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Abstract

In this thesis we discuss two aspects of quantum gravity and break it up in
the following way.

In part I, we discuss a scalar field theory living in de Sitter space-time. We may
describe the infinite past or future as being boundaries of this space-time and, on these
boundaries we construct a field theory. It has been shown by Strominger that there
exists a correspondence between the bulk de Sitter space-time and the field theory
living in the infinite past [1]. This may be described as a holographic principle, where
information in the bulk de Sitter space-time corresponds to information contained in
the boundary field theory.

We discuss the correspondence in two dimensions where the field theory is
represented by a quantum mechanical model with conformal symmetry. We build up
the quantum mechanical model and construct its Hamiltonian along with its energy
eigenstates.

Next, we study the correspondence for a three dimensional asymptotic de Sitter
space. By approaching the boundary of the space-time the symmetry is enhanced for
the corresponding field theory. These symmetries are generated by charges dictated
by Noether’s theorem. We explicitly calculate the generators of these symmetries and
show they satisfy the Virasoro algebra with a central extension which helps to create
a full picture of the correspondence.

In part II, we focus on the ramifications of perturbed black holes in asymptoti-
cally anti-de Sitter space-time. By perturbing a black hole, it vibrates in characteristic
modes much like the ringing of a bell. These modes are known as quasi-normal modes.
We will show that by applying the appropriate boundary conditions, the quasi-normal
frequencies are quantized. We calculate the quasi-normal frequencies in four and five
dimensions perturbatively for various types of perturbations.

Understanding these modes may help in understanding the holographic prin-
ciple, and can give insight into the intrinsic parameters of the black holes. It is
important to understand the characteristic modes and corresponding characteristic
frequencies of these black holes in order to hopefully compare to experimental results
from future gravitational wave detectors.
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Part 1

Introduction



This thesis is broken into two parts both dealing with aspects of quanutm
gravity. In part II, we discuss the holographic principle for de Sitter space-times
in two and three dimensions. We calculate various quantities on the boundary field
theory, which help in explicitly showing the holographic principle. In part III, we
follow by looking at particular aspects of black holes, namely quasinormal modes of
black holes. Understanding these modes may help in understanding properties of the
holographic principle in more detail.



Part I1
The dS/CFT Correspondence



Chapter 1

Introduction

1.1 Motivation

One of the ultimate unsolved problems in physics today is the problem of unifying
the four forces (strong, weak, electromagnetic and gravitational) into a single theory.
There have been attempts to unify the forces that make up the Standard model.
One attempt at unification was the SU(5) model. This theory contains all the forces
of the Standard Model (strong, weak, electromagnetic) however, it predicts rapid
proton decay at such a rate which is below current experimental limits and is rejected.
Other grand unified theories have been proposed which include the Standard Model,
and do not contradict experimental results. These theories however do not include
the gravitational force. Presently, the best candidate for unification is superstring
theory which unifies gravity along with the forces contained in the Standard model.
String theory was originally invented to explain characteristics of hadron behavior. In
particle-accelerator experiments, physicists observed that the angular momentum of a
hadron is proportional to the square of its mass. No simple model of the hadron, such
as picturing it as a set of constituent particles held together by spring-like forces, was
able to explain these relationships. In order to account for these “Regge trajectories,”
physicists turned to a model where each hadron was in fact a rotating string, moving
in accordance with Einstein’s special theory of relativity. Although string theory
could explain these relationships, a new theory known as quantum chromodynamics
(QCD) moved to the forefront because it could explain the experimental data in the
high energy regime and predicted asymptotic freedom. QCD was established as the
theory that explains how quarks interact through the strong interaction.

Although QCD explains the experimental data, work continued in developing
superstring theory, because it included gravity. In 1984-85 there was a series of
theoretical developments [5] that convinced theorists that superstring theory is a
very promising approach to unification of all forces. It wasn’t long before the subject
was transformed from an intellectual backwater to one of the most active areas of
theoretical physics, which it has remained ever since. String theory abandons the
notion of point particles and replaces them with one-dimensional strings. By the



1990s, work in this field led to the construction of five distinctly different string
theories. This leads to the questions, why is there more than one theory and which
is the ultimate theory? Evidence shows that these five string theories are in fact,
particular limits of a larger theory known as M theory. These five string theories are
related to each other via duality transformations. Let us look at an example.

The duality symmetry that obscures our ability to distinguish between large
and small distance scales is called T-duality, and comes about from the compact-
ification of extra space dimensions in a ten dimensional superstring theory. If we
compactify one of the dimensions on a circle, we introduce a new parameter, known
as the winding number. The energy of the string is now expressed in terms of the
momentum modes and the winding modes. These momentum and winding modes
may be interchanged, as long as we also interchange the radius R of the circle with
the quantity ¢?/R, where /, is the string length. If R is very much smaller than the
string length, then the quantity ¢2/R is going to be very large. Therefore, exchanging
momentum and winding modes of the string exchanges a large distance scale with a
small distance scale.

T-duality relates Type ITA superstring theory to Type IIB superstring the-
ory, both of which are theories of closed strings that possess supersymmetry. That
means if we take Type IIA and Type IIB theory and compactify them both on a
circle, then switching the momentum and winding modes, and switching the distance
scale, changes one theory into the other! The same is also true for the two heterotic
theories, which also describe closed strings that possess supersymmetry. In addition
to T-duality there is a symmetry called S-duality which relates the coupling strength
of two theories. Understanding the weak(strong) coupling limit in a Type I super-
string theory leads to understanding the strong(weak) coupling limit of the heterotic
superstring theory, with gauge group SO(32) through S-duality.

At present, physicists and mathematicians are studying various aspects of
string theory. We can study the string theories in different limits and show how
some are related via the dualities and it looks like they may combine into a single
theory which we call M theory. We can probe various limits of M theory but its
general description is presently not understood. We are hoping the fundamental
principles of string theory will be found, which would explain many of the unanswered
questions and lead us into the right direction. Presently there are many new aspects
of string theory that can be studied. This thesis will cover only two aspects of
quantum gravity: the de Sitter/ Conformal field theory (dS/CFT) correspondence
and quasinormal modes of black holes. The dS/CFT correspondence is motived by
the anti-de Sitter/ Conformal field theory (AdS/CFT) correspondence which was
introduced by Maldacena, and because we live in a universe that appears to have a
positive cosmological constant [17].

In 1998, Maldecena opened up a new era of exploration in string theory. He
used the idea of 't Hooft and studied the large N (number of colors) limit of super-
conformal field theories and supergravity on the product of Anti-de Sitter space-times
(appendix A), spheres and other compact manifolds [7]. The large N limit is pre-
sumably equivalent to the low energy limit. In either limit, the theory in the bulk,



described by a type IIB string theory, decouples from the theory on the boundary,
described by a N/ = 4 super Yang Mills theory. In essence, Maldacena connected
one particular superstring theory to a conformal field theory on the boundary of the
space-time. This correspondence may connect string theory back to QCD. If a super-
symmetry breaking mechanism is discovered, we would be able to explain QCD from
string theory.

The conjecture was a possible breakthrough in relating string theory to the
standard model and led to a surge of new research [8, 9, 10, 11, 12, 13, 14, 15]. Even
though the AdS/CFT correspondence is by now well-understood, a similar correspon-
dence for a de Sitter space has been quite a puzzle to establish. In contrast to anti-de
Sitter space-time which has negative cosmological constant, de Sitter space-time has
positive cosmological constant and may describe the vacuum state of our universe.

The AdS/CFT correspondence works, because anti-de Sitter space has a phys-
ical boundary on which the CFT can live. How can one construct a dS/CFT cor-
respondence when de Sitter space-times have no physical boundary? A concrete
proposal for a dS/CFT correspondence was recently put forth by Strominger [1] and
attracted much attention [18]. According to this proposal, all observables in the bulk
de Sitter space are generated by data specified on its asymptotic boundary which can
be selected to be the Euclidean hypersurface Z~ in the infinite past. The isometries of
the de Sitter space are mapped onto generators of the conformal group of the theory
defined on the boundary Z—. This CF'T is hard to construct in general, but various
features, such as conformal weights and masses, are known. In three-dimensional de
Sitter space, the conformal group on the boundary is infinite and the central charge
is known [19].

Understanding the dS/CFT will give insight into our universe. We would
like to extend the work in three dimensions to a higher dimensional correspondence,
namely quantum gravity on a four-dimensional de Sitter space corresponding to the
vacuum state of our universe.

1.2 The dS/CFT correspondence

In this section we will give an overview of what the dS/CFT correspondence is by
following the work of [1]. We will choose a region of space-time comprising of the
causal past of a timelike observer in space-time. We will calculate the Hadamard two-
point function in this slice and on its boundary. The Hadamard two-point function
may be expressed as the symmetrized product of two fields given by

G(X; X') ~ (0[{a(X), o(X)}]0)

We will show that there exists a conformal field theory on the boundary and that its
two-point function has the same behavior as the two-point function in the bulk of the
region.



d-dimensional de Sitter space may be described by the hyperboloid
d
Y X1 =107, (1.1)
i=1

where ()Z ,T') are expressed in terms of spherical coordinates (7,7) defined by

—

T =/sinh7, X = /lcosh7n,

where X = (X1, Xs, ..., X;) and 7 lives on the unit sphere S?~!. The metric is given
by
ds?
= —dr? + cosh? 7dQ?_,.
For additional properties on de Sitter and Anti-de Sitter spacetimes see appendix A.
We may calculate the Hadamard two-point function G(7, n; 7', n') for the space.

Away from the singularities, it satisfies the equation
VaG(r,h; 7 7)) = m?G (T, n; 7, 7), (1.2)

where V2 acts on the coordinates (7,7). By thinking of 7 as an imaginary angle 6,
the space becomes the surface of a sphere with radius ¢. Without loss of generality
we may fix (7/,7') to lie along the T" axis. By doing this, G depends on 7 and not 7.
This leads (1.2) to the differential equation

1 d L, dG
m% (COSh T%

) +m20PG =0

By making the substitution P = sinh 7, we have the differential equation

d*G e
2 s o 202 _
(P +1)dP2+deP+m€ 0, (1.3)
whose solution is given by
G(P)=Re F(hy,h_;d/2;(1+ P)/2), (1.4)
where .
he = [(d 1)+ d-1)2— 4m2€2] . (1.5)

In an arbitrary frame, P is the geodesic distance between two points X and X’ and
is given by
P =X X,

where X = (T, X) and X’ = (1", X'). Expressed in terms of the spherical coordinates

P = cosh 7 cosh 7' - 7/ — sinh 7 sinh 7.



Let us focus on the case d=3. This case is special, because we may express
gravity on (A)dS; as a Chern-Simons theory [8, 21|, which we will show in chapter
3. The positive cosmological constant of de Sitter space acts like a negative pressure
which drives the aceleration of the space-time. Due to this acceleration, there exist
causally disconnected regions. We will choose a particular region O~ comprising of
the causal past of a timelike observer in de Sitter space illustrated by the Penrose
diagram in Figure 1.1.

We may define planar coordinates (z,t) for O~ as

o Z-T X4y
A 7y
Z—-T=te", Z+T=Vle"—lzze™" X +iY =/lze " (1.6)

The metric expressed in terms of planar coordinates is given by

2
% = e Hdzdz — dt* (1.7)
It is shown in [10] that by relaxing the boundary conditions on the metric the sym-
metry of the space (isometries) is enhanced. This enhanced symmetry plays a funda-
mental role in both the (A)dS/CFEFT correspondences giving rise to a conformal group
on the boundary. The relaxed boundary conditions for an asymptotic de Sitter space
[1] are given by

1
gz =5¢ "+ 0(1), gu=-1+0("), g..=0(1), g =0(e¥),  (18)

and reduce to the normal boundary conditions in the limit as ¢ — —oo. The asymp-
totic symmetries of dS3 are diffeomorphisms which preserve (1.8). We may construct
the Killing vector fields for the larger group of isometries

¢(=U(2)0, + %e%U”(z)@Z + %U’(z)@t, (1.9)
where U(z) is holomorphic. It should be noted that we have suppressed the anti-
holomorphic contribution, and throughout this review we will only discuss the holo-
morphic side. By evaluating the Killing equations one can show that the metric is
invariant under diffeomorphisms in the special case U"(z) = 0. If we choose U(z) to
be a quadratic polynomial with complex coefficients, the asymptotic symmetry group
for dSs is the conformal group of the complex plane, and the isometries form an
SL(2,C) subgroup. Therefore, by easing the restrictions on the boundary conditions
we find an enhanced asymptotic symmetry group (conformal group) acting on Z—,
rather than just the isometry group SL(2,C).

