Of all the communities available to us there is not one I would want
to devote myself to, except for the society of the true searchers, which
has very few living members at any time...

Albert Einstein (1879-1955)
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Abstract

The main objective of this thesis is to study the behavior of black objects in
external fields, for example black holes and black strings in 4 and 5-dimensional
spacetimes respectively. In particular, to analyze how external fields affect hori-
zons and the internal structure of such objects, to study their properties, and to
understand how the spacetime fabric works.

The thesis contains three chapters. In Chapters 1 and 2 we study the interior
of 4-dimensional static, axisymmetric, electrically neutral and electrically charged
distorted black holes. We analyze how external static and axisymmetric distortions
affect the interior of such black holes. In particular, we study the behavior of the
interior solution of an electrically neutral black hole near its horizon and singularity.
The analysis shows that there exists a certain duality between the event horizon
and the singularity. As a special example, we study the interior of a compactified
4-dimensional Schwarzschild black hole. In the case of an electrically charged black
hole, a similar duality exists between its event and Cauchy horizons. The duality
implies that the Cauchy horizon remains regular, provided the distortion is regular
at the event horizon.

Extension of the general theory of relativity to higher dimensional spacetimes
brings a large variety of black objects whose boundary, the event horizon, may be
of a complicated structure. One such object is a black string. In Chapter 3 we
discuss the so-called Gregory-Laflamme instability of 5-dimensional black strings in
a spacetime with one compact dimension and their topological phase transitions.
Here we consider black strings with electric or magnetic charge. Linear static

perturbations of these objects indicate the presence of a threshold unstable mode.



An analysis of such mode shows that an electrically charged black string is less
stable than a neutral one. The situation is opposite for a magnetically charged
black string. An analysis of 5-dimensional extremal black string with electric
charge shows a continuous spectrum of unstable threshold modes.

The results presented in this thesis may have applications in the theory of
classical 4-dimensional black holes and in the modern theoretical models of higher

dimensions.



Preface

The physical objects we shall discuss in this thesis are black holes and black
strings. These objects are solutions of the Einstein theory of general relativity. We
shall discuss static black holes and black strings in asymptotically flat (or analyti-
cally extendable to asymptotically flat), predictable spacetimes. The characteristic
feature of such objects is their boundary, which is called the event horizon. Any
physical object, for example, a particle, which travels in the future direction outside
such a black object and crosses its event horizon cannot return back to the same
region of space. The black hole event horizon is a spatially compact null hyper-
surface. The event horizon of a black string is a null hyper-surface, which may
be not spatially compact. Here we consider two known types of black holes, the
Schwarzschild black hole, which is one-parameter solution of the vacuum Einstein
equations, and the Reissner-Nordstrom (RN) black hole, which is two-parameter
solution of the Einstein-Maxwell equations. The parameter of the Schwarzschild
black hole is its mass. The parameters of the RN black hole are its mass and
electric (or magnetic) charge. Black strings are higher dimensional black objects.
We shall discuss 5-dimensional black strings with electric or magnetic charge. The
objective of this thesis is to study such black holes and black strings distorted by
static external fields.

We begin with a 4-dimensional Schwarzschild black hole, which is the simplest
black-hole solution of the Einstein equations. This solution is vacuum, static,
spherically symmetric, and asymptotically flat. It is of Petrov type-D. The black
hole has a spacetime curvature singularity located behind its event horizon. The
singularity is spacelike and topologically R! x S? (see, e.g., [51]). The interior of
the black hole represents an anisotropic universe collapsing towards the black hole
singularity.

The Schwarzschild black hole is stable against external gravitational perturba-
tions. The evolution of linear gravitational perturbations shows the presence of
quasi-normal modes in the black hole radiation spectrum. According to the Is-
rael uniqueness theorem, the Schwarzschild black hole is the only vacuum, static,
asymptotically flat solution which has a regular, simply connected event horizon
[77]. Such properties of the Schwarzschild black hole make it quite an interesting
object to study.

Recent astronomical observations and their analysis suggest that each galaxy,
including our Milky Way, may contain at its center a supermassive black hole
which strongly interacts with external matter (see, e.g., [28,35]). To study proper-
ties of such a black hole, especially its interior structure, is a formidable problem.
At the beginning it is better to start with less complicated model. Namely, to
study how the interaction of the Schwarzschild black hole with external matter



and fields affects its properties. This question is important not only from astro-
physical point of view. Studying the interaction of black holes with surrounding
matter and fields allows us to understand deeper their thermodynamic behavior,
what is particularly important in connection with string theory. In addition, black
holes play an important role as backgrounds for quantum fields. Finally, analysis of
black hole solutions may let us understand some geometrical and causal properties
of spacetime within the scope of general relativity. However, due to the nonlinear
nature of the Einstein equations, study of black hole interactions is a very com-
plicated problem, which, in most cases, is tractable only numerically. To find an
exact, analytical solution which describes the interaction of the Schwarzschild black
hole with external objects seems to be possible only for highly symmetrical mod-
els. But even such idealized models allow us to draw some important conclusions
about properties the Schwarzschild black hole. One of such cases, representing
the Schwarzschild black hole distorted by static, axisymmetric gravitational fields
due to remote masses, we consider in Chapter 1 of the thesis. We study how such
type of distortion affects the Schwarzschild black hole interior. To do this, we ask
the following questions. Does the distortion change the topology of the singularity
of the Schwarzschild black hole? How does such a distortion affects the maximal
proper time of free fall from the event horizon to the singularity? Does the event
horizon of the distorted black hole have regions of high spacetime curvature, and
if so, what is their location? This question is important for study of the validity of
the semiclassical approximation which is used in the analysis of the Schwarzschild
black hole quantum evaporation. As it is well known, such an approximation leads
to the information paradox (see, e.g., [52,103] and references therein). In addition,
a compactified Schwarzschild black hole can be considered as a topological phase
in the black string — black hole topological phase transition, which we discuss
in Chapter 3. Studying the analytical model of the 4-dimensional compactified
Schwarzschild black hole, which is a particular type of distorted black hole, one
can analyze whether the classical theory of general relativity can properly describe
the merger points of the topological phase transition, where the spacetime curva-
ture is extremely high. Finally, one can ask if there is any relation between the
distortion of the event horizon and the interior of the Schwarzschild black hole.
To address this question more clearly, we remind the reader that the interior of
the Schwarzschild black hole is a dynamical region; thus, a distortion of its event
horizon can be considered as initial Cauchy data for the corresponding dynamical
evolution. Chapter 1 of this thesis clarifies some of these questions.

In Chapter 2, we study the interior of a distorted 4-dimensional RN black hole.
The undistorted RN black hole is a static, spherically symmetric, asymptotically
flat solution of the Einstein-Maxwell equations. It has many properties similar to
those of the Schwarzschild black hole. Namely, it is of Petrov type-D. It radiates
the quasi-normal modes; however, they are always both gravitational and electro-



magnetic. The Israel uniqueness theorem for the Schwarzschild black hole admits
generalization to the RN black hole. Namely, the RN solution is the only static,
asymptotically flat solution to the Einstein-Maxwell equations, which has a regu-
lar, simply connected event horizon [78]. However, due to the presence of electric
charge, the interior of the RN black hole is remarkably different from that of the
Schwarzschild black hole. The principal difference is that the RN black hole has an
inner, Cauchy horizon, which is a null hyper-surface beyond which predictability
of evolution based on the past initial data breaks down. The RN black hole curva-
ture singularity located in its centre, behind the Cauchy horizon, is topologically
R x S? (see, e.g., [51]). However, in contrast to the Schwazschild black hole, this
singularity is timelike. The singularity can be avoided by timelike and null curves.
A maximal analytic extension of the RN spacetime, which makes it geodesically
complete, results in an infinite sequence of new universes which may be explored
by adventurers who succeeded in crossing the Cauchy horizon (see Figure 2.1).
However, crossing the Cauchy horizon causes its perturbations and, as a result, is
fraught with danger. An analysis of the Cauchy horizon stability against gravita-
tional perturbations, in particular, the mass inflation phenomenon, suggests that
the spacetime curvature grows infinitely near a perturbed Cauchy horizon [107].
Thus, it is important to understand what types of perturbations, if any, preserve
the regular Cauchy horizon. For example, does the Cauchy horizon of the RN black
hole distorted by certain external axisymmetric fields remain regular? This is the
main question among others we address here. In Chapter 2, we discuss the interior
region of such a distorted RN black hole which is located between its event and
Cauchy horizons. We ask the following questions. Is there any relation between
the distortion of the event and Cauchy horizons of the RN black hole? How much
does the distortion affect the maximal proper time of free fall from the event to
the Cauchy horizon of the RN black hole? Do the horizons have regions of high
spacetime curvature, and if so, what is their location? Answers to these questions,
which we present in Chapter 2 of the thesis, may help us understand physical prop-
erties of the RN black hole, which is very similar in its internal structure to the
rotating (Kerr) black hole which is a more realistic candidate for an astrophysical
black hole than the Schwarzschild one is.

In Chapter 3, we discuss black strings which are solutions of higher dimensional
theory of general relativity. Consideration of higher dimensions has at least two
reasons. One is mathematical. We want to understand deeper the mathematical
structure of general relativity. In other words, we want to understand, using the
language of general relativity, how the spacetime fabric works. Another reason
originates from attempts to solve the hierarchy problem, which is a hot issue of
modern theoretical physics. In attempts to resolve the hierarchy problem, modern
theoretical models suggest that our world may have large extra spatial dimensions
(see, e.g., [6,8]). If such a suggestion is true, we may have an interesting possibility



of mini black hole production in the future LHC experiments.

In a higher dimensional spacetime a large variety of topologically different black
objects may exist, for example black holes, black rings, black branes and black
strings (for a review see, e.g., [66]). So the rich variety of higher dimensional black
objects makes their study especially interesting. Black branes and black strings are
low energy solutions of string theory. Infinitely long black branes and black strings
are unstable against small gravitational perturbations. The classical instability
of black branes and black strings, the so-called Gregory-Laflamme instability, is
analogous to the Jeans instability of gravitating systems. In addition, there is an
interesting relation between the gravitational instability of black branes and black
strings and the off-shell instability of the corresponding Euclidean black holes,
known as gravitational instantons.

Here we consider a black string in a 5-dimensional spacetime which has one large
compact spatial dimension. A spacelike cross section of such a black string horizon
has topology S? x S'. In contrast, a spacelike cross section of the corresponding
compactified 5-dimensional black hole horizon has the topology of a 3-dimensional
hyper-sphere, S3. As we mentioned before, the black string and black hole can
be considered as different topological phases of a topological phase transition di-
agram. Black strings, as well as black holes, are thermodynamic systems, which
have temperature and entropy. Using a global thermodynamic argument, one can
show that for a fixed asymptotic size of the compact dimension there is a critical
value of mass of a neutral black string below which such a string becomes thermo-
dynamically unstable, and may likely undergo a topological phase transition to the
corresponding compactified black hole. Such thermodynamic instability is closely
related to gravitational instability of the black string.

In Chapter 3 of the thesis, we shall study a black string with electric charge,
which is a solution of 5-dimensional Einstein-Maxwell equations. We consider
linear, static gravitational perturbations and search for a threshold unstable mode.
We are interested how the presence of an electric charge affects the black string
stability. This is the main question we address here. Such a problem was already
considered for black strings with magnetic charge and with, or without, dilaton
field. As it was illustrated, magnetic charge tends to stabilize black string. Thus, it
is important to understand the role of black string parameters in its thermodynamic
and dynamic properties. Here we study dynamic and thermodynamic properties
of a 5-dimensional electrically charged black string and compare our results with
the properties of a 5-dimensional magnetically charged black string. In addition,
we consider an extremal 5-dimensional black string with electric charge and study
its linear, static gravitational perturbations.

This thesis is organized as follows.

In Chapter 1, we discuss a 4-dimensional distorted Schwarzschild black hole.
In Section 1.3 we discuss the Weyl solution representing a distorted Schwarzschild



black hole and focus on its interior region. In Section 1.4 we discuss properties of
the distorted black hole solution and establish duality relations between the black
hole horizon and singularity. In Section 1.5, we discuss how the black hole distor-
tion affects the maximal proper time of free fall of a test particle moving along
the axis of symmetry from the horizon to the singularity. An asymptotic form
of metric near the black hole horizon and singularity is obtained in Section 1.6
and Section 1.7 respectively. Special examples of exact solutions and their prop-
erties are considered in Section 1.8. In Section 1.9, we consider properties of the
interior and singularity of 4-dimensional compactified black holes. Section 1.10
contains a summary and discussions of our results. Additional technical details
and calculations used in this chapter are collected in Appendixes A, B, C and D.

In Chapter 2 we consider a 4-dimensional distorted electrically charged black
hole. Section 2.3 of this chapter collects the results concerning the charged dis-
torted black hole solution generated by the Harrison-Ernst transformation. We
present these results mainly in order to fix the notations which we use in the main
part of this chapter. In Section 2.4, we establish special duality relations between
properties of the outer (event) and the inner (Cauchy) horizons of the charged
distorted black hole. In Sections 2.5 and 2.6, we study the Gaussian curvature
of the horizon surfaces and present their isometric embedding diagrams. In Sec-
tion 2.7, we discuss how the black hole distortion affects the maximal proper time
of free fall of a test particle moving along the axis of symmetry from the outer to
the inner horizon. In Section 2.8, we establish a relation between the spacetime
curvature invariants near the black hole horizons and their Gaussian 2-dimensional
curvatures. We summarize and discuss our results in Section 2.9. Necessary details
are included in Appendix E.

In Chapter 3 we discuss the Gregory-Laflamme instability of a 5-dimensional
black string with electric charge. In Section 3.2, we present the metric of the
5-dimensional electric black string and discuss its properties. In Section 3.3, we
consider the static S-wave perturbation of the charged string and derive the cor-
responding master equation. In Section 3.4, we integrate numerically the master
equation and construct the critical curve in the topological phase transition dia-
gram. In Section 3.5, we derive a similar curve using the global thermodynamic
equilibrium argument. In Section 3.6 we study the static S-wave perturbations
of the 5-dimensional extremal electric black string. In Section 3.7, we discuss and
compare the phase diagrams for the electric and magnetic black strings. Section 3.8
contains a discussion of our results.

A summary of the results derived and future perspectives are presented in the
Conclusion.

The results presented in this doctoral thesis were obtained during the course of
the author’s Ph.D. program at the University of Alberta between September 2005
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black string topological phase (above the curve), and the region of
thermodynamically stable black hole topological phase [below the
curve, up to the line (3)]. The region below the line (3) represents
naked spacetime singularities. . . . . . . ... ... .. ...
Dynamical critical curve (1) for the magnetic black string—black
hole topological phase transition. Here, y = M/L, p = P/L. Line
(2) corresponds to p = 2u/v/3. The region enclosed by the curve
(1) represents a dynamically stable black hole topological phase,
whereas the region outside the curve (1) represents a dynamically
stable black string topological phase. . . . . . ... ... ... ...

Scheme for calculation of the gravitational potential at point A due
to the point-like masses m; and ms located on the axis Oz, and the
thin ring of mass m and radius ry located in the plane perpendicular
totheaxis. . . . . . . . .

Rotational curves corresponding to 2D slices § = 7/2 of equipoten-
tial 3D hypersurfaces U = const are shown for M = L = 1 in the
corresponding covering space. 5D extremal black holes are located
along the dashed vertical line. Point O indicates horizon of one of
such black holes. The critical curve C separates equipotential hy-
persurfaces of different topology and corresponds to U = 1 + 47/3.
The angle of the cone of the critical surface is o = 60° (see [39]).
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G.2 Rotational curves corresponding to 2D slices § = 7/2 of equipoten-
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List of Symbols and
Abbreviations

Here, we present some symbols and notations, and give definitions which are used
in the thesis. Other notations and definitions are explained in the text.

Abbreviations

The abbreviation const is used for ‘constant’. The capital D is used for ‘dimen-
sional’, e.g., 4D should be read as 4-dimensional. The number of dimensions is
denoted by D, if arbitrary. The gravitational constant in a spacetime of arbitrary
dimensions is denoted as G(p). In particular, in 4D spacetime the gravitational
constant is denoted as G'4), which we write as G.

Units

The following units convention is used in this thesis: ¢ = h = kg = 1. In Chapters
1 and 2, we take G = 1, and in Chapter 3 we take, for convenience, 167G = 1.
Here, the fundamental constants are [4]:

the gravitational constant: G = 6.67428(67) x 107! kg™t m? s

the speed of light in vacuum: c = 299792458 m s~ !

the reduced Planck constant: h = 1.054571628(53) x 107%* kgm? s™!
the Boltzmann constant: kp = 1.3806504(24) x 107%* kgm?*s 2K ~!

The Planck distance is
Ipr = \/hG/c3 = 1.616253 x 107% m.
The Planck time is

Tp = /hG/c® = 5391241 x 107" s.



Symbols and sign conventions

The signature of the spacetime metric gog is: (— + +---+), L.e., it is +(D — 2).
The time coordinate index is 0: ¢t = z°.
Balance of indices and the Einstein summation convention are assumed.

The following special symbols are used:

~ order of magnitude estimate

~ approximately equal

= identity

i=+v—1 imaginary unit, if it sits on the baseline
a—b a goes to b

a+—b a goes to b, or b goes to a

fle=a value of f = f(z) evaluated at =z = a
|a| absolute value of a

Re{a} real part of a

A wedge product

v-w scalar product of vectors v and w

T°F = diag(T%, ...) represents a geometrical object T,

whose off-diagonal components are zeros

|z ] the floor function of z, which is the largest integer
not greater than x

['(x) the Gamma function

d(z) the Dirac delta function

1 >0
H(z)=4" v the Heaviside step function
0, <0

Basic definitions

Components of geometrical objects are defined with respect to a coordinate basis,
eg, Tyia,. B182-+ In a local orthonormal frame these components are Ty b PrBa--

Antisymmetrization of indices of a tensor T, .. nﬁl”'ﬁm is defined by square brackets
as follows:

67

1
5 "'ﬁm _ . 6 ﬁm .
for--an] ol (alternating sum of T, .., " over all permutations of ;’s) .



The Kronecker symbol 6,7 is

. :{1, ifa=0

0, otherwise.

The partial derivative with respect to coordinate x® is defined by comma in front
of subscript « as follows:

_o &
Jo= G o0 = Groger

ete.

The Lie derivative of a tensor T' with respect to a vector field v is defined as
follows:
(E’UT>a1a2--- 152 _ U“/Talazmﬁlﬂb - _TalaznjﬁQ Uﬁ177 o

4 T«/ag--- 5152"'0“/7(11 4 Tawm 51[32"'@’77&2 R

Bryyle
T U 7’y

The covariant derivative of a tensor T, - fl"'ﬁm is defined by the symbol nabla,

07

Bm —-Bm 3 & Bm Bm .9
Vol o0 = T, P T T,y T T
1"(5 T Bl"'ﬁm . 1"(5 T Bl“‘ﬁm .

a1y dan any a0

Here, the Christoffel symbols I'*; - are

(7 1 (e}
T = g (gsp + 96,8 — Yov.8) -

2
The main conventions for geometrical objects are these adopted in [94]. Namely,
the Riemann tensor is

feY R ple} « a o (o o
Rys = D5y = Ty6 17051755 = 10517, -

The Ricci tensor is defined by Raps = R”,,, 5. The Ricci scalar is R = 9P R, = R, .

The Einstein equations are (G(py = 1)

1
Gag = Raﬁ — §ga5R =87 Taﬁ,

or
1

R.p = 87 (Tag - mgagT) , T=g"T.z.



Here, the energy-momentum tensor 753 is defined by

=2 <5<¢——9Am>_[5w——gAm>] )

6gaﬁ 5(904377)

where A,, is the Lagrangian density of matter. For our purposes it is sufficient to
consider the energy-momentum tensor whose components in a local orthonormal
frame are given by

79 = diag(c, p;), i=1,..,D—1,

where ¢ is the energy density, and p;’s are the (D — 1) principal pressures. Here,
we define the following energy conditions.
The null energy condition is that for any null vector n®, T,sn°n® > 0, i.e.,

e+p; >0, for any 7.
The weak energy condition is that for any timelike vector k%, T,sk“k" > 0, i.e.,
e>0, and e +p; >0, for any .

The weak energy condition implies the null energy condition.
The strong energy condition is that for any timelike vector k%, T,zk“k" > %ko‘ka,
ie.,
=

€+ p; 20, and E+m;pz 20, for any 1.
The strong energy condition implies the null energy condition. It does not, in
general, imply the weak energy condition.
The dominant energy condition is that for any timelike vector k%, T,zk%k" > 0,
and T,gk” is not spacelike, i.e.,

e>0, and p; € [—¢,¢|, for any i.

The dominant energy condition implies the weak and the null energy conditions.
It does not, in general, imply the strong energy condition.

The corresponding averaged energy conditions can be defined by integrating
the null energy condition along a null curve, and by integrating the weak and the
strong energy conditions along a timelike curve (for details see, e.g., [120]).



The Weyl tensor is given by

2
Caprs = Rapys — 57— (9o Rajs — 9o Rsja) + (D—1)(D - Q)Rga[vgéw :
The Kretschmann scalar is
4 2
_ afys _ afyé 4 T af _ R?.
K Ragfng C’amgC’ + D_ 2RagR (D — 1)(D — 2)



Chapter 1

4D distorted Schwarzschild black
hole

1.1 Introduction

The uniqueness theorem proved by Israel [77] tells us that the only static vacuum
black hole solution of the Einstein equations in an asymptotically flat spacetime
is the Schwarzschild one. In the application to a real astrophysical problem this
solution, even in the absence of rotation, is highly idealized. For instance, the
presence of matter, e.g., in the form of accretion disk, distorts the metric. If a static
distribution of matter is localized outside the black hole horizon, the spacetime in
the vicinity of the horizon remains vacuum. We call such a solution a distorted
black hole. The metric near the horizon of a general (not necessary axisymmetric)
static distorted black hole was studied in [44].

If the distribution of matter outside a black hole is axisymmetric, the metric
of the distorted black hole allows a detailed description. The reason is that the
vacuum metric outside the matter is the Weyl solution. This metric contains two
functions of two variables. One of these functions, which has the meaning of the
gravitational potential, obeys the linear Laplace equation in a flat 3D space, while
the other can be obtained from it by a simple integration. Axially symmetric
distorted black holes were studied in several publications (see, e.g., [22,34,50,
79,80,99,106]). Such axially symmetric distorted black holes arise naturally in
the models were one of the (large) spatial dimensions is compactified. For the
general discussion of such solutions in higher dimensions see, e.g., [67,97]. In 4D
spacetime, such compactified black hole solutions admit the Weyl form of metric.
The properties of 4D compactified black holes were studied in [11,40].

In the previous studies of distorted black holes the attention has mainly been
focused on the properties of the black hole exterior. However, any distribution of
matter in the black hole exterior region distorts the metric not only outside the
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black hole, but also in its interior. Our purpose is to study this effect. Namely, we
consider the interior of an axially symmetric distorted black hole. In particular, we
study the structure of the spacetime in the vicinity of the black hole singularity.
We start with an analysis of a general axially symmetric solution which is static
outside the black hole and has a regular horizon. The external metric is determined
by the solution of the 3D flat Laplace equation for the corresponding gravitational
potential. The latter can be uniquely characterized by its multipole moments. We
demonstrate that these multipole moments determine both the shape of the horizon
of the distorted black hole and the spacetime structure near its singularity. As a
special example, we consider an application of the obtained results to the case
of the compactified black hole. For such a black hole the distortion multipole
moments are fixed by the regularity condition of the compactified spacetime, and
they depend only on the ratio of the black hole size to the size of the compactified
dimension. We discuss the internal structure of compactified black holes. The
main results presented here were published in [45].

