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Abstract

We begin by exploring black hole type solutions to vacuum FEinstein equations in
higher dimensions and we study the implications of the large D limit, i.e. assuming
the number of space dimensions is infinitely large. We study the metric fluctuations
of these solutions, their stability and how the perturbations classify in the large D
limit. We then expand the metric tensor in powers of 1/D and we solve Einstein
equations up to its first higher order to obtain effective theories that describe linear
and non linear dynamics of black holes in the large D limit. Numerical solving
of the effective equations provides us with important results regarding black hole
collisions, violation of Cosmic Censorship and the evolution of Gregory-Laflamme
unstable black strings. We see that the final outcome of two black hole collisions
depends only on the initial angular momentum per unit mass, giving a final outcome
of either a single black hole, a black bar or more the one black hole violating Cosmic
Censorship in the process. We also obtain that compactified black strings evolve
into a stable non uniform configuration for some values of its length, despite having
an initial uniform state with an infinitesimal perturbation. We’ve been able to
reproduce these results from the effective equations in our own numerical calculations

to confirm the conclusions that are already in the literature.
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Chapter 1

Introduction

1.1 The ingredient: black holes in higher D

This Dissertation will exclusively deal with classical gravity in the vacuum. And
yet, thousands more dissertations could be done without any need of quantising
magnitudes or adding matter. Even then, classical gravity wouldn’t be completed
yet because the field is still fully present in current research. That’s the vast power of
Einstein Gravitation or General Relativity, arguably one of the finest achievements

in physics of all time.

One of the most thrilling phenomena that arises from the theory is the existence
of black holes. In classical gravity, spacetime is postulated to have four dimensions.
Enormously powerful theorems have been proven in this case: according to the
uniqueness theorem|1], in D = 4 all stationary axisymmetric black hole solutions of
both Einstein in vacuum and Einstein-Maxwell (gravity coupled with electromag-
netism) that satisfy regular boundary conditions at the horizon and asymptotically
flat structure at infinity must be a member of the Kerr-Newman family of solutions,
dependent only on four parameters correspondent to physical mass M, angular mo-
mentum J and electric and magnetic charges ), P. Other deep conjectures such
as Cosmic Censorship, which in short forbids the existence of naked singularities in

D = 4]2], seem to be fully satisfied.



What happens, though, if we try to investigate the problem in higher dimensions?
Fortunately, we are not the first (nor the last) to do it. Indeed, black holes in
arbitrary D becomes much more difficult and hostile: none of the previous theorems
and conjectures seem to prevail, and the spectrum of solutions enhances greatly as
we’ll see later on. Nevertheless, extra care will have to be taken regarding which
of those solutions are stable (hence physically possible): many instabilities, most
notably the Gregory-Laflamme instability, have been found for some of the higher

D geometries.

Motivations for getting into the field are important and diverse. On one hand|3],
string theories for quantum gravity are postulated in dimension D > 4. Closely
related, AdS-CF'T correspondence is built over relations between a D dimensional
black hole and a D —1 quantum field theory[4]. Besides these two main applications,
the intrinsic interest of the field seems to be already motivating enough. Black holes

in higher D is, so, a fully and rich active area of research nowadays.

1.2 The tool: the large D limit

In D = 4, the study of black hole dynamics such as fluctuations or interactions is
already impossible to evaluate analytically due to the vast non linearity of General
Relativity. It comes as no surprise, then, that in the more complicated case of black
holes in higher D analytical results will be close to non existent without any other

assumption.

This is the reason behind why the large D limit was first suggested. Under this
assumption of letting the number of space dimensions to be infinitely large, many
drastic simplifications are achieved[5, 6]. Most importantly, all the gravitational
effects of a mass distribution get localised on thin layer which width decreases as
1/D in the limit D — co. In other words, all spacetime outside the matter content

and its surrounding thin layer will be flat.



Some of its consequences are extreme. As examples, in the limit, collisions between
two black holes will preserve both total entropy, hence they’ll be reversible, and total

energy, hence gravitational radiation will not exist.

1.3 The objective: an effective theory

As the title suggests, the final goal of this Dissertation is the construction of an
effective theory so that, in the large D limit, it is capable to describe the dynamics
of black holes beyond linear perturbations in a sufficiently simplified formalism that

encapsulates within itself all the complexity of the problem.

Indeed, we will see that astonishingly short and simplified effective equations in
terms of appropriate effective variables, very straightforward to treat numerically in
contrast with many numerical GR problems, are able to evaluate non linear dynamics

of large D black holes in its near region around the horizon.

Summarized, the effective equations emerge after solving vacuum Einstein equa-
tions on an appropriate metric ansatz at leading order in 1/D and up to its first
higher order, so that non linear effects are taken in consideration. One of the main
difficulties will be the construction of the initial ansatz, especially the choice of a
good coordinate chart with the correct dependence on D in order to study the non

linear dynamics.

1.4 The outcome: this project

Here we briefly describe the structure of this Dissertation and the basic topics one

can find in each part:



e In chapter 2 we define and describe the large D limit of vacuum General Rela-
tivity and we explain its deep implications on, by simplicity, the Schwarzschild-
Tangherlini black hole metric, a straightforward generalization of Schwarzschild
black hole for D = 4. We then move forward to describe Myers-Perry metrics,
which describe a rotating black hole in higher dimensions, its parameters and
basic properties (horizons and singularities), and we finish their discussion by
applying the large D limit on them. Next, we introduce and discuss the notion
of black branes, a solution without any analogous at D = 4 where additional
flat degrees of freedom are added to known black hole solutions. Finally, we
very briefly describe how static black holes generalize to higher D with the
presence of non vanishing electric charge or a negative cosmological constant
(making the background geometry Anti de Sitter instead of flat); we also talk
about other possible asymptotic topologies, the concept behind the black ring

solutions.

e In chapter 3 we explain how linear black hole perturbations in arbitrary D are
described in terms of quasinormal modes: what they are, their mathematical
treatment and structure, the building of master variables and master equa-
tions that simplify and give them an intuitive meaning and the classification
they follow once we assume the large D limit. We end up the section by fol-
lowing the calculation of the quasinormal modes, in concrete their frequencies,
in the simplest case of Schwarzschild-Tangherlini black holes in the large D
limit. Finally, in the last section we introduce the Gregory-Laflamme instabil-
ity, which states that black branes solutions are unstable at D > 5; we follow
the original mathematical derivation and the thermodynamical justification

that comes along with it[7].

e In chapter 4 we move forward to introduce the concept of an effective theory:
what it is, its usefulness and the key concepts from which it can be built to
study black hole dynamics under the large D limit assumption. We then move
to the mathematical derivation of the two effective theories that exist in the

large D limit: the membrane theory and the effective theory for black branes.



We give some physical intuition to the final effective equations and effective

variables of both theories.

e In chapter 5 we describe some of the main applications of the effective theory of
black branes: how concrete solutions can be interpreted as Myers-Perry black
holes in the large D limit and other possible solutions to the effective equations.
Thanks to this correspondence, we then use the effective theory to numerically
study phenomena such as collisions between black holes, violation of Cosmic
Censorship and the evolution of the Gregory-Laflamme instability in black
strings. Since the effective equations are reasonably easy to solve numerically,
we have developed a code in Mathematica to solve them by ourselves and

compare our results to those from published papers and verify them.

As a quick remark on notation, this Dissertation will always use the natural units
¢ =h =k =1 and the East Coast or mostly positive convention (—,+, ..., +) for
Lorentzian metric signatures. The Newtonian constant G will be omitted in some

results, always after explicit indications.



Chapter 2

Black holes in higher dimensions

2.1 The large D limit of gravity

According to General Relativity, spacetime is described as a D = 4 Lorentzian
manifold (M, g) with Levi-Civita connection and the condition given by Einstein

equations

R =0 (2.1)

as long as there’s no matter content. Obviously, this apparently short and sim-
ple equation is highly non linear, impossible to solve in general and with only a
few analytical solutions, all of them after making considerable assumptions on the

symmetries of the geometry.

Furthermore, in many other physical theories the equation of motion itself con-
tains parameters: masses, coupling constants... Their presence allows us to simplify
the equations by making assumptions on the parameter values that give rise to ap-
proximate solutions of the theory thanks to perturbative expansions. It’s not the

case of 2.1, since it lacks in any explicit parameter.

However, a natural parameter arises by considering the number of spacetime di-

mensions D to be arbitrary, eventually very large D — co. We may then use the
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quantity 1/D as an infinitesimal parameter for our theory and work analytically at
leading order in its power expansion.|5, 6] This is the key idea behind the large D
limit of General Relativity.

Ironically, arguably the most drastic simplification of the large D limit can already

be discussed in Newtonian gravitation, which satisfies
V2® oc Gp (2.2)

For a single point mass or outside a spherically symmetric mass distribution, the

solution of 2.2 is
D -2

1

D3 Oy (2.3)
being r the Euclidean distance to the center of mass and D the number of space
dimensions, excluding time. We immediately see that increasing the number of

dimensions D will make both the Newtonian potential and the gravitational field to

decrease faster and more abruptly outside the mass distribution.

Hence, gravitational effects will become extremely localised around massive ob-
jects: in the D — oo limit, there will be no gravitational interaction between massive

objects as long as they don’t collide.

2.2 Schwarzschild-Tangherlini black holes

We study now how the large D limit simplifies black hole solutions. For this
aim we start by introducing the simplest higher D black hole solution of 2.1: the
Schwarzschild-Tangherlini metric [8]

dr?

f(r)
with f(r) = 1—(™)", n = D —3. Being a generalization of the Schwarzschild metric

ds* = —f(r)dt* + + 72dQy 41 (2.4)

[9] for an arbitrary dimensionality, the horizon of the black hole still lies at r = ry.
We are going to discuss the large D limit of this solution assuming rg is fixed and

independent of D. The main feature of 2.4 is that its metric components g;; and

11



gy directly depend on the dimensionality in the same way the Newtonian potential
does, not a coincidence given than 2.2 is the non relativistic limit of 2.4 outside a

SO(D — 1) symmetric mass distribution.

As long as we consider D to be fixed and finite, the solution has only one char-
acteristic length, given by the horizon ry, which will be the length scale of all the
highly non linear black hole dynamics. It is only when we allow ourselves to modify
the dimensionality that a new length scale emerges. As in [5], we may evaluate the

gravitational acceleration in an outside neighbourhood of the horizon:

D
g|7’0 = _d(I)|rO ~ — (25)
To

when D >> 1. Since in natural units ¢ = 1 acceleration has dimensions of inverse
length, we may infer that gravitational interactions outside the horizon are governed

by the length scale 75 i.e. objects with coordinate position r such that

,
r—re>> 50 (2.6)

will perceive no gravitational pull: spacetime will be flat wherever 2.6 holds. In the
limit D — oo, all spacetime outside the horizon will be entirely flat, and the horizon

will have infinite curvature. [6]

2.2.1 Small horizon

The area of a unit D — 2 sphere SP~2 is

D—1
2m 2

L(23)

Qp_y = (2.7)

Since the gamma function can be approximated as I'(z) — 4/25(%)" for 2 — oo,

the Stirling approximation, then the unit sphere simplifies in the large D limit into

ore\ P72

As consequence, keeping the r( fixed, the horizon of a black hole becomes infinitely
small in the large D limit, since its area will be A = 72Qp_,, a magnitude which

provides us with another characteristic length scale: the area length

0= AV oy poE o 0

(2.9)

Sl
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2.2.2 Curvature and surface gravity

From the Schwarschild-Tangherlini metric one may compute several magnitudes for
all D and evaluate their behaviour in the large D limit. The value of the surface

gravity is [6]
D -3
To

and its divergent behaviour in the large D limit is coherent with the gravitational

pull on the horizon at D — oo, being both governed by the length scale k! = 5.

This length scale also characterises the intrinsic curvature of the black hole; we may

check it by evaluating Kretschmann scalar for the Schwarzschild-Tangherlini metric

6]

K = R"°R,,, — (D—-1)(D—2*D -3) (@)2([)_3) . (Q>4 — k1 (2.11)

rd r To

on the horizon r — ro for D — o0o. Hence, the characteristic curvature radius of the
horizon at large D decreases with the same characteristic length scale as the surface

gravity and the sphere of influence: 2.

2.2.3 Mass and gravitational constant

Since we will be always working in vacuum gravity, as 2.1, the gravitational constant
does not appear in the fundamental equation. As it appears on the right hand side
of the full Einstein equations (or in its Newtonian limit, in the source of Poisson’s
law), for D = 4 its value has been measured from experiments involving matter. In

our large D treatment of gravity, the absence of GG leads to some ambiguities:

e The constant G itself is ill defined, since we can’t assume it has the same value
as D = 4 for any dimensionality, simply because the dimension of G depends

directly on D: from 2.3 we have
G] = LP'T2M ™ =, LP3M! (2.12)

so the value of G should be measured for each D in experiments involving

matter content, something beyond our discussion.

13



e Vacuum equations 2.1 are purely geometrical, so its solutions will also ex-
clusively depend or geometrical magnitudes such as length, time and power
combinations of them. In both Einstein and Newtonian gravity, geometri-
cal quantities are related to masses only thanks to the gravitational constant
G. Hence, for an arbitrary D in vacuum the ill definition of G leads to an

ambiguity in quantifying masses, mainly the mass of a black hole.

e Since the physical mass of a black hole may be defined using the Newtonian
limit of its metric and Einstein equations with matter, we must make the
assumption that Einstein equations with matter hold for all D, including the

expression its proportionality constant which carries the constant G:

1
R, — éRgW =8rGT,, VD (2.13)

Then, the Newtonian limit of this equation may be computed [10] assuming a co-
ordinate system for which the center of mass is fixed at the origin, g,, = 1 + Iy

and

M = / dP a7 (2.14)
in terms of an integral over all spacelike coordinates. Its evaluation for the metric
in 2.4 gives us a relation between the mass of the black hole and its horizon radius:

(D — 2)QD—2TD73

GM =
167 0

(2.15)

which reduces to 2GM = ry for D = 4, the known Schwarzschild radius expression.
As a recall, this result arises after assuming 2.13 holds for any D. Its relevance
lies on the dependence between the mass of the black hole and its horizon length,
M o Qp_orP™3 independent of our choice for the constant. In the large D limit,

for fixed r¢, the smallness of the horizon leads to GM — 0.

2.2.4 Absence of interactions

As stated previously, in the large D limit spacetime outside a thin neighbourhood of
the horizon i.e. satisfying 2.6 is flat, so there’s not gravitational attraction between

massive objects. This has a direct implication on the Hawking entropy variation for

14



a mixing of two black holes. Using natural units G = 1, the Bekenstein-Hawking
entropy is defined as

1
§ =4 (2.16)

being A the area of the event horizon in squared Planck length units. The Planck

o = (@)D” (2.17)

because of the D dependence of the dimension of G. Hence, absolute values of

length depends on D

entropy are also ill defined, but we may still evaluate its dependence on other mag-
nitudes. From 2.15, we can express the entropy of a black hole in terms of its mass;

using again G = 1:

1 1 [16aM\ D= .

