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Abstract

This thesis is devoted to the applications of holographic duality to condensed matter
physics. It is centered around a ‘bottom-up’ approach where the starting point is the
postulation of a reasonable gravitational bulk theory action, as opposed to the ‘top-down’
models where a specific duality is derived from a string theory setting. The main mo-
tivation for taking a holographic approach to condensed matter physics is the potential
ability to perform reliable computations for strongly interacting quantum many-body
systems, in the absence of a quasiparticle description. The duality maps a strongly cou-
pled quantum field theory to a weakly interacting gravitational theory, which in principle
can be solved perturabtively using ordinary general relativity. An introduction to some
of the main topics of bottom-up holography is given. This includes a brief introduction
to large N field theories, the AdS/CFT correspondance, the holographic dictionary, the
holographic renormalization group, holographic thermodynamics, and the Hawking-Page
transition and its interpretation in the light of AdS/CFT. Finally, a minimal bottom-up
toy model for holographic superconductivity is studied. By imposing a mixed bound-
ary condition at the boundary of AdS space, a dynamical photon is incorporated in the
strongly coupled superconductor. This allows charged collective excitations, e.g. plas-
mons, to be studied. A linear response analysis of the minimal holographic supercon-
ductor is performed numerically, in an attempt to compute plasmon dispersion relations.
It turns out that the mixed boundary condition, accounting for charged collective ex-
citations, will likely have to be modified for this particular holographic superconductor
model, since the computed plasmon dispersion relation indicates an instability at large
momenta. The precise way in which the mixed boundary condition has to be modified
remains unclear.
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1

Introduction

In the last decade, the recent applications of the holographic gauge/gravity duality to
condensed matter physics has developed into a new promising research area [1]-[3]. In
particular, the holographic method has the potential of dealing with certain strongly in-
teracting quantum many-body systems, a regime inaccessible from a conventional field
theory approach with a quasiparticle description. The field of holographic condensed mat-
ter physics or ‘AdS/CMT"! is characterized by a cross-fertilization between many different
areas of physics, including string theory, gravitational and black hole physics, quantum
field theory, quantum information theory, and of course condensed matter physics. From
a condensed matter perspective, it is the study of strongly interacting, long-range entan-
gled, quantum many-body systems without quasiparticles. For the gravitational physicist
it is the study of black hole geometries which are asymptotic to anti-de Sitter (AdS) space.
In the context of quantum field theory (QFT) or string theory, it is the study of the sta-
tistical physics of large N matriz field theories and their dual gravitational description.

The holographic duality is rooted in the AdS/CFT correspondence or gauge/gravity
duality which was originally proposed by Juan Maldacena in 1997 [4]. He argued that
N = 4 super-Yang-Mills theory in four spacetime dimensions, which is a conformal field
theory (CFT) as well as a gauge theory, has a dual description in terms of supergravity
on AdS;xS°. He then proposed the AdS/CFT conjecture stating that a gravitational
theory in AdS space has a dual description in terms of a CFT. The argument behind the
AdS/CFT correspondence is based on considerations of an open/closed string duality in
string theory. Although it technically has the status of a conjecture, plenty of empirical
evidence supporting its claims has accumulated throughout the years and there is no
doubt that the conjecture holds true.

Holographic duality is a generalized notion of an AdS/CFT-like correspondence. It
identifies a 't Hooft large N quantum field theory? with a classical gravitational theory
in one higher dimension. The best understood dualities are those where the gravitational
spacetime is asymptotic to AdS space. In this case the QFT can be thought of as living on
the ‘conformal boundary’ of the gravitating AdS spacetime. For this reason it is common
to refer to the QFT as the boundary QFT or simply boundary theory. The gravitational
theory is then properly referred to as the bulk theory. Note that the QFT does not have
to be a CFT in a general holographic duality.

Many of the useful aspects of holography are generic and independent of the specific
underlying duality. A specific duality may be motivated by a specific string theory con-

LA pun on ‘AdS/CFT’, the best understood and original version of gauge/gravity dualities. AdS
stands for anti-de Sitter, the dynamical spacetime of the gravitational theory. CMT stands for condensed
matter theory.