1.2 Schwarzschild spacetime

We begin with a short review of the Schwarzschild spacetime (an excellent de-
scription can be found, e.g., in [22,43,72,94]). The Schwarzschild solution is given
by

-1
ds* = — (1 — g) dt* + (1 - %) dr® + r*(d6? + sin? 0 d¢?) . (1.1)
It is the static, asymptotically flat, spherically symmetric solution of the vacuum
Einstein equations, which has one parameter, M. For r > 2M this solution repre-
sents spacetime outside a spherically symmetric distribution of electrically neutral
matter which has zero net angular momentum. For large values of the coordinate
r the gravitational field of the matter becomes weak and can be compared with
its Newtonian description. The comparison shows that the parameter M > 0 is
the gravitational mass of the matter. For r > 2M the coordinate t is timelike; it
measures proper time of observers resting at asymptotic infinity (r — 400). The
coordinate r is a measure of the surface area 47r? of spacelike 2D surfaces defined
by r = const > 2M. According to the Birkhoff theorem, the Schwarzschild solution
is unique: any spherically symmetric solution of the vacuum Einstein equations is
locally isometric to the Schwarzschild solution. Algebraically, the Schwarzschild
solution is of Petrov type-D, i.e., the Schwazschild spacetime has two double prin-
cipal null directions: the only non-zero Weyl scalar is Wy = —M7r 3.

If the matter of mass M has collapsed within the surface » = 2M, which is
called the Schwarzschild sphere, then a closed trapped spacelike 2D surface .



CHAPTER 1. 4D DISTORTED SCHWARZSCHILD BLACK HOLE 3

forms in the region r < 2M surrounding the matter. By definition, ingoing and
outgoing null geodesics orthogonal to . always converge at .%’. This is the result
of a gravitational pull, which is so strong that even outgoing light rays are dragged
backward. As far as the matter cannot travel faster than light, it will eventually
contract to a smaller and smaller volume. The existence of a closed trapped surface
implies that the spacetime singularity forms in the region r < 2M (see, e.g., [72]).
The final stage of the collapse is the Schwarzschild black hole described by the
metric (1.1), where

t € (—o00,0), re(0,00), €[0,7], ¢€0,2m). (1.2)

This metric is singular at » = 0 and at » = 2M. It has additional trivial coordinate

singularities at # = 0 and § = . Calculation of the spacetime invariant, the

Kretschmann scalar,

48 M*?
6

ICSch = Raﬁ’y(;Raﬁws = ) (13)

shows that the singularity at » = 0 is true spacetime singularity. An analysis of
the metric and null geodesics near the singularity shows that this singularity is
spacelike and topologically R! x S? (see, e.g., [51]). The singularity at r = 2M
is just a coordinate singularity: the spacetime invariant (1.3) does not diverge
there. This singularity indicates that the Schwarzschild coordinates (1.2) do not
cover the whole the spacetime manifold: there are two disconnected regions de-
fined by r € (0,2M) and r € (2M,+o0). Using different coordinates one can
present the Schwarzschild metric in a form which is not singular at r = 2M. In
other words, one can extend, by an appropriate choice of coordinates, the exterior
Schwarzschild manifold r € (2M, +00) beyond the Schwarzschild sphere r = 2M.
One of such well established, maximal, time symmetric extension is given by the
Kruskal-Szekeres coordinates (see, e.g., [94]),

u € (—00,00), v € (—00,00), #€l0,n], ¢e€l0,2n), (1.4)
where
_ v N\Y2 rjam b
for r > 2M u=3 (2M 1)1/2 © C'OSh (4M) (1.5)
v=1 (55 — 1)/ Msinh (L),
_ e \Y2 pjam ot
for r < 2M u=3 (1 2M)1/2 ¢ sinh (4M) (1.6)
v==+(1-5) e"/*M cosh (&) -
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The Schwarzschild metric (1.1) in these coordinates reads

. 32M3 6—r/2M
T

ds? — (—dv? + du?) + r*(d6* + sin? 0 d¢?) (1.7)

where 7 = r(u,v) is defined by

(ﬁ — 1) e/ = 2 — 2, (1.8)
Obviously, the metric (1.7) is regular at » = 2M. The spacetime singularity r = 0
is defined in the Kruskal-Szekeres coordinates by v? — u? = 1. In fact, there are
two singularities defined by

v=—+1+u)?, v=—-1+u)2 (1.9)

This is the result of the maximal analytic extension of the Schwarzschild spacetime
manifold, which is achieved by the choice of the Kruskal-Szekeres coordinates,
which give the ‘complete picture’. The original, Schwarzschild coordinates (1.1)
cover only part of the extended manifold, and, as a result, reveal only one spacetime
singularity at » = 0.

To demonstrate the causal structure of the Schwarzschild spacetime (1.7) we
apply the conformal transformations

v+u:tan<g+%), v—u:tan<y), (1.10)

2

which map the spacetime (1.7), (1.4) into the corresponding Carter-Penrose con-
formal diagram, which is illustrated in Figure 1.1. The spacetime singularities are
presented by the segments

T T
T+ % (——,—). 1.11

2 < 272 ( )
This diagram demonstrates causal connections between the different regions, hori-
zons, infinities and singularities of the Schwarzschild spacetime (1.7). Here, the
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following Penrose definitions are used:

7~  is past timelike infinity corresponding to t — —oo and finite r,
It is future timelike infinity corresponding to t — oo and finite 7,
7°  is spacelike infinity corresponding to r — 400 and finite ¢,

#~ is past null infinity corresponding to ¢t — r — —oo and finite ¢ + r,

St is future null infinity corresponding to t +r — 400 and finite t — r.
(1.12)

The regions I and I’ are asymptotically flat. They represent two distinct but

T\
I Singularity

Singularity 7-

Figure 1.1: Carter-Penrose conformal diagram of the Schwarzschild spacetime.
Each point in the diagram, except for the six vertices, represents a 2D sphere (6, ¢)
defined by (7, Z) = const. Radial null geodesics are the lines .7 + % = const.

identical universes, each of which is located on one side of the Einstein-Rosen
bridge, which evolves so rapidly that no null rays can pass through it [94]. Thus,
these universes are causally disconnected.

Region 11 is the Schwarzschild black hole interior. It represents an anisotropic
collapsing universe of infinite spatial volume, which expands in the spatial ¢ di-
rection and contracts in the 6 and ¢ directions. Each point in this region in the
diagram represents a closed 2D trapped surface. The radial coordinate r is time
like in this region. Thus, the propagation in the black hole interior towards its
singularity is time evolution. Particles moving along causal lines and entering the
black hole interior can never escape outside, as they can never move backward in
time.

Region I1’ is region II with the reversed direction of time. This region is the
interior of the white hole. It represents an expanding anisotropic universe, which
can never be entered from the outside by causal particles. Particles moving inside
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of the region inevitably escape with the flow of time. Each point in this region
represents a reversed-in-time closed 2D trapped surface. Thus, all particles in
region /I’ came in fact out from the singularity in their past.

The Schwarzschild spacetime cannot be mathematically extended beyond the
spacetime singularity (1.9), for the singularity does not belong to the spacetime
manifold. In the language of general relativity, a spacetime singularity is the
region where physical laws break down. It is common to reckon that the classical
description of spacetime in the regions of a very high (Planck) curvature, where
IC ~ l;f, is invalid, and should be replaced with a quantum one.

In the following sections we shall discuss the Schwarzschild black hole distorted
by external, static, axisymmetric gravitational fields. We shall study how such
distortions affect the black hole interior.

1.3 Metric of a distorted black hole

The Israel uniqueness theorem [77] states: among all static, asymptotically flat vac-
uum spacetimes with closed, simply connected equipotential surfaces é?t) = const,
where &4y = O is a timelike, surface-orthogonal Killing vector, the Schwarzschild
solution s the only one which has a reqular event horizon £(2t) =0.

Here we shall study how a Schwarzschild black hole is modified by the presence
of static, axisymmetric external distribution of matter. There are two possible
ways how to consider sources of such external matter. The first way is to include
the sources into the Einstein equations; then the corresponding spacetime will not
be vacuum. The second way is to move the sources to asymptotic infinity; then
the corresponding spacetime will not be asymptotically flat. In both the cases the
Israel uniqueness theorem is not applicable, and the corresponding black hole may
have a regular horizon and differ from the Schwarzschild one. Here we consider
the second way and study the spacetime at the vicinity of the black hole horizon.
Such a solution is called a local black hole, which was studied in [50]. Our goal
is to study the interior of such a local black hole. Following [50] we present the
metric of a local black hole in the Weyl form

ds* = —e?dt* + eV [e*V (dp® + d2°) + p*de?] (1.13)
where U = U(p, z), V = V(p, z), and the coordinate ranges are
t € (—00,00), pe€(0,00), z€ (—00,00), ¢€l0,2m). (1.14)

The Weyl spacetime has two commuting, orthogonal, surface-orthogonal Killing
vectors: &) = 0y, which is timelike, and &) = 0y, which is rotational and space-
like. In a general case, static, axisymmetric vacuum solutions can be written in
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the Weyl form (for details see [50]).

In principle, there might exist two types of local black holes which horizon
surface is sphere or torus [50]. According to results by Hawking [71], the surface
topology of a stationary 4D black hole must be a two-sphere, provided the dominant
energy condition is satisfied. In addition, black holes with toroidal horizon surface
violate topological censorship [37]. According to the theorem by Jacobson and
Venkataramani [81], a black hole event horizon topology must be a two-sphere
if it is stable for a long time and the averaged null energy condition is satisfied.
Numerical simulations of formation of a temporarily toroidal horizon support this
point of view [2, 76, 113]. Here, we shall consider only stable, spherical black holes.

To begin with, let us present the Schwarzschild metric (1.1) in the Weyl form.
Matching the metrics (1.1) and (1.13), we derive for r > 2M:

1 2M 1 M?sin” 0
Us(T, 9) = 511’1 (1 - T) 5 Vs(?”, 9) = —5 In <1 + m) . (115)

The relation between the Schwarzschild (1.2) and Weyl (1.14) coordinates is

p=A/r(r—2M)sinf, z=(r—M)cost, r>2M. (1.16)

Using the following transformation:

r:M+%(l+—l—l_), le = /p? + (2 £ M)2, (1.17)
we derive
1l —-2M L (1) — 4N
Us(p, z) = §ln (m) , Vs(p2) = §ln ( ALl - (1.18)

Thus, the external region of the Schwarzschild black hole can be presented in the
Weyl form.

So far, the Weyl form does not appear very suitable for a description of the
Schwarzschild spacetime, for it covers only its exterior region. However, power-
ful properties of the the Weyl form are manifested in the corresponding vacuum
Einstein equations

1
Upp + ;U,p +U.. =0, (1.19)
V,P = p(U,zp - U,?z) ) V,z = 20 U,pU,z' (1'20)

Here, Eq. (1.19) for the U metric function is the Laplace equation associated with
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the 3D flat metric
di? = dp* + d2* + p*d¢?, (1.21)

and it is the integrability condition for the other two Einstein equations (1.20).
Once the solution U is known, V' can be determined by simple quadratures. The
Laplace equation for the potential U does not, in fact, correspond to the Newtonian
limit, and it can be considered as a FEuclidean map of the corresponding nonlinear
equations.

An analysis of the Schwarzschild solution in the Weyl form shows that Ug
corresponds in Newtonian theory to gravitational potential of an infinitesimally
thin rod of length 2M and the uniform mass density 1/2 which is located in a
fictitious flat 3D space. The location of the rod in Weyl coordinates is given by
p =0, and z € [-M, M]. The rod corresponds to the Schwarzschild black hole
horizon. One can use the Poisson equation corresponding to the Laplace equation
(1.19) with the source due to the rod, and apply the method of Green’s function

to construct . l M
U Y L 1.92
s(p,z) 2 n(l_—l—M—z) ( )

This is another representation of the Schwarzschild solution Ug which is equiv-
alent to (1.18). Such a construction seems to violate spherical symmetry of the
Schwarzschild solution. However, taking the appropriate Newtonian limit of Usg,
one can see that Ug leads to the Newtonian potential of a spherically symmetric
mass distribution (see, e.g., [110] and [30], p. 65-84).

We shall study the interior of a distorted Schwarzschild black hole. To do
this, we have to consider the inner region r € (0,2M) of the Schwarzschild black
hole. However, this region in the Weyl coordinates corresponds to an imaginary p
coordinate, and contains an additional coordinate singularities. Thus, an analytical
continuation in (p, z,¢) coordinates is not suitable for us. Instead of (p, z, ¢)
coordinates we can use prolate spheroidal coordinates (7, 0, ¢) related to the Weyl
canonical coordinates in the following way (see, e.g., [126]):

p=My/n?—1sinf, z= Mncosb, (1.23)
where
n€ll,o0), 6€l0,n], (1.24)

and M is the mass of the Schwarzschild black hole, which defines location of focal
points of the prolate spheroidal coordinates. Thus,

dp* + dz* = M*(n? — cos® 0)[(n* — 1) 'dn® + db?). (1.25)

The spherical Schwarzschild coordinates (7, 0, ¢) are related to the prolate spheroidal
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coordinates (7,6, ¢) as follows:
—Mn+1), 6=0, ¢=¢. (1.26)

Using (1.23)-(1.25), we write the Weyl metric (1.13) representing the Schwarzschild
black hole in the following form:

2

ds® = —e*Vs dt*+ M?e~2Us [eQVS (n* — cos® ) {gil + d92] + (n° — 1) sin? 9d¢2} ;
2 —

(1.27)

1 n—1 1 n? —1
— ] = —In[—0w. 1.2
Us 2n<77+1)7 Vs 2n(n2—cos29> (1.28)

The vacuum Einstein equations (1.19), (1.20) in the prolate spheroidal coordi-
nates take the following form:

where

( —1)U77,7+27]U —|—U99-|—C0t¢9U9—0 (1.29)
N (n]( — U3l +2(n° — 1) cot 0 U, Uy) , (1.30)
V@ = (cot9 [U?@ — (= DU+2nU,Up) - (1.31)

Here, N = sin®(n? — cos?0)~!. According to [50] the Schwarzschild black hole
distorted by external sources is defined by

U=Us+U, V=Vs+V, (1.32)

where U and V are the distortion fields. The corresponding metric representing an
axisymmetric Schwarzschid black hole distorted by an external, static gravitational
field is

dn?

1 .- T
ds? = 1 - Vdt? + M*(n+1)%e 2V [ezv < 1
n p—

o +d92) —|—sin29d¢2} . (1.33)

Because of linearity of the Laplace equation for U, the distortion field U solves
the same equation

(7> = 1)U,y + 20U, + Ugg + cot 8 Uy = 0. (1.34)
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The equation for V can be derived using Eqs. (1.30), (1.31) and (1.28),

Vo = N (nltr? = )02 = 03] + 20 = 1) cot 00,0 + 20U, + 20t 60,
(1.35)

Ve = N@?—1) <cot 0[0% — (n? — 1)U — 20, + 20U 6T, + (n* — 1)—1]) .

(1.36)

In what follows, we shall study properties of this metric, focusing on the distorted

Schwarzschild black hole interior.
The black hole horizon H is defined by

H: n=1, 60,7 (1.37)

Following [50] and [22] in order to guarantee regularity of the distorted black hole
horizon we choose U to be finite and smooth in the vicinity and on the horizon
H. Thus, we have to find a regular solution to Eq. (1.34). This equation allows a
separation of variables U(n, 8) = F(1)S(6), which gives

5799 + COtQS,g +A5=0, (1.38)
(> = 1)E, + 2nF, — \F =0, (1.39)

where A € R! is the separation constant. Since the polar points § = 0,7 are
regular, the function S(#) must be finite at these points. The solutions of this
eigenvalue problem are the following:

A=n(n+1), S(@;n)=P,(cosh), n=0,1,..., (1.40)

where P, (cosf)’s are the Legendre polynomials of the first kind (see, e.g., [3], p.
331). Expanding U over the complete set of the Legendre polynomials P, (cos#),

we derive
= Fu(n)Pa(cos). (1.41)
n=0

Since at the horizon surface U must be finite and regular, one must omit solutions
of Eq. (1.39) that are infinitely growing at n = 1. Thus, we obtain the following
regular solution for U:

Z an, P, (n)P,(cosb), (1.42)

n>0

where a,, are the expansion coefficients, which we call the Weyl multipole moments.
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For a given value of U on the black hole horizon ‘H, the Weyl multipole moments
are defined by

_2n+1
2

Qn

/ d@sin@f](n,@ﬂn:an(cosé’). (1.43)
0

Equation (1.39) has another class of solutions represented in terms of the Leg-
endre polynomials of the second kind (see, e.g., [3], p. 331). However, this class
of solutions diverges at n = 1, and hence, does not represent a regular horizon. A
particular type of such solutions representing the exterior gravitational field of a
static deformed mass with axial symmetry was considered in [110] and, in a differ-
ent form, in [90]. Here we consider the distortions of the type given by Eq. (1.42).
It is convenient to present the solution (1.42) in a different form, which allows to
derive a solution to equations (1.35) and (1.36) in a closed form,

U=> c,R"P,(ncosf/R) , R=(n—sin’6)"/. (1.44)

n>0

The coefficients ¢,,’s define the distortion field U. We shall call these coefficients the
Weyl multipole moments, or briefly, the multipole moments. The relation between
the Weyl multipole moments a,’s and ¢,’s is given in Appendix A. The relation
of the Weyl multipole moments to their relativistic analogues was discussed in
[118] for the Schwarzschild black hole distorted by an external field. The general
formalism, which includes both the Thorne [119] and the Geroch-Hansen (see [48,
49,65, 110]) relativistic multipole moments is presented in [117]. For a relation
between the Thorne [119] and the Geroch-Hansen relativistic multipole moments
see [10,61].

The solution to Egs. (1.35), (1.36) for U given by expression (1.44) was pre-
sented in [15],

V=Vi+V, (1.45)
n—1

Vi = ch [cos® —n— (—1)""(n+cos#)] R'P, (ncos/R),  (1.46)
0

n>1 =

Vy = Z nl:f:/:k R™ [P, (ncos0/R) Py, (ncosf/R)
n,k>1

—P,_1(ncos/R) Pr_1 (ncosf/R)]. (1.47)

Here ‘71 is linear and ‘72 is quadratic in the ¢,,’s.

Expressions (1.44)-(1.47) guarantee that the distortion fields U and V are
smooth and finite at the horizon. Geroch and Hartle [50] demonstrated that if
U is a regular smooth function in any small open neighborhood of the horizon H
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(including H) determined by expression (1.37), which takes the same values, u,
on both ends of the segment (1.37),

A A

Un=1,0=0)=U(n=1,0 =m) = uy, (1.48)

then the solution is regular at the horizon, and describes a distorted black hole.
This is the black hole equilibrium condition. We can rewrite this condition in terms
of the multipole moments. Using Eq. (1.44) and the property of the Legendre
polynomials,

P,(£1) = (£1)", (1.49)

we present the equilibrium condition in the following form:

Z Con+1 = 07 (150)

n>0
and one has
Uy = ch = ZCQn. (1.51)
n>0 n>0

If the distortion source obeys the strong energy condition, uy has to be non-positive
[50]. Thus, a static, axisymmetric, distorted black hole is at equilibrium if the sum
of the coefficients of the odd multipole moments of the distortion field U vanishes.
The black hole equilibrium conditions (1.50) and (1.51) can be presented in terms
of a,, Weyl multipole moments as follows (for details see Appendix A):

Za2n+1 = 0, Ug = Zan = ZGQn . (152)

k>0 n>0 n>0

The equilibrium condition implies local flatness (absence of conical singularities)
along the symmetry axis of the black hole. Namely,

V(1,0)l9—0 = V(11,0)]g—r = 0. (1.53)

Because the metric (1.33) is regular at the distorted black hole horizon n = 1,
we can do analytical continuation of the metric and consider the values n < 1.
One can check by calculating spacetime invariants that the spacetime (1.33) has a
spacelike singularity at n = —1. Thus, the distorted black hole interior corresponds
tone (—1,1).

Let us emphasize that Eq. (1.34) for the distortion field U in the interior region
n € (—1,1) is of the hyperbolic type, in accordance with the general property
of black holes. Namely, the direction to the singularity in the interior region is
the direction to the future, and the evolution of the metric in this region obeys
dynamical equations.
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In what follows, we consider the dimensionless form of the metric dS?, related
to the metric ds?, [see Eq.(1.33)],

2ug

M
ds? = 2dS?, rp = <

— 1.54

where rq is the surface gravity of the distorted Schwarzschild black hole. For the
dimensionless metric dS? we define

A

T:Iiot, U:U—uo (155)

One can write the metric dS? in the form

o =1 gy 1 o oy | 0w (A0 2 .2 2
ds* = —4me ar +Z(n+1) e [e <ﬁ+d0 +sin“0do| . (1.56)
In the next section, we shall study the metric (1.56) and its properties. In order
to obtain the corresponding characteristics of the ‘physical’ solution (1.33), it is
sufficient to use the scaling transformations (1.55).

1.4 Duality relations between the horizon and
the singularity

In this section, we describe special symmetry relations between the Schwarzschild
black hole horizon and its singularity. As we already mentioned in the previous
section, the spacetime (1.56) has two Killing vectors corresponding to the 7" and
¢ coordinates, &) and &4). Thus, the essential part of the spacetime geometry
is confined to the (7, 6) plane. The metric on this plane is defined by (1.56) for
T = const and ¢ = const,

d22 _1( 12 —2U 2V LTF d02 1.57
o A i e i : (1.57)

To study the geometry of this plane it is customary to define
n=cosy, ¥ € (0,m), (1.58)

for n € (=1,1) corresponding to the black hole interior. The metric (1.57) takes
the following form:

dx2 = %(1 + cos 1/))26_2“”‘7 [—dy? + db?] . (1.59)
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T

OA’ 0 o

Figure 1.2: Carter-Penrose conformal diagram for the Schwarzschild black hole
interior, the (¢, 6) sector. The arrows illustrate propagation of three future di-
rected null rays. Points A and B connected by one of such rays are symmetric
with respect to the central point C'(7/2,7/2).

Thus, v is a timelike coordinate. The Carter-Penrose conformal diagram presented
in Figure 1.2 illustrates the geometry of the Schwarzschild black hole interior. The
lines ) £ 6 = const are null rays propagating within the 2D plane (¢, ) defined
by (T, ¢) = const section of the 4D Schwarzschild spacetime (1.56). Three of such
rays are illustrated in Figure 1.2 by the arrows. For example, one of the rays
starts at point A on the horizon H, goes through the ‘south’ pole at § = 7, and
terminates at point B, at the singularity. Note, that this diagram is different from
the usual Carter-Penrose diagram for the radial sector (¢,r) of the Schwarzschild
black hole (see Figure 1.1).

Consider a transformation R representing the reflection of coordinates (v, 6)
with respect to the ‘central point’ C' in the black hole interior region

Re:  (¥,0) — (m—,m—0). (1.60)

This transformation determines a map R¢, between functions defined in the interior
region and on its boundaries

[*=Ro(f), f(,0)=f(r—i,m—0). (1.61)
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Using expressions (1.44)-(1.47) we obtain

I/A{*(w,ﬁ) EZ/A[(W—Q/J,W—Q) :U(@AD,Q), (1.62)
‘{1*(%9) = ‘fl(ﬂ—?ﬂﬂf—@) = T‘/l(,lvbae)’ (163)
Vo' (1,0) = Va(m — ¢, — 0) = Va(¢,0) . (1.64)

It is easy to see that coordinates of the points A and B are related by the
reflection Ro. Thus, the transformation Ro determines a map between functions
on the horizon and on the singularity. Now we demonstrate that for the distortion
fields ¢ and V this is a symmetry transformation. In other words, the values of
U and V on the singularity, ¢ = 7, are determined by their values on the horizon,
P = 0.