S(M) = ~Qpord 2 = —— (== ~ MD3 (2.18)
4 4QD73 D 2

D—-2

which becomes linear with M in the large D limit, with direct consequences. Con-
sider an initial set of n; Schwarzschild-Tangherlini black holes with masses M,
M; = 77" Mj, that interact and evolve into a final state of ny black holes with
masses M}, My = Z?f M. According to black hole mechanics, a possible defect of
mass may be emitted via gravitational radiation, so My < M;. However, the second
law implies dS > 0. At finite D, it is possible to recombine several black holes in

an irreversible process with emission of gravitational waves. However, in the large

D limit we have S o« M, which implies

ds > 0= M; > M,

dM < 0= M; < M,

with unique solution for My = M;. In conclusion, in the large D limit, black hole
merging or splitting will never emit gravitational radiation, entropy will never be
gained so the process will be always reversible and the total mass will be conserved.
We can interpret this important result as a consequence of the absence of interactions
between the black holes in the large D limit; a consequence of spacetime being flat

outside their event horizons.

15



2.3 Myers-Perry black hole

As far as 2.4 is the generalization of the Schwarzschild black hole for any D, the
Myers-Perry black hole generalizes the Kerr or rotating black hole to any D.

2.3.1 Flat rotation in D dimensions

Consider a Euclidean space in D — 1 dimensions. An infinitesimal spatial rotation
of the coordinates will be characterized by an antisymmetric D — 1 x D — 1 matrix,

which is the property of any element of SO(D — 1) Lie algebra.

From linear algebra, we know that any non singular 2n x 2n antisymmetric matrix
R satisfies
O = ATRA (2.19)

where A € SO(D — 1) and O is a block diagonal matrix with the following shape:

0 —J; 0 0
Ji 0 0 0
O=|.. .. . . . (2.20)
0 0 0 —-J,
0 0 J. 0

being +i.J; the eigenvalues of R. The result holds for 2n +1 x 2n + 1 antisymmetric
matrices; then, O will have an extra row and column with only zeros. The relevance
of 2.19 lies on the fact that, given a general rotation linear with time such as that
of a stationary rotating black hole, we can always choose an appropriate coordinate
chart for which the general rotation decomposes into several plane rotations, each
affecting only a pair of coordinates and parametrised by the eigenvalues of O, which

physically correspond to angular momentum.

16



2.3.2 Angular momentum tensor and coordinate charts

As discussed, a general rotation in D — 1 spatial dimensions will be characterised by
individual rotations over 2-planes defined by pairs of spacelike coordinates. We’'ll
treat separately the cases where D is even or odd [10]. Starting from a flat D

dimensional metric, assuming odd D,

ds* = —dt* + dwdx;, i=1,..,D—1

ds® = —dt* + dxdx; + dyidy;, i=1,.., ——
We may insert flat polar coordinates to each pair:

T = T[1; COS @;

Yi = Thising;

so that r* = z;x; + ysy;, i.e. s = 1 [10]. The metric becomes

(D-1)/2
ds? = —di* +dr® + 17 " (dp} + pide?) (2.21)

i=1
where one of the coordinates is constrained by the others. For the case where D is
even we just need to add an extra cartesian coordinate z = ra with o € [—1,+1],
adding a r?da? term to the flat metric in polar coordinates. Then, the constraint

becomes pi;pu; + a? = 1.

The metric in this chart directly shows a set of 252 (even D) or 2= (odd D)
commuting Killing vectors, & = 0,,. Those vectors mark the direction of each plane
rotation. Each parameter will be related to angular momentum. Given the shape of
2.20, we’ll define angular momentum in D dimensions as an antisymmetric 2-tensor,

with 252 (even D) or 31 (odd D) degrees of freedom.

17



2.3.3 Myers-Perry metric

Using an appropriate chart for the spacelike coordinates, the metric of a Myers-Perry

black hole is the following|[10]:

2 2 TG 2 2 ILF 2 2, 2 2, .27 2 27 2
ds® = —dt*+ (dt—i—ai,uidgoi) +———p—dr —1—(7’ +ai)(dui +uidgpi)+r do
IIF IT—rry

(2.22)

a?p?

F=1-— i I

r? + a?
(D-2)/2
= H (r* +af)
i=1

for even D, assuming summation for ¢ € 1, ..., %, and

2,.D—-3
ds* = —d?+ -0
s + E

M 24 (1 ad) (A2 +12d0%) (2.23)

dt izdiz _—
( rai; SO) +H—7’27’0

for odd D, with the same expressions for II, F' and assuming summation now for

iel,.., 2

As expectable, the set of parameters (a;, 79) encode the physical mass of the black
hole and the angular momentum over each direction by examining the asymptotic
behaviour in the non relativistic limit. The result for the mass is the same as that
for Schwarzschild-Tangherlini, 2.15. In parallel with 2.14, we define the physical

angular momentum tensor as[10]
JW = /dD_lx(:v“To” — z"T) (2.24)

which is related to the parameters as

2°h-2 M, 2.2
srG 0 T p gt (2.25)

JUiTi —
in the current coordinate basis. All other components vanish. For all D, a; corre-
sponds to an angular momentum per unit mass up to a constant factor. Because

of the horizon smallness property, for fixed ry, all components of J¥ vanish in the

large D limit.

18



The Myers-Perry metrics 2.22 and 2.23 have, respectively, % and % symmetries:
time translation £ = 0, and all the n polar phase shifts m; = 0,,; all Killing
vectors commute, so the symmetry is 8 x U(1)™. Particular cases where some of the
parameters a; are zero or coincide increase the symmetries of Myers-Perry metric.
Concretely, if a1 = as = ... = a,,, its corresponding symmetry grows from U(1)™,
with dimension m, to U(m), dimension m? > m, with respect to the coordinates

2 = pe"?[10].

The Kerr metric is the particular case of 2.22 for D = 4; as in Kerr spacetime,
all Myers-Perry black holes are stationary, since no metric components depend on
the timelike coordinate; nevertheless they are not static, since non vanishing gy,

components break time reversal symmetry.

2.3.4 Singularities

Let’s briefly discuss some physical features of Myers-Perry black holes. Again, we’ll

treat by separate the even and odd D cases.

From 2.22 and 2.23, some component of the Myers-Perry metric diverges for

IIF
— =0 (2.26)
rYy
whose solutions lead to physical singularities [10], and
I
"o

whose solutions lead to coordinate singularities on event horizons. In both equations

and from now on, we use

vy=14+D mod 2 (2.28)

For even D, as long as all a; # 0, the most general rotation, physical singularities
will show a topology of SP~3 since they lie at r = 0 N a = 0, the only solution of
2.26 and a generalization of Kerr’s ring singularity, its D = 4 case. If some a; = 0

the physical singularity arises at » = 0 with no further requirements.
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For odd D, if all a; # 0, there’s no singularity since HT—f = 0 remains finite for

r — 0, existing no solutions of 2.26 for v = 2. If only one a; = 0, say a; = 0, for
r — 0 then IT ~ 7% and F ~ u; +7?, so the singularity corresponds to r = 0Ny = 0,
with topology of SP=3. Moreover, r = 0 without further restrictions corresponds to
a conical singularity [10]. If more than one rotation eigenvalue vanishes, then r = 0

always solves 2.26 and hence always leads to a curvature singularity.

2.3.5 Horizons

Regarding the horizons, always assuming r, > 0, the horizon condition 2.27 is a
polynomial equation of order D — 3 + v, being the horizons its non zero solutions.
Hence, they have no analytical expression in general. Since they are constraints only

affecting r, all of them have a topology of SP~2.

For even D, however, there will never be more than two horizons: studying the

extremes of the horizon equation

P(r) =TI(r) — rrd ™3 (2.29)
being P(rg) = 0 the condition of the horizons, we have

P(r)y=1(r)—ry? (2.30)

I(r) ~ rP=2 for r — oo, and both II(r) and II'(r) are monotonically increasing.
Hence, there’s only up to one value that satisfies P'(r) = 0 for r > 0, which will
correspond to a minimum of P by continuity. As consequence, no more than two
solutions can emerge from P(r) = 0, leading to no more than two event horizons for
all even values of D, just as in Kerr spacetime. If some a; = 0, then one solution
is always r = 0, already a physical singularity, leaving one and only one alternative
r > 0 horizon, regardless of the amount of spin in the other orthogonal planes,
setting a key difference with Kerr black hole, where large spin leads to a naked

singularity. These cases are known as ultra-spinning black holes.[10]
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For odd D, proceeding as in the previous case, horizons lie at P(r) = 0 being

P(r) =TI(r) = r?rg~? (2.31)
Analysing its extremes, we have

P'(r) =10'(r) — 2rrg (2.32)
Since @ is monotonically increasing with r%, no more than one solution for 72 can
emerge. By continuity, we’ll have either a single minimum of 2.31 at » = 0 and
no horizons whatsoever since I1(0) > 0, or a maximum at r = 0 and minimums
at r = +r, # 0, allowing possible » > 0 horizon solutions. The condition for a

maximum at r = 0, necessary but not sufficient for the existence of horizons, is
rd ™ > ZH@? (2.33)

i i

If the condition holds, we may find again up to two different horizons at r > 0, which
will have topology of SP~2 since they only constrain . Note that a key behaviour is
different between odd and even D: we see from 2.33 that for odd D, a single vanishing
a; = 0 doesn’t guarantee the presence of an event horizon regardless of the value of
the remaining a;, in opposition with the already discussed ultra-spinning black holes
at even D. It will be only when at least two different a; = 0 vanish simultaneously
that » = 0 will be a solution and, for g > 0, a single event horizon at r > 0 is

guaranteed for all values of the remaining a;. In conclusion, for odd D, at least two

different plane rotations must vanish in order to have ultra-spinning black holes.

The surface gravity has the following value[10]:
I1(r) — yrp ="

Kk = 2D (- (2.34)
still using 2.28 for the value of 7.
2.3.6 Large D limit
Consider, for simplicity, the particular case a1 = ay = ... = ap = a, ag11 = ... =

a(p—34~)/2 = 0, and let D — oo [6]. We'll have to analyse separately the cases where
the number of rotating planes remains fixed, i.e. constant &k, and where the number

of rotating planes grows infinitely, i.e. k& — oo.
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k
From its definition, we have II(r) = r?=37 <1 + (%)2> . Hence, for both odd and

even D the horizon equation 2.27 becomes

9\ k/(D=3)
oo (14 () (2.35)
Ty Ty

which in the large D limit simplifies to rg — 7o as long as the limit is applied to

the number of non rotating planes, i.e. leaving k fixed.

In the alternative case where k grows linearly with D, assume the number of non

D340 — [ remains fixed when D — oo [6]. Then we may

2 ()

which in the large D limit with constant m is solved by ryg = \/r¢ — a?.

rotating planes m =

rewrite the 2.35 as

2.4 Black branes

2.4.1 Definition

Black p-branes are solutions of vacuum Einstein equations 2.1 in higher dimensions
of the form

ds® = g, da'dz” = —(1 _ (@)") dt? +

p
2 i2
" 7+ A + Zl dz  (2.37)

dr?
- @)
where n = D — p — 3. Intuitively, a black brane is a higher dimensional extension
of the known Schwarzschild-Tangherlini black hole where the new coordinates don’t

increase the spherical symmetry but, instead, they add a simple extra flat dimension

to spacetime.

The metric of a black brane can also be written as a covariant expression with

respect to boosts along the flat directions:

2
7 4 r2dQ (2.38)

o
L= (%)

ds® = |:77ab + (1 — (@>n>uaub} dzda® +
T

<15
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where u, is a p + 1-velocity vector along the worldvolume of the brane, i.e. its free

directions plus time, and a, b indices run over ¢, 1, ..., p.

Black 1-branes, i.e. p = 1, are also called black strings.

2.4.2 Stress tensor

Despite being solutions to vacuum Einstein equations, we can associate a non van-
ishing stress-energy tensor to a black brane by studying its asymptotic behaviour.
As extensions of black holes, the stress tensor of a brane extends the notion of the
mass of the black hole. The extended expression is the following[11]:

1
"7 167G

T, / Q17”70 0oy (O:hE + Oih) — O;h]) — Oiha] (2.39)
—00

where h,, = g, — 1w is the asymptotic deviation from the flat metric, a, b, c... Tun
over the brane worldvolume and i, j, ... run over the transverse directions (radial and
angles). n' is a unit vector on the direction of d;. The following extension has been

developed so that, as expected, the component 00 will return the known mass of the

black hole.

The notion of a stress tensor associated to the brane gives raise to an equation of
state for the brane itself. For a neutral and asymptotically flat brane like 2.37, one
may calculate the energy density ¢ = Ty and pressure T, = P7n,, and prove that
they are related via the following equation of state|12]:

€ €

P=__— " - _
D—p-—2 n+1

(2.40)

For any equation of state, one may compute the speed of sound|13]

[dP [ —1
— 4 = = 241
v de n+1 ( )

which is imaginary due to Gregory-Laflamme instabilities|12] as we’ll see in the next

chapter. In module, in the large D limit v ~ 1/v/D — 0, so the characteristic length
scale of fluctuations along the worldvolume will be of order 1/v/D and, thus, the

latter may be studied in a non relativistic framework.
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2.5 Other solutions

2.5.1 Static charged black holes

Just like the Reissner-Nordstrom solution easily generalises the Schwarzschild black
hole when coupling gravity to static electromagnetism, in higher dimensions the
Schwarzschild-Tangherlini metric can be easily extended for charged static and

spherically symmetric black holes|6, 14, 15]:

dr2 ro\ D—3 ro 2(D—3)
ds® = —f(r)df? + —— + r2dQp._ —1- (—0) <—Q> 2.42
s f(r) +f(r)+r p-2,  f(r) . + ., (2.42)
where rg S =qQ %7 being () the electromagnetic charge of the black hole.

2.5.2 Anti de Sitter black holes

Almost the entirety of this Dissertation could be discussed again assuming that
the background space geometry, and so also the asymptotic topology, is Anti de
Sitter (constant curvature R and constant cosmological constant A < 0) instead of
asymptotically flat. I'll leave that for a future student. Here we will only discuss the
static solution with non vanishing negative cosmological constant. Just like charged

black holes, the solution quickly generalises|16]. The metric is [6]

dr? ro\P-3 12
ds? = ds® = — f(r)dt® + ON r2dQp_s,  f(r)=1— (7) 7 (243)
where L? = %. L has dimensions of length, so it defines a new length

scale without any analogous in asymptotically flat spaces: L ~ D/ \/W . Hence, as
long as A remains fixed when we take the large D limit, all effects of the background
curvature will disappear since L — oo, making the Anti de Sitter space flat in the
limit. Hence, to study AdS spaces in the large D, A must diverge proportional to
D? so that the length scale of AdS effects L remains finite.
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2.5.3 Black rings

Black rings[17, 18| are solutions that, as a key property, present a different asymp-
totic topology than the usual flat D-dimensional Minkowski space. Their metric
is

R? R2dr?

