ ( )1+ y) G8)

Ri—Gzxa)=alxF 11 —y).

If we consider the asymptotic region /7> + z2 — o0

with z/4/r? + 72 finite, we see that
1 Z
x=—+rr+ 2 Y
a /r2 + Z2

Thus, the asymptotic region in terms of the prolate
spherical coordinates is x — oo and y being finite.

(G9)

APPENDIX H: C-METRIC COORDINATES

We consider in this section the coordinate transforma-
tion from general C-metric coordinates to the canonical
(r,z) coordinates."® The general C-metric coordinates
(u, v) are here defined in relation to (r, z) by

_ 2k%/=Gw)G(v)

=2 (H1)
, B du? B dv?
e’ (dr* + dz?) = {(u, v)<% @>

where « is a constant, and (u, v) and G(£) are functions
that depend on the particular solution that we consider.
The goal is now to find the z coordinate. From g"* = 0 we
find

ar /or\~1d
aZ__gvu r< r) Z (H2)

v g ou\dv) u’
Using this together with g,, = 0 one can easily derive

that

13See [25] for a review of the C-metric and the transformation
from C-metric coordinates to canonical (r, z) coordinates in the
context of four-dimensional Weyl solutions.
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9z — guuﬂ 9z gvvﬂ

— , — = , s==*1
u gyp OV Jv uu U
(H3)
This gives
0z K’G'(v)  4Kk*G(v)
= _
du w—v)? (w—v)?*
H4
0r kG | 426w (D
v w—v)? (u—v)?
The integrability condition
d d 0
9 9z_9 _Z’ (H5)
ov du  Jdu dv
is satisfied if and only if
/ /
G'(v) + 6G'(v) N 12G(v)2 G - 6G' (1)
u—v (u—v) u—v
12G(u)
. Ho6
Integrating (H4), we get
K2G'(v)  2k*G(v)
= b(v) +
TP Ty
K2G'(u)  2x*G(u)
= — , H7
cw) (u—v) (u—wv)? 7

where b(¢€) and c¢(€) are two functions. Using the integra-
bility condition (H6) we see that

(2= 20) = K2G"'(v)  K:G'(v) 2k *G(v)
&)= 6 (w—v) (u—v)?

_ K*G"(u) B K2G'(u)  2k*G(u)

6 w—v) (u-—v?* (H8)

where z, is a constant. Now, if we take G(£) to be of the
form

G(&) = ay + a1é + ay* + a3 & + a, &%, (H9)
one can check that (H6) is obeyed.

Note that ¢*” and {(u, v) in (H1) are connected through
the formula

{uv) k! 4G(v) 72
- G(v)[G’(u) - 4G(“)ﬂ. (H10)
u—v
This formula is useful for finding e>”.
Consider now the particular choice of G(¢)
G(é) =(1-&)1+cd), (H11)
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which correspond to the case of the five-dimensional
black ring metric described in Sec. VL. If we take s = 1
and zy = 1/6 we get

K1 = uv)2 + cu + cv)
- (u — v)?

We now look for constants ¢ and S that solves the equa-
tion

(H12)

KB — cuv — 2q(u + v)?
(u — v)? '

There are precisely three solutions to this equation:

rP+(z—gr?)? = (H13)

g=-c¢ pB=2+c¢ g=c¢ PB=-2+c¢
g=1 B=—c (H1
Write now
Ri=\r+(z—2z) o =—cK
= cK, 25 = K2 (H15)
We get
=K2[2+C(1 +u+v—uv)
: (u—v) ’
2 _
R2=K[2+C( 1+u+v+uv)], (H16)
(u—v)
K[—c(l + uv) — (u + v)]
R3 = .
(u—v)
We have furthermore that
2 + _ +
Ri+2—2 — 2k*(1 + u)(1 1;)(1 cu)’
(u—v)
262(1 — u)(—1 — v)(1 +
P 7 (R}
(u—v)
2 + — +
Ry+z—12, — 2k*(1 + u)(1 l;)(l cv),
(u = v) (H17)
221 — u)(—1 — v)(1 + cu)
RZ_Z+Z2 = 2 ’
(u—v)
262(1 — u?)(1 +
Ritz—2,— K4 ( u)(2 cv)
(u—v)
262 (v — (1 +
Ry— 2425 — Kk* (v )(2 cu)
(u—v)

Finally, we can solve for u and v to obtain

~(1=0R, — (1 + )Ry — 2R3 +2(1 — *)k?
B (1= ¢)R, + (1 + ¢)R, + 2Ry
_(1=0R, — (1 + )Ry —2R; —2(1 — A)k?
B (1 — )R, + (1 + ¢)R, + 2¢R;

>

(H18)

124002-24



STATIONARY AND AXISYMMETRIC SOLUTIONS OF...

(1]
(2]
(3]
[4]
(5]
(6]

(7]

(8]
(9]

(10]

[11]
[12]

[13]

R. P. Kerr, Phys. Rev. Lett. 11, 237 (1963).

W. Israel, Phys. Rev. 164, 1776 (1967).

B. Carter, Phys. Rev. Lett. 26, 331 (1971).

S.W. Hawking, Commun. Math. Phys. 25§, 152 (1972).
D.C. Robinson, Phys. Rev. Lett. 34, 905 (1975).

R. Emparan and H. S. Reall, Phys. Rev. Lett. 88, 101101
(2002).

R.C. Myers and M.J. Perry, Ann. Phys. (N.Y.) 172, 304
(1986).

H. Elvang, T. Harmark, and N. A. Obers, hep-th/0407050.
H. Elvang, T. Harmark, and N.A. Obers, Classical
Quantum Gravity 21, S1509 (2004).

A. Papapetrou, Ann. Phys. (Berlin) 12, 309 (1953).

A. Papapetrou, Ann. Inst. Henri Poincaré, A 4, 83 (1966).
H. Stephani, D. Kramer, M. Maccallum, C. Hoenselaers,
and E. Herlt, Exact Solutions to Einstein’s Field
Equations (Cambridge University Press, Cambridge,
2003), 2nd ed.

R.M. Wald, General Relativity (The University of
Chicago Press, Chicago, 1984).

[14]
[15]
[16]
(17]
(18]
[19]
(20]
(21]
(22]
(23]

(24]
[25]

124002-25

PHYSICAL REVIEW D 70, 124002 (2004)

S. Chandrasekhar, The Mathematical Theory of Black
Holes (Oxford University Press, New York, 1992).

M. Heusler, Black Hole Uniqueness Theorems
(Cambridge University Press, Cambridge, 1996).

R. Emparan and H.S. Reall, Phys. Rev. D 65, 084025
(2002).

C. Charmousis and R. Gregory, Classical Quantum
Gravity 21, 527 (2004).

H. Weyl, Ann. Phys. (Berlin) 54, 117 (1917).

E R. Tangherlini, Nuovo Cimento 27, 636 (1963).

R. Emparan, J. High Energy Phys. 03 (2004) 064.

K. Hong and E. Teo, Classical Quantum Gravity 20, 3269
(2003).

H. Elvang, Phys. Rev. D 68, 124016 (2003).

FEJ. Flanigan, Complex Variables: Harmonic and
Analytic Functions (Dover Publications, New York,
1972).

D. M. Zipoy, J. Math. Phys. (N.Y.) 7, 1137 (1966).

V. Pravda and A. Pravdova, Czech. J. Phys. 50, 333
(2000).



