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1

INTRODUCTION

Sﬁing theory originated in the 1960’s as a model for strong interactions.
nly after it was replaced by a much more successful theory in this respect,
by the name of quantum chromodynamics (QCD), was it reinvented as a theory
of quantum gravity. Up to that time, twentieth century physics had borne two
extremely successful theories. These are quantum mechanics, which describes
physics at the very small scale, and Einstein’s theory of general relativity, a
theory of gravity providing a description of physics at the largest of scales.

Quantum mechanics or, more precisely, quantum field theory provides a
unified description of all but one of the forces known in nature. In the form
of the Standard Model it brings together the electromagnetic force with the
strong and weak nuclear forces. Moreover, this framework also includes all
known elementary particles. The force missing is the gravitational force. The
Standard Model is exceptionally successful at describing physics at the energy
scales nowadays accessible in particle accelerators. In fact, there exists no ex-
perimental data in violation thereof. Nonetheless, the Standard Model will not
be the final theory of particle interactions. Besides the absence of interaction
with gravity, it exhibits a certain degree of arbitrariness, or at least inelegance,
due to the large number of free parameters. This has led to many attempts at
formulating a more fundamental theory.

General relativity is the theory of space, time and gravity. It has drastically
changed our thinking about each of these concepts. On large scales, where
gravity dominates, the theory provides an accurate description of the observed
physics. It predicts such remarkable things as the expansion of the universe and
the bending of light. Because gravity is such a weak force, it is very difficult
to test the theory on small scales. This leaves open the possibility of new
gravitational physics appearing at relatively low energy scales.

The two theoretical frameworks of quantum mechanics and general rela-
tivity have almost no overlap. There is, as mentioned above, no interaction
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with gravity in the Standard Model. In laboratory particle experiments this is
not so much of a problem, since gravity is too weak to play a significant role.
There are, however, situations in which the gravitational interaction becomes
of comparable strength to the particle interactions described by the Standard
Model. These include black holes, or spacetime singularities in general, as
well as the early universe. For a complete description of these situations, it
is then necessary to construct a quantized theory of gravity, combining quan-
tum mechanics with general relativity. However, general relativity is — in the
language of quantum field theory — a non renormalizable theory. This means
that it becomes useless when covariantly quantized because irremovable infini-
ties appear at high energies, indicating that new physics is likely to play a role
there. Hence arises the need for a full-fledged theory of quantum gravity. This
new theory must replicate the predictions of quantum mechanics and general
relativity in their respective regimes, but in the extreme situations where the
two meet it must deviate and provide a natural connection between them. This
is where string theory enters the arena.

String theory offers a radical new point of view. The fundamental con-
stituents of the theory are one-dimensional objects rather than point particles.
When being considered as a theory of the strong interactions, these so called
strings arose as flux tubes between quarks. One of the problems it had as
a theory of hadrons was the appearance of a massless spin-2 particle in the
string spectrum. After being replaced by QCD, this massless spin-2 particle
was reinterpreted as the graviton: the quantum of gravity. In this way, string
theory naturally provides a theory of quantum gravity. It also encompasses the
Standard Model, reproducing all known particle interactions found in nature.
Moreover, it does so in a strongly unified way since all interactions are differ-
ent manifestations of the same object. The mediators of the forces as well as all
elementary particles are simply different vibrational modes of the fundamental
string.

String theory contains both open strings, with the topology of a line, and
closed strings, which are loops. While matter fields and their Standard Model
interactions are described by open strings, closed strings describe the gravita-
tional interactions. The closed string spectrum consists of an infinite tower of
states, starting from the massless graviton and ever increasing in mass from
there. It is the addition of these massive string modes that softens the diver-
gences encountered at high energies in the covariant quantization of general
relativity. String theory in this way provides a consistent perturbative descrip-
tion of the gravitational interaction.

The development of string theory as a theory of quantum gravity is charac-
terized by two important developments known as string revolutions. The first
revolution came in the 1980’s when spacetime supersymmetry was brought into
the theory. Supersymmetry relates bosonic and fermionic degrees of freedom.
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Until that time, only the bosonic string had been considered. This theory was
troubled by the appearance of a tachyonic state in the string spectrum and by
the fact that it could only be formulated consistently in twenty-six spacetime
dimensions. The introduction of supersymmetry not only allowed the descrip-
tion to be extended to fermions, it simultaneously rid the theory of the tachyon
in a natural way. These superstrings live in ten spacetime dimensions, which
is, alas, not as bad as twenty-six. Supersymmetry has not yet been observed
in nature. It is, however, most relevant to high energy phenomena and one can
imagine that while it is broken at currently accessible energies, it gets restored
at higher energies. The questions that remain are how exactly it gets broken
and at which energy.

As for the dimensionality of spacetime, it is an everyday fact that we only
experience three spatial and one time dimension. There are several proposals
as to what happens with the six extra spatial dimensions required for a consis-
tent formulation of superstring theory. The oldest and most generally accepted
resolution is that the extra dimensions are compactified on circles with such
small radii as to be undetectable in current high energy experiments. More
recently, a competing idea has been put forward. It utilizes the difference in
energy scales up to which the Standard Model and the gravitational interac-
tions have been experimentally checked. The proposal states that the Standard
Model fields are confined to af3l-dimensional hypersurface in ten dimensio-
nal spacetime. The gravitational interaction, on the other hand, is free to probe
all spacetime dimensions, as it should since it describes the dynamics of space-
time itself. These extra dimensions then only need to be curled up so much as
to be consistent with high energy checks of gravity, which as mentioned are
much less restrictive then those of the Standard Model. These models, called
brane worlds, can naturally be embedded into string theory. The hypersurface
is then represented as a D-brane, which is a topological defect to which the
endpoints of open strings are confined. Gravity, being represented by closed
strings, is not confined to the brane. The interaction of the Standard Model
fields on the brane with gravity is described by closed strings breaking open
and turning into open strings on the brane. The qualification as a topological
defect derives from this process in which the topology of the string changes.

In the years ensuing the first string revolution, several superstring theories
were discovered. In total there appeared to be five different theories, which
were all defined perturbatively. These are the type lIA, type IIB, type | and
two heterotic theories. This situation was unsatisfactory as it caused a certain
ambiguity. With five different theories, which is the one that describes nature?
During the 1990's relations between these different theories were discovered.
These relations are known as dualities and they showed that in fact all five
theories are different manifestations of one underlying theory. This important
step in the development of superstring theory is referred to as the second string
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revolution. Lacking a fundamental coupling constant, the underlying theory is
intrinsically non-perturbative. Because of this the theory, known as M-theory,
is notoriously difficult to describe. The five superstring theories correspond to
perturbative vacua of M-theory.

Through these and more recent developments, such as the discovery by
Polchinski [100] of the relevance of D-branes in a non perturbative description
of the theory, string theory has evolved into a more mature theory. It is fair to
say that string theory is the leading candidate for a theory of quantum gravity.
That is not to say that it is the only candidate. Certainly, based on the way
string theory was unveiled as a theory of quantum gravity, there is no reason to
believe that there would be no other theories waiting to be discovered. The only
way of determining the full merit of string theory is then by testing it. While it
has already withstood many tests, with many more awaiting, these are without
exception of a theoretical nature; largely confirming only the theory’s internal
— mathematical — consistency. The ultimate test of any theory that strives to
describe nature, is to withstand experimentation. The extreme smallness of
the corrections predicted by string theory to the theories it replaces makes this
very difficult. The natural energy scale of the theory, the Planck scale at which
stringy effects become relevant, is many orders of magnitude larger than those
attained in modern particle accelerators. To directly test whether the funda-
mental building blocks of nature look like tiny rubber bands will therefore not
be possible any time soon. That said, there is one laboratory where the required
energies are realized: the universe itself.

This brings us to the subject of cosmology. Cosmology studies the evo-
lution of the universe, from the putative beginning in a big bang to the vast
universe we observe today and onward into the future. Although cosmology
has been phenomenally successful in some respects, it fails to answer funda-
mental questions regardingg., the nature of the initial singularity and the
origin of inflation. The formulation of an underlying theory is necessary to
approach these basic questions and it seems natural to consider string theory in
this respect. This line of research has not proven very successful. String the-
ory, as currently formulated, is not background independent. Each background
thus requires its own consistent formulation of the theory and, so far, these
have not been found for realistic cosmological backgrounds. Conversely, due
to the high energies involved, some of these questions provide the best avail-
able testing ground for string theory. The rather limited interaction between the
two subjects is therefore surprising. One observation that has recently sparked
a change in this is that the current cosmological constant may be nonzero and
positive. From a cosmological point of view, this means that the universe is
entering a de Sitter phase. On the other hand, it has so far proven impossible to
find a de Sitter solution to string theory. This forms an important challenge for
string theory and perhaps comes closest to a comparison with nature in any test
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so far, although it must be noted that the observation of a positive cosmological
constant is still tentative. The issue of finding a de Sitter string solution plays
a major role in the second half of this thesis.

The single most important formula around which this thesis revolves is the
Bekenstein-Hawking area law

A
S=—.
4GN

This formula expresses the entropy hidden by an event horizon in terms of the
area of that horizon in Planck units. The most amazing feature of this formula is
its universality. Not only does it apply to black hole and cosmological horizons
alike, but also to the black strings and branes found in string theory. From
the Bekenstein-Hawking formula derives a fundamental entropy bound. The
maximal entropy contained in a certain volume is given by the area of that
volume in Planck units. This is known as the holographic principle, originally
proposed by 't Hooft [131]. It implies a radical departure from the intuitive
notion that the entropy would be proportional to the volume. Moreover, the
holographic principle introduces a degree of non locality into any theory of
quantum gravity. That it is expected to be a generic feature of any theory of
quantum gravity is based on the fact that it derives directly from black hole
formation, which limits the amount of mass a region of spacetime can support.
It remains to be seen, however, whether this will appear as an effective property
or as a manifest underlying principle.

As for string theory, it is not yet clear whether the holographic principle
is manifest. In the perturbative picture of string theory we have today, it is
only partly realized. As shown by Susskind [125], the perturbative expansion
breaks down before the entropy bound of one bit per Planck area is violated.
However, one would expect it to be completely explicit only in a fully non per-
turbative formulation of the theory. Recently, such formulations have become
available in certain special cases. Most notably, Maldacena [90] has proposed
the AdS/CFT correspondence, relating full, non perturbative string theory on
anti-de Sitter backgrounds to conformal field theories living on the boundary
of the AdS space. The number of degrees of freedom in this context manifestly
obeys the holographic principle, as we will review in this thesis.

Studying the holographic principle in string theory may guide us towards
answering important open questions. It has, for example, not been possible so
far to find a string description of most realistic black holes and singularities of
general relativity. More generally, while string theory is relatively well under-
stood at small coupling, our knowledge of the strongly coupled regime is much
more limited. The holographic principle may prove to be a valuable guide in
that respect as it becomes more stringent in regions of spacetime that are highly
dynamical and strongly gravitating.
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The approach that will be taken in this thesis is to consider the compatibil-
ity of the holographic principle with cosmological models. This approach may
help in the construction of realistic cosmological models within string theory.
Since cosmology lacks a fundamental underlying theory, the solutions it of-
fers may seem rather ad hoc. Inflation, for example, clearly offers a solution
to the horizon and flatness problems, but different solutions to the same prob-
lems are certainly imaginable. How then must we choose between different
cosmological models? Assuming that the holographic principle turns out to
be of a fundamental nature, one would expect it to be a manifest feature of a
cosmological model. This provides a possible way of determining the feasibil-
ity of specific cosmological models. Lacking a fundamental theory, one cannot
look for an explicit manifestation of the holographic principle as a fundamental
principle. Instead, one can consider whether a certain model obeys the entropy
bounds that derive from it. These entropy bounds have culminated in a covari-
ant entropy bound as formulated by Bousso [23,24]. This proposal has been
tested to be consistent with many situations that are expected to occur in the
universe, such as gravitational collapse and inflation.

This thesis is organised as follows. In Chapter 2, a general overview of the
concept of holography is given. Its origin in black hole physics is reviewed
as well as its most concrete realization in the form of the celebrated AdS/CFT
correspondence. In between, several entropy bounds that derive from it are
considered.

Chapter 3, largely based on [112], applies those entropy bounds to cosmo-
logical models. A striking relation between entropy and energy formulas on
the one hand and the equations that govern the cosmological evolution of a ra-
diation dominated FRW universe is reviewed. Subsequently, this is applied to
a specific brane world model from which it derives a natural explanation.

In Chapter 4, we return to the subject of holography but now in the specific
context of a spacetime with positive curvature, or de Sitter space. Although
much less well established than the AAS/CFT correspondence, we review the
recent proposal of an analogous dS/CFT correspondence.

Finally, Chapter 5, based on [96,111], provides a new point of view towards
guantum gravity in de Sitter space. The problems that plague a formulation
thereof are reconsidered within the proposed model.

For a thorough introduction to superstring theory, the reader is referred to
the standard textbooks [55,101].
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HOLOGRAPHY

t first sight, quantum field theories and gravity seem to have little to do

with each other. Indeed, it has proven impossible to quantize gravity fol-
lowing the usual perturbative techniques of field theory. On the other hand,
string theory naturally provides a quantum theory of gravity. It turns out that
these different kinds of theories are intimately related.

In the nineteen seventies, 't Hooft [128] showed that in the limit of large
gauge group the diagrammatic expansion of gauge theories looks like that of
a free string theory. Although a description in terms of a worldsheet action
was not found, this provides a direct connection between gauge theories and
string theories. More recently, it was realized that the strings arising from
certain conformal gauge theories are exactly the type IIB strings, moving on
a curved background which has a boundary at spatial infinity. In a different
approach, it was conjectured by 't Hooft [131] and Susskind [125] that any
theory of quantum gravity should be dual to a quantum field theory living on
the boundary of spacetime. This is called the holographic principle.

A major step forward came in 1995 with the discovery of D-branes by
Polchinski [100]. Dp-branes arep+ 1-dimensional hypersurfaces on which
open strings can end. The low energy theory of open strings ending qn a D
brane is U(1) gauge theory ip+1 dimensions. If one putsl D p-branes on
top of each other, this generalizes toNJ(gauge theory. On the other hand, by
worldsheet duality, the P-brane also acts as a source for closed strings, which
contain gravitons in their massless spectrum. This dual nature of the D-branes
is depicted in Figure 2.6 on page 22.

All of this finally led Maldacena [90] in 1997 to conjecture the celebrated
AdS/CFT correspondence, providing an explicit example of a gravity theory
on a curved background and its dual field theory. These are type IIB string
theory on Anti-de Sitter (AdS) space times a sphere .&hg 4 SU(N) super
Yang-Mills (SYM) theory. This last theory is a conformal field theory (CFT)
which lives on the boundary of the AdS space.
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We begin in Section 2.1 by discussing the holographic principle and the
entropy bounds that can be inferred from it. In Section 2.2 we consider an
explicit realization of the holographic principle: the AdS/CFT correspondence.
This correspondence is then used to derive a holographic entropy formula for
the dual CFT.

2.1 THE HOLOGRAPHIC PRINCIPLE

In a quantum theory of gravity there exists a natural upper limit on the amount
of energy that a region of space can contain. Consider, for simplicity, a spher-
ical region. The maximal energy content is then given by the mass of a black
hole that fills the region. The important point is that the mass of a black hole
in four dimensions is proportional to its horizon radius,

r
MgH = EH (2.1)

and not to its volume. Since the ratio volume over radiys, « r2, grows
rapidly withr, the bound becomes more stringent as one considers larger vol-
umes. This bound on the mass translates to a bound on the number of de-
grees of freedom that a region can support. Based on this, 't Hooft [131] and
Susskind [125] proposed the holographic principle, which asserts that the num-
ber of accessible degrees of freedom in a specified region of space is propor-
tional to the area of its boundary measured in Plank units. This is a radical
step away from local field theory, which has degrees of freedom at every scale.
Indeed, even when a finite number of degrees of freedom per unit volume is
obtained by imposing infra-red (IR) and ultra-violet (UV) cutoffs, the total
number is proportional to the volume. This discrepancy lies at the heart of the
problems in unifying quantum field theory and gravity.

From the holographic principle, bounds on the entropy in a specified region
can be derived. We will discuss these ‘holographic entropy bounds’ in the
remainder of this section. For an extensive review of the holographic principle
and the resulting entropy bounds see [21,27].

2.1.1 BLACK HOLE THERMODYNAMICS

Consider the Schwarzschild black hole solutioDin= n+1 dimensions. The
metric takes the form

M Myt
ds?2 — — (1_ ‘::_2) dt2 + <1 - (:):_2> dr? +r2dQ2 ;,  (2.2)
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where
167w Gy

~ (n—DVol(-1)°
Gy is the D-dimensional Newton constant] denotes the mass of the black

hole andd2,_1 is shorthand for the metric on time-1-dimensional unit sphere.
Focusing on the case = 4 and settindsy = 1, the metric reduces to

(2.3)

wn

ds? = —V(r)dt? + V(r)"1dr? + r2dQ3, (2.4)

where oM
V(r):l—T. (2.5)

The black hole horizon is at, = 2M and the area of the horizon is
Ay = 167 M2, (2.6)

Hawking’s area theorem [64] states that the area of a black hole event horizon
never decreases with timd:Ay > 0. For example, if something drops into a
black hole this increases its mass and consequently its horizon area increases
as well. The area theorem bears resemblance to the second law of thermody-
namics, which states that entropy never decreases with tiiez 0. However
superficial the similarity between the two laws may seem, it turns out to be of
a fundamental nature.

There is also the ‘no hair theorem’ [32,76], which states that a black hole
is completely characterized by three quantities: its mass, charge and angular
momentum. Since this allows for only a single quantum state, it implies that
black holes have zero entropy. Throwing an entropy carrying thermodynamical
system into a black hole would then cause entropy to be lost; in violation of
the second law of thermodynamics.

As a resolution, Bekenstein [15-17] suggested to associate an entropy to a
black hole proportional to its horizon area,

SH = 1A, (2.7)

wheren is the constant of proportionality. Bekenstein then generalized the
second law of thermodynamics to include black hole entropy,

dSnatter+ dSgr > 0. (2.8)

Any loss of matter entropy from objects falling into a black hole is compen-
sated for by an increase of the black hole entropy. If the Bekenstein entropy of
a black hole is to be interpreted as a thermodynamical entropy, the first law of
thermodynamics,

dM =TdsS, (2.9)
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implies that black holes must have a temperature. Classically this is not pos-
sible, since a black hole cannot radiate by definition. Hawking [65] showed
that black holes do in fact radiate through a quantum process and found that
they emit a black body spectrum at a temperature which is a function of the
black hole mass. This result establishes the analogy between the laws of ther-
modynamics and those of black hole dynamics as a true physical principle.
It gives an indication that a statistical system perhaps underlies the theory of
gravitation.

To calculate the Hawking temperature for a 4-dimensional Schwarzschild
black hole, consider the Euclidean version of the metric (2.4),

ds? = V(r)de? 4+ V(r)~tdr? +r2d3, (2.10)

V(r)=1—2r—M. (2.11)

Demanding that the metric be non singular at the horizon gives a periodicity
condition for the Euclidean time coordinate The Hawking temperature is
then given by the inverse period. In terms of a coordinatgven by

r,=r+r,Inr —ry,), (2.12)
the metric becomes
ds? = V(r)(de? +dr?) +r2dQ3. (2.13)
Introduce coordinates.. defined by
Uy =7 TEHD (2.14)

whereg is the periodicity ofr. In terms of these coordinates, the metric takes
the form
ﬂz

ds? = —V(r)e_%dqudu_. (2.15)
42
ExpandingV (r) aroundr =r,,,
V) = —ry- -V T =r), (2.16)

we see that the metric is regular aroung ry, if

e ox(r—ry, (2.17)

or, equivalently, if
re LS In(r —ry). (2.18)
4
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Comparing with (2.12), we see that this requires
B=4nr,=8rM. (2.19)
We conclude that the Hawking temperature equals

1

TH= ——.
H 87 M

(2.20)

By the first law of thermodynamics, this fixes the proportionality consfant
the Bekenstein entropy (2.7). The so called Bekenstein-Hawking entropy of a
Schwarzschild black hole in four dimensions is given in Planck units by

SH=7- (2.21)

Reinstating all dimensionfull parameters, this formula takes the form

|(BAHC3
SH = T

(2.22)

wherek; is the Boltzmann constant,denotes the speed of light ahds the
Planck constant.

The laws of black hole thermodynamics are by now well established and
it is expected that a quantum theory of gravity will associdte= /4 mi-
crostates with a black hole, as suggested by (2.21). In fact, for a special class
of black holes, string theory has succeeded in doing just that [38,92,123]. We
will see in Chapter 4 that the Bekenstein-Hawking formula (2.21) applies just
as well to the cosmological horizon that is present in the context of de Sitter
space. This is exemplary of the universality of this formula, as advocated in
the Introduction.

2.1.2 ENTROPY BOUNDS FROM BLACK HOLES

For a system that includes gravity, an entropy bound can be deduced from the
Bekenstein-Hawking formula (2.21) together with the generalized second law
(2.8). Consider a spherical region of spate The area of the boundary of

V equalsA. Start with a thermodynamical syste@, with entropy S, that

is completely contained withiv. The total energy of the syste@ cannot
exceed that of a black hole of ardasince it would then not fit withiry .

By collapsing a spherical shell of matter with precisely the right energy
onto the systen®, this system can be converted into a black hole that fills the
volumeV. This process of converting the system into a black hole is called
the Susskind process [125]. The entropy of the resulting system is simply that
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of a black hole with horizon ared, as given by (2.21). From the generalized
second law it follows that the entropy of the original system is bounded by this
entropy,

S< SH. (2.23)

This is called the spherical entropy bound, and it is an example of a holographic
entropy bound. The most stringent form of this bound is obtained by choosing
V to be the smallest spherical volume that contains the sy&em

Because of the limited validity of the spherical entropy boteyl, it only
applies to spherical regions, one would like to try and generalize it. The most
natural extension is simply to drop the assumptions under which it is derived.
The resulting entropy bound, called the spacelike entropy bound, states that
the entropy within any spatial region cannot exceed the area of that region’s
boundary,

S(V) < ¥ . (2.24)

Besides the fact that many counterexamples to this bound have been found,
a crucial difficulty with any entropy bound on a spacelike volume is that the
concept of a region and its boundary is not covariant. This makes it impossible
to say exactly what the region is on which the entropy is bounded by a given
boundary surface. Since a natural covariant notion is that of a lightlike volume,
one might try to formulate holographic entropy bounds on such volumes [125].
This leads to covariant ‘lightlike entropy bounds’. Before discussing lightlike
bounds, in the next section we first discuss an interesting relation between the
Einstein equation and the first law of thermodynamics. The derivation of this
relation by Jacobson [77] involves an early formulation of the idea to imple-
ment the holographic principle via entropy flow through light-sheets.

2.1.3 THERMODYNAMICS AND THE EINSTEIN EQUATION

The laws of black hole mechanics can be derived from the classical Einstein
equation [14]. The discovery of Hawking radiation established the link be-
tween these laws and those of thermodynamics. How then did classical general
relativity know that horizon area is a sort of entropy?

Jacobson [77] answers this question by deriving the Einstein equation from
the proportionality of entropy and horizon area together with the fundamental
relation

5Q = TdS (2.25)

connecting heat, entropy and temperature. To illustrate the idea, consider a
thermodynamical system. Assume that the entr§@¥, V) of the system is
given as a function of energy and volume. The first law of thermodynamics,
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together with the relation (2.25), yields

3Q=dE + pdV, (2.26)
wherep is the pressure within the system. Differentiating the entropy gives
S 0S

dS= —dE+ —dV. 2.27
oE + AV ( )
From combining these relations, we infer the equation of state
9S
=T—. 2.28
=T (2.28)

The approach of [77] is to start from the holographic entropy relation and then
derive an equation of stater spacetime along these lines. This equation takes
the form of the Einstein equation.

In order to apply the relation (2.25) to spacetime dynamics, we need ap-
propriate definitions of the appearing quantities. Heat will be defined as en-
ergy that flows across a causal horizon. A causal horizon is not necessarily a
black hole horizon, it can be simply the boundary of the past of any set. The
entropy of the system hidden by the horizon is assumed to be proportional to
that horizon’s area. The final quantity that has to be identified is the tempera-
ture of the system into which the heat is flowing. Jacobson defines this to be
the Unruh temperature [134] that is associated with an uniformly accelerated
observer hovering just inside the horizon.

For equilibrium thermodynamics to be applicable, construct a system that
is instantaneously stationary in the following way. Through any spacetime
point p, there exists a spacelike, 2-dimensional surface elememhose past
directed null normal congruence to one side has vanishing expansion and shear
in a first order neighbourhood @k Call the past horizon of such® the ‘local
Rindler horizon of?’. The part of spacetime beyond the Rindler horizon is in
local equilibrium atp.

Following [77], we now demonstrate that from the relation (2.25), inter-
preted in terms of energy flux and area of local Rindler horizons, it follows that
gravitational lensing by matter energy affects the causal structure of spacetime
in just the right way so that the Einstein equation holds.

We need to make the definitions of heat and temperature more precise. In
a neighbourhood of? spacetime is approximately flat and exhibits the usual
Poincaé symmetries. In particular, there exists an approximate Killing field
x2 generating boosts orthogonal & and vanishing atP itself. Like in the
familiar Rindler case, the vacuum state is a thermal state with respect to the
boost Hamiltonian at temperature

_h/c

T=—.
21

(2.29)
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FIGURE 2.1: Theheat flows Q across the local Rindler horizo#
of a two-surface elemer®, generated by the approximate boost
Killing vector x2. Every point represents a 2-dimensional space-
like surface. Figure adapted from [77].

wherex is the acceleration of the Killing orbit on whig{? has unit norm. As-
suming that all the energy passing through the horizon is carried by matter, the
local heat flow is defined bYap x2, whereTy, is the matter energy-momentum
tensor.

Referring to Figure 2.1, consider a local Rindler horizéhthrough a
spacetime poinp. The horizon is generated by the approximate local boost
Killing field x2. The heat flux through the horizon is given by [77]

8Q=/ Ty x2dxP | (2.30)
H

We can writex® = —«Ak?, wherek? is the tangent vector to the horizon
generators for an affine parametethat vanishes af and is negative to the
past of #. Then alsodx? = k®didA, whered+ is the area element on a
cross section of the horizon. Inserting these relations into (2.30) puts it in the
form

Q= —« / ATapk®kPdAd A . (2.31)
H

As mentioned above, it is assumed that the entropy is proportional to the
horizon area. The entropy variation associated with a piece of the horizon is
then proportional to the variatidh of the cross sectional area of neighbouring
horizon generators,

dS=nsA, (2.32)

wheren is the constant of proportionality and the area variation is given by

M:/ odrdsA . (2.33)
H
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Here,0 denotes the expansion of the horizon generators defined by

_1da
A dL
The relationsQ = TdSrelates the energy flux to a change in the horizon
area,.e, to a focusing of the horizon generators. By definitionPathe local
Rindler horizon has vanishing expansion. It follows that the focusing to the past
of  must cause the expansion to vanish there. Moreover, the rate of focusing
must be so that the increase of a portion of the horizon will be proportional
to the energy flux across it. This translates to a condition on the curvature of
spacetime in the following way.

The Raychaudhuri equation

d_@ = —}92 — oaboab + a)aba)ab — Rabkakb (2.35)

da 2

relates the change in expansion along the generators parametrizeio lye
shearogp, the twistwgp and, through the Ricci tensaRgp, the curvature of
spacetime. By stationarity of the horizofy, o and w vanish at®. When
integrating (2.35) to find near#, the first three terms on the right hand side
can thus be neglected as they are are higher order contributions. For sufficiently
small A, this integration yield® = —ARapk3kP and by substituting this into
(2.33) one obtains

0 (2.34)

Soh = — / ARapk?KPdAd A . (2.36)
FH
From (2.31) and (2.36) we see that
h
5Q = TdS= — 184 (2.37)
2
can only hold if
h
Tapk?KP = 2—’7:/2abkakb (2.38)
JT
for all null vectorsk?®. This condition implies that
2
h_nTab = Rab + f0ab (2.39)

for some functionf. The stress-energy tensdy, is divergence free by local
conservation of energy and momentum. It follows by the contracted Bianchi
identity thatf = —R/2+4 A for some constant. This leads to the conclusion
that the Einstein equations,

1 2
Rab — Engab + AQab = h—nTab, (2.40)

hold automatically [77].
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\

LIGHT RAY

FIGURE 2.2: Thespacetime poinp is mapped to a holographic
screen through a light ray. Figure adapted from [125].

2.1.4 (OOVARIANT ENTROPY BOUNDS

The most important aspect in which covariant entropy bounds differ from the
spherical and spacelike bounds discussed before is that they bound the entropy
not in a spatial volume but on a null hypersurface; a so called light-sheet. This
formulation via light-sheets is what provides the covariance of the prescrip-
tion. The most general formulation of a covariant entropy bound is given by
Bousso [23,24]. Bousso provides a detailed discussion of the notion of a light-
sheet, and how they can be constructed.