2 2
ds” = —dt +(R+rcos€)2 R% — 72

+ (R? — r?)d®? + r?(d6? + sin® 0dS2,,) | (2.44)

where D = n+4 and the domain of the coordinates is ® € (0,27), r € (0, R), being
R the radius of the ring. At constant 7, the spatial topology is S* x S™™!, radically

different from any of the metrics previously described.
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Chapter 3

Fluctuations of black holes

3.1 Introduction

After a general review and presentation of the many different black hole solutions
that exist in higher dimensions and their properties once we apply the large D
limit, we aim now to explain the behaviour of black hole fluctuations, i.e. small

perturbations from a known black hole metric.

Two key concepts arise from the following perturbation analysis: the fluctuations
in terms of quasinormal modes and the stability of those modes, which will lead to
fundamental results regarding whether some known black hole solutions are actually
stable or not against small time dependent fluctuations. The most important result
is what we call the Gregory-Laflamme instability, which states that certain black
branes and black strings are unstable. In the further development of effective theories
to describe black hole dynamics, we expect them to be able to predict both of
this phenomena, which will represent a major test on the utility of the mentioned

theories.
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3.2 (Quasinormal modes

3.2.1 Qualitative features

We call quasinormal modes (often abbreviated as QNM in the upcoming of this
paper) to each of the oscillations in a characteristic time frequency in which a given
metric fluctuation can be decomposed|5|. For stationary black hole configurations,
the discrete or continuous set of frequencies in which one may decompose a metric

fluctuation is named as the quasinormal spectrum.

The reason behind this nomenclature is intuitive: in many aspects quasinormal
modes remind of a typical Fourier decomposition of a fluctuation into a linear com-
bination of eigenfunctions, the normal modes, of a given self-adjoint differential
operator (in the Fourier case, the harmonic or Laplacian operator). In our case,
we're not allowed to talk about normal modes because of boundary issues: since
their domain is the region outside the black hole, their boundaries are the horizon
and asymptotically flat infinity. While in the latter case homogeneous boundary
constraints hold, we can’t state the same on the horizon|5|, since the nature of the
black hole will absorb part of the fluctuating energy distribution of the mode. Their
dissipative properties are manifested by their frequencies becoming complex in a

ox e~ expression.

This lack of a homogeneous boundary condition on the horizon is also the reason
behind the quasinormal spectrum doesn’t form a complete basis of modes in which
any fluctuation may be completely decomposed. Nevertheless, their importance
remains crucial since QNM still fully describe the final stages of the fluctuation

after the black hole has been perturbed before their final turn back to equilibrium.

The mathematical calculation of quasinormal modes and spectrum is far from
trivial; here we will follow the relevant steps and points of the procedure but we

will skip the most solely algebraic part. In summary, the final and most important
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prediction is that quasinormal modes can be classified into one of two families of
modes that differ from each other on how their spectrum frequencies depend on the

dimensionality of spacetime in the large D limit[5, 19, 20|

e Non decoupled modes: their defining property is that their frequencies are
dependent on the dimensionality D by w ~ D/ry at leading order. For this
reason, in the large D limit framework they are also called fast modes. Their
location is spread, since they extend from the near region up to the asymptotic
zone|20], and they carry little further information, since they are universal in
all solutions of asymptotically flat black holes and their single parametric de-

pendence is on the event horizon rq and D.

e Decoupled modes: their defining property is that their frequencies are inde-
pendent of the dimensionality D by w ~ 1/rq at leading order for all values of
D, being called slow modes by contrast in the large D limit. Contrary to the
fast modes, they are strongly localized in the near region, quickly decoupling
and vanishing in the far zone, hence the name of their class. There are much
less that non decoupled modes, and they hide many more physically interest-
ing features: they encode horizon instabilities and are unique for each type of
black hole[5]. Effective theories mostly emphasize on trying to predict their

dynamics.

3.2.2 Tensor decomposition of fluctuations

Consider a spacetime of dimension m + n which is the result of a product of two
manifolds of dimensions m and n, respectively. Assume that the latter is a n-
dimensional Riemannian Einstein manifold with constant intrinsic curvature K =

—1,0, 41|21, 22, 23|. Then, the metric can be written as
ds® = Gudatds” = gab(y)dyadyb + rQ(y)’yijdwidxj (3.1)

where y are coordinates on the m-manifold and 2’ on the n-manifold and ;; is the

metric of a constant curvature Riemannian space: either S™, H" or E". From now
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on, covariant derivatives and curvature tensors labeled with Latin (4, 7, k...) indices
will refer to these objects defined on the n-manifold, not the whole spacetime. Same
for (a, b, c...) indices on the m-manifold. Because of Einstein equations, the stress-

energy tensor ©,, carries, as expected, an additional symmetry: ©;, = 0, @; = P(S;.

In order to analyze perturbations, it is fundamental to avoid any unphysical free-
dom: we will be only interested in gauge invariant quantities. Consider a perturba-
tion hy,, from spacetime 3.1, which may carry an associated energy distribution 60,
so that Einstein equations hold. Apply, then, an infinitesimal gauge transformation

ot — ' 4 . Objects will transform proportional to Lie derivatives|21]:

Ohw = —Legu = — (V& + V..64) (3.2)
Shay = —Vubs — Vb (3.3)
Shi = —r2va(%) _ Vi, (3.4)
Shij = —Vi€j — Vi€ — 207"V ar (3.5)
5(00u) = — £y, (3.6)
5(60a) = £V Oap — Oue Vi — O V,E° (3.7)
5(60,4) = —Ou Vi — r2Pva(%) (3.8)
0(00) = =756 Va(Pr?) — P(Vi&; + V&) (3.9)

We've specified separately the (ab), (ai) and (ij) expressions, only in terms of tensor
objects on the original manifolds because we will decompose the fluctuation in its
scalar, vector, and 2-tensor part according to its transformation properties on the
constant curvature n-manifold. Each of these three sectors will have their own set of
eigenfunctions and eigenvalues. Regarding notation, we’ll repeatedly use A = V'V,

the Laplacian on the n-manifold.

First, we need to state the defining equation and properties of eigenscalars, vectors
and tensors.[21| Then, we need to find all the possible ways they can appear in the
metric and stress tensor fluctuations, and finally keep only quantities that remain

gauge invariant according to 3.2, 3.6. Applying Einstein equations to these gauge
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invariant quantities will give us the equations of motion for the fluctuations.[22, 23]

Throughout the whole section we’ll assume vanishing cosmological constant A = 0.

Tensor sector

The tensor eigenfunctions of the harmonic operator must obey|21]
(A+k)T; =0, T} =V,T/ =0 (3.10)

The first equation is the expected definition of the eigenfunction, while extra prop-
erties are required because non traceless or non vanishing divergence tensors will
emerge from other sectors. The Laplace operator with a boundary condition has
only positive eigenvalues, with the addition of k£ = 0 (constant tensors) only if the
space is flat K = 0]21]. The spectrum is continuous for K < 0 and discrete for

K = +1, with eigenvalues|22]
E=0l+n—-1)—-2; (=1,2,.. (3.11)

Since no contraction is allowed by construction, only tensor components of the metric

and stress tensor can be built from eigenfunctions of the tensor sector. Hence,
hap = hai = 0, hij = 2r* HrT;; (3.12)
5@ab == (5@(11‘ = O, 5(91] = TTE' (313)
where summation over all eigenvalues is assumed. Since the gauge transformation
vector &* can’t be built from any eigentensor combination, functions Hy and 7 are
directly gauge invariant and can be present in the motion equations|21]. One may

calculate the perturbed Ricci tensor 0 R, resulting from the fluctuation h,,,. Then,

Einstein equations require

k? + 2K
7a2

- V“VGHT — gV“rVaHT + HT = 87TTT (314)

which is the only perturbation equation for the tensor sector|21].

Vector sector

The vector eigenfunctions of the harmonic operator must obey
(A+K)V; =0, V;V'=0 (3.15)
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where, again, the extra vanishing divergence property is due to non divergent vectors
being part of the scalar sector, as we will see later. Linked to the vector eigenfunc-

tions we can define a new tensor quantity,
1
k

which is traceless but not divergence free, as opposed to the tensors from the tensor

Vij = —-VuVj (3.16)

sector. From 3.15 and 3.16 we can write

K- (n-1K
[A+E — (n+ 1)KV, =0, V,;V/= <;7) V; (3.17)

which is a harmonic equation too. Hence, tensors that are traceless but not diver-
gence free can be built from eigenfunctions V;; that, despite being 2-tensors, arise
from the vector sector of the decomposition. Again, boundary conditions on 3.15
guarantees k? > 0, with only k& = 0 for a constant vector if space is flat. The

spectrum, again, is only quantised if K = +1, with eigenvalues
E=ll+n—-1)—1; £=12,.. (3.18)

Note, though, that &2 > 0 still doesn’t ensure positiveness on the eigenvalues of Vj;
in 3.17. When this happens, i.e. 0 < k* < (n+ 1)K, 3.17 can only hold if, trivially,
V;; = 0 and, thus, V; is a Killing vector by construction, with eigenvalue k? = (n—1)

as long as K = +1, so that the divergence condition in 3.17 holds.

Repeating the procedure from 3.12 and 3.13, let’s express h,, and 00O, in terms

of the eigenfunctions from the vector sector:

hab =0, hei =71f Vi, hij = 2r"HrVy (3.19)
(5@(11; = O, 56@1’ = T‘Ta‘/;, 561] = TT‘/i' (320)

As a reminder, summation over all the spectrum is assumed. Now, a gauge trans-

formation can be built with eigenfunctions from the vector sector, by setting &, = 0,

& = rLV;, where L = L(y*). Substituting in 3.2 equations, we evaluate the gauge

transformation behaviour of 7%, f,, Hr and 7p. 7r and 7% are directly gauge invari-

ant. The other two are not, but the linear combination F, = f, + {V.Hr is[21].

For the special case of the mode with eigenvalue k* = (n — 1)K > 0, in which Vj;
)

vanishes, Hr and 77 are not defined, and only the combination Fj;, = 2rv=t s

gauge invariant.
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Finally, the requirement of Einstein equations gives us the perturbation equations

for the vector sector:

Fy\ K —(n-
2 v? (r"”V[b—}) L 1>KFa = 1677, if k*#(n—1)K (3.21)
r

Tn—l—l 7”2

PV = s if KA (- DE (3.22)

1

mv"(r”“Fab) = 1677, if k*=(n-1)K (3.23)

These equations fully describe the vector sector of metric perturbations in terms of

up to three gauge invariant variables: Fj;, or 7,, 70 and F,.

Scalar sector

The scalar eigenfunctions of the harmonic operator must obey

(A+k)S=0 (3.24)
from which we can build a vector
S, — —%vis VS = kS, (A4 —(mn—1)K)S;=0  (3.25)
and a tensor too,
Sy = %vivjs + %%-js = V5 = "; L _anSi, (A + k2 — 2nK)S;; =0
(3.26)

which is still traceless but again not divergence free. Both S; and 5;; are eigenfunc-
tions of the harmonic operator. Now k = 0 is in the spectrum for all K > 0 (for
K < 0 it’s not normalizable)|21], corresponding to a constant function, while in the
vector and tensor sectors that happened only for K = 0. Note that for £ = 0 both
S; and S;; don’t exist. Aside from that, boundary conditions in both 3.25 and 3.24
require k% > (n — 1)K > 0. S; = 0 carries a degeneracy since it only requires S to

be constant. The spectrum only quantises for K = +1 and its eigenvalues are
E=0l+n—-1); £=0,1,2,.. (3.27)

The scalar section is the longest and most tedious to develop, since all metric and

stress tensor components of the fluctuation contribute[21]:
hab = fabS,  hai = 1 faSiy  hij = 2r°(HrSij + HyvijS) (3.28)
5@[11, = TabS, 5@(”' = T’TaSi 5@13 = (TTSij —+ (SP’)/US> (329)
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in terms of 8 objects: fu, fa, Hr, Hp, T, 7, 7r and 0P. Here’s why we had
assumed all our tensors from the three sectors to be traceless: we impose that all
the perturbations on the trace are controlled by functions Hy, 0P that multiply
the original metric tensor on the Einstein manifold «;;, so that the behaviour on
the trace is clearly separated from the "shear" fluctuation. Note that no S;S; term
appears (neither does V;V; in the vector sector) because we are working with only

linear combinations of our constituents.

A gauge transformation can now be expressed as &, = T,5, & = rL.S;. Substitut-
ing the metric and stress tensor expressions back in 3.2 equations, we find the gauge
transformation properties of all our objects. From all, only 71 is directly gauge
invariant. Using X, = %( fo+ %VGHT>, 5 more gauge invariant quantities may be

built[21]:

P+ %HT + %X“Var (3.30)
Fop = fap +2V (o Xy) (3.31)
Yab = Tap + 200,V Xc + XV Oq (3.32)
Yo =Ty — %(@gxb — PX,) (3.33)

Y =0P+ X°V,P (3.34)

and, as function of these quantities, Einstein equations lead to the following vastly

long motion equations for perturbations in the scalar sector|21]. Using 00 = V*V,:

COFy + VoVeEE + VoV FC + UV (=W Fuy + Vo Fup + Vo Fon)+
T

2

k
+RZFCb + RIC;Fca - 2RacbdFCd + <_2 - R) Fab_
T
2 2
VY Ee = 20 (Voo F + ;v(arvb)F> — [VevaFet+ VY Et

2 —1
+( . Rcd + nvcvdr + n(n )VchdT> ch_
r r?

2 1 k? —nK
_oprir = 2V G p o — )P
r r
c N—d c k2 c
— OF = 2V VaFe + P g = 16750, (3.35)
r T
k 1 n—2 b Fé) ; 2
— [ - Vb('/’ Fa) + TVQT + 2<n — 1)VaFi| = 1672, Zf k 7£ 0 (336>
T r
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2
n 1R
r2 ¢

1 1 1 1
VLV F = LoV E, + SOF + VY, —
2 T 2 2r

n [lRab _ =DM =2) G gy P Lgegty ] £y, 4 (n— )OF+
2 2rT r
—1 —D(n—2)k —nK
L Gog,p o TV R K s (3.37)
r n T
k2 ‘
— 52 = 2)F + F] =8 if K2(k* —nK) #0 (3.38)

3.2.3 Master variables and master equations

A truly impressive achievement in the study of quasinormal modes for static asymp-
totically flat black holes is the construction of a master equation that characterises
them.|[22, 23] A master equation is a rather simple differential operation that acts on
a concrete variable, the master variable, which has been constructed wisely so that
a mathematically complex problem simplifies into a single equation or a reduced
set of equations. This is notoriously done in the study of Schwarzschild-Tangherlini
quasinormal modes. Since all perturbations still occur in vacuum, the r.h.s. of all
the perturbation equations of all three sectors derived in the previous section will
vanish. From now on, implementing the large D limit into the previous perturbation
equations will always mean making n — oo, i.e. the large D limit applies on the

Einstein submanifold.