2The N here refers to the number of ‘colour’ degrees of freedom. A large N matrix field theory
transforms in the adjoint of some gauge symmetry group, e.g. U(N), in the limit of large N. We give
an introduction to large N field theories in Chapter 2.
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sideration, or it may simply be postulated by an educated guess. The former approach
is commonly referred to as a top-down construction, whereas the latter approach is re-
ferred to as a bottom-up construction. Since the top-down construction is derived from a
specific string theory model, it has the advantage of inheriting quantum consistency and
UV completion. Furthermore, the gravitational theory and dual quantum field theory
will be known in a top-down construction. The downside is that it may be difficult to
find a string theory construction from which the desired condensed matter system can
be obtained by a consistent truncation. The advantage of the bottom-up approach is
that one may postulate a gravitational theory by considering which properties one want
to impose on the dual QFT. One can then directly study the parameter space of the
theory and compare with real life experiments. The downside is that such a theory is
necessarily phenomenological and one cannot guarantee that it is UV complete, although
UV completion is usually not a high priority for condensed matter theories since these
generally deal with emergent low energy phenomena. In this thesis we will exclusively be
considering bottom-up models, bypassing any explicit string theoretic construction and
making the material accessible even for those readers unfamiliar to string theory.

The key feature of the large N limit is that it corresponds to a classical limit in the
dual gravitational theory. Quantum gravity is still rather poorly understood and reliable
computations cannot be performed in current theories of quantum gravity. The regime
outside the large N limit is therefore also currently inaccessible. Although field theories
with a large number of colour degrees of freedom seems rather artificial and irrelevant for
real life condensed matter physics, many of the results from holography calculations seems
to be rather generic and valid even for small and finite N. However, the large N limit
is not only an unwanted artefact. It comes with a notion of a mean field and can for
example allow one to work in a thermodynamical limit where it otherwise would not be
possible. Ultimately though, experiments will have to confirm whether or not holographic
condensed matter physics provide any useful models for real life physical systems such as
the high-temperature superconductors.

Two important aspects of holography when it comes to its applications to condensed
matter physics are the following:

o The extra dimension of the bulk spacetime geometrizes the renormalization group
(RG) scale of the boundary QFT. The near boundary region captures the high
energy, UV processes of the dual QFT, and the deep interior captures the emergent
low energy, IR physics.

» Classical black holes are dissipative and have a thermodynamic interpretation.
Adding a black hole to the interior of the bulk spacetime encodes for thermody-
namic properties in the boundary QFT, e.g. a finite temperature and dissipative
processes.

The identification of the extra radial dimension in the bulk spactime with the RG scale of
the dual QFT allows us to extract the emergent low energy physics relevant for applica-
tions to condensed matter physics, while at the same time removing all of the dependence
on the UV complete theory, which we are ignorant of in a bottom-up approach. In fact,
all of the standard renormalization physics of QFT is captured in the dual gravitational
description. This ‘holograpic renormalization theory’ is one of the main topics of Chap-
ter 4. Knowing that the low energy physics is captured in the deep interior of the bulk
spacetime, adding a black hole in this region should intuitively only affect the low energy
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processes. This encodes for dissipative processes and thermodynamic quantities, e.g. a
temperature and entropy, in the effective low energy description of the boundary QFT.

1.1 T-linear resistivity of strange metals and Planck-
ian dissipation

The primary benefit with the holographic approach to condensed matter physics is its
potential ability to provide a description of strongly interacting quantum many-body
systems in which reliable computations can be performed. This includes ‘non-Fermi lig-
uids’ such as the strange metal normal state of cuprate high T, superconductors. Ever
since the discovery in the 1980s of the linear temperature dependence of the resistivity
in this strange metal phase [3], [5], condensed matter theorists have sought for an ex-
planation for this seemingly simple relation. No satisfactory such description have yet
to be found from conventional condensed matter considerations, which are usually based
on quasiparticle transport. Although these models can give rise to a linear temperature
dependence they do not rule out other more complex dependencies and fail to explain
why it is precisely the linear dependence that has been measured in the laboratory. Ar-
guably, a linear temperature dependence reflects a very simple physical behavior and it is
reasonable to assume that such a simple physical behaviour is rooted in a strong physical
principle. Holography has provided a new take on this long lasting conundrum. It has
been suggested that the electrons in the strange metal might be in a strongly interacting,
maximally entangled state, where all of the electrons are entangled with one another [3].
Furthermore, it has been argued that the scattering rate of these electrons, as a function
of temperature, reach the ‘Planckian limit” where they dissipate energy and momentum
at the fastest rate allowed by the uncertainty principle of quantum mechanics [6], [7].
This ‘Planckian dissipation’ is set by Planck’s constant h, suggesting that the principle
behind the T-linear resistivity observed in the strange metals will involve new fundamen-
tal physics. Planckian dissipation also appears to be a generic property of the strongly
interacting, maximally entangled, compressible quantum matter which are ideally de-
scribed by holography. Moreover, these maximally entangled quantum states behaves as
a perfect fluid characterized by a universal ratio of shear viscosity 1 by volume density
of entropy s [§],

n_h
8_47'(']{3‘

(1.1)

This minimal viscosity of certain strongly interacting quantum field theories was derived
from a holographically dual gravitational AdS spacetime with a black hole. It is a conse-
quence of basic properties of black holes, as is the Planckian dissipation in this context.