Using Egs. (1.62), (1.44), and the properties of the Legendre polynomials (1.49)
we derive

U(m,m—0) = U(0,0) :chcosné’—uo. (1.65)

n=0

Expressions (1.44)-(1.47) and (1.49) give

‘71(¢,9)\¢:0 = —(1—cosh) chZcose

n>1 =
n—1
— (1 +cosb) Z cnz (—cosh)! U0,0), (1.66)
n>1 =0
Va(®,0)ly=0 = 0. (1.67)
Thus, using Egs. (1.63) and (1.64) we have
Vim,m—60) = =V(0,6) = —2U(0,0). (1.68)

The above expressions (1.65) and (1.68) allow one to establish special symmetry
relations between the horizon and the singularity. We call the relations (1.65),
(1.68) the duality relations.
Let us denote
ug(0) =) (&1)"¢, cos" 0 — ug. (1.69)
n>0

As we shall see below, this function defines boundary values of the distortion fields.
It is easy to check that

us(0) = ugp(r—40), ur(0) =uy(r)=0. (1.70)
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Expression (1.70) implies that the functions u(f) and u_(6) transform into each
other under reflection with respect to the point § = 7/2. This transformation
property is directly related to the properties of the distortion field /. Namely,
using Egs. (1.65), (1.69), (1.70) and (1.44), we derive the following boundary
values of U [see Figure 1.3]:

U, O)|p=0 = ui(0), U, 0)|y=r = u_(8), (1.71)
u(¢79)\6:0 = U+(¢)a U(¢79)|9:wzu—(¢)- (172>

1

e - o e e

0 0 T

Figure 1.3: Boundary values of U for the interior of the distorted black hole. The
dashed line, ¥ = 0, is the horizon, and the dotted line, 1) = 7, is the singularity.

Analogously, using Egs. (1.68), (1.71), (1.70) and (1.53) we derive the boundary

values of V' [see Figure 1.4]
V(,0)ly=0 = 2u4(0 V(®,0)ly=r = —2u_(0), (1.73)

), 0
V(wa 9)|9=0 = 0> V(wa 9)|9=7r = 0. (174)

A

The boundary values of the distortion fields ¢ and V define symmetry properties
of the metrics on the black hole horizon and at the singularity. Thus, the distortion
fields calculated at the singularity are expressed through those calculated on the
horizon. This fact greatly simplifies the study of the spacetime structure near the
singularity. We return to this point in Section 1.7.
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e, o ST

0 0 T

Figure 1.4: Boundary values of V for the interior of the distorted black hole. The
dashed line, v = 0, is the horizon, and the dotted line, 1) = 7, is the singularity.

Using expression (1.42) one can present expression (1.69) in the following way:

ug(0) =) (&1)"a, Pa(cos6) — uo. (1.75)

n>0

Obviously, all the relations presented in this section hold for (1.42). We shall use
both the presentations of U throughout this thesis. Referring to Appendix A helps
to switch from one representation to another.

1.5 Free fall from the horizon to the singularity

It is interesting to check how distortion of the Schwarzschild black hole affects
proper time of free fall from the black hole horizon to its singularity. In the case
of undistorted Schwarzschild black hole of mass M, the maximal proper time is
M (see, e.g., [94], p. 836). Let us consider, for example, motion of a test particle
of zero angular momentum which moves from the horizon to the singularity of the
distorted black hole along its symmetry axis. The dimensionless proper time of
this free fall calculated for the dimensionless metric (1.56), with the aid of Egs.
(1.53) and (1.72) is given by

1 /7r a0 (14 cost)(1 — cosap)t/2eux¥) (1.76)
o

7=(E) = 5 ,
2 1 —cos® + E2(1 4+ cos 9)6_2ui(¢)—2u0]1/2
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Here, + signs are for # = 0 and # = 7 axes respectively, and E is the energy of the

test particle,

1 dT
E =20 - eus@)tuo & (1.77)

7]"—1 dT:t.

The maximal proper time corresponds to £ = 0. Thus, we derive

re=ral0) = 5 [ dv(1+ cospyea . (1.78)
0

The dimensional proper time is 2Me~" 7, [see Eq. (1.54)].

To illustrate how distortion of the black hole affects this time, we consider two
simple examples. As the first example, we consider the quadrupole distortion when
only ag and ay do not vanish. Taking into account that ag = ug—as [see Eq. (1.52)]
one has

3
us () = —5a sin? 1) . (1.79)
The integral (1.78) can be evaluated analytically,
T+ = ge3a2/410(3a2/4) s (180)

where [y(2) is the modified Bessel function (see, e.g., [3], p. 374). The plot of 74
as a function of the quadrupole moment a, is shown in Figure 1.5(a).
As the second example we consider the octupole distortion when only a; and

a3 do not vanish. Because of the condition (1.52) one has a; = —ag, and
5 .9
us(v) = :F§a3 cos 1) sin” 1) . (1.81)

To obtain 71 we used numerical integration. The plot of 7, as a function of the
octupole moment ag is shown in Figure 1.5(b).

1.6 Near horizon geometry

1.6.1 Shape of a distorted horizon

The form of the horizon surface for the metric (1.56) and the boundary values
(1.71) and (1.73) is determined by the following line element (see also [50]):

do? = e*"*+df® + e *"+ sin® 0 d¢”. (1.82)

Here, and in what follows uy = wy(6). This metric is obtained from the metric
(1.56) as the limit n — 1, (or ¢» — 0), of the metric on the 2D section T' = const,



CHAPTER 1. 4D DISTORTED SCHWARZSCHILD BLACK HOLE 19

)

T+ T+

h

s

(T T T T T[T T T T[T T TT[TTTT1]
TTT T T T[T T T T[T T T T 11171
I

[

1

/ 1
0 a9 0 a3

-4 -3 =2 -l 0 1 2 -4 -3 =2 -l 0 1 2

(a) (b)

Figure 1.5: (a): Quadrupole distortion: the proper time, 74, as a function of the
quadrupole moment ay. (b) Octupole distortion: the proper time, 7, as a function
of the octupole moment a3. The minimal value of 7,,,,, =~ 1.35 corresponds to
A3min ~ —0.917. The similar plot for 7_ can be obtained by the reflection a3 —
—as. The dimensionless proper time for the Schwarzschild black hole is 7. = 7/2 &~
1.57.

1 = const. The dimensionless horizon area is equal to 4.

A natural measure of intrinsic curvature of a 2D surface is its Gaussian curva-
ture K. Gaussian curvature of a horizon surface was studied by several authors
(see, e.g., [38,89,114,122,123]). The Gaussian curvature of the metric do? is
K, = R/2, where R is the Ricci scalar curvature. It is given by the following
expression:

Ky =e % (14 uggp+3cot Ouy g — 203 o) (1.83)

As special examples, we consider the quadrupole and octupole distortions with
functions u, given by (1.79) and (1.81), respectively. The Gaussian curvature for
these distortions is

K, = ¢tosin®0 [1+ 3as(1 — 5cos®§) — 18a3 cos® fsin® 6] (1.84)

1 .
K, = 565[13 cos 0 sin” 0 [2 — 10a; cos 6(9 cos® § — 5) — 25a3 sin® §(1 — 3 cos® 6)?] |
(1.85)
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Figure 1.6: Shape of the horizon surface of the distorted black hole. The embedding
diagram for the horizon surface can be obtained by rotation of the curves on the
plots around the vertical axis. The left plot (a) shows the rotation curves for the
quadrupole distortion of ay = 1/12, line (1) and ay = —1/12, line (2). The right
plot (b) shows the rotation curves for the octupole distortion of a; = —az = 1/20,
line (1) and a; = —ag = 1/6, line (2). The region embedded into pseudo-Euclidean
space is illustrated in plot (b) by the dotted line. The rotation curves for positive
octupole moments az can be obtained by the reflection of the rotational curves in
plot (b) with respect to the horizontal axis at 0.0. The dashed lines in both the
plots are round circles of radius 1 corresponding to the Schwarzschild black hole.

respectively. For the quadrupole distortion the Gaussian curvature becomes neg-
ative at both of the poles, 8 = 0 and 6 = 7, for ay > 1/12. Similarly, for the
octupole distortion, the Gaussian curvature becomes negative at one of the poles
for Jas] > 1/20. It means that for these values of the multipole moments the
horizon surface of the distorted black hole cannot be isometrically embedded into
a flat 3D space as a surface of revolution (see, e.g., [38] and references therein).
For a; < 1/12 (in the quadrupole case) and |az| < 1/20 (in the octupole case)
isometric embedding may be possible.

To construct the embedding we consider an axisymmetric 2D surface which is
parametrized as follows:

p=p0), z==z(0). (1.86)

Let us embed this surface into a flat 3D space with the metric in cylindrical coor-
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dinates (z, p, ¢):
di? = edz”® + dp* + p*d¢?, (1.87)

where for Euclidean space ¢ = 1, and for pseudo-Euclidean space ¢ = —1. Note,
that an axisymmetric 2D surface cannot be isometrically embedded into a 3D
Euclidean space as a surface of revolution if its Gaussian curvature is negative at
the vicinity of a fixed point of rotation [38]. However, a failure of the embedding
does not generally imply that Gaussian curvature of the surface is negative. The
geometry induced on the surface (1.86) is given by

dI? = (2% + p%)db? + p*de?. (1.88)

Matching the metrics (1.82) and (1.88) we derive the following embedding map:

w/2
p = e “sinf, z= / Zdo, (1.89)
0
Z? = ™[l —e ™ (cosf — u, gsin ). (1.90)

From Eq. (1.90) we see that if the expression in the square brackets is negative,
an isometric embedding into 3D Euclidean space as a surface of revolution is not
possible, and we should take ¢ = —1. The embedding diagrams of the distorted
event horizon surface for the quadrupole and octupole distortions are illustrated in
Figure 1.6. Note that the change in sign from ‘4’ to ‘=’ of the quadrupole moment
corresponds to a deformation of the rotational curve from oblate to prolate and
vice versa. The change in sign of the octupole moment corresponds to an overturn
of the rotational curve preserving its shape.

1.6.2 Kretschmann invariant

The Gaussian curvature discussed in the previous subsection characterizes the
shape of the 2D surface of the distorted horizon. In this subsection we study the
4D curvature of the spacetime near the distorted horizon. We demonstrate that
the 4D curvature is greater at the points where the horizon surface is sharper.

The components of the curvature tensor depend on the coordinate choice.
Hence, to characterize the strength of the curvature one needs to consider cur-
vature invariants. The simplest one is the Kretschmann scalar I = Rangaﬁ”";.
We demonstrate that there is a simple relation between the Kretschmann invariant
and the Gaussian curvature at the surface of the distorted black hole.

The function uy (0), which specifies the geometry of the horizon surface, uniquely
determines the geometry of the black hole interior. In particular, one can obtain
expansion of 2/ and V at the vicinity of the horizon (see Appendix B). The first
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two terms of this expansion in the powers of 1) are

1
U = uy— Euf)iﬁ T (1.91)
~ 1
V = 2u, — i(uf) - uiﬂ + 2 cot Ouy g)* + ... (1.92)
Here and later we use the dots ‘..." for the omitted terms of higher order in 1. We
also defined
ul = (1) aun(n + 1) Py(cos b). (1.93)
n>0

In this approximation the metric near the black hole horizon reads

dS? = A dT? + Bo(d0® — dy?) + Cydg?, (1.94)
where

L, 2uy (2) 2

A, = E@De 6 — (Buy’ — 1)y +..], (1.95)
1

B, = 562“+ 2 — (uf) +4cotOusp—2ut 4+ 1)° + .. ], (1.96)
1

Cp = ge*sin’f2+ W — 1)+ .. ] (1.97)

This expansion, for example, can be used to determine the value of the Kretschmann
scalar K = R,5,5R*%° at the horizon surface. Using Eqs. (1.94)-(1.97) we derive

Ky =127 (14 uygg+ 3cotOuy g — 2u2 4)° . (1.98)

For the Schwarzschild black hole K., , = 12. Figure 1.7 illustrates the ratio,
k = Ki/Ksa,, of the Kretschmann scalars of the distorted and Schwarzschild
black holes.

Comparing expression (1.98) with expression (1.83), one arrives at the following
relation valid on the horizon surface of a distorted black hole:

Ky =12K%. (1.99)

This relation is valid not only for the axisymmetric case but also for an arbitrary
static distorted black hole (see Appendix E, Egs. (E.41), (E.1), for the electrically
neutral case). The metric of distorted Schwarzschild black hole is of Petrov type-I.
It is possible to show that this metric is of Petrov type-D both on the horizon and
on the axis of azimuthal symmetry [104].
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Figure 1.7: Ratio k = K /K., , of the Kretschmann scalar X on the horizon of
the distorted black hole to its undistorted value Ks,, ,. Curves in plot (a) show
k for the quadrupole distortion of ay = 1/12, line (1) and ay = —1/12, line (2).
Similar curves in plot (b) show k for the octupole distortion of a; = —ag = 1/20,
line (1) and a; = —a3 = 1/6, line (2). The dashed horizontal lines at k =
correspond to the Schwarzschild black hole.

1.7 Spacetime near the singularity of a distorted
black hole

1.7.1 Asymptotic form of the metric

Because of the symmetry property (1.62), the asymptotic form of U near the
singularity 1 = m can be easily obtained from its asymptotic expansion near the
horizon ¢ = 0. If the expansion of U, [so U, see (1.55)], is known, expansion of 1%
can be found, for example, by simple integration of Eqs. (1.35), (1.36), or directly,
by expansion of V given by Eqs. (1.45)-(1.47). The expansions for U and V near
the singularity are given in Appendix B. Using these expansions one can obtain
the asymptotic form of the metric (1.56) at the singularity, ¢»_ =7 — 1 — 0,

dS? = A_dT? + B_(d6* — dy*) + C_d¢*, (1.100)
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where
8e2u- ,
A = W[(B + (Bu_gg+3cotbu_g— 1)~ .. ], (1.101)
—6u_
Boo= - 96 L6 — (9u_gp — 3cotBu_p — 6(u_p)* + 1) + .. ],(1.102)
—2u_
Cc_. = 696 sin? 09" [6 — (3u_ g9 + 3cotu_ o+ 1) .. ]. (1.103)

Expressions (1.100)-(1.103) are sufficient to calculate the Kretschmann scalar near
the singularity up to the second order in i) _ corrections,

12 . 212 612u,

(2
K. = T[l+l€£’¢i+...}, (1.104)
(2) 1 2
’C_ = 5[1 + 3U_799 — 6('&_,9) — 3cot QU_,Q] . (1.105)
Higher order terms can be obtained by using the relations given in Appendix B. In
the absence of distortion, when u_ = 0, the Kretschmann scalar does not depend
on 0,
49152
ICSchyf = ¢£2 . (1106)

This is the value of K_ for the Schwarzschild geometry. Using the results of [104]
it can be shown that the metric of a distorted black hole is of Petrov type-D at
the singularity.

1.7.2 Stretched singularity

For the Schwarzschild geometry the metric near the singularity,

1 16 4
2 o b dl? 2 aT? 4+ Y= g2 11

as< 16¢_d¢_+¢%d + 16dw , (1.107)

can be written in the form
16 (127)%/3

dS? ~ —dr* + ———=dI” dw? . 1.108

SR T et T (1.108)

Here, 7 = —¢3 /12 is the maximal proper time of a free fall to the singularity

along the geodesic T,60,¢ = const. The quantity 7 is negative, and it reaches 0
at the singularity. The metric (1.108) has the Kasner-like behavior with indices
(—1/3,2/3,2/3) (see, e.g., [115], p. 197). It describes a collapsing anisotropic
universe that shrinks in the angular, § and ¢, directions and expands in the T
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direction.
The Kretschmann invariant as a function of the maximal proper time has the

following asymptotic form:
64

2774
This relation shows that the surface of constant Ks, _ is, at the same time, a
surface of constant 7.

Spacetime in the region where the curvature is of order of the Planck curvature
requires quantum gravity for its description. For the Schwarzschild geometry at
the surface where Kgy, = ~ l;f the proper time 7 is of order of the Planck time 7p;.
Since one cannot rely on the classical description in this domain, it is natural to
cut the region where the curvature is higher than the Planck one and to consider
its boundary as the stretched or physical singularity. For the Schwarzschild metric
the stretched singularity hypersurface has the topology R! x S2. Its metric is a
direct sum of the metric of a round two-sphere and a line.

What happens to the stretched singularity when the metric of the black hole
is distorted? To answer this question, we use the asymptotic form of the metric
near the singularity, Eq. (1.100). Let us consider a timelike geodesic lying in the
‘plane’ T" = const, ¢ = const. We call such a geodesic ‘radial’. It can be shown
(see Appendix C) that a ‘radial’ geodesic is uniquely determined by the limiting
value 6 of its angular parameter 6 at which it crosses the singularity. Denote by
7 the proper time along the ‘radial’ geodesic to its end point at the singularity. In
coordinates (7, 60) the metric dS? is given by (1.108) where dw? is replaced by

Ksan (1.109)

do® = e "~ df* + e*"~ sin® 0 d¢” . (1.110)

We can use (7, 6p) as new coordinates in the vicinity of the singularity. Expressions
(C.14) and (C.15) relate these ‘new’ coordinates with the ‘old” ones (¢_,#). The
Kretschmann scalar (1.104) in the ‘new’ coordinates reads

64

Koo= li+ K& 723 4 oY), (1.111)

1
K® = 5(12)2/362“4%[1 + 3u_ gop, — 6(u_g,)* — 3cotOu_g]. (1.112)

The expansion (1.111) coincides in the leading order with expression (1.109).
Hence, in the presence of distortion, surfaces of equal K are again (in the leading
order) surfaces of constant 7.
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1.7.3 Shape of equicurvature surfaces

Let ¥_ be a surface where the Kretschmann scalar has constant value K_ = IC..
In the vicinity of the singularity (in the leading order in ¢_) ¢)_ and 6 on ¥_ are
related as follows [see Appendix C, Eq. (C.14) and Eq. (1.111)]:

Yo =k e, K = (49152/K,)Y12 (1.113)

and one has the relation ¥_ g = ¢_u_.

Let us now consider the induced geometry on ¥_. Using the relation (1.113),
one can conclude that the dy)? term in (1.100) gives quadratic in 1_ corrections
only. Neglecting all such terms in (1.100), we obtain the following expression for
the leading asymptotic for the induced metric di?> on X_:

, 16

4

K
~ ——dT? + =do? 1.114
di? Kz_d +16da_, ( )

where do? is given by (1.110). The surface ¥_ has the same topology R! x S? as
in the absence of distortion, but its geometry is different. This difference manifests
itself in the shape of T = const 2D surfaces. The information about the shape is
encoded in the 2D metric do?. The total dimensionless area of the surface is 4.
The metric (1.110) can be obtained from the horizon metric do?, (1.82), by the

transformation
Uy — —U_. (1.115)

This transformation implies the following duality relations between the horizon
and the singularity [see Eq. (1.75)]:

Aop < —Q2p, A2p4+1 < A2p41- (1-116)

Analogous relations hold for the ¢,’s Weyl multipole moments (see Appendix A).
The embedding diagrams for the metric (1.110) are those with opposite value of
the quadrupole moment a; and with the same value of a3 [see Figure 1.6(a) and
Figure 1.6(b), respectively].

1.8 Exact solutions: quadrupole and octupole
distortions
In this section we consider the distorted Schwarzschild spacetime for quadrupole

and octupole distortions. We truncate expressions (1.44)-(1.47) at the octupole
approximation and using Appendix A, Eq. (A.24), rewrite the result in terms of
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a,’s. The distortion field ¢ has the following form:

3 5!
U= —§a2793/2 ~ 593 cos 1) cos 0Ps a2, (1.117)
where
P, = sin® ¢ + sin? § — gsin® ¢ sin® 6. (1.118)

The corresponding distortion field V is

5
{(l
5
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Figure 1.8: Contour lines of K for the quadrupole distortion of as = 1/12 (a) and
as = —1/12 (b). The horizontal line x = 1 represents the event horizon.

- 1
VvV = 5 sin? 0 (sin? 1 [a3Vay + 2aa3Va3 + a3 Vs3]

— 6agcosth + Bagcosh [1 — 3cos®)), (1.119)
where
15
VQQ = 9[1 — Pg/g] 5 V23 = ? COSIDCOS 9[2 — 3P3/2] y (1120)
25
Vis = T[4 = 12Psgpm — 18PF + 27P, ] (1.121)

The exterior metric for a black hole distorted by a quadrupole field was derived in
[29].
Using the GRTENSORII package we calculated the Kretschmann scalar IC for
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Figure 1.9: Contour lines of K for the octupole distortion of a; = —az = 1/20 (a)
and a; = —ag = 1/6 (b). The horizontal line x = 1 represents the event horizon.

this distortion. We did the calculations for both the interior and the exterior
regions of the distorted Schwazschild black hole. Figures 1.8 and 1.9 illustrate
the contour lines of IC for the quadrupole and octupole distortions in the prolate
spheroidal coordinates (x =7, y = cos@), respectively. The spacetime singularity
corresponds to x = —1.

1.9 Compactified Schwarzschild black hole

In this section we apply the obtained results to the special case of the Schwarzschild
black hole in Kaluza-Klein spacetime, a compactified Schwarzschild black hole.
Such a black hole is a solution of the vacuum Einstein equations for a spacetime
where one (or more) spatial dimension(s) is compactified. The Schwarzschild black
hole in 4D spacetime with one compact spatial coordinate was discussed in [40]
(see also [11,97]). As a result of compactification, the event horizon of the black
hole is distorted. The metric is axisymmetric and is a special case of the Weyl
solution. Such a black hole is schematically illustrated in Figure 1.10.

Here we review the construction of the compactified Schwarzschild black hole
presented in [40]. As it was mentioned in Section 1.3, the metric function Ug of
the Schwarzschild black hole of mass M corresponds to gravitational potential of
an infinitesimally thin rod of the length 2M/ and the uniform mass density 1/2.
Thus, the metric function Us of a compactified Schwarzschild black hole of mass
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“ - ‘._“.
A0
)‘ A
Figure 1.10: Compactified Schwarzschild black hole of mass M located in Kaluza-
Klein spacetime of compactification radius ¢£. The corresponding covering space

representing a sequence of Schwarzschild black holes situated along the Z-axis is
shown above.

M corresponds to gravitational potential of an infinite sequence of infinitesimally
thin rods, each of the length 2M and the uniform mass density 1/2, which are
situated along Z axis 27¢ coordinate distance apart in the corresponding covering
space (see Figure 1.10). Thus, the metric function Ue solves the following Poisson
equation, which corresponds to the Laplace equation (1.19):

1
Upp+-U,+U..=4rh(p,2). (1.122)
p

Here, h(p, z) is the source function which is, according to our construction, periodic
in z and has the following form:

hp, z) = %’2 n_zw [H(z 4 pu— 2mn) — H(z — p — 2wn)] (1.123)
where H(z) is the Heaviside step function (see List of Symbols and Abbreviations).
Here, and in what follows, the coordinates p and z are measured in units of ¢, and
= M/l where 0 < p < 7. To find a solution to Egs. (1.122), (1.123) we can use
either the method of Green’s function, or Fourier’s method. Both the methods are
discussed in [40]. Here we apply Fourier’s method, which gives a solution in more
convenient form.