Working with Schwarzschild-Tangherlini as the background spacetime, with met-
ric 2.4 (hence ©,, = 0) and f(r) = 1— (TTO)D_?’, the master equation for Schwarzschild-

Tangherlini QNM in the large D limit takes the rather simple expression
V.
(D - —A,H)ch ~0 (3.39)
1 (m

where ®, is the master variable and V4 is a potential like function; both take
different expressions for the scalar, vector and tensor sectors. The master equation
3.39 is, in essence, a wave equation modelled by an external potential V4. Our
job now is to determine the expressions of V4 and &, for each sector. The split
of Schwarzschild-Tangherlini spacetime is done by identifying its D — 2 sphere as
the Einstein manifold. As consequence, in this particular case we’ll have K = 1,

n=D -2, and (a,b,c...) = t,r in the usual Schwarzschild coordinates.
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Tensor sector

In this case the master equation is straightforward, since by just defining &, =

/2 Hp, then equation 3.14 takes the shape of a master equation 3.39, with potential[22]

A n(n—2) n?/ro\n1
VT—;k+2+T+Z<7> | (3.40)

where, recall, n is the dimension of the horizon submanifold, so n = D — 2.

Vector sector

Here, the master variable is also fast to reach. By defining &, = r~"/2Q, with
Q) satisfying €*V,) = r"~1F, in terms of the Levi-Civita tensor on the radial 2-
submanifold, then equation 3.21 takes the shape of a master equation 3.39, with

potential|22]

f n(n—2) 3n%/ro\n1!
W=5lR 1+ = ()] (3.41)

D-3

where again n = D — 2 and as usual f =1 — (™)

Scalar sector

For the scalar sector, as expected, the master equation is quite longer to derive.
Define first a set of three variables[22] X (¢,r) = r"2(F} —2F), Y (t,r) = r" 2(F" —
2F), Z(t,r) = r"2F}. Let X(w,7), Y(w,r), iwZ(w,r) be their respective Fourier
transforms with respect to t. Define, then,

nZ(w,r) —r(X(w,r)+Y(w,r)

) ) =
)= D Sk Tnn s 1) ()]

Scalar perturbation equations take, then, the shape of
d /.dd
—f— (f—s> + Vsbg = w’®g
dr dr
which, after a Fourier transformation back to the (¢,7) space, takes the shape of a
master equation 3.39. Hence, ®g(t,r) = Pg(w,7)|wig,, With a scalar potential of

expression:

Vs {n4(n+ D22 +n(n+1)[4(2n* = 3n+4)m+n(n—2)(n—4)(n+1)]x*—

= 16r2H?
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—1mmn—4mr+mn+1xn—2ﬂqu+umﬁ+4mn+2mﬂ} (3.42)

being m = k* —n, x = (ro/r)" * and H =m + 1/2n(n + 1)z.

3.2.4 QNM of static black holes

With as little as possible but as much as necessary detail on the mathematical res-
olution of the master equations, we aim now to determine the spectrum of QNM
frequencies for Schwarzschild-Tangherlini in the large D limit, and hence show that
they classify into two classes depending on their leading order dependence on D.
Since we are interested in the frequency spectrum, we’ll work with the master equa-
tion on the Fourier space for time. Then, in the large D limit, 3.39 is rewritten
as|24]
d? 9
(Eé+w —Va)®a=0 (3.43)

being dr, = dr/f.

Potential analysis

We begin by doing a quick qualitative analysis on the potentials V, in 3.42, 3.41
and 3.40. In the large D limit, when r — r{, all three potentials tend to small finite

values which are irrelevant since the potentials massively grow in other zones.

Written as a function of r,, all potentials show a barrier that grows with the
mode number ¢, peaks and asymptotically decays when approaching infinity (see
figure 3.1). Furthermore, the vector and scalar potentials have an additional minor
but relevant minimum for r, slightly smaller than the peak position[20]. The tensor
potential, meanwhile, is monotonically increasing before the peak. The peaks are
located at r, ~ 1, so they correspond to the near zone or r, by definition of r,.
Further away the behaviour is simply asymptotically flat as expected. Evaluating
for a finite mode number ¢ while applying the large D limit n — oo, the position

of the peak coincides for all three positions and tends to a finite value of r,, hence
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Figure 3.1: This figure is taken from [20]. It illustrates the shape of V(r,) for finite
n = 7 and /. Solid, dashed and dot-dashed plots correspond to tensor, vector and
scalar potentials respectively. Note how the tensor potential has no minimum while
the others do. Decoupled modes will be localised left from the peak (the horizon is
at r, = —00); non decoupled modes to the right of the peak.

in the near region, and the value of the maximum diverges at D — oo, growing as

V = n’w., being w, = 5- (1 + %) [20].

Furthermore, the position of the minimum of the scalar and vector potentials also
shrinks onto the peak position. The direct consequence of this behaviour is that,
in the large D limit, an infinite barrier appears between the near and far regions,
so modes with finite w will be confined in a narrow interval in the near zone (since
we assume no modes come from asymptotically flat infinity). That’s the qualitative
justification behind decoupled w ~ 1/ry QNM being strongly localised in the near
zone and vanishing further away, with non decoupled modes behaving oppositely.
Both families are fully separated at large D precisely after this infinite barrier in the

potential.

Near and far zone solutions

We will, without great detail, summarize the discussion that leads to the frequency
spectrum of Schwarzschild-Tangherlini QNM, based on the development in [20]. The

master equation, despite being a huge simplification of the problem, is not fully ana-
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lytically solvable yet due to the V4 term. Approximate expressions arise from solving
® 4 separately in the near and far zones with their respective boundary conditions;
we may then choose solutions from each region that can match in the overlapping
region. Explicit expressions of the approximate solutions are long and beyond our in-
terest, so we'll skip them. Being 3.43 a second order ordinary homogeneous equation
in r (or r,), the general solution is always a linear combination of two independent
solutions, ® = A, ®* + A_®~. It can be proved|20] that normalizable solutions in

both regions cannot match for frequencies higher than w.,.

In the far zone, the master equation can be solved over flat space. Regularity

implies, if |w| < nw,, that the coefficients are related by

Ay

_ 2nroRef(w/we)
=e
i
being f(z) = log1== VZI_ZQ —+/1 — 22 a complex function. In particular, for w — nw_

so that w. —w/n ~ 1/n*/3, then solutions of take a simpler form ® = A + Blog =

at leading order. The solution is only valid is the coefficients satisfy
) A 1
B n

at leading order.

Meanwhile, in the near, zone, solutions for all the sectors are related to hyperge-
ometric functions (directly in the tensor and vector case, under an operator in the
scalar case). Checking their assymptotic behaviour for large r, i.e. in the overlapping

zone, we get relations for the coefficients in all the regimes of w < nw,:

with different dependence on D than the expressions for the far zone.

This radically different behaviour is what constrains and quantises the values of
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Non decoupled spectrum

We try to match the solutions for w. — w/n ~ n=2/3,

The different dependence
of A/B in each zone quantises the spectrum, since the only acceptable values of
w will be those for which A = A(w) = 0 in the far zone. Since it can be proved
that, there, A(w) is of the type of an Airy function of the difference w. — w/n, the

multiplicity of its zeros and the expression B can be proved to be the appropriate

A
so that ‘ f

A
~ |4
B

~ O(1) in the far zone too. Hence, the spectrum of w. — w/n

will be the known zeros, —ay, of the Airy function. Taking in mind all the factors,

we have:
2n2ri\1/3) Wi 3 2/3
| =) —ap [Tk - 1) 3.44
(e”rwc> (w n ) @ [ 8 ( ) ( )
being k natural. Simplifying and isolating omega, we finally get the non decoupled
spectrum:
n e n 1/3
Werro = 5 + 0 — ak<7(§ + £)> ~ O(n) (3.45)

Lastly, we get information about how quickly these modes vanish (or grow) with
time by examining the imaginary part of the frequencies. In this case, the ratio

between imaginary and real part of 3.45 is

Imw 9
~ 28
Rew "

(3.46)

which means that, in the large D limit, the dissipative term due to I'mw is much
smaller in comparison, so non decoupled QNM will be long lived. The modes are
universal for many different black hole configurations, including all asymptotically

flat, static and spherically symmetric black holes|25].

Decoupled spectrum

The decoupled spectrum development diverges from the previous non decoupled
spectrum from the beginning. Now, we match the behaviours in near and far zone
in the most direct way possible: by setting A, = 0, so that ® o« ®~, which is
normalizable. Since these solutions are then localised only into the near region, a
standard perturbative expansion will be enough to solve the equation by variation

of the constants. There will be no need to solve the far zone anymore. Decoupled
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QNM are static at leading order, so we need to specify one higher order in 1/n to

find the frequency spectrum.

According to our boundary conditions, ® o r~'/2 at r — oo and regularity at the
horizon, no solution emerges from the tensor sector. Contrary, a solution exists from
the vector sector, and by comparing the higher order terms, we get its frequency,
wrog = —i(¢ — 1) purely imaginary at higher order, and expansion into even higher
orders will raise more corrections:

7T2

wro = —i(l — 1)(1 + %(8 — 1)+ %(e ~1(5 - 1)) +0(1/n%) (3.47)

where, as expected, w is independent of n at leading order.

Repeating essentially the same steps for the scalar sector, we achieve frequencies

with expression

Wre = i\/ﬁ——1<1 42 (3; - 2)) 1) (1 + - 2)) LO(1/n?)  (3.48)

n n
again independent on the dimensionality at leading order and no longer purely imag-

inary. This completes the spectrum of QNM in the large D limit of Schwarzschild-
Tangherlini black holes.

3.3 The Gregory-Laflamme instability

The second half of this chapter will be dedicated to the Gregory-Laflamme instabil-
ity, a major result regarding stability of black branes and black strings that we will

recover again afterwards with the use of effective theories.
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3.3.1 Mechanical justification

According to black hole mechanics, the stability of a state against a possible evo-
lution into a different state will depend on the sign of the area difference between

them, given the second law:

dA >0 (3.49)

The area of a Schwarzschild-Tangherlini black hole is Agy = rg) 20 p_y, and its

D-3
mass Mpy = (D_Q);g%. For a black string, its area per unit length (along

the free direction) is[5| Aps = r>Qp_3 and its mass per unit length, Mpg =

—(Df?’)féjr ZQD =2, We can compare then the rate of grow ;lfgg 1\12 for each case, easily
finding
log A “ 210 M Hol (3.50)
og 3.8 ole .
log A ~ o) : 1 log M String (3.51)

Since the growing rate is always larger for the black hole for finite D > 4, we may
then expect Agy > Apgg, i.e. a stable black hole, at low energies, which is essentially
the Gregory-Laflamme instability, while Agy < Apgg, i.e. a stable black string, at

high energies. The equilibrium point will lie, by explicit calculation, at

s D=2 py <D_2)D2 F(%)
o _—D—BTO =L D3 ﬁF(%—l) (3.52)

where L is the length of the string. Hence, the radius of the black hole must be lower
or equal than L for all finite D > 4, and this constrains the values of D for which
the phase transition might happen to D < 13. Otherwise, no stable black holes are

expected to be found near the transition point of the hole-string phase diagram|5].

3.3.2 Derivation

Consider the usual metric of a black p-brane

dr?

ds® = —f(r)dt +f(7")

+1r%dQp_p o + drida’, (3.53)
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where ¢ runs over 1,....p, and f(r) =1 — ("%)D_p_s. We want to study its stability
against metric perturbations. To this purpose, we will apply the gauge invariant
perturbation formalism developed in the previous section, by identifying the p flat
worldvolume directions as the Einstein manifold with respect to which we develop
the scalar, vector and tensor sectors. Hence, we’ll have a particular case of the
perturbation formalism where n = p, K = 0 and r(y®) = 1, since the unperturbed
metric over the worldvolume of the brane is flat; r(y®) follows the general notation
in 3.1. In order to preserve the notation, we've already used the Latin indices

accordingly in 3.53: (i,7,k...) = 1,...,p.

We are interested in the study of possible unstable solutions. We’ll assume spher-
ical symmetry in the perturbations for further simplicity. Then, the metric fluctua-

tion must have the following expression:

hyw = thHW(r, ml) (3.54)

with real 2 > 0 so that the perturbation grows with time and leads to an instabil-
ity. The next step will consist in particularising tensor, vector and scalar Einstein
equations for perturbations to the D — p dimension Schwarzschild-Tangherlini black

hole background metric with the mentioned ansatz for h,,.

Imposing continuity on r and regularity at both the horizon and infinity, we realise
that both tensor and vector components of 4, must vanish if the mentioned ansatz
is assumed, i.e. H;; = H;, = 0[26]. Hence, only the scalar sector is not trivial.
The general formalism is greatly reduced due to the mentioned simplifications: from
3.28, we see that H;; = 0= Hr = H, =0, Hy; = 0= f, = X, = FF =0, so
the only non vanishing gauge invariant quantity is Fy, = fu, where he = fo.5(2?)
and S(x') is a scalar harmonic eigenfunction, only dependent on the worldvolume
coordinates. Hence, comparing notations, we see that f,, oc H,,. We further assume
the perturbation is transverse and traceless in the S-T space, i.e. V. fS = f¢ = 0.
Then, the vast Einstein scalar equation 3.35 in the S-T background dramatically
reduces to

Dfab + 2Racbdf6d - k2fab =0 (355)
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which can also be written covariantly in the whole D-spacetime as
VoV + 2Rash™ = Aph,, =0 (3.56)

which is a particular case of the more general Lichnerowicz equation|27| that governs

the fluctuation of the Ricci tensor in terms of the metric fluctuation.