Understanding the strange metal phase of high T. superconductors is essential for
understanding the phase transition between the normal and superconducting state, as well
as the mechanism behind the high 7. superconducting phase transition. The standard
BCS theory works well for superconductors with low transition temperatures but fails in
explaining the behaviour of high T, superconductors. A better understanding of high T
superconductors and their strange metal normal state is an important step towards being
able to engineer materials which are superconducting at room temperature.
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1.2 The objectives

The purpose of this thesis is twofold. First, it is intended as a fairly easy read intro-
duction to the subject of holographic duality and its applications to condensed matter
physics. In particular, it should be comprehensible for the undergraduate student who has
taken courses in quantum field theory, general relativity, and condensed matter physics?.
However, the reader which has not had any exposure to the path integral formalism or
the renormalization group may need to complement some parts with additional reading.
Although the holographic duality is derived from string theory, the bottom-up approach
allows us to bypass the string theoretical framework more or less completely in this work.
The only exceptions are our qualitative derivation of the AdS/CFT correspondance in
3.2 and the discussion of Wilson loops in 6.2 where some string theory terminology has
been used. Both 3.2 and 6.2 may be skimmed over or even skipped completely without
the loss of any vital information for chapters to come.

Second, the goal is to study dispersion relations in a holographic superconductor toy
model. This toy model is a minimal bottom-up construction of holographic superconduc-
tivity originally introduced by Hartnoll, Herzog and Horowitz [9], [10]. The holographic
superconductors are strongly coupled systems and they are candidates for modeling high
T, superconductors such as cuprates or pnictides. The high 7. cuprate superconduc-
tors are thought to consists of two dimensional superconducting layers stacked on top
of each other, with the Coulomb interaction responsible for the dynamics between the
layers [11], [12]. The Coulomb interaction gives rise to plasmon modes which has been
studied previously in holographic models [12]-[16]. The new experimental technique of
momentum-resolved electron energy-loss spectroscopy (M-EELS) has facilitated the mea-
surment of plasmon properties in strange metals [17]. Thus, holographic plasmon physics
is an area of holography where it should be possible to verify its predictions with exper-
imental measurments. We study the linear response in our holographic superconductor
toy model and compute dispersion relations of longitudinal quasi-normal modes. By in-
corporating the plasmon boundary condition derived in [13] we attempt to compute a
plasmon dispersion relation for the superconductor. It turns out that the plasmon bound-
ary condition will need to be modified for the superconductor model and the computed
plasmon dispersion relation is not to be trusted.

1.3 Some notes on conventions

Here we summarize some of the conventions used in this thesis. When not stated oth-
erwise, we work in natural units where ¢ = h = 1. For the signature of the metric we
use positive signs for spatial coordinates and negative signs for time components. When
it comes to dimensions in holographic models d is used as the number of spatial dimen-
sions in the boundary QFT, i.e. d + 1 is the spacetime dimension of the boundary QFT
and d + 2 is the spacetime dimension of the bulk gravity theory. If not explicitly stated
otherwise, an integral measure d?*2z denotes a volume element of the bulk spacetime
including the time and radial coordinates. Capital latin letters will be used for indices
ranging over all of the d + 2 coordinates in the bulk spacetime whereas greek indices will
range over the d + 1 ‘flat’ coordinates shared by the bulk and the boundary. Lower-case
latin indices will range only over the d spatial boundary coordinates.

3Even just a basic solid state physics course will suffice as a condensed matter background.
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Large N Field Theories

This chapter is devoted to a brief overview of large N field theories and their connection to
the AdS/CFT correspondance and holography. Although the AdS/CFT correspondance
is rooted in string theory, much of the physics it gives rise to is accessible without using
any of the mathematical machinery of string theory by taking a bottom-up approach. In
a bottom-up approach we only need to know about the classical gravity content of the
holographic duality, and how to interpret gravitational quantities in terms of quantities
in the dual QFT. The translation between the two sides of the duality is accomplished
using the holographic dictionary which is the subject of Chapter 4. Here we give a
brief discussion of the field-theoretical background of holography, which is essential for
understanding what kind of quantum field theories and condensed matter systems one is
dealing with in holography.