The asymptotic symmetry group near the boundary is conformal, and has a
central charge. One may calculate this charge by constructing the stress tensor near
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Figure 1.1: Penrose diagram for dS3. A timelike observer in O~ is restricted to the
lower left triangle in the diagram whose base represents the causal past.

Z~. In general, the stress tensor is given by

4 6S

W=—— 1.10
Nakam (1.10)
where v is the induced metric on the boundary and the action is given by
1
Pry/—g(R— =)+ ——
167TG/ ! >+8G 8G£/ V7
where K is the extrinsic curvature given by K, = —V(,n,), with n” the outward

pointing unit normal. The second integral is a surface term and is required for a well
defined variational principle. The third integral is the counterterm action that we
will add in order to obtain a finite stress tensor. By evaluating (1.10) we find

1 1
™ = K" — (K + - )y .
o |- )
This vanishes for our choice of coordinates (1.7), however, for a more general set of
coordinates we may express the stress tensor near the boundary as

1 1
T = | Koo+ 72e | - 1.11



Under the conformal transformations (1.9) one finds

¢
ouT., = ——U",
v 3G

This transformation identifies the central charge as

3¢

C:@.

There are various other ways to find the central charge now that the boundary stress
tensor is known [8, 9, 16]. Next, let us look at the boundary field theory.
Consider a scalar field of mass m with the wave equation

—02p 4 20,0 + 4€*0.0:0 = m* 1?9,
whose solution near Z~ behaves as
¢~ et hy =1+£V1—m22
We may restrict m2¢? such that hy € R. As a boundary condition on Z~ we demand

tlim Pz, 2,t) = e"1o_(z,2). (1.12)
The dS/CFT correspondence proposes ¢_(z, Z) is dual to an operator O, of dimension
hy in the boundary CFT. The two point correlator of O, (up to a normalization
constant) is given by the quadratic coefficient of

lim dzd?2 [e” 2T (t, 2, E)ﬁtG(t, 2,z 2 2’)<5>t/¢(t’, 2 7] (1.13)

t=t’
t——o00 T—

where G is the de Sitter invariant two-point function in three dimensions. By setting
d = 3, the two-point function (1.4) reduces to

3 1+P
G(t,z,z;t', 2,2 :ReF(h+,h_,§;+T), (1.14)
where hy is given in (1.5), and
lim Ptz zt,2,7) = —}e_t_t,|z— 22
t,t/—)—oo ) Y ) ) Y 2 N

In this limit F' diverges. We can make use of the transformation formula for the
hypergeometric function

3 1+P
F(hy,h_;—;
(+> 727 9

1 1
) = (—Z)_MF(th h+—§, hi+1—h_; ;)+(h+ “ h_),

(1.15)

10



and F(«, 3;7;0) = 1. One finds

AMD(3)0(he — hy) el

li Gt,z,z;t,2,7) = 1.16
t,t’1—>nioo ( 727Z7 7Z7Z) F(h_)r(%—h+) ‘Z_Z,‘2h+ ( )
Near Z~ the two-point function reduces to
ha (t4t') h_ (t+t')
. — o=y CtE c_e
ngr_looG(t, 2,5t 2, 7) = P P (1.17)

where ¢4 are the coefficients given by

C4TE)(hs — ha)
T TG he)

By inserting (1.12) and (1.17) into (1.13), we find the quadratic coefficient of the two
point correlator is given by

/ d2Zd2Z, Qﬁ—(zv'z)qb—(z/vzl).

|Z _ Z/|2h+

which implies the two point correlator is proportional to

1
<O¢(Z, 2)O¢(le/)> ~ ma
which is correct for an operator of dimension A, and is in agreement with the two-
point function in the bulk de Sitter space-time.
The boundary stress tensor for our planar slice of space is zero. If we chose
a more general metric, we may make use of a nonvanishing stress tensor to calculate
the dimension of the operator Oy by evaluating the operator product expansion

T..(2)0(0) ~ Z—;O(O) + 2(‘90(0) b
where T, is given in (1.11) and the coefficient h, denotes the dimension of the
operator O(0).

For a planar slice O~ we see there is a correspondence between the bulk gravity
and the boundary field theory. This is understood because the two-point function in
the bulk space-time matches the two point correlator in the boundary field theory.

1.3 Outline of chapter 2

In chapter two we will investigate the dS/CFT in two dimensions [24]. We discuss
the quantization of a scalar particle moving in two-dimensional de Sitter space. We
construct the conformal quantum mechanical model on the asymptotic boundary of

11



de Sitter space in the infinite past. We obtain explicit expressions for the generators
of the conformal group and calculate the eigenvalues of the Hamiltonian. We also
show that two-point correlators are in agreement with the two-point function one
obtains from the wave equation in the bulk de Sitter space.

1.4 Outline of chapter 3

In chapter three we discuss the quantization of a scalar field in three-dimensional
asymptotic de Sitter space. We obtain explicit expressions for the Noether currents
generating the isometry group in terms of the modes of the scalar field and the
Liouville gravitational field. We extend the SL(2,C) algebra of the Noether charges
to a full Virasoro algebra by introducing non-local conserved charges. The Virasoro
algebra has the expected central charge in the weak coupling limit (large central
charge ¢ = 31/2G, where [ is the dS radius and G is Newton’s constant). We derive
the action of the Virasoro charges on states in the boundary CF'T thus elucidating
the dS/CFT correspondence.

12



Chapter 2

Two dimensions

In this chapter we discuss the case of two-dimensional de Sitter space. The asymptotic
boundary Z~ is a circle, which upon a Wick rotation turns into time. The theory on
the boundary is a conformal quantum mechanical model. We shall explicitly construct
this model for the case of a scalar particle, obtain the generators of the conformal
group, calculate the eigenvalues of the Hamiltonian and the Green functions. Our
method of solution is similar to the one discussed by de Alfaro, Fubini and Furlan
(DFF) [20], even though our Hamiltonian differs from theirs.
The two-dimensional de Sitter space (dSs) may be parametrized as

ds?
= —d7? + cosh® Tdp>.
We will explicitly consider the case where ¢ spans the real axis (zero temperature
limit) and then comment on what changes need to be made to turn ¢ periodic (finite
temperature).

Consider a scalar field ® of mass m. It obeys the wave equation in de Sitter

space
1 1
PV?® = ————0, (cosh 70,®) + ——5— 030 = m*I*®. 2.1
v cosh T (cosh 70, ®) + cosh®>7 ¢ " (2.1)
The operator V? is the Casimir operator in the SL(2,R) algebra generated by
o (- 0 0 0
Ly = e*9 <z tanh7'8—¢ + 5) , L= _Zﬁ_gb (2.2)

Indeed,

1
PV? = 5(L+L_ +L L)~ 13

Focusing on the Z= boundary reduces the wave equation to
(=02 + 0, +4e*03) & = m*I° P, (2.3)

On this spacelike slice we see the third term is negligible and the wave equation

13



becomes independent of ¢. The solution to the wave equation (2.1) behaves asymp-
totically as

1 1
D~ T hy = 5 + v, v =1, = 5\/4m2l2 -1 (2.4)
We will concentrate on the case of imaginary v (u € R) in which h_ = h%. Introducing
the coordinate g = €7, we may write (2.3) as
m?2(?
AR f = — 7 i (2.5)

where ®(7, ¢) = €% f(q). The solutions are

fula) = \/2kq Z,(2kq)

where 7, is a Bessel function. They form an orthogonal set under the inner product

(1, @) — i / T 99 ko (g ()12 (@) — £ (@) ra(0))-

oo 2T

The apparent ¢-dependence disappears after we apply the wave equation and the
integral over ¢ leads to a d-function, as expected. For the Euclidean choice

L = CFe*d\ [2kq HMV (2kq)

demanding orthonormality, fixes the normalization constant to C¥ = % for real

v, where we used the Wronskian Hﬁl)(x)Hf)/(:c) — H,El)/(:c)H,Ez) (z) = =2, Another
interesting choice is

O = CTe*\/2kq J,(2kq). (2.6)

For an orthonormal set, we choose

VP T)

2T
Using the Bessel function identity
T,(w) = 5 (H (@) — e B (~))
we obtain
(0,6) = |/ 5L W) (8F(q.9) + €™ @f (=4, 9)) (2.7)

which differs from [19] by a phase. The Green function for the modes ®; can be
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obtained from ik
GHa.014.6) = [ T a. -0 (d.0).

After some algebra, we arrive at

I'(hy)
L(hy +3)T(3)

2

G*(q, 054, ¢") = (C*)? (4P) ™" F(hi, hs;2hy; —1/P)

where P measures the distance between the two arguments of the Green function in
the three-dimensional Minkowski space in which dS; is embedded,

Ag—qP+ (0= o)

P =
16qq’

When P — o0, the Green function behaves as

C(hy)

F+ gy O

G (q.0:q.¢) ~ (CF)?

For the Euclidean modes, the Green function can be found in terms of the Green
function obtained above using (2.7) [1]. Near the boundary, we deduce the two-point
function of the dual conformal theory,

L(hy)
I(v)

(O"(@)0(¢) =2v/T (¢— )" (2:8)
If ¢ is a periodic coordinate with period 27, then k takes on discrete values and the
integral defining the Green function turns into a sum. The form of the two-point
function may be deduced from the periodicity condition and the singularity, which
uniquely determine it. We obtain

(O1($)O(&)) = MFF(?;)’ (2 sin O ¢')_ ) (2.9)

The boundary conformal theory can be defined in terms of the coordinates ¢ = e, ¢
and their conjugate momenta p = e~ 70, H, respectively. Instead of the SL(2,R)
generators (2.2), it is more convenient to introduce the generators

D = i(¢0s+ ;)
K = —¢°04+ 2i¢0, + 4€>0,. (2.10)

in the vicinity of the boundary Z—. The three operators H,D and K satisfy the
SL(2,R) algebra

[H, K] = 2iD, [H,D] = iH, [K,D] = —iK.
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The wave equation is mapped onto the constraint
4PH? —*p* =g , g=m*lFP+ A (2.11)

where we have allowed for the possibility of a normal ordering ambiguity by intro-
ducing the constant A. Classically, we can solve the constraint (2.11) and express the

conformal Hamiltonian as )
/ g
H=—-,/p?+=.
2 pet q?

The constraint thus reduces the system to a quantum mechanical model with a single
degree of freedom ¢, with ¢ playing the role of imaginary time. Notice that our
Hamiltonian differs from the one considered by DFF [20] (theirs is the square of
ours), yet the results are similar.

In order to quantize this system, we promote (¢, p) to operators (@, P) and
impose the standard commutation relation

@, P] =1

The coordinate ¢ is identified with time after a Wick rotation. D and K (eq. (2.10))
become the dilation and special conformal operators, respectively, given by

D = (qu + %(QP + PQ))
K = —¢*H+i¢(QP + PQ) + 2(Q*H + HQ?). (2.12)

Following the procedure in [20], it is more convenient to start with the values of the
SL(2,R) generators at ¢ = 0. Let @y = Q(0) and Py = P(0). The three generators
reduce to

1 g
H - - |p24 9
2\
1

D = i(QoPo + PyQo)
K = 2(QjH + HQ}).
It can be checked explicitly that they obey the SL(2,R) algebra
[H, K| = —2iD, [H,D] = —iH, K, D] =K.
The Casimir operator of this algebra is given by

1
N = 5(HK + KH) — D (2.13)

This commutes with all operators and its numerical value should equal m?¢? to match
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the wave equation. To calculate N, we first bring it into the form

N =[H, [Q3 ]+ g+

after some straightforward operator manipulations. The remaining double commuta-
tor is independent of g and can therefore be easily calculated by setting ¢ = 0 in H.
It may also be deduced from the corresponding Poisson brackets. The final result is

1

By comparing with the wave equation (2.3), we deduce that the normal ordering
constant is A = 1/4 (cf. (2.11)) and

1
g::m2£2+Z (2.14)

We follow the procedure of [20] to construct the states in the Hilbert space. Define
new operators R, S:

1/1
R = —<—K—|—aH),
2 \a

1/1
S = = (—K —aH ) )
2 \a
where a is a constant with dimension of length. We will let a = 1 for simplicity.
R plays the role of a Hamiltonian for the quantum mechanical system on Z— whose

eigenstates span the Hilbert space. By including the dilation operator, R, S and D
form the closed algebra Oq 1,

[D,R| =1iS [S,R|] = —iD [S, D] = —iR.
Next, we define raising and lowering operators
Ly =SFiD.
These new operators, along with R form the closed algebra SL(2,R),
[R,Ly| =+L4 Ly, L_]=—2R.