In this particular case where K = 0, the scalar harmonic eigenfunctions obey 3.24
with A = 9'0; since g;; = d;;. Hence, the eigenfunctions are the trivial S(z') = etkia’
Relabelling that h., = fupS(2%) = e F,,(r)S(2?), Einstein equations are decoupled

with respect to F},[26]. Naming n =D —p — 3:

[ PO b Loy = 20— - - D0 7
O%[(n-+1) + (20 = )(1= )] 3020 JPln+ 1) = (L= 1] o
+ - + 77 }F +
+{(H2 L2 D?4n+1) —8(n+1)(1 ;réf}Q_ (5n? —4n — 4)(1 — f)2+
+ﬂ2[4(n +1)—4Bn+2)(1— f)+ (n* 4+ 8n+4)(1 — f)2]+
ar2 f
U D0 D) = (D0t DT A= I e 5

which, although long, is only a decoupled ODE for F.(r). As usual, f(r) =1 —
(2)". Notoriously, ther is a regular asymptotic solution at infinity of the form
e VTR and also on the horizon, of the form (r — o) 1F0Y™ - Apparently there’s
a divergence on the horizon, but that’s entirely a consequence of the limitations of
Schwarzschild coordinates. We will first need to transform the solution into Kruskal
coordinates (7, R)[26]. Then, the transformed components 7T and RR tend to
hrr = hrr o< £(R 4+ T)¥°/"=2 and hrg o< (R £ T)%/"=2, Now it is immediate
that regularity on the future event horizon, at R = T, requires both the + sign and
2 > 0 so that the exponent stays positive. We are done: recalling 3.54, a positive real
frequency €2 > 0 will make the perturbation to grow with time and, so, spacetime
will be unstable. The Gregory-Laflamme instability emerges as a particular unstable
solution to Einstein perturbation equations with a Schwarzschild-Tangherlini brane

background geometry.
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Chapter 4

Effective theories of large D black

holes

4.1 Motivation and generalities

As seen in the previous chapter, black hole metric perturbations in the form of
quasinormal modes can be split and classified into two groups: decoupled modes,
for which w ~ 1/ry, and non decoupled much faster modes, for which w ~ D/ry. In
particular, the ~ 1/rq slow modes are fully localized near the horizon, i.e. r —ry <<
9, being decoupled in the far zone at all orders in D|[28]. The usefulness of an
effective theory arises then from the possibility of evaluating the dynamics of black
holes at long distances by integrating into some effective functions all the near zone
effects[5|[28], achieving a theory which is now able to carry on a non linear study
of the decoupled dynamics in the far zone, deeper than the always linear previous

study of quasinormal modes.

Again, the large D limit plays a key role in the development of an effective theory.
As mentioned in previous chapters, black hole dynamics at finite D are impossible
to solve analytically due to the absence of characteristic length scales besides the
Schwarzschild radius ry, and the construction of an effective theory requires a sep-

arate treatment of a near zone, whose dynamics are integrated and hidden in the
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parameters of the theory, and a far zone where the theory applies. A possibility
would be to study the dynamics directly far from the black hole considering it, ef-
fectively, as a point particle, as the background curvature curvature radius is much
larger than the black hole size ~ rg.|5] Nevertheless, this approach will omit all the
dynamics regarding the black hole horizon and its fluctuations, so it’s not useful in
order to study metric perturbations from a black hole spacetime. Fortunately, the
large D limit directly provides us with a second length scale ro/D that enables to
treat separately the near and far zone with respect to the horizon, giving rise to the

effective theory.

Mainly, two different effective theories have been developed in parallel being based
on the large D limit.[5] Below, we will discuss each of them in sections 4.2 and 4.3
respectively and we’ll follow their path to their final effective equations; despite
apparently very different, both theories remarkably coincide on, most importantly,
the values of quasinormal frequencies. The fact that two different effective theories
can emerge to describe the same phenomena is due to deeply different initial as-
sumptions on the metric ansatz that is used as the starting point for the derivation
of the equations. In concrete, both theories split spacetime in two submanifolds
and calculations are done with tensors in one of the those submanifolds. However,
the split is radically different between the theories, breaking direct parallelisms and

leading to different effective equations.

4.2 Membrane effective theory

4.2.1 Ansatz and motion equations

The first of the two effective theories that parallelly arise thanks to the large D limit
is the membrane theory. Consider a spacetime with D = p+ n 4+ 3 dimensions with

SO(n + 1) symmetry. [29] Then the metric takes the form

ds* = g datdz” + e?dQ, = g, (2")datdr” + e® @y (2" da' da? (4.1)
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where Greek indices run over 1,...,p + 3, Latin indices over 1,...,n, and df2, =
i (@")dz'dx? is the metric of a unit radius n-sphere. Due to this splitting timelike,
radial and worldvolume dimensions will be treated separately from the n spherically

symmetric directions.

From now on, V, will denote covariant derivatives on the p 4 3 submanifold, and
Greek indices will be raised and lowered with g,,. Einstein equations give rise to
motion equations for both the unknown metric g,, and the scalar field ¢; it can be

easily proved that they are the following:

By = 5,906+ 2V,0V,0 (4.2)
(0= 1) = SV + 1 (Vo)?

Here, R, is the Ricci tensor on the p + 3 submanifold, hence not necessarily zero

by Einstein equations.

We’ll look for solutions of 4.2 in the large D limit for fixed p, hence n — oo
throughout the whole derivation|29]. The first equation in 4.2 relates the length
scale of metric variations and that of the scalar field. On the left hand side we have
only metric derivatives, each of them inversely proportional to the metric charac-
teristic length £,. The curvature tensor terms have the form of either 9%g or (9g)2.
Hence, R, ~ @;2. For the right hand side, assume each field derivative is inversely
proportional to a field characteristic length £,. Given that V,,\V,¢ = 9,0,¢—1",0,0,

we’ll have terms escalating as ~ nff and terms as ~ nf;lfgl.

For equality to hold in 4.2, then, metric and field derivatives must escalate dif-
ferently: we need ¢, << ¢, in the large D limit, so spacetime will be governed by
two different length scales, heuristically originated on the fact that ¢ encodes the
size of a m — oo sphere, so its derivatives are more "expensive"[29] that the metric
ones. Reached that conclusion, it is evident that dominant terms in the right hand
side must be those that escalate as ~ nﬁ;légl, i.e. only the Christoffel term. Con-

n

sequently, the large D limit reduces 4.2 to R, =~ —5I' J,¢ and we may now infer
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that, for equality to still hold, the length scales must be directly related;

1
R ~ _grgyapd) = by~ Ly << Ly (4.3)

We still have the freedom of choosing a coordinate chart. We require a chart
{z*} for which both the metric and the field are order unit, and dg ~ n, dp ~ 1. A
problem then arises from the fact that a metric with O(1) values and length scale 1/n
would become trivial, since this is a point particle limit and no interesting physical
results would emerge. We avoid the issue by applying a coordinate transformation
and working, afterwards, with a conformal metric|29]. Each chart will only have
a domain of order 1/n around a point, so we should repeat the process until the

overlaps cover the whole p + 3 submanifold:
1
ot = a9+ —akyt;a ~ O(1) (4.4)
n
G = n2azaggab = O‘ZO‘ZGab ~ O(l)
Xa =nVep =abV,¢ ~ O(1)
Our next step is to apply these transformations to the equations of motion 4.2
so that all the dependence on n is isolated into explicit n factors and Christoffel
symbols. We achieve it by expressing everything in terms of the conformal metric

G for contractions and raising indices and the dilaton y,, both of order unit. By

applying the transformations, the equations are rewritten as:

1 1
Ry, ==V, —Xa 4.5
b= 5 Xb+4nXXb (4.5)
1 n—1 1
e — -~ 2
2V Xa e 4X

In the first equation and after applying the conformal change in both sides, the
second term on the r.h.s. and the dilaton derivative are order 1/n and hence vanish.
The same applies to the 1.h.s. on the second equation. Thus, in the large D limit,

the previous equations 4.5 simplify to

1
Rab - —§FZ

GG = et —

pXec (46)

at leading order. Thanks to this basis change, the coordinates are now suitable to

describe the worldvolume dynamics.
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4.2.2 Black brane and membrane solutions

A part from a trivial flat solution which only requires e?x? = 4, a black brane like

solution to 4.6 arises with the expression|29]
Gap = <7)ab + eROaOb> dx®dx® (4.7)

where R is one spacelike coordinate and O is a null one-form with respect to flat
space. 4.7 metric, characterising only the non spherical submanifold (indices run to
1,...,p+2), solves Einstein equations 4.6 at leading order provided that e®y? = 4,
(2dR — dx)dR = (2dR — dx)O = 0. We'll use this result later.

Now we define a scalar SO(n + 1) invariant field B(x*) with respect to a flat
metric whose zeros have topology of sphere times time[29], and whose positive region
includes infinity. We’ll then name as membrane the submanifold where B = 0. We
also require 0,B0"¢ > 0. Consider also a null SO(n + 1) invariant one-form O,
which satisfies 0,0, = 0, where 7, dz*dx" is the metric of p+ 3 dimensional flat
space. We also define a second scalar

0, Bo"¢

V=1455) Bon

(4.8)

whose definition is motivated by a simplification of the metric once we express it
in terms of ¢ rather than B: as long as the mentioned properties and O* <%8u¢ —
(%w) = 0 are satisfied, the black brane metric|29]
0,0,
D=3

will be a solution of 4.6 because, as we’ll shortly see, the expression and the required

Guv = Muw + (49)

properties mirror those of the known solution in 4.7. By inspection we see that the
membrane B = 0 corresponds to ¢ = 1, and the outside (region including co) and

inside, to ¢ > 1 and ¢ < 1 respectively.
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At leading order in the large D limit, Einstein equations are solved trivially ev-

erywhere on the outside except the membrane region, described by
Yp—1~1/D e log)h ~1p —1 e pP73 ~ ePIW-D (4.10)

However, after a new coordinate chart that includes R = n(¢) — 1) as directly one
of the new coordinates and conveniently rescaled as in 4.4, in the membrane region
4.10 the metric 4.9 takes the form of 4.7, which is solution of Einstein equations 4.6

at leading order in 1/D.[29]

4.2.3 Equivalent metrics

The fact that 4.9 solves Einstein equations only at leading order indicates that we
may treat as equivalent several metrics which only differ at higher orders.|29] Since,
at leading order, 1”2 vanishes everywhere outside the membrane, we shall treat as
equivalent the metrics with O, and O, 400, as long as the difference vanishes on the
membrane, 00, |p—o = 0. Similarly, a global rescaling of the scalar B leaves invariant
1 by construction, which is the only place where B appears in the metric. Hence,
we shall also treat as equivalents B and aB, for some constant . We may, then,
freely choose a representative of each equivalence class for both B and O and work
always with them. It’s convenient to pick them so that O is parallelly transported
along a the congruence of the gradient of B field and so that these congruence are

affinely parametrized geodesics:|29]
v*BV,V,B=V"BV,0, =0 (4.11)

which easily implies dB to be constant in modulus, which we fix to unit after rescal-

ing.

As a last consideration before the correction, rewrite the metric 4.9 as

ds® = (nab - iﬁ’j)dﬂdﬁ - <1 - Zﬁfi)ds? (4.12)

specifying as a coordinate the radial direction of the SO(n + 1) symmetry, i.e.

S? = e?. Here, then, Latin indices run over 1,...,p + 2, including the timelike
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coordinate. In order to emphasize the special role of coordinate S, we’ll express
O = O,dxt = e "(dS — u,dz®), so that the metric depends, at the moment, on
{B, h,u,}, two scalars and one one-form in the p+ 2 (recall, not p+ 3) submanifold.

Moreover, O? = 0 in p + 3 flat space implies u?> = —1, constant, in p + 2 flat space.

4.2.4 First order correction

Our objects, whose relations we aim to determine, are n, = 9,5, u, and h. Define
K,, = V,n,. In addition, one-forms {u,n,dS} define a 3-dimensional subspace on
the p + 3 tangent space consisting in the radial direction d.S, the normal direction
to the membrane dB = n and the direction tangential to the worldvolume velocity
u. We may, then, classify all possible contractions between our objects depend-

ing on their tensor class in the remaining p dimensional subspace, orthogonal to

{u,n,dS}[29]:

1%
uru’ K,

e Scalars Su: K, u* K, PYK,,, Osh, u*d,h, P*'V ,u,.

s

e Vectors V): P'*Vu,, P*u’V, uy, P** Ky, PP’ Ko, P*04h.

e Symmetric tensors T4H": Prepvs (Kag — %TBPP"KM) and Prepvh (U(aﬁ) —
PR, ).
2 po

e Antisymmetric tensor A* = P‘“"P”ﬁu[am.

We’ll use a convenient basis that directly separates the already mentioned 3 dimen-
sional subspace, by using di), dS — Sdiy and O as elements of the dual basis. The
remaining p basis elements will be given by P*dz", being P*” a projector orthogonal
to dS, dy and O. The metric will then be a linear combination of symmetrized ten-
sor products (expressed with x) of those forms. In this basis, though, some elements
may immediately vanish after a gauge choice[29], so that dy x (dS — Sdi) is the
only non vanishing element containing di. The most general form the metric may
have up to first order will then be

(4.13)

(Zb f;_? +ni¢n <K1 (2)O%+2K,()O x (dS—Sdib)+ K3 (x)(dS—Sd) 2+

ds® = n,,dztdz” +
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2K (2)dip x (dS — Sdi) + 2Q%(2)0 x Psuda + 2Q5 ()(dS — Sdip) x Pgdat+
1
af L —
+T°B () Pa, Pa " d ) +0(n2)

in terms of four scalar functions K,, two vectors (), and one symmetric tensor T’
whose expressions will be determined by solving Einstein equations at first order
in 1/n. Each of these functions can be expressed as linear combinations of the

previously mentioned tensors from their same class:

Ko=) KMt)Sa(x) (4.14)

Q=Y Q)i (4.15)
A=1

T =TT (x) (4.16)
A=1

The key fact will be that the coefficient functions of these linear combinations will
only be functions of ¢, i.e. functions of R = n(¢) — 1) after making the 4.4 rescaling,
since their derivatives with respect to the rest of the membrane coordinates will be

order 1/n?, hence negligible.|29]

4.2.5 Effective equations

The final result of the membrane theory will be a pair of one scalar equation and
one p dimensional vector equation (living in the orthogonal p subspace). We will
not deeply follow every step of the solving process of Einstein equations but we’ll
briefly comment them. The first step is to express the metric and the Ricci tensor
in terms of exclusively rescaled coordinates around an arbitrary membrane point zq
following 4.4: R = n(¢ — 1), V. = ne"@)0,(z)(a* — ), Y = n(S — spy) and
y' = nPj(x)(z" — x3), where s§ = ¢ on the membrane at leading order. Working
the Ricci tensor in this same basis directly decouples the equations between the

scalar, vector and tensor functions.
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Looking at the scalar components of Einstein equations 4.2, a fortunate linear
combination of their terms leads to an ordinary and solvable equation for the coef-
ficient functions K3'(R). Its integration constant is determined requiring regularity
at large R. However, a simple pole at R = Ry on the integrand of K3'(R) raises a
multivalued component proportional to log(R — Ry) which must vanish for the so-
lution to be physical. It is this last imposition that leads to the scalar membrane
equation:

K, (U™ — UPnn)(UY — UPn,yn”) + "—S'S(ng +1)=0 (4.17)

being U = dS + n%(dS — u).