The quantum field theories described by holography are matriz large N field theories.
These can for example be gauge field theories transforming in the adjoint representation
of some symmetry group, e.g. U(N), in the limit of large N . As fields transforming in the
adjoint they are most conveniently represented as N X N-matrices with gauge invariant
interaction terms being functions of traces of the fields. One of the main advantages of
the holographic approach is that a strongly coupled QFT correspond to a weakly coupled
gravitational theory, as will be elaborated on in 3.2.

A familiar example for the high energy physicist of a matrix field theory is the non-
Abelian Yang-Mills gauge theory, characterized by a U(N) or SU(N) gauge group!. The
matrix fields transform in the adjoint of the gauge group. Part of the foundations of
holography and the AdS/CFT correspondence was laid already in the 1970s by 't Hooft
in [19]. There he considered a U(N) gauge theory in the limit of large N with g?/N held
fixed, where g is the U(N) coupling constant. This limit is now commonly known as
the 't Hooft large N limit and g>N is referred to as the ’t Hooft coupling. It allowed for
a diagrammatic expansion in 1/N with the leading contributions coming from ‘planar
diagramms’. Furthermore, it was expected that the 't Hooft large N limit was somehow
related to string theory. However, it remained until the discovery of the AdS/CFT
correspondance [4] until the connection with string theory became clear.

There are other types of large N limits of quantum field theories, e.g. vector large N field
theories where the fields transform in the vector representation of some symmetry group
rather than the adjoint. We will consider such a vector large N limit in 2.2 as to demon-
strate the existence of a saddle point description, a trait which the vector large N limit
has in common with the 't Hooft matrix large N limit. The saddle point description in
the matrix large N limit is, however, of a completely different kind.

IThe U(N) and SU(N) gauge groups are related as U(N) = (SU(N)/Zy) x U(1) [18]. The elements
of Zy are already included in U(1) and are therefore excluded from SU(N) by taking the quotient group
SU(N)/Zx. However, the Lie algebra of SU(N) and SU(N)/Zy are identical. Thus, the U(N) and
SU(N) gauge theories essentially differ only by a decoupled Maxwell field, i.e. a photon.
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Since path (or functional) integrals will be used quite frequently in parts of this work
we proceed with a short summary of the basic rules in this formalism. Then we derive a
saddle point description of a vector large N theory in 2.2. In 2.3 we introduce some of the
basic quantities of matrix large N field theories as well as the most essential properties
for its application to bottom-up holography.

2.1 Correlation functions in the path integral repre-
sentation

In general, physical observables in a QFT are constructed from the expectation values
and multi-point correlation functions? of the field operators. These expectation values
and multi-point functions are the basic set of observables that characterize the QFT. In
the path integral formalism the partition function or vacuum amplitude is given by

Zopr = / D 10 (2.1)

where @ denotes collectively the field degrees of freedom and I[®] is the microscopic
action. The action is an integral over a Lagrangian density £(x). A generating functional
for multi-point functions can be constructed from the partition function by adding source
terms to the action,

Zawrlhi] = [ D e F [ e k@0, (2.2)

where h;(x) is a set of external fields coupled to local field variables O;(x) of the QFT, (the
indices i are summed over). The QFT here is defined in d + 1 spacetime dimensions. In
the language of linear response theory, the external field h;(x) is referred to as the source
and the field variable O;(x) as the response. Any multi-point function of local operators
can then be calculated by taking functional derivatives of the generating functional with
respect to the sources, taking the limit of vanishing sources in the end,

1 ) ) dZqrr[hi
Zarr Ohiy (1) 0hiy (2) " Ohi, (20) Ihi=0

Thus, the partition function contains all the relevant information about the spectrum of
the QFT, a fact that will be important when translating a QFT observable to a dynamical
field in the gravitating dual description, which is the subject of the next chapter. Note
that only classical field variables goes in the path integral. The non-commuting nature of
the field operators automatically comes out of the formalism when computing correlation
functions using the generating functional. Also note that the generating functional (2.2)

(O3 (71) 04y (22)... O, (1)) = (—3)" (2.3)

equals the expectation value of exp (z [d™ iy hi(x)(’)i(x)), and some authors write

Zaprlhi] = (et 47 e h@0a)) (2.4)

In the case of a free field theory the Lagrangian consists only of kinetic terms and mass
terms which are both quadratic. Hence, the path integral then becomes Guassian and
can be evaluated analytically. In the next section we demonstrate how to calculate such
a Guassian functional integral.