The Casimir operator for this algebra (2.13) can be written in terms of R, L, and L_
as

1
N=3(HK + KH)~D* =R~ R—L,L.
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The ground state energy can be found by operating on the ground state of R,
R|0) = 70[0),

N10) = ro(ro — 1)[0) = m>I*|0).
Thus, the ground state energy is

1
= 5 (1= V1 —4m?P).

Therefore, 7o = hy (eq. (2.4)). Without loss of generality, we choose ry = hy. The
other choice (19 = h— = h%) leads to a dual Hilbert space related to the one we are
about to study via complex conjugation. It should be noted that inner products ought
to be defined in terms of both Hilbert spaces, leading to normalization conditions such
as (2.16).

By successively acting with the raising operators, we deduce the eigenvalues
of R,

an(Q) = (TO + n)%(Q)

In the position representation, we obtain the Schrodinger equation

((1 T 2q2>\/ —j—; + 5 2\/ —j—; + 4 q2> Uulg) = VE(ro + n)in(e).  (2.15)

To solve the Schrédinger equation, it is convenient to introduce the transition matrix
T, between the two bases @ (2.6) and 1, at time ¢ = 0,

Ynla) = / IR, 07 (),

where we impose orthonormality,

/0 " g (@) (0) = S (2.16)

The action of the three SL(2,R) generators on ®; translates to an action on the
matrix elements 7.,

2 2
ATy = kT, DT — —i (ki + 1) T, KT — (—kd— 4y ”—) T,

dk 2
(2.17)
respectively. In this representation, the Schrodinger equation (2.15) becomes

1 - A
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which can be solved. The solution is given in terms of Laguerre polynomials [20],

2h+ n!
T, == v —kL2V 2

where the normalization has been fixed as in [20] with the exception of the factor C'*
which is due to the different normalization condition we imposed on the wavefunctions
®; . It leads to a unit norm for the wavefunction v,. It is convenient to introduce
the Laplace transform of 7, with respect to the energy k,

(o) =2 [ dhet b T

0

given in terms of the conjugate time variable ¢. The additional energy factor £
ensures that the action of the SL(2,R) generators is as expected. Explicitly,

~ ()" [T(n+2hy) (1—¢\"™" o\ —hy
(C+)2 n! (1 + ¢>) (1=¢7)

and the SL(2,R) generators act as (cf. eq. (2.17))

s d ~ o~ d - o~ d .
HT, = ——1, DT, =i | ¢— g KT, = (¢*— +2 T,.

The two-point function is given by

G(¢.¢) = T($)T.(—¢)

Notice that we there is no complex conjugation on 7, (—¢’), because it ought to be
the complex conjugate of the dual of 7, which is itself related to 7, by complex
conjugation (cf. also the inner product (2.16)). A short calculation reveals

L(hy)
P(v)

D(2hy)

G(¢,¢') = P (1) (0 —¢) " =2yx

(6 —¢)72

in agreement with the de Sitter space result (2.8). Higher-order correlators may also
be obtained by using the standard methods developed in [20].

If we demand periodicity of ¢ (¢ = ¢ + 27), the above calculations become
cumbersome. The energy k takes on discrete values and the differential equations
determining the transition matrix 7,; turn into difference equations. Nevertheless,
correlators may be deduced without explicit calculations, because they are uniquely
determined by the periodicity requirements and their singularities.

To summarize, we have discussed the conformal quantum mechanical model
which resides on the boundary Z— of two-dimensional de Sitter space in the infinite
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past. We calculated the eigenvalues and corresponding eigenfunctions of the Hamil-
tonian and deduced correlation functions. We showed that the Green functions agree
with the propagators one obtains from the de Sitter space wave equation. Most of our
results are similar to those of ref. [20], even though our Hamiltonian is different and
the Schrodinger equation (2.15) cannot be solved explicitly. What saves the day is the
SL(2,R) symmetry which determines much of the structure of the conformal theory
as was shown in [20]. It would be interesting to extend our results to de Sitter spaces
of dimension higher than two and shed some light on the behavior of the conformal
field theories on the boundary.
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Chapter 3

Three dimensions

3.1 Introduction

In this chapter we extend the earlier work to the dS/CFT correspondence for massive
scalar fields in three dimensions. Extending the results of ref. [19], we obtain explicit
expressions for all Noether charges generating the dSz isometry group in terms of
the modes of the scalar field and the Liouville gravitational field. These are semi-
classical expressions valid in the weak coupling limit (large central charge). Quantum
corrections may then be calculated using perturbation theory. We then extend the
algebra of isometries to a full Virasoro algebra by introducing non-local conserved
charges for the massive field (their Liouville gravitational field counterparts have
already been discussed in [21]). We discuss the action of the Virasoro generators on
the boundary CFT states.

Our discussion is organized as follows. We start in section 3.2 by sketching
the derivation of the salient features of pure three-dimensional gravity [26, 27| whose
asymptotic dynamics is described by a Euclidean Liouville theory [21, 22, 23]. In
section 3.3, we introduce a massive scalar field. Using static coordinates in dSs3, we
expand it in modes in the southern and northern diamonds, respectively. We also
obtain its asymptotic form on the dS boundary, Z~. In section 3.4, we express the
Noether charges in terms of the modes of the massive field. We find expressions which
may be easily extended to yield a full Virasoro algebra. The new charges are conserved
and non-local. We show that their central charge vanishes classically. We also obtain
the action of the Virasoro generators on the boundary fields. In section 3.5, we discuss
the quantization of the system. We obtain semi-classical expressions of the Virasoro
operators which form an algebra of central charge given by

3¢

‘=G

(3.1)

in the weak coupling limit (¢ > 1). We discuss their action on states built from
the Euclidean vacuum which is dual to the SL(2,C) invariant CFT vacuum on the
boundary. Finally, in section 3.6, we briefly summarize our conclusions.
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3.2 Asymptotic de Sitter space

In this section we discuss the salient features of pure three-dimensional gravity with
a positive cosmological constant. Our discussion is based mostly on refs. [21, 22, 23].
de Sitter space emerges as a classical solution. We shall parametrize the metric using

planar coordinates
2

dsis = —d% + 7%dzdz (3.2)
T

henceforth setting the dS radius
I=1. (3.3)

Three-dimensional gravity is derivable from the Chern-Simons action [26, 27

i e 20 oo
167TG/Tr(A/\dA+§A/\A/\A)
3.4

The metric can be obtained from the SL(2,C) vector potentials

1 2
S__16wG/Tr<A/\dA+§A/\A/\A)+

Ay =Alr, A, = A, (3.5)

where 7, are the SL(2,C) generators

1/ -1 0 1701 170 —i
TO_§<O Z) ,T1—§<10) ’7-2—§<Z. O) (36)

with the normalization condition
1

tr<7—a7—b) = §nab- (37)

It is advantageous to switch to the new basis

1 ) 1700 170 1
Ti—§(7'12|:z7'2),7'+—§<1 0) ’T__§<OO>' (3.8)
We can express the vector potential in the new basis explicitly as
1 [ —iAY A7
i no
A= 3 ( Ar A ) ) (3.9)

and similarly for A4,,.
The metric expressed in terms of the vector potential is given as

1
g = —5tr(A, = A)(A, = A). (3.10)
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For asymptotic de Sitter space, we need
72 1 4 _3

g2z = ? + 0(1) y Gzz = 0(1) s Yrr = _ﬁ + 0(7_ ) y Yar = 0(7- ) (311)

We can solve the equations of motion for the vector potential, plug the solutions

into (3.10), and get explicit corrections to the asymptotically de Sitter metric. The

equations of motion from the action (3.4) yield

A,=G9,G , A,=G19,G (3.12)
where oo
= M g = q(z M_l M — 4 . ]'
G=gt  G=gnt o= (Y ) (3.13)
The only dynamical variable is § = ¢g~'g. We obtain the components
- 1 /1 0 =
AT__AT_Z(O _1) , A=A, =0, (3.14)
and B
A, =-M10.667M , As= My lo-gM'. (3.15)

Decomposing ¢ a la Gauss (including an appropriate normalization factor),

2v2GQ
. +XY X
g:emQ<e . 1) (3.16)
we obtain
Ayt V2GO,0 + e 2V292X0.Y  0.X — 2v2GX 0.0 — e 2V0UX2H.Y u
T e 2260y —V2G0.Q — e2V260X0.Y '
(3.17)

and similarly for As. All three fields X, Y and € are independent of the 7 coordinate.
Demanding asymptotic de Sitter space leads to constraints on X and Y of the form

X =iV2Go.Q | Y = —iV2G:.Q
eV X — i e VY = (3.18)

Using these constraints we arrive at explicit expressions for the SL(2,C) fields solely
in terms of the field €2

0 2%, - 0 iT

T

where off-diagonal elements are proportional to the stress-energy tensor of a linear
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dilaton theory given by
1 1
V2G V2G

The constraints (3.18) imply that the field € obeys the Liouville equation

0., = (829)2 (939 , Oz = (059)2 — 0;9 , (3.20)

1
0,0.0 = ——— 2269
V2G

Noether charges for the linear dilaton theory are given by

L, = fﬁz"“@n , Ly =— f ﬁz"“@gg (3.21)
C C

271 271

These charges form Virasoro algebras with central charge

1 3 3
c—

=135~ 55 (3.22)

in agreement with (3.1) for / = 1 (in the limit G < 1). The contour C may be viewed
as residing on the boundary of dS3;. For n = —1,0, 1, they form a SL(2,C) algebra.
In the latter case, they are related to bulk expressions involving the stress-energy
tensor 7, [10] by a conservation law [19]

Ln:/ *Y"7,,¢70 , n=-1,0,1 (3.23)
Xe

where ¢ is the corresponding Killing vector and X is a two-dimensional surface in
dS; whose boundary is the curve C (similarly for L,,).

Using the explicit form of the vector potential and eq. (3.10), we arrive at an
explicit expression for the metric on an asymptotic de Sitter space,

2 2

75 2G !
gz = _‘l'—@zz@EE y Jzz = _2G@zz y Gzz = _QGGZE y rr = ——5 5 Gzr = Gzr = 0,

2 72 T2

(3.24)

clearly satisfying the requirement (3.11).

3.3 Scalar field

Next, we consider a massive scalar field ® of mass m living in three-dimensional de
Sitter space (dSs). It is advantageous to parametrize dS; using static coordinates,

2

d
dsdq = —(1 — r2)dt? + 1_—7"73 +r2dr? (3.25)

24



instead of the planar coordinates (3.2) used in the pure gravitational case. The two
coordinate systems are related by a conformal transformation near the boundary Z—
(infinite past, r,7 — o0) [19],

z=e" | w=0+it (3.26)

The field ® obeys the wave equation

1
1—1r2

1a,n (r(1—1°)0,9) — 0F + %aiob = m?® . (3.27)
T T

Following ref. [19], we shall solve this equation in the northern and southern diamonds
corresponding to the range 0 < r < 1 and then analytically continue the solution
beyond these domains aiming at reaching the boundary Z— which belongs to the past
triangle. We shall present details for the southern diamond; the discussion in the
northern diamond is similar.

A complete set of positive frequency solutions in the southern diamond is
provided by the wavefunctions
5 = Ay fu(r)e @itiar (3.28)

wj

where f,,; obeys the radial equation

r

(L—=r?)fl + (% - 37’) fli+ (1%22 L m2) fui =0. (3.29)

and we have included a normalization constant A,;, to be determined. A solution
of (3.29) which is regular at r» = 0 is given by

. . 1
for =M1 =12 Flas,azseir®) o ax = S(w+]j[+he) , c=1+]j], (3.30)
where h+t for d dimensions is given by eq.(1.5) and for this case is

he=14dpy , p=vm2—-1, m*>1. (3.31)

The choice of normalization constant

Jimliyp DG (0 + ]+ i DTG (i + ] + )

Ay = 3.32
f DL+ 1) 532
yields an orthonormal set of wavefunctions,
1
(0510550 = mé(w —w')djgr (3.33)
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under the inner product

1 drd —
(6x) / rdrdT o 5 x, (3.34)
>

D) s 1 —1r?

where we are integrating over a spacelike hypersurface ¥ (¢ = const.) in the southern
diamond (0 <r < 1,0 <0 < 2m).

It is useful to find expressions of the negative frequency eigenfunctions in
terms of the positive frequency ones (3.28). Using the transformation properties of
hypergeometric functions, one can show that

Sx _ e2i19wj QS‘E

w—j

(5 (iw + ]j] + ho )T (5(—iw + |j] + h-))
D( w131+ AT (= + 3] + )

(3.35)
This is a phase factor (d,,; € R) for frequencies w along the real and imaginary axes.
Notice also that ¥_, ; = ¥,; = U, —;. It is of interest to note that v,; may also be
expressed in terms of j as

I'(
I'(

(iw+j+ ho))I(
(iw + j + hy))I(

(—iw+j+h))
(—iw+j+hy))

62i19wj — (_ J (336)

N[N
N[N

This is obvious for 7 > 0. For j < 0, it follows from standard Gamma function
identities.