Looking at the vector components of Einstein equations 4.2, again a fortunate
linear combination of the equations lead to an ordinary and solvable equation for
the coefficient functions Q3'(R). Its solution, after integration, shows an unavoidable
logarithmic dependence in R, with no polynomial terms after developing. Hence,
it is required to have Q4'(R) = 0, which after substitution, leads to the vector
membrane equation:

PY(U® — UPn,n®)Voup =0 (4.18)

being again U = dS+n%(dS—u). Latin indices run over 1, ..., p, since non orthogonal

components of 4.18 are trivial and irrelevant.

Together, the set of p + 1 equations from 4.17 and 4.18 are differential equations
on also p + 1 variables: the membrane shape B(z), in the equations inside n = dB
and K = Vn, hence up to second order, and the velocity u, first order, which has
only p degrees of freedom since ug = 1, u*u, = —1 and u*n, = ng — % Given an
initial shape By, an initial change rate ng and an initial velocity ug, the effective
membrane equations solve the non linear dynamics of the decoupled quasinormal

modes of a black hole in the large D limit.
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4.3 Effective theory for black branes

4.3.1 Approach

The following effective theory, despite lacking from part of the elegant covariant
expressions of the previously explained membrane theory, is equally efficient at de-
scribing the non linear dynamics of the slow decoupled quasinormal modes of black
holes and its effective equations are far more intuitive and easier to solve both ana-
lytically and numerically. It deeply relies on a fluid-like description of the black hole
horizon, again embedded on a black brane, so we will intercalate its development
with bits and details of relativistic hydrodynamics. Afterwards, in this Dissertation
we will focus on the applications of this effective theory. That is why the following
section will be detailed in its development, given the relevance of their results for

the following chapter.

This discussion will only contemplate asymptotically flat geometries, though a

parallel development can also be built in Anti-de Sitter spacetime.

4.3.2 (D-1)+1 decomposition

This introductory section briefly describes the formalism we will use to derive the ef-
fective equations, the (D —1)+1 decomposition; it is constantly used in Hamiltonian
formulation or Arnowitt-Deser-Misner (ADM) approach of General Relativity[30],
which is a parallel and analogous development of General Relativity to the La-
grangian formulation we have always been using, the latter based on minimizing
a given action and treating spacetime as a field theory with the metric tensor as
the dynamical object[30]. Like all Hamiltonian formulations in other areas, we re-
quire the setting of a preferred time variable, hence breaking the local SO(D —1,1)
symmetry, i.e. the diffeomorphism symmetry, that had been characterizing Einstein
gravity up until now. Similar tools are used in Kaluza-Klein metrics|31, 32, 33|,

since Kaluza-Klein theory couples gravity with electromagnetism by adding a spe-
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cial extra dimension related to the electromagnetic field.

Hence we assume spacetime to be foliated as a manifold with metric [34]
ds® = (—a® + B'B37~,;)dt* + Bidtdx’ + ~y;da'da’ (4.19)

where Latin indices run 1, ..., D — 1 and raised and lowered with +;; and its inverse

7. This notation is, obviously, not locally SO(D — 1,1) covariant.

A foliation like the presented in 4.19 enables us to define a geometric extrinsic
curvature tensor as|30|
Ki; = é(v(iﬁj) — %@%‘j) (4.20)
where V is the covariant derivative on the D — 1 Riemannian subspace. An in-
tuitive explanation of this new object is neat: moving along a given submanifold
of spacetime, one may feel effects of curvature even if both the spacetime and the
isolated submanifold are completely flat, but just because of how the geometry of
the embedding spacetime affects the geometry on the submanifold. As an exam-
ple, the surface of a cylinder has zero intrinsic curvature since, naively, it can be
constructed from a flat piece of paper. Nevertheless, considering the same cylinder
now embedded in a 3 dimensional Fuclidean space, an observer may note the effect
of curvature not because of the intrinsic properties of the cylinder but because how
the Euclidean geometry background affects it. Hence we would have R;; = R =0

but some K;; # 0 and the scalar extrinsic curvature K = 7inZ-j > 0.

All curvature tensors may be computed from 4.19, and Einstein equations G, =
87T, will be given by a set of one scalar equation from component tt, D — 1
vector equations from components ti and (D — 1)(D — 2)/2 tensor equations from
components 7j. Note that, even in vacuum, the curvature tensor R;; in the D — 1

subspace doesn’t need to straightly vanish.

Note, finally, that despite the previous discussion has assumed a foliation in which

we treated separately the timelike coordinate, a totally analogous development is
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entirely possible by separating one spacelike coordinate and working in a (D —2,1)
Lorentzian manifold as the subspace. That is, in fact, what is going to be used in

the following section.

4.3.3 Ansatz and dynamic equations

Here we start the mathematical development which will eventually lead to the effec-
tive equations. The general path to follow is very similar to that of the membrane
equations deduction. We start by building an ansatz metric, we discuss the depen-
dence on D of the coordinate chart, we solve Einstein equations at leading order of
the large D limit in terms of some objects in the metric components and, finally,
we let them fluctuate and we reach their dynamical equations from solving again

Einstein equations, not up to a first order correction in 1/D.

We start with an ansatz of the shape[12]
ds* = (N* + N*N,)dp* + 2N, dpdx" + g,, dz"dz" (4.21)

where Greek indices run over 1,..., D — 1 and are raised and lowered with g,,. The
separated coordinate p will be related to the radial direction of the black hole. It is
important to state the dependence on D of each term at leading order. Note that
tis ADM like ansatz separates the radial direction from the beginning, leading to a

deeply different split from that in the previous membrane theory ansatz.

Consider a smooth D independent function. The effect of the large D limit will
be the infinite growing of the slope of the gradient along its radial direction, since all
geometrical effects are localized in a ~ 1/D length scale region. Then we will have,
for its radial directional derivative, % = %g—ﬁ ~ D. Recalling this effect holds for
D independent functions, we have % ~ 1,80 N ~ 1/D. A parallel reasoning may
be applied to the other radial related quantities in the metric, hence N* ~ 1/D. As
stated previously, Einstein equations will consist on one scalar, one vector and one

tensor equation, after computing the Ricci tensor in 4.21. In vacuum and without
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a cosmological constant, Einstein equations are[12]:

1 1 1
—0,K! + KK = R — —V'V,N + — £LyK" 4.22
N Py + v v NV V + N NIy, ( )
VK =V, K (4.23)
K- K, K" =R (4.24)

where all tensors, covariant and Lie derivatives are referred to the D —1 submanifold.
Here, though, the extrinsic curvature is defined as

1 /1
K =~ (iapgw _ V(MN,,)> (4.25)

with a global sign difference from 4.20 due to stripping one spacelike dimension

instead of the timelike. K is its trace.

4.3.4 Gauge fixing and radial solutions

Recalling the leading order dependencies of N and N*, the large D limit simplifies
the trace of 4.22 into a solvable equation for the extrinsic curvature, since it reduces
to

9,K+NK*=R (4.26)

Since the Ricci scalar on the D—1 submanifold does not depend on p at leading order,
the extrinsic curvature is forced to have the shape K = R(x)f(p) and the auxiliar

coefficient is forced to be N(z) = 1/R(x). Then the solution may be integrated on

p:

_ S0y U 0
_N(a:):>f +ff=1=K o) thp+ O(D") (4.27)

after expressing N(x) = ro(x)/n, where ry is a D independent curvature radius of
the submanifold and n = D — p — 3 ~ D in the limit. We’ll use D indistintively

from n since the large D limit is being taken by fixing p and letting n — oo.

It is only now that we distinguish between the worldvolume and the SO(n + 2)

symmetric directions4.1: the D — 1 metric is rewritten as|12]
Gudatds” = —(A — u'u;/D)dt* — Q%dxidt + gijdx'dz’ + Rge%dQnH (4.28)
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where Latin indices run over 1,...,p and are raised and lowered with 4;;. Before
solving it at leading order we again need to discuss the D dependence of each term.
We can always choose an appropriate timelike coordinate so that A ~ D°. We may
also choose a chart for which at leading order the brane is at rest, so the shift vector
will be u ~ 1/D. Since quasinormal fluctuations along the brane occur in lapses of
distance ~ 1/ VD, we rescale the spacelike coordinates to the mentioned length, so

gi; ~ 1/D. Furthermore, we can choose the brane spacelike coordinates to be locally

5 ()

Euclidean, so that ¢;; = d;; + O(1/D?), proportional to the local curvature
radius[12]. The explicit dependence of the angular terms is already specified, so

¢ ~ DO,

Recalling the D dimensional spacetime, we impose it to have asymptotical Eddington-
Finkelstein shape[12]. Then, N? = N#N,, and since g; = —A at leading order, then
N,N# = —AN* — N' = —%, Nt = —\%ui by covariance (hence u’ ~ O(DV))
and N* = 0 for all the SO(n + 2) components, since they don’t appear in the E-F

metric.

Now, the trace of Einstein equations 4.26 may be solved at leading order. The
Ricci scalar for this ansatz is R = D?/R% + O(D). Then, using the leading order
D2

solution for K found in 4.27, we have 2w = g—;, so ro(x) = Ry, constant along the
0 0

whole brane. From now on, we’ll assume 1o = Ry = 1 by simpicity[12].

4.3.5 Extrinsic curvature

We aim now to solve 4.22 in its angular components, which we will label in Latin

capitals. By explicit calculation from the definition in 4.25 for our ansatz 4.28,

o7



recalling N # N(x!) and substituting the Ricci tensor, at leading order we have

K' = 0,60% ~ O(D°) (4.29)
K = Dcothp ~ O(D) (4.30)
R = D&% ~ O(D) (4.31)

Again, only the Lh.s. of 4.22 and the Ricci tensor term survive at leading order,
simplifying the equation to the fully solvable

- 1
02 + coth pd,¢ = 1 = ¢ = logm(a") + log 5(1 + coshp) + O(1/D) (4.32)

being m(z) an integration function only dependent on the brane worldvolume coor-

dinates.

The next step is a repetition of the latter[12]: solving the remaining components
of 4.22 at leading order. It’s easier, since for our ansatz 4.28 at leading order

R! ~ Rl ~ Ri ~ O(D"), so the equation is homogeneous for K} and K}. Hence we

have:
e + O(D?) (4.33)
b sinhp '
L= ‘ D° 4.34
= s, o) (4.34)
(4.35)

where the constant D/ Ry is fixed in 4.33 after imposing the asymptotic behaviour
A — —1 at p — oo. The leading order D dependence can be obtained by inspecting
the definition of the extrinsic curvature 4.25. The integration function in 4.41 is not
constrained beyond being O(D°), so there we carry an extra vector v* which may

still be dependent on the worldvolume coordinates. From 4.25 we can now extract

the value of the coefficient A = —gy at leading order:
D Do,A D
Kl = —g" =L = 4.
6= 99 Dot 2 A sinh p (4.36)
A(p) = tanh? g +0(1/D) (4.37)
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where the integration function is fixed by its asymptotic behaviour. For the {it}

component:
. D, ., y D /u'0,A ; Dv'
Ki = 5(9 tapgtt + gjﬁpgtj) = 3( AD - apu) = sinh p = (4.38)
21)1' U;
= =—-0u + ———— 4.39
sinh p pti + sinh £ cosh 2 (4.39)
U;
cosh? g ( )

where Latin indices in u; are raised and lowered with the Kronecker deltas. Note
that the final solution carries only a particular solution of the non homogeneous
linear equation 4.39. A term proportional to the homogeneous solution, o tanh? %

doesn’t appear because of asymptotic conditions at infinite radius.

We can try to find the remaining components of K#. After having calculate the
connection coefficients for 4.28, simple inspection on the components K} and Kj» in
the definition 4.25 reveals that, contrary to K} or K, K} ~ K! ~ O(D"). For K},

equation 4.22 at leading order is again homogeneous, so the solution is

Kt =
' sinhp

+0O(1/D) (4.41)
where v; appears as an integration constant and is set to its value after comparing
K! with the already known component K. For KJ’:, the Ricci tensor Ré» contains
one term at order D, R; ~ —D0;0;logm, hence the r.h.s. of 4.22 doesn’t vanish

anymore at leading order. The solution, then, is only analytical in the asymptotic

behaviour for p — 0o, e72p — 0; then the asymptotic behaviour is achieved with[12]

i i 1 i i i | o
K} = —8'0;logm + sinhp<_v v; + 0'vj + 0" + 0'0; logm) (4.42)

where the worldvolume function in the 1/sinh p term emerges as an integration term
when solving the equation and is associated to the form in 4.42 after computing the

definition 4.25 and comparing with the other known components.

4.3.6 Higher order correction

We aim to take know the last and most important step in order to reach the effective

equations. If we pretend to describe non linear features of the dynamics of the brane,
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it is compulsory for us to study beyond the leading order in D. Hence, we’ll compute
now the first order correction on the value of K. Since K ~ O(D), the correction
will be O(D"). Let’s examine term by term on trace of 4.22. The leading order
terms were O(D?), so we’ll now explicit terms at order and D to impose equality
at higher order. Writing K ~ DK©® 4 K' with K(® = coth p from 4.27, the O(D)

terms will be:

e Left hand side: +9,(DK® + KW) + (DK® + KW)? » 2DKO KW

e Right hand side: R — & V*N + 1 N*9,K — DRY

being R ~ D?R©® + DR . However, we are interested the asymptotic behaviour
in p. In this limit (always done after the large D in case of indeterminate expres-
sions), the Ricci scalar at O(D) then takes the expression R = D(—290;logm —

9" log md; logm — 21logm, so the correction in the extrinsic curvature is, finally[12],

KW = —(9'9;logm + 58’ log mo; log m + logm) (4.43)

4.3.7 Effective equations

We finally have all the tools to build our effective equations. For the scalar effective

equation, taking the ¢ component of equation 4.23 gives the equation
om + 0;(mv') = 0 (4.44)

which is the standard non relativistic conservation law for m(z’,¢). We have to
understand m as the horizon density at each worldvolume point|12], so this equation
shows energy conservation over the whole brane horizon. The equation contains
partial derivatives because it has been derived for cartesian worldvolume coordinates
(recall g;; o< 9,5, so for a general chart one shall substitute 0; with V;, covariant
derivatives over the spacelike coordinates of the brane, since the equation is non

relativistic.
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Aside, let’s compute now the spatial components of 4.23 in the asymptotic region
for p. With our knowledge of each K* component, Einstein equations will come
out as a motion equation for the effective velocity v*[12]. At leading order plus first
order correction, we will have
dym  FmI;m

2m?

Ouvi-+ 9050, = D100+ 0,007 + 0wy + 0y0) log m+ 0 +logm)

(4.45)
The same generalization applies here for substituting partial with covariant deriva-
tives for an arbitrary chart. Together, 4.44 and 4.45 are already the effective equa-

tions. Nevertheless, they are more compactly expressed in terms of a new variable
pi = 0im + mu; (4.46)

which has a clear interpretation of effective momentum of the mass distribution over
the worldvolume. In terms of p;, the final form of the effective equations for black

brane and probably the most important equations for this Dissertation, is
(0 — V)m = =V’ (4.47)

(& — V2)pi = Vym — W (%’J) (4.48)

where all the non linear dynamics of the black brane is concentrated in the last non

linear term of 4.48.