2The expectation value is just the one-point correlation function.
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2.2 The vector large N limit

In a conventional, non-holographic, approach to condensed matter physics, it is far more
common to work with vector rather than matrix field theories. In contrast to the ma-
trix large N field theories, the vector large N field theories are effectively free in the
large N limit [1], [2]. Although the matrix field theories are the ones relevant for holog-
raphy, we present here a brief demonstration of the saddle point description realized in
the large N limit of vector field theories.

In particular, we consider a vector large N bosonic field theory with an O(N) sym-
metry. The results for other types of vector field theories are similar since the vector
large N mean field is rather generic [2]. Due to the imposed O(N) symmetry, interac-
tions are restricted to be functions of ¢ - ¢ = ¢; @', where ¢; is the bosonic vector field.
For concreteness, we consider a theory with a ¢* interaction term and an action given by

) 2 ) A )
= [atia <_;aﬂ¢i 0" — i ¢ — = (& ¢Z)2> : (2.5)

with ¢ = 1, 2, ..., N. For small values of the coupling constant \ the theory is weakly
interacting and can be analyzed using a standard diagrammatic perturbation expansion
in A. However, for a strongly interacting theory characterized by a large A, perturbation
theory cannot be used. The usefulness of the vector large N field theories comes from the
fact that such models are effectively free in the large N limit. The partition function can
be evaluated in terms of saddle points of an effective action for a set of non-fluctuating
operators obeying
<ohohuﬁm>=<om<0@uxowy+o($), (2.6)

to leading order in large N. The theory at large but finite N can then be studied
perturbatively, expanding in powers of 1/N around the classical large N limit solution.

The idea is to perform a Hubbard-Stratonovich transformation of the action (2.5).
This transformation makes use of a standard Guassian integral to introduce an auxiliary
field. The purpose is to linearize the quadratic term in the action. The partition function
for our O(N) bosonic field theory is

Z:/HD@&% (2.7)

with the action S being given by (2.5). The Hubbard-Stratonovich transformation makes
use of the functional generalization of the Guassian integral,

a2

1 [ee) 2 .
— dye 227" =727 2.8
V2T /—oo 4 ( )

valid for Re(a) > 0. Introducing an auxiliary scalar field o(z) to substitute for y and
substituting ¢; ¢* for x in (2.8), we have

g /HD¢k B e e (ol
k

: d+1,,|_1 Cgugi_m2 4 i S52_ b b o
[ T[Dor oo Tt s sgir-sve]
" ITA
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The overall square root factor can be dropped since it will not affect any correlation
functions generated by Z. Integrating the kinetic term by parts, assuming no boundary
contributions, and then integrating out the ¢, fields, we get

Z= /H D¢y, Do ot [t e 56i(07—m?—20) 6"+ 0]
K

k

w2

= / Do [det(2mi 64 (@ — y)(=0F,) +m® + 20(y)))] * & s (2.10)

_N (d+1) (o)) (— 52 2 )
_% 5 trlog {5 (z—y)( a(y)—l-m +20(y))} elfdd-Hx %UQ

- / Do [det(2mi)] "% e

_ /DO’ eiNfdd"’lx(%UQ—l-%10g(—82+m2+20))

?

where we have once again thrown away an overall constant factor [det(?m’))]*N/ % in the
last step. The standard identity det A = e"1°84 was used to absorb the effect of the N
functional determinants into a redefinition of the action. In the last step we have also
redefined the coupling constant as A= AN , in order to extract a factor of N from the
action. Thus, after a Hubbard Stratonovich transformation the action reads

S = N/dde (?\02 + %log (—82 +m? + 20)) : (2.11)

This is an effective action for the auxiliary field o(x), which must be a function of ¢; ¢* in
order to preserve the O(N) symmetry. Since ¢; ¢’ is a sum of the squares of N fluctuating
fields, we should expect that fluctuations of o are subleading in N, (the argument here
is essentially the central limit theorem).