A general solution of the wave equation (3.27) in the southern diamond may
be expanded as

O3(t,r,7) = Z / dw (aij 5]- + af} 5;) , (3.37)
j=—00 "0
This may also be written as a single integral over the entire real w-axis as
O (t,r,7) = Z / dw aij 5]- : (3.38)
j=—00” =
where the negative frequency modes are given by
o =¥t (3.39)

on account of (3.35). These modes are related to the annihilation operators in [19]

by
o = V/sinh 7w aij , w>0 (3.40)

wjy

due to our choice of normalization condition (3.33). They obey the commutation

relations
s

[, ozf,j,] = sinh 7w e*" §(w + W')d4410 (3.41)
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Strictly speaking, since we are discussing the classical theory, the above should be
interpreted in terms of Poisson brackets,

[A, Bl = i{A, B}rs. (3.42)

Eq. (3.41) also holds quantum mechanically, after the modes 045]' are promoted to

operators. At slight risk of confusion, we shall use the notation (3.42) invariably,
pointing out the potential changes under quantization, as needed.

We may use Kruskal coordinates to go beyond the horizon (r = 1) and into
the past triangle whose boundary is Z~ (r — 00). The eigenfunctions in the southern
diamond may then be written as linear combinations of eigenfunctions in the past
triangle [19]. After some algebra, one obtains for the general wavefunction (3.38)

O (r,t,0) = O (r,t,0) + ©° (r,t,0) (3.43)
where
q)S—(Tt 9) — i /OO dw aS, .
o ) sinhww <777
O(t,0) = 571(t,0), (3.44)
and ,
_ n 1\ Ly iwtrijo
Wi = Dy; T N <1 — ﬁ) F(bwj, bw —j3 h_, ﬁ)e J y (345)
1
B, = il'(ip) sin g(—z'w Fh) b=l ho). (3.46)

In deriving the above, we used i¥!sin (g\j\ + )\) = sin (gj + >\) in order to express
the wavefunction entirely in terms of j rather than its absolute value, |j|.
Near the boundary Z—, we have

USt(t,0) W (t,0
(t.9) ¥ (1.0)

OE(r,t,0) ~ — o (3.47)
where the boundary wavefunctions are
P sinh 7w
UIT(t,0) = UITI(t,0) . (3.48)

Similar expressions hold for boundary wavefunctions WV*(¢,0) derived from the
northern diamond.
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3.4 Symmetries and corresponding charges

The group of isometries of de Sitter space in three dimensions is generated by the
Killing vectors

1
C() — 5(8t+189),

C+1 = %6i(t_i9) %Fj = O —V1—r2 <8T F ﬁae)) ;
_ 1 i )
G = 5(815 —i0p)

_ 1 . ) i
(o = et %@ RV gy (ar + 389) , (3.49)
L -r r .

forming a SL(2,C) algebra,

[Cna Cm] = (n - m)Cn—i-m ) [Ctna EM] - (n - m)gn-‘rm o N, = _1a O> 1 (350)

We can easily construct the corresponding Noether currents and charges,
Q= [ @SR =Tt (3.51)
b

where ) .
Ty = 0,20,® = gu L, L= 5970,20,0 — 5m2<1>2 (3.52)

and similarly for Q,,. Henceforth, we shall concentrate on the southern diamond and
find the corresponding charge Q7 by choosing ¥ = ¥° as in eq. (3.34). The analysis
of QY on the northern diamond is similar. The total charge is

Qu=Q5 +QY (353)

If we integrate by parts and use the wave equation (3.27), we can massage (3.51) into
the form

Q) = (7], 2%) (3.54)

where the inner product is defined in (3.34). The Killing vectors (, act on the
eigenstates ¢3; (eq. (3.28)) in a particularly simple manner,

Catl; = %(w = nh )OS i s m=—1,0,1. (3.55)
This is partly due to our judicious choice of normalization constant (3.32) and is
shown using standard hypergeometric function identities. Remarkably, eq. (3.55) is
independent of the sign of j, even though its derivation follows different paths in
the two cases, 7 > 0 and j < 0, respectively. We may use it, together with the
orthogonality conditions (3.33), to express the Noether charges (3.54) in terms of
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creation and annihilation operators. To arrive at such an expression for Q7. let us
first write it in the form
=23 [Tavay, @iy (3.56)
PV

Using (3.55), this can be written as

=23 [Tt omnoed @0, @57

a0/ o0

Stifting w — w — nt, j — 7 + n, yields

Gi=y 3 [ vt enhgal e @) @59)

j=—00

The inner products may be easily evaluated by expanding ® in modes (eq. (3.38)).
Using the orthogonality relation (3.33), we obtain

1 & © dw . .
Qs 1 Z / sinh 7w (i + 7+ thr)ai_ijrn ai} (3.59)
j=—00 T

Shifting back w — w + ni, j — j — n, we obtain the equivalent expression

1 & < dw , ,
Q5 = Zj;oo /_ e (iw+j —nh_)aS; all i, (3.60)
The above expressions are deceptively simple; their complexities are revealed in
egs. (3.39) and (3.36). Remarkably, even though they have been derived for n =
—1,0,1 as generators of isometries, they are well-defined for all n € Z. One may be
tempted to use this fact to extend the SL(2,C) algebra of isometries to an infinite-
dimensional algebra of the conserved charges Q% (n € Z). Unfortunately, these
charges do not form a closed algebra.

To remedy this, let us split the integral (3.60) into positive and negative fre-
quencies,

Qn=Qn +Qn" (3.61)

Using eq. (3.39), we may write Q™ in terms of positive frequencies as

1 — < dw _ , (9 -
Qu = 4 Z / sinh 7w (iw + j +nh_)e* %7"””)045; O pijin  (3.62)
j=—00"0
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It is straightforward to deduce from the definition (3.36),
(iw + j + nh_)e¥Vei=Vomnijin) — (Vw4 j4+nhy) , n=—1,0,1 (3.63)

It is worth mentioning that eq. (3.63) does not hold for any other n € Z. It follows
that

Qn = Z / SlIlhﬂ' (iw +j +nhy) af} ai_mﬁn (3.64)

forn=-1,0,1. Shlftmg w — w4+ ni, ] — 7 —n yields an expression which matches
the one for Q,Sﬁ, as is evident from eq. (3.60). However, we need to exercise care
in this shift, since the integral is over the positive real w-axis. The shift amounts to
a contour deformation in the complex w-plane and yields an additional contribution

(see Figure 3.1 for n = 1; n = —1 is similar; for n = 0 we have 6Q5 = 0, trivially),

S
5Q5 = Z / At ol 0f e (369

This can be seen to vanish by reflecting A — n — A\, j — —j — n. Using eqgs. (3.39)
and (3.63), we deduce 6Q7 = —6Q?, and therefore,

5Q% =0 (3.66)

Thus, we arrive at a modified expression

Z / smhmu (i + 7 = nho) Qi j-n0; (3.67)

which agrees with (3.60) for n = —1,0,1. We have been cavalier about ordering of
modes, since we are discussing classical expressions. We shall use eq. (3.67) for all
n € Z. These conserved charges form a closed algebra. It is a straightforward exercise
to show that they form a Virasoro algebra,

(@ @] = (m =) Q5 (3.68)

with vanishing classical central charge.

Next, we investigate how the charges act on a scalar field in three-dimensional
de Sitter space. In the bulk (southern diamond) a short calculation shows that the
charges act on the scalar field as

Q5% =(,° |, n=-1,0,1, (3.69)

where ¢, are the Killing vectors defined in (3.49), as expected. For all other n, we
obtain non-local expressions, since the corresponding charges do not generate local
symmetries.

30



Cs

C2 A

0 Fw

Figure 3.1: Contour deformation for Q5= (eq. (3.64)) for n = 1. §Q3 (eq. (3.65))
corresponds to an integral over the segment Cs.

Near the boundary 7,

_ = > dw —iwt+ij
[ 57 \Il ] = gn Z / m fnijwj O‘ij € t+ig8 9 (370>
j=—o00 ¥ T
where 1
£, = 5 e, —nh_) , Yn€ZL (3.71)

generate conformal transformations on the boundary with w = 6 + it (eq. (3.26)),
obeying the algebra

[Em &n] = (M = n)&mn (3.72)
and
1 , w>0
ij B iwtj—nh 290 —Vwtin jn) (3‘73)
iwotj—nhy € wjTVoting-n) ) < ()

It is easy to see from eq. (3.63) that
Foj=1, YWweR , n=-1,0,1 (3.74)
therefore,

QS U] =¢&,¥T | n=-1,0,1 (3.75)
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For other n, we may perform a high-frequency expansion. Using eq. (3.36), we obtain
Fowj =1+0((iw+7)"") , (3.76)

therefore
QU] =60 + ..., (3.77)

where the corrections vanish at short distances.

3.5 Quantization

The full quantum theory includes interactions between the scalar field (in general,
matter fields) and the gravitational field. In the weak coupling limit (in which we
are working), interactions may be ignored. It is often stated that matter fields do
not contribute to the central charge, the latter being given by (3.1). However, the
matter fields renormalize Newton’s constant, hence also alter the central charge of
pure gravity through (infinite) renormalization. For example, the component 7, of
the scalar field stress-energy tensor in de Sitter space with metric (3.2) is modified to

T..= (0,92 +GO..L , L= %gﬂ”a@au@ — %m2<1>2 (3.78)

when the metric is perturbed as in (3.24), and similarly for 73;. The vacuum ex-
pectation value of the modification is proportional to (£) and contributes an infinite
renormalization to the gravitational field 2. Thus, in the quantum theory, the stress-
energy tensor of the matter fields cannot be separated in a meaningful way from the
stress-energy tensor of the gravitational field. Consequently, the Noether charges @),
(n = —1,0,1) cannot be independently defined. The physical quantities are

where L, is given in bulk form (3.23), or by its equivalent boundary expression (3.21).
When extended to all n € Z, the above conserved charges form a Virasoro algebra of
central charge given by (3.22).

On the other hand, because of symmetry, the infinities arising in Q%" in the
southern and northern diamonds, respectively, match each other. Consequently, the
charges

Rn=Qn—Qy (3.80)

are well-defined and form a Virasoro algebra of vanishing central charge,
R, Rn] = (m —n)Rongn (3.81)

in the semiclassical approximation we are working in.
We can build the Hilbert space by acting with creation operators on the prod-
uct of the three vacuum states corresponding to the southern and northern diamonds
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(|0)s.n) and the Liouville field 2 (|0)q), defined respectively by

al;|0)s = 0) , w>0 (3.82)

_w]

Let us define the gravitational vacuum state |0)q as the SL(2,C) vacuum state sat-
isfying B
Lo|0)o = La|0)o =0 , n>—1 (3.83)

On the matter side, the SL(2,C) invariant vacuum state is the Euclidean vacuum
state defined by

B} = Ck eXp{ Z/ ezm_ e~ oS | W} 10)s @ |0)x (3.84)
j=—00

where we have included an (infinite) normalization constant, Cp. Both o ; and o)
are creation operators for w > 0, acting on the vacuum states |0)g n, respectively.
This state is annihilated by the appropriately normalized annihilation operators

1
J R — 7rw/2 S 6—7“‘)/205]\[. , w c R 3.85
Boi = o™ ey, o) 2

It should be emphasized that these are annihilation operators, for both positive and
negative frequencies. They satisfy the commutation relations (cf. eq. (3.41))

[Bugs BL5] = sinhww 6(w — w')d (3.86)

We may express the ‘bulk’ a-modes in terms of the Euclidean $-modes by invert-
ing (3.85). We obtain

1

S _ 7rw/2 7rw/2 2219w /GT
. _—
“ V2 sinh 7w P 2
1 .
oV — (e—ﬂw/2/6wj o Z'e7rw/2e2u9wjﬁiw —j) (387)

“J V2 sinh Tw

We may express the charges in terms of a-modes,
Qn = QS +Q)

= i St S N N]L
T2 Z / SlIlh W Zw T nh_) {aw-l-i” j—nawj - aw-i-m] n w] }3 88)

or equivalently in terms of the Euclidean creation and annihilation #-modes,

= = z_: / smhmu zw ‘l‘]_nh )/Gw—l—mj nﬁwj
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—(iw —|—j + nh+) 62’i(’l9w7nij+n—’l9wj) /Giw—i-in —j—nﬁ—w —j} (389)

after normal ordering. In particular, the generators of the SL(2,C) subalgebra take
on a simple form,

I &~ [ dw
Q=33 [ i nh) Bl b n= L0 (390
j=—00 Y T

on account of eq. (3.63), which however does not hold for any other n. Evidently, all
charges annihilate the Euclidean vacuum,

QulE) =0, YneZ (3.91)
This implies (from eqgs. (3.79) and (3.83))

O |E)®@|0)g=0, n>-—1 (3.92)
confirming that this is a SL(2, C) invariant vacuum state for the entire system (matter
+ gravity). The other Virasoro generators R,, (eq. (3.80)) may also be expressed in
terms of the 3-modes. They contain terms quadratic in creation operators 37 and
therefore do not annihilate the Euclidean vacuum.