As a final remark, the effective equations can also be interpreted as fluid equations.
As already discussed, 4.47 is nothing else but a continuity equation for the effective

mass distribution. Moreover, one may rewrite equation 4.45 as
Op(mv') + Vj(mv'v? +79) =0 (4.49)
being
Tij = —m(5,-j — 2mV(Z’U]) — mV]VZ logm
. Recalling the equation of state for a black brane in the large D limit, p = —p, we
see that the first term in 7;; has the form of a pressure contribution, and the second
term is a viscosity contribution|[13]. Hence, we may interpret 4.49 as a standard

fluid motion equation with the additional o< v*v’ non linear term that characterises

our theory.

61



Related to the effective magnitudes, one may compute three relevant and very

natural integral magnitudes|35|: the effective total mass

M(t) = / P fgm(t, z) (4.50)

the effective momentum vector

Pi(t) = /dpx\/ﬁpi(t,x) (4.51)

and the effective angular momentum tensor

JU(t) = /dpx\/ﬁ(xipj(t,x) —2p'(t, x)) (4.52)

where g is the determinant of the worldvolume metric, which includes all the space
dimensions of the brane but excludes time, since the effective theory is fully non

relativistic.

The effective equations can also be derived with the help of computational sym-

bolic calculations from the metric

2, 1 1 p; | .
ds® = — (1——’”(:’3’ t)>dt2+2dtdr+r2d§2n+1——p i) gy (&ﬁ—p—l(‘”’ D, (2 t))d:adxﬂ
rn nore n n  r*m(x,t)
(4.53)

Expressing m and p; as a power series in 1/n, solving Einstein up to the first higher
order will directly recover the effective equations 4.47 and 4.48. From this metric
we get an even better intuitive notion of m(z,t) acting as the worldvolume mass

density and p; its worldvolume momentum.
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Chapter 5

Applications

In this final chapter we provide several applications of the effective theory for black
brane dynamics that has been developed previously. Hence, all our results will
emerge from solving the effective equations, 4.47 and 4.48. Several results are ob-
tained with numerical analysis, which we have replicated here for confirmation and
clarity using the NDSolve module from Mathematica through self developed codes
than can be found in the Appendices.

5.1 Black holes as blobs on the membrane

One may ask how an effective theory entirely developed on a black brane spacetime
can provide further understanding of black holes. We prove now that the effective
equations 4.47, 4.48 contain different solutions all of the form of localised "blobs"
on the mass density field m(t, z%) that ultimately satisfy all the properties of each

type of black holes we've been talking about previously.
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5.1.1 Gaussian solutions

Let’s consider the simpler scenario of p = 2, the simplest brane aside from the black
string. We want first to find time independent axisymmetric solutions. We shall,
hence, use flat polar coordinates ds? = —dt? + dr? + r2d¢? on the brane. After a bit

of algebra, the effective equations become

1 1 1 1
(002 - 502 - ;&)m — (0. + ;)pr — 500 (5.1)
1 1 1 2 2 1 _ppe 105 1p2
O — P — —2—-d, —)T = sps = Om — 8,0 — ~ 3 R A
(t T2 g +r2p+r3 *Po mn m r2¢m+r3m r2m
(5.2)
1 1 2 PrP¢ 1 pg& PrD¢
8, — P — — —ar) 2 0p, = Ogm — 9,0~ g2le
<t T2 ¢+r Ps 7’¢p oTm m r2 ¢ rm
(5.3)

We want to find an axisymmetric and static solution: hence nothing can depend on ¢
neither ¢. Under this assumption 5.1 is solved by p, = 0,m, which after substitution
in 5.3 gives py = mr*Q2 being 2 an integration constant. Equation 5.2 then becomes
ordinary for m(r)[36]:
2 2

(d_+1%+1> logm—i—ﬁ((ﬁl—T)Q:—% (5.4)

After rewriting
a 1+V1—-402

= rm s e (5.5)

then 5.4 admits a gaussian family of solutions of the form|36]

2

m(r) = moe 20+a%) (5.6)
written in this notation, a is directly related to the axial angular momentum per
unit mass: J = 2aM, being M, J the effective mass and angular momentum (its
only non vanishing component for p = 2) of the brane respectively, by explicit
calculation in 4.50 and 4.52. By returning to a cartesian coordinate chart, and
thanks to Galilean invariance of the system, we can boost and translate the frame

and write the gaussian solution in terms of its spatial velocity and initial position
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with respect to the new frame:

(25 — o; — wit) (2" — mo* — u't)

m(x,y,t) = moe” 20+ ) (5.7)
_ ($z — Xo; — Uzt) (.IZ — Z‘Oi — Uzt) 1 . ) )
pi(x,y,t) = mee 20+ ) (Uz + m(aﬂj — 05) (27 — x¢” — UJt))

(5.8)

being ¢;; the spatial Levi-Civita tensor.

5.1.2 [Equivalence with Myers-Perry black holes

Consider the Myers-Perry metric in D dimensions 2.23 in the particular case of a
singly rotating black hole: a; = a > 0, all others a; = 0. The resulting metric
is identical in both even and odd D[10], more easily derivated from 2.22; and is

expressed as

D-3 D-3 ;2 2, D3 ;2
2 o 2, 2ary " sin” 0 5 o a'ry "sin®O\ . o,
ast = — (1 =)t D—szdtdm(r ta +7J)—52) sin? 0l +
% 2 2, 202
dr* + Xd0” + r* cos” 0dQlp_4 (5.9)

r2 4 a2 — r(?_3/rD—5

being ¥ = r? + a® cos? # as in the standard notation of Kerr metric, and y; = sin 6.

Applying now the coordinate change p = rcosf, followingly replacing r —

ry/(D —5)(r2 +a?)sin@ and labeling B = (1 + a*)p”~?, then the metric 5.9 is

rewritten as|36]

r2 2
—_ T
1 2a 7% 20+) r? @ € 3atay

2
ds?® ~ — Adt? dtd 1
i "D 5i+a R b+ 5(+D—5(1+a2)2 R

2

1 dR? 1 r2 e 2(1+a?) ) )
- 5)2) AR D=5 <1 T 51 ra2 AR )dr oAy (5.10)

2

e 2(1+a?)
R

where terms at higher orders in 1/D have been omitted. Finally, we just need to

log(AR).

A=1-

redefine two coordinates[36]: ¢ — ¢ + 5= log(AR) and ¢ — ¢ —

5 1+a2
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Then, the previous metric 5.10 has exactly the form of 4.53 as long as we identify

2

m(r) = e HraD (5.11)
r 2
pr(r) = — Tt 2(1+a?) (5.12)
ar?  __r?
po(r) = T ¢ 2(1+a?) (5.13)

which are exactly the expressions of the effective mass and momenta for the gaussian
blob solution as defined in 5.6. Hence, we have proved that gaussian blob solutions
with spin a may be perfectly interpreted as single spinning Myers-Perry black holes
in the large D limit.

5.1.3 Quasinormal modes

We will now extract the quasinormal spectrum of the slow modes in the Schwarzschild-
Tangherlini particular case, i.e. a = 0, since we discussed it in previous chapters.

Consider the non spinning case of 5.6 and consider an infinitesimal periodic pertur-

bation:
Sm(t,r, ) = Op(r)e WiTime? (5.14)
Spr(t,r, @) = 6, (r)e”Witime? (5.15)
6po(t, 1, @) = O4(r)e witims? (5.16)

where all §; << 1. Effective equations at linear order on the perturbations will
establish relations between the radial functions ¢;. In concrete, on can prove [36]

that a combination of them lead to

ﬁ[d—QG—T)%ﬂme%—T—}]%:o (5.17)

where k; are the three solutions of a cubic equation,

Y(1+7) —6+3m¢k (v +3)9me —9+17)
12 216

kB — %k:Q + =0 (5.18)

which is, itself, dependent on the frequency w via v = 3(1+iw — m,). Nevertheless,
equation 5.17 only is regular at both r = 0 and asymptotic infinity under the con-

dition on k; to be natural[36], in which case the solutions are Laguerre polynomials.
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Using ¢ = 2k —m,, (obviously m, must be integer by continuity of the perturbation),
the imposition of & being natural (hence ¢ being integer) gives in return the quan-
tisation condition of the frequency spectrum, which is nothing else than rewriting

5.18 in terms of ¢ and finding the solutions for w:
w? —i(4=30w? — (L —1)(30 —dw —il(t —2)({ — 1) =0 (5.19)
which has, of course, three complex solutions for w, only one being real:
wi=—i(l—=1)+£Vl—-1, wy=—i(l—2) (5.20)

The purely imaginary frequency corresponds to a stationary mode (non periodic)
that exponentially decays with time. The frequencies w. are exactly of the form of
3.48, the scalar modes, up to order at leading order for large D, while wy is exactly
the leading order of 3.47, the vector modes, after a unit shift in ¢ due to different
definitions. Note that since Imw < 0 for all the mentioned modes, by inspection
in equations 5.14, 5.15 and 5.16, then the three of the modes are stable since their
module decays with time. Of course, the spectrum we’ve found corresponds to the
decoupled QNM, since only they are localised on the near zone of the black hole

and, hence, can be described with an effective theory.

More general and vastly longer calculations may be done in the general Myers-
Perry case a # 0 to end up obtaining the quasinormal spectrum of Myers-Perry
black holes|19, 36|, which is a direct (and necessary!) consequence of being able to
interpret axisymmetric stationary black holes as gaussian blobs on a brane in our

effective theory.

5.1.4 Black bars

Effective equations also contain a solution that, though no longer axisymmetric, has
great physical importance for the following sections: the black bar solution (still
considering a 2-brane)[35], in which the the effective density takes the following

expression:
2

1—- 2 1—/1—-492 cos[2(p—Qt :|
it 1) = mge !~ (Y to-)

(5.21)
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Figure 5.1: This simple graphic illustrates the very different dependence between 2
and J/M for Myers-Perry black holes and black bars. Their functions intersect at
J/M = 2 with Q = 1/2, which in addition is its critical value and upper bound for
a black bar.

The shape of 5.21 is actually that of a rotating bar with constant angular velocity
2. The bar behaviour is intuitive: given a concrete direction from the origin, i.e.
for an arbitrary value of ¢, m will be a gaussian blob oscillating in width with time
over a period of 27/Q, and the term with a cosine will determine the maximum
and minimum width the bar may take, i.e. its longitudinal and transverse lengths,

—2%/(20%) heing o its

respectively. Since a gaussian distribution takes the form of ~ e
standard deviation, we can identify the characteristic length scale of a gaussian blob
as its standard deviation. Hence, by inspection and comparison, the longitudinal
and transverse lengths corresponding to the maximum and minimum deviation will

be
= (5.22)

By explicit integration through their definitions, one can check that Q= = J/M.
Hence, angular momentum per unit mass is no longer proportional to the rotating
frequency as one would naively expect, but proportional to its inverse. Note that

the solution only exists for Q € [—1/2,+1/2] and the critical value Q = +1/2
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recovers axisymmetry: in fact, it is the exact solution of a singly spinning Myers-
Perry black hole as a gaussian blob 5.6 taking a = 1. Furthermore, note how the
angular momentum of unit mass, due to the restriction on the values of €2, presents

a lower bound so that J/M > 2 (see 5.1): infinitely slow black bars do not exist.

5.2 Black hole collisions

The black hole interpretation of gaussian blobs on the brane enables us to study
black hole phenomenology in the large D limit using our effective theory for black
branes. We’ll start by analysing collisions between two black holes. This must be

computed numerically.

5.2.1 Initial configuration

Our initial configuration will be two Myers-Perry black holes with equal or oppo-
site spin by simplicity and located far away from each other. Hence, the initial
configuration of the mass distribution m can be approximated as the direct sum of
two gaussian blobs 5.7 located around different points (g, yo) with relative velocity
that makes them get closer with time. The direct sum approximation will be also
valid for building the initial configurations of p;. We can always choose a cartesian
2-dimensional chart so that the center of mass is at rest and set to the origin, and
align the relative velocity, say, to the x axis, following the same choices as [35].
Then, the initial system will the depend on five parameters: xg, yo = £b/2, u, a
and myg, the mass at the center of the blob which we require it to be equal for both

blobs. Under these assumptions, the initial configuration will be (see figure 5.2)
m = m(mg, —g, —b/2, +u,0,a) + m(mg, +x9, +b/2, —u, 0, +a) (5.23)

where m(my, o, Yo, Uz, Uy, a) are the isolated gaussian blobs 5.7 with particular val-

ues on the parameters.
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Figure 5.2: Plot of the discussed initial state of m(x,y) with arbitrary parameters

xo=05,b=10,mg=1,a =2 and u = 3.

To numerically run the effective equations, we further need boundary conditions
for the worldvolume coordinates domain. Simply, by working in a square of length
L >> xy ~ b, one can require Dirichlet homogeneous conditions and the boundary
without any inconvenience. By consistency, we set m, p; to be very small constants
at the boundaries but not exactly zero to avoid numerical divergences: recall 4.48
contains a dividing m in the non linear term, so non of the effective functions can
vanish completely. It has been computed that collisions at large relative velocity u
results in the formation of > 2 objects. We'll therefore always use small velocities

to that a 2 — 1 or 2 — 2 scattering is guaranteed.

5.2.2 Numerical Results

Here we’ll discuss the results achieved in [35] and we will illustrate them with some
examples taken from our own numerical simulations, using the NDSolve module to

numerically solve PDE systems in Mathematica.

The results show both qualitative and quantitative interesting features. On one
hand, one could ask what objects and how many of them should we expect in the
final state and, if they exist, in intermediate states. As consequence, of course, we’d
want to know the values of our parameter set for which these features are modified,

and to finally draw some kind of phase diagram for black hole collision.
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Figure 5.3: This figure is taken from [35], representing three numerical sets of simu-
lations varying u (red), b (green) and a (blue), for two parallel spinning black holes.

The orange line marks the upper limit of black bar stability at longer time scales.

The first fundamental result is that the final resulting outcome from our discussed
initial configuration exclusively depends on the initial angular momentum, as defined
in 4.52. This can be proved by running several sets of simulations varying at each
set one single different parameter and plotting the results, for example the angular
velocity €2 of the final state if it contains a single object, as a function of the varying
angular momentum. One realizes that all sets of data are identical (Figure 5.3).
Note that, because of the lack of gravitational radiation emission in the large D
limit, total angular momentum is conserved throughout the evolution in all the

simulations|37].