To illustrate the idea, we will discuss an early example of a covariant en-
tropy bound, as constructed by Susskind [125]. Consider a 4-dimensional,
asymptotically flat spacetime. Asymptotically, we can define Minkowski light
cone coordinateXt, X, x' (i = 1, 2), whereX™ is the light cone time co-
ordinate. Define a light-sheet to be the set of light rays which, in the limit
X~ — oo, have equalXt. These light rays fill a 3-dimensional lightlike
volume and are asymptotically parallel. The complete set of light-sheets, for
all X* values, fills the entire spacetime (except for points inside black hole
horizons).

Assign to a spacetime poipt‘holographic coordinatesX*, x!, according
to theasymptotic coordinate values of the light ray that passes thropgln
this way, all the points along a light ray are assigned the same holographic
coordinates. The value of~ is thus projected out and for every value of
the time coordinaté ™, thex' parameterize a 2-dimensional surface called a
holographic screen. In this way thet3-dimensional theory is mapped onto
2+ 1-dimensional screens, as depicted in Figure 2.2.

This mapping defines an entropy densitg<' ) on the screen. The entropy
of systems that are swept out by a light-sheet is mapped to part of the screen.
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FIGURE 2.3: A black hole horizon is projected through light rays
onto a holographic screen. Only lightrays in the plane of the paper
are shown. Figure adapted from [125].

In the following we will show that no distribution of energy will ever lead to
an entropy density on the screen that exceeds the bound [125]

o(x) < %. (2.41)

To start with, consider a black hole. The entropy of a black hole is given
in terms of its horizon area by (2.21). We can thus assign an entropy density
of 1/4 to the black hole horizon. By the mapping defined above, the horizon is
projected onto a certain area on the holographic screen, as shown in Figure 2.3.
To show that the proposed bound (2.41) holds in this case, we must proof that
the horizon area is smaller than its image area on the screen. This can be done
by applying the Raychaudhuri equation (2.35) in the following way. For a null
vectork?, we have from the Einstein equations that

Rapk?K? = 87 Tapk®k?  (gapk®k® = 0). (2.42)

The Raychaudhuri equation (2.35) for the expangiasf the cross sectional
area of neighbouring light rays can then be written as

j—i = —%92 — 0202 + wapw®® — 87 Tapk?KP (2.43)
where is an affine parameter along the light rays. For a surface-orthogonal
family of light rays, such as a light-sheet, the twistvanishes. Moreover,

by the null energy condition, the final term is non positive [67]. We thus see
that the right hand side of (2.43) is manifestly non positive. It follows that the
expansiord never increases along the light rays that constitute a light-sheet,

do
— <0. 2.44
@ (2.44)
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FIGURE 2.4: Projection of a two black hole configuration onto a
holographic screen. Figure adapted from [125].

The physical content of this focusing theorem is to say that light is always
focused by matter, never diverged.

Since asymptotically, in the flat region, the light rays are parallel, the ex-
pansion approaches zero there,

6~0 (h— 00). (2.45)

Hence,0 must be positive along the light rays that map the horizon onto the
screen. This implies that the area on the holographic screen to which the hori-
zon is mapped, is larger than the horizon area. The bound (2.41) on the entropy
density follows.

One can try to increase the entropy density on the screen by adding matter
to the light-sheet between the black hole and the screen. For example, we can
add another black hole. However, as depicted in Figure 2.4, the bending of light
by matter, together with the focusing theorem (2.44), ensures that the entropy
density on the screen does not exceed the bound. These considerations lead
to the conjecture [125] that for any entropy carrying system, when mapped to
the screen, the entropy density obeys the bound (2.41). This conjecture was
generalized by Fischler and Susskind [45] to include more general spacetimes.
We will consider this generalization in detail when we discuss cosmological
entropy bounds in Section 3.2.

2.2 ADS/CFT

If the holographic principle turns out to be of a fundamental nature, one would
expect it to be manifest in a quantum theory of gravity. It is not yet clear
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whether this is true for string theory, but backgrounds that provide explicit re-
alizations of holography have recently been found. In this section we consider
the most prominent example to date: the AdS/CFT correspondence. The con-
jecture is that type I1B string theory on backgrounds of the form Ad10-"
(whereX is a compact manifold) is dual to a superconformal field theory that
lives on the boundary of the Anti-de Sitter space. We will focus our attention
on the case AdSx S°, where the dual field theory i%/ = 4 SU(N) super
Yang-Mills.

The correspondence considered in this section is a realization of the idea
that gauge theories might have a dual description in terms of a string theory.
This idea originates from 't Hoofts largg limit, which we will review below.

The particular relation we consider was motivated by studies of D-branes and
black holes in string theory. Before presenting the exact formulation of the
correspondence, we will discuss these objects in some detail. We also consider
the way the correspondence implements holography. Finally, a holographic
entropy formula for the dual CFT is derived in Section 2.2.8.

The correspondence was conjectured by Maldacena [90] and subsequently
made precise by Gubser, Klebanov and Polyakov [61] and independently by
Witten [144]. For a review, please refer to [2,82].

2.2.1 (Q.ASSICAL GEOMETRY OFADS

For easy reference in the remainder of the text, let us begin by discussing a few
geometrical aspects of Anti-de Sitter space and gathering some useful met-
rics. For a detailed account of the classical properties of this space please refer
to [67].

AdS is the unique vacuum solution to the Einstein equations with maximal
symmetry and constant negative curvature.Dirspacetime dimensions, it is
locally characterized by

D-1
Ry = —?gw} , (2.46)
wherelL is the radius of curvature of AdS, and by the vanishing of the Weyl
tensor. The cosmological constant, is given as a function df by

_(D-1(D-2)

A=
2L.2

(2.47)

The whole space is covered by global coordinates, for which the metric be-
comes

ds? = L2 (— costfr dt? + dr? 4 sinkfr dQZD_Z) . (2.48)
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A different coordinate system is defined by the so called Poincaordinates.
In terms of these coordinates the metric takes the form

L2 2

;
ds? = r—zdrz + Lz dX X (2.49)

A third form of the metric that we will encounter is

2 _ 2w dXidx” + dz?

d =

: (2.50)

where the boundary of the space izat 0.

2.2.2 'THOOFT LARGEN LIMIT

Gauge theories in four dimensions have no dimensionless parameters which
can be used as perturbation parameters NglYang-Mills theories have, how-
ever, an extra parameter: the raNkof the gauge group. It was suggested by

't Hooft [128] that these theories might simplify at larbyeand have a perturba-
tion expansion in terms éfN. We need to specify how the gauge couplng
scales as we takd large. Of particular interest is the limit wheke= g2, N

is kept fixed while one takeBl — oo. This is called the 't Hooft largeN

limit. The observation made by 't Hooft is that, identifyiu with the string
coupling constant, the Feynman diagram expansion in this limit takes a form
similar to that of perturbative closed string theory. Associated with a field
theory diagram withv vertices, P propagators andl loops is a coefficient
proportional to

g2PVINL = (@2, N)PVNL = APV, (2.51)

wherey = L — P + V is the Euler character of the surface corresponding to
the diagram. The perturbative expansion of a diagram in the field theory can
thus be written as

D CupvNAAPTY =X ONC, (), (2.52)
x.P.V X

where f, is some polynomial in.. In terms of the genug of a closed oriented
surface,y = 2 — 2g. Thus, each diagram is weighted by a fad?29. In

the largeN limit, the first order diagrams in this expansion are those of lowest
genus. When written in the 't Hooft double line notation, these are the dia-
grams with the topology of a plane, called planar diagrams, see Figure 2.5.
These planar diagrams are in one-to-one correspondence with the lowest order
string diagrams and similarly for higher orders. Notice that while the gauge
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bt

FIGURE 2.5: A planar diagram (left) and a non-planar diagram
(right) with the corresponding factors in lar§egauge theory.

N2

theory may be strongly coupled,, = 1, the string theory will be weakly cou-
pled whenN is large. 't Hooft first suggested the largelimit in the context

of QCD, which is a very successful SU(3) gauge theory for the strong interac-
tions. Being asymptotically free, the gauge theory is useful in describing the
high energy regime. On the other hand, at low energies, where interesting phe-
nomena like confinement occur, the theory is strongly coupled and it is difficult
to extract information. Since the dual string theory will be weakly coupled (the
coupling constant i&/N, or 1/3 for QCD), the hope was that that theory would
give a usable description of the low energy regime. However, formulation of
the string theory dual to QCD in terms of a 2-dimensional worldsheet action
remains an open problem.

For two dimensional gauge theories dual string theories have been con-
structed [57,58,95]. The case of four dimensional gauge theories is more com-
plicated. Recently, however, there has been progress and, for a certain class of
gauge theories, dual string theories have been constructed. These afg large
superconformal gauge theories. QCD on the other hand is neither conformal
nor supersymmetric and it is unclear how to break these symmetries.

2.2.3 D-BRANES

D p-branes are solitonic solutions to string theory. They are definqohak
dimensional hypersurfaces on which open strings can end. String theory on
a background with D-branes has two types of perturbative excitations: closed
and open strings. Closed strings, propagating in the bulk, describe perturba-
tions around the background metric, as they include a graviton mode in their
massless spectrum. Open strings, which have their endpoints confined to the
branes, describe excitations of the branes. The D-branes are topological de-
fects in the sense that a closed string, when it hits a D-brane, can open up and
become an open string living on the brane. Reversely, they must act as a closed
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FIGURE 2.6: D-brane as open string boundary condition (left) and
as closed string source (right).

string source, as depicted in Figure 2.6. Through the open strings, the D-branes
realize gauge theories on their worldvolume. Indeed, the massless spectrum of
open strings living on a P-brane is that of a maximal supersymmetric U(1)
gauge theory irp+1 dimensions. The spectrum contairg®massless scalars,
which are associated with the transverse oscillations of the brane. Phitting
D p-branes on top of each other, the gauge theory generalizes td thiory.
There are themN? different kinds of open strings, since the strings can begin
and end on any of the branes; see Figure 2.7. The expectation values of the
scalars determine the relative separations of the branes in-thet@nsverse
directions. Turning on all of these expectation values breaks the gauge group to
U()N. In the current context, we are interested in the case of many coincident
D-branes.

Before the discovery of D-branes by Polchinski [100], their low energy de-
scription in terms of blaclp-branes was already known. Thebranes are clas-
sical solutions to type llsupergravity, which is the low energy limit of string the-
ory. The p-brane description provides a second, dual description of D-branes,
besides the gauge theoretical description discussed above. The comparison of
these two descriptions led to the discovery of the AAS/CFT correspondence.

A stack ofN p-branes is a heavy macroscopic object that curves spacetime.
It can be described by a classical metric and other background fields, such as
the Ramond-Ramong+1 form potential. In the following we will focus on
the 3-brane. In this case, the metric takes the form [71]

1/2
4
ds? = (1 + r_4> (—olt2 +dxE + A + o)

L4 1/2
2 2 2
+<1+r—4> (dr tr dszs), (2.53)
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FIGURE 2.7: N D-branes on top of each other. Open strings can
begin and end on any of the branes.

whereL* = 4rgd2 with I the characteristic string length and the dilaton is
constant. Notice that this metric is everywhere non-singular. The horizon is at
r = 0. The metric forN 3-branes on top of each other only differs in that

L* = 4ngd 2N (2.54)

For the classical supergravity description to be valid, the curvature of the geom-
etry of the p-brane has to be small compared to the string scale. This ensures
that string corrections are negligible. To suppress string loop corrections, the
effective string coupling also needs to be kept small. These requirements can
be expressed as

1« gsN < N. (2.55)

On the other hand, the D-brane description uses the string worldsheet and is
thus a good description in string perturbation theory. In the case where there
areN D-branes on top of each other, every open string boundary loop ending
on the D-branes comes with a factdrtimes the string coupling. The D-brane
description is thus valid in exactly the regime complementary to (2.55), namely
when

OsN <« 1. (2.56)

2.2.4 LOW ENERGY LIMIT

The system of string theory on a background of D3-branes can be described by
an action of the form

S = Sk + Srane+ Snt - (2.57)

Here Sk describes the 10-dimensional type 1IB string theory in the bulk,
Soranethe 3+ 1-dimensional open string gauge theory on the branesSand

the interactions between these two theories. If we consider the system at low
energiesj.e., at energies below the string scalg, only the massless modes
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FIGURE 2.8: D3-brane geometry as interpolation between flat 10-
dimensional Minkowski space and Ag$ S°.

can be excited. In this limit the theory on the branes reduces to the low energy
effective theory, which is purgy =4 U(N) SYM [143] and the bulk theory be-
comes free supergravity on a Minkowski background. Moredygryvanishes

and the theory on the branes decouples from the theory in the bulk.

We can also consider the low energy limit in the dual supergravtyane
description. From the perspective of an observer at infinity, there are two types
of low energy excitations. There are the massless modes propagating in the
bulk region. Since the metric (2.53) becomes flat at largthese describe
supergravity in flat space. On the other hand, sipeén (2.53) depends on,
objects close to the horizon appear red-shifted by a factor

a\ /4
145 ~I w50 (2.58)
r4 L '

to an observer at infinity. Thuany excitation becomes a low energy excitation
as it is brought close to the horizon. The metric in the near-horizon regime
takes the form

2 2
ds? = % (—dt? + o} + g + o) + LZ% +L2d0Z.  (259)
Comparing to (2.49) we see that this is the metric of AdSS®, where both
components have equal radius The metric (2.53) thus interpolates between
flat space and AdSx S°. Figure 2.8 illustrates this separation into two re-
gions. It depicts how the radius of the 5-sphere becomes constanbes
comes small. Both geometries, which are thought to be exact string theory

vacua, are separated by an infinitely long ‘throat’. The two types of excitations
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FIGURE 2.9: Open string stretched between a stack of D-branes and
a probe brane.

decouple, because the low energy absorption cross section is proportional to
«3L8 [62,81], wherew is the energy. More intuitively, this happens because
the wavelength of low energy bulk excitations becomes much larger than the
typical size of the brane and, reversely, because it becomes increasingly diffi-
cult for the excitations near = 0 to escape the gravitational well and propa-
gate into the asymptotic region. We conclude that the low energy theory from
the p-brane perspective consists of two decoupled regimes: free supergrav-
ity in 10-dimensional Minkowski space and string theory on the near horizon
geometry of Ad§ x S°.

2.2.5 MALDACENA’S CONJECTURE

In this section we formulate the precise AdS/CFT conjecture, as proposed by
Maldacena, and present some initial motivation for it. In both dual descriptions
discussed above, the theory far from the branes is string theory (or supergrav-
ity) on Minkowski space. The theory near the branes is, however, not the same
in both cases: it is a gauge theory in one case, string theory og AdS in

the other. This led Maldacena [90] to conjecture that4 U(N) SYM is dual

to type 1B superstring theory on AdS« S°.

As motivation for the conjecture, note that the near horizon limit is equiva-
lent to the low energy limit. Indeed, in taking the low energy lifit~> 0, itis
natural to keep fixed the energy of an open string stretched between a stack of
D-branes and a probe brane, as in Figure 2.9. The energy of such a stfiag is
In order to keep this fixed, one needs to take- 0, which is the near horizon
limit. Additionally, consider a massless particle incident from the asymptotic
region. In the D-brane description, this will be absorbed by the D-branes and
cause an excitation of the gauge theory. In the geometric description, it will
tunnel into to throat region and cause an excitation there. The fact that the ab-
sorption cross sections for these dual processes are equal [81] provides strong
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motivation for the conjecture.

As final motivation, consider the symmetry groups. The YM theory is
conformal. Its symmetry group is the conformal group in four dimensions,
SO(2 4), times the R-symmetry group SU(4). This group is isomorphic to the
symmetry group of AdS$x S°, which is SO(24) for AdSs and SO(6) fors®.
Taking into account the supersymmetry, the isometry group ofsAdS® is
SU(2 2|4), which is exactly the superconformal group in four dimensions.

It is important to note that, because of the redshift (2.58), the entire spec-
trum of string excitations becomes low energy in the near horizon region. In-
deed, we have taken the low energy limit in such a way, keepiadixed,
that the energies of objects in the throat remain fixed in string units. The near
horizon low energy spectrum is thus that of the full type 1B string theory.

2.2.6 THE CORRESPONDENCE BETWEEN FIELDS AND OPER
ATORS

Shortly after the AdS/CFT conjecture was made, a precise correspondence
between gauge theory observables and those of supergravity was proposed
in [61,144]. The basic idea is to identify the correlation functions in the confor-
mal field theory with the dependence of the supergravity action on the asymp-
totic behaviour near the boundary of AdS.

Because of scale invariance, there is no notion of asymptotic states or of
an S-matrix in conformal field theory. The natural objects to consider are then
operators. Consider an operat®iin & =4 super Yang-Mills which changes
the value of the coupling constag},. Since the gauge coupling is related to
the string coupling by [42,100]

Args = @2, . (2.60)

this causes the string coupling to change. In turn, the string coupling is related
to the expectation value of the dilatgn This expectation value depends on
the boundary value for the dilaton. We see that changing the gauge coupling
is related to changing the boundary value of the dilaton. By adding a term
fd“x $o(X)O(X) to the Lagrangian, we can change the boundary condition on
the dilaton tog (X, 2)|,—0 = ¢o(X), in the coordinates (2.50). It then seems
natural to identify [61,144]
(e/d@00®)  — Zg[p(% D00 =go®)].  (261)
CFT
The left hand side of this equation denotes the generating functional of corre-
lation functions in the CFT and the right hand side the supergravity (or string)
partition function with the boundary condition that the figlcdhpproaches the
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value¢g on the boundary. In this way, the operators of the CFT are in one to
one correspondence with the string theory fields. This is true not only for the
scalar fields but for any field, including tensor and fermion fields. For example,
the stress tensor of the boundary field theory corresponds to the graviton in the
bulk.

The AdS/CFT correspondence is a strong/weak coupling duality in that it
relates the strong coupling regime of one theory to the weak coupling regime
of the dual theory. This complicates direct tests of the conjecture in which
a certain quantity is calculated in both theories and compared. Nevertheless
the correspondence has been tested extensigly,through comparison of
certain correlation functions that do not depend on the coupling [34,49,70].
Based on these tests, it is fair to say that the AdS/CFT conjecture is by now
well established and is beyond being a mere conjecture.

2.2.7 ADS/CFTAND HOLOGRAPHY

The AJS/CFT correspondence provides an explicit realization of holography.
It allows one to describe the 5-dimensional bulk physics in terms of a 4-di-
mensional conformal field theory, which can be thought of as living on the
boundary of the AdS space. There is, however, an important aspect of the
holographic principle that we have not yet addressed. Namely, the holographic
theory should contain a finite number of degrees of freedom per Planck area. In
the case at hand, the holographic theory, being a conformal theory, in fact has
degrees of freedom at arbitrarily small scales. Also, the area of the boundary
of AdS space is infinite. In order to perform a sensible counting of degrees of
freedom, we need to regulate both the boundary area and the UV degrees of
freedom of the gauge theory. In the following we will see that we can do both
with a single regulator.

The number of degrees of freedom can be regulated by imposing an ultra-
violet, or short distance cutoff. Let us consider the bulk interpretation of
such a cutoff. Close to the boundary of AdS we can use the metric (2.50), in
which the boundary is & = 0. The AdS isometry (in Euclidean coordinates)
corresponding to a rescaling of the boundary is then given by

i A i i

*It may seem that the boundary of AgS S is not 4-dimensional, but 9-dimensional instead.
However, from the metric (2.59) on this space, we see that in approaching the boundagsyda)
four of the dimensions blow up, while tH8® remains constant. In order to obtain a finite metric
on the boundary we will need to multiply by a factor that goes to zero at the boundary. Effectively,
we are then left with a 4-dimensional boundary.
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The scale size of objects in the boundary CFT thus corresponds to the radial
coordinatez, of AdS. This can also be seen directly in the AdS space. Consider
a volumeV near the center of AdS. Using an AdS isometry, map the volume
to a coordinate distancefrom the boundary. The volume will have scaled to

a coordinate size'v. In this way, the scale size becomes a spatial dimension.
This implies that a UV cutoff in the boundary at a length sdaé®rresponds

in the bulk theory to a IR cutoff at

728, (2.63)

This relation between the bulk and boundary theories is called the UV/IR con-
nection [127]. In Chapter 4 we will see that it is not a peculiarity of the
AdS/CFT correspondence and also appears in a conjectured holographic du-
ality of de Sitter space.

We can now proceed and calculate the entropy of the boundary theory.
Assume that each independent quantum field has one degree of freedom per
cutoff volumes3. Write the metric of AdS as

2
1+r2 4
ds? = L? —< +r2> dt2+m(dr2+r2d§2§) . (2.64)

In these coordinates the radial coordinate is denotadand the boundary is at

r = 1. The regulated boundary israt= 1 — §, where§ « 1. ConsiderV =4

SYM on a three-sphere with unit radius. The number of degrees of freedom of
a U(N) theory is of ordeiN2. Since the volume of the three-sphere in terms of
the cutoffs is of orders —3, the total number of degrees of freedom is

N2
Nd.of = 53 (2.65)

The area of the regulated spheredise L%/s3. Using (2.54), we can write

AL®
Nd.of = @ . (2.66)

SJs

In terms of the 5-dimensional Newton consta®g, = 18g2L ~5, this takes the

form [127]
N _A (2.67)
d.of. = Gs . .
We see that, after suitable regularization, the SYM boundary theory provides a
holographic theory including the information density bound.



2.2 AdSICFT 29

Since in AdS space the volume and area of any region scale in the same
way,!
A 1

one might ask how strong a statement it is to say that gravity in AdS is holo-
graphic. Indeed, for any field theory in AdS it holds true that the number of
degrees of freedom is proportional to the boundary area. Compare this to the
case of flat space where

é ~0 (V= o0). (2.69)

However, in the case at hand there is another parameter: the AdS length scale
L. In the boundary theory it corresponds to the rank of the gauge gidup,

We can then consider AdS spaces with different radii and observe whether
the number of degrees of freedom goes like the volume or the area. This is
relevant, since the volume and area depend differently.ddombining (2.66)

and (2.68), which for AdSx S° takes the formV = ALS, gives [127]

N 1

ol . (2.70)
vV LI8g:

From this we see that, dsbecomes large, the number of degrees of freedom

per unit volume goes to zero. In this sense, then, the holographic bound is

similarly restrictive as in flat space.

2.2.8 THE CARDY-VERLINDE FORMULA

The AdS/CFT correspondence can be applied to the situation where there is a
black hole present in Anti-de Sitter space. Like black holes in asymptotically
flat space, these solutions have thermodynamic properties including a charac-
teristic temperature and an entropy equal to one quarter of the area of the event
horizon in Planck units [68]. It was argued by Witten [145] that this temper-
ature and entropy, as well as the mass of the black hole can be identified with
the temperature, entropy and energy of a CFT at high temperatures.

Consider an Anti-de Sitter Schwarzschild black holéir-1 dimensions,
the metric is given by

-1
2 2
dS ——<1+p—r_|:)—_2)dt +(1+?—rD—_2> dl’ +r dQD—l’
@2.71)

TNote thatL, the curvature radius of the AdS space, is a constant.
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where
16w Gy

~ (D — 1)Vol(SP-1)
cf. (2.2). Here Gy denotes thé&+1-dimensional Newton constant ahds the

radius of curvature of the AdS spacetime. The radius of the black hole horizon
isr,, with r, the largest solution of the equation

@D (2.72)

2
r wpM
7~ oz = 0. (2.73)

1+
The dual CFT lives on th& = n+1 dimensional boundary of the AdS
Schwarzschild spacetime, with topoloByx S".
As shown in [145], the energy and entropy of the black hole (2.71) are
given by
(D =D L2 4r HV

E=M 2.74
167Gy ( )
and v
- 2.75
4Gy ( )
whereV is the horizon volume,
V =rP~hvol(sP-Y). (2.76)

For future purpose, rescale these formulas so that the CFT lives on a sphere
with radius equal to that of the black hole horizon. Moreover, eliminate the
D +1-dimensional Newton constant using its relation with the central charge,

¢, of the CFT, . .
c
— = 2.77
4Gy 12Ln ( )
Since the entropy is dimensionless it does not scale. Using the substitution for

Gn we can write it as
cVv

T 12Ln
The energy does scale and this introduces a fagigras compared to (2.74),
which can then be written as

c n L2\ Vv
E=———-[14+—=]—. 2.79
1247L ( * rH2> Ln (279

The temperature of the black hole can be deduced from the metric (2.71) in the
same way as for the asymptotically flat casfe(2.10)-(2.20). The temperature
of the CFT living on a sphere of radiug then follows after the appropriate

(2.78)
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rescaling. Alternatively, it follows from the first law of thermodynamics and is
given by

T—l n+1 nlLZ 2.80
—M—L(-i-)-i-(—)?. (2.80)

Based on the above formulas for the entropy and energy of the dual CFT,
Verlinde [137] constructed a formula for the entropy reminiscent of the Cardy
formula for the entropy of a-t1-dimensional CFT. Note that the energy (2.79)
exhibits an extensive, but also a sub-extensive term,

1
E=Eg+ EEC, (2.81)
whereEg andEc denote the extensive part and the sub-extensive part, respec-
tively. The factorl/z is introduced for later convenience. As we will derive in
more detail in the next chapter, the sub-extensive term is given by [137]

c n \Y

Ec= ——
C = 1227r, L0 1r,

(2.82)

and is called the Casimir energy. Although the Casimir effect is usually dis-
cussed at zero temperature [33], a similar effect occurs at finite temperature. It
results from finite size effects in the quantum fluctuations of the CFT and dis-
appears in the infinite volume limit. Substituting foandL leads to a unique
expression for the entropy [137],

2mry
S— 7: VEC(2E — Eq). (2.83)

This formula has become known as the Cardy-Verlinde formula. Indeed, sub-
stituting

Er, = Lo,
(2.84)

Ecro=—,

T2
the formula (2.83) reduces to the Cardy formula. It is rather surprising that
the Cardy formula can so easily be generalized to higher dimensions, since the
standard derivation, based on modular invariance, only worksHt @dimen-
sions. These formulas will play an important role in Chapter 3 and the required
substitutions (2.84) will be clarified there. In the derivation above it is assumed
thatr,, > L. For future purpose we note that within this parameter range the
Casimir energ\Ec is smaller than the total enerdy.






3

ENERGY AND ENTROPY IN A RADIATION
DOMINATED FRW UNIVERSE

n this chapter, we study the holographic principle in the context of a radiation

dominated FRW universe. The radiation is represented by a strongly coupled
CFT with an AdS-dual description. A surprising merger between the applicable
entropy and energy formulas and the equations that govern the cosmological
evolution will be discussed. Subsequently, we introduce a Randall-Sundrum
type brane world model in the background of an AdS-Schwarzschild geometry.
The merger derives a natural explanation from this model, as it occurs exactly
when the brane crosses the black hole horizon. The treatise is based on [112].

3.1 INTRODUCTION

In the previous chapter the foundations of the holographic principle were dis-
cussed. To further elucidate the holographic principle and the entropy bounds
that are derived from it, we now study a closed, radiation dominated standard
Friedmann-Robertson-Walker (FRW) cosmology. Keeping the spacetime di-
mensionD = n+1 general, the metric takes the form

ds? = —dt? + a%(t)dQ?, (3.1)

wherea(t) represents the radius of the universe at ttm&he spatial sections
of this closed metric are-spheres with finite volume

VvV =\ol(SHa". (3.2)

The radiation can be described by an interacting CFT. More usually, radiation
is described by free, or weakly interacting, massless particles. The number of
species of such particles corresponds to the central cleasfjéhis CFT. The

33
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case of interest to us is of a CFT with a very large central charge. As was
shown in Section 2.2.8, the entropy of such a CFT, at least for CFT’s that have
an AdS dual, is given by the Cardy-Verlinde formula (2.83).

In Section 3.3, we discuss a relation between the entropy formulas for the
CFT and the FRW equations which was first considered by Verlinde [137].
This relation provides a deep and fundamental connection between the holo-
graphic principle, the CFT entropy formulas and the gravitational evolution of
the radiation dominated FRW universe. Setting the cosmological constant to
zero, the FRW equations take the form

167Gy E 1

HZ2 = = 3.3
nn-1)V a2 (3.3)

. 87GN [ E 1

H = — = = 3.4
n—1<v+p>+a2’ (34)

whereH = &/a is the Hubble constant and the dot denotes differentiation with
respect to the time For convenience, we write the FRW equations in terms of
the total energye and entropys, instead of their respective densities= E/v
ands = S/v, as is more usual.

The first law of thermodynamics states that

d(pa") = —pd@". (3.5
Dividing by dt and evaluating, we obtain
p=-n(p+pH. (3.6)

Together with the equation of state for radiatign,= #/n, this implies that

p and p drop off in the usual fashion as ™D, It follows that the cosmo-
logical evolution will be that of a standard closed radiation dominated FRW
universe. Starting from a big bang, the universe expands until it reaches its
maximal size. Subsequently, it re-collapses to end in a big crunch. In this
respect nothing special happens. However, as observed by Verlinde [137], an
interesting merger occurs when one compares the holographic entropy bound
with the entropy formulas for the CFT. At the point where the bound is sat-
urated, the FRW equations merge together with the entropy formulas for the
CFT to give one set of equations. The role of the entropy bounds is illustrated
by the substitutions [137]

2
27Lo = THE""’ 3.7)
C V
— -1 .
2n12:>(n )4GNa (3.8)
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and

HV

S -1
=(n )4GN’

(3.9)
which, as one easily checks, turn the Cardy-Verlinde formula (2.83) into the
Friedmann equation (3.3). As we will discuss in detail below, each of these
substitutions correspond to a cosmological entropy bound. In this way the
merger becomes a natural consequence of the holographic principle.