The general wavefunction on the boundary is a linear combination of W9+
(eq. (3.48)) and its northern counterpart, W~= and can therefore be expressed in
terms of the a-modes or, equivalently, the f-modes. Therefore, all Virasoro gen-
erators are expressible in terms of the modes of boundary wavefunctions, encoding
the symmetries of the boundary CFT. No reference to the southern and northern
diamonds in the bulk de Sitter space is needed. Observables in the bulk may be
obtained in terms of the S-modes. It would be desirable to study them in detail and
develop a physical intuition in terms of the boundary CFT dynamics.

3.6 Conclusions

We studied the dS/CFT correspondence in three dimensions for a massive scalar field
expanding on the resuls of ref. [19]. We obtained explicit expressions for the generators
of isometries of dS3 and brought them to a form that suggested an extension of the
algebra to an infinite-dimensional Virasoro algebra.

We studied the action of the Virasoro generators on the boundary wavefunc-
tions and discussed quantization based on the Euclidean vacuum. We showed that
the Virasoro algebra could be defined entirely in terms of the dynamics of the bound-
ary CFT which provided a dictionary for the dS/CFT correspondence. Thus, dS
observables may be understood in terms of corresponding quantities in the boundary
CFT. Further work on the CF'T side is needed to develop physical intuition for and
better understand the dS/CFT correspondence.
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Part 111

Quasinormal modes of black holes
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Chapter 4

Introduction

4.1 Quasinormal modes

We are familiar with normal modes and their characteristic frequencies. If we strum
a guitar, we hear a “characteristic sound”, related to a natural set of real (normal)
frequencies. The response is given as a superposition of stationary modes, the normal
modes. Almost thirty years ago, it was shown [28, 29, 30] that black holes also have a
characteristic sounds and modes. These characteristic oscillations have been termed
“quasinormal modes”, along with their characteristic frequencies, “quasinormal fre-
quencies”. The part “normal” comes from the similarities to normal modes, whereas
“quasi” comes from the decay of the system which is entirely fixed by the black hole.
After a black hole is perturbed, it radiates energy out to infinity, and the correspond-
ing modes decay, giving rise to complex frequencies. The radiation associated with
these modes is expected to be seen with future gravitational wave detectors.

Recently there has been a lot of research studying quasinormal modes of black
holes in asymptotically AdS space-times [36], and we will extend their research to
calculate these modes for in various dimensions.

Understanding these modes is important, because they may give some insight
into the conformal field theory which lies on the boundary of AdS. According to the
AdS/CFT correspondence, a large black hole in AdS corresponds to a thermal state
in the boundary CFT. By perturbing the black hole the corresponding thermal state
is perturbed. The perturbed thermal state will eventually decay back to thermal
equilibrium. The quasinormal modes can predict the time-scale for the thermal state
to reach equilibrium [34, 35]. This time-scale is extremely difficult to calculate in the
corresponding CFT.

4.2 Asymptotically flat space-time

In this section we will review a separate method for calculating quasinormal modes of
black holes introduced in [2]. In chapter four we started with the wave equation for a
massive scalar. and could solve it pertubatively in the high frequency limit. Now we
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will look at massless scalar fields. We can start our analysis with the wave equation
in a particular geometry. By transforming our coordinates to the so called Tortoise
coordinates we may express the wave equation in a Schrodinger-like form. Solving
the differential equation yields a continuous set of complex quasinormal frequencies.
The real and imaginary portions represent the oscillations and damping respectively.
By imposing “out going” boundary conditions

d,(z) ~ €“* as — —00

D, (z) ~ e ™ as x — oo. (4.1)

we introduce a discrete contribution to the quasinormal frequencies [31, 30]. The out
going boundary conditions state that nothing arrives from infinity nor from within
the black hole horizon. However, since the frequencies are complex, understanding
the boundary conditions from an operational standpoint is somewhat complicated.
As long as x € R, the out going boundary conditions above amount to distinguishing
between exponentially increasing and decreasing terms. If we analytically continue r
or x to the complex plane, we can define the boundary conditions in a new way [2].

D, (1) ~ € as wr — —00

b, (z) ~ e ™ as wr — oo. (4.2)

If one picks the contour Im(wzx) = 0 in the complex plane, then the asymptotic behav-
ior of e™™? is always oscillatory, and we no longer have to worry about exponentially
increasing or decreasing terms. Therefore we will restrict our analysis to the Stokes
line, which are lines in the complex plane such that Im(wz) = 0. We will apply
this new method to an example of a Schwarzschild black hole in five dimensional
Minkowski space-time.

Consider a massless scalar field given by the wave equation

b
V=

where g, is the metric, and the line element is

9u(V=99"0,0) = 0,

dr?

f(r)

where g is related the the horizon via

+72dQ;,  f(r)=1- 21

)
T2

ds* — f(r)dt* +

MBS

RH = (QIM) .

We may expand the ¢ in terms of three-dimensional spherical harmonics.

6= 13 y(r, t)Yen(6:),
£m

)
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where 6; are the angles of the three sphere. Then, if
Ye(r,t) = O, (r)e™!

is the Fourier decomposition of the scalar field. The wave equation may be expressed
in a Schrodinger-like form as
d*®,,

a2

+ Vr(x)]®,(z) = w*®,(x) (4.3)

where V[r(x)] is the potential and z is known as the tortoise coordinate defined by

dr
dr = —.
f(r)
The tortoise coordinate x maps the event horizon r = Ry to x = —oo and keeps

infinity at z = oo. For this choice of coordinates, f(r) > 0 for z € R.
The potential V(r) is given by [39]

V(r) = £(r) (W; 2 L 3@;”) .

where (({+2) are eigenvalues of the Laplacian on the S* sphere. We must express the
potential in terms of the Tortoise coordinate in order to evaluate the Schrodinger-like
differential equation (4.3). By solving (4.3) near the horizon and near r ~ co we may
match the solutions and calculate the frequencies. Therefore we need to calculate the
Tortoise coordinates in these two regions and can plug them into eq.(4.4) to find the
potential in terms of x.

The horizons for our space are defined by f(Ry) = 0 giving

(4.4)

r? —2u =0, (4.5)

and the roots are given by r = +,/2u. Given the roots, one can factorize f(r) and
the tortoise coordinate can be found easily.

dr L1 r
zlr] = m:er;%log(l—R—n), (4.6)

where k, = 3 f'(R,) is the surface gravity for the horizon R,. There are two regions
of interest. Near r = 0 we find

xlr] ~ L /dr r? = —T—s, (4.7)

while as 7 ~ oo we find



With x understood in terms of r, we may look at the Schrodinger-like equation for
the two regions. We will start by looking at the region near z ~ oo which leads to
r ~ o0o. In this region, the potential vanishes, and solutions are given by

O(z) ~ Ay + A_e 7,

Applying the out going boundary condition (4.2) for the quasinormal mode at infinity
we find

A+:0.

Next, let us look in the region near x = 0. The potential for scalar and tensor type
perturbations is given by

where j is a parameter which describes the type of perturbation. For scalar, tensor and
electromagnetic type perturbations j = 0, 1,2 respectively. Plugging this potential
into the Schrodinger-like equation, we find

2o, 521
dx? 42

whose solution is given by
O(z) ~ BiV2rwaJy (wr) + B_V2rwarJ_1 (wr) (4.9)

We would like to link the solutions near the origin and at infinity along a Stokes
line. Can this be done? Asymptotic quasinormal modes for a Schwarzschild black
hole can be written as w = wg + thwy, with wr,w; € R, w; > 0 and satisfy the
condition Im(w) > Re(w). This implies n — oo for asymptotic quasinormal modes.
Since Im(w) > Re(w), w is very large and approximately purely imaginary. Near the
origin, one has wz € R for x € iR. From (4.7) we see this happens when

with p >0and n=0,1,...,5.
Because we are interested in the asymptotic quasinormal modes we may con-
sider the asymptotic expansion of the solution (4.9)

2 2
L~ — —— ==, Zz 1,
J Uﬂzcos(z 1 4> zZ>

allowing eq.(eq-4-6) to be approximated by

O(x) ~ 2B, cos(wr —ay)+2B_ cos(wr — a_),
_ <B+€—ia+ 4 B_e—ia,)eiwm 4 (B+€ia+ 4 B_eioz,)e—iw:v7 (410>
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Figure 4.1: Stokes lines for the Schwarzschild black hole in five dimensions, along
with the chosen contour for monodromy matching for d = 5.

where we make the definition

aL = %(1:&]’). (4.11)

Rather than looking at w € C, let us look at r,x € C via analytic continuation. This
allows us to match along a Stokes line where Im(wz) = 0. By choosing the complex
contour Im(wz) = 0, the asymptotic behavior of e*“* is always oscillatory. The
Stokes line for a five dimensional Schwarzschild black hole is given in Figure 4.1.

For the Schwarzschild case the Stokes lines are defined by Re(z) = 0. The ori-
gin (r = 0) is the only singular point of the Stokes curve. We understand the behavior
near this singularity from the expansion given in eq.(4.7). x is a multivalued function
with the horizons given in (4.5). Near the branch points the tortoise coordinate is
given by

hl(’/’ — RH)

CT PR
The Re(z) is well defined at infinity and we see from eq.(4.8) that the Stokes line
will be radial at infinity. It can be shown that two of the six Stokes lines must be
unbounded and are represented by lines along the positive and negative imaginary
axis. The remaining four can either connect to another branch or end up in a branch
cut. Let us now consider the contour in Figure 4.1, by closing the Stokes line near
r ~ 00. At point A we have wx > 0, which allows us to apply the boundary conditions
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(4.2) to the solution (4.10). This give us a constraint equation on By
(Bye " + B_e ) = 0. (4.12)

Near z ~ 0 we may expand the Bessel function in terms of an even holomorphic
function, w, given by
J(2) = 2"w(z).

We may rotate in the complex r plane from the branch containing point A to the
branch containing point B. In doing so, we rotate r though an angle of 7. In terms
of the tortoise coordinate, x gets rotated through an angle of 37. Our solution along
the branch containing point B becomes

d(z) ~ Byt cos(—wx — ay) + 2B_e"** cos(—wr — a_)
— (B+67ioc+ + B_67ia7 )6iwx + (B+65ioc+ + B_65i0c7 )e—iwx’ (413)

where o are given in eq.(4.11) and we used the transformation of the Bessel function
given by

Vamedmwr (*™wr) = '3 (1) y 27rwai%(wm) ~ 2e5°% cos(wr — ay).

As we close the contour near r ~ oo, €“? is very small since Im(w) > 0, therefore
only the coefficient of e should be trusted. As we match the solutions on the two

regions the coefficient of e™*?% must be multiplied by the factor

B+e5ia+ _I_ B_ 657:0(,
B+6ia+ ‘I‘ B_eia7 '

However, as we rotate clockwise through the contour, we need to find the monodromy
of e7™?_ Near the horizon (Ry), the Tortoise coordinate behaves as

1
X~ TR log(r — Ry), (4.14)

where f'(Ry) is related to the surface gravity at the horizon through
L,

27i

F(Ro) —

As we rotate clockwise through the contour z in eq.(4.14) will increase by —

—= and e”** will be multiplied by the factor

e_iw<_ f’%TIr?io) ) = 6_%

Therefore the clockwise monodromy of & around the contour in Figure 4.1 is given
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Figure 4.2: Deformed contour for monodromy matching.

by
B, e’ + B_ebo- .
. . TR 4.15
B, e+ + B_eto- c ( )

Since we are in the complex plane, we may deform our contour as long as we do not
cross a singularity. We can deform the contour around r = Ry as shown in Figure
4.2.