The source function h(p, z) in the covering space can be easily mapped to the

corresponding compactified space by identification of points on z axis which differ
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by period 2. Expansion of h(p, z) in Fourier series reads

hp, 2) = %’2 ey niﬂ sin(np1) cos(nz) | (1.124)

We shall look for a solution U to Eq. (1.122) in the following form:

Up, z) = Us(p) + Z Uy, (p) cos(nz). (1.125)

Substitution of expressions (1.124), (1.125) into (1.122) gives the following equa-
tions for the radial functions U, (p)’s:

1 116(p)
Uy, = == 1.12
UO,pp + pUO,p T p ) ( 6)
1 2 i(p)
Un,pp + ;Un,p —n?U, = — sm(nu)T ) (1.127)

To find particular solutions to the equations, which correspond to the source func-
tion h(p, z), we apply the method of variation of parameters (see, e.g., [83], p. 493).
The fundamental set of solutions of the corresponding homogeneous equations and
their Wronskians are given by

1

Wlh(np), Kolnp)] = —%, (1.129)

respectively. Here, Iy(np) and Ky(np) are the modified Bessel functions (see, e.g.,
[3], p. 374). The method of variation of parameters gives

_ B[,
Uolp) = W/dp - (1.130)
Un(p) = %Siﬂ(nu) [H(/})Ko(np)(fo(np) ~1) - Io(np)/de(p)%S‘p)} _
(1.131)

For our coordinate range [see Eq. (1.14)] the Heaviside step function H (p) is equal
to 1, and the solutions above simplify to

Uolp) = Linp, Ulp) =~ sin(np) Ko(np). (1.132)
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Thus, we derive

Uc(p,z) = g Inp— Z — sin(nu) Ko(np) cos(nz). (1.133)
n=1

We are interested in behavior of this function near the black hole horizon, which
is defined by [cf. Eq. (1.37)]

H: p=0, z€[—u,pl. (1.134)

We consider the expansion of the Ug function near the horizon. For p < 1 we have

Ko(np) ~ —In (%p) . (1.135)
where v = 0.57721566... is the Euler-Mascheroni constant (see, e.g., [3], p. 379).
Substituting Eq. (1.135) into Eq. (1.133) we derive

1
Uc(p,z) =~ In <g>+7—|— (In2—v)+—

7T

n

Tsm nlp+z])+sin(nu—=z])], (1.136)

||M8

where z € [—pu, p]. To evaluate the sum in Eq. (1.136) we use the following relation

(see equation 5.5.1.24 in [109]):
1
— sin (f) I (i) ,
™ 2 2T

o0

Zln sin(nx) ;(SL’—W) [fy—ln (%)}Lgln

n=1

(1.137)

where x € (0,27). Thus, we derive
N p L 1 42 1 Wz W—Zz

where

f(x) = %x sinz I'? <£> : (1.139)

The function f(z) has the following properties:

FO)=1, f(x/2) =3, f(m)=0, (1.140)
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and in the interval 0 < x < 7 it can be approximated by a linear function,

fla)~1— (1.141)

3R

with an accuracy of 1%.

We can use expression (1.138) to derive the distortion field U at the compacti-
fied Schwarzschild black hole horizon. Because of the linearity of the corresponding
Laplace equation, U can be calculated by simple subtraction of the Schwarzschild
black hole metric function Ug, approximated at the vicinity of its horizon. An
approximation of the Ug, given by expression (1.22), for p < 1 and z € [—pu, p]
reads

~ 1 r 1.142

Us(p,z)~§n ne—) (1.142)

Subtracting Eq. (1.142) from Eq. (1.138), and substituting z = pcosf at the
horizon [see Eq. (1.16)] we derive

T(0,0)|ye1 = g In(4r) + % In [f (“[1 +2COSH]) f (“[1 _QCOSH])} . (1.143)

The multipole moments a,,’s for the solution (1.143) can be obtained from (1.43).
Let us emphasize that, since the function (1.143) is invariant under the transfor-
mation § — 7 — 6, the moments a,,’s for odd n vanish [see Egs. (1.75), (1.70)].
This implies that u_ = u,, and the boundary value of U at n=-—1orv¢v =m,
coincides with the boundary value of this function at the horizon, n =1, or ¢ =0

[see Eq. (1.71)], and we have [see Eq. (1.48)]

In(47) + % In[f (12)]. (1.144)

K
Ug = —
m

Using equations (1.143) and (1.144) we derive

| 4r(m — p) + p?sin @
" Ar(m — ) '

u(f) = us(0) = (1.145)

1
2
The metric (1.82) on the surface of the horizon is

p?sin? 6

)}d62+[1+

p2sin2g 17"
do? =~ [1+ 7)} sin?0dg®.  (1.146)

Ar(m — p Ar(m — p

Using equations (1.98), (1.99), (1.111) and (1.112), we can calculate the Kretschmann
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Figure 1.11: (a) Shape of the distorted event horizon surface for the compact-
ified Schwarzschild black hole. Line (1): u = 2/37; line (2): pu = 6/7w. The
dashed circle corresponds to the Schwarzschild black hole. The embedding surface
is obtained by rotation of these curves around the vertical axis. (b) Kretschmann
scalars ratio k = K /Ks., , on the horizon for the same values of y, lines (1) and
(2). The dashed horizontal line corresponds to the Schwarzschild black hole.

scalar at the horizon surface of the compactified Schwarzschild black hole,

dr(m — p) + p® + 3u? cos? 6]

K.~ 12 [r(r — )t P Sty L (1.147)
and in the vicinity of its stretched singularity,
Ko~ 0 [14+K@73 1 0(r43)], (1.148)
2714
£® a0 (12)2/% [87(m — p) — p* sin® 9}2 + 3t sin? §(13 sin® § — 16) (1.149)

32m(m — p) [ (7w — p) + p?sin® 6]

Applying equations (1.89) and (1.90), and the transformation u, — —u_,
respectively, we can construct an isometric embedding of these surfaces. Figure
1.11 illustrates the shapes of the distorted event horizon surface and the ratio of
the Kretschmann scalars, k = K/ Ksa ., of the compactified Schwarzschild black
hole and the Schwarzschild black hole. The metric (1.110) on the surface of the
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Figure 1.12: Shape of the distorted stretched singularity of the 4D compactified
Schwarzschild black hole of = 2/3m, line (1) and p = 6/7m, line (2). The regions
embedded into pseudo-Euclidean space are illustrated by the dotted lines. The
dashed circle corresponds to the Schwarzschild black hole. The embedding surface
is obtained by rotation of these curves around the vertical axis.

stretched singularity is

u?sin? 6

u?sin? 6
Am(m — )

-1
do® =~ {1+ )} d92+[1+ ]sinQngbQ. (1.150)

A (m — p

The shape of the distorted stretched singularity is illustrated in Figure 1.12.

1.10 Discussion

Let us summarize the obtained results. We considered the geometry of static
vacuum axisymmetric distorted black holes. We focused mainly on the properties
of the horizon and interior of such black holes. The geometry of a distorted black
hole is uniquely determined by the ‘gravitational potential’ U which is a solution
of the 3D flat Laplace (in the exterior region) or d’Alembert (in the interior region)
equation. After solving this ‘master’ equation, the second function V', which enters
the metric, can be obtained by a simple integration.

The ‘gravitational potential’ U is a superposition of the Schwarzschild potential
Us and the distortion potential U [see Eq. (1.32)]. The distortion U is determined
by the values of the multipole moments a,,’s obeying the constraints (1.52). The
distortion potential in the black hole interior possesses a remarkable discrete sym-
metry (1.62) which relates the values of U in the vicinity of the singularity to its
values in the vicinity of the horizon. Thus, the functions u4 (0) [see Eq. (1.69) or
Eq. (1.75)] determine the shape of the horizon and the stretched singularity, as
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well as the leading asymptotics of the metric and the curvature invariants near the
horizon and singularity of a distorted black hole.

Qualitatively, the shape of the event horizon surface of a distorted black hole
is similar to the shape of equipotential surfaces in linearized (Newtonian) gravity.
Namely, consider a point-like mass M located at the coordinate center O (see Fig-
ure D.1 in Appendix D). In the presence of a quadrupole distortion its Newtonian
gravitational potential reads (up to Newtonian monopole moment «y)

M. R
Uy = =—+0x, Uy = Sr*(3cos™0 — 1), (1.151)

where r = /2% + y? + 22 is the radial distance from the mass M, and « is the
Newtonian quadrupole moment. For positive a such a distortion is generated, for
example, by a ring of mass m and radius ro > r located in the equatorial plane.
For such a ring ay = m/(2r}) [see Appendix D, Eq. (D.3)]. Similarly, a negative
quadrupole moment «s is generated, for example, by two point masses m; and
me, located on the axis of symmetry on the opposite sides of the mass M at the
distances d; > r, and dy > 1, respectively. In this case ag = —my /d3 — my/d3
[see Appendix D, Eq. (D.3)]. We consider r ~ M and assume that the distortion
Uy is small. Then the change dr in the position of the equipotential surface of Uy
given by Eq. (1.151) with respect to the position of the unperturbed surface of
r. = const is

0621'2l

2M
Thus the quadrupole distortion deforms the equipotential surfaces and makes them
either oblate (for as > 0) or prolate (for as < 0). This property is similar to the
property of the horizon surface for the distorted black hole [see Figure 1.6(a)].

It should be emphasized that the linear approximation is not sufficient for

the ‘explanation’ of the Kretschmann invariant properties. Indeed, in the linear
approximation

or = (3cos? ¥ —1). (1.152)

ds® = —(1 + 2Uy)dt* + (1 — 2Uy)(d2® + dy* + d2?), (1.153)

the Kretschmann scalar is

y M(M + 2xU
K 28Uy ;U™ =48 |a3 — ( +6 rUn) (1.154)
r
Its variation under the small distortion U, N 1s
2M?
o = — or. (1.155)

7
T
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Hence, in the weak field approximation, K is larger at the points where dr < 0, such
as at the poles of the oblate equipotential surface (for as > 0), and in the equatorial
points of the prolate surface (for ap < 0) than undistorted C. This behavior of K in
the weak field limit is opposite to the behavior of K on the horizon of the distorted
black hole [see, e.g., Eq. (1.98) and Figure 1.7(a)]. This difference demonstrates
that nonlinear effects and the spatial curvature play important role near the black
hole horizon.

The property (1.99) has an important consequence for compactified black holes
discussed in Section 1.9. For pu close to 7, when the ‘north’ and ‘south’ poles of
the compactified black hole are close to each other, the Gaussian curvature (and
hence the Kretschmann invariant) becomes large at the poles. In other words,
in the infinitely slow merger transition the region of a very high curvature ‘leaks’
through the horizon in the vicinity of the black hole poles. When this curvature
reaches the Planck value, one can say that the physical singularity (as defined in
Section 1.7) becomes naked. This may indicate that during the phase transition
between black-hole and black-string phases one can expect the formation of a naked
physical singularity. Whether this conclusion remains valid for higher dimensional
compactified black holes and beyond the adiabatic approximation is an interesting
open question.
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Chapter 2

Interior of a charged distorted
black hole

2.1 Introduction

In this chapter, we study how the distortion of a charged, static black hole gener-
ated by an axisymmetric, static matter distribution in its exterior region affects its
interior. Here we present a direct generalization of a similar study for the distorted
neutral black hole interior performed in the previous chapter.

The structure and properties of the charged and/or rotating black hole interior
is a subject that has attracted a lot of interest during the past 30 years (see, e.g.,
[43], Chapter 14 and references therein). An analytic continuation of the Reissner-
Nordstrém (RN) and Kerr solutions results in the existence of infinitely many new
‘universes’ in the black holes interior. However, the region containing these new
universes lies in the future of the Cauchy horizon, a null hypersurface beyond which
predictability of evolution based on the past initial data breaks down. A natural
question is whether these universes are accessible to an observer traveling in the
interior of the black hole. That is why the issue of the Cauchy horizon stability is
so important. Observers traveling along a timelike world line receive an infinitely
blueshifted radiation when they approach the horizon. Penrose [105] used these
facts to argue that small perturbations produced in the black hole exterior grow
infinitely near the Cauchy horizon. The evolution of small perturbations inside
charged black holes was analyzed in [23,92,93]. These results confirm Penrose’s
intuitive arguments.

If one considers ingoing radiation only and neglects backscattered radiation,
then the resulting Cauchy horizon singularity is weak. Namely, the Kretschmann
invariant calculated on the Cauchy horizon is finite. A freely falling observer
detects an infinite increase of energy density, but tidal forces remain finite as the
observer crosses the Cauchy horizon (see [32,85]). This singularity is called a
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whimper singularity. However, in a realistic situation, when both incoming and
outgoing radiation are present, the curvature grows infinitely near the Cauchy
horizon. This was demonstrated by Poisson and Israel [107] who considered the
ingoing and outgoing radiation simulated as two noninteracting radial streams of
ingoing and outgoing lightlike particles following null geodesics. Poisson and Israel
showed that this radiation results in an infinite growth of the black hole internal
mass parameter and divergence of the Weyl scalar Wy, They called this effect mass
inflation. Mass inflation for a slowly rotating, charged black hole was discussed
in [63]. Ori constructed an exact, simplified solution describing this effect [101].
Using his solution Ori showed that the mass inflation singularity is weak enough.
Namely, the tidal forces calculated at the Cauchy horizon diverge in the reference
frame of a freely falling observer, but their integral along the world line of the
observer remains finite. It means that freely falling observers might in fact cross
the Cauchy horizon. For a more detailed discussion see, e.g., [18-21,63,64]. Early
numerical analysis of the Cauchy horizon stability predicted its destruction as a
result of classical instability [54]. Later, analytical [12,36], and numerical [14]
discussions did not confirm this result. The mass inflation phenomenon may shed
light on the Cauchy horizon stability problem. However, further investigation is
necessary.

Although rotating black holes are of real astrophysical interest, charged black
holes are often considered in publications. The reason for this is simple: a charged
black hole also has a Cauchy horizon, but its spherical geometry makes an anal-
ysis easier. However, such a model is very simplified, for in the realistic world
there always exists some matter outside the black hole. This matter distorts the
gravitational field of the black hole. What is important is that this distortion
generated by the matter distribution in the exterior of the black hole occurs not
only outside the black hole, but also affects its interior. Since the region near the
Cauchy horizon is ‘fragile’ and ‘vulnerable,” it is interesting to analyze how such
external matter affects the properties of the black hole Cauchy horizon. This is
one of the questions we address here. We shall make several assumptions simpli-
fying the analysis. Namely, we assume that the distortions of the black hole are
static and axisymmetric. Moreover, we consider a special class of charged distorted
black hole solutions which can be generated by the Harrison-Ernst transformation
[33,69] from a neutral distorted black hole metric. This class includes a large
variety of solutions which can be presented in an explicit form.

We assume that in the vicinity of the black hole and in its interior the Einstein-
Maxwell equations are satisfied, and the matter disturbing the black hole is located
in the black hole exterior. The matter sources are described by the corresponding
energy-momentum tensor which has to be included in the Einstein-Maxwell equa-
tions. To avoid this one can move these sources to infinity. The ‘price’ for this
is that the corresponding spacetime is not asymptotically flat anymore. In our
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description of a distorted black hole we follow [50] and adopt that approach.

Our main problem is to study how the black hole interior is distorted by the ex-
ternal fields. In particular, we shall study distortion of the inner (Cauchy) horizon
and its relation to the distortion of the outer (event) horizon. Let us emphasize that
our consideration is completely classical, and we do not consider quantum effects
which may play an important role in the charged black hole interior. Discussion
of these effects can be found, e.g., in [41, 42,62, 100].

It should be emphasized that the study of the black hole interior is a dynamical
problem. The geometry of the black hole interior is similar to the geometry of a
collapsing, anisotropic, homogeneous universe. To study how the evolution of this
universe is modified by an external influence, one must study first the modification
of the external geometry of the black hole and use these results to find the corre-
sponding modification of the geometry of the event horizon. This gives the initial
data which determines the evolution of the black hole interior. Here we study a
simple case when the distortion of the black hole in the exterior region is both
static and axisymmetric. A similar problem for the neutral black hole was studied
earlier in [45], (see Chapter 1). The results presented here are published in [1].

2.2 Reissner-Nordstrom spacetime

Before we proceed with the description of a charged distorted black hole, let us
make a few remarks about the charged black hole solution in the absence of dis-
tortions. This is the well-known Reissner-Nordstrom (RN) solution representing
electrically charged black hole (see, e.g., [22,43,72,94])

oM Q2 oM Q*\ !
ds? = — (1 T Q_) dt? + (1 - + %) dr? + Tz(dﬁz + sin® quﬁz),

r r2

Aa = —(I)()(Sat, (I>0 = g (21)
Here, M is the black hole mass, and @) is its electric charge. The RN spacetime
is static and asymptotically flat. It is of Petrov type-D, and it has spacetime
singularity at r = 0, which is timelike. According to the generalized Birkhoff
theorem, the RN solution is unique: any spherically symmetric solution of the
Einstein-Maxwell equations (see Eq. (2.3) below) is locally isometric to the RN
solution. We shall consider nonextremal black holes with |Q| < M. The RN black
hole horizons are defined by r+ = M £ +/M? — )2, where the upper sign stands for
the event horizon, and the lower sign stands for the Cauchy horizon. The horizons
are coordinate singularities of the RN spacetime (2.1). The RN spacetime is regular
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in the following regions:

Region I : r € (ry,+00), Region IT: r € (r_,ry), Region IIT: r € (0,ry).

(2.2)
In the regions I and I11, the coordinate r is spacelike. These regions are static. In
the region /I, the coordinate r is timelike. This region is dynamic. It represents a
contracting anisotropic homogeneous universe. As in the case of the Schwarzschild
spacetime, one can find a maximal analytical extension of the RN manifold by
appropriate choice of coordinates. However, in this case the maximally extended
manifold is covered by analytic atlas consisting of two coordinate charts. One of
the charts defines the RN metric analytic everywhere except » = r,, and another
chart defines the RN metric analytic everywhere except r = r_. Figure 2.1 illus-
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Figure 2.1: Part of the Carter-Penrose conformal diagram of the RN spacetime.
Each point in the diagram, except for the vertices, represents a 2D sphere (6, ¢).
The notations are defined in Section 1.1.

trates a part of the Carter-Penrose conformal diagram of the RN spacetime. The
complete Carter-Penrose diagram consists of infinitely many such parts repeated
in the vertical direction. Thus, it has an infinite number of asymptotically flat
regions I, ‘universes’, and an infinite number of horizons and singularities. The
RN spacetime singularity can be avoided by timelike and null curves. Even more,
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this singularity is repulsive for timelike geodesics, which can never hit it. Thus,
the spacetime manifold is timelike geodesically complete. However, nongeodesic
timelike curves and radial null geodesics can terminate at the singularity.

The Carter-Penrose diagram suggests that observers might travel from one
universe to another by passing though the regions I/ and [11 without hitting the
timelike singularities. Such observers have to cross the event and Cauchy horizons.
While crossing the event horizon, observers will appear to have an infinite redshift
to observers located at the corresponding asymptotically flat region I. If they
send an outgoing light signal to the region / at the moment when they cross
the event horizon, it will be received in infinite time at Z*. In the region I1,
where the observers travel after they crossed the event horizon, each point in the
diagram represents a closed 2D trapped surface. Thus, traveling there is just time
evolution, like in the Schwarzschild black hole interior. At the very end of this time
evolution observers cross the Cauchy horizon and see, in a flash, the whole of the
history of one of the regions 7, in infinitely blueshifted ingoing null rays emerging
from Z". Infinite blueshift suggests that small perturbations in the region I will
be infinitely amplified at the Cauchy horizon. The amplified perturbations may
destroy the Cauchy horizon and seal the door to other universes. According to the
mass inflation effect proposed in [107], infinitely blueshifted ingoing radiation is
only a necessary condition to destroy the Cauchy horizon. A sufficient condition
is the outgoing flux, which is always present due to the backscattered ingoing
radiation.

In the following sections we shall discuss the RN black hole distorted by exter-
nal, static, axisymmetric matter. We shall study how such distortion affects the
black hole interior, and, in particular, its Cauchy horizon.

2.3 Metric of a distorted RIN black hole

2.3.1 Static, axisymmetric Einstein-Maxwell spacetime

In this section, following [15, 16, 34], we present a solution for a static, axisymmetric
distorted charged black hole. This solution is obtained by applying the Harrison-
Ernst transformation [33,69] to the Weyl metric of a distorted vacuum black hole
[see (1.27)]. Here we reproduce the basic relations, mainly in order to explain
notations we shall use later. The metric of a charged distorted black hole, as the
metric of the RN black hole [see Eq. (2.1)], is a special solution of the Einstein-
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Maxwell equations

Raﬁ = 871'Taﬁ, (23)

VsF* = 0, Vs, =0, (2.4)
1

ST Toy = 2F5Fﬁy—§gaﬁF75F75. (2.5)

Here, Fo3 = V,Ag — V3A,, and A, is the electromagnetic 4-potential. The nabla
stands for the covariant derivative defined with respect to the metric g,5. It is
convenient to make the following coordinate transformation [cf. Eq. (1.26)]:

M2_Q2

r=M1+pn), p= i

y NE (_1/]9, OO), (26)
and to rewrite the RN solution in the following form

2(:2 2
pe(n°—1) 4 9 o dn
PAT a2+ M2(1 +

(1+pn)? (1) n”?—1

vi-p (2.8)

(I+pn)

In these new coordinates, n = 1.+ = =41 corresponds to the horizons of metric
(2.7). We denote these horizons by H*), respectively. The black hole singularity
is defined by n = —1/p.

The general form of a static, axisymmetric metric in prolate spheroidal coordi-
nates (7, cosf, ¢) is given by

ds? = — +d6* +sin?0de* |,  (2.7)

0:

_ _ _ d 2
ds® = —e*Vdt* + M?p*e Y {62\/(772 — cos?0) { 5 ! T+ d92} + (1 — 1) sin® 0d¢? |,
n2 —

(2.9)

where the metric functions U and V depend on (7, §) coordinates. The correspond-
ing electrostatic 4-potential is

Ay = —B(n,0)5,". (2.10)

2.3.2 Harrison-Ernst transformation

The Einstein-Maxwell equations for U and ® are the Ernst equations [33], which
in our case of static spacetime (2.9) take the following form:

v (e—2Uv€) 0, V (e—2Uv<1>) — 0. (2.11)
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Here,

E=eV - ? (2.12)
is the Ernst potential, and V is the nabla operator defined with respect to the 3D
flat metric

2

di* = (n* —cos®0) [nqui 1 + d92} + (n? — 1) sin? Odp*.

(2.13)

There exists a special class of solutions where the Ernst potential € is an analytic
function of ®. Under this assumption Eqs. (2.11) imply

d*€

If spacetime is asymptotically flat, we choose U = ® = 0 at infinity. In this case a
general solution of Eq. (2.14) can be written as

E=1-——=—09. (2.15)
We shall keep this relation in our consideration. Following [33] it is convenient to

parametrize £ and ® as follows:

—1 1_2
= ) q):—ipa
E+1 E+1

Iy

(2.16)

where ¢ is the auxiliary Ernst potential. Using (2.11) one obtains the following
equation for &:

(& =PV - 26VE-VE=0. (2.17)
In the absence of an electric field, ® = 0, the Ernst equation (2.11) is

EV?E =VE - VE, (2.18)

where £ = €2V and U corresponds to the vacuum uncharged solution. In this case
one can also use the parametrization (2.16), which gives

-1

st (2.19)
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and the Ernst equation (2.17) takes the form
(€2 —1)V%€ — 26 VE-VE = 0. (2.20)

Comparing (2.17) and (2.20), we can derive the relation between the vacuum and
the electrostatic Ernst potentials. This is the Harrison-Ernst transformation:

£ =pk. (2.21)

Thus, if we know the solution U to the vacuum Einstein equations, we can apply
the transformations (2.21) and (2.16) to obtain the corresponding solution U, and
the electrostatic potential ® obeying the Einstein-Maxwell equations. Namely,
using expressions (2.21), (2.19) and (2.16), we derive

_ 422U /1_ 21_ 2U
20 _ p~c b — pl-c’) (2.22)

L+p—(1—=pe]2” = 14p—(1-p)e?