In Section 3.2 we introduce several cosmological entropy bounds, includ-
ing three corresponding to each of the equations (3.7)-(3.9). In Section 3.3
we introduce the cosmological Casimir bound and show that the FRW equa-
tions and the entropy formulas are exactly matched when the bound is sat-
urated. After a general discussion of brane world scenarios in Section 3.4,
we consider the merger from the viewpoint of a brane world scenario in Sec-
tion 3.5. A brane of constant tension is considered in the background of an
AdS-Schwarzschild black hole. The idea is to use the AAS/CFT correspon-
dence where the brane takes the place of the boundary. The Hawking temper-
ature of the AdS-Schwarzschild geometry, measured with respect to time on
the brane, can be interpreted as the temperature of the CFT to which the bulk
is dual through the AdS/CFT correspondence. The induced geometry on the
brane is shown to be that of a radiation dominated FRW universe. The entropy
and energy formulas derived in the preceding sections can then be applied to
this spacetime. It is shown that the moments at which the merger between the
different sets of equations occurs play a special role in this scenario: they are
the moments at which the brane crosses the horizon of the bulk black hole. That
one obtains a radiation dominated universe in this way can be understood from
the CFT perspective. All CFT’s have the same equation of state up to numeri-
cal factors, so the FRW equations take the same form as they do in the radiation
dominated era of our universe. We conclude and summarize in Section 3.6.

3.2 COSMOLOGICAL ENTROPY BOUNDS

The holographic entropy bound in the form (2.23) cannot directly be applied to
closed cosmological models. This is because a closed universe does not have a
boundary. Furthermore, the argumentation leading to (2.23) assumes that it is
possible to form a black hole that fills the entire volume. This is not true in a
cosmological setting, because the expansion lratef the universe as well as

the given value of the total enerdyrestrict the maximal size a black hole can
have. Moreover, in standard cosmology, it is usually assumed that in the late
universe the entropy density is constant in comoving coordinates. This implies
that one can violate the bound (2.23) by choosing a large enough volume, since
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in this case the entropy clearly grows like the volume. In this section, we
discuss modifications of the holographic bound designed to circumvent these
difficulties.

3.2.1 THE FISCHLER-SUSSKIND BOUND

The first cosmological entropy bound we consider is a generalization, by Fis-
chler and Susskind [45], to more general spacetimes of the covariant bound
discussed in Section 2.1.4. Consider afflaf -dimensional Robertson-Walker
cosmology; the metric has the form

ds? = —dt? + a?t)dx'dx; G =1,...,n). (3.10)

The usual cosmological assumptions of homogeneity, isotropy and, in the late
universe, constant entropy density in comoving coordinates are made. Con-
sider a spherical spatial regidn with coordinate radiug and boundaryA.

The lightlike surface. is formed by past lightrays from towards the center

of V. There are three situations, depending on whethisdarger, smaller or
equal to the cosmological horizag. Whent¢ < a., the surface forms a light

cone with its tip in the future of the singularity it= 0. For¢ = a., L is a

light cone with its tip at = 0. Finally, in the casé > a., the surface is a trun-
cated cone. These situations are indicated in Figure 3.1. Consider the entropy
that passes through. For the first two cases this entropy is the same as the
entropy in the interior oV (or less, as entropy increases after it crodsedn

the last case it is less than the entropyinThe Fischler-Susskind holographic
entropy bound states that the entropy passing thraugéver exceeds the area

of the boundary surfaca,

S(L) < g. (3.11)

For the homogeneous case, this corresponds to the following condition: the
entropy contained within a volume of coordinate sigeshould not exceed the
area of the horizon in Planck units. In terms of the constant comoving entropy
densityo, this condition takes the form

ocal < (a-a)" (3.12)

with everything measured in Planck units. Comparing to the bound discussed
in Section 2.1.4, we see thatnow plays the role of holographic screen.

Both a. anda depend on time and the bound (3.12) should hold at all
times. At the current time, the entropy of the observable universe is of order
10%6, while the horizon size is of order §® By substituting these numbers
andn = 3in (3.12), one easily checks that the bound holds for the observable
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r:o r —

FIGURE 3.1: Spherical spatial volumes with coordinate radiuse
shown attimes$ = ti, tp, t3. The bigbangis &t = 0. For the vol-
umeV att = tp, the construction is shown in boldface. The arrow
S denotes the entropy flow through the lightshkeetorrespond-
ing to the volumeV with boundaryA. The cosmological horizon
a.(t) is indicated by the dotted lines for> t. The lightsheet
coincides with the cosmological horizon fok to.

universe at this moment. Indeed, the entropy to area ratio /A, is of order
p(to) ~ 10734, (3.13)

wheretg is now. It is interesting to consider whether the bound will continue
to hold in the future. Assuming thatt) o tP, the horizon size is given by

= | O (3.14)
= — X . .
o a()
From this we deduce that (3.12) will continue to hold if
1
p > o (3.15)

setting a lower bound for the expansion rate.

Looking backwards in time, standard estimates give an entropy to area ratio
at the time of decoupling, = tg, which is about 10 times larger than the
current ratio,

p(tq) ~ 10728, (3.16)
During the preceding, radiation dominated era, the time dependeneésof
given by
p(t) 10—23\/5 ~ L (3.17)
t Vi '
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where in the last step we used thats 10°° in Planck units. We see that the
entropy in the universe is as large as it can be with (3.12) holding all the way
back to the Planck time.

The above construction makes clear the advantage of bounding entropy on
lightsheets instead of spatial volumes in a cosmological setting. Since the spa-
tial entropy density is constant and uniform, if we choostebig enough the
entropy inV will exceed its ared\, as noted above. However, the lightsheet as-
sociated withv does not grow proportional t@. If V becomes larger than the
cosmological horizon, the lightsheet is truncated by the big bang. This means
that part of the entropy iV never passed through Taking into account only
the entropy that did pass through this does scale like the aréa

The Fischler-Susskind bound applies to flat and open universes, but fails for
closed and recollapsing universes. Bousso [23,24] has proposed a refinement of
the bound that applies in arbitrary spacetimes. To any suAaeeth arbitrary
shape, topology and location, are associated at least two (and at most four)
well defined lightsheets. The bound (3.11) is then argued to apply to each
lightsheet independently. With certain assumptions on the relation between
entropy density and energy density, this bound was proven to hold [46]. We
will refer to this bound as the Fischler-Susskind-Bousso or FSB bound and say
a bit more about how it is defined in Section 4.4.3, where we use it to define
the apparent horizon.

3.2.2 THE BEKENSTEIN BOUND

Bekenstein [18—20] was the first to propose a bound on the entropy of a macro-
scopic system. Assuming that the system has limited self-gravity, Bekenstein
argued that its entropy must be bounded by (a multiple of) the energy and the
linear dimension of the system. The assumption of limited self-energy means
that the gravitational self-energy of the system is small compared to the total
energyE. Applying this bound in the present context of a closed radiation
dominated FRW universe with radiasit takes the form [137]

S< S, (3.18)

where the Bekenstein entrojSg is defined by
= —_—Ea. 3.19
—Ea (3.19)

The assumption of limited self-gravity requires that the Hubble raHius$ is
larger than the radius of the universe,

Ha< 1. (3.20)
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As noted in the introduction to this chaptere a~ ™+ for a radiation domi-
nated universe. Hence, the energy behaves asa—!. Comparing to (3.19),

we see that this means that the Bekenstein entropy is constant during the evo-
lution, providing the entropy does not change.

3.2.3 THE COSMOLOGICALBEKENSTEIN-HAWKING BOUND

In a strongly self-gravitating universee. for
Ha>1, (3.21)

the possibility of black hole formation has to be taken into account. One can
try to generalize the idea of a space filling black hole to a cosmological context,
despite the difficulties mentioned at the beginning of this section. For a closed
universe, the closest one can come to the expression (2.21) is perhaps [137]

Vv
$h=(-1. (3.22)

This expression grows like an area, as appropriate for a black hole, motivat-
ing the identification ofs5, as the Bekenstein-Hawking entropy of a universe
filling black hole. The corresponding entropy bound takes the form

S<Sh- (3.23)

From the Friedmann equation (3.3) one derives that
Has1l o $ S Sy (3.24)

Therefore, the appropriate bound is also the most stringent in its respective
regime of validity. However the cosmological Bekenstein-Hawking bound
breaks down, as expected, since it assumes the existence of arbitrarily large
black holes and is irreconcilable with a finite homogeneous entropy density.
In the next section, we will use the cosmological Bekenstein-Hawking entropy
rather as a bound on the sub-extensive component of the entropy. This sub-
extensive contribution is associated with a corresponding sub-extensive term
Ec in the energyef. (2.81).

3.2.4 THE HUBBLE BOUND

Since arbitrarily large black holes are not possible, one can instead use black
holes of maximal size to obtain an entropy bound for the universe. This idea of
filling the universe with black holes the size of the Hubble horizon is pursued
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in [79,135] and leads to the Hubble bound. A black hole filling a Hubble
volumeVy has entropy approximately equal to

HVy
S~ ——. 3.25
2 (3.25)
The number of such black holes that will fit in the universe is given by
Vv
Ny = —, 3.26
H= (3.26)

whereV is the volume of the universe. Multiplying these expressions leads to
an upper bound on the total entrofygiven by a multiple oHV/4. The precise
prefactor was determined in [137], using a local formulation of the FSB bound.
The Hubble bound then takes the form

where the Hubble entrop$ is defined by
HV
Sy=(n-— D (3.28)

The Hubble bound is only valid for strongly self-gravitating systeines for
Ha > 1.

3.3 THE cOSMOLOGICALCASIMIR BOUND

We consider a new cosmological entropy bound that was first proposed by
Verlinde in [137]. This bound is equivalent to the Hubble bound in the strongly
gravitating phase, but unlike the Hubble bound remains valid in the phase of
weak self-gravity. A surprising merger between the FRW equations that govern
the gravitational evolution and the CFT formulas for the entropy and Casimir
energy occurs when the bound is saturated.

3.3.1 BNERGY AND ENTROPY FORMULAS FOR THECFT

We begin by discussing the entropy of the CFT that describes the radiation in
the FRW universe. In cosmology it is usually assumed that the total entropy
Sand energ)E are purely extensive quantities. This means for the energy, as
a function of entropy and volume, th&(ALS, AV) = AE(S, V). From this
relation one can derive the Euler relation in the following way. Differentiate
with respect to. and puth = 1. This gives

JE 9E
E=V (a_v)s + S<£>V . (3.29)
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Using the first law of thermodynamicdE = TdS — pdV, one can express

the derivatives as
oE oE
— ) =—p, — ) =T. 3.30
<3V)S P (3S)v (3.30)

Substituting these in (3.29) gives the Euler relation,
TS=E+ pV. (3.31)

As shown in Section 2.2.8 for a CFT with an AdS dual, the energy and entropy
of a CFT with a large central charge are in fact not purely extensive. In a finite

volume there is a non-extensive Casimir contribution to the energy proportional
to c, the central charge. The Casimir energy can be defined as the violation of
the Euler relation (3.31),

Ec=nE+pV-T9), (3.32)

where the facton is inserted for later convenience. The Casimir energy is
again a function of the entropy and volume, but it will scale sub-extensively.
From general considerations, the first correction to the extensive part of the
energy should scale like

Ec(AS, AV) = AL 7 Ec(S, V). (3.33)

The total energy can again be written as a sum of an extensive and a sub-
extensive termgf. (2.81),

E(S V) = E&(S, V) + %EC(S, V). (3.34)

The productEa is independent of the volumé by conformal invariance,
thus depending only on the entrofy This holds for both terms in the energy
expression (3.34). From the known (sub-)extensive behavio&:aind Ec,
we derive the general expressions [137],

Ci 14l C -1
EE=-—S"n, Ec=—S"1, 3.35
E 4ra c 2ra ( )
where the positive constantsandc, are independent af andS. The factors
of 27 and 4r are put in for later convenience. Using these expressions, the
entropy can be written as

2ra

S=
VALY

v Ec(2E — E¢). (3.36)
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This is almost the same as the Cardy-Verlinde formula (2.83) we derived be-
fore for a CFT which has an AdS dual. Comparing the two, we conclude that
4/C.C, = nfor such a CFT. From now on we will simply assume th&{c, = n
for the CFT we consider.

Given the energy, the entropy formula (2.83) has a maximal value,

21
S<Ea. (3.37)

This is exactly the Bekenstein bound (3.18). The bound is saturated when the
Casimir energyEc is equal to the total energlf. In principle Ec could also
become larger thak, with the entropyS again decreasing. However, as noted

in Section 2.2.8, this does not happen in the parameter range for which (2.83)
is valid. This leads us to assume that

Ec<E. (3.38)

3.3.2 ABOUND ON THE CASIMIR ENERGY

As expressed in (3.24), at the transition point where the universe goes from
the strongly to the weakly self-gravitating phase, the Bekenstein en&ofs/
equal to the cosmological Bekenstein-Hawking entr&fy. Given the radius

a, define the cosmological Bekenstein-Hawking enekfy,, to be the value

of the energy at which this transition occurs,

2 V
—ESa=(n-1)—. 3.39
n gra = (n )4a ( )

Similar to the interpretation of the cosmological Bekenstein-Hawking entropy
as the entropy of a universe filling black hole, the enefgy, can be inter-
preted as the energy required to form such a black hole. It is easy to check
that

Ha S 1 & E S ESy. (3.40)

providing a new criterium for distinguishing between a weakly or strongly self-
gravitating universe.

The physical content of the new cosmological bound proposed in [137] is
that the sub-extensive Casimir contributigg to the total energy by itself does
not suffice to form a universe filling black hole. This corresponds to a bound

Ec < E§y. (3.41)

This bound is universally valid, both in the strongly and the weakly self-gravi-
tating phases of the evolution. As we will show next, in a strongly gravitating
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universe it is equivalent to the Hubble bound, while in a weakly gravitating uni-
verse it is equivalent to the Bekenstein bound. Since it is formulated in terms of
the cosmological Bekenstein-Hawking entropy, which can be interpreted as the
energy of a universe-filling black hole, it is a purely holographic bound. More-
over, as we will see, when the bound is saturated the laws of general relativity
and quantum field theory merge in a miraculous way, giving a strong indication
that they have a common origin in a more fundamental unified theory. We will
refer to this bound as the cosmological Casimir entropy bound.

3.3.3 ACOSMOLOGICAL CARDY FORMULA

In order to prove that the cosmological Casimir bound is equivalent to the
Hubble bound and the Bekenstein bound in the strongly and weakly gravitat-
ing phases respectively, write the Friedmann equation as an expression for the
Hubble entropy&; in terms of the energi, the radius and the cosmological
Bekenstein-Hawking enerdyg,,. This leads to the unique expression

Sy = Z%a‘/EgH(ZE —ES). (3.42)

This looks suspiciously like the Cardy-Verlinde entropy formula for a CFT,
(2.83), except the entropy is replaced by the Hubble entropy and the Casimir
energy by the cosmological Bekenstein-Hawking energy. It seems as if, some-
how, the Friedmann equation knows about the Cardy-Verlinde formula.

From (3.40) we have that in the strongly gravitating phdse, > 1, the
energy satisfie&€ > EF,,. Furthermore, we always assume tii& < E,
cf. (3.38). The Cardy-Verlinde entropy is a monotonically increasing function
of Ec in this range. Therefore, while the cosmological Casimir bound (3.41)
is satisfied, or more specifically in the range

Ec < Egy <E, (3.43)

it reaches its maximum wheBc = Eg,,. This is exactly when the Cardy-
Verlinde formula turns into the cosmological Cardy formula (3.42) $qr
Therefore, we conclude th&y is the maximal entropy that can be reached
whenHa > 1, so that the Casimir bound is indeed equivalent to the Hubble
bound in this regime. In the weakly self-gravitating phase, wheq Eg,,,

the maximum is reached earlier, namely f&¢ = E. Comparing (2.83) and
(3.19), we conclude that the maximal entropy is in that case given by the
Bekenstein entropyss, proving the equivalence to the Bekenstein bound in
this regime.
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3.3.4 ALIMITING TEMPERATURE

We have seen that the Friedmann equation becomes identical to the Cardy-
Verlinde formula when the cosmological Casimir bound (3.41) is saturated.
We will now show that also the second FRW equation has a counterpart in the
CFT. This leads to a constraint on the temperaiure

The second FRW equation can be written as a relation bet&ggrand
S4. This relation takes the form

Egy =N(E + pV — TuSH)., (3.44)
where .
TH = H (3.45)
H="2mn '

Assume that the universe is in the strongly self-gravitating phelse,> 1,

so thatH # 0 andTy is well defined. Note thafy > 0 since in a radiation
dominated universe the expansion is always slowing down, sotthat O.

We have seen that in the strong gravity regime the Casimir entropy bound is
equivalent to the Hubble bound,

Ec<ES < S<S (Hax1). (3.46)

From comparing (3.44) and (3.32), the defining relation for the Casimir energy
Ec, we see that the temperaturdas bounded from below byy,

T<Th (Ha>1. (3.47)

When the Casimir bound is saturated all inequalities turn into equalities. The
Cardy-Verlinde formula and the defining Euler relation for the Casimir energy
in that case exactly match the Friedmann equation for the Hubble constant and
the second FRW equation for the cosmological Bekenstein-Hawking energy.
This matching is summarized in Table 3.2 on page 61.

3.3.5 TIME DEPENDENCE OF THE ENTROPY BOUNDS

In order to elucidate the time dependence of the cosmological entropy bounds
discussed in Section 3.2, write the Friedmann equation in terms of the Hubble-,
Bekenstein- and cosmological Bekenstein-Hawking entropies. This leads to
the expression [137]

S+ (S-S =%. (3.48)

This is the same as the square of (3.42), where we have replaced the energies
by entropies through the defining relations (3.19) and (3.39). By representing
each entropy appearing in this equation by a line with length proportional to
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FIGURE 3.2: Diagram depicting the time dependence of the en-
tropy bounds discussed in the text. The diagram represents one
cosmological cycle of the standard FRW model. Time runs clock-
wise along the circle once. The evolution startgat 0 with
a big bang and eventually ends, after one revolution, with a big
crunch. In between, the universe reaches its largest size at the mo-
ment diagonally across from = 0. The values oSz and &4
att = 1; are indicated as well as the time independent value of
Ss. The dashed line divides the eras when the universe is strongly
(Ha > 1) or weakly Ha < 1) self-gravitating. Figure adapted
from [137].

its value, this relation allows all three to fit nicely together as in Figure 3.2.
The circular form of the diagram reflects the fact tBgtis constant during the
cosmological evolution.

In the same way as for the Bekenstein and the cosmological Bekenstein-
Hawking energies, one can associate an entropy to the Casimir eBergy
This entropy, defined as

S = % Eca, (3.49)

represents the non-extensive part of the total entropy. As a function of energy
and volume it scales like

SO.E, AV) =AY i, (3.50)

i.e. like an area, suggesting that it may have a holographic interpretation. The
cosmological Casimir bound, (3.38), can now be reformulated as an entropy
bound,

S < Sy (3.51)
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S =0

FIGURE 3.3: TheentropyS and Casimir entropy: fill part of the
cosmological entropy diagram. If the Bekenstein boshd S
holds at one moment, it will continue to hold as long as the total
entropy S does not change. The Hubble bouBd< S; restricts
the range ofr in the regimeHa > 1tor, < 7 < 7y andis
violated in the regimeHa < 1 for ¢, < v < 7). The Casimir
bound& < S5 is equivalent to the Hubble bound féta > 1
and remains valid foHa < 1. Figure adapted from [137].

The total entropyS and the Casimir entrop$: can be naturally incorpo-
rated into Figure 3.2. Rewrite the Cardy-Verlinde formula (2.83) as a relation
between the entrop8and its super- and sub-extensive counterpg@tand .

One easily checks that it takes the form

F+(S-%°=%. (3.52)

This relation has exactly the same form as (3.48). The only difference is that
the role of the Hubble entropy and the cosmological Bekenstein-Hawking en-
tropy are taken over by the total entropy and the Casimir entropy. The diagram
incorporatingS and & is depicted in Figure 3.3. From this diagram one easily
determines the relation between the Casimir bound and the Hubble bound. It is
clear that wherHa > 1, that is in the strongly self-gravitating phase, the two
bounds are equivalent. When the Casimir bound is satur&ee: S5,,, the
Hubble bound is also saturate8l= S4. The converse statement is not true, as
can also easily be seen from Figure 3.3. Indeed, there are two moments in the
weakly self-gravitating phaséja < 1, whereS = Sy, but & # S, namely

T = 74, 7. This can be seen as an indication that the cosmological Casimir
bound may well be a truly fundamental bound [137]. In preparation for the
model that we will introduce in Section 3.5, we now introduce the concept of
‘brane worlds’.



3.4 Brane worlds 47

3.4 BRANE WORLDS

An interesting new perspective on the merger between the energy and entropy
formulas and the equations that govern the cosmological evolution of the above

described FRW universe can be obtained from a brane world model. Before

discussing the specific model we consider in the next section, we first introduce

the general concept of brane worlds.

The accuracy to which the standard model interactions have been tested
seems to rule out the possibility of large extra dimensidreyond the familiar
341 that we observe in everyday life. The standard model has been tested to
almost the weak scale, or at least the theoretically predicted value of the weak
scale, 161°m. Gravity, on the other hand, has only been tested up to scales of
about 10%m [72]. This allows for the intriguing possibility that our universe
is realized as a D3-brane in a higher dimensional spacetime. The standard
model gauge group would be realized on the D-brane worldvolume [22,37,
124] and thus be confined to+3dl dimensions, while gravity propagates in all
dimensions as it is the dynamics of spacetime itself. Such scenarios are called
brane worlds [3,78,108].

In this section, we begin by discussing some technical points regarding the
Einstein equations in the context of stress-energy that is localized on a hyper-
surface, or brane. We then discuss the two brane world models due to Randall
and Sundrum [103,104]; in the next section we will use a similar model. Brane
worlds have received a lot of attention recently, for a review see [41,47].

3.4.1 ISRAEL MATCHING CONDITIONS

Consider al = n+1-dimensional hypersurface located at coordim&te= 0 in
aD =d+1-dimensional bulk spacetime. We assume that the energy content is
confined to the codimension one hypersurface, so that the stress-energy tensor
takes the form A

Tun = g4 g Ts(x®), (3.53)

whereg,, is the bulk metric andM, N take values 1. .., D while u, v take
values 1..., d. One can solve the Einstein equations,

1
RMN — Eﬂ?gw + Agw =87 Tun , (3.54)

with this ansatz fofTyy. For the bulk spacetime the solution is an Einstein

space, where
2A

=(d_1)9MN~

*In fact, we define ‘large’ in this way: too large to agree with current experimental data in the
conventional framework.

RMN (3.55)
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In addition, one finds conditions on the extrinsic curvatffg, of the hyper-
surface, defined by
Kuw = Vun,, (3.56)

where n* is the outward pointing unit normal to the hypersurface. These
matching conditions were derived by Israel [75] and take the form

: D_ R 1 e
lim [JCMV]X ¢ = (T;w - mguvg ﬂTaﬁ) (3-57)

D_
€l0 XF=—¢

xP=0

The physical content of this equation is that the extrinsic curvature jumps dis-
continuously across an energy-momentum carrying codimension one hyper-
surface. If the spacetime ends at the hypersurfaegwhen the hypersurface

is an energy-momentum carrying boundary, the corresponding extrinsic curva-
ture term disappears and (3.57) becomes a boundary condition on the normal
derivative of the metric.

3.4.2 @GBBONS-HAWKING BOUNDARY TERM

The Einstein equations (3.54) follow by variation from the Einstein-Hilbert
action,

SeH = /de@(R —2A) , (3.58)

whereg is the absolute value of the determinant of the megyic One might
expect then that (3.55) and (3.57) could be directly derived from stationarity of
the sum of the bulk Einstein-Hilbert and the brane actions,

S + Sorane= / d /G (R — 2A) + fddx Lo, (359)
M

whereM denotes the hypersurface and the brane Lagrangiscontains only

the matter degrees of freedom and intrinsic curvature terms of the brane. How-
ever, this is not the case. Every action that differs from the Einstein-Hilbert ac-
tion (3.58) by a complete divergence yields the Einstein equations (3.54). But
once the brane action is added, as in (3.59), the difference in surface terms be-
tween different bulk actions becomes relevant, because the presence of energy-
momentum on the brane may spoil the continuity of the surface terms across
the brane, implying a numerical difference between the different bulk actions.
Therefore, not every bulk action that yields the Einstein equations will yield
(3.55) and (3.57) wheByaneis added to it. In particular, the Einstein-Hilbert
action does not. This can be remedied by adding a Gibbons-Hawking boundary
term [52] to (3.59). The appropriate boundary term is given by

SeH = — /ﬂdx Jox, (3.60)
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whereX = X, is the trace of the extrinsic curvature ajidenotes the deter-
minant of the induced metrig,, on the brane. Adding this term leads to a well
defined variational problem that indeed yields the Einstein condition (3.55) in
the bulk and the matching condition (3.57) on the brane.

3.4.3 RANDALL -SUNDRUM MODELS

Randall and Sundrum (RS) [103,104] have proposed two interesting brane
world models. Both contain D3-branes in a 5-dimensional backgrouad,
with one extra dimension. The background geometry of the first scenario
(RS1), with two branes, is given by

ds? = e el | dxPdx” 4 r2dg?. (3.61)

As we will show below, this is a slice of AdS The extra dimension, parame-
terized by with range—n < ¢ < =, has the form of an orbifolded circle of
radiusr¢. The two branes are located at the orbifold fixed paints O, w. The
5-dimensional Planck ma$4s and cosmological constant enter through the

constank,
—A
k= | ——. (3.62)
24m2

The geometry (3.61) belongs to the class of warped compactifications, in which
the higher dimensional geometry is sensitive to the position of the branes. This
backreaction on the geometry is caused by the non vanishing of the vacuum
energies on the branes, generated by quantum fluctuations in the absence of
supersymmetry. The lack of supersymmetry makes it difficult to embed the
RS-scenarios into string theory. As was shown by Randall and Sundrum, the
effective 4-dimensional mass scales depend on the 5-dimensional mass scales
through the warp-factoe2<cl?l The relation between them thus will depend

on the location in the extra dimension. This allows for large 4-dimensional
mass hierarchies to arise from from a fundamental 5-dimensional theory with-
out large hierarchies. The mass parameters of the 5-dimensional theory are
taken to be of order the observed Planck schlganck ~ 101°GeV. A gen-

eral analysis shows that for every massive field the effective mass receives a
rescaling

Mes = € K" mg . (3.63)

Whenkr¢ ~ 10, the exponential factor in (3.63) becomes such that Planck scale
masses effectively become of order a TeV. This provides a possible explanation
for the large hierarchy between the observed Planck and weak scales, referred
to as the gauge hierarchy problem. However, it is replaced by a finetuning of
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the compactification radius.. Several scenarios for how this radius can be
naturally stabilized have been proposed, see for example [54].

The second Randall-Sundrum scenario (RS2) is a single brane modification
of the first scenario. The brane locatedat = is removed from the setup by
sending it off to infinity through the decompactification limit — oo. One
is then left with a semi-infinite fifth dimension, now parametrizedzbyrhe
metric takes the form

ds? = e %2y dx*dx’ + dZ?, (3.64)

where we have set = 1 through a rescaling af. At first sight, one might
expect the usual problems of large extra dimensions to reappear. In particular, it
seems likely that gravity would now be five dimensional. However, calculating
the 4-dimensional Planck mass in the RS1 scenario gives

T 3
Mlglanckz Mgrcf de e_ZKrCW = %(1— e_ZKrCﬂ)~ (3.65)
—TT

The important observation is that, in the decompactification ligit- oo, the
effective Planck mass remains finite. This means that the graviton zero mode is
normalizable and yields a four dimensional Newton’s law on the brane located
atz = 0. Gravity is thus effectively localized on the brane, despite the large
extra dimension.

To finish this section, we consider the relation between the holographic
principle and the Randall-Sundrum scenarios. There is a particularly concrete
connection with the AdS/CFT correspondence, see for example [97,105]. To
make this connection explicit, note from (3.62) that the RS solution only makes
sense when the bulk cosmological constAris smaller than zero. This sug-
gests that the geometry might look like that of AdSo see that this is indeed
the case, write the metric (3.64) in terms of the coordinate

U= Sg—rk@(ek‘zl —, (3.66)
putting it in the form
1
2 v 2

S = ——n,,,dx*dx” + du“. 3.67
@+ kupz™ " (3.67)

On the other hand, recall the Agi&etric in Poincate coordinates,

o L% o, r?

ds® = r_Zdr + Fn,wdx“dx”. (2.49)

In terms of a coordinate, defined trough
L2

(L <r <), (3.68)
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this can be written as
2 1

s = mnwdx“dx" +du?. (3.69)
T

Comparing this with (3.67), we see that the Randall-Sundrum geometry is in-
deed (part of) an AdSSspace. The curvature radius of this Adace is given

by L/k and it is only a slice of the full space, since it is cut ofuat= 0. From
(3.68) we see that this cutoff corresponds te L. Sincer — oo corresponds

to the boundary of AdS, the brane cuts away the region betweeh and the
boundary. The brane can thus be interpreted as a IR gravity cutoff. In terms of
the AdS/CFT correspondence and in particular the UV/IR connection encoun-
tered in Section 2.2.7, this means that the field theory dual to the RS2 scenario
is a CFT with a UV cutoff given bk. Note that the cutoff breaks conformal
invariance. The conformal anomaly then induces a coupling, through the en-
ergy momentum tensor, of the field theory to gravity. In the dual picture, it is
these interactions that cause corrections to the 4-dimensional Newton law. The
generality of the appearance of gravitational degrees of freedom in the bound-
ary theory, when the radial AdS coordinate is compactified (or semi infinite as
in this case), is addressed in [139].