We may solve the Schrodinger-like equation near the horizon. Near this horizon
the tortoise coordinate may be written as

€T ~

1
TR log(r — Ry).

This leads to a vanishing potential and the solution may be easily written down as
P ~ C+eiw:c + C_e—iw:c‘

By applying the out going boundary conditions (4.2) we find C', = 0. We can restate
the boundary condition as a monodromy condition of ®. The monodromy of ¢ going
clockwise around the contour gives

274

ew<_m) =e*. (4.16)

Since the monodromy is invariant under deformations of the contour, eq(4.15) is
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equal to eq.(4.16), leading to the second constraint equation on the coefficients By

B 65i0£+ _‘_B_65Z’a, rw w
B++em e (4.17)

We can solve the two equations of constraint (4.12) and (4.17) and calculate the
quasinormal frequencies

6—ia+ 6—@'04, B
65ia+€—% _ eia+e% ebic— e—% _ eioafe% - 07
which can be re-expressed as
e—ia+ 6—@'04,
sin(2a4 + ) sin(2a_ 4+ 22) | 0. (4.18)
+ T % - %

We can solve this equation for w for a general value of j. After the equation is solved
we may take the limit as j — 0. Our choice of solutions (J1;/2) to the Shrodinger-like
wave equations does not form a complete basis of solutions. However we can still
take this limit which amounts to writing the equation as a power series in j and
equating to zero the first nonvanishing coefficient. Therefore we just have to require
the derivative of the determinate above for j be zero for 7 = 0.

1T

—ime” ime
(T Pu® (T ITW + T [T ) T T ) =0. 4.19
sin(§ + 52) sin(§ — +92) ‘ ) gsin(g +52) —Fsin(g +52) (4.19)

We can solve for w and we find

2

% — log3+i(2n + ). (4.20)
This result is in agreement with [32, 2, 33]. This method can be used to calculate
quasinormal modes for massless perturbations of various types of black holes in dif-
ferent dimensions [38]. We will employ this method in the next chapter for anti-de
Sitter black holes.
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Chapter 5

Massless perturbations

5.1 Introduction

In this chapter we will employ the method described in chapter 4 for massless per-
turbations of an AdS black hole. We will see that in the asymptotically AdS case,
there is no need to do a monodromy calculation. We keep an additional term in
the approximation of the tortoise coordinate, thus adding a small correction to the
Schrodinger-like wave equation. We can then solve the Schrodinger-like wave equation
perturbatively in powers of w for gravitational and electromagnetic type perturba-
tions. To zeroth order, we review the results of [37, 38]. In the case of electromagnetic
type perturbations first order correction behaves as Inn in the large frequency limit.

Understanding the quasinormal modes for black holes will give insight into
various areas of physics. Since the modes are dependent on intrinsic parameters of
the black hole itself, we may use this information to estimate the parameters of a
black hole for some given frequency. These modes may also help in estimating the
thermalization timescales in connection with the AdS/CFT.

5.2 Gravitational perturbations

In this section we discuss gravitational perturbations. Here we present a fairly com-
prehensive study of quasinormal modes of AdS Schwarzschild black holes with a metric
in d dimensions given by

2 2

ds® = —f(r)dt* + % Fr2d0R, . f(r) = — =1 (5.1)

T R2 o rd=3
and derive analytical expressions including first-order corrections. The results are in
good agreement with results of numerical analysis.
The radial wave equation for gravitational perturbations in the black-hole
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background (5.1) can be cast into a Schrodinger-like form,

d*v

2 + V[r(r)]¥ = WV | (5.2)

in terms of the tortoise coordinate defined by

dr, 1

=—. 5.3
dr  f(r) (5:3)

The potential V' is determined by the type of perturbation and may be deduced from

the Master Equation derived in [41]. For tensor, vector and scalar perturbations, we

obtain, respectively, [3§]

r2 42 2r

(+d—3) (d—2)(d—a)f@r) rf"(r)

) = s {470 EEREENI0 IO o
Vs(r) = % {€(£+d— 3)— (d—2)+ 9= lgcfi_ 2)“]_
{d(d S 12(d— 232 6(d—1)(d—2)%(d — Dl +d—3) — (d—2)]p
x R2y2d—8 N R2pd—5
(d—4)(d—6)[((C+d—3) — (d— 2P  2(d—1)*(d— 2)"?
+ RZ + /r=3d—9
LA = 1)(d = D)2 ~ 11d+18)[((0 + d = 3) - (d = ]y
’f’2d_6

I 1)*(d —2)*(d —4)(d - 6)p*  6(d—2)(d—6)[(({+d—3) — (d—2)]°n

7”2d_6 Td—3
6(d—1)(d—2)2(d— D[+ d—3)— (d—2)p

,rd—3

AL+ d—3) — (d—2)P +d(d—2)[( +d — 3) — (d — 2)]2} (5.6)

Evidently, the potential always vanishes at the horizon (V(ry) = 0, since f(rg) = 0)
regardless of the type of perturbation.
Near the black hole singularity (r ~ 0), the tortoise coordinate (5.3) may be

expanded as
1 d—2 1 2d—5
re=— L NI (5.7)
(d=2) 2p  (2d—5)(2p)?
where we have kept the second term in the expansion of r and have chosen the
integration constant so that r. = 0 at » = 0. Using (5.7), we may expand the
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potential near the black hole singularity in the three different cases (egs. (5.4), (5.5)
and (5.6)), respectively as

1 At i1 (d—3)2 ((+d—3)
Vi=——+ —r T, Ar = + , (5.8)
i 4r? [—2(d — 2)p] 2 i 2(2d - 5) d—2
3 Ay -4 d?—8d+13 (({+d—3)
W= + —r. TP+, Ay = + 5.9
YT g d— 2T YT 2024 - 15) iz Y
and . 4 .
Vs=——3 > T (5.10)
I [2(d - 2T
where
3 2 - 2 - A
A, P AP 91— 116) (P —Td+ 1[0+ d—3) — (d—2) (511)

4(2d — 5)(d - 2) (d—1)(d—2)

We have included only the terms which contribute to the order we are interested in.
We may summarize the behavior of the potential near the origin by

Pl
T AT (5.12)

V =

where j = 0 (2) for scalar and tensor (vector) perturbations and the constant coef-
ficient A can be found from eqs.(5.8), (5.9), (5.10) and (5.11) in the various cases.
Throughout the calculation, we shall pretend that j is not an integer. At the end of
the calculation, we shall let j — 0,2, as appropriate.

After rescaling the tortoise coordinate (z = wry), the Schrodinger-like wave
equation (5.2) with the potential (5.12) becomes

d*v j -1 _d-3  _d-1
iz + [ R 1} UV=—-Aw a2z a2l (5.13)
In the large frequency limit, we may treat the right-hand side of (5.13) as a correction.

This will allow us to to solve the equation perturbatively. We may re-express (5.13)
as

d—3
(Mo +w FHy) w =0, (5.14)
where » 2
j° = _d-1
o= g [T 1] A (515)

By treating H; as a perturbation, we may expand the wave function

U(z) = Wo(2) +w a2 Uy (2) + ... (5.16)
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and solve (5.14) perturbatively. The zeroth-order wave equation,
HoWy(z) =0, (5.17)
may be solved in terms of Bessel functions,
Wy (2) :Alx/EJ%(z) —|—A2\/§N%(z). (5.18)

For large z, it behaves as

Uo(z) ~ \/g [Ay cos(z — ay) + Agsin(z — ay )],
1

V2r

where oy = (1 £ ).
Next, we study the behavior of the wavefunction at large r. In this region, the
tortoise coordinate (5.3) may be expanded as

Ay —iAg)e e 4+ —— (A + i Ay)eT e 2, 5.19
(41— i) (i) (5.19)

re—F = — 2 (5.20)

The integration constant is readily deduced from the definition (5.3) of the tortoise

coordinate,
*© d
Y L (5.21)
0 (r)

The potential (egs. (5.4), (5.5) and (5.6)) for large r may be expanded as

2
gz —1

V== 4. .. 5.22

A(ry — Ty )? * (5.22)

where joo = d — 1, d — 3 and d — 5 for tensor, vector and scalar perturbations,

respectively. The Schrodinger-like wave equation (5.2) in the region of large r becomes

d* l G2 =1

— 2 —
sl bre— w}\lf 0 (5.23)

Since the potential does not vanish as r — oo, the wavefunction ought to vanish
there. Imposing this boundary condition yields the acceptable solution to eq. (5.23),

U(r,) = Byw(re — 7y) Jise (W(re — 74)) . (5.24)

2
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Notice that ¥ — 0 as r, — 7, as desired. Asymptotically, it behaves as

™

U(r,) ~ \/%Bcos w(re—7)+ 6], B 1 (14 joo) (5.25)

By matching this expression to the asymptotic behavior (5.19) of the solution in the
vicinity of the black-hole singularity along the Stokes line §z = $(wr,) = 0, we find
a constraint on the coefficients A;, A,

Al tan(wf* - 6 - Oé+) - A2 =0. (526)
A second constraint is obtained by imposing the boundary condition
U(z) ~e® | z— —o0, (5.27)

at the horizon. To this end, we need to analytically continue the wavefunction near
the origin to negative values of z. A rotation of z by —m corresponds to a rotation

by —=5 near the origin in the complex 7-plane, on account of (5.7). Since near the

origin, J,(z) ~ 2" (multiplied by an even holographic function of z) and using the
identity
N,(z) = cotmv J,(2) —cscmv J_,(2) , (5.28)

we deduce
J(e™2)=e"™J,(2), N,(ez)=¢€"N, — 2icosmv J,(z) (5.29)
Thus for z < 0, the wavefunction (5.18) changes to
Wo(2) = U2 LA = i(1 + ) A] Ty (—2) + Ane™ N (=2)} . (5.30)

whose asymptotic behavior is given by
o—in(i+1)/2 o—in(i+1)/2

U —————[A —i(1+267™)Ay] 7 4 ————
Vam Ll Var

Imposing the boundary condition (5.27) at the horizon, we deduce the constraint

[A; —iAy] € (5.31)

Ay —i(1+26™)Ay = 0. (5.32)
The two constraints (5.26) and (5.32) are compatible provided

1 —i(1 + 2¢7™)

tan(wr, — 3 — ay) 1 =0, (5.33)
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which yields the quasinormal frequencies [3§]

m oy
uﬂ“*—4(2+]+]oo) tan Tooam T (5.34)

These are zeroth-order expressions deduced from the zeroth-order wave equation (5.17).

Next, we calculate the first-order correction to the asymptotic expressions (5.34)
for quasinormal frequencies. We begin by focusing on the region near the black-hole
singularity (r ~ 0). To first order, the wave equation (5.14) becomes

HoWy + H Ty =0, (5.35)
where Hy and H; are given in eq. (5.15). The solution is

s V2 5 (2 ) H1Wo(2') 2 VA N, (') H1Wo(2')
\Ifl(z)—\/EN%(z)/O dz W —\/EJ%(Z)/O dz W :
(5.36)
written in terms of the two linearly independent solutions (5.18) of the zeroth-order
eq. (5.17). W = 2/x is their Wronskian. Using (5.18) and (5.36), we may express the
solution to the wave equation (5.14) up to first order (eq. (5.16)) explicitly as

U(z) = {Ai[l = b(2)] = Azaz(2)} V2T (2) + {A2[L + b(2)] + Arar(2)} V2N, (2)
(5.37)

where the functions a1(z), az(z) and b(z) are given by

a(z) = %Aw / dz J5 ()4 (2), (5.38)
0 2 2
TA d—3 ;- / /
az(z) = Tw =2 / de 22N N;(Z")N; (7)), (5.39)
0 2 2
b(z) = %Aw i / J: (2)N: () | (5.40)
0 2 2

respectively. The coefficient A is defined in eq. (5.15) and depends on the type of
perturbation. The wavefunction (5.37) behaves asymptotically as

U(z) ~ \/g [A] cos(z — ay) + Aysin(z — ay )], (5.41)

where ) .

and we introduced the notation

ay = a;(ox) , dy =as(o0) , b=b(cx). (5.43)

49



By matching this to the asymptotic expression (5.25), we obtain
Al tan(wi, — f—ay) — Ay =0 (5.44)

correcting the zeroth-order constraint (5.26). Using (5.42), the first-order constraint (5.44)
in terms of A; and A, reads

[(1—=b)tan(wF, — B — ay) — @)A1 — [1 + b+ ag tan(wr, — B — ay)]A2 =0 (5.45)

To find the first-order correction to the second constraint (5.32), we need to approach
the horizon. This entails a rotation by —7 in the z-plane. From the small-z behavior
of a Bessel function, J,(z) ~ 2z¥, and using the identity (5.28), we deduce after some
algebra

—ird=3 _in

ai(e”™z) = e Mize Mgy (2)
—i —imd=3 iy 2 7Tj : iy
as(e”™™z) = e iz |e™ay(z) — 4 cos 7a1(z) —2i(1+e™)b(2)]|
ble™z) = ez [b(z) —i(1+ e )ay(2)] (5.46)

From these expressions and eq. (5.29), we arrive at a modified expression for the
wavefunction (5.37) valid for z < 0. In the limit z — —oo, we obtain