(&

These expressions determine the charged version of an electrically neutral, vacuum
static solution. For example, starting with the Schwarzschild black hole solution,
we can derive the RN black hole. If the Schwarzschild black hole is distorted by
neutral exterior matter, these expressions electrically charge both, the black hole
and the matter.

In the next subsection, we apply this ‘charging’ procedure to the Weyl static
metric describing a vacuum, axisymmetric distorted black hole, and obtain an
electrically charged distorted black hole. We discuss the corresponding metric in
subsection 2.3.4.

2.3.3 Charged distorted black hole

Now we are ready to present a solution for a charged, axisymmetric distorted
black hole. The Israel uniqueness theorem for distorted Schwarzschild black hole
(see Chapter 1, Section 1.3) can be generalized to electrically charged distorted
black hole [78]: among all static, asymptotically flat, electro-vacuum solutions to
the Einstein-Mazwell equations, which have closed, simply connected equipotential
surfaces 5(20 = const, where &4 = 0, is a timelike, surface-orthogonal Killing
vector, the Reissner-Nordstrom solution is the only one which has a regular event
horizon &7, = 0.

In analogy with the distorted Schwarzschild black hole, we consider a RN black
hole distorted by static, axisymmetric external distribution of electrically charged
matter whose sources are located at asymptotic infinity. The Israel theorem above
is not applicable for such a black hole, for the corresponding spacetime is not
asymptotically flat. Thus, we may have a charged distorted black hole which
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differs from the RN one, and whose event horizon is regular. Following the proce-
dure presented in the previous subsection, we can start with the vacuum solution
representing an axisymmetric distorted Schwarzschild black hole (1.33), which we
discussed in Chapter 1, Section 1.3. To obtain a charged version of the distorted
neutral black hole, it is sufficient to derive U and ® from U [see Egs. (1.32), (1.28)
and (1.44)] using the transformation (2.22). We have

_ Ap2(n? — 1 2U

[(L+p)(n+1) = (L =p)(n—1)e]*’

d — \/1_p2[77+1_(77_1)62U] _ (224)
(1+p)n+1) = (1 —p)n—1)e

Remarkably, the transformation (2.22) does not alter Eqgs. (1.35) and (1.36).
Thus, U and ®, given by Egs. (2.23), (2.24), and V, which is determined by Egs,
(1.32), (1.28), and Eqgs. (1.45)-(1.47), solve the corresponding Einstein-Maxwell
equations. The axisymmetric distorted RN solution is given by (2.9), (2.10) to-
gether with (2.23), (2.24) and V = V. Axisymmetric, distorted Schwarzschild
black hole spacetime is of Petrov type-I, and is type-D on the horizon and on its
axis of symmetry [104]. It can be checked that the transformation (2.22) does not
alter these properties, and in addition the corresponding spacetime is of Petrov
type-D on the Cauchy horizon.

A more general case of a distorted, electrically charged, rotating black hole
was considered in [16]. Charged dilaton black hole distorted by the charged and
dilatonic external matter was studied in [124].

2.3.4 Dimensionless form of the metric

The metric (2.9) contains only one essential dimensional parameter, say M, while
all other parameters can be presented in dimensionless form. It is convenient to
write the metric (2.9) in the following dimensionless form dS% adopted to analysis
of the black hole horizons H®) [cf. Eq. (1.56)]:

ds* = QLdS3, (2.25)
2
2 =1 gy Ar  _oyyav ;2 —ou 2V 302 | i 2 2
dsy = A e dTy + n2_16 dn® + Axe (e df” + sin 9d¢) :
(2.26)
Q. = M(1+pe™ =M (1+p). (2.27)

For the dimensionless metric dSi, we define Ty = xkt, where k4 is the surface
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gravity, which is given by

+2ug 1 Neto — (1 — p/)e o
Ky = pe — ( +p )6 ( p )6 . (228)
M(1 4 p)? 2M' (1 + /)2

We also use the following expressions for the metric functions A1 and U:

5+t 2
AL = i [n+1-6e™(n—1)]", (2.29)
- l1—p 1-p
U = U-—uy, §=20e™ = 20 — :
Ho 0¢ 1+p6 1+

(2.30)

Together with the original parameters M and p it is convenient to use the related
parameters

M o= %[(1+p)e‘“°+(l—p)e“°}, (2.31)
y o= 7%,_692 (2.32)

In the absence of distortion M’ = M is the Komar mass of the RN black hole
measured at asymptotic infinity. In the case when Q = 0, M’ is the local mass of
a distorted Schwarzschild black hole defined in [50].

The coordinate 1 changes from 1 = +oo (at spatial infinity) to the region of
n < —1 where the spacetime singularity is located (see subsection 2.3.5). As in
the case of the RN black hole (2.7), the horizons of metric (2.26) are defined by
n =mny = +1. As we mentioned earlier, we shall use the notation H™® for the
outer (4), and for the inner (—) horizons. To indicate that a dimensional quantity
(...) is calculated at the black hole horizons H*), we shall use a superscript (%),
and denote this quantity as (...)®).

The metric (2.26) allows Wick’s rotation 7'y — iTg, which transforms the
exterior region n > 1 into that of the corresponding distorted Euclidean charged
black hole. The Euclidean horizon surface n = 1 is a regular 2D totally geodesic
surface. The corresponding electric field transforms as &, — —i®Pp.

As we shall see in the next section, the form of metric (2.26) is convenient for
the analysis and comparison of the properties of the inner and outer black hole
horizons. 2D metrics on the horizon surfaces can be obtained by taking T" = const,
and n = ny = %1 in the metric (2.26). In Section 2.4, we show that the surface
area of the outer (event) horizon calculated for the dimensionless metric dS% is
equal to 4. Similarly, the surface area of the inner (Cauchy) horizon calculated
for the metric dS? is also equal 47. These normalization conditions specify the
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form of the conformal factor Q% in (2.25). The ‘real’ (dimensional) areas of the
horizon surfaces are

A®) = 4102 | (2.33)

and the ratio of these areas is

N 2
AN JAS) = (Q /)2 = (1 J_r;) =52, (2.34)

In what follows, we shall discuss different geometrical objects, such as the Kretschmann
invariant K, the Weyl scalar C?,

K = Rags R | €% = CoprsC*° (2.35)

and the Gaussian curvature K of the 2D horizon surfaces. We shall use the same
notations with an index + for an object calculated for the metric dS%. One has

K=Q:'%K., C?=0Q7'Cl, K=Q"K.. (2.36)

To study the interior region we can use any of these two forms of the dimensionless
metric dS%. Certainly, the ‘physical’ result, calculated for the metric ds? will be
the same.

The dimensionless electrostatic potential for metric (2.26) is given by

G

[n+1—(n—1)eX+2w]. (2.37)
It is related to the electrostatic potential (2.24) as follows
b = Q:tli:t (I):t. (238)

The non-vanishing dimensionless components of the electromagnetic field F),, are
defined by

5j:1/2

Fir,y = @4, = AL (1 —nHU, —1], (2.39)
§EL/2

Fipg = Pig= A, (1 —nHU,y. (2.40)

2.3.5 Singularities

Here, we mainly focus on the study of the horizons H™), and the inner domain
located between the horizons. Since one cannot trust the metric obtained by the
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analytical continuation of the exterior metric beyond the inner (Cauchy) horizon,
it is reasonable to postpone study of the regions close to the spacetime singularity
until the classical and quantum (in)stability will be proved. For this reason, we
give only a couple of remarks about properties of the singularities in the analytic
continuation of the charged distorted black hole solution.

Using expressions (2.25), (2.39), and (2.40) one can check that the curvature
and the electromagnetic field invariants diverge for AL =0, i.e., for

1 K 20U
n = _i’ (2.41)
1—5062[]

indicating the spacetime singularity. For the RN black hole, the singularity is
located at n = —1/p, p € (0, 1], corresponding to r = 0. Analyzing expression
(2.41), we see that for U < 0 the singularity is located in the region n < —1,
whereas for U > 0 the spacetime singularity is naked and located outside the outer
horizon, n > 1. Thus, if the distortion field U satisfies the strong energy conditions,
i.e., U <0 (for details see [50]), the spacetime outside the black hole outer horizon
is regular, and the singularity is located behind the inner (Cauchy) horizon.

2.4 Duality relations between the inner and outer
horizons

In this section, in analogy with the discrete symmetry between the event horizon
and the singularity of distorted Schwarzschild black hole (1.65), (1.68), we describe
special symmetry relations between the inner and outer horizons. Let us consider
a 2D subspace Ty = const, ¢ = const orthogonal to the corresponding Killing
vectors £7,) and &(g). In the coordinates

n=cosy, ¥ € [0,n] (2.42)
the subspace metrics are
dY2 = Aye 242 [_dy? + d6?) . (2.43)

Figure 2.4 illustrates the Carter-Penrose diagram for these metrics. Lines ¢ + 0 =
const are null rays propagating from the outer to the inner horizon within the 2D
subspace. Three of such null rays are shown in the figure. One of the rays starts
at point A on the outer horizon H*), goes through the ‘south’ pole at # = 7, and
reaches point B at the inner horizon H(~) (compare with Figure 1.2).

Consider a transformation R¢ representing the reflection of coordinates (1, 6)



CHAPTER 2. INTERIOR OF A CHARGED DISTORTED BLACK HOLE 49

T
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Figure 2.2: Carter-Penrose diagram for (1, 6) subspace of the charged distorted
black hole interior. The arrows illustrate propagation of future directed null rays.
Points A and B are symmetric with respect to the central point C'(7/2,7/2).

with respect to the ‘central point’ C' in the interior region
Ro:  (,0) = (m—,m—0). (2.44)

This transformation determines a map R{. between functions defined in the inner
domain and on its boundaries

[*=Re(f),  f(,0)=f(r—,m—0). (2.45)

Such a transformation was considered for distorted Schwarzschild black hole be-
tween its event horizon and singularity [see Eqs. (1.62)-(1.64)]. It is easy to see
that coordinates of the points A and B are related by the reflection Ro. Thus, the
transformation R} determines a map between functions on the inner and outer
horizons. As in the case of distorted Schwarzschild black hole, this is a symmetry
transformation for distortion fields ¢/ and V. In other words, the values of U
and V on the inner horizon, ¥ = 7, are determined by their values on the outer
horizon, 1) = 0. Expressions (1.65) and (1.68), which we call the duality relations,
allow one to establish special symmetry relations between the geometric properties
of the inner and outer horizons. In this case, function (1.69) defines the boundary
values (1.71), (1.72) and (1.73), (1.74) of the distortion fields ¢ and V, respec-
tively, and as a result, the metric on the black hole horizons. Thus, the distortion
fields calculated on the inner horizon are expressed through those calculated on
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the outer horizon. This fact allows one to make important conclusions about the
distortion of the Cauchy horizon (the details follow).

The boundary values of the distortion fields ¢ and V define symmetry proper-
ties of the metric on the black hole horizon surfaces. The surface of the outer and
the inner horizon is defined by T = const and n = ny = £1, respectively. The
corresponding dimensionless metrics derived from metric (2.26), by applying the
transformation (2.42) and the boundary conditions (1.71) and (1.73), are

dos = e*"=dh® + T2+ sin’ fdp*. (2.46)
The dimensional metrics on the horizon surfaces are [see Eq. (2.25)]
do™®? = 02 do? (2.47)

Here, and in what follows uy = uy (0). The metric do? coincides with the metric on
the distorted Schwarzschild black hole horizon surface (1.82). The dimensionless
areas of the horizon surfaces are equal to 47. The metrics dai and do? are related
to each other by the transformation

Ugp > —U_, (2.48)

which according to (1.69) implies the following duality relations between the outer
and the inner horizons

Cop <> —Cop, Copyl < Copil- (2.49)

These duality relations are exactly the same as the duality relations (1.115), (1.116)
between the horizon and the singularity of the distorted Schwarzschild black hole
(cf. Appendix A).

Thus, the metrics dS% are identical for distortions which have only odd mul-
tipole moments. The derived duality relations imply, in particular, that the in-
ner (Cauchy) horizon of a distorted charged black hole solution obtained by the
Harrison-Ernst transformation is regular, if the outer horizon is regular. This con-
clusion and its generalization to the case of rotating and charged black holes was
proven recently in [5, 73].

2.5 (Gaussian curvature

In this section we discuss the geometry of the distorted horizon surfaces. The
gaussian curvature is a natural measure of the intrinsic curvature of a 2D surface
(see, e.g., [38,89,114,122,123]). It is equal to 1/2 of its scalar curvature. For the
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metrics (2.46) the Gaussian curvature is given by
Ky =™ (1 £uysgp £ 3cot Gus g — 2ud 4) . (2.50)
The dimensional Gaussian curvatures associated with the metrics (2.47) are
K® = 0°K.. (2.51)

We shall illustrate our analysis of the charged distorted black hole horizon
surfaces considering simple examples of the lowest order multipole distortions.
Namely, we shall consider quadrupole and octupole distortions for which the cor-
responding functions u4 read

uy = —cos8inf, uy = Fegsin® b cosh. (2.52)

Here, ¢ and c3 are the quadrupole and the octupole moments, respectively.

2- 2-
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(a) (b)

Figure 2.3: Regions of positive and negative Gaussian curvature for the outer hori-
zon surface. Plot (a) illustrates the regions for different values of the quadrupole
moment. Plot (b) illustrates the regions for different values of the octupole mo-
ment. Curves separating these regions correspond to zero Gaussian curvature.

Regions of positive and negative Gaussian curvature for different values of the
quadrupole and octupole moments, for the outer horizon surface, are presented in
Figure 2.3. From Figure 2.3(a) we see that for the quadrupole distortion regions
of negative Gaussian curvature near the black hole poles (§ = 0, 7) correspond to
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high positive values of ¢y, and near its equator (f = 7/2) to high negative values
of ¢y. Using Egs. (2.50), (1.51), (1.69), and the auxiliary expressions

uyp(f) = — Z(ﬂ:l)"cnn sin @ cos™ ! 6, (2.53)
n>0
ure(f) = > (£1)"cyncos" > fnsin® 6 — 1], (2.54)
n>0
we derive
Kilpmo = 1F2uY, Kiper =1F 202, (2.55)
Kilgmny = €207 (1 £ 2¢) —2c3). (2.56)
Here,
u =23 " (E1)"em, (2.57)
n>0

in accordance with expression (1.93). Thus, the sign of the Gaussian curvature
strictly depends on the distortion field. Using these expressions we see that for the
quadrupole distortion Gaussian curvature of the outer horizon surface is positive at
the poles for co < 1/8, and on the equator for ¢co > —1/2. For ¢o < —1/2 we have
a dumbbelled-shaped horizon. According to the duality relations (2.49) regions
of positive and negative Gaussian curvature of the inner horizon surface can be
constructed by mirror reflection of Figure 2.3 with respect to the line ¢o = 0.

Figure 2.3(b) illustrates that there is a symmetry between the regions of posi-
tive and negative Gaussian curvature and signs of the octupole moment. Namely,
the transformation c¢3 — —cg, § — 7/2 — 0 does not change the figure. Using Eq.
(2.55) we see that for ¢5 > 1/8 Gaussian curvature is negative on the north pole and
positive on the south pole, whereas for ¢ < —1/8 it is negative on the south pole
and positive on the north. In addition, there are the regions of negative Gaussian
curvature near the ‘tropics’ (£23°26'22” from the equator), i.e., near 6_ ~ 1.165
(corresponding to & 23°16'39” from the equator) for c¢3 < —0.333, and 6, ~ 1.977
(corresponding to ~ —23°16'39” from the equator) for ¢35 > 0.333. According to
the duality relations (2.49), the Gaussian curvature of the inner horizon surface is
identical to that of the outer horizon surface. The dimensionless Gaussian curva-
ture of the outer horizon surface for certain values of the quadrupole and octupole
moments is plotted in Figure 2.4.

As we shall see in Section 2.8, the curvature and the electromagnetic field in-
variants calculated on and at the vicinity of the black hole horizons are expressed in
terms of the corresponding Gaussian curvatures and their derivatives with respect
to the angular coordinate 6.
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Figure 2.4: Dimensionless Gaussian curvature K of the outer horizon surface. (a)
Quadrupole distortion: ¢ = —2/3, line (1), co = 2/3, line (2), and ¢ = 1/9, line
(3). (b) Octupole distortion: ¢3 = —2/3, line (1), and ¢35 = 1/9, line (2). The
dashed horizontal lines at K, = 1 correspond to the RN black hole.

2.6 Embedding

To visualize the distorted horizon surfaces, we present their isometric embedding
into a flat 3D space, in a way similar to the isometric embedding of the horizon sur-
face of the distorted Schwarzschild black hole (see subsection 1.6.1). To construct
the embedding we consider an axisymmetric 2D surface parametrized as follows:

p=p0), z==z(0). (2.58)

Let us embed this surface into a flat 3D space with the metric in cylindrical coor-
dinates (z, p, ¢):
di* = edz* + dp* + p*de?, (2.59)

where for Euclidean space ¢ = 1, and for pseudo-Euclidean space ¢ = —1. The
geometry induced on the surface is given by

dI? = (€25 + p%)db? + p*dg?. (2.60)
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Matching the metrics (2.46) and (2.60) we derive the following embedding map:

w/2

p = e "*sind, z:/ Zde, (2.61)
0

Z? = ee™E[1 — T (cos § F us g sin 0)?). (2.62)

From Eq. (2.62) we see that if the expression in the square brackets is negative,
an isometric embedding into 3D Euclidean space using such a surface of revolution

is not possible, and we should take e = —1.
2 N
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Figure 2.5: Shape of the outer horizon surface. The shape curves are shown in the
(p, z) plane. (a) Quadrupole distortion: co = —2/3, line (1), co = 2/3, line (2), and
co = 1/9, line (3). (b) Octupole distortion: ¢5 = —2/3, line (1), and ¢3 = 1/9, line
(2). Regions embedded into pseudo-Euclidian space are illustrated by the doted
lines. The dashed circles of radius 1 correspond to the RN black hole.

According to the duality relations (2.49), it is enough to consider embedding of
the outer horizon surface only. The shape curves of the outer horizon surface are
presented in Figure 2.5. The embedding diagrams for the outer horizon surface
can be obtained by rotation of the curves around the vertical axis of symmetry
lying in the plane of the figure, parallel to the z axis. Note that the change in
sign from ‘4’ to ‘=’ of the quadrupole moment corresponds to a deformation of
the rotational curve from oblate to prolate and vice versa. This transformation
corresponds to the duality relations (2.49) between the outer and inner horizon
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surfaces. The change in sign of the octupole moment corresponds to an overturn
of the rotational curve preserving its shape.

2.7 Free fall from the outer to the inner horizon

In Section 1.5 we studied how distortion of the Schwarzschild black hole affects
proper time of a free fall from the black hole horizon to its singularity. It is
interesting to check how the distortion changes the maximal proper time of free
fall of a test particle from the outer to the inner horizon of the distorted RN
black hole. Let us consider motion of a test particle of zero angular momentum
which moves from the outer to the inner horizon along the axis of symmetry. Free
fall from the north pole corresponds to # = 0, and free fall from the south pole
corresponds to 6 = 7. We use metric (2.25) with dS3. Using Eq. (1.53) we derive
the proper time of the free fall:

+1 Al/ze‘“d
(&) i /_1 (Q2A e ME2 41— y2)1/2 ) (2.63)

0=0,7

where F is the energy of the particle,

2772_16211&
AL dr

The maximal proper time corresponds to £/ = 0. Using the coordinate trans-
formation (2.42) and applying the boundary values (1.72) we derive the maximal
proper time for the free fall

Tmax = 7_(0) = T—i-Q—i-a (265)

where (), is given by (2.27), and the dimensionless time 7 is

T, = /ﬂ % [(costp + e %) — §eu¥) (costp — 1]. (2.66)
0

Here, u(¢)) = uy (1) for the fall from the north pole, and u(v)) = u_(v) for the
fall from the south pole. For the RN black hole we have 7. = 7/(1 + p), and
Tmaz = ™M, that is exactly the same as the maximal proper time for free fall from
event horizon to the singularity of the Schwarzschild black hole of mass M ([94],
p. 836).

In the case of the quadrupole distortion (2.52), the integral in (2.66) can be
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Figure 2.6: Free fall along the axis of symmetry from the outer to the inner horizon
surface for p’ = 1/2. (a) Dimensionless proper time 7, for different values of the
quadrupole moment c¢y. Here, the minimal value of the dimensionless proper time
Timin & 1.91 corresponds to copin &~ —0.734. (b) Dimensionless proper time 7, for
different values of the octupole moment c3, for the fall from the north pole. Here,
the minimal value of the dimensionless proper time 7,,,;,, ~ 1.80 corresponds to
C3min = —2.29, where ¢3,,;, does not depend on the value of p’. For the RN black
hole 7, = 27/3 ~ 2.09.

calculated analytically:
T, = gIO(CQ/Q)[ecz/z—|—56_02/2], (2.67)

where Iy(x) is the modified Bessel function (see, e.g., [3], p. 374). Note, that
because of the reflection symmetry of the horizon surfaces with respect to the
plane # = 7/2 the proper time is the same for the fall from the north and the
south poles. For the octupole distortion we evaluate the integral numerically.
From expressions (2.52) and (2.66) we see that the change in sign of the octupole
moment corresponds to the change of the poles as the starting points of the fall.
The dimensionless proper time calculated for p’ = 1/2 is presented in Figure 2.6.
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2.8 Spacetime invariants

For distorted vacuum black holes there exists a remarkable relation between the
Kretschmann scalar calculated on the surface of the event horizon X(*) and the
Gaussian curvature of the horizon K*) calculated at the same point (see Eq. (1.99)
representing such a relation in dimensionless form)

K = 12KH7 (2.68)

The proof of this relation for a more general case of electrostatic solution is given in
Appendix E. This relation shows that the 4D curvature invariant of the spacetime
calculated on the black hole horizon is correlated with the shape of the horizon
surface. In a region where the horizon is sharper the 4D curvature invariant is
larger than in a region where the horizon is smoothed out. In order to prove the
property (2.68) one uses the fact that the horizon H™*) surface is a totally geodesic
surface.

The general analysis by Boyer [13], and, in particular, his conclusion saying
that a bifurcate Killing horizon contains a totally geodesic 2D surface, which is in
fact independent of the field equations, can be applied to the case of the charged
distorted black hole. For this reason one can expect the existence of a relation
similar to (2.68) and generalizing the latter (see Appendix E for details). In this
section, we discuss this problem.

First of all, let us emphasize that in the presence of the electromagnetic field
F,5 there exist an additional 4D invariant F? = F, 3 F*’ characterizing the strength
of the field. For the distorted black hole the calculations give the following value
of this invariant on the outer horizon [see Egs. (2.38), (2.39), (2.40), (1.71) and

(1.73)]
2 (1-p
7 2.69
M2 (1 + p/)s ’ ( )
where M’ and p’ are defined by Eq. (2.31) and Eq. (2.32) respectively. Note,
that F()” is a constant over the outer horizon. The minus sign on the right-hand
side reflects the fact that we are dealing with an electric (not magnetic) field. The
Kretschmann scalar K and the Weyl invariant C? are related as follows:

K =C*+2(F?)>. (2.70)

In the presence of matter, in order to characterize the ‘strength’ of the gravitational
field, it is more convenient to use the Weyl invariant. The calculations presented
in Appendix E give for the Weyl invariant on the event horizon the following
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expression [cf. Egs. (E.40) and (E.41)]:

1 2
2 =19 [K(” - §F(+)2} . (2.71)

It is evident that in vacuum, when F? vanishes and the Kretschmann invariant
coincides with the Weyl invariant, this relation reduces to Eq. (2.68). The second
term in the square brackets is constant on the horizon [see Appendix E, and Eq.
(2.76) below]. Using Eqgs. (2.36) and (2.27) we can present the expression in the
square brackets in the following form

+
g0 - Lpew? Z A o Ly (2.72)
2 (1+p)2 2

where K1)|,_; is the Gaussian curvature of the horizon surface of a distorted
Schwarzschild black hole. Thus, the Gaussian curvature of the horizon surface of
a distorted RN black hole is related to that of a distorted Schwarzschild black hole
by the linear transformation (2.72).