3.5 CFTAND ENTROPY ON THE BRANE

The relation between the entropy, Casimir energy and temperature of the CFT
and their cosmological counterparts discussed in Section 3.3 has a very natu-
ral explanation from a RS2-type brane world scenario along the lines of [60].
In this section, we will study a brane with fixed tension in the background of
an Anti-de Sitter black hole. In this description, the radius of the universe is
identified with the distance of the brane to the center of the black hole. At the
big bang, the brane originates from the past singularity. At some finite radius,
determined by the energy of the black hole, the brane crosses the horizon. It
keeps moving away from the black hole, until it reaches a maximum distance
and then it falls back into the AdS-black hole. The special moment when the
brane crosses the horizon precisely corresponds to the moment when the cos-
mological entropy bounds are saturated.

We begin by presenting the brane description of a CFT-dominated cosmol-
ogy in Section 3.5.1. The dimensiah= n+ 1 of the brane-universe will be
taken to be arbitrary, but its relation with the dimensn= d+1 of the AdS
space is of course fixed. In Section 3.5.2 we argue that the radiation on the
brane can be identified with the CFT dual to the AdS-space and use this fact
to fix the normalization of Newton’s constant and derive the FRW equations.
The entropy density and temperature of the CFT at the moment that the brane
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crosses the horizon are calculated in Section 3.5.3. We find that these quan-
tities have a simple expression in terms of the Hubble constant and its time-
derivative. In Section 3.5.4 we derive the entropy formulas for the CFT and
show the correspondence with the FRW equations. Finally, in Section 3.5.5,
we discuss the setup in a Euclidean context.

3.5.1 BRANE COSMOLOGY

We consider al = n + 1 dimensional brane with a constant tension in the
background of arD = d + 1 dimensional AdS-Schwarzschild black hole.
Following the AdS/CFT prescription we regard the brane as the boundary of
the AdS-geometry. An important difference is, however, that now the location
and the metric on the boundary are, at least partly, dynamical. The movement
of the brane is described by the boundary action

K 1
Lp=— [d% A——/ddx g X . 3.70
0 &TGR/M Vo g Ja% (3.70)

Herex is a parameter related to the tension of the brgnethe determinant of

the induced metricM denotes the surface of the brane and we have reinstated
the D-dimensional bulk Newton’s constar(B,E,’. The matter Lagrangian for

the brane thus consists of only a constant tension term. The appearance of
the last term in (3.70), the Gibbons-Hawking boundary term, is explained in
Section 3.4.2. Varying the action corresponding to (3.70) gives an equation of
motion for the brane that takes the form

Jc;w - JCg;w = _Kgp,u > (3.71)

where X denotes the trace @k, the extrinsic curvature defined in (3.56).
Taking the trace of this equation leads to

JC,AL\) = - g;w ’ (3.72)

implying that.M is a surface of constant extrinsic curvature.

The bulk action is given by thB-dimensional Einstein action with cosmo-
logical term. The AdS-Schwarzschild metric provides a solution of the bulk
equations of motion and can be written in the form

1
ds? = Fa)daz — h(a)dt? + adQ2, (3.73)
where 2
a wpn1M
h@) = = +1- ;:_1 (3.74)
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and R denotes the curvature radius of AdS. The constant
167G
" nVol(S")

is chosen such tha\l is the mass of the black hole as measured by an observer
who useg as his time coordinatef. (2.2).

Our aim is to find the spherically symmetric solutions corresponding to a
homogeneous and isotropic induced metric on the brane. Let us parameterize
the location of the brane by givirgas a function of the AdS-time Equiva-
lently, we may introduce a new time parameteand specify the functions

Wn+1 (3.75)

a=a(r), t=t(7). (3.76)

We will choose the time parametersuch that the following relation is satis-

fied, , ,
1 da dt
) (E) —h(@) <d—r) =1 (3.77)

This condition ensures that the induced metric on the brane takes the standard
Robertson-Walker form,

ds? = —dr? + a?(r)dQ3. (3.78)

We note that the size of the+ 1-dimensional universe is determined by the
radial distancea, from the center of the black hole.

The extrinsic curvaturek,,,, of the brane can be straightforwardly calcu-
lated and expressed in term of the functiais) andt (z). One then finds that
the equation of motion (3.72) translates into

av _ «ka
dr ~ h@’

In the following we will tune then+ 1-dimensional cosmological constant to
zero by settinge = 1/L. Combining (3.79) with (3.77) leads to an equation
that looks suspiciously like the Friedmann equation for a radiation dominated
universe,

(3.79)

1 (,()n_;,_]_M
; + an-‘rl :
In this equatiorH = #/a is the Hubble constant and the dot denotes differenti-
ation with respect to the cosmological timeFor future purpose, we also give
the equation for the time derivative 6f,

H? = — (3.80)

1 (N+1) oM
a2 2 amtl’

which is obtained by differentiating (3.80).

H= (3.81)
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3.5.2 CFTON THE BRANE

We now want to identify the equation of motion (3.80) with thelimensional
Friedmann equation. In particular, we will argue that the radiation can be iden-
tified with the finite temperature CFT that is dual to the AdS-geometry. To do
S0, we interpret the last term on the r.h.s. as the contribution of the energy den-
sity p of the CFT times thel-dimensional Newton constaﬁlﬂ. In the brane
world scenario the relation between the Newton consﬁﬂmn the bulk and

the Newton constar(ﬁﬁl on the brane is given by

d
GIR

D _

(3.82)

One possible way to derive this fact is to add a small amount of stress energy
on the brane and determine how it effects the equation of motion. This same
relation is, as we will discuss, also consistent with the identification of the
radiation with the dual CFT.

In [145] it was argued that the energy, entropy and temperature of a CFT
at high temperatures can be identified with the mass, entropy and Hawking
temperature of the AdS black hole [68]. The CFT lives on a spacetime which,
after Euclidean continuation, has the topologysbix S" and whose geometry
is identified with the asymptotic boundary of the Euclidean AdS-black hole.
We remind the reader that the standard GKPW prescription [61,144] of the
AdS/CFT correspondence [90] only fixes the conformal class of the CFT met-
ric. It thus specifies only the ratio of the radius of thkephere to the Hawking
temperature but does not fix the overall scale of the boundary metric. One is
therefore free to re-scale the metric as one wishes. It is important to note, how-
ever, that such a rescaling does also affect the energy and temperature of the
CFT.

To make this more precise, let us consider the asymptotic form of the AdS-
Schwarzschild metric (3.73). We have

2
Jim_ (% ds§) = —dt? 4+ L2d2, (3.83)
from which we see that the CFT time is equal to the AdS tiroaly when the
radius of the spatial sphere is set equaRtoTherefore, if we want the sphere
to have a radius equal to saythe CFT time will be equal tet/L. The same
factora/L then appears in the relation between the en&@ynd the black hole
massM. One thus finds that the energy for a CFT on a sphere with ragius
of volume
VvV =a"vol(s"), (3.84)
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Note that the total enerdy is not constant during the cosmological expansion,
but decreases like~ 1. This is consistent with the fact that for a CFT the energy
density,

p= (3.86)

v )
scales likea™ ("D Inserting the relation (3.85) combined with (3.82) into the
equation of motion (3.80) leads to

d
, 1 16e:GY

This is the standard Friedmann equation with the appropriate normalization
for both terms. By differentiating once with respecttand using the fact that
0 =nH(p + p), one derives the second FRW equation,

1 8nGy
az (n-1

(b+p . (3.88)

which is equivalent to (3.81). An observer on the brane, who knows nothing

about the AdS-bulk gravity, just notices the normal cosmological expansion.

The brane description contains more information, since it also knows about the
size of the AdS-black hole.

The movement of the brane in the AdS-black hole background is depicted
in a Penrose diagram of the spacetime in Figure 3.4. The diagram represents
the full geodesically complete black hole geometry including the asymptotic
regiona — oo. If one wants to take the brane as the real boundary, one has to
cut away the part to the right of the brane. We see that the brane indeed starts
inside the black hole at the past singularity and then, as it expands, moves
away froma = 0. At late times the opposite happens. The points where the
brane crosses the black hole horizon will play a central role in the following
discussion and have been marked in the figure. These moments are clearly
distinguished from the AdS-perspective, even though nothing special happens
from the viewpoint of the induced geometry on the brane. So what do these
moments mean for an observer on the brane?

3.5.3 ENTROPY AND TEMPERATURE AT THE HORIZON

Let us now consider the points at which the brane crosses the horizon. The
horizon of the AdS-black hole is located at radmus= a,, wherea, is the
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—— Future singularity

Horizon=— <+« Brane worldline

/N

| — Past singularity

FIGURE 3.4: Penrose diagram of an Ad-Schwarzschild black
hole with the trajectory of the brane. The brane originates in the
past singularity, expands to a certain size and subsequently falls
into the future singularity as it re-collapses. The dots indicate the
moments when the brane crosses the black hole horizon.

largest solution to the equatidria) = 0, i.e.

2
a.H C()n+1M
—+1- — =0. (3.89)
L2 al

From this equation and the equation of motion (3.80), one immediately con-
cludes that the Hubble constant at the horizon obeys

1
H? = e (3.90)
and henceH = =£1/L depending on whether the brane is expanding or con-

tracting.

Next, let us consider the entropy density. According to [145], the entropy
of the CFT is equal to the Bekenstein-Hawking entropy of the AdS-black hole,
which is given by the area of the horizon measured in bulk Planckian units.
The total entropy may thus be expressed as

\

S= —, 3.91
4GR (3.91)

whereVy is the area of the horizon,

Vi = aJVol(S"). (3.92)
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Note that the area of amsphere in AdS equals the volume of the correspond-
ing spatial section for an observer on the brane. The total enBapgonstant
during the cosmological evolution but the entropy density,

S
S=—, 3.93
¥ (3.93)
of course varies with time. It equals
a
s=(n-1 , 3.94
( )4GgLan s

where we made use of the relation (3.82). What makes the moments that the
brane crosses the horizon special is that the entropy density is given by a simple
multiple of the Hubble constaritl. At the horizonV = Vy and hence the
entropy density on the braness= 1/4GR. Now, using the relation (3.82) and

the fact thatH = 1/L one finds that the entropy density equals

H
s=(n-1 4Gﬂl (a=a,). (3.95)
The significance of this relation will be further discussed below.

Also the temperature turns out to have a special value at the horizon. The
Hawking temperature measured by an observer whotuagis time coordi-
nate is [60,145] /

Ty = M@ (3.96)
4
where the prime denotes differentiation with resped.t&ince the CFT time
differs fromt by a factor/L the CFT-temperatur€ will differ from the Hawk-
ing temperaturdy by the same-dependent factor,

L
T=TH—. 3.97
HY (3.97)

Using the explicit form oh'(a,) and using the fact thdt(a,,) = 0, we eventu-
ally find

B 1 a, L
T_%[(njtl)er(n—l)a} . (3.98)

Now, from the derivation of the brane equation of motion, it follows that the
quantitiesH? and—h@)/a2 only differ by a constant and therefore, at the hori-
zon whereh(a,) = 0, we have thaH = —N'(as)/2a,. This can be used to show
that the temperature at the horizon may be expressed in the Hubble cdtstant
and its time derivativé as

H
T=-> o @=a). (3.99)

cf. (3.45).
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3.5.4 ENTROPY FORMULAS ANDFRW EQUATIONS

The above relations between the entropy density and temperature on the one
hand, and the Hubble constant, its time derivative and Newton’s constant on
the other are valid only when the brane crosses the horizon. However, since
the entropy density, temperature and energy density all vary in a precisely pre-
scribed manner as a function of the radajsthese relations imply a set of
entropy formulas that remain valid at all times.

Before making this point clear, let us first briefly discuss some basic ther-
modynamics. The first law of thermodynamics,

TdS=dE + pdV, (3.100)

can after some straightforward manipulations be rewritten in terms of the en-
tropy and energy densitissandp as

Tds=dp +n(p + p—Ts)dga, (3.101)

where we used thatV = nVda/a, The combinatio(p + p — Ts) is in most
standard textbooks on cosmology [84,140] assumed to vanish, which is equiv-
alent to saying that the entropy and energy are purely extensive. But let us now
compute it for the CFT. The energy density is given by

ML

= OIS (3.102)

0

For our purpose, it is convenient to rewrjteén terms of the horizon radius,
usingh(a,) = 0. This gives

na)) L aH>
=—|—+—]. 3.103
P 16rGRant1 (aH L ( )

The pressure follows from through the equation of stafge= »/n. Combined
with (3.94) and (3.98), one gets

n )4
E(p—i— p—Ts) = 2’ (3.104)
where the quantity is given by
_ n—-1
— M . (3.105)
167 GYan-1

Equation (3.104) may be regarded as the definitiogr.oPhysically one can
think of y as describing the response of the energy density under variations of
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the radiusa or, more precisely, the spatial curvatdye?. It thus represents the
geometrical Casimir part of the energy density.

We are now ready to present the main entropy formula for CFT’s which
have an AdS dual. The Cardy-Verlinde formula was already derived in Sec-
tion 2.2.8 and expressed in terms of the total energy and entropy. Here we will
give the local version in terms of densities. From the given expressions for the
entropy densitys, energy densityy andy, one finds thas may be expressed

as )
= (47”) y (,0 — %) . (3.106)

As noted in Section 2.2.8, this formula resembles the Cardy formula for a CFT
in 141 dimensions, but is valid for all spatial dimensians

The formulas (3.104) and (3.106) are valid at all times. It will be interest-
ing, however, to study these formulas at the special time when the brane crosses
the horizon. First we note that at that time the Casimir quaptigguals

nin—1)

1&rGﬂ, (a=ay). (3.107)
Let us now consider the entropy formula (3.106). By making the identifications
(3.95) and (3.107) one sees that this formula exactly reproduces the Friedmann
equation! Similarly, one finds that equation (3.104) reduces to the second FRW
equation forH by making the same substitutions foandy and replacing the
temperaturd by the r.h.s. of (3.99). In fact, the equations (3.104) and (3.106)
are equations of state of the CFT and in principle have an interpretation that
is independent of gravity or cosmology. It seems therefore rather surprising
that the Friedmann equation knows about the thermodynamic properties of the
CFT.

3.5.5 HBJCLIDEAN BRANE COSMOLOGY

In principle one can use the present setup to calculate the correlation functions
of operators in the CFT/FRW cosmology, in particular the stress energy ten-
sor, using the same methods as in the standard AdS/CFT setup. This would
for example give information about fluctuations in the energy density in the
early universe. As described above, the brane starts out as a point in the past
singularity of the black hole. The presence of this singularity may lead to
problems in performing these calculations in Minkowski signature. On the
gravity side a singularity is associated with the UV properties of the theery,

to very high energies. However, through the UV/IR-connection [127] known
from AdJS/CFT, on the field theory side this in fact corresponds to thé.¢R,

to very low energies. As itis the CFT that describes the matter in the universe,
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Brane worldline

FIGURE 3.5: Diagram of Euclidean Ad$ >-Schwarzschild with
the trajectory of the brane. The horizon is represented by the dot
in the middle of the diagram; only the regian> a, is drawn. The
brane originates at spatial infinity, collapses to a certain minimal
size and subsequently re-expands. It remains outside of the black
hole horizon during the entire evolution.

this seems strange since conventionally one associates the UV with the early
universe.

To calculate correlation functions one can circumvent this problem by an-
alytically continuing to the Euclidean setup. So let us briefly discuss how
to describe the Euclidean FRW universe as a brane in an Euclidean AdS-
Schwarzschild background. Going through the calculation in a similar way
as performed above, one arrives at the following Friedmann equation

d
1 167G

HE= 5 - —Np.
ET2 nn-1”

(3.108)

From this one easily deduces that the universe, when regarded in Euclidean
time, undergoes a reverse evolution, starting out very big, collapsing to a min-
imal size and subsequently re-expanding. This is depicted in figure 3.5. From
the CFT point of view, this means that the universe starts in the far UV, then
cools down to a certain minimum temperature after which it re-heats. Note that
in this case, the brane does not cross the horizon at all.

3.6 SUMMARY AND CONCLUSION

The main purpose of this chapter has been to apply the holographic principle to
a study of the entropy bounds that hold in a radiation dominated universe. This
radiation was represented as an interacting CFT with large central charge. This
led to the appearance of a fundamental relation between the entropy formulas
for the CFT and the FRW equations that govern the cosmological evolution. It

is very surprising that the CFT appears to know about the holographic entropy
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bounds and the FRW equations appear to know about the entropy formulas for
the CFT. The bounds that hold in the early universe on the temperature, entropy
and Casimir energy are summarized in Table 3.1 [137].

| CFT-bound|  FRW-definition |

T>Ty TH= -5

S< S Si=m-nHY

Ec <Efy | E§y=nn— Dzt

TABLE 3.1: Summary of cosmological bounds.

The matching of the Cardy-Verlinde formula for the CFT and the Euler
relation for the Casimir energy with the Friedmann equations written in terms
of the quantities listed in Table 3.1, is summarized in Table 3.2 [137].

| CFT-formula | FRW-equation |

S= Z2/Ec(2E — Eo) | S+ = Z2VEpn(2E — Egn)

Ec=nE+pV-T9 | ES, =n(E+ pV — TuSh)

TABLE 3.2: Matching between the CFT-formulas and the FRW-
equations.

The presented relation between the FRW equations and the entropy for-
mulas precisely holds at the transition point, when the cosmological entropy
bounds are saturated. As discussed in Section 3.5, the moments at which the
merger occurs play a special role from a brane world perspective. Indeed, they
are precisely the moments when the brane crosses the black hole horizon. It
was suggested that the values$@ndT on the horizon should be regarded as
bounds on these respective quantities. Although we still have no proof of this,
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note the following. At the moment when the brane crosses the horizon, the
quantity y is essentially equal to the inverse Newton’s constant. This means
that the response of the energy density to a variation of the curvature is com-
parable to that of the Einstein action itself. Namely, from (3.104) and (3.107)

one finds 5 ( "
0 —n(n —
al — [ a—= . 3109
(aa)s e RS (3.109)

The right hand side also gives the contribution of the spatial curvature in the
equation of motion. Clearly, when this is the case one should reconsider the
validity of the usual formulation of gravity, since quantum effects (the Casimir
energy density) are of the same order as the spatial curvature. This suggests
that a classical description of the geometry of the universe may no longer be
well defined and one has to go over to a different, more fundamental formula-
tion of the theory. We have indeed noticed that, at the transition points, the laws
that govern the gravitational evolution and the entropy and energy expressions
for the CFT, that describes the radiation, merge in a surprising way. This indi-
cates that both sets of equations have a common origin in a single underlying
fundamental theory.

We have put the (effective) cosmological constant to zero, since only in that
case everything works so nicely. It should be possible to include a cosmological
constant, but this complicates the analysis. In particular, one needs to replace
H in Hubble entropy bound by

A
H2— . (3.110)

We lack a complete understanding of the cAasg 0 at this time.



A

HOLOGRAPHY IN DESITTER SPACE

M ore or less satisfying formulations of holography and, more generally,
guantum gravity in Minkowski and Anti-de Sitter space have been ob-
tained. Having thus addressed flat and negatively curved spaces, a natural next
step would be to consider positively curved space, or de Sitter space. This
case, however, has proven to be particularly difficult and a full description of
quantum gravity in de Sitter space is still lacking. With recent observational
data [98,106,113] indicating that the universe may be entering a de Sitter phase,
this issue has taken on added significance.

Naturally, this has led to a lot of interest in the subject and in this chapter
we will review some recent developments, focusing on the formulation of the
holographic principle in de Sitter space. Of particular importance is the issue
of finding a de Sitter solution to string theory. This would be an important
step forward, but attempts in this direction have failed so far. Nonetheless,
analogous to the well established AdS/CFT correspondence discussed in Sec-
tion 2.2, progress has been made in formulating a similar correspondence in
the de Sitter case.

We begin this chapter, in Section 4.1, by discussing the classical geome-
try of de Sitter space. Next, in Section 4.2, we discuss the notions of energy
and entropy in a de Sitter context. In Section 4.3, we consider the recently
proposed dS/CFT correspondence. Finally, in Section 4.4, we consider an in-
teresting scenario in which the evolution of the universe corresponds to an RG-
flow in the dual CFT. We consideratheorem in this context and its relation
to the size of the apparent horizon in de Sitter space. Detailed accounts of the
classical properties of this space can be found in [67,118]; observational con-

straints and theoretical approaches to the cosmological constant are reviewed
in [31,141].

63



64 4, Holography in de Sitter Space

kXO

FIGURE 4.1: De Sitter space realized as a hyperboloid in flat
Minkowski space.

4.1 (QLASSICAL GEOMETRY OF DESITTER SPACE

Pure de Sitter space is the unique vacuum solution to the Einstein equations
with maximal symmetry and constant positive curvatureDIla= n+1 space-
time dimensions, it is locally characterized by

D-1
Ry =~ s 4.1)

whereR is the radius of curvature of de Sitter space, and by the vanishing of
the Weyl tensor. The cosmological constakt,is given as a function oR by
(D-1)(D -2
A=——+——. 4.2
>R? (4.2)
It is convenient to think of de Sitter space as a hypersurface embedded in
D +1-dimensional flat Minkowski space. The embedding equation is

X34 XE 4. +XE=R? (4.3)

and the resulting timelike hyperboloid is depicted in Figure 4.1. The embed-
ding equation (4.3) makes manifest t&1, D) isometry group of de Sitter
space. The de Sitter metric is the induced metric from the flat Minkowski met-
ric on the embedding space. In this way several coordinate systems can be
obtained.

Frequently used are the so called global coordinates, in terms of which the
metric takes the form

ds? = —dT2 + R?costf T/RdQ2. (4.4)
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The time coordinat&l takes values-oco < T < oo. In these coordinates,
which cover all of the hyperboloid shown in Figure 4.1, de Sitter space starts
out as an infinitely large-sphere all = —oco. Subsequently, it shrinks and
reaches its minimal radiuR at T = 0, after which it re-expands. Note that the
global time coordinatd does not define a Killing vector. The appearance of

a cosmological horizon is not manifest in these coordinates. Before discussing
other useful coordinate systems for de Sitter space, we first consider its Penrose
diagram.

4.1.1 HNROSE DIAGRAM OF DESITTER SPACE

To elucidate the causal structure of de Sitter space, it is useful to construct the
corresponding Penrose diagram. Through the coordinate transformation

1
oshT/rR = , 4.5
coshi/R COST/R (4.5)
put the metric (4.4) in the form
2 1 (ar? 4 R (4.6)
cog 7/R n '

The range of the new time coordinatés —7/2 < t/rR < 7/2. Without affecting
the causal structure, we can perform a conformal transformation, bringing the
metric to the from

d§? = cof 7/Rds? = —dr? 4+ R2dQ2. 4.7)
This can also be written as
d§? = —de? + R? (do? + s 0 d 2, ), (4.8)

whereé is a polar angle with range € 6 < &. This leads to the square Pen-
rose diagram depicted in Figure 4.2, where every pointris-4-dimensional
sphere with radiufksind. The equal time slices in global coordinates corre-
spond simply to horizontal lines in the Penrose diagram. From the diagram it
is clear that no observer can ever see all of de Sitter space. An observer on the
south pole can see, as he approactiesall events that happened in regions

I 'and Ill. Similarly, he can send signals to events in regions | and V. In the
intersection of thesa,e. in region |, he can send signals to as well as receive
signals from all events; this we call his causal diamond, or static patch. Region
II, the causal diamond of an observer on the north pole, remains completely
inaccessible to the observer on the south pole.
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FIGURE 4.2: Penrose diagram of de Sitter space. Every point repre-
sents arSP—2, except the north and south poles which are points.
A horizontal slice forms a8 . The dashed lines indicate the
past and future horizons of an observer on the south pole. The
asymptotic past and future, indicated by andZ™ respectively,
correspond ta = +7/2. The diagram is divided into four regions,
as explained in the text.

Another way to see that the Penrose diagram must be square is the follow-
ing. Consider where a light ray that originates from the south pale ands
up onZ*. Choosing the ray such that it only moves in thdirection selected
in (4.8), we have from (4.4) that

dT? = R?cosif T/rRd6?. (4.9)

The distance the light ray will travel in thedirection before it reaches™ is
therefore given by

A@—/wdee—/wdT 1 (4.10)
T ) dT ) o RcoshT/R_n' '

We see that it will exactly reach the north pole, independent of the val&e of
i.e, independent of the cosmological constantlt is interesting to consider
what happens when one perturbs de Sitter space by adding some energy density
to it. Like in Chapter 3, let us consider a radiation dominated FRW cosmology
with radiation densityp, but now with a positive cosmological constant. The
Friedmann equation (3.3) becomes

, 167Gy 1 2A

“hn-1n’ &2 + nn—1)° (4.11)

while the second Friedmann equation (3.4) remains unchanged. The metric



4.1 Classical geometry of de Sitter space 67

takes the general form
ds? = —dt? + a%(t) dQ2. (4.12)

For the spacetime to be of the de Sitter form (4.4) at late timesannot be
larger than a certain critical value. For larger values dhe spacetime will
collapse to form a black hole instead of re-expanding. We will give a general
definition of the notion ‘asymptotically de Sitter’ in Section 4.3.1. Precisely

at the critical radiation density, the space will asymptote to its smallest radius
and subsequently remain static instead of re-expanding. This final state is of
course unstable as small perturbations will cause the space to either collapse
to a black hole or to start expanding. The critical valuedand the minimal

radiusac are given by
2A RC n+1
= — , 4.13
= ae () (4.13)

_ n(n — 1)2
* T Vaam+n (4.14)

Now take the radiation density to be a fraction of this critical density,

p=apc, (4.15)

where 0< « < 1. Solving (4.11) fora(t) gives (henceforth setting = 3)

2 R?
as(t) = - (1 + V11—« costh/R) . (4.16)

Using the identity cosh2= 2 cosif x — 1, we see that faz = 0 this reduces

to the pure de Sitter case (4.4), as expected. On the other hand, the critical case
« = 1 does not behave as described above. Instead, that behaviour corresponds
to the particular solution

R? 1 =2
2 _ 2
at)y=—|[(1+=-e R ). 4.17
O =- < +3 > (4.17)
For completeness, we also note the general solution, valid for any vadye of
R? 1 2 3 Y
2ty = — Ze R+ 2(1—a)erw
a“(t’) 5 [1+ 3e + 4(1 o)e i| , (4.18)

where the new time coordinateis defined by

t/ :t+§ln [g(l—a)] (4.19)
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FIGURE 4.3: Rectangular Penrose diagram corresponding to per-
turbed de Sitter space. The past horizon of an observer on the
south pole is indicated. The amount by which the diagram devi-
ates from being square, the extra vertical leng#h, is propor-
tional to the perturbation,e., to the radiation density in the case
considered.

Using the solution (4.16), we can now repeat the calculation (4.10)\6or
Since again the result is independentAafwe putR = 1. This leads to the
expression

- d 2 : 4.20

A = t . .
/_oo (1+«/1—acosh2> ( )

Expanding for smale gives
o0 1 cosh2

lim A6 = / dt[ +a +(9a2], 4.21
a—0 —o |cosht = " 8cosRt @ #.21)
L (4.22)

= T o 16 o . .

We thus find that in this case the light ray overshoots the antipodal point by
some amount proportional to the energy density. This causes the Penrose di-
agram to become rectangular in shape, as shown in Figure 4.3. It was shown
by Gao and Wald [50] that the same thing happens for general perturbations
of de Sitter space. These ‘tall’ de Sitter spaces were considered in [87]. It
is important to realize that this elongation of the Penrose diagram has drastic
consequences for the causal structure of the spacetime. For example, an ob-
server can now receive information from everywhereZonat a finite time,

i.e., before he reacheg™. These changes in the causal structure present a se-
vere challenge to the antipodal identification considered in the next chapter.
We will comment on this in Section 5.7.
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4.1.2 (OOORDINATE SYSTEMS

A coordinate set that is especially well adapted .
to describe a specific observer are the static co
dinates. In these coordinates, the metric takes
form

R2

2 2
r dr
ds? = — (1— —) dt? + ~+r2de2 .
1-55
R

(4.23)

The cosmological horizon is at = R andd/at .

. . . FIGURE 4.4: Equal time
now is a Killing vector, although not globally time- =~ " . .
like. Constructing these coordinates for an oﬁl'ces In static coordinates.
server at the south pole,= 0 corresponds to the
south pole and the corresponding causal diamond (region | in Figure 4.2) has
0 < r < R. The Killing vectord/st is timelike in region I, making it a suitable
generator of time evolution for this observer. But in regions Il and IV, this vec-
tor becomes spacelike. In region I, it is again timelike, but it is directed in the
opposite direction from region I,e. towards the past. The lack of a globally
timelike Killing vector in de Sitter space affects the notions of entropy and en-
ergy as well as complicates the quantization of fields on this background. The
equal time slices in the northern and southern causal diamonds are shown in
Figure 4.4, where also the direction of the Killing figjdt is indicated.