In the large N limit, with ) held fixed, the dominating contributions to the partition
function comes from the saddle points of the effective action (2.11). Furthermore, since
the vector large N mean field is effectively free, we can study the regime of large but
finite N by a perturbative diagrammatic expansion in 1/N around the mean field saddle
point solution. The diagrammatic expansion has the structure of a conventional weak-
coupling perturbation expansion. However, in the large N limit only a subset of the
diagrams are summed over. In terms of our original model (2.5), this corresponds to each
correlation function being approximated by its ‘maximal loop decomposition’ to leading
order in large N [2]. Consequently, in the large N limit higher order correlation functions
factorize into a product of expectation values of classical operators as in (2.6).

The vector large N limit has clearly some similarities with the classical limit A — 0.
Restoring h, the partition function is given by

7 = /HD@ ers (2.12)
k

and in the limit h — 0 the theory can be semi-classically expanded around the sad-
dle points of the action in powers of h. However, in contrast to the classical limit, the
saddle point equations in the large N limit depends on the coupling constant and can
therefore capture non-trivial quantum physics which the semi-classical or weakly inter-
acting theories are unable to capture. This is one of the motivations for considering such
large N models.
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2.3 Matrix large N field theories

We have now seen how the vector large N field theories allows for a mean field saddle
point description of the theory. There is a novel kind of a saddle point description for
the matrix large NV field theories. In contrast to the vector large N theories, the mean
field saddle point description of the matrix large N theories is encoded in a gravitating
theory in one higher dimension.

In the strongly coupled gauge theories which are realized in several top-down con-
structions, the field operators are large N x N matrices ®; transforming in the adjoint of
the gauge group. One then considers normalized gauge invariant operators of the form

[20]

Here F;(®;,0®;) are arbitrary functions of the matrix fields and their derivatives. Fur-
thermore, F; is defined without any traces or explicit dependence on N. The simplest
example of such a function is a product of n matrix fields,

1
Oi == NTI" (q)[quIT..CI)]n) . (214)
Operators of the form (2.13) are called single-trace operators and in the large N limit,
the expectation value of a product of single-trace operators factorize into the product of
the expectation values of the single-trace operators [1], [21],

(0, 0y, 01} = (O (O3 - (O} + O (]1[) | (2.15)
Thus, single-trace operators behave as classical variables in the large N limit. Note that
in this product is not a multi-point correlation function, as all the single trace-operators
should be evaluated at the same point in spacetime. This factorization further implies
that the variance of these single-trace operators vanish in the large N limit, and con-
sequently, the statistical ensemble of field configurations summed over in the partition
function reduces to a single point [2], as first discovered by Witten [21]. He postulated
that there should be a ‘master field” formulation of matrix large N field theories where
this localization to a single configuration is manifest. As it turns out this master field
formulation seems to be a string theory, and it is deeply connected to the AdS/CFT
correspondence.

One can also construct more general ‘multi-trace’ operators by forming products of
single-trace operators. Then, to leading order in large N, the expectation values of
any multi-trace operator factorizes into a product of expectation values of single-trace
operators. Hence, multi-trace operators disappear from the spectrum in the large N limit.
However, multi-trace operators can be used to deform a theory at large but finite N,
effectively resulting in a change of boundary conditions for the bulk fields. We will
discuss the topic of multi-trace interactions in 4.2.3.

Having constructed single-trace operators from the matrix fields, we consider an action

I1[0;] = N*W[O,]. (2.16)

Here the functional W[QO;] is defined with no dependence on N. The powers of N in
the definitions (2.13) and (2.16) are chosen to guarantee the existence of a well-defined
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2. Large N Field Theories

large N limit [20]. However, we will often omit extracting the explicit dependence of N
in this way, and then we just have to keep in mind that single-trace operators goes as
1/N and the action goes as N2.

In 3.2 we present a rather non-technical summary of the argument behind the Ad-
S/CFT conjecture. The role of the large N limit and the limit of strong 't Hooft coupling
in holography will then be made clear. However, it is worth to point out here why these
limits are so essential for the applications of holographic duality to condensed matter
physics. In general, the bulk theories in holography are full string theories of quantum
gravity in higher dimensional spaces. These theories of quantum gravity are not yet
well understood and one cannot use them to perform reliable holographic computations.
However, there exists two key simplifying limits in which the holographic approach of de-
scribing quantum field theories and condensed matter systems by their dual gravitational
theory becomes practical [1]:

e In the large N limit the AdS radius L is much larger than the Planck length scale
lp. As a consequence, effects due to quantum gravity which are suppressed by
powers of [p/L may be neglected, justifying us to work in the classical limit.

o In the limit of strong 't Hooft coupling g2 N — oo the AdS radius is much larger than
the string length scale [;. Considering a derivative expansion of the bulk action one
may keep only the terms that are at most quadratic in derivatives. Higher order
derivatives are suppressed by powers of I;/L. Moreover, an excited string state
typically has a mass m ~ 1/l and therefore most of the excitations acquire large
masses in the strong coupling limit. Only a few low energy string states are left in
the spectrum. This means that it is reasonable to consider only a small number of
bulk fields having small masses.