The relations similar to (2.69) and (2.71) are valid for the inner horizon,

)2 2 (1+p)

O = _M’2m’ (2.73)
_ 1 2

20— 9 {KH - §F<—>2} . (2.74)

Using Eq. (2.70) we can calculate the ratio of the Kretschmann invariants on the
black hole horizons:
KE o, 3(Ky +0)% + 262

N 2.
S S S Iy e gy = (2.75)

where § is defined by Eq. (2.30). This ratio calculated for p’ = 1/2 is presented
in Figure 2.7. The behavior of the curves is very similar to those for the Gaussian
curvature illustrated in Figure 2.4.

Finally, we present the expressions for the curvature and the electromagnetic
field invariants at the vicinity of the black hole horizons. We use the expressions
(E.44), (E.40) and (E.45) given in Appendix E. The expansion of the electromag-
netic field invariant near the black hole horizons reads

Fi = =26"1 £ 46 e (K — 07 ) (nF 1) + ... (2.76)
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Figure 2.7: Ratio k for p’ = 1/2. Plot (a) illustrates the ratio for the quadrupole
distortion of ¢ = —2/3, line (1), ¢o = 2/3, line (2) and ¢y = 1/9, line (3). Plot (b)
illustrates the ratio for the octupole distortion of ¢3 = —2/3, line (1), and ¢3 = 1/9,
line (2). The dashed horizontal line corresponds to the RN black hole.

The expansion of the Weyl invariant near the black hole horizons is

Ci = 12K, ¥4 (3K2.[3Ky — 267" )™+ — 2[K 4 o]?
+ BKG:E[K:I:,GG + cot eKi,g]) (7] I 1) + ..., (277)

where Ke:l: = (Ki — 5i1).

2.9 Discussion

In this chapter, we studied the interior of a distorted, static, axisymmetric, electri-
cally charged black hole. The corresponding metric was derived by the Harrison-
Ernst transformation applied to the metric of a distorted, static, axisymmetric
vacuum black hole, whose interior was discussed in Chapter 1. We established the
special duality relations between the properties of the inner and the outer horizons
of the distorted charged black hole. These duality relations allow one to make
a conclusion about the inner (Cauchy) horizon structure, which is based on the
structure of the outer (event) horizon of the black hole. In particular, regions of
positive and negative Gaussian curvature and its values on the outer horizon sur-
face are correlated with those on the inner horizon surface. There is a correlation
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between the shapes of the horizon surfaces as well.

We derived expansion of the curvature and electromagnetic field invariants near
the black hole horizons, which is expressed in terms of the Gaussian curvature,
electrostatic field, and their derivatives calculated on the horizon surfaces. Thus,
the established duality relations show that the spacetime geometry near the inner
(Cauchy) horizon is correlated with the spacetime geometry near the outer (event)
horizon. This implies that if the distortion leaves the outer horizon regular, the
inner horizon remains regular as well.

The duality between the outer and the inner horizons seems important. Appar-
ently, according to the mass inflation phenomenon [107] such duality breaks in the
case of dynamical perturbation of the RN black hole. Namely, due to the presence
of the outgoing flux the inner apparent horizon and the Cauchy horizon become
separated. The infinite grow of the mass parameter induced by the blueshift of the
ingoing flux on the Cauchy horizon is not canceled by the redshift of the ingoing
flux on the apparent horizon. As a result, the Cauchy horizon becomes singular.
This does not happen in the case of static, axisymmetric distortion. One may think
of the static distortion in the dynamical region between the black hole horizons as
represented by ‘standing’ waves. According to the duality relations between the
horizons, initial and boundary values of the waves should be dual as well.

Quite possibly, the axisymmetric, static distortion due to remote charged masses
and fields cannot affect much the interior of a charged black hole. In such a situa-
tion nothing enters, or leaves (through the Cauchy horizon into other ‘universes’)
the black hole. Thus, the black hole inner horizon remains regular due to such
a type of distortion. Nevertheless, as our analysis shows, such ‘serene’ distortion
can in fact deform the interior of the black hole to create regions of high local
curvature. Moreover, the distortion noticeably affects the maximal proper time
of free fall of a test particle moving along the axis of symmetry in the black hole
interior. An important question of whether the Cauchy horizon of an electrically
charged black hole is regular for an arbitrary static, external distortion remains
open. It would be interesting to study a general class of electromagnetic distortion
fields, as well as more general class of rotating charged distorted black holes which
admit the Weyl form of the metric (see, e.g., [16]).
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Chapter 3

5D electrically charged black
string

3.1 Introduction

In attempts to resolve the hierarchy problem, the existence of large extra spatial
dimensions was proposed in modern theoretical models [6,8]. The existence of
large compact extra dimensions opens an interesting possibility of mini black hole
production in future LHC experiments (see, e.g., [26,53,125]). In addition, in
spacetimes with large compact extra dimensions, a large variety of topologically
different black objects may exists: black holes, black rings, black branes, black
strings, etc. (see, e.g., [66]). The study of such objects, especially topological
phase transitions between them, is a subject of high interest.

In this chapter we study static electric black strings in 5D spacetime with
one large compact dimension and compare their thermodynamical and dynamical
properties with static magnetic black strings. The topology of the horizon of
the black string is different from the spherical topology of a black hole solution,
which is another possible topological phase. A vacuum black string solution can
be obtained from a lower dimensional, spherically symmetric, static, vacuum black
hole solution by adding a flat compact extra dimension. In the case of more than
one, say p, extra dimensions, the solution is called a black p-brane. Simple analysis
shows that for a given size of extra dimensions, there exists a critical value of the
mass M,... If M > M,,., the entropy of the black string or black brane is larger
than the entropy of the black hole, while for M < M., the situation is opposite.

Based on this simple argument, Gregory and Laflamme (GL) [57] came to a
conclusion that a black string (brane) must be unstable if its mass is smaller than
some critical value. Studying S-wave gravitational perturbations of black strings,
they discovered the classical instability of these objects. Namely, they obtained a
dispersion relation between the imaginary part () of the frequency, and the wave
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number k of the perturbation field mode, which clearly illustrates the instability.
The dispersion relation allows one to find a rate of decay corresponding to a given
wave number k. The instability starts at the special value k... {2 vanishes for this
threshold mode. Positive values of €2 correspond to values of the wave numbers
smaller than k... Finally, the zero-value wave number corresponds to {2 = 0, which
indicates the stability of the D-dimensional Schwarzschild-Tangherlini black hole.

The existence of the critical (maximal) wave number k.. in the instability spec-
trum corresponds to the minimal wavelength A.. = 27/k.. of the perturbation
threshold mode. The modes with smaller values of the wavelength are stable. This
behavior is similar to the classical Jeans instability (see [60,66,82] and [121], p.
562). If there exist compact extra spatial dimensions with a size smaller than the
minimal wavelength L., then unstable modes cannot fit into the compact dimen-
sions, and the instability does not arise. In the opposite case, compactified black
string (brane) solutions are unstable.

The GL instability is a generic property of black objects in spacetime with
compact extra dimensions. This effect was studied by many authors. For example,
in [58] the GL instability for a dilaton black string with magnetic charge was
demonstrated. The instability in magnetically charged black strings was studied
in [95]. It was found that for a certain range of magnetic charge values, the string
becomes stable, if compared with a neutral one. The instability in boosted strings
was studied in [75]. It was found that in the frame comoving with the string,
results are largely unchanged if compared with a static black string. However,
in the frame where the string is moving along its length, the instability strongly
depends on the velocity of the string. For example, the threshold mode appears
as a wave traveling with the boost velocity along the string. New AdS black
string solutions were discovered in [91]. Analysis of the GL instability for these
solutions showed that small AdS black strings are unstable; however, black strings
with relatively large values of the event horizon radius, as well as topological black
strings, are classically stable [17].

Numerical evolution of a perturbed, unstable black string was studied in [24]. Tt
was found that at an intermediate time of the evolution a nonuniform black string
forms. This string is reminiscent of a distorted spherical black hole connected
to a thin black string. Topological transitions between black strings in 5D and
6D, and the corresponding Kaluza-Klein black holes, were studied in [86]. It was
found that the black string and the black hole phases merge at a topology-changing
transition. Large D asymptotics of a marginally stable black string were studied
in [88]. Detailed reviews on the phase transitions between black strings and black
holes and the GL instability issue are given in [87] and [66], respectively.

There is an interesting relation between the dynamical instability of a black
brane and off-shell instability of the corresponding Euclidean black hole. For ex-
ample, the threshold unstable mode of a neutral black brane corresponds to the
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Euclidean Schwarzschild black hole negative mode [60]. Namely, k2. = —\, where
A is the negative eigenvalue of the spectral problem related to the Euclidean black
hole off-shell perturbations. A general analysis of such relations is given in [111].
Negative modes of a 4D Reissner-Nordstrom black hole with magnetic charge cor-
responding to the threshold unstable mode of a 5D black string were found in
[96].

In a general case, the size of extra compact dimensions is a spacetime parameter
which is fixed at an asymptotically flat region. However, the proper length of
the extra compact dimensions at the vicinity of a black object generally depends
on the matter and fields present. The matter or fields may increase or decrease
the local size of the compact dimensions, changing the black object instability
spectrum. This effect is illustrated on several types of black strings. For example,
the presence of magnetic and dilaton fields tends to stabilize the black string [58].
A similar behavior of the critical wave number for a black string in a spacetime of
arbitrary dimension D > 5 with magnetic or electric charge was observed in [95]
and [112], respectively.

Here, we shall study the GL instability of an electrically charged 5D black
string. The corresponding dimensionally reduced solution is S-dual to the dimen-
sionally reduced solution for a 5D black string with a magnetic charge [95]. We
consider static S-wave perturbation of the charged black string and search for the
threshold mode. The existence of the threshold mode implies existence of the in-
stability spectrum. We construct a critical curve in a topological phase transition
diagram. The curve corresponds to a nonuniform black string and separates the
charged black string phase and the corresponding charged Kaluza-Klein black hole
phase. The shape of the curve illustrates that electric charge tends to destabilize
the black string. Similar behavior can be inferred from the global thermodynamic
equilibrium condition between the charged black string and charged black hole.
The main results discussed here were published in [46].

3.2 5D charged black string solution

3.2.1 5D theory

In this section, we describe a solution for 5D electrically charged, compactified
black string. Let us consider the following action

1 - 4 Lo
S = 167TG(5)/0 dz/dm V=g (R_EF ), (3.1)

F=V,A, —V,A,. (3.2)

where
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Here A,, is the 5D electromagnetic vector potential, and L is the size of the compact
dimension. The corresponding Einstein-Maxwell equations read

1 1 _em
R;w - §guuR = §T;Ey )7 (33)
V" =0, VinFl, = 0. (3.4)

The 5D electromagnetic field energy-momentum tensor is given by

em 1
T/EI/ ) = FMAFV)\ - Zg,uz/FQ- (35)
Here and in what follows, V,, denotes a covariant derivative defined with respect
to the 5D metric g,,, whereas a comma stands for a partial derivative.

In a general case, the electric charge () associated with the d-form Fig) is defined
as follows:

Q = (—1)1+d(D_d)/ *F(D—d)7 (3.6)
Vip-a)

where the Hodge dual to F{g) is defined by

B1--l(D—d) ght-MD—d)V1---Vd
*F = dl\/—_g F,,lmyd. (37)

The magnetic charge P is defined by

P - / Fla. (3.8)
Viay

The integral over the d-form Fi4 and the corresponding volume element V{4 are
defined as follows:

/ F(d) = / F’mlmud‘dxﬂl.”dmﬂdj ‘/(d) :/ *1’
Y Vi Via)

(3.9)

where |jt1...p04] = p1 < ... < jig means proper orientation, and el #w-ari-val —
+1. In our case d = 2.
The Komar mass of a black object is defined by (see, e.g., [98])

1 D=2
= aP=2y  VF kY 3.10
167G py D — 3 /V : ’ (3.10)

(D-2)
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where k#* is the timelike Killing vector normalized at spatial infinity as k*k, =
—1. Another definition of the mass of a black object in spacetime with compact
dimensions was given in [68].

For a spacetime with compact extra dimensions of asymptotic size L, the D-
dimensional and 4D gravitational constants are related as follows

G(D) = G(4)LD_4. (3.11)
We consider a 5D metric of the following form:

2
ds® = —fude® + j—f + fadz® + f5(d6% + sin® 6dg?), (3.12)
1J2

where f; = fi(r), i = 1,2,3, and z is the coordinate of the compact dimension
of size L. In the next subsection, we shall see that this metric can be derived
by oxidizing (uplifting) a 4D dimensional solution, which does not depend on the
compact coordinate z, to the 5D spacetime of the charged black string [102]. Such

a 4D solution is related to solutions of the so-called a-model. In our case, this is a
4D electrically charged dilaton black hole.

3.2.2 a-model

Here, we discuss the 4D a-model solution representing a dilaton black hole with
electric charge. Let us start from the 4D a-model action [102]

1

S =
167TG(4)

/ o5 (R v - ie—mﬁﬂ) | (3.13)

where R is the Ricci scalar of the 4D spacetime, ¢ is the dilaton field, and a is the
dilaton-electromagnetic field coupling constant. The electromagnetic field tensor
is

Fyy = Vid; — VA, (3.14)
where A; is the 4D electromagnetic vector potential. Here and in what follows,
V; denotes a covariant derivative defined with respect to the 4D metric g;;, and
1,7,k =0,1,2,3.

The Einstein-Maxwell-dilaton equations read (167G =c¢ = 1)

— ]., = ]- =(d —2aprm(em
V; (e F9) =0, VyEy =0, (3.16)

V2o + %e—mﬁ = 0. (3.17)
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Here the dilaton and the 4D electromagnetic field energy-momentum tensors are
given by
1

TP = (Vi) (Vie) ~ 594(Ve)” (3.18)

em — — 1_ —
Tlem = Fy My = 19 F*, (3.19)

respectively.

We are interested in static, spherically symmetric solutions of the equations.
One of such solutions is a dilaton black hole with electric charge. The corresponding
metric is [102]

v—1 _
v (r w)dt2+ (r+h)

2 !
ds” = (r+h)v v (r — w)

dr? + 1?7 (r + h)°(d6? + sin? 0d¢?), (3.20)
where v = 2/(1 4 4a?). The electromagnetic vector potential and the dilaton field
are given by

- Vvh(4w + h) ( h)
A, = YRR~ gl (142, 3.21
i V2(r + h) v @ r (3.21)

respectively. In the particular case of zero coupling constant, a = 0, the solution
is the 4D Reissner-Nordstrom black hole [see Eq. (2.1)].

To proceed with the oxidation [102], let us consider the 5D metric (3.12) in the
following form:

_e 20
ds®> = e V3ds® +evV3dz?, (3.22)

where ds? is the 4D metric (3.20). The following relations between the 5D and the
4D objects hold:

e /-1 _
R = eV3 (R—g(Vgo)va\/sz(p), (3.23)
_e 20 _
V—g = e V3y—g, F?=eV3F?% (3.24)

Applying these relations to the action (3.1), integrating over z, and using the
relationship (3.11) between the gravitational constants in 5D and 4D spacetimes,
we derive

1 i (s 1o o, 1
167G ) / oy 9<R (Ve =3

This is exactly the 4D action (3.13) with a = —1/(2v/3).

S

¥ _
e\/3F2) : (3.25)
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3.2.3 5D electrically charged black string

An oxidation of the dilaton black hole with electric charge to a 5D spacetime gives
us the electric black string solution (3.12) (see, e.g., [86], and [112] for D = 5) with

r(r—w)

3h(w+h) _,
e VO TS (3.26)

fi= r-+h "

h
f2:1+;, fgIT(T+h), A,U«:

Note that for the 5D black string and the 4D black hole solutions » > 0, A > 0,
and the corresponding event horizons are defined by » = w > 0. The parameters
h and w can be expressed in terms of the mass and the electric charge of the black
string.

The definition (3.10) and the relation (3.11) give us the black string mass,
which in our units is

M = 6n(w+ 2h). (3.27)
Using the definition of electric charge (3.6) for d = 2, we derive
QQ = t4nL~/3h(w+ h). (3.28)

Expressions (3.27) and (3.28) give

1 1
= —VMET=3(Q/LE, h=— (M- /M-3(Q/LF). (32
wo= VM =3(Q/L)?, b= o VM2 =3(Q/L)?). (3.29)
Thus, the magnitude of the black string electric charge is defined within the range
ML
0< < —. 3.30
Q< (3:30)

Calculating the energy-momentum tensor components in a local tetrad frame, we
derive the following energy density p, and the principal pressures p;, (i =1, 2,6, ¢):

3h(w + h)

A (3.31)

P = —Pr =Pz =P = Pp =

Thus, all but the radial principal pressures are positive.
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3.3 Static perturbations of the black string

3.3.1 S-wave static perturbations

To study the GL instability of a 5D charged black string, we consider gravitational
perturbations h,, < 1 of the metric g,,, given by (3.12), (3.26). In general,
for a 5D metric we have 15 components of the gravitational perturbation field
hy,. Following [57], we consider S-wave perturbations only. In this case, the
perturbation field has 7 components

h',uz/ = {htt7 htm h’tZ7 hrm hru h997 h’(j)(i) = h@@ SiIl2 97 hzz}- (332>

Such gravitational perturbation in general induces a perturbation in the electro-
magnetic field F),,. In the case of the electric black string, F),, has in general the
following induced components:

§F,, = {0F,,0F,.,6F,..}, (3.33)

which depend on the (¢,r, z) coordinates.
The Fourier mode of the S-wave propagating in z direction along the black
string reads

huw = Re {a,, (r)e @t} (3.34)

This mode is unstable if w = iQ), where €2 > 0. The threshold of GL instability
corresponds to the time-independent (critical) mode with = 0. We shall study
static S-wave perturbations of the black string and search for the critical GL mode.

In the case of static S-wave as a result of the symmetry ¢t — —t, the number of
the metric perturbation field components reduces to 5,

h;u/ = {h'tta hT’T’? h'rz> h’997 h¢¢ = hGO Sinz 97 hzz} (335)

The perturbed electromagnetic field (3.33) has 0F},. and 0F;, components only,
which depend on (r, z) coordinates. Using the electromagnetic gauge freedom the
corresponding vector potential can be cast into the form A, = A(r, 2)0 ut.

Thus, we can present the perturbed 5D charged black string solution (3.12),
(3.26) as follows:

e2od,r.2

fifz

ds® = — f1e*7dt? + + 262 (dz — adr)* 4 f3e*(d6? + sin® 0d¢?),  (3.36)

Ay = [A(r) + ay(r, )15, (3.37)

Here, the components {7, 0, 3, a,7,a;} < 1 are functions of r and z only.
Because of the freedom in coordinate choice in general relativity, there is a gauge
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freedom in the perturbation field. To fix the gauges we have to fix infinitesimal
diffeomorphisms &* in the coordinate transformations z* = z* + &*. In our case,
gt = [€7(r, 2),&%(r, z)]. These diffeomorphisms induce gauge transformations in
the metric g, and in the vector potential A, as follows:

59;“/ = (Efg)wj = v,ugv + vugua (338)
0A, = (LeA), = A"+ AL, (3.39)

As a result, the components of the perturbation field transform in the following
way:

or = %fr.fl,rf2 , 00 =& fifa+ %fr(flfz),r, (3.40)
o = %grflbf?’_lf?’ﬂ" 03 =E.fr ' + %@flfzm (3.41)
ba = [ %(Efor = Enfo— & fo). (3.42)

In the case of the 5D electric black string the only non-vanishing induced electro-
magnetic perturbation, a;, transforms as

5at = grf1f2At,r- (343)

The induced electromagnetic perturbation a; corresponds to the perturbation of
the timelike (electrostatic) component of A,,.

Our system of equations contains 6 ‘field” variables {7, o, 3, a,~, a;} with the
gauge freedom (3.40)-(3.43) generated by 2 functions " and £ of 2 variables r and
z. As usual for such a case, there exist 6 — 2 -2 = 2 ‘physical’ degrees of freedom
(see, e.g., [27]). We shall demonstrate that one can choose vy and a; as such physical
degrees of freedom. Namely, we show that these objects obey 2 decoupled, second
order ordinary differential equations. As we show later, one of the equations (for
a;) does not have unstable modes, while the other one, the master equation for ~,
is responsible for the existence of the GL unstable threshold mode.

3.3.2 Master equation for the electric black string

Here we use the same gauge as in [95]. Namely, we define 7 = 7/ + o7 = 0,
which fixes £" through Eq. (3.40). This gauge preserves the gravitational redshift
function f; under the perturbation field. The next gauge choice is § = 3'4+§3 = 0,
which fixes £* through Eq. (3.41). This gauge preserves the metric along the z
coordinate. Thus, we are left with {o, a,7,a;}. Assuming that the amplitudes
in the Fourier modes (3.34) of the perturbation field are real-valued functions, we
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have

—a(r)ksin(kz), (3.44)
ay(r) cos(kz). (3.45)

(r)cos(kz), «

Qe

(r)cos(kz), ay

N

’y:

Here, the form of the Fourier mode of « reflects the fact that da is an antisymmetric
function of z.

Our goal is to derive the master equation corresponding to the perturbation
field. Currently we have three components of the gravitational perturbation field,
{o,a,~}, and one component of the induced electrostatic perturbation, a;. They
solve system of the Einstein-Maxwell equations.

We employed the GRTENSORII package to derive a reduced system of the
Einstein-Maxwell equations for the first order gravitational perturbation of metric
(3.12), (3.26) corresponding to the electric black string. As a result, we have five
components, {tt,rr,rz, 00, zz}, of the Einstein equations and one, {t}, component
of the Maxwell equations V,F"* = 0. The Maxwell equations V[yF),) = 0 are
satisfied identically. Using the {rz} component of the Einstein equations, we can
express ¢ in terms of 4 and a,

16w L(r — w)(ry, +7) — Qay
A L(4r — 3w) ’

o=

(3.46)

substitute the result into the {rr} component of the Einstein equations, and solve
it for & in terms of 4 and ay,

3 2w(2r = 3w)y, — [4w — 4R (4r = 3w)[§ | Q[(4r — 3w)ay,, + 4a,]

k2(4r — 3w)? i Ar LE?(4r — 3w)?
(3.47)

Thus, we can express ¢ and & in terms of ¥ and a;. Substituting the result into the
remaining Einstein-Maxwell equations, we see that the {2z} component is satisfied
identically, whereas the components {¢t} and {00} together with the {¢t} component
of the Maxwell equation represent a system of three mutually compatible equations
for 4 and a;. An analysis of the equations shows that we can eliminate 4 and derive
a single equation for ay,

r—w 2(r —w)(w + 2h)

Gt rr ary = k. 3.48
Gtrr + r(wr + 2hr — wh) o, at (3.48)

Thus, the electrostatic perturbation decouples from the gravitational one. As we
illustrate in Appendix F, there are no unstable threshold modes. Thus we can take
dt - 0
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As a result, the {tt} and {60} components of the Einstein equations and the
{t} component of the Maxwell equations become equivalent and give us the master
equation for the static S-wave gravitational perturbation of the electric black string,

r—w w(2r — 3w) 2w 9.