Another coordinate set, which we will encoun- .
ter often, covers only half of de Sitter space. These .
are the planar coordinates appropriate for a hig
bang (or big crunch) de Sitter model. The metrjc
takes the form

ds? = —dt? + e* Rdx dx |, (4.24)

and, when applied to the south pole and deper
ing on the sign in the exponential, covers eith@ncure 4.5: Equal time
regions | and Il or | and V. These coordinates desices in planar coordinates.
rive their name from the fact that the equal time slices, as depicted in Figure 4.5
for the combined regions | and lll, are flatplanes.

For future purpose, we introduce the Schwarzschild-de Sitter solution. In
D = n+1 dimensions, the line element in static coordinates takes the form

ds?

—Fr)dt? + Fir)dr2 +r2dQ2 ,, (4.25)

2M  r2

F(r) = 1——rd_2—ﬁ.

(4.26)
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De Sitter space cannot support arbitrarily large black holes. In fact, the size of
any object in de Sitter space is limited by the cosmological horizon. Putting
a black hole in de Sitter space gives rise to a second horizon, namely a black
hole horizon besides the cosmological horizon. Their locations, denoted re-
spectively byr,, andr, are the positive roots of the equatiérir) = 0. The
bound on the size of the black hole can then be expressedasry,. This

limits the mass of the black hole to be within the rang€ 01 < Mpayx, Where

o _ 1 ((0-3(D-2\%
max_D—l( 2A ) '

(4.27)

When M = Mpmax the black hole horizon coincides with the cosmological
horizon.

4.2 ENERGY AND ENTROPY

In a gravitational background there is no local notion of energy. However, the
total energy can generally be defined, using an asymptotically timelike Killing
vector. Since there exists no globally timelike Killing vector in de Sitter space,
one cannot define a Hamiltonian in this way. Due to the spatial compactness, de
Sitter space cannot support conserved Noether charges like mass and angular
momentum. The only asymptotic regions within de Sitter space are temporal
past and future infinity. An alternative definition of mass, using the Brown-
York stress tensor, is given in [8].

In the absence of a Hamiltonian, there is no global notion of time-evolution.
Indeed, we have seen above that the most natural timelike Killing vector to
define the evolution of an observer, points towards the past in part of de Sitter
space. Thus, a particle moving forward in time with respect to one observer,
would be conceived as moving backwards in time by a second observer; that
is, if he were able to see it. Note, however, that these different regions are
causally disconnected. These considerations will play an important role in the
next chapter.

4.2.1 ENTROPY

One of the most enigmatic features of de Sitter space is its entropy [10]. That
de Sitter space has a finite entropy may be expected, based on the appearance
of a horizon in pure de Sitter. This horizon is, however, qualitatively different
from a black hole horizon. The position of the horizon is observer dependent
and, because of this, it is not entirely clear which concepts about black holes
carry over to de Sitter space. In fact, the de Sitter cosmological horizon looks

in many ways like the Rindler horizon in Minkowksi space.
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It was, however, shown by Gibbons and Hawking [53] that entropy and
temperature can be ascribed to the cosmological horizon just as in the black
hole case. Indeed, an observer in de Sitter space will observe a background of
thermal radiation coming from the cosmological horizon that surrounds him.
The area of the horizon is then a measure of the information hidden by it from
the observer. By absorbing this thermal radiation, the observer can presumably
gain knowledge on what lies beyond the horizon; thus causing the horizon to
shrink. Indeed, in pure — or empty — de Sitter space the horizon size is maximal.

The radius of the cosmological horizon Brdimensional de Sitter space,
as described by the metric (4.23), is given by

fe=R= [(B-D(D -2 =4 E (4.28)
2A A

The horizon area then becomes

D-2

_ 212 (D-1(D -2\ 7 (=4 12r
_F<%)< 27 ) oA

wherel" denotes the Euler Gamma function. The corresponding Bekenstein-
Hawking entropy equals

Ac

(4.29)

Ac
= Gy’
as usual. From the metric one can also deduce the Hawking temperature of the
black hole by demanding it to be regular across the horizon. This leads to

_1 8A (B=4 E\E
=27 VO-1nD-2  =xViz2’ (4.31)

The values for the 4-dimensional case agree with those given in [53].

Itis natural to interpret the Bekenstein-Hawking entropy for de Sitter space
as the logarithm of the number of quantum states necessary to describe such a
universe [12]. This is similar to the interpretation of the Bekenstein-Hawking
entropy for a black hole, as discussed in Section 2.1.1, and extends the analogy
between the two cases. More precisely, the Hilbert space of quantum gravity
in asymptotically de Sitter space has finite dimenshonin terms of which the
entropy is given by

Sis (4.30)

Sis=InN, (4.32)

cf. (4.30). Since in the presence of gravity the metric fluctuates, we need to
speak ofasymptotically de Sitter space. Keep in mind, however, that the only
asymptopia are in the past and future; there is no spatial infinity.

*Note the necessity of an observer dependent notion of particles.
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Itis the finiteness of the entropy (4.30), and hence of the dimensionality of
the Hilbert space, that leads to conceptual problems. It appears to be irrecon-
cilable, for example, with the fact that at early times de Sitter space has very
large volume. One can impose boundary conditions that have entropy larger
than (4.32), whereV is fixed by the value of the cosmological constant. How-
ever, these initial conditions will not evolve into a spacetime that is again de
Sitter in the future. Said differently, the Einstein equations ensure that the FSB
bound, the generalized Fischler-Susskind bound discussed in Section 3.2.1, is
not violated.

Another important implication of a finite dimensional Hilbert space is that
the de Sitter symmetry grou@(D, 1), cannotactonit[142]. Indee@(D, 1)
is non compact and does not have (nontrivial) finite-dimensional unitary rep-
resentations. In fact, one should not expect the full de Sitter group to act on
the Hilbert space. The symmetry generators can be expressed as surface terms
at infinity and, as we have seen before, de Sitter space cannot support such
conserved charges. Hence, the de Sitter generators are zero. Any quantum
gravity theory on de Sitter space will thus not have the full de Sitter isometry
group that is the symmetry group of classical de Sitter space. The elliptical
modification of de Sitter space that is the subject of Chapter 5 suggests that the
relevant group is actually the compact subgroup36(1) of the full isometry
group. This allows for unitary representations related to the de Sitter entropy,
as discussed in Section 5.5.4.

4.2.2 BOUNDS FROM THE COSMOLOGICAL HORIZON

As noted above, the cosmological horizon in de Sitter space attains its maxi-
mal size for pure de Sitter. Thus, pure de Sitter constitutes a state of maximal
entropy for universes with a positive cosmological constant that tend towards
pure de Sitter in the future, as can be understood in the following way. The
exponential expansion of space will cause anything present within a cosmo-
logical horizon to be swept out of it, eventually leaving pure de Sitter. From
the second law of thermodynamics we infer that entropy must have increased
in the process. The generic final stage of such evolution being pure de Sitter,
this must constitute a state of maximal entropy. By Bousso’s [25] proof of the
so calledN-bound this is generalized to includry universe with positive cos-
mological constant, not necessarily asymptoting to pure de Sitter in the future;
see also [8,89].

In Section 2.1.2, we derived entropy bounds from studying the dynamics
of black hole horizons. Similarly, entropy bounds can be derived from the
cosmological horizon in de Sitter space. Consider a matter system, including
possibly black holes, with entrop$y, in asymptotically de Sitter space. By
above arguments, the system is surrounded by a cosmological horizon with
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area
A < Ac, (4.33)

whereAc is the horizon area in pure de Sitter given by (4.29). The total entropy
then equals
/

Sow = Sn+ 2. (434)
From the point of view of an observer, the entire matter system will at some
point pass through the horizon, as the final state is pure de Sitter space. In this
process, the matter entrof$ is lost, while the Bekenstein-Hawking entropy
of the cosmological horizon increases by an amount

1
ASis= 7 (Ac— Ag). (4.35)

The generalized second law (2.8), with black hole entropy generalized to cos-
mological horizons, implies that the total entropy must not decréase,

ASs 2> Sn. (4.36)

This gives a bound on the matter entropy,

1
Sn< 4 (Ac— AD), (4.37)

called the D-bound [25] on matter systems in asymptotically de Sitter space.
Its relation to the Bekenstein bound is considered in [26].

As an example, let us check the D-bound for a black hole in de Sitter, as
described by the Schwarzschild-de Sitter solution (4.25). For concreteness, we
takeD = 4, so that the metric reduces to

ds? = —F@r)dt>+ FXr)dr?+r2dQ3, (4.38)
2M  r?

= - 1_ _ 4.39

(r) TR (4.39)

and Mmax = 1/3V/A. For M < Mpay there are two horizons, whose locations
are given by the positive roots &f(r) and depend on the mass. These are the
cosmological horizon;,., and the black hole horizon,,,, wherer. < rg,. For

M = 0, corresponding to pure de Sitter, there is only a cosmological horizon,
no black hole horizon. Fa¥l = Mpax, the two horizons coincide. It is easy to
see that in between these two values of the mass, the black holeirauesses
monotonically, while the cosmological radidscreases monotonically. This
confirms the relation (4.33) for the case of a black hole in de Sitter space. More
precisely, the entropy of Schwarzschild-de Sitter is given by

Ssas= 7 (r2, +r2) (4.40)
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and the D-bound, (4.37), states that
Ssas< TR?. (4.41)

Note, that the cosmological horizon for pure de Sitter equals the radius of cur-
vature,r. = R. Solving the cubic equatiof (r) = 0 for its positive roots,
gives for smallM [26]

Ssgs= 7 R? (1—%'\/')+(9(M2). (4.42)

This is a monotonically decreasing functionMf, as expected. For the maxi-
mum value of the mas$/ = Mmax, one findsSggs = %n R? showing that the
D-bound, in the form (4.41), holds.

4.2.3 DeE SITTER SPACE IN STRING THEORY

A logical step towards deriving the entropy and thermodynamic properties of
de Sitter space from a microscopic description, would be to embed the space
as a solution of string theory. As mentioned in Section 2.1.1, this approach has
been successfully employed in deriving a microscopic description of a certain
class of black holes. So far, various attempts at finding a de Sitter solution
of string theory have failed. One of the main conclusions of this chapter and
the next, will be that, in searching for a string theory embedding, the global
perspective on de Sitter space may not be the correct one to take. In Chapter 5,
we will consider a partial view which may be more appropriate. We will now
discuss several of the obstacles encountered.

First of all, there is the issue of the finiteness of the de Sitter entropy, (4.30).
In four dimensions, the entropy equég = 37/A. The number of degrees of
freedom necessary to describe such a universe is

N =er, (4.43)

which for the currently observed value of the cosmological constant is very
large, but finite. Conversely, this means that a quantum theory of gravity with
finite dimensional Hilbert space of dimensiowi, for consistency requires a
cosmological constanA = 37/inN. As argued by Banks [12], this means

that the cosmological constamt, should not be viewed as a derived quantity,

but instead as a fundamental input parameter. This leads to the proposal that
universes with positive cosmological constant are described by a fundamental
theory with a finite number of degrees of freedom. A consequence of the finite-
ness ofN is that string theory, having an infinite dimensional Hilbert space,
does not seem appropriate to describe de Sitter space. Banks [12] also connects
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the finiteness oV with the breaking of supersymmetry; an issue that we will
discuss next.

It is easy to see that there cannot be unbroken supersymmetry in de Sitter
space. This is simply because there exist no superalgebra extensions of the
de Sitter symmetry algebra. In [99] a de Sitter superalgebra was constructed,
but it results in a Lagrangian that leads to a gauge field with the wrong sign
kinetic term. The absence of a superalgebra is related to the fact that there is
no positive conserved energy in de Sitter space. If there were to be nonzero
supercharge&, which we can assume to be Hermitian, then these would anti-
commute to give the Hamiltonian [142],

dole. @y =x. (4.44)

Lacking a Hamiltonian, this is clearly impossible. Instead, the supercharges
of the de Sitter superalgebra constructed in [99] square to zero. Since super-
string theory is naturally supersymmetric, the lack of supersymmetry in de
Sitter space complicates the issue of finding a de Sitter string solution. In-
deed, a ‘no go’ theorem was proven in [91], stating that de Sitter space cannot
arise from a conventional compactification of string theory. Attempts to find
de Sitter solutions in a non-standard way include [35,74,116].

Finally, consider the issue of observables [44,69] and that of the construc-
tion of an S-matrix in de Sitter space. In quantum field theory, asymptotic in-
coming and outgoing states are properly defined only in the asymptotic regions
of spacetime. But for de Sitter space these regions are spacelike and there is no
single observer who can determine the states both at past infinity as well as at
future infinity. Consequently, the matrix elements of S-like matrices in de Sit-
ter space are not measurable quantities; they are mere meta-observables, rather
than observables. When one considers quantum gravity in asymptotically de
Sitter space, the situation becomes even more serious. As has been pointed out
by Witten, the only available pairing between in-states and out-states, CPT, is
used to obtain an inner product for the Hilbert space [142]. There then does
not seem to be an additional pairing between in- and out-states that could be
used to arrive at an S-matrix. As the conventional formulation of string theory
is based on the existence of an S-matrix, the lack of an analogue in de Sitter
space heightens the difficulty of finding a relevant string solution.

An approach analogous to that which was successfully employed in the
AdS/CFT [7,102] case is taken in [119]. Employing the only available asymp-
totic regions, the infinite past and future, standard S-matrix elements are con-
structed despite their unobservable character. These are then used to relate
correlation functions on de Sitter space to those of a proposed dual CFT; this
is the subject of the next section. After re-addressing the issue of defining an
S-matrix for de Sitter space in Section 5.5.2, we come back to that of finding a
string realization in Section 5.6.
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4.3 THE DS/CFTCORRESPONDENCE

In line with the AdS/CFT correspondence, it is natural to look for a similar
duality in the case of quantum gravity in de Sitter space. Indeed, one might
expect such a relation to exist, since de Sitter space can be obtained from Anti-
de Sitter by analytic continuation. However, unlike the AdS case, there is no
known realization of quantum gravity in de Sitter space. Nonetheless, fol-
lowing the approach of Brown and Henneaux [29] in the /ST, case,
Strominger [121] formulated a tentative holographic duality relating quantum
gravity in de Sitter space to a Euclidean CFT on a sphere of one lower dimen-
sion. This approach requires no input from string theory.

The duality thus constructed for de Sitter space exhibits many similarities,
but also many differences with the AAS/CFT correspondence [93]. An impor-
tant difference is that the boundary of de Sitter space not only is spatial, it also
consists of two disconnected parts. This complicates the question as to where
the dual CFT would live. Strominger employs the fact that, at least for pure de
Sitter, the two boundary parts are causally connected, to arrive at a single CFT
on a single sphere.

In this section, we consider the proposed dS/CFT correspondence in three
spacetime dimensions. Although the correspondence should apply in general
dimension, the 3-dimensional case is especially rich because of the infinite
dimensionality of the 2-dimensional conformal group. In a sense this makes
the 3-dimensional case the most restrictive regarding the properties of the dual
theory; allowing for the most definite statements. In this section we set the
radius of curvature of de Sitter space equal to ddes 1.

4.3.1 ASYMPTOTIC SYMMETRIES

The asymptotic symmetry group of de Sitter constitutes those nontriial
feomorphisms that preserve the boundary conditions on the asymptotic metric,
i.e., the metric afZ*. So, we need to specify the appropriate boundary condi-
tions for what we would call ‘asymptotically de Sitter space’. An elegant way
to do this is by using the Brown-York stress tensor [30], defined as

2
RN
wherey;j is the induced metric on the boundary ggdenotes the action eval-

uated at a classical solution. Though similar in definition to the usual stress-
energy tensoiTjj characterizes the entire system, including contributions from

T, (4.45)

TNontrivial in the sense that the transformation does not annihilate physical states.



4.3 The dS/CFT correspondence 77

both the gravitational field and, if present, matter fields. The bulk diffeomor-
phisms are generated by appropriate moments of this tensor, which lives on the
boundary of the spacetime. We can then take as definition of an asymptotically
de Sitter spacetime one for which the Brown-York stress tensor, and hence all
symmetry generators, is finite.

The Brown-York tensor, (4.45), evaluated for the boundaryof de Sitter
space in general dimension, takes the form [83]

1 .
TijZﬁ[xij—Kﬁj—(D—Z)Mj—(DgE3)], (4.46)

whereXj; is the extrinsic curvature, as defined in (3.56), gnddenotes the
boundary Einstein tensor. F&r = 3 this reduces to

1
Tij = gan il — (K + Dl (4.47)

which is identically equal to zero in planar coordinates (4.24). However, cal-
culating (4.47) for perturbed de Sitter, with metric

dSz = Ouv + h/w s (4.48)
gives [118]
T, = — (h,—an +18h + 0(h?) (4.49)
Y74 - 4GN y/4 zltz 2 tlizz 9 .
T, = —+ |leazy h-+1(8—h + 30tz — 8thz) |+ O(h?)
Y74 - 4GN 4 tt Y74 2 zlltz zltz thlzz .
(4.50)

Imposing the condition that the Brown-York tensor remains finite, one obtains
the boundary conditions

672t
9 = — +0). (4.51)
G = —1+0E?), (4.52)
0z = 0O, (4.53)
g, = 0. (4.54)

These boundary conditions define what is meant by ‘asymptotic de Sitter’. The
asymptotic symmetry group hence consists of those diffeomorphisms that leave
(4.51)-(4.54) invariant. The most general form of a diffeomorphism that does
S0, is given by [118]

1
c=Ud, + Eu/at + ©(e®) + complex conjugate (4.55)
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whereU (2) is holomorphic inz. We can identify what these transformations
are and, at the same time, find the central charge of the boundary theory, by
acting with the diffeomorphism (4.55) on the Brown-York tensor,

1
5{TZZ - _U 8TZZ - 2U /TZZ - —U/// . (456)
8GN
The first two terms are those one expects for a conformal field of weight two
under a conformal transformation. The third term, identified as the anomalous
Schwarzian derivative term, corresponds to a central charge (restoring R) [121]

3R

- 457
C 2Gn, (4.57)

Here the subscript 2 refers to the dimensionality of the boundary theory, but
note that bothGy and R apply to the 3-dimensional bulk. We thus identify
(4.55) as a conformal transformation in two dimensions and, dih@ is
general, the asymptotic symmetry group ogd@S the conformal group of the
Euclidean plane. It is important to note that is not possible to construct a dif-
feomorphism analogous to (4.55) for the case of global coordinates. This is
because evolution in the global tifieis not part of any of the de Sitter isome-
tries. Hence, it is impossible to associate evolution in the global time coordi-
nate with conformal transformations of the boundary. This strongly suggests
that the global perspective is not the relevant one when considering holography
— and thus quantum gravity — in de Sitter space.

4.3.2 THE CORRESPONDENCE

Having found that the symmetry group of the boundaryis the Euclidean
conformal group, it is to be expected that gravity correlators restricted to the
boundary transform as in a 2-dimensional Euclidean CFT. Indeed, this is what
one finds for massive scalar fields with mass The solutions to the wave
equation these fields obey, which near the boundary takes the form

m2p = V2 ~ —02¢p + 20 (t —> —00), (4.58)
asymptotically behave as
d~et (t > —o0), (4.59)

where

he =1+v/1—m2. (4.60)

For masses in the range
o<m <1, (4.61)
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h. are real and positive, while_ < h,. Picking the minus sign in (4.59),
the imposed boundary condition has the form

Jim ¢zt = o _(z,2). (4.62)

Analogous to the AAS/CFT correspondence, the proposed dS/CFT correspon-
dence associates #o. a dual operator in the boundary CHJy, of dimension
h.. The two point function of this dual operator has the form [121]

1

(4.63)

Outside of the range (4.61i)g. for m? > 1, the conformal weightb.. are no
longer real, signalling that the dual CFT is not unitary. Albeit there are no a
priori reasons that the CFT needs to be unitary, this might mean that consistent
theories of quantum gravity on de Sitter space have no (stable) scalars with
masses greater than one.
So far, we have only considered the combined regions | and Il of Fig-
ure 4.2 on page 66, with a single bound&ry. When taking into account
the full space, one might expect two separate CFT’s, living on disconnected
spaces, to be necessary to describe the complete bulk dynamics. However, the
two boundaries are causally connected. As we showed in Section 4.1, a light
ray that originates from a certain point @m, will arrive at the antipodal point
on the sphere a@f*. A singularity of a correlator between a point #n and
a point onZ™* can only occur if the two points are null separated. Through the
singularity structure of the Green’s function on de Sitter space, such a corre-
lation is related to one between the pointbn and the antipode of the point
onZT, also onZ~. The insertion of a gravity operator @i then effectively
corresponds to inserting the dual CFT operator at the antipodal poift on
We are thus left with a single CFT on a single sphere. The antipodal relation
in de Sitter space will be the main theme of Chapter 5 and we will consider the
singularity structure of the Green'’s function in more detail in Section 5.2.1.
Everything in this section generalizes to higher dimensions. The proposed
correspondence can then be summarized in terms of bulk and boundary corre-
lation functions as

(X)) - @G - (Y ))as,
< (Op(XD) -+ Op(X)Op (Y1) - - Op(Jj))gp-1. (4.64)

Here,x andy" are points orZ = andZ*, respectively. On the right hand
side, all points are on the sphere on which the dual CFT lives, denoted by

*we only consider the leading behaviour, ignoring the subleading term proportioeﬂiltto
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SP-1 and the bar denotes the antipode on that sphere. Note that thegfields
with argument or? ~ in (4.64) obey the boundary condition (4.62), while those
with argument orZ ™ obey the corresponding boundary condition appropriate
in thet — oo limit.

4.4 RGFLOW

Recall how the conformal transformations of the boundary arise from bulk dif-
feomorphisms. Looking at the diffeomorphigm(4.55), we see that the first
term generates a holomorphic diffeomorphism of the plane. In terms of the
metric in planar coordinates, (4.24), this can be compensated for by a shift in
t, as generated by the second term of (4.55). On the plane, this shift corre-
sponds to a Weyl transformation. Together these transformations constitute the
conformal transformations on the plane and, hence, on the boundary. A spe-
cial class of these are the simple time shifts corresponding to scalings of the
boundary. This is reminiscent of the AdS case where radial shifts correspond
to scalings in the boundary metric, as is clear from the metric (2.49). In that
case, renormalization group (RG) flow corresponds to radial flow of the bulk
solutions [6,11,39]. For de Sitter, one might then expect RG flow of the puta-
tive dual theory to correspond — perhaps more naturally — to time evolution in
the bulk [8,87,122].

4.4.1 INFLATION

An interesting RG scenario in de Sitter space was recently suggested by Stro-
minger [122]. As opposed to Section 4.3, where we considered three spacetime
dimensions because it was the most explicit case, we now focus on four dimen-
sions since the current model is aimed at describing the real world. RG flows
similar to the one we will discuss here were considered in [8].

As we have mentioned, recent astronomical observations suggest that the
universe is currently entering a de Sitter phase. It is a much older idea that
there has also been a temporary de Sitter phase in the early universe, referred
to as ‘inflation’ [4,63,88]. Such a period of rapid expansion solves important
cosmological issues like the flatness and horizon problems; see [84] for a re-
view of early universe physics. Following Strominger [122], we assume that
the metric is well-approximated by the flat Robertson-Walker big bang form

ds? = —dt? + a?(t) dx dx' , (4.65)

wherea(t) is the scale factor of the universe. In the early and late universe, the
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scale factor behaves as
a
S (o 00, (4.66)

so that the metric takes the 4-dimensional planar de Sitter form
ds? = —dt? + M+l dx!  (t > +0). (4.67)

Here,H.. denotes the Hubble constant during the de Sitter phase either in the
early or late universe. Comparing to (4.24), note that

He == (4.68)

in terms of the curvature radius of the appropriate de Sitter space. During the
inflationary period, the cosmological constant is conjectured to have been about
one hundred orders of magnitude larger than that currently observed. In terms
of the Hubble constant, we ha¥¢_ ~ 107*cm~1 versusH, ~ 10-28cm1.

As noted at the beginning of this section, the de Sitter metric (4.67) is
invariant under a time translation accompanied by an appropriate scaling of the
plane; namely under the transformation

t—>t4+a, X — eyl (4.69)

This expresses that time evolution in the bulk generates scale transformations
in the boundary theory. Moreover, we conclude from the behaviour (4.69) that
early times in the bulk correspond to the IR regime of the boundary theory,
while late times correspond to the UV regime. This is the de Sitter variant
of the UV/IR correspondence discussed in Section 2.2.7. Note that a similar
relation is not to be expected when taking the global perspective on de Sitter
space. In that case, there is no monotonic relation between time and evolution
from UV to IR in the bulk. Indeed, both early and late times would correspond
to IR, while intermediate times would correspond to UV. This gives yet another
indication that the global perspective is not the correct one when considering
quantum gravity on de Sitter space.

In between the two de Sitter phases, the universe as described by (4.65)
will have looked very different from (4.67) and likely will not have exhibited
invariance under (4.69). There is thus no reason to expect the bulk gravity
theory to be dual to a conformal theory on the boundary during that stage.
An elegant interpretation is suggested by a similar situation encountered in
AdS [48,59]. Radidl translations in the bulk of AdS correspond to RG flow
in the boundary theory. Viewing the universe as a perturbed de Sitter space,

§Keep in mind that the radial and time directions are interchanged when going from AdS to dS.
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the conformal invariance of the boundary theory is broken by insertion of the
operators dual to the bulk perturbations. This way, the boundary theory is
perturbed away from its UV conformal fixed point and ends up, by the RG
flow, in an IR fixed point. Note that in this interpretation the RG flow runs
opposite to the bulk time, since the universe actually starts out in the IR.

The above model has been applied in [86] to cosmic microwave back-
ground anisotropies. A simple dictionary between the holographic approach
of the model just discussed and the standard inflationary model is constructed.
Despite the very different inputs the two models give similar predictions.

4.4.2 c-FUNCTION

Let us consider the boundary theory in the RG flow model discussed above in
a bit more detail. On dimensional grounds, the generalization of the central
charge (4.57) to higher dimensions takes the form

1 (=4 1
GnHD-2  —  GyHZ’

Cos X (4.70)

where we have used (4.68). Of course, the expression (4.70) only makes sense
for the de Sitter phases of the evolution. From the relative sizes of the Hubble
constantH. we have that

ch>c . (4.71)

Since the central charge is a measure of the number of degrees of freedom
of the theory, this indicates that there are overwhelmingly more degrees of
freedom in the late universe than in the early universe. Such an increase of the
number of degrees of freedom seems to be at odds with unitary evolution.

the current context, this can be understood in the following way, again inspired
by the AdS analogy [48,59].

For a generic unitary (non-conformal) field theory in two dimensions, Za-
molodchikov [146] has proven that there exists a functiphat decreases
from the UV to the IR along RG flows; this is called theetheorem’. So far, at-
tempts have failed to generalize this theorem to higher dimensions. Moreover,
while the dual boundary theory may not be unitary for de Sitter, unitarity was
crucial in the proof given by Zamolodchikov. Nevertheless, by using the bulk
theory, Strominger proves thay as defined by (4.70), is an increasing function
of time and hence a decreasing function along the RG flow. Indeed, through
Einstein’s equations, the time derivative of Hubble’s constant in asymptotically

Note that it is only the dual boundary theory that is possibly non-unitary; the bulk theory is
unitary. It is important to realize that this is true even though the bulk theory can be reconstructed
— at least in principle — from the boundary theory.
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de Sitter space in four dimensions can be written as
H=—47GN(p+p). (4.72)

Imposing the null energy condition, which requirgs+ p) > 0 while p > 0,
ensures that the right hand side is non-positive. HeHcdecreases with time
andc, increases with time. This is an example of how the bulk/boundary dual-
ity can be put to use. We will come back to this below.

With time evolution corresponding to inverse RG flow, this suggests the
following interpretation [122]. As the universe expands, more and more de-
grees of freedom become available; they are ‘integrated in’ in the language
of RG flows. Only in the asymptotic future does the universe come into full
existence.

The c-function as discussed in [8,122] and reviewed here only applies to
spatially flat slicings of de Sitter space. It has been generalized in [87] to
include spherical and hyperbolic slicings. Using (4.2), (4.70) can be re-written
in terms of the cosmological constant. In [87], this is subsequently generalized
by replacingA by an effectiveA e, appropriate for the different slicings, defined
by

Ae =G nin”. (4.73)

Here, G,,, denotes the Einstein tensor an is the unit normal to the re-
spective slices. Evaluated for fldt & 0), spherical K = 1) and hyperbolic
(k = —1) slicings, this becomes [87]

(D-1)(D-2 |[/a\*> k
Ae=——7"—— — — | . 4.74
e 2 [(a) t (4.74)
The generalized-function has the form
Cp X D2 (475)
GnAe?

and ac-theorem is subsequently proven in [87].