Taking the large N limit and limit of strong 't Hooft coupling in the quantum field theory,
the dual gravitational theory effectively reduces to ordinary general relativity on a bulk
spacetime with one extra dimension. In addition there will be only a small content of
light bulk fields which needs to be considered when describing low energy phenomena.

There are some caveats regarding the second point above. For one thing, bulk theories
stemming from top-down constructions are generally supergravity defined on some ten- or
eleven-dimensional spacetime. These higher dimensional spacetime manifolds generally
have the form of an anti-de Sitter space times a compact space. In Maldacenas original
holographic model [4] the bulk spacetime geomerty is AdS;xS®. In this case the compact
space is a five dimensional sphere. This compact space can be considered an internal
space which introduces an infinite tower of Kaluza-Klein modes to the bulk theory. With
the inclusion of these modes the bulk theory may obtain a larger number of light fields [1].
In bottom-up holography one assumes that the internal space and the infinite tower of
modes living there have been removed by a consistent truncation of the underlying string
theory. Finding consistent truncations of string theory, reducing the dimensionality of
the bulk space and removing undesired Kaluza-Klein modes, are problems left for the
top-down holographist.

Another caveat to the second point above regarding the limit of strong 't Hooft cou-
pling is that there may in principle exist a finite number of higher order derivative terms
with an unsuppressed coupling. Such higher derivative terms effectively introduces ad-
ditional bulk fields which often turns out to be ghosts. Fine tuning the bulk theory is
required to turn these ghosts into well-behaved physical bulk fields. An infinite number
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of unsuppressed higher derivative terms would, however, correspond to a non-local action
[1].

We end our discussion about matrix large N field theories and the 't Hooft large N limit
here. For further information on the topic and an introduction to the planar diagram-
matic structure and double line notation we refer to the original paper [19], but see also

2].
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3

Black Holes, the Holographic

Principle and the AdS/CFT
Correspondance

In this chapter we give a brief review of some of the historical developments of black
hole physics in the 20th centuary which eventually led to the proposition of ‘the holo-
graphic principle’ [22], [23]. We follow up with a qualitative derivation of the AdS/CFT
correspondance [4], the first realization of the holographic principle in a model of quan-
tum gravity and the best understood version of a holographic duality. The AdS/CFT
correspondance is deduced from a string theory setting and thus require some concepts
thereof. The readers who which may safely skip 3.2 where we discuss the argument be-
hind the AdS/CFT correspondance at a qualitative level without going in to too much
technicalities. In 3.3 we provide a short review of anti-de Sitter space since this spacetime
is a fundamental part of the best understood versions of holographic duality.

3.1 A breif review of black hole physics and the holo-
grapic principle

Much of the foundations of holography was laid already in the late 1960s and 1970s by
the groundbreaking work on black holes by Bekenstein, Hawking, Penrose, and collabora-
tors. This includes the ‘singularity theorems’, the ‘no-hair theorems’, the thermodynamic
interpretation of black holes, Hawking’s discovery that black holes quantum mechanically
radiate, and Hawking’s information paradox. The singularity theorems proved that ordi-
nary matter in general relativity collapses and produces singular spacetimes, making the
black hole solutions physically relevant contrary to what was previously assumed. The
no-hair theorems stated that the black hole solutions in general relativity! are uniquely
determined by the mass M, the charge (), and the angular momentum J of the black hole.
However, the area Ay of the horizon and the surface gravity? x are other useful charac-
terizing properties of a black hole to consider. A precise resemblance of the four laws of
thermodynamics was found for the mechanics of black holes in [25]. More precisely, they
found the following four laws:

1. The surface gravity & of a stationary black hole is constant over the horizon.

'In 3+1 spacetime dimensions and when asymptotic to flat spacetime.

2For stationary spacetimes with a Killing horizon, the surface gravity is defined as the force required
at infinity to hold a unit mass in place an infinitesimal distance above the horizon. For the case of
non-Killing horizons we refer the interested reader to [24].
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2. For adiabatic changes,

K

oM =
87TGN

SAy + Q8T + ®5Q (3.1)

where Gy is Newtons constant.
3. The area of the horizon never decreases with time, i.e. Ay > 0.