The shape of 5.3 also replicates figure 5.1 and, for J/M > 2, we see that numerical
simulations predict a black bar type final state over a Myers-Perry black hole. Hence,
for J/M > 2 Myers-Perry black holes are unstable. Eventually, black bars become
unstable too for J/M = 4/+/3 (the value of the orange dashed line in 5.3). As a brief
justification, when €2 keeps decreasing the longitudinal and transverse lengths 5.22

diverge and vanish respectively, so the black bar approaches the configuration of a
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Figure 5.4: Graphic plot of the final state of m(z,y) for u = 1.7, a = 0 and b = 1.
We clearly see that the final object is a perfectly round gaussian blob, i.e. a Myers-
Perry black hole. Note that despite having two Schwarzchild-Tangherlini black holes

initially, as a = 0, the final state must be Myers-Perry due to a total non vanishing

angular momentum caused by the impact parameter b # 0.

black string. Then J/M = 4/4/3 corresponds to its first unstable mode[35] related
to the black string Gregory-Laflamme instability.

The two following figures 5.4 and 5.5 are the result of two example cases after
numerically computing the effective equations by ourselves. We can check that the

results match with those from published papers.

5.2.3 Violation of Cosmic Censorship

Up until now, all the results that have been discussed were computed with a reason-
ably low total angular momentum per unit mass in the initial configuration. Thanks
to this restriction, all the final outcomes consisted in one single object, either a M-P
black hole or a black bar. One may ask what happens if we keep increasing the total

angular momentum, were both M-P black holes and black bars are unstable.
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Figure 5.5: Graphic plot of the final state of m(x,y) for u = 1.7, a =0 and b = 2.5.
We clearly see that the final object is no longer a circular blob but a distribution
with two orthogonal main axis: it is a black bar. Further figures over a small time

interval would show how the bar rotates.

Hence, we now run again simulations with two initial gaussian blobs but using a
set of parameters u, a and b so that J/M is larger that the threshold for black bar
stability: J/M > 4/4/3 ~ 2.31. For J/M slightly greater than the critical value, the
final state still contains a black bar. This is due to the long time scale of the black

bar instability when J/M is close enough to the threshold.

One needs to reach an angular momentum J/M > 2.43[37, 35] if, like in our sim-
ulations, we run ¢ € [0, 10]. When we run the equations under these conditions, the
result we obtain is an intermediate short lived black bar due to Gregory-Laflamme
type instabilities followed by a smooth split through its middle section and, even-
tually, a complete separation into two independent Myers-Perry gaussian blobs, in

general different from the incoming black holes (see figure 5.6.

The physical relevance of the black bar split is deeper that what it seems on the

surface since. The fact of the horizon density of the black decaying into zero implies,
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Figure 5.6: These figures show the shape of m(x,y) at t = 5 with an initial config-
uration with u = b = x¢p = 3 and a = 2 with parallel spinning black holes. With
these parameters, the angular momentum satisfies J/M > 2.43 and, as expected,

the black bar ends up splitting into two black holes.

remarkably, a violation of Cosmic Censorship[37, 35, 38]. Weak Cosmic Censorship
is a conjecture which, roughly, states that all curvature singularities that arise from
gravitational collapse must be hidden within a black hole[2]. Consequently, Cosmic
Censorship (CC) forbids the existence of naked curvature singularities. Hence, CC
would forbid the horizon of the black bar to completely shrink to zero in its center,
where the singularity remains. We can never see it explicitly through an effective
theory (since the horizon density is never exactly zero), since a perturbative expan-
sion in 1/D no longer well defined around a singularity; we would need curvatures
smaller than 1/D|37|. However, the result matches with other studies [38], and its
natural interpretation itself suggest a complete shrink of the horizon at the origin,

violating CC.

This result through the effective theory is one more prove that suggests that
Cosmic Censorship may be violated in spacetimes with dimension higher than D =

4138, 37].
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5.3 The black string instability

5.3.1 Equations and initial state

As we have explained in previous chapters, at D > 5 and lower than some higher
value around D =~ 13, black branes are Gregory-Laflamme unstable[7|. Here, we’ll
try to show this instability in a numerical simulation of the effective equations for a
black string and, furthermore, investigate the final state of this instability and give
some interpretation of it. Hence, throughout this section we’ll be following [39] with

our own simulations as a confirmation of the results.

For a black string the effective equations are simple: from 4.47 and 4.48, the black

string equations will be

(0 — O)m(t, 2) = —0:p(t, 2) (5.24)

(0= 0p(1.2) = 0-(m(1.) - 1020) (5.25)

We assume the string is compactified, i.e. the solution is periodic in z. So, we

can simply restrict z € [-L/2,+L/2], so that the solution will have an associated

wavenumber k = 2m /L.

For the initial state, we will take a perturbation from the static uniform string:
m(0,2) =14 0m(2), p(0,2)=0,(z) (5.26)

so that the center of mass is at rest and located at the origin, i.e. P = 0 as defined
in 4.51. We can start the simulation with, say, a periodic perturbation (see figure
5.7)

d 1

Om(2) = €cos(kz), d,(2) = —dn(z) = — € sin(kz) (5.27)

with € << 1. Since the perturbation is even in z, periodic boundary conditions
in +L/2 will reduce to homogeneous Neumann conditions for the m(t, £L/2) and

Dirichlet conditions for p(¢,+L/2).

75



Figure 5.7: Initial profile of the mass density m(z). On the right, a zoom in of the
left graphic to appreciate the shape of the initial perturbation. We’ll always use
¢ = 0.01 and, here, L = 1 arbitrarily.

5.3.2 Numerical results

The final outcome can be summarized in the following features:

e Final shape: For all values of k between 1/2 and 1, the final state is a non uni-
form black string with one single blob centered at z = 0 whose peak decreases
with & (see figures 5.8 and 5.9), since it can be reasonably well approximated
to gaussian, m ~ Le %/ 2 regardless of the initial shape of the perturbation.
For values of k£ below the previous range, i.e. longer strings, the final state
depends on out initial choice for §,,(z) and may end un showing more than
one blob. For k£ > 1, instead, the perturbation is stable and the string quickly

returns to the uniform configuration[39] (see figure 5.7).

e Time scale: For the most relevant range 1/2 < k < 1, we see that the equilib-
rium final state, i.e. the endpoint, is reached faster as k decreases. This is a
general feature; however, the total time spent may still depend on the initial

shape of the perturbation.
Hence, our effective theory predicts that the endpoint of unstable compactified

black strings will be non uniform black strings, whose shape and evolution time will

depend on length.
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Figure 5.8: Final outcome of the perturbed black string at ¢ = 25 for k = 0.9 €
(0.5,1). We see that the infinitesimal perturbation grows into a moderately non

uniform black string with a peak at m ~ 1.2.

Figure 5.9: Final outcome of the perturbed black string at t = 25 for £ = 0.6 €
(0.5,1). We see that the infinitesimal perturbation grows into a sharply non uniform
black string with a peak at m = 4.0, much higher than the peak for higher values
of k. We also see that the mass density in the extremes tends to zero quicker than

in the other cases.
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Figure 5.10: Final outcome of the perturbed black string at ¢t = 25 for £k = 1.2 > 1.
We see that the perturbation hasn’t grown and the string remains uniform. Hence,

the uniform string is stable.
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Chapter 6

Conclusion

As a conclusion for this Dissertation, here we review and summarize the main results

of the project.

In chapter 2 we’ve seen than General Relativity is naturally extendable to a higher
number of space dimensions. In concrete, the generalization of black hole solutions
in vacuum expands to a great spectrum of geometries: some of them are straight
generalizations from D = 4 cases, such as the Schwarzschild-Tangherlini solution
for spherically symmetric and static black holes and the Myers-Perry solutions for
stationary rotating black holes. Other geometries such as brack strings, black branes
or black rings are completely novel. Uniquess theorems, hence, no longer hold. The
study of black hole dynamics in higher D gets drastically simplified using the large
D limit, which implies working at leading and first higher order in 1/D in all objects.
For a black hole, the large D limit restricts all gravitational effects into a thin layer
of width ro/D around the event horizon, leaving the outer spacetime flat at leading

order

In chapter 3 we have found how, at any D, perturbative dynamics of black holes
are described in terms of quasinormal modes, which are harmonic eigenfunctions that
transform as scalars, vectors or tensors in the maximally symmetric submanifold.

Given the absorptive nature of the black hole, their frequencies are not necessarily
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real, bringing the possibility of quickly dissipative or unstable modes. The allowed
frequencies may be quantised due to asymptotic and horizon boundary conditions.
In the large D limit, the frequency spectrum of quasinormal modes of black holes
can be disjointedly classified into universal fast non decoupled modes, with frequen-
cies proportional to D without extra information, and slow decoupled modes with
frequencies independent of D at leading order, localised around the horizon and with

rich physical information that makes them unique of each solution.

In chapter 4 we’ve followed the derivations where, for appropriate ansatzs, solving
Einstein equations up to the first higher order in 1/D gives rise to sets of effective
equations that operate on effective variables in terms of which non linear dynamics

of large D black branes can be described by means of an effective theory.

Finally, in chapter 5 we have studies how static gaussian type solutions of the
black brane effective equations may be interpreted as singly spinning Myers-Perry
black holes, making the effective theory of black branes able to describe dynamical

features such as collisions or fluctuations.

Regarding black hole collision we have confirmed that, depending only on the
total initial angular momentum per unit mass J/M, collisions between two singly
spinning Myers-Perry black holes evolve into a final single M-P black hole for low
J/M, a rotating black bar solution for higher J/M and, ultimately for even higher
J/M, a break out of the bar into two new and separate M-P black holes, violating

Cosmic Censorship in the process.

In parallel, due to the Gregory-Laflamme instability, we have checked that ini-
tially uniform compactified black strings with an infinitesimal perturbation may
have different endpoints depending on its compactified length. For short strings the
perturbation is stable and quickly vanishes. For longer lengths, the perturbation
grows into a final stable state where the black ring is no longer uniform, being the

deformation larger and faster to reach equilibrium as the length of the string grows.

80



These are only two applications of one of the two effective theories in the large D
limit that have been studied here. Other problems may be dealt using the mentioned
tools such as the stability of ultraspinning Myers-Perry black holes[40] or the quasi-
normal spectrum of rotating black holes[19]|. Hence, we end up this Dissertation by
acknowledging one last time how the classical study of black holes, in concrete their
study in the large D limit, has still a lot of topics to continue researching at, hence

being arguably a hot field in current physics investigation.
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Appendix A

Black hole collision code

u=3
¥ =5
b=16
a=2
M=1
mifx 5 ¥ ] = MxExp[- (({x+x0)*24+ (y+b/2)"2) /(2% (L+a"2)}]
m2[x 5, ¥ ] = MaxExp[-{({x-x20)"24+ (y-br2)~2) f (2% (1L +a"2))]

ma[x 5, v ] = @.1+ml[x, y¥] + m2[x, ¥]
Plx[x_s v ] = D[ml[x, ¥]y X] +mL[X, ¥] * (u+axb/ (2% (1L+a"2)))

P2x[x_s v ] = D[M2[%s ¥]s xX] +m2[%, ¥] * (-u-axb/ (2% (1L+a"2)))

Plyl[x_5 y_] = D[ml[x; y], y] =ml[x, y] #a=xB/ (1+a"2)
P2ylx s v 1 = D[m2[x; y]> ¥] #+m2[x, y] #a#x8/ (1+a"2)

pax[x_, v 1 = plx([x,; y] + p2x[x, y]
pay[x_, v 1 = ply[xs y] + p2y[x, ¥]

mbl = m@[-18, y]

mb2 = mB[+10, y]

mb3 = m@[x, -18]

mbd = m@ [x, +18]
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pbx1 = pox[-10, y]
pbx2 = px[+18, v]
pbx3 = p@x[x, -10]

pbxd = pBx[x, +10]

pby1 = ply[-18, y]
pby2 = ply[+18, y]
pby3 = poy[x, -10]

pbyd = py [x, +10]

sol =
NDSolve[ {D[m[t, %, ¥]» t] - Laplacian[m[ts %y ¥]s {¥s ¥}] ==

Crali v UL U d o i L

—Di‘“’[{P‘x[tJ ¥ ¥)a Y[t 22 ¥1)s {2 ¥}

Dpx[t, % ¥]s t] = Laplacian[px[t, xs ¥]s {% ¥}] ==

-1

Dim[ty ®xs ¥]as x] -

Di“[{l:"x[t: Wy W] wpx[ty ¥ ¥] Sm[t, %, ¥]a

Pty 2y ] «pyl[ts 2 v] Mty x5 ¥]}s {2 ¥}]s
Dlpy[ts ®» ¥]s t] - Laplacian[py[t, %, y]s {%s ¥}] ==

Dim[ty xs ¥]s ¥] -

Di‘“"[{PY[tJ Xy ¥] wpx[ty xp y] Fm[t, 3,5 ¥]s

PY[ts 3 ¥] «pylts 3 y¥] /m[t; % ¥]1}s {3 ¥}]s

mi@, 3y y] = mB[x, yv], pr[@,y x5 y¥] = pOx[3, v], py[@, x, ¥] = ply[x; ¥],

m[ty; =105 y] == mbl; m[t, +10; y] == mb2, m[t, %, =10] == mb3,
m[t, ¥, +18] == mb4a,

px[ty =10, yv] = pbxl, px[t, +19, y] = pbx2, px[t, x, -18] = pbx3,
px[t, %, +10] = pbx4, py[t, =10, y] = pbyl, py[t, +18, y] = pby2,
pyl[ty %, =18] == pby3, py[t, x, +18] = pby4a},

{my pxs pyls {t, 0, 10}, {x, -10, +10}, {y, -18, +10}]

Plot3D[m[@.y %y v] /. sol, {xy -10, 10}, {yv, -18, 10}, PlotRange -+ All]

o Ll Slall-a U alligl Uk 1Tl Ll
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Appendix B

Black string instability code

eps = 8.01;

mB[z ] =1.+ epswCosfkwz]

palz_] = D[mB[z], z]

k=0.6
L=2Pi/k;

sol =
MDsolve[{D[m[t, z], t] -D[m[ts 2], {25 2}] == -D[p[t, z]; 2],
D[plt; 2], t] -D[p[ts 2], {25 2}] ==

D[m[t, 2], 2] - D[P[ts ] #p[t, 2] /W[, 2], 2]

m[e, z] = md[z], p[0, z] = po[z], m** [t, -L/2] =0,
m®3 [ty L/2] =0, pt, -L/2] =0, p[t, L/2] =0},

{m, p}s {t, @, 25}, {2, -L/2, L/ 2}] [[1]]

tval = 25.;

Plot[m[tval, z] /. sol, {z, -L/2, L/2},

PlotRange —+ {{-L/ 2y +L/ 2}, {0, 4}}]

Plot[p[tvals; z] 7. sols; {Z; =L/ 2; L/ 2},

PlotRange —+ {{-L/ 2, +L/2}, {@, 4}}]
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