4.4.3 APPARENT HORIZON

A nice geometric interpretation of thefunctions defined above is given in

[85]. The boundanec-function is identified in the bulk as the area of the ap-
parent horizon, which is a naturally increasing function of time. First, we
need to define the apparent horizon. At the end of Section 3.2.1, we briefly
mentioned Bousso’s [23,24] generalization of the Fischler-Susskind bound to
general spacetimes. It associates to a general surface at least two light sheets.
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Considereg., a D—2-dimensional spherical surface surrounding an observer
in de Sitter space. There are four families of radial null rays orthogonal to this
surface; corresponding to future/past directed outgoing/ingoing.x lbet an
appropriately chosen affine parameter on one of the four families of null rays.
A family is then referred to as a light sheet of the corresponding spherical sur-
face if it has non-positive expansiofitA) < 0. Recall the definition of as
the expansion of the cross sectional aséapf neighbouring light rays,
1dA

0= TR (2.3%
There are at least two such light sheets, which extend until they reach a caustic
where the expansion becomes positive. Bousso then identifies three situations.
A surface which has both a future directed and a past directed ingoing (out-
going) lightsheet is called normal. Similarly, a surface with two future (past)
directed lightsheets, but no past (future) directed ones, is called (anti-)trapped.
Spherical surfaces outside the cosmological horizon of an observer in de Sitter
space are anti-trapped.

We are now ready to define the apparent horizon as the boundary between
normal and (anti-)trapped regions. It is characterized by the fact that at least
two light sheets have vanishing expansiéns= 0, there. For pure de Sitter
space, the apparent horizon coincides with the cosmological horizon, but this
is no longer the case for general asymptotically de Sitter spaces. However,
in a de Sitter phase, the apparent horizon will tend towards the cosmological
horizon.

For the class of models with positive considered in [85], including big
bang models that tend to de Sitter in the future ,the area of the apparent horizon
is

D-2

D-2 — ==
2A 7 ra\® k| ?

The time independent area of the cosmological horiZe,is given in (4.29).
Note thatAan < Ac for physical values of the scale fac@and, applying the
limit (4.66), we see that

Aan ~ Ac (t — o0), (4.77)

as expected for such models.

Based on the observation that the central charge (4.70) is proportional to
the area of the cosmological horizon (4.29), the authors of [85] propose the
area of the apparent horizon (4.76) in Planck units-asction,

Cos ¢ 2 (4.78)
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This function can be evaluated from local data on any constant time slice. As
a first check, we have already shown that it tends to the cosmological horizon
in a de Sitter phase. Actually, as observed in [85], the function (4.78) defines
the same-function as (4.75). Indeed, substituting (4.74) into (4.75) and (4.76)
into (4.78) one easily sees that both are of the form

1
Cpy X 55 - (4.79)

en[(@)+%] 7

This provides a geometric interpretation of the boundary thedonction in
terms of the increase in area of the apparent horizon in a future de Sitter uni-
verse.
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THE ELLIPTIC INTERPRETATION 0¥z,

We propose that for every event in de Sitter space, there is a CPT-conjugate
event at its antipode. Suct7a identification of de Sitter space provides

a concrete realization of observer complementarity: every observer has com-
plete information. It is possible to define the analogue of an S-matrix for quan-
tum gravity in elliptic de Sitter space that is measurable by all observers. In a
holographic description, S-matrix elements may be represented by correlation
functions of a dual (conformal field) theory that lives on the single boundary
sphere. S-matrix elements are de Sitter-invariant, but have different interpre-
tations for different observers. We argue that Hilbert states do not necessarily
form representations of the full de Sitter group, but just of the subgroup of ro-
tations. As a result, the Hilbert space can be finite dimensional and still have
positive norm. We also discuss this ‘elliptic interpretation’ of de Sitter space
in the context of type IIB* string theory. The discussion is based on [96,111].

5.1 INTRODUCTION

The exponential expansion of space in a de Sitter universe separates spacetime
into causally inaccessible regions. This is not just unaesthetic, but conceptually
problematic. It suggests, for instance, that pure states could evolve into mixed
states, as degrees of freedom disappear across the horizon. For an observer in
de Sitter space this would manifest itself as quantum decoherence and a loss of
information. Similar issues arose in the study of the information loss problem
for black holes. Gedankenexperiments in that context essentially led to the
conclusion that unitarity could be preserved for all observers if one allowed
for a duplication of information on either side of the horizon. According to
this ‘principle of black hole complementarity’ [80,120,126], the freely-falling
observer and the external observer would both be able to perform quantum

87



88 5. The Elliptic Interpretation: d9z,

mechanics experiments without any loss of coherence, but their interpretation
of the physics would be very different.

The arguments that led to black hole complementarity can also be applied
to other types of event horizons, in particular to cosmological event horizons.
A better name therefore would be ‘observer complementarity’. In its strongest
form observer complementarity postulates that each observer has complete in-
formation and can in principle describe everything that happens within his cos-
mological horizon using pure states. This information may appear to differ-
ent observers in different — complementary — guises: one observer may pass
smoothly through the horizon, whereas another observer may see there a source
of hot radiation. Although these drastically different realities may seem to be
inconsistent, it is important to recognize that paradoxes arise only when one
takes the unphysical perspective of a global super-observer.

The question is whether observer complementarity can be implemented in
de Sitter space. That this is indeed possible was already noticed ydBuer
[114]. In his ‘elliptic interpretatiori’ of de Sitter space, Sabdinger proposed
a simpleZ, identification of spacetime by declaring antipodes to represent the
same event. Scdinger’s motivation was indeed to give every observer com-
plete information about all events and thus in a way he argued already in 1956
in favor of observer complementarity. The current treatise adds charge conju-
gation, completing the antipodal map to CPT. This ensures that whichever ver-
sion of an event an observer witnesses, it always has the same probability. We
find that elliptic de Sitter space has some rather remarkable properties. Indeed,
not only does it lead to a concrete realization of observer complementarity, it
also improves the nature of many of the severe theoretical challenges that de
Sitter space presents. The main aim of this chapter therefore is to re-discuss,
in the context of this elliptic interpretation, the conceptual issues discussed in
Chapter 4.

This chapter is organized as follows. In Section 5.2 we motivate the pro-
posedZ; identification by discussing several properties of de Sitter space that
support it. In Section 5.3, we define Sodinger’s antipodal identification and
refine it to include CPT. We then discuss its classical properties and show that
elliptic de Sitter space does not suffer from any obvious problems, such as
closed timelike curves. Next, in Section 5.4, we consider quantum fields prop-
agating in this space. In particular, we discuss the vacuum state in the Fock
space of a free scalar field. As an illustrative example we consider the case of
1+1-dimensional de Sitter space. In Section 5.5, we consider holography and
the S-matrix. Itis here that the advantages of the elliptic interpretation are per-
haps most evident; conceptually, the holographic theory seems to have a more

*The term ‘elliptic’ refers to the fact that identified points are related by elliptg,spacelike
generators, as distinct from hyperbolic (timelike) or parabolic (null) generators.
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natural interpretation with th&; identification than without. In Section 5.6,
we discuss how elliptic de Sitter space might be realized in string theory. We
conclude in Section 5.7.

5.2 MIRRORIMAGES IN DE SITTER SPACE

The characterization of de Sitter space, given in Section 4.1, as the unique so-
lution to the Einstein equations with maximal symmetry and constant positive
curvature, leaves free the choice of a global topology. We will use this freedom
to impose the proposed identification.

For a given point on de Sitter space at embedding coordiXatéefined
in (4.3), we define the ‘antipodal point’ to be the point obtained by reflection
through the origin of Minkowski spacéeg., the point with embedding coordi-
nate— X. We then define ‘elliptic de Sitter space’ to be the spacetime in which
for every physical event at any point on de Sitter space there is a CPT-conjugate
event at the antipodal point. Hence we are using our freedom of topology to
impose aZ; identification of de Sitter space. Note that the connected part of
the isometry group remains unchanged after the identificatiorZ thdentifi-
cation mods out by a center of the de Sitter group. The preservation of all local
isometries justifies the appellation ‘de Sitter space’.

In the remainder of this section we consider various properties of global de
Sitter space that suggest that information on one side of the horizon is naturally
mirrored on the other side. We do not claim that de Sitter spasebe antipo-
dally identified; rather, the examples should be seen as circumstantial evidence
that elliptic de Sitter space may be more natural than global de Sitter space. In
this light, it is interesting that de Sitter himself states [40]:

“The elliptical space is, however, really the simpler case, and it is
preferable to adopt this for the physical world.”

5.2.1 MRROR SINGULARITIES

The great circles, or geodesics, of a sphere are determined by the intersec-
tion of the sphere with planes that pass through the origin. Similarly, the spa-
tial geodesics of de Sitter space can be obtained by intersecting its embed-
ding in Minkowski space (depicted in Figure 4.1 on page 64) with spacelike
planes through the origin of Minkowski space. It is clear thenéherty spatial
geodesic that passes through a point must also pass through its antipode, be-
cause if the embedding coordinatelies in a plane through the origin then so
does— X. These geodesics form ellipses which are related to each other by de
Sitter transformations. If we think of null rays as degenerate spatial geodesics



90 5. The Elliptic Interpretation: d9z,

and we allow them to ‘bounce off’ null infinity, then all light rays leaving a
point converge on the antipodal point. This last fact affects the singularity
structure of Green'’s functions of quantum fields in de Sitter space.

Consider a scalar field in de Sitter space. It is convenient to express de
Sitter-invariant equations in terms of a dimensionless de Sitter-invariant vari-
ableZ. We can define such a variable by

1
Z(X.Y) = XY, (5.1)

where the dot product is given by the Minkowski metric. Obviouglyjs
Lorentz-invariant inD + 1 dimensions and therefore de Sitter-invarianGin
dimensions. For points that are connected by geodesics, the geodesic distance
is given byRarcco<Z. In particular, for any giverX, if Y is on the light cone
of X, thenY = X + N with N2 = 0. SinceX andY must both lie on the same
de Sitter hypersurfac&? = Y2 = R? and thereforeZ = +1. On the other
hand, ifY is on the light cone of the antipodal poiit,= —X + N and so here
Z takes the value-1.

The wave equation for a massive scalar field, written in ternis, a$

5. d? d m
[(1 z 972 DZdZ 2 ¢(Z)=0. (5.2)
The Wightman functions obey this equation. The precise form of the solution, a
hypergeometric function, is not relevant for our discussion; the key point is that
itis singular atZ = 1. This is analogous to the usual short-distance singularity
ato = 0 that one has in Minkowski space along the light cones. But now the
wave equation is symmetric undér — —Z. Therefore, in de Sitter space,
there is a second solution to (5.2) with a singularityZat= —1, i.e. on the

light cones of the antipode. Hence, we see that in contrast to Minkowski space,
singularities of Green’s functions in de Sitter space come in pairs. The mirror
singularity along the antipodal light cones is our first example of duplication in
de Sitter space.

5.2.2 SHOCKWAVES

Following work by Dray and 't Hooft [43], Sfetsos [115] discusses how shock
waves can be introduced in de Sitter space. De Sitter space in 4 dimensions,
written in terms of Kruskal coordinates, takes the form [118]

4
— Uv
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where

1+ uv
r =

T (5.4)

Consider a massless particle locatediat 0 and moving with the speed of
light in the v-direction. The question is what happens to the geometry. Fol-
lowing [43], as an ansatz is taken that fox O the spacetime is described by
(5.3) and foru > 0 also by (5.3) but withy shifted asv — v + f (@), where

f () is a function to be determined. In the case of de Sitter space, the function
f (0) is determined in [115] to be of the form (up to constant factors)

f(6) = [1 - %cos@ In (cot2 0/2)] . (5.5)

This function has poles &t = 0, , indicating the presence of particles there.
Since no particle is a priori placed at the south péle; =, the second singu-
larity is considered unphysical in [115]. In order to have a solution that blows
up only once, the solution is modified by a heaviside stepfunctah), that
essentially restricts the solution to the northern hemisphere,

f(6) = [1 - %cos@ In (cot2 9/2)] 0 (% - 9) . (5.6)

Here, we would like to take a different viewpoint and regard the appearance
of the second pole as necessary. Indeed, we take the appearance of a second,
antipodal singularity in the general solution (5.5) as motivation for our proposal
to antipodally identify de Sitter space.

A shockwave configuration can be obtained by boosting a corresponding
black hole configuration, in the limit where the kinetic energy of the black
holes dominates over their rest energy. It is well knownfizlimensional de
Sitter space that black holes appear in antipodal pairs, see for example [118].
This corroborates our suggestion that shockwaves also necessarily appear in
pairs, at least in 21 dimensions. In the following section we will show that
the fact that black holes appear in antipodal pairs holds in general dimension.

5.2.3 MRROR BLACK HOLES

We will show that, when the Schwarzschild-de Sitter black hole solution is
analytically extended beyond the cosmological horizon, there is a mirror black
hole on the antipodal hemisphere of de Sitter space. Recall the Schwarzschild-
de Sitter metric,

ds? = —F(r)dt?+ FYr)dr2+r2dQ2_,, (4.25)
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2M 12

FO) = 1- 55— 55 (4.26)

Let us introduce Kruskal-Szekeres type coordinates and analytically continue
the metric beyond the cosmological horizon. Note that, a priori, the coordinates
in (4.25) are only valid forph <1 < r¢.

In terms of its roots, the functioR (r) can be written as

d
1
F) = ——5g=50 =1 —ron) [ [ —rn), 5.7)

2, d—2
R4r et

wherer; andrpp are the only real and positive roots. Hence

d
Fln=——¢+_—=_ 4y = (5.8)

F—rfc I —rph 5T —rn
for certain constants,. Define Eddington-Finkelstein coordinates through

d
dx* = dt + ?rr) : (5.9)

which, using (5.8), is easily integrated to give
d
xF=t+ {clln r—re)+clIn(r —rpp) +ch In(r — rn)] . (5.10)
n=3
In terms of these coordinates, the metric takes the form
ds? = —F(r)dxTdx~ +r2dQ3 ;. (5.11)

Finally, introduce Kruskal-Szekeres coordinates through

U = e_é_cl s
. (5.12)
V = —eZa s
where itis clear that) > 0 andV < 0. The metric becomes
2 2 F(N) 2 2
ds® = 4c; Wdudv +r9U,V)dQg_; . (5.13)

In terms of these coordinates the metric is regular at ro and we can ana-
lytically continue (5.13)to the full rangeco < U,V < oo. Note from (5.10)
and (5.12) that (U, V) =r(UV) and thusF(r) = F(UV). Hence, ifF (UV)
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is zero for certain nonzero valuesdfandV, eg. at the black hole horizon,
then it will also be zero atU and—V. This second horizon is antipodal from
the first and thus we find that black holes in de Sitter space come in antipodal
pairs. Actually, this is a choice: instead of extending the metric analytically
entirely to the other side, we could have replaced the antipodal black hole by a
static, spherically symmetric mass distribution with the same total mass.

Now consider adding charge to the de Sitter black hole [107]. De Sitter
space cannot support Noether charges because its spatial sections are compact.
The total charge has to add up to zero; the antipodal black hole therefore nec-
essarily carries equal, but opposite charge. Moreover, for the same reason there
cannot be any net angular momentum. This leads us to propose that the antipo-
dal map must be combined with charge conjugation, C.

5.3 THE ELLIPTIC INTERPRETATION

The elliptic interpretation of de Sitter space consists of identifying points that
are antipodally related under charge conjugation, C. The antipodal map is most
easily expressed in terms of embedding coordinates, defined in (4.3). It takes
the form

X' —x', (5.14)

with1 =0,1,..., D, cf. (4.3). Together with charge conjugation, we will see
that this means that particles and eventXhtand—X' are related by CPT.

We thus have an involution, Z, map. The fixed point of the mag' = 0,

is not itself in de Sitter space, so this is a freely-acting symmetry. The quo-
tient spacel9z, is therefore a homogeneous space with no special points. The
embedding equation (4.3) makes manifest that the de Sitter isometry group is
the Lorentz group iD+1 dimensions, O(1D). Note that this group has four
disconnected components. These are the proper orthochronous Lorentz group
and its composition with the discrete symmetries of P anideT,with parity

and time-reversal. By parity we will always mean a reflection in a hyperplane
of one spatial codimension rather than spatial inversion through the origin of
Minkowski space; the discussion is therefore unaffected by whether the space-
time is odd or even dimensional. Note that the antipodal map also inverts the
direction of time; see Figure 5.1. For example, recall global coordinates (4.4).
The line element can be written

ds? = —dT2+ R? cosf? T/ (d6? + sir? ¢ d ) . (5.15)
In these coordinates the antipodal map is given by

To>-T, 6>7-0, Q- Q" (5.16)
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FIGURE5.1: Astar moving forward with respect to the local arrow
of time, as well as its antipodal image, are shown. The antipodal
map reverses the local arrow of time.

where Q” are the angular coordinates of the point antipodal onDhe 2-
dimensional sphere to the point labeled®yand time is reversed, — —T.

In the rest of this section, we show that elliptic de Sitter space is nevertheless
classically consistent, with no problems of causality or closed timelike curves.
We will also demonstrate that the map between a particle and its antipodal
image is CPT.

5.3.1 CQAUSALITY

The antipodal map identifies points at positiVewith points at negativel .

Thus, one may wonder whether there are problems with causality or closed
timelike curves. That such problems do not arise was explained bp&ober
[114]. We just give here our version of the argument.

First, let us go to the embedding space. It is easily seen that two antipo-
dal points atX and—X are always spacelike separated, siXée= R? > 0.
Moreover, the intersection of the two light cones that start at antipodal points
never intersect the de Sitter hypersurface, becaugeisfthe embedding co-
ordinate of a common point on the light cones emanating fd¢rand — X,
then

Y+ X)?2=(=X)?=0=Y2=—-R?, (5.17)

soY does not lie on the de Sitter hypersurface. This means that the light cones
of two antipodal points within de Sitter space do not intersect. Therefore a pair
of events that take place at antipodal points cannot both influence the same
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event in their past and future. In particular, there are no closed timelike curves
afterZ, identification.

What about closed null curves? A point @n is connected by a lightlike
trajectory to its antipodal image dfi*. So at first this appears to give rise
to an infinity of closed lightlike trajectories. However, these light rays do not
constitute closed trajectories in de Sitter space for three important reasons.
First of all, ‘points’ atZ™ andZ~ are not really points in de Sitter space.
They have to be added as points at infinity, and so they are only part of a
formal compactification of de Sitter space. De Sitter space itself is non compact
and does not include these points. A second, related reason is that the affine
parameter along the seemingly closed lightlike trajectory is actually infinite,
essentially because the points ar@#t Finally, a third reason that the lightlike
trajectory is not really closed, is that one cannot continue along the trajectory a
second time, third time, etc. without reversing direction each time one is at the
endpoints orZ ™ or Z~. This is not what happens on a usual closed trajectory,
such as on a timelik&".

It is also useful to analyse the antipodal identification from the point of
view of inertial observers. All points inside the causal diamond of an observer
have antipodal points outside the causal diamond. The antipodal points belong
to the causal diamond of the antipodal observer and are inaccessible to the
first since they lie behind his horizon. Therefore, exactly one of every pair of
antipodal events is observable. Which event of each pair is observed depends
on the location of the observer; see Figure 5.2. For example, the observer
living at the south pole will see precisely all antipodal images of the events
that his colleague at the north pole sees. Other observers will see something
in between, namely for some part ‘northern’ events and for the rest ‘southern’
events, but every event is observed once and no more than once. ldentifying
antipodal points, we see that all observers will obtain complete information
about the spacetime as they appro#ch Thus observer complementarity is
realized by the elliptic interpretation.

What about events that take place outside the causal diamonds of the ob-
server at the south and the north poles? These are the events that take place at
the upper and lower parts of the Penrose diagram near past and future infinity.
In the elliptic interpretation of de Sitter space these upper and lower regions are
identified. The usual square Penrose diagram for de Sitter space is somewhat
misleading in the sense that it seems to indicate that all points in the upper
region are in the causal future of points of the lower region. But one has to re-
member that every point represent® a2-dimensional sphere and points that
are identified by the antipodal map are on opposite sides of these spheres. A
clearer way to see the causal structure of elliptic de Sitter space is to represent
the D —2-dimensional spheres as two points, each of which is a real projective
sphere, as in Figure 5.2. Now one can see that a geodesic that connects two
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FIGURE 5.2: These Penrose diagrams of de Sitter space have been
opened up to make all antipodal points distinct. The left and right
edges of a diagram are identified and every point in the interior
(except on the central vertical line) now signifiesRRP~2, in-
stead of aSP—2. The antipode of a given point is reached by re-
flecting about the dashed horizontal line (which corresponds to
T = 0) and moving horizontally by half the width of the diagram.
Two antipodes, markeg@ and p, are shown. In (a) an observer
traveling fromi ~ toi* hasp but notp in his causal past (shaded),
while in (b) an observer with a different worldline can sgdéut
not p. The antipodal image of a shaded region is the unshaded
region, giving every observer complete information after Zhe
identification.

identified points in the upper and lower regions has to travel forward in time,
but also has to go around the sphere. Since all antipodal points are spacelike
separated, the resulting geodesic is indeed spacelike.

Next consider the horizon itself. Without loss of generality we may con-
sider an observer at the north pote= 0, of the spatialD — 1-dimensional
sphereSP—1, His past and future event horizons are given by

6 = 2arg(i + eiIR) (5.18)

and intersect al = 0 at the equator of hiD—1-dimensional sphere, described

by the D —2-dimensional sphere ét= 7/2. The intersection takes place at the
midpoint of the square Penrose diagram. Therefore only by sending a signal at
T = —oo can he contact the equator in time for a signal to come back to him.
In fact, such a signal will reach him preciselyTat= co. Hence, if we exclude

the points at infinity, there is no way that the observer can communicate (send
a question and get a reply) with points on the equator. The antipodes of events
that happen right on the equator also lie on the equator. But an observer at the
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north (or south) pole only sees these event¥ at co. We conclude that at
no finite time can any observer ever directly detect the duplication of events in
elliptic de Sitter space.

Finally, note that the asymptotic geometry of elliptic de Sitter space con-
sists of a singleSP—1, since theZ, identification map<* andZ~ to each
other. This property will be useful when we consider the holographic theory.

5.3.2 CPT

Any two antipodal points can be mapped to the north and south poles corre-
sponding toXP? = +R, XK = 0 fork = 0,1,..., D—1. Without loss of
generality, consider a particle with trajectoX/ (z), | = 0,1,..., D in the
embedding space passing through the north pote=at0. Its antipodal image
is —X' () and passes through the south pole. Let us apply time-reversal to the
antipodal image:

T:-X'(t)> —X'(-1). (5.19)

The relativistic momentum of the particle at the north pol@lis= X'. Note

that p° = 0 atr = 0. At the south pole the momentum is also given by

p' since it is—X'(—r) differentiated with respect to atz = 0. So in the
embedding space the momentum is pointing in the same direction. However,
in order to compare this to the momentum at the north pole, we have to parallel
transport the vector from the south pole to the north pole. There are many ways
of doing this because there are an infinite number of spatial geodesics passing
through both the north and the south poles. Let us pick one of them, say the one
that appears when we intersect de Sitter space with the two-dimensional plane
XM =0form=0,1,..., D—2. This gives as a geodeskP’~1 = Rsing,

XP = Rcost. At 6 = 0 we are at the north pole, at= r at the south pole.
Parallel transport of the momentuph along this trajectory gives a momentum
(p))' which satisfies

PE)"=p™, m=0,...,D-2

/)P-1_ _pb-1. (5.20)

(p

We see that one of the spatial components of the momentum has changed sign.
That is the result of a reflection in—2 spatial dimensional hyperplane. Thus

it corresponds to parity, even though in the embedding spdce> —X!
corresponds to an inversion. The plane of reflection in this case is the plane
XP-1 = 0. Had we chosen a different geodesic it would have been another
plane. Note that this is consistent, because parallel transport along two different
geodesics differs by a rotation, equal to the integrated curvature between the
geodesics. This is precisely what one finds if one composes the two reflections
in the planes associated with those geodesics.
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Therefore, going around from a point in de Sitter space to its antipodal
point has the effect of acting on the tangent space by PT. Sinc&ouarap
also requires that we act with charge-conjugation, C, the cumulative effect is
to relate antipodal points by CPT.

5.3.3 THE ARROW OF TIME

The antipodal mapX' — —X', changes the sign of the time coordinate of the
embedding space and also that of the direction of time in de Sitter space. The
resulting quotient spacz, is as a consequence not time-orientable: although
one can locally distinguish past and future, there is no global direction of time.
This fact clearly changes many standard notions about space and time that we
are accustomed to. For instance, it is impossible to choose a Cauchy surface
for elliptic de Sitter space that divides spacetime into a future and a past region.

Since the microscopic laws of physics are generally time-reversible, that is
CPT-invariant, there is no problem with time unorientability at a microscopic
level. Itis more subtle, however, to formulate macroscopic laws of physics on a
time unorientable spacetime. For example, the evolution of stars clearly shows
a direction of time; one never observes a neutron star turning into a massive
star through the enormous implosion of a stellar envelope, yet this is what the
antipodal image of a type Il supernova would look like.

For sufficiently simple situations, a single observer can always choose a
preferred direction of time in the observable part of the universe, consistent
with the second law of thermodynamics. Consider an isolated thermodynamic
system in configuratiod, with antipodal image’, which evolves into system
B, with antipodal imageB’. If the entropies are such th&B) > S(A), an
observer who observed both and B would say thatA precededB. Since
the primed and unprimed systems have the same entropy, this would mean
that an observer who observed bathand B’ would say thatA’ preceded’
and would therefore have time flowing in the opposite direction. Finally, an
observer who saw, sayh and B’ would see them as two distant, spacelike-
separated systems, rather than one system evolving into another. For this ob-
server the choice of the arrow of time is independent of the relative entropies
of the two systems. In this simple scenario, no problems arise for any observer.

However, now consider a second thermodynamic system in statexl
D. For exampleA, B andC, D could describe the configurations before and
after two supernova explosions. It is easy to check that if ib#nd D are
outside the past light cone &, then there is always at least one observer who
witnesses a dramatic violation of the second law, irrespective of his choice of
time arrow. This is not fatal because, after all, the underlying dynamics do ex-
hibit a CPT symmetry. Rather, the issue is what the allowable initial conditions
are. One consistent treatment is to say that there are simply no highly-ordered
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systems present. (This would, unfortunately, include realistic observers.) In-
deed, there are reasons to believe that our observed macroscopic arrow of time
may be related to boundary conditions at cosmological singularities. It would
be very interesting to see if there are cosmological scenarios [1] that can be
built out of elliptic de Sitter space.

An alternate and quite different viewpoint is to argue that before one can
even assign events in spacetime, one should first choose an observer. Indeed,
even classically, different observers can have rather different interpretations of
local physics, as happens in the membrane paradigm for black holes [126,133].
Then for a given observer one can always arrange events to be consistent with
his preferred arrow of time. One only runs into trouble if one tries to consider
many observers, who all choose a preferred time direction. But such con-
siderations are against the notion of observer complementarity, which forbids
simultaneous consideration of observers on opposite sides of an event horizon.

5.3.4 THEA — OLIMIT

An interesting limit of de Sitter space is the limit in which the cosmological
constant is sent to zero, so that spacetime locally becomes Minkowski space.
This limit has to be treated with care; the quantities of interest should vary
smoothly asA — 0. For elliptic de Sitter space, th& — 0 limit seems
sensible. The causal properties of thg quotient space for any finita are
similar to those of Minkowski space, in the sense that every observer who
waits long enough has the chance to observe (and emit signals to) any event
in spacetime, just as in Minkowski space. The main difference is that elliptic
de Sitter space is not time-orientable. However, as the cosmological constant
goes to zero this difference disappears to the null boundaries.

Now, if elliptic de Sitter space goes to Minkowski space in this limit, it
seems to imply that global de Sitter, being its two-fold cover, in fact goes to
two copies of Minkowski space, where the second copy is the CPT-conjugate of
the first. The significance of these remarks will be more clear once we discuss
the de Sitter analogue of an S-matrix, which as we will argue exists in elliptic
de Sitter space but does not appear to exist in global de Sitter space.

5.4 QUANTUM FIELD THEORY

In this section, we study the quantization properties of a scalar field propa-
gating in elliptic de Sitter space. Some aspects of the quantum field theory
of a free scalar field in elliptic de Sitter space have previously been discussed
in [51,109,110]. More recently it was discussed, independent of the current
work, in [13].
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Elliptic de Sitter space is not simply connected; there are closed space-
like curves going from a point to the antipodal point that are noncontractible.
Therefore, tensor fields on elliptic de Sitter space can be sections of a twisted
bundle over spacetime. Since the first homotopy group@&/z,) = Z,, we
can essentially choose a sign for the phase of a tensor field as the field is car-
ried around a noncontractible loop. Consider then a complex scalar field. We
can choose either periodic or antiperiodic boundary conditions. If we choose
periodic conditions, the constraint a complex field must satisfy takes the form

Do (X) = £D%(X), (5.21)

wherex denotes the antipodal point xcand the subscript indicates whether

we have chosen periodic or anti-periodic boundary conditions. If we write
®L(X) = P1(X) + i P2(X), then the real and imaginary parts have periodic
(antiperiodic) and antiperiodic (periodic) boundary conditions respectively for
the plus (minus) subscript.