~rr ~r vy = k7y.
K K +7"2(47’—3w)7 7

T R —3w)
(3.49)

Remarkably, this equation has only one parameter w, whereas the black string
metric (3.12), (3.26) has two, w and h.

3.4 Numerical analysis

We shall integrate the master equation (3.49) numerically, applying the shooting
method [108]. To proceed we map the semi-infinite interval r € [w,+o00) into
a finite one and rewrite the master equation in a dimensionless form using the
following transformations:

ro= i (3.50)

where z € [0,1]. Here, x = 0 corresponds to the black string event horizon. The
master equation (3.49) takes the form

2% 00 + 2P (2)70 + Q(z)y = 0, (3.51)
where
(3P +62—1)
P@) = —T=oass (3:52)
Qz) = ot - (3.53)

(1—2)1+3z) (1—2x)*

This equation has a regular singular point at * = 0 and an irregular singular
point at x = 1. We are looking for regular solutions which are finite everywhere,
together with their derivatives, and which vanish at infinity. Namely, 4(1) = 0.
Applying the method of Frobenius, we can construct an approximate solution near
the horizon. The solution reads

F(w) = Cy— Co(2 — K + -+ -, (3.54)
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where Cj is an arbitrary constant, which we take to be equal to one. From (3.54)
we derive the following boundary conditions on the black string event horizon:

7(0) =1, 7.(0) = x* — 2. (3.55)

Using the boundary conditions and implementing the shooting code written in
FORTRAN, we found k., =~ 0.876 for the critical GL mode. This result coincides
with that of [75] for a neutral 5D black string.

To obtain a critical wave number k.., we use the transformations (3.50), and
derive

KJCT‘

Eer w(LO) (3.56)
Here, w(M, Q) is given by Eq. (3.29). The critical unstable mode corresponds to
the highest mode in the instability spectrum Q = Q(k), i.e., to the lowest frequency
2 = 0. For the second order equations for the static spacetime (3.12), (3.26) the
dispersion relation 2 = (k) has two roots, k¥ = 0 and k = k.. The region
k € [0, k] defines the instability spectrum. If we set the asymptotic size of the
compact dimension L = L.. = 27 /k.,, then for such a spacetime (with fixed M
and @) there will be only one unstable mode, the critical one. For spacetime with
L > L., additional unstable modes are possible, and for spacetime with L < L.,
there are no unstable modes at all. The relation (3.56) can be presented in the
following dimensionless form:

o= \/9K2. + 3¢> (3.57)

Here we introduced the dimensionless mass y = M/ L and the dimensionless electric
charge ¢ = Q/L*. Line (1) in Figure 3.1 represents this relation for the dimension-
less critical wave number k.. =~ 0.876. We see that addition of electric charge to a
neutral 5D black string makes it less stable. Namely, for a given mass M > M.,
corresponding to a stable neutral black string, gradual addition of electric charge
shifts the black string close to the critical curve, and for @ > Q..(M,.) the black
string becomes unstable.

3.5 Thermodynamics of the black strings

Black strings are higher dimensional objects which have an event horizon. Thus,
as in the case of a black hole, they can be considered as thermodynamical systems
which have entropy and temperature (see, e.g., [116]). The entropy is defined as
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Black string

Black hole

Naked singularity

q

e o
0.0 1.0 1.5 20 25

Figure 3.1: Dynamical critical curve (1) for the electric black string—electric black
hole topological phase transition corresponding to k.. ~ 0.876. Here, u = M/L,
q = Q/L* The thermodynamical curve (2) corresponds to the relation (3.66).
Line (3), u = ¢V/3, corresponds to the extreme value of the electric charge [see
Egs. (3.30), (3.64)]. Curves (1) and (2) asymptotically approach line (3). The re-
gion above curve (1) represents dynamically stable black string topological phase,
whereas the region between the curves (1) and (3) represents dynamically stable
black hole topological phase. Analogously, curve (2) separates the regions of ther-
modynamically stable black string topological phase (above the curve), and the
region of thermodynamically stable black hole topological phase [below the curve,
up to the line (3)]. The region below the line (3) represents naked spacetime
singularities.

follows:

A
S = , 3.58
o (3.58)

where Ay is the event horizon surface area. For the electric black string we have

2 _ V2 [M? — 3(@/L)2]i [M + /M2 = 3(Q/L)?| "

9
(3.59)

N

SEBS = 16%2\/E(w + h)

We assume that an unstable 5D electric black string may undergo a topological
phase transition into an electrically charged 5D black hole. We can compare the
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entropy (3.59) with that of the electrically charged black hole Sgppy, and define the
micro-canonical equilibrium condition for the electric black string as Sgps > Sgpu-
The corresponding critical curve is defined as Sgpps = SepH.

Unfortunately, an exact solution of a 5D electrically charged black hole in
spacetime with one compact dimension is unknown. Analytical approximations
for an electrically neutral black hole are given in [55,56,84]. However, we can
make an estimate for the micro-canonical critical curve by comparing the electric
black string entropy, Sggs, with that of a 5D Reissner-Nordstrom black hole. We
take the mass and the electric charge of the black hole equal to those of the black
string and use the relation (3.11).

The 5D Reissner-Nordstrom black hole metric is (see, e.g., [102])

r2(r? — ) r?

ds* = — ——dt* +
(r2 + h)? 2

R (r? + h)(dy? + sin® [dA? + sin® Bdp?)),
—w
(3.60)

where ¢ € [0, 7] is the third angular coordinate for a 3D round sphere. The
corresponding electromagnetic vector potential is given by

A = :FM(W (3.61)
8 r24h " .

The black hole horizon is located at 7 = v/1. The Komar mass (3.10) and the
electric charge (3.6) are

M = 6%2(4271), Q = +4n?\/3h(w + h). (3.62)

Thus, we have

L
1272

W = é\/z\p “3(Q/L?, h= (M /M2 3(Q/L)2) . (3.63)

Hence, the black hole electric charge is defined within the range

ML
i

0<l@f < (3.64)
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For the 5D Reissner-Nordstrom black hole we have

8r3 -3 L1 5
77w+m2:&fpw+¢M—ﬁQﬂA

N

S =
(3.65)

According to expressions (3.30) and (3.64), the electric charge of the black string
and the black hole is defined in the same range. Approximating Sgpy with ex-
pression (3.65), we derive the micro-canonical critical curve. In dimensionless form
the curve is given by

wo= +/9/4+ 3¢%. (3.66)

This curve is shown in Figure 3.1 [curve (2)] together with the critical curve (3.57)
of the dynamical perturbation. These curves are hyperbolae. They have qualita-
tively similar behavior and illustrate that an electrically charged black string is less
stable than a neutral one. Let us note that line (1) for the dynamical instability
is always higher than line (2).

3.6 5D extremal electrically charged black string

In this section, we discuss a 5D extremal electrically charged black string. An
extremal black p-brane with dilaton and charge associated with n-form was stud-
ied in [59]. It was demonstrated that such a p-brane is stable against S-wave
gravitational perturbations.

Let us consider the limiting case of the expression (3.30),

ML

\/g )
which corresponds to the extremal electrically charged black string. In this case,
the parameters of the black string are the following:

Q= (3.67)

w=0, h=— (3.68)

and the corresponding solution is given by (3.12), where

r? h V3h
(’r’—|—h)2 s fg 1+—, fg —T(T+h) AM ::{:T_I_h(sut, (369)

fi=

This solution belongs to the family of 5D extremal electrically charged solutions
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discussed in [97]. According to the theorem proven in [97], all higher dimensional
(D > 5) extremal solutions, except a sequence of any number of extremal Reissner-
Nordstrom black holes, have singular event horizons. This theorem is an extension
of the theorem by Hartle and Hawking, which was proven in [70] for 4D spacetimes.
We present the 5D compactified extremal Reissner-Nordstrom black hole solution
in Appendix G. The energy-momentum tensor components in a local tetrad frame
are [cf. Eq. (3.31)]

3h?

Sl T (3.70)

P = —Pr=Pz=Po =Py =

Here we consider S-wave static gravitational perturbations of the spacetime
(3.12), (3.69) and search for an unstable threshold mode. The extremal black
string horizon is defined by r = 0. One can check that the surface horizon area is
zero, and so is the black string entropy. Thus, we may expect that the spacetime
is unstable. To study S-wave static perturbations of the spacetime, one can follow
the procedure presented in Section 3.3, or one can take the limit w — 0 in the
expressions therein, which gives the same result. For w = 0, expressions (3.46)-
(3.49) read

G o= i, - ﬁ—aLt, (3.71)
~ - Qrag, + a)
a = —ry+ m, (372)
2
Qg pr + ;dt,r = Kk, (3.73)
Y = k7. (3.74)

We shall look for solutions to these equations which are finite at the horizon r = 0
and which vanish at asymptotically flat infinity, » — +o00. The general solution to
Eq. (3.73) has the following form

C C
Gy = — sin(vV—k2r) + —= cos(v/—k2r), (3.75)
r r
where C; and Cy are arbitrary constants. Imposing the following boundary condi-
tions,
glr—o = const = 1, Q4|r— 100 =0, (3.76)

we derive

_ sin(vV=Fk?r)
b= (3.77)

where \/—k? is real, i.e., k is imaginary. Thus, there are no unstable threshold
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modes for nontrivial induced electrostatic perturbation a;. As in the case of the
non-extremal electrically charged black string, we take a; = 0. The general solution
to the master equation (3.74) is

5 = Cre¥VFr 4 CheVFT, (3.78)

where C; and Cy are arbitrary constants. Imposing the following boundary condi-
tions
Alrmo =const =1, |10 =0, (3.79)

we derive
5= e VFr (3.80)

where V&2 is real, i.e., k is real. For a fixed asymptotic size of the compact
dimension L, we have the maximal wave number k,,,, = 27/L in the instability
spectrum. According to the solution (3.80), there is a continuous spectrum of
unstable threshold modes defined by k € (0, kyna.]. Using expressions (3.71), (3.72),
and (3.44) we derive the following perturbation fields

7 =0, o= (1—kr)e " cos(kz), 3=0,
= kre "sin(kz), v=e " cos(kz), a; = 0. (3.81)

The continuous spectrum of the unstable threshold modes indicates that the cor-
responding system, the 5D extremal electrically charged black string, is highly
unstable, as we expected because of its zero entropy. In fact, we have a highly un-
stable spacetime with a naked singularity. According to the expressions (3.69) and
(3.70), the proper length along the compact dimension and the energy momentum
tensor components diverge at the horizon of the extremal electrically charged black
string. An analysis of dynamical evolution of such a singular spacetime, especially
its final state, is an interesting open question.

3.7 5D magnetic black string

It is interesting to compare the obtained topological phase diagram (Figure 3.1)
with a similar diagram for a 5D magnetically charged black string. Let us recall
some properties of the 5D magnetic black string, which was studied (in the case
of general D > 5) in [95]. The magnetic black string metric can be derived as
follows. The dimensionally reduced magnetic black string gives a 4D dilaton black
hole with magnetic charge which is another solution to the 4D a-model discussed
above. This solution is S-dual to the 4D dilaton black hole with electric charge,
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Egs. (3.20)-(3.21). Applying the S-duality transformation [102]
F' = e?%y[F, ¢ =—p, (3.82)

to the 4D dilaton black hole with electric charge, one derives the electromagnetic
potential and the dilaton field

A; = £+/vh(4w + h) cos 95i¢, © = 2avIn (1 + ﬁ) ; (3.83)
r

of the 4D dilaton black hole with magnetic charge. The duality transformation
does not change the 4D metric (3.20). Oxidizing the metric to a 5D spacetime, we
derive the magnetic black string solution (3.12) (see, e.g., [95] for D = 5), where

r—w r

= e

fa=(r+h)*, A,=+v/3h(w+h)cos (%f. (3.84)

Using Egs. (3.10), (3.11) and (3.8), we derive the mass M and the magnetic charge
P of the black string,

M = 6m(w+h), P=F4r\/3h(w + h). (3.85)

3.0 ;

N~ ” — Black string

2.0 1

Black hole

1.0 4

Figure 3.2: Dynamical critical curve (1) for the magnetic black string—black hole
topological phase transition. Here, p = M/L, p = P/L. Line (2) corresponds to
p = 2u/v/3. The region enclosed by the curve (1) represents a dynamically stable
black hole topological phase, whereas the region outside the curve (1) represents a
dynamically stable black string topological phase.

We take the magnetic black string mass equal to the mass of the electric black
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string. Using (3.85), we derive

1 3 p?
= (m2-2P?) h=_ . .
YT M ( 1 ) Ty Vi (3.86)

To preserve the spacetime signature, we define w > 0 corresponding to

oM
0<|Pl < —=. (3.87)
V3

The energy-momentum tensor components calculated in a local tetrad frame are

pP=—Pr=DPo =Py = "P:= W. (3.88)
Thus, in contrast to the electric black string [see Eq. (3.31)], the principal pressure
p. 1s negative.

To present the critical mode of the magnetic black string in the (M, P) pa-
rameter space, we have to construct a relation between the dimensionless mass
i = M/L and the dimensionless magnetic charge p = P/L for L = L... We
use Eq. (3.86) and the numerical results of [95]. The relation has the following
parametric form:
= Sfcr(m) o= 2/<acr(m)\/3—m’ (3.89)

—m 1—m

where

_h
e
Figure 3.2 illustrates the relation (3.89). We see that in contrast to electric charge,
magnetic charge tends to stabilize black string.

We do not know the final state of the topological phase transition of the mag-
netically charged black string. A 5D magnetic black hole, dual to a 5D Reissner-
Nordstrom black hole, does not belong to the same theory. Namely, the corre-
sponding electromagnetic tensor is a 3-form, whereas for the 5D magnetic black
string considered above it is a 2-form. One may propose a scenario where the
final state of the topological phase transition is a neutral black hole pierced by a
magnetically charged string which wraps around the compact dimension. Such a
scenario tacitly assumes that the topology of the magnetic charge is stable.

(3.90)

3.8 Discussion

The thermodynamical and dynamical correspondence observed for the electric
black string (see Figure 3.1) shows that as in the case of a neutral black string
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discussed in [57], one may expect a decay of an electric black string into the cor-
responding Kaluza-Klein black hole. But as it is in the case of a neutral black
string, the question whether such a transition is possible remains open [74]. One
may expect that because such a transition is associated with extreme spacetime
curvatures of a nonuniform black string horizon at the pinch regions (see, e.g., the
4D compactified Schwarzschild black hole discussed in Section 1.9), to describe
such a transition quantum gravity considerations may be necessary.

Our results show that, in contrast to the magnetic black string, the electric
black string is less stable than a neutral one. Namely, an electric charge tends to
destabilize black string, whereas a magnetic charge makes it more stable. This can
be deduced from the form of g,, components of the corresponding metrics. For
the electric black string, g,, = fo > 1, [see Eq. (3.26)] which makes the proper
length along the compact dimension greater than L... As a result, the electric
black string is thinner than a neutral one, and hence less stable. For the magnetic
black string, g.. = fo < 1, [see Eq. (3.84)] which makes the proper length along
the compact dimension smaller than L., and as a result, the string is thicker than
a neutral one, and hence more stable. This may also be related to the fact that
the principal pressure p, is positive for the electric black string and negative for
the magnetic black string [see Eqgs. (3.31) and (3.88)].

The S-duality transformation (3.82), between dimensionally reduced versions
of the electric and magnetic black strings, is broken after oxidization. In fact,
we have such symmetry only in 4D spacetimes for black holes, in 6D spacetimes
for black strings, etc. [102]. It is interesting to study whether there remains any
connection between the instability spectrum properties of the electric and magnetic
black strings induced by this S-duality.

Finally, it is interesting to analyze the relation between the threshold unstable
mode of the electrically charged black string and the negative mode of the cor-
responding Euclidean dilaton black hole with electric charge. To do this one can
follow the procedure given in [111]. However, our gauge is not suitable for such
analysis.
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Conclusion

Let us now summarize the main results presented in this thesis.

In the first two chapters we studied the interior of 4D Schwarzschild and
Reissner-Nordstrom black holes distorted by external, static, axisymmetric fields.
We found that in the case of a Schwarzschild black hole, there is a duality relation
between its event horizon and singularity. A similar relation exists for distorted
Reissner-Nordstrom black hole between its event and Cauchy horizons. One may
expect that, if the electric charge of the Reissner-Nordstrom black hole vanishes,
the black hole becomes Schwarzschild, and the duality relation between the event
and Cauchy horizons ‘transforms’ into the duality relation of the Schwarzschild
black hole between its event horizon and singularity. As we illustrated, in the
case of a distorted Reissner-Nordstrom black hole, such a duality relation plays a
crucial role in the Cauchy horizon stability. Namely, it shows that the spacetime
geometry near the event horizon is correlated with the spacetime geometry near
the Cauchy horizon. This correlation implies that the Cauchy horizon remains
regular for such type of distortion. Whenever the Cauchy horizon remains regular
for a more general type of static distortion is an interesting open question. One
may conjecture that the instability of the Cauchy horizon is purely dynamical by
nature. However, to prove such a conjecture is a rather nontrivial problem. In ad-
dition, it would be interesting to study the interior of a rotating charged distorted
black hole, which admits the Weyl form of the metric.

We found, with the examples of octupole and quadrupole distortions, that such
distortion fields noticeably change the proper time of free fall of a test particle from
the event horizon to the singularity of a distorted Schwarzschild black hole, as well
as the proper time of a free fall from the event to the Cauchy horizon of a distorted
Reissner-Nordstrom black hole.

An analysis of the distorted Schwarzschild black hole near its singularity shows
that the corresponding metric has the Kasner form of an undistorted Schwarzschild
black hole. It is an interesting open question if an asymmetric, static distortion
will preserve the Kasner form of the metric near the corresponding black hole
singularity.

We demonstrated, with the example of a compactified 4D Schwarzschild black
hole, that the physical singularity becomes naked when the north and the south
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poles of the black hole come close to each other. It is important to study whether
this happens for a higher-dimensional compactified black hole, which may be a
topological phase of the corresponding unstable black string. If this is the case, we
may question the validity of the classical analysis of the merger transition between
the black string and the compactified black hole.

In Chapter 3 we studied the Gregory-Laflamme instability of a 5D black string
with magnetic or electric charge. We illustrated that an electric charge tends to
destabilize black string, whereas a magnetic charge makes it more stable. This
result may be related to the fact that the principal pressure p, is positive for
the electric black string and negative for the magnetic black string. It may be
stimulating to analyze which properties of the matter field are responsible for such
an effect.

The analysis of the Gregory-Laflamme instability of a 5D extremal electrically
charged black string shows the presence of a continuous spectrum of the unsta-
ble threshold modes. This indicates that the black string, which has a singular
event horizon, is highly unstable. It would be interesting to study the dynamical
evolution of such extremal black string.
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Appendix A

Relation between the multipole
moments

In this appendix, we present the relation between two different representations of
the distortion field U given by expressions (1.42) and (1.44). Using the expansion
of the Legendre polynomials of the first kind (see, e.g., [7], p. 419),

1 L1/2] —1)*(21 — 2k)! 1—2k
A =3 > g <A.1)

where |z] is the floor function (see List of Symbols and Abbreviations), we derive
R"P,(ncosf/R) = Y AuuPi(n)Py(cos), (A.2)
s=0

where R = (n? — sin?0)Y/2. Here, according to the property of the Legendre
polynomials, P,(£1) = (£1)", the coefficients A, satisfy the relation

i Agn =1, (A.3)
s=0

where the sum is over even s if n is even, and it is over odd s if n is odd. These
coefficients can be calculated with the aid of the following recurrence expressions:
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for even n, Ago =1, and for n > 2,

(n —2¢)!(n —2¢)!]*

An—2q,n = 2n—4q [

(2n — 4q)!
minte/2 .0} (2n — 2q — 2m)!
8 Z m!m!(qg —m)l(n — g —m)!(n — 2¢ — 2m)!
— Im!(q ! q ! q !
n/2 2
2s — 2q)!
- Z Agsn (22s—n/2(n —9 )EZ:__ ;/2 +q))|(8 /2 — ),) , (A4)
s=n/2—q+1 q): q): q):
where the integer ¢ € [1,n/2], and
nlnl2"
2n)] (A.5)
for odd n, A;; =1, and for n > 3,
—2¢)!(n — 29)11?
An—2qn — 2n—4q (n q) (n q)
’ (2n — 4q)!
min{(n—1)/2—q,q} (2n _ 2q _ 2m)'
<X
— m!m!(qg — m)l(n —q —m)!(n — 2q — 2m)!
_ (ni 2 A25+17n[(n + 2s + 1-— 2(])']2 (A 6)
z [ A
B, 2 = 2g)M(s — (= 12+ s + (n+ D)/2— )]
where ¢ € [1,(n —1)/2], and
nln!2"
Apn = : A7

Thus, we have the following relation [see Eqgs. (1.42), (1.44), and (A.2)]

n

Un,0) = > cu Y AunPu(n)Pi(cost) =Y a,Pu(n)Pi(cost), (A.8)

n=0 s=0 n=0

where N is the order of approximation of the distortion field. The multipole
moments a,’s and ¢,’s are uniquely related to each other though the following
formulas:
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for even NV > 0, and the even multipole moments,

N/2

N
Aop = ZCQkAQH,Qka ne |:O> E:| ) (Ag)

k=n
for N > 2, and the odd multipole moments,

N/2—1

N
i1 = D ConprAmmproni, nE {0, 5 = 1} : (A.10)
k=n

for odd N > 1,

(N—-1)/2 N1
Qop = kz_: CQkAQH,Qka ne |:O> T:| ) (Al]')
(N-1)/2

N —
Aont1 = kZ Coky1Aont12k41, N E [0, T] . (A.12)
The multipole moments ¢,,’s can be defined in terms of a,’s by the following
recurrence formulas:

for N =0, ¢y = ag, and for even N > 2, and the even multipole moments,

N/2

N a
Cop = A2_n1,2n Qon — Z CopAonok | » M E [07 5—1] y CN = AN )
fin N,N
=n+1
(A.13)
for N > 4, and the odd multipole moments,
N/2-1
Con+1 = A2_,11+172n+1 A2p41 — Z C2k+1A2n+1,2k+1 )
k=n+1
N an—1
ne |0, ——=2|, cn.g=— A.14
[ 2 } Nt AN_1N-—1 ( )

for N =1, ¢y = ag, ¢c1 = a1, and for odd N > 3, and the even multipole moments,

(N—1)/2
N -3 a
-1 N—-1
Con = Agyop |20 — g CokAanok| , N E [07 Ty | N T
P N-1,N-1

(A.15)
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and for the odd multipole moments,

(N=1)/2
Cni1 = Agni1gnm [a'2n+1_ > cokr1Aoniizre |
k=n+1
N -3 an
elo, =2, ey = . A.16
! [ 2 } T Ay (410

These relations together with conditions (1.50) and (1.51) imply the following
expressions:

L(N-1)/2] L(N-1)/2]
Z Aon+1 = Z Con+1 = 0, (A17)
n=0 n=0
and
LV/2] LV/2]
Z agy = Z Con.- (A18)
n=0 n=0
These expressions imply,
N N
Zan = ch = Up. (A.19)
n=0 n=0

Example: Octupole approximation

Let us preset the relation (A.8) for an octupole approximation, N = 3. We start
with the representation (1.44):

U = ¢+ c1RP,(1cos8/R) + caR?Py(1cos 8/ R) + ¢ R*Ps(ncos0/R), (A.20)

where according to the conditions (1.50) and (1.51), ¢; = —c3. Applying Egs.
(A.4)-(A.7) we derive