U(z) ~ —ie ™2 By cos(—z — ay) — ie"™? By sin(—z — o) (5.47)

where

B = A= e 1)

(14 €) [ Az + AT TR — i(1+ )] + AreT TRy

3 —
2

By = Ag+ Ase ™2 [b—i(1 4 e ™ )ay] + Aje imze g, (5.48)

By imposing the boundary condition (5.27) at the horizon, we obtain

[1—e =2 (iay + b)) Ay — [i(1+ 26" )+~ "=2 (1 4™ )ay +e™ay —ib)] Ay = 0 (5.49)

correcting the zeroth-order constraint (5.32). For compatibility of the two first-order
constraints, (5.45) and (5.49), we need

. 3 — 0

1+b+ aptan(wr, — B — ay)  i(1 + 2€i) + e =2 ((
pd=3

1+ e™)ay, + e™ay — ib)
(1=b)tan(wr, — f — ay) — @ 1— e ™ (iay + b)

(5.50)

20



Solving (5.50), we arrive at the first-order expression for quasinormal frequencies,

1
Wi, = g(2+j+joo)+2—l_ln2+mr

1 - s e e
-3 {Gib — 2ieT I — 9y + e T2 ay + Gy — e—”%az} (5.51)

where we took the limit of interest 7 — 0,2 wherever it was unambiguous, in order
to simplify the notation. Using

o0 F(}\)F(u+,u+1—)\)
dr 27, (x)J,(z) = — = y : (5.52)
/0 H 2)‘F( +,uz+1+>\)r( u;—l—i-)\)r( +u;—1+>\)
we obtain explicit expressions for the first-order coefficients,
] A <m)-33 D(75)T (3 + 5t5%)
a1 = — — — - —
4\ 2r, P2(505)0 (5 + 5isy)
_ m(d —3) d—3
= |1+ 2cot t—|—7+—-—
az [—l— co 2(d—2)C02<‘7+d—2)]a1
- w(d—3) _
b = —cot 5.53
cot 3 =2 as (5.53)
where we used the identity I'(x)['(1 — ) = ="—. We also set w = nw/7,, since
corrections contribute to higher than first order. Notice that these expressions are

well-defined when j becomes an integer. Thus, the first-order correction is ~ o(n_%).

Next, we compare with numerical results in four dimensions [39]. It is conve-
nient to set the AdS radius R = 1. From (5.1), the radius of the horizon rp is related
to the black hole parameter u by

2 =13 4+ 1y (5.54)

for d = 4. f(r) has two more (complex) roots, r_ and its complex conjugate, where

. 1/3 . 1/3
_ im/3 2 - __—im/3 2 -
r_=e <\/u + o u) e <\/u + o +u) (5.55)

The integration constant in the tortoise coordinate (5.21) is

* *

 dr r_ r_ T T
———In— .
37{24‘1117”]{ (556>

_*: = — 1—
T (5 B TR o

Despite appearances, this is not a real number, because we ought to define arguments
as 0 <argr < 2.
For scalar perturbations, we find from egs. (5.51), (5.53), together with (5.10),
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(5.11) and (5.12),

AsTH(3) [T g — e+1)—1

1672 2un’ 6 (5:57)

1 ) -
WpTy = (n+ Z) 7T+%ln2+e”r/4

Notice that only the first-order correction is /-dependent. In the limit of large horizon
radius (rgy =~ (2u)"? > 1), we have from (5.56)

1+iv3
P~ M (5.58)
3\/§TH
Numerically for ¢ = 2,
n . . 0.508 + 0.293:
“n _ (1.299 — 2.250i)n 4+ 0.573 — 0.419: + % (5.59)
rH TN
For an intermediate black hole, rgy = 1, we obtain
0.654 4 0.458:
wp = (1.969 — 2.350¢)n + 0.752 — 0.370i + 207 T DA% (5.60)

NZD

In Figure 5.1 we compare this analytical result with numerical results [39]. We plot
the gap
Aw,, = Wy, — Wn_1 (5.61)

because the offset does not always agree with numerical results [38]. We show both
zeroth-order and first-order analytical results.
For a small black hole, ry = 0.2, we obtain

1.093 4+ 0.561:
NG

For tensor perturbations, we find from egs. (5.51), (5.53), together with (5.8)
and (5.12),

wy = (1.695 — 0.571i)n + 0.487 — 0.0441i + (5.62)

AT [T B0+ 1) +1

. Ar= - (5.63)

1 {
e = - —In2
wpT <n+4)7r+2n +e 1672 2n

Again, only the first-order correction is /-dependent. Numerically for large ry and
(=0,

n . . 0.102 + 0.0586¢
Wn _ (1.299 — 2.250i)n + 0.573 — 0.419 + j ! (5.64)
Ty rH/n
For an intermediate black hole, rg = 1, we obtain
0.131 + 0.09164
wn, = (1.969 — 2.350¢)n + 0.752 — 0.370i + i ! (5.65)

vn
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Figure 5.1: The frequency gap (5.61) for scalar perturbations in d = 4 for ry =1
and ¢ = 2: zeroth and first order analytical (eq. (5.60)) compared with numerical
data [39].

In Figure 5.2, we plot the gap (5.61), including both zeroth and first order and
compare with numerical results [39].
For a small black hole, rg = 0.2, we obtain

0.489 + 0.2514

wp = (1.695 — 0.5714)n + 0.487 — 0.04414 + n

(5.66)

and compare the gap with numerical results in Figure 5.3.
Finally, for vector perturbations, we find from eqgs. (5.51), (5.53), together
with (5.9) and (5.12),

1 i AT Y [T ((e+1) 3
n_* - - - l 2 ”r/4 4 * —= J— .
Wy T <n+4)7r+2n +e 150 2 Ay 5 t 11 (5.67)
Numerically for large ry and ¢ = 2,
n . _ 8.19+6.29
“n_ (1.299 — 2.2500)n + 0.573 — 0.4107 + S = (5.68)
T TN

For an intermediate black hole, 7y = 1, we obtain (see Figure 5.4)

0.741 4 0.519¢

wy, = (1.969 — 2.350i)n + 0.752 — 0.370i + NG (5.69)
and for a small black hole, ry = 0.2, we obtain (see Figure 5.5)
1.2 . ’
wy, = (1.695 — 0.571i)n + 0.487 — 0.0441i + 59 1 0.035T (5.70)

vn

In all cases of gravitational perturbations, regardless of the size of the black
hole, our analytical results are in good agreement with numerical results [39].
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Figure 5.2: The frequency gap (5.61) for tensor perturbations in d = 4 for ry = 0.2
and ¢ = 0: zeroth and first order analytical (eq. (5.66)) compared with numerical

data [39].
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Figure 5.3: The frequency gap (5.61) for vector perturbations in d = 4 for ry = 1
and ¢ = 2: zeroth and first order analytical (eq. (5.69)) compared with numerical

data [39].

1.98 T T T T T T T T _2.34 T T T l> > l) > l> S T T T
197 1 -2.36f 0 0 OOV VYV
LI5E o O 1 o4l 0 |
o1 ] -
192 | i -24.4. B T
191 4 -246f 4

1.9 4 -248f 4
1.89 1 1 1 1 1 1 1 1 25 0 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

RAw

SAw

Figure 5.4: The frequency gap (5.61) for tensor perturbations in d = 4 for ry = 1
and ¢ = 0: zeroth and first order analytical (eq. (5.65)) compared with numerical
data [39].
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Figure 5.5: The frequency gap (5.61) for vector perturbations in d = 4 for ry = 0.2
and ¢ = 2: zeroth and first order analytical (eq. (5.70)) compared with numerical
data [39].

5.3 Electromagnetic perturbations

In this section we extend the discussion to electromagnetic perturbations. This is
a singular case because the potential vanishes at zeroth order. Consequently, the
compatibility condition (5.33) discussed in the previous section has no solutions and
no asymptotic expression for quasinormal frequencies may be deduced [38]. Nev-
ertheless, the numerical results are similar to the ones we discussed in the case of
gravitational perturbations [39]. We shall show that including first-order corrections
leads to analytical asymptotic expressions for quasinormal frequencies in agreement
with numerical results. Unlike with gravitational perturbations, where first-order cor-
rections were a power of n (egs. (5.51) and (5.53)), for electromagnetic perturbations
first-order corrections are o(lnn).

We shall concentrate on the four-dimensional case for definiteness. General-
ization to higher dimensions is straightforward. The wave equation reduces to (5.2)
with electromagnetic potential

Vem = E(Z%l)f(r) (5.71)

where f(r) is given in (5.1) with d = 4. Near the origin, this potential may be
expanded in terms of the tortoise coordinate. Using eq. (5.7), we obtain

-1 G 1) /2 .
472 o/—dp 7

where 7 = 1. This leads to a vanishing potential to zeroth order. Consequently, no
analytic expression for quasinormal frequencies is deduced. This is easily seen by
substituting 7 = 1 in the zeroth-order expression (5.34); we obtain a divergent result
because tan~! i is not finite.

This is remedied by including first-order corrections. The compatibility con-

Vem = (5.72)
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dition (5.50) of the two first-order constraints (5.45) and (5.49) reads

1+b+astanwr, —i— b+ ias

(1-b)tanwF, —a; 1—ay +ib | 0 (5.73)

where we used d = 4, j =1, joo =d—3 =1, and ay = 3 = 5. At zeroth order
(setting a; = as = b = 0), we obtain
tan wr, =i (5.74)
which has no solution, as expected [38]. At first order, we obtain
tanwr, =i+ (1 —i)(a, — ay — 2b) (5.75)
whose first-order solution is

1 1+i)(a, —ay — 2b
wf*:nﬂ+—,ln( +i)(@ — a )
21 2

(5.76)

Using (5.53) and (5.72), we deduce explicit expressions for the first-order coefficients,

N e+
al—A g, ag—b— ay A_Q\/——leu (577)

and eq. (5.76) reads explicitly

) 1
WP, = n — ilnn + 5 (201 + 1) AVE) (5.78)
1
Therefore, the correction to the quasinormal frequencies behaves as Inn in the large
w limit.
To compare with numerical results, set R = 1. As with gravitational pertur-

bations, we shall compare the gap, because the offset is not reliable. For the gap, we
have from (5.78)

Awnzwn—wn_1:1<1—L+...) (5.79)

Ty 41n

Both leading and sub-leading terms are independent of /.
For a large black hole, using (5.58), we obtain the spectrum

Aw, _3V3(1—iV3)

g 4

; 0.179 + 0.103
(1— 4Zn+...) — 1.299—2.95i— 2T DON 5 g0

™ n

This analytical result is compared with numerical results [39] for 7y = 100 in Fig-
ure 5.6.
Using egs. (5.54), (5.55), (5.56) and (5.78), we obtain the spectrum of an
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Figure 5.6: The frequency gap (5.61) for electromagnetic perturbations in d = 4 for
ry = 100 and ¢ = 1: zeroth and first order analytical (eq. (5.80)) compared with
numerical data [39].

intermediate black hole, ry = 1, (see Figure 5.7)

wn = (1.969 — 2.350i)n — (0.187 + 0.1567i) lnn + . .. (5.81)
and for a small black hole, rg = 0.2, (see Figure 5.8)

wn = (1.695 — 0.571i)n — (0.045 + 0.135i) Inn + . .. (5.82)

All first-order analytical results are in good agreement with numerical re-
sults [39].

5.4 Conclusions

By extending the the expansion of the Tortoise coordinate by an additional term,
we solved the Schrodinger-like equation perturbatively in orders of w. We showed
the zeroth order contribution to the gravitational frequencies were in agreement with
[39]. In addition, we found the first order corrections to the frequencies and found
their behavior in the large frequency limit. We also found the first order frequencies
for electromagnetic type perturbations and showed the gaps are in agreement with
numerical results. It would be interesting to extend this work to more generalized
black holes.
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Figure 5.7: The frequency gap (5.61) for electromagnetic perturbations in d = 4
for ry = 1 and ¢ = 1: zeroth and first order analytical (eq. (5.81)) compared with
numerical data [39)].

1'7 T T T T <l> <> —0.56 T T T T T T T
1.65F o 00 0% {1 -057F -
O

1.6F 0 1 -0.58F 1
1.55}F

-0.59 o 9
1.5F <> T <> <> <>
145+ { 06 s O 1
14} { -0.61f |
135 2 1 6 s 10 12 9251 5 6 7 8§ 9 10 11

RAw SAw

Figure 5.8: The frequency gap (5.61) for electromagnetic perturbations in d = 4 for
rg = 0.2 and ¢ = 1: zeroth and first order analytical (eq. (5.82)) compared with
numerical data [39)].
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Chapter 6

Massive perturbations

6.1 Introduction

In this chapter we extend the work done in the previous chapter by studying massive
perturbations. For simplicity, we will study massive scalar perturbations however,
one can extend this to include massive vector or tensor perturbations. We may apply
a different method in calculating these quasinormal modes introduced by [3]. We will
find the quasinormal modes of a finite AdS black hole in five dimensions and show
they are quantized. We will calculate the behavior of the modes in the large frequency
limit and show they match earlier results [3] in the large black hole limit.