Globally, one can expand a scalar field in terms of so called Euclidean
modes. These are field configurations that satisfy the wave equation, with
boundary conditions such that the modes can be analytically continued from
the spherical harmonics on a sphere. A property of the Euclidean modes is that
they can be chosen to obey

(%) = ¢ (X) (5.22)

and we will assume that our modes satisfy this condition. Normally, one ex-
pands the field in terms of its modes as

L) = Y [8n+ $5(X) +ah 1 B (0] (5.23)
n

In elliptic de Sitter space, however, the field must additionally obey the period-
icity condition (5.21). This implies that

ah . =+ans, (5.24)
indicating that the global quantization scheme breaks down. As a result, a
global Fock space no longer exists; any creation operator acting on a vacuum
state would annihilate it. Intuitively, this happens because the identified space-
time is not time-orientable. Creation and annihilation operators create and de-
stroy quanta of positive energy, but if the spacetime is not time-orientable pos-
itive energy cannot be defined globally. For essentially the same reason, the
inner product of modes over a spatial slieethrough elliptic de Sitter space
always gives zero. This is because the Klein-Gordon inner product

(Pm, Pn) = —i /E(¢m3t¢ﬁ — $ndtdm) (5.25)
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FIGURE 5.3: Penrose diagram of de Sitter space, in which region
| (I) corresponds to the static patch of an observer on the south
(north) pole. The solid lines indicate equal time slices in the static
time; they are Cauchy surfaces for region I. The dotted lines are
their antipodal imagésand constitute Cauchy surfaces for region
II. When a solid line is continued through the horizon, onto its an-
tipodal image, it constitutes a Cauchy surface for the whole space.

vanishes as a consequence of the flipping of the direction of time.

The vanishing of the norm and the lack of a nontrivial Fock space may seem
like serious afflictions, but actually in elliptic de Sitter space it is more natural
to build a Fock space with oscillators defined on a static patch. To see this,
note that under the antipodal identification Cauchy surfaces for the static patch
constitute Cauchy surfaces for the whole space, as shown in Figure 5.3. Con-
sider the static patch associated with an observer at the south pole, region | in
Figure 5.3. In this region there is a well-defined direction of time, as indicated
in Figure 4.4 on page 69, and Fock space operaﬁ?kcan consequently be
defined. The vacuum is then constructed in the usual way,

allvag =0 Vo >0, (5.26)
and a Fock space can be constructed. The antipodal map identifies
al < all®, (5.27)

i.e,, creation (annihilation) operators in region | are identified with annihilation
(creation) operators in region I&f. (5.24). It would be interesting to work

*Note that, comparing to Figure 4.4, these coincide with the equal time slices in region Il. This
is, at least from the current viewpoint, coincidence; they simply denote the antipodal images of the
time slices in region I.
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out the behavior of higher-spin fields and, in particular, fermions in elliptic de
Sitter space.

Different observers are related by Bogolubov transformations. These are
invertible, mapping pure states onto pure states. We expect no de Sitter-invari-
ant pure states; in particular the vacuum state is not invariant, as is obvious by
considering observers that are antipodal to each other. There are nevertheless
de Sitter-invariant mixed states. These states correspond to de Sitter-invariant
pure states in the global Fock space, traced over the modes behind the horizon.
In particular, there is a state that is observed as a thermal state by any observer
moving along a timelike geodesig ). To see this, consider a real scalar field
on the identified spacetime, given in terms of a scalar field on the unidentified
space as

1
NZ)

This field satisfies the condition (5.21) for a real field. The Wightman function
takes the form [109]

Do(X) = —[D(X) £ D(X)]. (5.28)

GAx(1), x(t)] = GO[x(1), x()] + GO[x(v), X())]. (5.29)

whereGO(x, x) is the Euclidean Green’s function on the unidentified de Sit-
ter space. In obtaining this we have used the fact @at, x') = G(X, X/),
which holds because under— X andx’ — X', the de Sitter-invariant quan-

tity Z remains unchanged ar@®(x, x) is a function only ofZ(x, x’) since

the Wightman functions are de Sitter-invariant; see Section 5.2.1. Assuming,
without loss of generality, that the observer remains static on the south pole,
Z(x(1), x(z)) is given in terms of static coordinates by cesh’/rR whenrt is

the proper time. The Green'’s function thus takes the form

GL[x(1), x(t")] = G? (coshr—//R) + G® (— coshr—7//R) . (5.30)

This is a thermal Green’s function at a temperatieeR. So even though
every observer in elliptic de Sitter space has complete information, one still
has thermal states at the de Sitter temperature. Unlike the unidentified case,
however, there is no frame for which this Green’s function corresponds to a
pure vacuum state.

As discussed in [28,36,119,132], there is a one-parameter family of de
Sitter-invariant Green’s functions in unidentified de Sitter space. This fam-
ily is parametrized by, with the Euclidean Green function corresponding to
a = 08 The existence of such a family stems from the fact that on de Sit-
ter space one can add an antipodal source, as we saw in Section 5.2.1. The

8We adhere to the conventions of [5].
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corresponding modes are related by Bogolubov transformations:
@5 (X) = cosha ¢f(X) + sinha ¢p (X) . (5.31)

By (5.22), the new modes mix the old positive and negative energy modes
and therefore define a new, inequivalent vacuum. dh@cua, denoted by

|a) and called Mottola-Allen states [5,94], form a one-parameter family of de
Sitter-invariant vacua. Presumably, they correspond to (nonthermal) de Sitter-
invariant states on the elliptically identified space. Btheacua have Green’s
functions given by

G*(x, X') = (a|D(X) P (X)) . (5.32)

Substituting the mode expansion and the Bogolubov transformation for a field
satisfying (5.21), thex-Wightman function on the identified space takes the
form [109]

“(x, x) =G (x, X), (5.33)

WhereGS’E(x, x") is given by (5.29), which correspondsdo= 0. In elliptic de

Sitter space the Green'’s functions for the differentacua differ by an overall
normalization (ignoring subtleties involving prescriptions). We regard the
Mottola-Allen states forx # 0 as unphysical, since their Green'’s functions
do not have the short-distance singularities that we expect from Minkowski
space. The Green’s function on elliptic de Sitter space has singularities on the
light cone as well as on the light cone of the antipode, evemfer 0. The
singularities have equal strength but can have a relative plus or minus sign due
to the double-valuedness of the phase.

5.4.1 1+1-DIMENSIONAL DE SITTER SPACE

As an illustrative example, consider the case af I-dimensional de Sitter
space. This simple space allows for definite statements to be made. In the ellip-
tic interpretation every observer has access to all information. Their comple-
mentary representations should thus be in one-to-one correspondence. Since
two observers in de Sitter space generically accelerate with respect to each
other, one expects the transformation between the two perspectives to be a non-
trivial Bogolubov transformation. In the following we will explicitly construct
this transformation in the case of-1L-dimensional de Sitter spacetime.

The 1+1-dimensional de Sitter metric in global coordinates reads

ds? = —dT? + cosif T do?, (5.34)
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cf. (4.4). This metric has three Killing vectors,

01 = cosf d; — tanhT sind dy ,
d2 = sind d; + tanhT cosh 9y, (5.35)
Jd3 = 0g.

Of these,d; is the generalized generator of time translations for an observer
at the south poled(= 0). Let us construct its eigenmodes. First, recall from
Section 4.1.1 that the metric (5.34) is conformal to flat space,

ds? = cosB T (—drz + dez) , (5.36)

where tan(T)/2 = tanhT/2. The wave equation thus takes the same form as
in flat space and has right- and left-moving solutions. In the following we
will only consider the right-movers. We are looking for positive frequency
eigenmodesd,e. modes that obey

010u(T —0) = —lwd,(t —0). (5.37)
We have
N (t —0) = ¢, (t — ) cos(t — 0). (5.38)
From (5.37) and (5.38) we find that the modes take the form
1—tant—6/2\'¢
Po(t —0) = (m) , (5.39)
= X, (5.40)

Concentrating on the slice = 0, we see that these modes have branch cuts at
X = 0 andx = oo, corresponding t&® = +7/2. Using the condition (5.21),
which in this case takes the form

pO+m)=0¢"©O) (=0, (5.41)

these modes are extended to the regitn< 6 < 37/2. We can define new
modes that are well defined for the full range<® < 2, through

s 1 —iw
bo= = X7 (5.42)

Note that these modes are still singulaf at +7/2, but they do implement the
constraint (5.41). These modes are normalized according to

o0 L0 .
/ dx x| ™'Y —|x|'® =8(w— ). (5.43)
0 ax
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After a rotation over an angle, they take the form

—iw

~ 1 | x+tany/2
= | = 5.44
“ Jo|l-xtany/2 (5-44)
And the Bogolubov coefficients take the form
® [®dx__ | x+tang/2 [
_|@ ax 2T e 5.45
Aoy o' /o x |12 xtane/2| (5.45)

where the integral is defined through the principal value.

5.5 HOLOGRAPHY INELLIPTIC DE SITTER SPACE

Now we turn to the theory on the boundary and consider the proposed dS/CFT
correspondence, discussed in Section 4.3, from the perspective of elliptic de
Sitter space. An immediate consequence of takiffg guotient is that every
observer now has access to all of elliptic de Sitter space. Moreover, the antipo-
dal identification implies that the spacetime now has only a single spacelike
boundary. Hence the holographic dual theory is a Euclidean conformal field
theory on asingle sphere. In the spirit of the dS/CFT correspondence we shall
consider first the general features of the holographic CFT, independent of the
details of the theory. The discussion does not need the corresponding bulk
fields to be free; indeed, it applies also to gravity. We find that the holographic
properties of elliptic de Sitter space are very good, with satisfying implica-
tions for observer complementarity, the existence of an S-matrix and a possible
explanation of the finiteness of the de Sitter entropy.

5.5.1 HOLOGRAPHIC TIME EVOLUTION

Even though we do not know what the interior of quantum de Sitter space looks
like, we can still say the following. Classically, the past and future light cones
of an observer intersect th2—1-dimensional spheres at asymptotic infinity on
D—2-dimensional spheres. In fact, after identification both light cones intersect
thesame sphere. The polar angle at which the light cones emanating from time
T (at the north pole) intersect tf8°—2 at 7+ is given by

0(T) = 2arctan(tanhT/2) + % . (5.46)
At T = —oo thisis zero, all = 0,60 = n/2and atT = oo itis w. So by

choosing arSP—2 at a certain radius ofi* we are basically taking the point
of view of an observer who is in the middle of de Sitter space at a certain
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FIGURE 5.4: In the farpast, an observer at the south pole might
describe the state of the world by an initial stéfeon Z—. The
observer evolves in time until he reaches his final stteonZ*.

The antipodal map relates this again to a stateZon In- and
out-states are therefore associated with a single surface, as in a
conventional CFT.

time T. This is holography at work: we do not need to go to the interior of de
Sitter space to describe time evolution, we do it at the boundary. Even in the
guantum theory, since the metric near the boundary still looks like classical de
Sitter space and we have the SO de Sitter group acting, we can use the
global timeT to measure the distance from the scris to the poles.

Now, time translations increase the distance with respect to the north pole
and decrease the distance to the south pole. In fact, this is precisely what scale
transformations do. To see this, map the north pole patch to flat Euclidean
space and similarly for a neighborhood of the south pole. Then the transition
function that glues the two together is inversign,—~ y = %/|x2, which is a
conformal transformation. But now note that scaling upiis equivalent to
scaling down iny, exactly like time translations in the bulk.

That time evolution in the bulk leads to scale transformations in the bound-
ary was already emphasized by Strominger [121]. In planar coordinates cover-
ing, say, the causal past, the line element reads

ds? = —dt? + e~ Rdx? (5.47)

and it follows that N
t—>t+i, X— erRx (5.48)

is an isometry of the metric. Alternatively, one can use static coordinates in the
upper or lower region of the Penrose diagram. The line element is

2 r2 2 dr? 2462
ds® = @—1 dtg — = 1—|rr dQp_» (5.49)
L
and the ‘Hamiltonian’d/sts manifestly constitutes a Killing vector. In fact,

it generates the same isometry as (5.48), as can be seen by transforming to
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FIGURE 5.5: Radial quantization on a8°~1. In-states and out-
states are at antipodal points. The Hamiltonian is the dilation oper-
ator. Each surface corresponding to constant time for the observer
in the bulk is anSP—2.

r = |X|exp(—t/R) andts =t + %Rln (r¥/rR? — 1). From the metric it is clear

that this is a spacelike vector, as indeed it should be since it now corresponds to
dilations of the boundary sphere. We note that there is, however, an important
difference between the patches covered by these coordinates and elliptic de
Sitter space: the boundary of the inflationary patch has the topdisyy,

while elliptic de Sitter space has &1, which contains an extra point.

This leads to a nice picture of how an observer would view the CFT. Con-
sider an observer in elliptic de Sitter space. By means of de Sitter transforma-
tions, the worldline of any inertial observer can be mapped to the time axis,
say at the south pole. In the far past, such an observer would characterize the
world by an in-state}i ). As in conventional CFT with radial quantization, we
would like to assign incoming states to the origin. Here we choose the origin
as the point where the observer's worldline intersécts Correspondingly,
we insert the in-state at the south pole of the boundary sphere. As time passes,
the observer moves vertically up the Penrose diagram. As we have seen this
corresponds to a dilation on the sphere. Finally, in the far future, the observer
describes the world by an out-statd,|. This is where the elliptic interpre-
tation comes in: the out-state is mapped to the antipodal point on the same
SP-1 as the in-state; see Figure 5.4. For an inertial observer, the out-state is
inserted precisely at the extra point (the north pole) 8fat! has compared
with RP—1. In a stereographic projection of the sphere to flat Euclidean space,
the outgoing state would be at infinity. The corresponding situation on the
boundary is depicted in Figure 5.5.

In conclusion, theZ, identification implies that the holographic CFT is
simply a theory with conventional radial quantization on an ordinary sphere.
We will see, however, that the Hermiticity conditions of the theory are some-
what unusual.
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5.5.2 THE EXISTENCE OF ANS-MATRIX AND HOLOGRAPHY

Defining an S-matrix for quantum gravity in global de Sitter space is tricky.
The problem is that, having defined in- and out-states on two disconnected
surfaces{~ andZ™), the only available pairing between them, CPT, is used
merely to define an inner product [142]. Since in quantum gravity the space-
time between these two boundaries fluctuates, there does not seem to be an-
other way to map states @i to Z". Hence it is not obvious how to define an
S-matrix. If we consider only the quantum field theory of matter (and neglect
back-reaction) with the geometry fixed, then we are able to define an S-matrix,
but even then its matrix elements are not physically measurable, since no ob-
server can determine the state at ibthandZ ™, not even in the far future.

In elliptic de Sitter space the situation is different. The past and future
asymptotic regions have been identified, so initial and final states can be de-
fined in the same asymptotic region, where the fluctuations of the metric are
set to zero. It is useful to think about the initial and final states in terms of the
asymptotic boundary conditions of various fields, including the metric, in this
single asymptotic region. As discussed in Section 5.5.1, an observer positioned
at the south pole will use the asymptotic data on the southern hemisphere to
define the in-state and the data on the northern hemisphere to define the out-
state. First, to define an inner product one can use the canonical map from the
south to the north pole which associates to a gtteits CPT conjugate state
(¥;]. Next, to define the S-matrix one uses the combined asymptotic data pro-
vided in the in- and out-statepl;) and (¥t |, as boundary conditions for the
‘functional integral’ over all fields in the bulk of the quantum de Sitter space.
This produces a number that can then be identified with the S-matrix element
(W [Wi).

We will now discuss how these S-matrix elements would possibly be de-
scribed in a holographic description of de Sitter space. So let us suppose that
elliptic de Sitter space allows a holographic description in terms of a dual the-
ory, which for concreteness we assume to be a conformal field theory. Since
there is only one asymptotic region one is dealing with a single Euclidean CFT
living on a D —1-sphere, which one can think of as tB8~1 atZ* orZ~. In
a CFT, states can be defined using radial quantization. They are created by the
action of some (local) operator at the origin:

lj) = 0j(0)|vag, (5.50)

where we have used the operator-state correspondence. Thes/atats the
‘vacuum’, by which we mean not necessarily a state of lowest energy (since
energy is difficult to define in de Sitter space), but rather a de Sitter-invariant
state. Similarly, we can define a final state as

(il = (vagdo; (c0). (5.51)



5.5 Holography in Elliptic de Stter Space 109

Notice that this also involves complex conjugation, sinceZumap includes
charge conjugation, C. Now we can define an inner product via

(07 (00)0j(0)) gp-1 = i . (5.52)

This pairing of an operator with its CPT conjugate provides an inner product
in the sense of being a m&ff x # — C that is linear in one argument and
anti-linear in the other.

If indeed there is a CFT dual of (elliptic) de Sitter space, then intuitively
one expects that interactions (and hence S-matrix elements) are encoded in
the correlation functions and the operator product expansion. It is important
to note that a CFT by itself does not have an S-matrix. Therefore, instead
of studying just the asymptotic states, let us consider operator insertions at
points other than the origin and infinity. There are an infinite number of such
operators since we can associate an operator with every point on the sphere. So
in principle one could define an infinite set of in-states by considering strings
of operators acting on the in-vacuum,

W) = 0j,(X1) . .. Oj, (Xn)|Vag , (5.53)

and similarly for the out-states. S-matrix elements are then expressed as corre-
lation functions where part of the operators, those on the northern hemisphere,
represent the in-state, while the operators on the southern hemisphere represent
the out-state. Note, however, that not all of these states are independent, be-
cause there are operator product relations. For example, two opebatans!

0j inserted at different points have an operator product relation of the form

k

ck
Oi (%) (X)) = Z % =% |IAJi+AJ7Ak Ok (X)) . (5.54)
k

Here, the sum on the right hand side includes (quasi-)primary operators as well
as their descendants. If one allows descendants of arbitrary conformal dimen-
sion, then all operators can be moved to one preferred point by simply using the
Taylor expansion. One natural way to reduce the redundancy in the states is to
consider only quasi-primary operators. Note that since the conformal dimen-
sion of an operator corresponds to the energy as seen by an observer in de Sitter
space, it is physically reasonable to consider only operators with conformal di-
mensions that are below a certain threshold. The number of (quasi-)primary
fields below a certain conformal dimension is finite. It is natural to conjec-
ture that this fact is related to the finiteness of the de Sitter entropy. However,
note that when one allows the operators to be inserted at arbitrary points on
the sphere, this still would give an infinite number of states. It may very well
be that there are additional requirements that one has to impose, but without
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a more definite and concrete theoretical foundation one can only guess what
these requirements could be.

The most specific proposal that we have for the de Sitter ‘S-matrix’ is that
it is given by the overlap of the initial and final states:

Sri = (W |¥i), (5.55)

where both|W¥;) and (V| are expressed, as in (5.53), in terms of (quasi-
)primary operators with restricted conformal dimensions. Hence the S-matrix
elements are simply given by the correlation functions of the boundary con-
formal field theory. This proposal is truly holographic, since the correlation
function are computed in terms of the CFT at the boundary.

5.5.3 (BSERVER COMPLEMENTARITY

How do different observer interpret these S-matrix elements? In fact, the same
operator insertions at the boundary are interpreted differently by different ob-
servers in the bulk. This is because the physical states defined above depend
on the choice of origin. For any observer, the incoming states are those that
correspond to insertions made on the hemisphere of which his origin forms the
pole, while outgoing states are created by operator insertions on the opposite
hemisphere. Different observers have different origins so this leads to different
interpretations of a given set of operator insertidres, they divide them up
differently into incoming and outgoing; this is observer complementarity.

Consider, for example, the situation indicated in Figure 5.6. A south pole
observer would describe this as pair annihilation: an electron and a positron
come in and annihilate to give a photon. On the other hand, a north pole ob-
server, being antipodal to the south pole observer, would see the same events
happening in a CPT mirror. In this case, it would describe the CPT-conjugate
process of pair creation: an incoming photon decays into an electron and a
positron. A third observer in between these two poles would see yet another
situation, for example an incoming electron emitting a photon. It is important
to realize that all these processes have the same amplitude.

5.5.4 ALITTLE GROUP THEORY

A striking consequence of the preceding discussion is that, although the S-
matrix is de Sitter-invariant, the in-states are not. De Sitter transformations
that take one observer into another generically transform in-states into out-
states and vice versa. Hence the asymptotic Hilbert space does not decom-
pose into irreducible representations of the de Sitter group. This is important
because there is a well-known theorem which states that (nontrivial) unitary
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FIGURE5.6: Complementarity in action: the same correlation func-
tion as interpreted by an observer (a) at the south pole, (b) at the
north pole and (c) at an intermediate point. The circle denotes the
sphere on which the dual theory lives, the dots are operator inser-
tions, the arrow indicates the observer’s direction of time and the
equator divides the in-states from the out-states. On the right are
the corresponding processes in spacetime.

representations of non compact groups must be infinite-dimensional. This the-
orem is in tension with the finiteness of the de Sitter entropy. If the de Sitter
entropy enumerates the microscopic degrees of freedom underlying a quantum
description of de Sitter space, then we would expect it to form a (possibly re-
ducible) representation of some group. Were that group to be the non compact
de Sitter groupQ(1, D), then the holographic theory could not be unitary. For
elliptic de Sitter space, the entropy is presumably also given by the Bekenstein-
Hawking formula:

D-1
T 2 RD—Z

AT (DTl)
where the ‘area’A, is the volume of the horizon, which is nowa—2-dimen-

sional real projective spher®PP~2. The important point is that this is again
finite. But as we saw, the states in elliptic de Sitter space do not transform under
representations of the full de Sitter group. Instead, they only transform under
the subgroup that preserves the asymptotic position of an observer. Since in the

asymptotic past an observer defines a point @al-dimensional sphere and
in the future a possibly different point on the same sphere, the relevant group

A
s=2= (5.56)
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is actually SOD — 1). We propose that the entropy of de Sitter space is related
to representations of this compact group.

Another way to make the same point is the following. The Bekenstein-
Hawking entropy refers to the area of a holographic screen bounding a given
region of spacetime. For de Sitter space, a horizon is actually the holographic
screen of a particular observer in the far future. But the screen accessible to any
single observer must furnish a representation ofittle group of that observer.

This is precisely the rotation group SD( 1).

A given physical state is therefore labeled by its conformal weight, its an-
gular momenta and the quantum numbers of any internal symmetries. Nev-
ertheless it is still a great challenge to show that the number of such states is
precisely expy4. In principle, the conformal weights and angular momenta
could be arbitrarily high, leading to representations that would be too big. One
possibility might be to restrict the maximum scaling dimension

of any stateli). Here the idea is that the scaling weight is the eigenvalue of
the CFT Hamiltonian, but we know that energy in de Sitter space is bounded
by the mass of the largest black hole that can fit within the de Sitter horizon.
This suggests that we should only consider those states which have scaling
dimension below some maximum.

5.6 ON A STRING REALIZATION

Our discussion of the elliptic interpretation of de Sitter space and its holo-
graphic implementation has been rather intuitive. Clearly, to make things more
precise one needs a concrete realization of these ideas in a working theory of
guantum gravity, such as string theory (or perhaps loop gravity [117]). It has
been surprisingly hard to find a realization of de Sitter space in string theory.
One obstacle to a satisfactory string-theoretic description of de Sitter space is
the lack of supersymmetry. Intuitively, de Sitter space cannot be supersym-
metric because it is thermal; at finite temperature bosons and fermions have
different statistics. More formally, there is no superalgebra that contains the
de Sitter isometry group and is represented by Hermitian supercharges. The
known super-extensions of the de Sitter isometry group [99] involve nonpos-
itive quadratic forms and have no unitary representations. This difficulty can
be traced back to the fact that there is no globally-defined timelike Killing
vector in de Sitter space and hence there is no positive-definite Hamiltonian,
H. This same non-positive-definite nature shows up in attempts to construct
de Sitter space using timelike T-duality and compactifications on non compact
Euclidean manifolds [73,74]. The resulting gauged supergravity theories allow
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de Sitter space as a solution but have ghass, fields with kinetic terms of
the wrong sign.

The nature of these problems changes in elliptic de Sitter space, mainly
because it is not a time-orientable space. In fact, we would like to believe that
the only possible realization of de Sitter space in string theory is in its elliptic
form. The cause of the failure to find a de Sitter solution in string theory, at
least so far, may well be that one should perhaps have been looking at string
backgrounds that are not time-orientable. Clearly, time-unorientability poses
new challenges for string theory and it is not immediately obvious how it can
be defined consistently [9]. In this respect, it is interesting that de Sitter space
arises in type lIB* string theory [73,74], obtained from the usual IIB theory by
a timelike T-duality, which can be thought of as a change of sign of the left- (or
right-) moving part of the worldsheet scal4f, corresponding to time. Hence,
after a T-duality it is as if the right- (or left-) movers go forward in time, while
the left- (or right-) movers go backward in time. Perhaps this means that type
IIB* string theory has to be quantized in a different way so that worldsheets
and the spacetime background have to be time-unorientable. This may change
the problem of ghost-like fields and perhaps solve it.

Now let us make some observations on the candidate conformal field theory
dual of five-dimensional elliptic de Sitter space as suggested by its realization
in IIB* string theory. The low-energy limit of lIB* theory is IB* supergravity
which has Dirichlet brane solutions that have purely spatial extent; they are
called Ep-branes when their worldvolume gdimensional. Following Hull,
we consider the near-horizon geometry of a stackldE4-branes, which are
the Euclidean analogues of the D3-branes of type IIB theory. The metric re-
sembles that of the D3-brane,

ds? = H™2 (p)dx? + H2 (p)dx2 , (5.58)
whereH (p) is the usual harmonic function,

A o'gN
H(p) =14 = 95 (5.59)
o)
except that, because the branes are Euclidean, the transverse ‘radius’ also in-
cludes time:

p?=x2 =%% 12, (5.60)

The horizon is ajp = 0. Now we would like to take the near-horizon limit.
Sincep depends on time, there are two ways we can approach the horizon,
wherep is timelike and where is spacelike. For spacelike the transverse
geometry is

dx2 = —dt? + dx® = dp? + p2dsi, . (5.61)



114 5. The Elliptic Interpretation: d9z,

WheredsgSS is the line element of five-dimensional de Sitter space. For timelike
p We get instead

dx3 = —dp? + p%ds?s, (5.62)

where H® is the five-dimensional hyperbolic Lobachevsky plane (Euclidean
anti-de Sitter space). In the near-horizon limit we drop the H {p) to obtain,
for spacelikep,

do? 2
ds? = | Jara2gN o + —L——dx? | + /4ra?gN dsfs . (5.63)
PT - Jara’?gN

The geometry is therefore locally that Bi® x dSs. For timelikep we obtain

—d 2 2
ds? = [ y/4ra2gN —2 +\/p7dxf +/4ra’’gN ds?s.
P 4 a’’gN
(5.64)

This too is d§ x H>. So again we get the same local geometry. However,
there are some important differences between the two. For spagelike
branes are part ofl® and de Sitter space is part of the transverse space; that
is not what we want. For timelikg, the branes are part of de Sitter space and
H?® is transverse. So we should chogséo be timelike. The E4-branes are
now on the boundary of de Sitter spaceZ&t But note that there are two
disconnected branches because in foliating Minkowski space into spacelike
slices (which corresponds to timelikg one can havé > 0 ort < 0. In order
to have a connected geometry, we should really identify these two branches
by making aZ; identification. In that case the metric that we just described
must be modded out byZ that maps — —t. Since the line element on de
Sitter space in (5.64) covers one inflationary patch, an identificatidraati
—t suggests that the near-horizon geometry becomes ed3®, elliptic de
Sitter space times a hyperbolic five-planeZAidentification of the transverse
geometry implies that the E4-branes are oh-arientifold, the purely spatial
counterpart of a conventional orientifold. Indeed, elliptic de Sitter space is the
analytic continuation of th& P® that arises (instead of &) in the transverse
geometry of D3-branes on an orientifold plane.

The theory on the worldvolume of the E4-brane is Euclid#aa- 4 SYM.
This theory is obtained fromv = 1 SYM in D = 9+ 1 by dimensional
reduction, where one of the compactification directions is time. So one of the
six scalars in the E4 worldvolume theory comes from the timelike component
of the 9+ 1-dimensional gauge field. This becomes a scalar with the wrong
sign kinetic operator and therefore we are dealing with a conformal field theory
with a ghost. In fact, there are several reasons to expect such ghost fields to
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be presentin a CFT dual to de Sitter space. First, the six scalars form a vector
(¢o, 5) of the SO(15) R-symmetry of the Euclidean theory; invariance under
the R-symmetry already implies that one scalar has the wrong sign kinetic term.
A second reason is the following.

Just as in the AdS/CFT correspondence, one expects the holographic di-
rection to correspond to the RG-scale of the dual field theory. But unlike in
AdS/CFT, the holographic direction is timelike in de Sitter space, as discussed
in Section 4.4. This timelike nature of the RG-scale is directly related to the
presence of the ghost scalar. Namely, the energy gcalethe theory can be
defined in terms of the values of the scalar fields as

($% — ¢%) = +u®. (5.65)

Let us now fix the energy scaje. The scalar fields are then restricted to a
five-dimensional scalar manifold. Here we have a choice: for-thggn the
resulting scalar manifold is the Lobachevsky plane, while forthgign it is

de Sitter space. If we take thiesign thegg field still has fluctuations with the
wrong sign. However, if we take the sign, all the fluctuations of the scalar
field have the correct sign in their kinetic terms.

The parameten becomes the renormalization group scale and in fact is the
same as the holographic time coordinatetogether with the four Euclidean
coordinates on the E4-brane, it leads to de Sitter space. As we noted, the scalar
manifold has two disconnected branches, correspondigg to 0 andgg < 0.