1 2 3 2
Ao,o = A1,1 = 17 Ao,z = §7 A2,2 = g ) A1,3 = 57 A3,3 = 37 (A-Ql)

and Egs. (A.11), (A.12) give

2
ag = Cp + gCQ, a9 = 502, a; = —asg = —303. (A22)
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The conditions (A.17) and (A.18) are easily verified. Finally, with the aid of Eq.
(A.8) we derive

A

U = ag — agP1(n) Pi(cos 0) + aa Ps(n) Pa(cos ) + a3 Ps(n) Ps(cos€),  (A.23)

where a,,’s are defined through ¢,’s by the relations (A.22). The inverse relations
are

—Q9, Cp = —~Q9, Cl = —C3 = —§CL3. (A24)
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Appendix B

Expansions of the distortion fields
U and V

In this appendix, we present expansions of the distortion fields ¢/ and V near the
horizon and the singularity of the distorted Schwarzschild black hole. Using the
the transformations (1.58), we present Eq. (1.34) in the following form:

DU = DyU, (B.1)
D¢U = U:ww—FCOtiﬂU,d,, (B2)
DoU = Ugg+cotfUy. (B.3)

Then, from Eq. (B.2) we see that D¢U = D_wﬁ. Thus, a solution to Eq. (B.1)
can be presented as a sum of two solutions, one being odd and the other being an
even function of 1. Because of the presence of the factor cot ¢ in D,, this operator
is singular at v» = 0. Hence, the solution regular at the horizon must be an even
function of . Indeed, using the transformations (1.58) the solution (1.42) reads

U, 0) = ZanPn(cos ) P, (cos ), (B.4)

n>0

The solution (B.4) can be used to find the asymptotic behavior of ¢/ near the hori-
zon, ¢ = 0, and the singularity, 1 = m. To deal with both the cases simultaneously,
we denote ¢, = ¢ and ¥»_ = m — 1. The function U is an even function of ),
(0 = %£), and it has the following expansion:

U=> ULy (B.5)
n=0
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Here U™ are functions of the angular variable 6. The operator Dy, in (B.2) has
the same form D, for both the variables 1),

D, = 0, + cot i, Dy, - (B.6)
Using the series expansion for cot 1,

(_1)m_122mB2m

cot i, = ¢;1[1 - Z 62m¢3m] y Com = (2m)' ) (B7)
m=1 ’

where B,,, are the Bernoulli numbers,

1
By=-, By=——, Bsg=— B.
2 6 ) 4 30 ) 6 42 ) ( 8)
the relation o
Doy = dn*3" ™) =20y " comypd" Y, (B.9)
m=1
and equation (B.1), one obtains
UC(rO) = Uy, (B.10)
1
Uf) = Z(Um()@ + cot Quyyp) , (B.11)
1 2
0 = o (U oo+ S0 (B.12)
1 n
U = [DyUP™ 42 (n = m+ 1)ea, UL (B.13)
4(n+1)2 —

Similarly, the asymptotic expression for V near the horizon and the singularity can
be written in the form

V= vy (B.14)

n=0

where V" are functions of the angular variable §. Substituting the expansion
(B.5) into Egs. (1.35), (1.36), and integrating with the boundary condition (1.74)
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one can determine the functions VU@”). The first three of these functions are

VO = 25u,, (B.15)
1 1
V@ = 20U® — g cothu,g + §(uo,9)2 = i[U(UUﬂ@ — cot Ouyp) + (usp)?], (B.16)
1
vy = E{O’[24U(§4) +6(1 4 2cot?0)UP — 6 cot 9U<§,29) — (54 6 cot? 8) cot  ug]

+ 6upgUS) + (14 3cot?0) (ugg)? — 12 cot U uyp +12(UP)?) . (B.1T)
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Appendix C

Geodesic motion near the
singularity

In this appendix, we derive an approximate solution for ‘radial’ timelike geodesic
motion near the singularity of the distorted Schwarzschild black hole. For a free
particle moving in the black hole interior there exist two integrals of motion related
to the spacetime symmetry;,

E = —pr = —&{p)pa = const, L = py = {{ypa = const . (C.1)

The first integral has the meaning of the conserved momentum pr along the T
axis, and the second one is the angular momentum pg.

Consider a point (¢°,0°,7°, ¢°) near the singularity of a distorted black hole.
What is the proper time 7° required to fall from this point to the singularity? This
time depends on the value of £ and L. We consider the proper time for the special
value of these parameters F = L = 0. In this case, for a moving particle T' = const
and ¢ = const. For the Schwarzschild geometry this is radial motion. We also call
the motion in the interior of a distorted black hole ‘radial’ when £ = L = 0. This
type of motion is a geodesic in the 2D metric

dv? = B_(d6? — dy?), (C.2)

obtained by dimensional reduction (1" = const, ¢ = const) from the metric (1.100).
Let us denote

1 1
a= §(lnB_),¢7 , B= §(ln B ). (C.3)
Then the Christoffel symbols for the metric dy? are

Ty =T, =T =qa, (C.4)
I, =T =T%, =8. (C.5)



APPENDIX C. GEODESIC MOTION NEAR THE SINGULARITY 99

The geodesic equation
i T, %7 =0 (C.6)

for the metric (C.2) takes the following form:

U+ a(? +6%)+28)p_6 =0, (C.7)
0_ + B2 +6%) + 2016 =0. (C.8)

Here the over-dot denotes a derivative with respect to the proper time 7. These
equations obey the constraint

B_(¢* —6*) =1, (C.9)

that is, the normalization condition, u,u® = —1, for the 4-velocity u®.
Using the expansions (1.101)-(1.103) for the metric (1.100) near the singularity,
we derive

InB_ =4Iny_ — 6u_ —In16 + O(?). (C.10)

Thus, in the leading order o ~ 2/¢_ and § ~ —3u_y. In the leading order the
geodesic equations (C.7) and (C.8) and the constraint (C.9) take the following
form:

Y+ 20 + 6%) — 6u_gp_h_0 = 0, (C.11)
V0 — 3u_gp_ (% 4 6) + dep_60 =~ 0, (C.12)
e 0=yt (Y2 — %) ~ 16, (C.13)

respectively. According to the expansion (C.10), the order of approximation in
the geodesic equations corresponds to the order of approximation of the metric
(1.100).

We use the ambiguity in the choice of 7 to put 7 = 0 at the singularity for each
of the ‘radial’ geodesics approaching the singularity. Since 7 grows along geodesics
directed to the singularity, it is negative before the geodesic reaches the singularity.

The point 7 = 0 is a singular point of equations (C.11)-(C.13). To find an ap-
proximate solution to the geodesic equations one can apply the method of asymp-
totic splittings described in [25]. A ‘radial’ geodesic approaching the singularity
is uniquely determined by the limiting value 8y = 6 at 7 = 0. The asymptotic
expansions of ¥_ and # near 7 = 0 have the following form:

Yo = A4 guiﬁ(ﬁ)% +O(F7), (C.14)

1
0 = 6+ §u_719(19)7~‘2/3 +O0(FY3Y ) 7= —12e3-r (C.15)
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Appendix D

Newtonian picture

In this appendix, we consider a static axisymmetric Newtonian gravitational po-
tential Uy at point A due to point-like masses mq, mo, and a thin ring of mass m
and radius ry, as it is shown in Figure D.1.

A

mao

Figure D.1: Scheme for calculation of the gravitational potential at point A due
to the point-like masses m; and msy located on the axis Oz, and the thin ring of
mass m and radius ry located in the plane perpendicular to the axis.
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The potential is

U . my mo
N VT2 4+ d —2rdycos? /12 + d3 + 2rdy cosV
2mK (k) b 2\/rrosind
m/12 + 12 4 2rrosind VT2 12 4 2rrgsind’

(D.1)

where r = |F| and K (k) is the complete elliptic integral of the first kind, K (0) =
/2.

We consider an octupole approximation of the potential assuming that the
sources are remote, i.e., r/l < 1, where | = min{rg,d;,ds}. The approximation
reads

Uy = g+ airPi(costd) + asr’Py(cos ) + asr® Py(cos ), (D.2)

where the Newtonian multipole moments are given by

mq mo m mo mq
oy = —— — —F/— — —, ] = —5 — —5
d1 d2 ]I'o7 d% d%’
m my mo mo my
Qy = — — — — —m, 3 = —F — —.
3 3 3 4 4

(D.3)
Here, «g is the monopole, «a; is the dipole, asy is the quadrupole, and as is the
octupole moment.

In general, for arbitrary values of the masses we can have any values for the
moments; however, the condition that U ~ < 0 should be satisfied. Note, that ag
is always negative.
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Appendix E

Calculation of the spacetime
invariants

In this appendix, we obtain expressions for the curvature and the electromagnetic
field invariants near horizons of a static, arbitrary (not necessary axisymmetric)
distorted black hole with electric charge. The procedure is similar to that presented
in [78]. We start our construction in the regions where the Killing vector £ is
timelike, namely outside of the horizons. The final expressions of the invariants
will be valid in the region between the horizons as well.

The simplest curvature invariant is the Kretschmann scalar, which for Einstein-
Maxwell 4D spacetime admits the following decomposition

K = Rap,s R = C? + 2R, 3 R, (E.1)

where C? = C’amg(]am‘s is the Weyl scalar. The Weyl invariant characterizes prop-
erties of a ‘pure’ gravitational field, while the square of the Ricci tensor R,5R*?
is determined in our case by the electrostatic field. In this appendix, we derive
an expansion of these invariants near the black hole horizons. In the main text
of Chapter 2, we use these results for a special case, when the static spacetime is
axisymmetric. A similar analysis for a vacuum distorted black hole can be found in
[44] and [77]. The results presented in [44] are the particular case (corresponding
to zero electrostatic field) of the results given in this appendix.

It is convenient to start with the form of the metric proposed in [77]. Namely,
we consider static spacetime which has timelike, hypersurface orthogonal Killing
vector €. We assume that in the region under consideration V,(&€?) does not
vanish. Following [77] we write our metric, gog (o, 5,...=0,...,3) in this region
in the form

ds? = —k2dt* + dv?, dy? = yapdydy® = £72(k, 0°)dk? + hay(k, 0°)d0°d6" . (E.2)
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Here, k = (—£,6%)'%, A,B,...=1,2,3; a,b,c,... = 2,3,

W = (V) (Vi) (£3)

and hg, is the metric on ‘equipotential’ 2D surfaces k = const spanned by 6°
coordinates. At the horizon of a static black hole, that is for £k = 0, k coincides
with the surface gravity. In a static spacetime the Weyl invariant can be written
as follows [47]

C? = CupysC = 8T, + 8T1,5A + 4A gAY — (TT + A)? — 2R,5 R,
(E.4)

where

Moy = RayspC”, M=T," = —(sR™, (E.5)
Aaﬁ = Ra5+gaﬁﬂ, A EAaa =R+1I.

Here, (5 = —§V§5/§2. For a static spacetime Ipg = IIy4 = 0. To calculate C?, it is
convenient to use the Gauss-Codazzi equations (see [77])

Rapep = Rasep +€[SapSpc — SacSsp] (E.7)
n*Rapep = Speip — Sepic (E.8)
]{ZRAW;BTLVH& = —]{JHAB = ’)/AchCﬂf + EI{Z‘AB + ]fSAcsBC. (E9)
Here, n® = £%/k is the unit normal to a hypersurface t = const, ¢ = n? = —1,

Sap is the extrinsic 3D curvature of the hypersurface t = const, Ragcp is its 3D

intrinsic curvature defined with respect to the metric dy?, while R is the 3D scalar

curvature. The stroke stands for a covariant derivative with respect to this metric.
Relations (E.7)-(E.9) imply

2Ga5n°‘nﬁ = —cR — SABSAB + S? , ( )
Ragno‘nﬁ = —SABSAB — Ekf_lkf|A|A - ]{?_187,*, s ( )
Gapn® = Ropn® = —=Sp+ S5 ¢, (E.12)
Rip = Rap — eSSap — /{J_llﬂAB — 5]47_1’}%0830715 . ( )
Here S = y488, is twice the mean curvature. Since the metric (E.2) is static,

the extrinsic curvature defined as

1
Sap = §k_1”YAB,t (E.14)
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vanishes. Thus, Egs. (E.7)-(E.13) imply

Map =k 'kjap, T=Fk"k,", (E.15)
Aap=Rap — k' kjap, A=R—k"k ", (E.16)
Ao =0, Agsa=0. (E.17)

The Einstein equations G5 = 8713 give
R = 16]{3_27TT00 s T()A = 0, GAB = 87TTAB + k’_lk’MB — k’_l’)/ABk‘MlA. (E18)

Thus, the Weyl invariant (E.4) written in terms of 3D objects related to hypersur-
face t = const is

2 = 2k’ (k|ABk‘AB — 3k, "k, B‘B) +2 (Rap + 2k~ kjap) RAZ . (E.19)

The next step is a (2 4+ 1) decomposition. We use the following expression for
the 3D metric
dy? = k2 (k, 0°)dk* + hap(k, 0°)d0°d6" . (E.20)

We denote a covariant derivative with respect to the 2D metric hy, as (...).,. A
unit vector orthogonal to the equipotential 2D surface k = const is n* = k4,
¢ = n? = 1. The extrinsic curvature of the surface is

Sab = ghab,k- (E.21)
Using the metric (E.20) we derive
— -l — 1 — A _ _ pab
k|kk = K Kg, k|ka =K Ku, k\ab = KSuw, k|A = kS + KKk , S =h"Sy.

(E.22)

To project the Einstein equations on the 2D surface we have to define the stress-
energy tensor of the electrostatic field. The electrostatic potential is given by
® = ®(k,0%). The corresponding electric field vector defined with respect to the
Schwarzschild time ¢ on the hypersurface t = const reads

Eys=—k"'"Foa=—k"'® 4. (E.23)

We are interested in deformation of the equipotential 2D surfaces. Thus, it is
convenient to define the component of the electric field vector orthogonal to the
surfaces separately. The electric field vector components in an orthonormal frame
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are
E,=—kk'®,, E,=k'®,. (E.24)

Thus, in our notations .
E? = B} + k20,0 (E.25)

The energy-momentum tensor of the field is
87T s = 26085k 2E* — 2E,Ep + gugE”. (E.26)

Using the relations (E.10)-(E.13) for the metric (E.20) together with the relations
(E.18), we derive the Einstein equations projected onto the 2D equipotential sur-
faces:

S, = KK —E —k7?0,.9°0,) — k'S,

a ,

+ kR = 2k0k" — K2SSY + 2k T2D,, B, (E.27)

S = K [kkT'S = 808 — 2k, @] 4 k! — 2K,k (E.28)
k'kky = —rkT'S+ Ei + k720, 0, (E.29)
K* B, r = —KSE,— Kok 1O+ kETID O (E.30)

The corresponding constraints are

= S*— 805" 2K +2[kk™'S + E} — k°®,,9, (E.31)
=[S — Sl 4k +2E;Q4 + K (E.32)

Here, K is the Gaussian curvature of a 2D equipotential surface k = const.
The square of the Ricci tensor R,sR* is equal to the squared electromagnetic

field invariant
RagRY = (F?)? = (FopF%)%. (E.33)

According to Egs. (E.23) and (E.25), F? has the following form:
2 _ 2 2 -2 ‘a
F? = —2F% = —2[E? + k20,8, (E.34)
Using the expressions (E.18), (E.24)-(E.30), we derive
Rir = k7 'vk kg + n_Z[EQ - QEE],
Rak = k'_ll{_l[/ﬁ:a—i—QEkq);a],

Rab = k'_lfffsab + habE2 - 2]’{5_2<I>:a(1>:b7
R = 2E? =2k 'k[S + k. (E.35)
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Using Eqgs. (E.19), (E.1), (E.34), and expressions (E.22) and (E.35), we have

1 ﬁ
§C2 = [K2SLS) + 2Kk + K2S? + 2B, D]k
+ AE R Pk — 268Dy + SO, |0k (E.36)

The hypersurface-orthogonal Killing vector field £€* by definition is null on the
Killing horizon, which is bifurcate (k # 0). A bifurcate Killing horizon contains a
2D spacelike, totally geodesic surface [13]. In our coordinates, this equipotential
surface is defined by t = const and k& = 0. On the other side, a necessary and
sufficient condition that a hypersurface is totally geodesic is its vanishing extrin-
sic curvature defined in the corresponding enveloping space [31]. Thus, for the
equipotential surfaces t = const, k = 0, we have S, = 0. For a regular horizon, its
2D surface has everywhere finite Gaussian curvature, and the electrostatic field on
the surface is finite as well. Thus, we can deduce from the constraints (E.31) and
(E.32) that on the horizon ®., = k., = 0. Hence, the electrostatic field potential
® is constant on the black hole horizon. This implies that the horizon surface is
an equipotential surface of the electrostatic field; thus, according to Eq. (E.24),

Ea|H = k_lq):a|H =0. (E37)

Here and below (...)|g means calculated on the horizon. The constancy of x on
the horizon is nothing but the zeroth law of black hole thermodynamics [9].
Projecting the first of the Einstein equations (E.27) on the horizon, we derive

R[S w+ ST, = 0K — EX|, - (E.38)

Expanding the extrinsic curvature near the horizon, S> ~ S.?

expression (E.38) in the following form:

‘ 4 k, we present the

2652k 0, [K — EZ]|, - (E.39)

_1‘ _
H

Thus, using Egs. (E.33), (E.34), (E.36) and (E.39), we derive the following ex-
pressions for the spacetime invariants calculated on the horizon:

FYl, = RasR|, =4E}|,, (E.40)
and
c?, = 12[K-E}P,. (E.41)

This is the generalization of the relation between the Gaussian curvature and
the Kretschmann scalar calculated on the event horizon surface of an arbitrary
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distorted Schwarzschild black hole [45], [44].

We can expand the metric and the electrostatic field in a series near the hori-
zon and substituting these expansions into Egs. (E.34) and (E.36), to derive
expressions of the spacetime invariants near the horizon. There are two types of
quantities, even and odd in k, which we denote by A = {k, ha, K, ®, E;, [, C?},
and B = {S.?, S}, respectively. The series expansions of A and B read

A — Z A[Qn]an ’ B — Z B[2n+1}k’2n+1. (E42)

n=0 n=0

Here, A% = A|y. We can express higher order coefficients in the expressions in
terms of these on the horizon substituting Eq. (E.42) into the Einstein equations
(E.27)-(E.32). The necessary coefficients to calculate the first order expansion of
the spacetime invariants are the following:

(0]
1 E:
o _ 02 _ gl g2l — _ Tk
K = 3.0 [QE]% K ] , PR
sl = 00 e gy g _ L gl oy
@ 200 B T 0] EoD
S b[3] _ 1[0}2 [21{[2} b + K,[2}:a5 b /{[0]5[1]25 b]
a 8% a a a
1 [0 f[0):b (0] al0):c 5 b
+ 165103 [2Ek Ek - 3E1;:cEk 00 )
1 1 )
B _ 2l:a _ [0] ¢[1]2] (0] £[0]:a
SH = 100 2K KOS YR B BT
B 1 0] a[1] [0] 0]:a
EY = —plenSMEY + B, (E.43)

Finally, we derive the first-order expansions of the spacetime invariants near the
horizon:

1
2~ 2 2 2 :a N a 2
F? ~ —2E|, + 5.7 [4K.E; + EZ* — 3E; E; ]Hk: : (E.44)
1
2 2 2 2 2
C* ~ 12KZ|, — E[6Ke BK. — 2E7] — 2K, — E].,
X 2K, — B + 6K [K,.). — 2B, B, ]| K, (E.45)

where K|, = [K — EZ]|y.
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Appendix F

Induced electrostatic perturbation

I this appendix, we discuss the existence of threshold modes in the electrostatic
perturbation equation (3.48). Using the transformations (3.50) and (3.90), we
present the equation in the following form:

2 2

2mx K°x
2~ ~ ~
y— ———a; = 0. F.1
T+mz " (1—x)4at (F.1)

Applying the method of Frobenius we derive the following boundary conditions
a;(0) =0, a@,(0) = x>, a(1)=0. (F.2)

Using the boundary conditions and implementing the shooting code written in
FORTRAN [108], we found no indication of unstable threshold modes.

This result can be inferred from analytical consideration of the equation. Let
us present (F.1) in the self-adjoint form

kK2(1 +mzx)? _

[(1+ma)’ar,] - ot = 0. (F.3)

Multiplying this equation by a,, integrating the result by parts, and using the
boundary conditions (F.2), we derive

/01 ((1 + max)?a;, + %&5) dz = 0. (F.4)

This equation has the nontrivial solution a; only if k* < 0. Thus, there are no
unstable threshold modes.
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Appendix G

5D compactified extremal RN
black hole

In this appendix, we consider a static, extremal RN black hole in 5D spacetime with
one compact dimension of asymptotic size L (see, e.g., [97]). The corresponding
metric is

ds* = —U2(p,z)dt* + U(p, z)dI?, (G.1)
4M sinh(27p/L)

= 1 2

Ulp:2) - 3p cosh(2mp/L) — cos(2wz/L)’ (G-2)

di? = dp* +d2* + p*(df* + sin® 0d¢?) ., (G.3)

and the coordinate ranges are
te (—o00,00), pel0,00), z€[0,L], §€[0,7], ¢€[0,2m). (G.4)
The corresponding electrostatic potential vanishing at asymptotic infinity is
Aq = V3[U(p,2) "t —1]6,. (G.5)

The Komar mass and the electric charge of the black hole are the same as those
of the corresponding 5D extremal RN black hole. The equipotential hypersurfaces
U = const are schematically illustrated in Figure G.1.

The black hole horizon is defined by p = z = 0. As it is shown in the figure,
the horizon is a point. This is just a manifestation of coordinate singularity.
One can check that none of the spacetime invariants Cp,;C**°, R,sR*® diverges
there. Therefore, we can perform an analytical continuation through the point
(p = 0,2z = 0). We consider the following analytical continuation in the (p, z)
plane:

p=ip, z=1z, (G.6)
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Figure G.1: Rotational curves corresponding to 2D slices § = 7/2 of equipotential
3D hypersurfaces U = const are shown for M = L = 1 in the corresponding
covering space. 5D extremal black holes are located along the dashed vertical line.
Point O indicates horizon of one of such black holes. The critical curve C separates
equipotential hypersurfaces of different topology and corresponds to U = 1+47/3.
The angle of the cone of the critical surface is o = 60° (see [39]).

where p and Z are real coordinates. In the new coordinates (p,Z) the metric
function (G.2) reads

— AM sin(2mwp/L)
U(p,2) =1+ 3p cos(2mp/L) — cosh(2mZ/L)

(G.7)

The equipotential hypersurfaces U = const are schematically illustrated in
Figure G.2. Analysis of the spacetime invariants shows that the true spacetime
singularity corresponds to U = 0. The singularity is timelike. It is illustrated in
Figure G.2 by the curve S. However, as one can check from the metric (G.1), it is
a point of zero 4D volume.

Finally, we can calculate the Bekenstein-Hawking entropy of the black hole [see
Eq. (3.58)],

3/2
S:MW/%E. (G.8)
3V3
We see that the entropy, and hence the horizon area, is nonzero, despite the fact
that the horizon surface is a point in (p, z) coordinates. From expression (G.8)
we see that the entropy of a single compactified RN black hole is greater than the
entropy of an assemblage of such black holes of the same total mass M.
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Figure G.2: Rotational curves corresponding to 2D slices § = 7/2 of equipotential
3D hypersurfaces U = const are shown for M = L = 1. The point O indicates the
black hole horizon. The spacetime singularity U = 0 is illustrated by the curve
S, which separates equipotential hypersurfaces of negative (inside the curve) and
positive (outside the curve) values of U = const.