6.2 Massive scalar perturbations

In this section we calculate quasinormal frequencies for massive scalar perturbations
of finite black holes in AdS generalizing a procedure introduced in [3]. For massive
perturbations, the method discussed in section 5.2 is not directly applicable. We
consider explicitly the five-dimensional case in which the wave equation reduces to a
Heun equation. Generalizing to higher dimensions is straightforward albeit tedious
due to the increase in singular points.

Using the line element (5.1) in d = 5, we obtain the horizon radius

2
T 1 1 2u

H_ - -4+ = 6.1
R? 2jL 4+R2 (6.1)

The wave equation for a massive scalar of mass m is
1

%ar (r*f(r)0,®) — G

1
O} + —2V%<I> =m?d . (6.2)
r
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It is convenient to transform to a dimensionless coordinate

272 1
y28<ﬁ+1) y 8:27’_%17_'_17 (63)
R2
in terms of which the factor f(r) (eq. (5.1) with d = 5) reads

) = 52— (6.4

We see that s is a parameter describing the size of the black hole. When s — 0, we
approach the large black hole limit (rg — 00) and expect to arrive at the results of

3]-

Separating variables,
© = Yom(QU(y) (6.5)

we obtain the radial wave equation expressed in terms of v,

2y g2 f2
(y—s)(y"—1)0"+ (3y> — 1 — 2sy) V' + %% e (y —s)m*| ¥ =0 (6.6)
y J—

where we introduced the dimensionless parameters

0? =2sw?R?, LP=2sl({+2), 1= mTR : (6.7)

The singularities of the wave equation are given by
y==1,s, (6.8)
where y = 1 is the horizon, y = s is the black hole singularity and y = —1 is

an unphysical singularity. In order to bring (6.6) into a manageable form, we need
to study the behavior of the wavefunction near the singularities. Two independent
solutions of (6.6) are obtained by examining the behavior near the horizon (y — 1),

Uy~ (y — FHEVISS (6.9)

where W, , W _ represent outgoing and ingoing waves, respectively. We will choose W _
for quasinormal modes.
Near the singularity y — —1 we obtain a different set of independent solutions

U~ (y + )TV (6.10)

Since this is an unphysical singularity there is no physical choice. By studying the
behavior at large r (y — o0), we find another set of independent solutions which
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determine the scaling behavior and are given by
U~y b =14+ V1 +m2 (6.11)

For quasinormal modes we want the solution to vanish for large r (y — o0), leading
us to choose
U~y (6.12)

We may write the solution of (6.6) in the form
U= (y - )7 ) TTITR). (6.13)

Substituting this expression into the wave equation (6.6), we obtain an equation for
F(y),

(yz—l)F”+{(3—(\/1—+S+im)%)y+s+(\/1+s—i\/1—s)%}F’
+{9 [(sﬂ'm)@—(\/usﬂvl—s)] —m2}F

2 4

~

! {(52 —1)F' — L F+ [(1 —8)V1+s5—i(1+s)V1— s] gF}

y—S

_l_

1 4
= (6.14)

If we are interested in the limit of large frequencies w, we may focus on the region
of large y [3]. In this case, the last term on the left-hand side of (6.14) is negligible
compared with the other terms and the wave equation simplifies to a hypergeometric
equation,

(yz—l)F”+{(3—(ﬁﬂﬂ)%)y+s+(\/1+s—z\/1—s)%}F’
+{9 {(sﬂm)%—(\/usﬂvl—s)] —ﬁf}F

2
= (§6.15)
Two linearly independent solutions of (6.15) are
—1
Fi=Flay,a_;c;,—x), Fp= xl—cF(1+a+—c,1+a_—c;2—c; —x), x= yT 7
(6.16)
where
ap = hi—<\/1—0—8—|—i\/1—8>%, (6.17)
3 1
c = §+§(s—imdj). (6.18)



Using the transformation properties of hypergeometric functions, we may re-express
the solutions (6.16) in terms of a new set of independent solutions which match the
scaling behavior (6.11) for large r (z — o),

Ki=(@x+1)"*F(ag,c—az;ay —az+1;1/(z+1)) (6.19)

We ought to choose K, since it leads to ¥ — 0 as x — oco. K, may be expressed as
a linear combination of F; and F,

Ky = AgF1 + ByFs, (6.20)
where
i T e B ey e
For the correct behavior at the horizon, we demand
By =0,
which leads to two conditions
c—a_=1—-n, n=1,2,3,... (6.22)
or
ay,=1—-n , n=1,2,3,... (6.23)

Eq. (6.22) leads to the zeroth-order frequencies,

wnz—mv1+s+uﬂ—s)h+h+—g+g] (6.24)

Notice that the phase approaches 7/4 in the large black-hole limit (rgy — oo or
s — 0), as expected [3].
Using (6.23), we find a second set of frequencies given by

On =2(V1+s—ivVl—s)(n+hy—1). (6.25)

Both sets of frequencies, (6.24) and (6.25), at leading order agree on the imaginary
part and have opposite real parts. We shall work with (6.24) without loss of generality.
Notice also that the two sets of quasinormal frequencies match the results of [3] in
the large black hole limit (s — 0).

To find the first-order correction to the zeroth-order expression for quasinormal
frequencies (6.24), we shall solve the Heun equation (6.14) perturbatively. To this
end, let us bring it to the form

(Ho +Hy) F =0, (6.26)
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where (cf. eq. (6.15))

Hy = 8§+y21_1{(3—(\/1+s+z'x/1—s)%)y+(s+(\/m-z\/1——s)%}8y
+ﬁ{g {(SH\/@)%—(MHM)] —mZ}, (6.27)

and the correction (to be treated as a perturbation) is given by

~

Hy = ! l(s2 —1)0, + ((1 —8)W1+s—i(l+ @ﬂ) ﬂ . (6.28)

(v = 1)(y — )

We have neglected the angular momentum contribution for simplicity. We may ex-
pand the wave function as
F=F+F+... (6.29)

where Fjy obeys the zeroth-order equation (eq. (6.15))
HoFy = 0. (6.30)

Solving this equation leads to the zeroth-order expressions for quasinormal frequen-
cies (6.24). The first-order equation is

HiFy + HoFy =0 (6.31)

We may solve for F} by using variation of parameters,

KL H Fy * K_HFy
L=k [ =120 ~o o 32
=k / W ’C*/x W (6.52)

where Ky are the two linearly independent solutions (6.19) of eq. (6.15) and W is
their Wronskian given by

W= (a; —a_)o (1 +x)a o1 (6.33)

To study the behavior near the horizon (x — 0), we may analytically continue the
parameters in (6.32) without affecting the singularity. For = ~ 0, we obtain

Py~ A+ 2B, (6.34)
where = K, Hy F, © K_H\F,
— 4770 =l 0
Bl_ﬂ‘/o W 6*/0 W (6.35)
and

Pl = DT+ ax — ag)
Flag)T(c—ax)

Be = (6.36)
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With our choice (6.22), we find
% KL HiFy
By = [5- —
=0 R

Therefore the quasinormal frequencies, to first order, are found as solutions of
By+ By =0, (6.37)

where By is given by (6.21).
We can now find explicit expressions for the first-order correction to quasinor-
mal frequencies. Writing to first order

3
On = —2(vT+ 5 +ivVI—s) n+h+—§+§—

(6.38)

we aim at calculating €,. Let us start with the case of n = 1. Our quantization
condition (6.22) becomes ¢ = a_. This truncates the expansion of the hypergeometric
solution (6.19) to

=Ky =(142z)". (6.39)

After some algebra, we find

—(ct+ar—a—_—k)

‘(14 )
B = L —a_ Zak/ 20 +1—s ’ (6.40)

where the coefficients, oy (k= 0,1), are given by

ap = —as(s* = 1) , alz[(SQ—l)Hsvl—Sz} lay —a-+1+s].  (6.41)
Using
00 )\1 —H
/ D = NF(LA+ L4 131 - 9), (6.42)
0 1+ dx
we find
Bla_ —1,a; —a_ +1 _ 1
g, - Bla-—la—a+1)( a ~ NP a 4 1; ar+1; )
1—s ar —a— a+ —1
a s+1
_ F(l,a_ +1,a,; . 4
2(ar —a- —1) (La+ ’a+7s—1)] (049)

Expanding in 1/h, (large mass expansion), we obtain

B =Bla_ —1,a4 —a_ +1){ <s —1+zsm>——(1+o( N, (6.44)

4 8h.
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where we made use of the expansion of a hypergeometric function

a \ ! 1 1Y) o222 a \7°
F(l,a;ﬂ;z)z(l—ﬁz) —i—(a—B) 72 (1—Bz) +... (6.45)

which is valid for large o and 3 (~ o(h,)). We obtain from (6.21) and (6.38)

By=eBla-—1,ay —a_+1)+... (6.46)

By using (6.37) we find the first-order correction for n =1,

€6 = —Z (52 —14isV1— 32) + i (14 o(s)) (6.47)

For a finite-size black hole (s # 0), this is a o(h%) correction to n = 1 quasinormal
frequencies. The correction is o(1/h;) for an infinite-size black hole (s = 0) [3].
It should be pointed out that the calculation of ¢ involved cancellation of o(h. )
terms. For a general n, one obtains expressions o(h’). Non-trivial cancellations
occur between various terms involving hypergeometric functions and after the dust
settles, one arrives at the general expression

S [y _ i(2—1/n)
- -1 V1 — 52 - T 71+ =1,2,3,... 4
€n ™ (s +is s ) + S, (1+o(s)) , n=1,2,3, (6.48)

which is o(h%) for finite-size black holes and o(1/h. ) for infinite-size black holes,

l 1 1

We have been unable to provide an analytical proof of the above results for general
n but have verified them for several n using Mathematica.

6.3 Conclusions

By applying the method of [3], we calculated the quasinormal modes of a finite AdS
black hole in five dimensions for a massive scalar perturbation. We solved the problem
perturbatively and calculated the first order correction to the quasinormal frequency.
By looking in the large black hole limit, we showed that our result is in agreement
with [3]. Studying massive perturbations may also help to give insight into various
aspects of quantum gravity. One could extend this work by studying massive vector
or tensor perturbations of black holes.
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A: Maximally symmetric
space-times

In general relativity, we arrive at the Einstein tensor G, = R, — % 9w by
asking that the field equations be written in terms of the unique symmetric, rank
two covariantly conserved object constructed out of the metric and its derivatives
which has Minkowski space as a vacuum solution. By relaxing the final condition we
may generalize the Finstein tensor by adding a term proportional to the metric. The
constant of proportionality, A, is known as the Cosmological constant. We may add
this term since it is covariantly a constant. This leads to a more general Einstein
tensor given by

1
G;w = R;w - ig;wR - Aguu- (A1>
When expressing the full set of equations of motion
1
R;w - §guuR - Ag,ul/ = 87TGT/JI/7 (A2>
where
T,uz/ - (p + p>u,uul/ + PAuv- (A3>

We see the cosmological constant, A acts like an intrinsic pressure. A > 0 gives a
repulsion, where as A < 0 gives an attraction. The type of solutions of (A2) we want
to study are called “maximally symmetric” solutions of the Einstein field equations.
There are three solutions that are maximally symmetric and they depend on the sign
of A. If A > 0, the space-time is de Sitter. For A < 0, the space-time is known as
an anti-de Sitter space-time, and if A = 0, the space-time is known as a Minkowski
space-time.
A maximally symmetric solution will satisfy the condition

2
R/Jl/po = :F€_2(g,upguo - g,ucrgl/p)u (A4>

where F represents de Sitter and Anti-de Sitter respectively and

D —1)(D —2)

o
= 2\
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Also, by taking the trace

2A
R, =*——0gu. A5
u (D — 2)9u (A5)
For the signature (— 4+ + + ...) the spaces of interest here may be written as
2 r? 2 r\ 7 2 27002
ds :—<1j:€—2) dt” + <1j:€—2) dr® +r=dQ7y,_, (A6)

where dQ2%,_, is the metric on a unit round D — 2 sphere. The cosmological constant
sets the scale of ¢ and if we let £ > r we arrive at Minkowski space.

For a more detailed introduction to de Sitter and Anti-de Sitter space-times
see [42, 43].
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