Now here there is a difference betwediiN) and SON) SYM. In the latter
case one can use the gauge symmetry to ¢nap—¢. This identifies the two
branches of the scalar manifold. An SO(gauge group arises if we pi
coincident E4-branes on top ofTa-orientifold plane. This is precisely what
we argued for earlier. In the near-horizon limit we get antipodally-identified
de Sitter space. So finally, we come to the following conjecture: the large-N
limit of SO(N) SYM theory, with conformal group SO(%) and R-symmetry
group SO(15), in the phase described by thesign in the scalar equation is
the holographic dual of egSx H®. There is now only one boundary, &1,

and that is the boundary on which the CFT lives.

5.7 CONCLUSION

In this chapter we studied de Sitter space in its elliptic interpretation with an-
tipodal points identified. We discussed several conceptual issues in the context
of the elliptic interpretation, especially questions regarding holography and the
definition of an S-matrix. Our conclusions support the view that the antipodal
identification does make sense and in fact may even be required to arrive at a
consistent description of de Sitter quantum gravity. The arguments presented
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in favor of the antipodal identification range from suggestive to rather com-
pelling; they are not yet sufficient to claim that antipodal identification is the
only way to view quantum de Sitter space.

From our point of view, the two most convincing arguments supporting
the elliptic de Sitter space are the following. Firstly, the implementation of
observer complementarity: all observers have complete information, but have
different interpretations. And secondly, the realization of holography: for every
observer time-evolution and the S-matrix are naturally described in terms of a
dual theory on a single boundary. The most serious challenge elliptic de Sitter
space will have to withstand is the issue of possible closed timelike curves after
including backreaction. Once gravitational backreaction is taken into account,
the Penrose diagram of perturbed de Sitter space becomes a ‘tall’ rectangle;
see Section 4.1.1. This implies that certain antipodal points come into causal
contact. The resulting closed timelike curves are contained in the bulk of de
Sitter space and therefore it is not immediately obvious how it would affect
the theory on the boundary. One point of view is that the perturbation of de
Sitter space should be described by an appropriately perturbed CFT, for which
the holographic reconstruction breaks down at some point in the bulk. The
prescriptions for the time evolution of a single observer and for his observable
S-matrix are defined purely in terms of the boundary and could still make sense.
Clearly this issue needs further study.

Finally, the most pressing open issue is whether one can find a consistent
description of de Sitter space in string theory, or perhaps in some other work-
ing theory of quantum gravity. There are many reasons to believe that such a
description would be holographic and will incorporate a version of observer
complementarity. We are hopeful that the ideas presented here will then be
realized in some form.
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SAMENVATTING

(Summary in Dutch)

De specialisatie binnen theoretische natuurkunde waartoe het in dit proefschrift
beschreven onderzoek behoort is de hoge energie fysica. We beginnen deze sa-
menvatting met een uitleg van wat hoge energie fysica is en hoe zij verschilt
van de natuurkunde bij lagere eneigie Vervolgens gaan we in op het on-
derwerp dat momenteel de meeste aandacht trekt binnen de theoretische hoge
energie fysica en welk het kader vormt voor het in dit proefschrift beschreven
onderzoek, namelijk quantumgravitatie. De belangrijkste kandidaat voor een
theorie van quantumgravitatie is de snaartheorie; we zullen deze theorie kort
beschrijven. Tenslotte behandelen we het holografische principe en geven een
korte samenvatting van het onderzoek dat in dit proefschrift wordt gepresen-
teerd. Uitgebreide introducties voor een breed publiek tot hoge energie fysica,
en de snaartheorie in het bijzonder, worden gegeven in [56,66].

HOGE ENERGIE FYSICA

Zoals de naam al zegt houdt hoge energie fysica zich bezig met processen die
met hoge energén gepaard gaan. Dergelijke processen zijn onder te verdelen
in drie categorién. De eerste categorie wordt gevormd door processen tussen
deeltjes die heel snel bewegen. We spreken dan van deeltjes met een hoge
kinetische energie.

De tweede categorie omvat alle processen die op heel kleine afstandsschaal
plaatsvinden. De relatie tussen kleine afstanden en hoge erigiaiet zo
makkelijk uit te leggen. Om een idee te krijgen, kun je denken aan lichtdeeltjes,
de zogenaamde fotonen. Deze fotonen kun je beschouwen als een trilling,
waarbij de golflengte van de trilling korter wordt naarmate de kleur van het
licht meer naar blauw neigt. Dit is uitgebeeld in Figuur S.1. Daarbij is het
zo dat blauw licht een hogere energie heeft dan rood licht. We zien dus dat
trillingen op een kleine afstandsschaal corresponderen met hoge @&nergie

De derde en laatste categorie wordt gevormd door processen waarbij gro-
te massa’s een rol spelen. De relatie tussen massa en energie is gelegd door
Einstein, middels zijn beroemde formule

E=M-c°. (1)
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AVAVAVAV] VWY
rood foton blauw foton

FIGUUR S.1: Links een rood foton en rechts een blauw foton. Het
blauwe foton heeft een hogere energie en corresponderende korte-
re golflengte.

Deze formule, waarirt staat voor de lichtsnelheid, geeft aan dat massa en
energie in feite hetzelfde zijn. Een grote massa correspondeert dus met hoge
energie.

Al in de zeventiende eeuw is door Newton een theorie opgesteld om de
beweging van objecten te beschrijven. Deze theorie is bijzonder nauwkeurig
in het beschrijven van dynamica zoals die zich in het dagelijks leven voordoet.
Hierbij kun je denken aan de beweging van een fiets of het opendoen van een
deur. We noemen deze theorie de Newtoniaanse mechanica. Lange tijd werd
aangenomen dat deze theorie ook geldig zou blijven bij heel hoge snelheden,
of in het algemeen bij hoge energie Dit blijkt echter niet zo te zijn. In
alle drie genoemde hoge energie regimes treden correcties op. Het feit dat de
natuurkundige wetten afhankelijk zijn van het energieniveau vormt een belang-
rijk thema binnen de hedendaagse natuurkunde. De correcties die optreden zijn
vaak tegen-intitief en dit maakt de moderne thedreingewikkeld.

Ter illustratie van de correcties die optreden bij hoge snelheden zullen we
een auto vergelijken met een zeer snel bewegende raket. Stel, iemand loopt met
een snelheidyoetganger= 5kM/uur in de richting van een tegemoetkomende
auto met een snelheig, ;o = 60km/uur, zoals weergegeven in Figuur S.2.

i 5km/uur 60km/uur

Bl
FIGUUR S.2: \betganger en tegemoetkomende auto.

Als de voetganger de snelheid meet waarmee de auto op hem afkomt, wat we
noemen deelatieve snelheid, vindt hij

Urelatief = Uvoetgangert Vauto (2
= 5km/uur+ 60km/uur = 65km/uur. 3)

Deze uitkomst zal niemand verrassen. Beschouw nu eens het geval waar het
in plaats van een auto een raket betreft. En niet zomaar een raket, maar eentje
die met maar liefst 500.000.08@uur beweegt, ongeveer de helft van de licht-
snelheid; deze situatie is weergegeven in Figuur S.3. Op basis van orifie intu
zouden we verwachten dat de relatieve snelheid in dit geval wederom simpel-
weg de som van de twee snelheden is. Dit is echter niet het geval. De juiste
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i 5km/uur 500.000.000km/uur ]

FIGUUR S.3: \betganger en tegemoetkomende raket.

formule is afgeleid door Einstein en heeft de vorm

Uyoetgangert Uraket @)
1 UvoetgangerUraket *
t—a

Urelatief =

Als we de waarde van de lichtsnelheid,= 1.079252849m/uur, invullen,
vinden we

vrelatief = 500000.003 93km/uur (5)
500.000.005km/uur — 1, 07km/uur. (6)

Er is dus een kleine, maar daarom niet minder verrassende, correctie opgetre-
den waardoor het antwoord iets lager uitvalt dan verwacht. Nu is het helemaal
niet mogelijk om raketten dergelijke enorme snelheden te geven, maar met
bijvoorbeeld protonen is dit wel mogelijk. Het is belangrijk te benadrukken
dat effecten zoals deze experimenteel zijn waargenomen. Blijkbaar gelden er
bij hoge snelheden andere regels dan bij lage snelheden. Dit is een vaststelling
waar weinig aan valt te begrijpen; het is een experimenteel feit. Het doel van
de natuurkunde is om dit zo nauwkeuring mogelijk te beschrijven.

Einstein’s beschrijving van processen bij extreem hoge snelheden heet spe-
ciale relativiteitstheorie. Deze theorie is uitgebreid getest en telkens weer
blijken de uitkomsten die de theorie voorspelt, heel nauwkeurig overeen te ko-
men met experimentele waarnemingen. De relatie van deze theorie met de
Newtoniaanse mechanica wordt duidelijk als we het sommetje van de voet-
ganger en de auto nogmaals uitvoeren, maar nu met de optelformule (4). De
uitkomst die we vinden,

Vrelatief = 65km/uur — 0, 00000000000001KM/ uur, @)

wijkt zo weinig af van het Newtoniaanse resultaat (3) dat het verschil experi-
menteel niet vast te stellen is. Bij lage snelheden geeft speciale relativiteits-
theorie dus dezelfde antwoorden als de Newtoniaanse mechanica. In deze zin
is speciale relativiteitstheorie eertbreiding van de Newtoniaanse mechanica
die geldig blijft bij hoge snelheden. In het algemeen duiden we theodée
geldig blijven bij hoge snelheden aan als ‘relativistische’ théorie

We hebben nu gezien dat er correcties optreden bij hoge snelheden. Dit ge-
beurt ook als we kijken naar heel korte afstanden. Er is bijvoorbeeld een groot
verschil tussen hoe een elektron om een atoomkern draait en hoe de aarde om
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de zon draait. De theorie die processen op de allerkleinste afstandsschalen
beschrijft heet quantummechanica. De parameter van deze theorie die een ver-
gelijkbare rol speelt als de lichtsnelhe@ljn relativiteitstheorie is de constante

van Planck, die wordt aangegeven rhet

Bij grote massa’s, tenslotte, treden correcties op doordat de zwaartekracht
belangrijk wordt. De zwaartekracht is een relatief zwakke kracht, vergeleken
met de andere natuurkrachten. Vergelijk bijvoorbeeld hoe moeilijk het kan zijn
om twee magneetjes, die bijeen worden gehouden door de elektromagnetische
kracht, uit elkaar te trekken met hoe makkelijk het is om die magneten op te
tillen. En dat terwijl de hele aarde aan de magneten trekt via de zwaartekracht.
Doordat de zwaartekracht zo zwak is kun je bij het beschrijven van een elek-
tron dat rond een atoomkern draait de zwaartekracht buiten beschouwing laten.
Natuurlijk trekken het elektron en de kern wel aan elkaar middels de zwaarte-
kracht, maar deze kracht is zoveel kleiner dan de andere krachten die een rol
spelen dat de invloed ervan te verwaarlozen is. Bij heel grote massa’s, zoals
die van de aarde en de zon, wordt de zwaartekracht wel belafhgKguton
heeft zijn theorie van de mechanica zelf gecombineerd met de zwaartekracht,
resulterend in de zogeheten Newtoniaanse zwaartekrachtstheorie. De parame-
ter die we met zwaartekracht asg&rein, de zogeheten constante van Newton,
wordt aangegeven m&y.

Nadat er aldus theor@ waren opgesteld die elk@&n van de drie extreme
regimes geldig blijven, probeerde men deze thé&oriee combineren en zo te
komen tot theorién die in twee of zelfs alle drie regimes geldig blijven. Dit
heeft geleid tot een totaal van acht theérie De relaties tussen deze theorie-
en kunnen handig worden weergegeven in een diagram met de vorm van een
kubus, zoals in Figuur S.4. Op elke hoek van de kubus staat een theorie en langs
de assen van de kubus wordt het geldigheidsbereik van de theaiiigebreid
danwel beperkt.

Zoals gezegd, worden theogie die geldig blijven bij hoge snelheden aan-
geduid met het woord ‘relativiteit’, het zijn zogenaamde relativistische theorie-
en. Theorién die tot op de kleinste afstandsschalen werken duiden we aan met
het woord ‘quantum’. Beginnend bij de Newtoniaanse mechanica in Figuur S.4
kunnen we naar voren bewegen. Ogeeft aan dat we dan belanden bij een re-
lativistische theorie, namelijk de speciale relativiteitstheorie. Vervolgens naar
rechts bewegen, brengt ons bij de algemene relativiteitstheorie, een theorie die
niet alleen relativistisch is, maar ook de zwaartekracht beschrijft, aangegeven
metGy. Als we tenslotte naar boven bewegen, geefh@an dat we terecht
komen bij een theorie die bovendien tot op de kleinste afstandsschalen geldig

*Spreek uit: h-streep.

THierbij speelt mee dat de aarde en de zon heel ver van elkaar verwijderd zijn. De zwaartekracht
valt namelijk veel minder snel in kracht af bij grotere afstand tussen de objecten dan de overige
krachten.
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FIGUUR S.4: Aangegeven zijn de relaties tussen de verschillen-
de natuurkundige theoia. Naar voren bewegen in het diagram
leidt naar een relativistische theorie die ook bij hoge snelheden
nog correct blijft. Naar rechts bewegen voegt gravitatie, ofwel
zwaartekracht, toe aan de theorie. Naar boven bewegen, tenslotte,
leidt naar een quantum theorie die tot op zeer kleine afstandscha-
len geldig blijft.

blijft. Deze theorie, die alle drie de extreme regimes combineert, noemen we
snaartheorie. Op deze theorie gaan we in het vervolg uitgebreider in.

QUANTUMGRAVITATIE

De snaartheorie verschilt op een aantal punten fundamenteel van de overige
theoriéen in Figuur S.4. Voordat we bespreken op welke manier de snaartheorie
precies verschilt, bekijken we eerst de reden waarom het nodig was een geheel
nieuwe theorie op te stellen.

Toen in de jaren twintig van de vorige eeuw de quantummechanica en de
algemene relativiteitstheorie voldoende ontwikkeld waren, ging men op zoek
naar een theorie van relativistische quantumgravitatie die op de plek zou moe-
ten komen waar nu de snaartheorie staat in Figuur S.4. Hiertoe probeerde men
de quantummechanica en de algemene relativiteitstheorie met elkaar te combi-
neren. Bij deze pogingen stuitte men op fundamentele problemen, die we met
een voorbeeld zullen proberen te illustreren.
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FIGUUR S.5: Tweeelektronen stoten elkaar af door uitwisseling
vanéén of meer fotonen.

Beschouw twee elektronen, deeltjes met een minieme massa en een ne-
gatieve elektrische lading. Als de elektronen dicht bij elkaar komen, stoten
ze elkaar af via de elektromagnetische kracht. Volgens de quantummechani-
ca kan deze interactie worden beschreven in termen van het quantum van de
elektromagnetische kracht: het lichtdeeltje ofwel foton. Dit is de kleinst mo-
gelijke drager van de elektromagnetische kracht. De elektronen kia@&men
foton uitwisselen, maar ook meerdere, zoals aangegeven in Figuur S.5. Om
uit te rekenen hoe de elektronen elkaar afstoten, schrijft de quantummechanica
voor dat de bijdragen van elk van deze processen bij elkaar worden opgeteld.
Nu kunnen de elektronen een of twee fotonen uitwisselen, maar ook tiendui-
zend of honderdduizend. Om al deze verschillende bijdragen bij elkaar op te
tellen is ondoenlijk. Gelukkig blijkt dat voor dit proces de bijdrage heel snel
afneemt als er meer fotonen worden uitgewisseld. Het neemt zelfs zo snel af
dat als je de eerste drie bijdragen bij elkaar optelt, je al heel dicht bij het wer-
kelijke antwoord komt. Om de afstoting tussen twee elektronen uit te rekenen,
is het daarom in de praktijk voldoende om slechts de uitwisseling van een paar
fotonen te beschouwen.

Om de quantummechanica en de zwaartekracht met elkaar te verenigen,
moeten we een nieuw quantumdeeltje invoeren: het graviton, het quantum van
de zwaartekracht. Zoals de twee elektronen elkaar afstoten via de elektro-
magnetische kracht, trekken twee neutronen (deeltjes met massa, maar zonder
elektrische lading) elkaar aan via de zwaartekracht. Dit proces kan op de-
zelfde manier worden beschreven als de afstoting van de elektronen, maar nu
is het uitgewisselde quantum een graviton; zie Figuur S.6. Wederom schrijft
de quantummechanica voor dat de bijdragen van de verschillende processen,
waarbij een of meerdere gravitonen worden uitgewisseld, bij elkaar worden
opgeteld. Tot zover lijkt er niets aan de hand. Het blijkt echter dat in dit geval
de bijdrage niet afneemt als er meerdere gravitonen worden uitgewisseld. Inte-
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FIGUUR S.6: Tweeneutronen trekken elkaar aan door uitwisseling
van een of meer gravitonen.

gendeel, de bijdrage neemt alleen maar toe. Als je alle bijdragen op zou tellen
krijg je oneindig. Het is duidelijk dat dit geen bruikbaar antwoord is. Ditis in
essentie de reden waarom de quantummechanica en de zwaartekracht niet met
elkaar te verenigen zijn.

Er bestaan dus twee thedsie waarvan een (quantummechanica) proces-
sen op zeer kleine schaal beschrijft en de ander (algemene relativiteitstheorie)
processen op zeer grote schaal. Beide théonieerken bijzonder goed op het
betreffende gebied. Pas als je probeert de ene theorie uit te breiden naar het ter-
rein van de ander gaat het mis. Is er dan wel een noodzaak om op zoek te gaan
naar een nieuwe theorie die beide verenigt? Dat die noodzaak wel degelijk
bestaat komt doordat er situaties bestaan waar beide theaye natuurlijke
wijze bij elkaar komen. Dit is met name het geval bij zwarte gaten. Zwarte ga-
ten zijn zeer massieve objecten die ontstaan als de massadichtheid een bepaalde
kritische grens overscheid; we komen hier later op terug. Door de enorme mas-
sa van zwarte gaten is de zwaartekracht heel sterk. Materie in de buurt van een
zwart gat wordt daardoor sterk aangetrokken en zal naar het zwarte gat toe val-
len. Zwarte gaten zijn zo zwaar dat zelfs licht er naartoe valt. Een zwart gat kan
dan ook geen licht uitstralen; het zou terugvallen naar het zwarte gat. Vergelijk
dit met een voetbal die, nadat je hem omhoog hebt geschoten, terugvalt naar de
aarde. Dit alles tezamen leidt tot de naam ‘zwart §den gevolg van de ster-
ke zwaartekracht is dat het zwarte gat zelf sterk wordt samengeperst, waardoor
het heel kleine objecten zijn. Deze combinatie van een heel sterke zwaarte-
kracht en een heel klein object zorgt ervoor dat zowel de quantummechanica

*Hoewel een volledige, quantummechanische beschrijving van zwarte gaten nog niet gevonden
is, hebben de pogingen daartoe al verrassende resultaten opgeleverd. Zo is gebleken dat het voor
zwarte gaten quantummechanisch wel degelijk mogelijk is om straling uit te zenden. Deze, naar de
ontdekker ervan vernoemde, Hawking straling zorgt ervoor dat een zwart gat niet helemaal zwart
is; er wordt wel gesproken van ‘grijs-factoren’.
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FIGUUR S.7: Eenpuntdeeltje tekent een lijn uit in een ruimte-tijd
diagram, zoals bij (a). Een gesloten snaar tekent een cylinder uit,
zoals bij (b).

als de zwaartekracht beiden een rol spelen. Maar, zoals we gezien hebben, gaat
dit niet. Voor een goede beschrijving van zwarte gaten is daarom een theorie
nodig die de quantummechanica en de zwaartekracht met elkaar verenigt. Zo’n
theorie wordt een theorie van quantumgravitatie genoemd.

SNAARTHEORIE

De meest veelbelovende kandidaat voor een theorie van quantumgravitatie is de
snhaartheorie. Deze theorie is in de jaren zestig van de vorige eeuw ontwikkeld
en verschilt fundamenteel van de andere théorieHet grote verschil ligt in
de fundamentele bouwstenen van de theorie. Bij conventionele thaai@
dit 0O-dimensionale puntdeeltjes, bij de snaartheorie 1-dimensionale objecten:
de snaren waaraan de theorie zijn naam ontleent. Deze snaren kunnen zowel
‘open’ zijn, als korte touwtjes, of ‘gesloten’, als lusjes. We zullen ons hier
beperken tot gesloten snaren. Het pad van een puntdeeltje en van een snaar
in de ruimte-tijd zijn aangegeven in Figuur S.7. De theorie van deze snharen
verenigt op een natuurlijke manier de zwaartekracht met de quantummechani-
ca. Bovendien is het ook een relativistische theorie, die geldig blijft bij hoge
snelheden. De snaartheorie geeft dus een beschrijving van de natuurwetten in
alle drie extreme regimes, het wordt daarom wel een ‘theorie van alles’ ge-
noemd. De correcties die door de snaartheorie voorspeld worden zijn klein en
treden alleen op in extreme situaties, zodat het erg moeilijk is de theorie expe-
rimenteel te toetsen. Wiskundig vormt de snaartheorie echterGeiegenieus
bouwwerk, dat veel mensen die aan de theorie werken, ondanks het gebrek aan
experimentele verificatie, geloven op de juiste weg te zijn.

De snaartheorie kent slect#én fundamentele bouwsteen: de snaar. Dit
in tegenstelling tot de quantumveldentheorie, waar gebruik gemaakt wordt van
een hele verzameling elementaire deeltjes, zoals elektronen, protonen en ga zo
maar door. De rol van al deze deeltjes wordt binnen de snaartheorie gespeeld
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door verschillende trillingstoestanden van de snaar. Hoe sneller de snaar trilt,
des te zwaarder het corresponderende deeltje.

Dit leidt tot een sterk dgénificeerde beschrijving van de( ) )
natuur, waarbij er niet alleen slecléén fundamentele bouw-
steen bestaat, maar tevens sleébts fundamentele interac-
tie. Deze interactie behelst het opsplitsen @n snaar in
twee snaren (of het omgekeerde proces, waarbij twee sna
ren samensmelten), zoals weergegeven in Figuur S.8. Zo re-
duceren de verschillende interacties tussen elektronen, neu-
tronen, fotonen en gravitonen, weergegeven in Figuren S.5
en S.6, allemaal tot snaarinteracties. Dérgficeerde be- FIGUUR  S.8:
schrijving van interacties is een van de redenen dat de sn&&fitsende snaar.
theorie wiskundig heel mooi te beschrijven is. Het cruciale
punt is dat het bij een snaarinteractie, zoals in Figuur S.8, niet mogelijk is exact
aan te geven waar de interactie heeft plaatsgevonden. Eer#&e snaar en
tenslotte zijn er twee, maar deze overgang vindt niet plaaé&oppunt, zoals
bij de interacties tussen fotonen en elektronen, of tussen gravitonen en neutro-
nen. Dit ‘uitsmeren’ van de interactie zorgt er voor dat de uitkomsten van de
snaartheorie niet oneindig worden, zoals we eerder zagen bij een theorie van
guantumgravitatie die met puntdeeltjes werkt.

HET HOLOGRAFISCHE PRINCIPE

Een belangrijk concept binnen de snaartheorie is het holografische principe.
Dit principe, dat oorspronkelijk een idee is van Gerard 't Hooft, speelt een
hoofdrol binnen het in dit proefschrift beschreven onderzoek. Het beperkt zich
niet tot de snaartheorie maar is noodzakelijkerwijs een onderdeel van elke the-
orie van quantumgravitatie.

Het holografische principe stelt dat er een limiet is op de hoeveelheid ma-
terie die past in een bepaald volume. De oorsprong hiervan is alsvolgt te be-
grijpen. Stel je een bolvormig volume voor, zoals de inhoud van een voetbal.
Nu kun je proberen zoveel mogelijk materie in dit volume te stoppen. Op een
gegeven moment, als je steeds maar meer materie toevoegt, zal zich een zwart
gat vormen dat precies zo groot is als de voetbal. Als je vervolgens materie
toevoegt aan dit zwarte gat, zal het groeien en daarmee groter worden dan de
voetbal. Er past dus maar een bepaalde hoeveelheid materie in de voetbal. Dit
betekent dat je materie niet onbeperkt samen kunt persen: er is een grens op
de maximale materiedichtheid. Hiermee is er ook een grens op de hoeveelheid
‘informatie’ die de voetbal kan bevatten. Of, omgekeerd, er is maar een be-
paalde, eindige hoeveelheid informatie nodig om de toestand van de voetbal te
beschrijven.



134 Samenvatting

Stel nu dat we de straal van de voetbal verdubbelen. Het volume van de
voetbal neemt dan acht maal to€ £28), terwijl het oppervlak van de voetbal
vier keer zo groot wordt @= 4). Het bijzondere is dat de maximale hoeveel-
heid materie die in de grotere voetbal past vier keer zo groot is en dus groeit als
het oppervlak en niet als het volume, zoals wel het geval is bij lage dichtheden.
Dit is een voorbeeld van een correctie die optreedt bij grote massa. Een gevolg
is dat alle informatie die nodig is om de toestand van de materie in de voetbal
te beschrijven ook groeit als het oppervlak van de voetbal. In zekere zin kun je
dan stellen dat je de toestand van de materie in de voetbal kunt besclopjven
het opperviak van de voetbal. Dit is vergelijkbaar met een hologram waarbij op
een 2-dimensionaal plaatje, 3-dimensionale informatie staat. Je kunt namelik,
door het hologram te draaien, zien welke objecten op de voorgrond staan en
welke op de achtergrond.

Het doel van het in dit proefschrift beschreven onderzoek is om het ho-
lografische principe te gebruiken als toets voor kosmologische modellen. Er
bestaan veel verschillende kosmologische modellen, die elk pogen de evolutie
van het heelal te beschrijven. Op dit moment weten we niet welk model het
beste is. Omdat het holografische principe een eigenschap is van iedere theorie
van quantumgravitatie, zal het kosmologische model dat uiteindelijk het juiste
blijkt te zijn, ermee verenigbaar moeten zijn. Door de huidige modellen hierop
te toetsen kunnen we wellicht bepaalde modellen uitsluiten en aanwijzingen
vinden in de richting van het juiste model.

Het proefschrift is alsvolgt opgebouwd. In Hoofdstuk 2 introduceren we
het holografische principe in detail. Vervolgens passen we het in Hoofdstuk 3
toe op een specifiek geval van wat het standaard model van de kosmologie
wordt genoemd. Dit is het Friendmann-Robertson-Walker (FRW) model. In
het geval dat we beschouwen wordt de dynamica van het model uitsluitend
gedreven door de aanwezige straling. Andere vormen van materie en energie
worden buiten beschouwing gelaten, om het model zo simpel mogelijk te hou-
den. Er treedt een verrassende unificatie op tussen enerzijds de formules die
de energie beschrijven, in dit geval straling, en anderzijds de formules die de
kosmologische evolutie beschrijven. We bestuderen deze unificatie nader bin-
nen een zogeheten wereldbraan-model, waarin het universum wordt beschre-
ven als een 4-dimensionaal oppervlak in een 5-dimensionale ruimte. In dit
geval bevindt zich een zwart gat in de 5-dimensionale ruimte waarbinnen de
wereldbraan beweegt. De unificatie blijkt een natuurlijke interpretatie te heb-
ben in dit model. Hoewel de momenten waarop de unificatie plaatsvindt niet
bijzonder lijken te zijn in de 4-dimensionale ruimte, zijn ze wel bijzonder in
de 5-dimensionale ruimte. Het zijn namelijk precies de momenten waarop de
wereldbraan het 5-dimensionale zwarte gat raakt.

In Hoofdstuk 4 richten we ons op een geheel ander kosmologisch model,
namelijk het zogeheten de Sitter model. We richten ons met name op de vraag
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hoe het holografische principe in dit model tot uiting komt. Er is de laatste
tijd veel aandacht voor het de Sitter model omdat recente waarnemingen door
astronomen erop duiden dat het heelal zich momenteel ontwikkelt in de richting
van een de Sitter universum. Een groot probleem is dat het vooralsnog niet
gelukt is om dit model binnen de snaartheorie te construeren.

In Hoofdstuk 5 presenteren we een voorstel voor een andere kijk op het de
Sitter model binnen de snaartheorie. Het voorstel behelst om niet de gehele de
Sitter ruimte te beschouwen maar slechts een deel, het zogeheten elliptische
de Sitter. We tonen aan dat dit model zelf-consistent is. Daarbij is het voor-
al belangrijk te laten zien dat dingen die later gebeuren geen invioed kunnen
hebben op gebeurtenissen eerder, het zogeheten causaliteitsprincipe. Binnen
de elliptische de Sitter ruimte beschouwen we opnieuw de formulering van
het holografische principe. Tevens beschouwen we de mogelijkheden om dit
gereduceerde model te construeren binnen de snaartheorie. De belangrijkste
conclusies van dit hoofdstuk zijn dat het holografische principe op een meer
natuurlijke manier tot uiting komt in de elliptische de Sitter en dat veel van
de problemen die zich voordoen bij het construeren van een de Sitter model
binnen de snaartheorie verzacht worden. Het vinden van een complete snaar-
beschrijving van de de Sitter ruimte blijft een openstaand probleem.
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