4. Tt is impossible by any idealized procedure to reduce the surface gravity s to zero
by a finite sequence of operations.

These laws are the analogues of the zeroth through third laws of thermodynamics. This
interpretation was further enhanced by the Bekenstein-Hawking formula for the entropy

of a black hole [26], [27],
kpAp . kpAg

B Alpanex 4Gy’

as well as Hawking’s discovery [27] that black holes semi-classically radiate at a temper-
ature,

SeH (3.2)

- (3.3)

Here lpjanac = vV hGYy is the Planck length in 341 dimensions, kg is Boltzmann’s constant,
and h is of course Planck’s constant. We have chosen units where the speed of light is
one. With these formulas for the entropy and temperature of a black hole, and with
the identification of M as the energy of a black hole by Einsteins E = mc? law, (3.1) is
precisely the first law of thermodynamics, 0E = T6S.

The thermodynamic interpretation of classical black holes led to an immediate contra-
diction. Equilibrium thermodynamics are macroscopic properties of a system emerging
from the statistical mechanics of its microscopic constituents. The black hole entropy
should measure the number of microstates giving rise to the same thermodynamic prop-
erties, in terms of the horizon area in units of Planck length squared. Hence, the black
hole must have a microscopic description. This directly contradicts the no-hair theorems
specifying that a black hole has no distinguishing features beyond its total mass, electric
charge, and angular momentum. As a further consequence of these no-hair theorems, the
Hawking radiation must be thermal, i.e. a mixed quantum state [2]. If a pure state then
were to cross the horizon, and only a mixed state carrying less information could ever
radiate from the black hole, information would be lost. This is Hawking’s famous ‘in-
formation paradox’ [28]. A quantum theory without conservation of information would
necessarily have to be non-unitary. Since unitarity is an essential feature of quantum
theories as we know them, it would arguably be highly undesirable to discard the con-
servation of information when constructing a theory of quantum gravity. Although the
information paradox to this day remains unsolved, it is generally believed that informa-
tion somehow should not get lost when crossing the horizon of a black hole. Various
speculative resolutions to the paradox have been proposed, e.g. a firewall® at the horizon
[29] and the ER=EPR conjecture [30].

Bekenstein’s realization that a black hole has an entropy proportional to the area of its
event horizon, as given by (3.2), is remarkable. First, the Bekenstein-Hawking formula
involves h, kg, Gx, and ¢ (if ¢ is not set to one), thus merging quantum mechanics,

3A firewall at the horizon is a paradox on its own known as the ‘AMPS firewall paradox’.
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statistical physics, gravity and special relativity in one formula. Second, it tells us that
the entropy of a black hole is not extensive, i.e. it does not scale with the volume of
the space it occupies. Instead the black hole entropy scales with the area of its confining
surface. We refer the reader to [31] for a recent review of black hole entropy and some of
the main developments that has occurred since Bekenstein’s original proposal [26].

The observation that black hole entropy scales with the area led 't Hooft to propose
that the observable degrees of freedom in a theory of quantum gravity in 341 spacetime
dimensions could be stored in a 2 dimensional lattice evolving in time [22]. Susskind
subsequently elaborated on this idea [23]. Supposedly, all the physical phenomena in our
three dimensional world can be projected onto a two dimensional lattice at the spatial
boundaries, with one discrete degree of freedom stored per Planck area. This idea be-
came known as ‘the holographic principle’ after the analogy with an holographic image.
The holographic principle poses some severe restrictions on possible theories of quantum
gravity. Despite these restrictions a model of quantum gravity consistent with the holo-
graphic principle remained elusive, until the discovery of the AdS/CFT correspondance

14].

3.2 The AdS/CFT correspondance

The AdS/CFEFT correspondance is a conjecture stating that certain compactifications of
M/string theory on AdS spacetimes are dual to various matrix large N conformal field
theories. The prototype example is that of type IIB supergravity on AdSsx S® which is
dual to N = 4 U(N) super-Yang-Mills theory in 3+1 spacetime dimensions. N = 4 is
an extended supersymmetry where the supersymmetry generators carries a usual spinor
index but also an additional index ¢ = 1,2, ..., N counting the number of independent
spinor charges. Here we present an outline of the argument behind this particular duality
of type IIB superstring theory and N = 4 super-Yang-Mills theory.

Any consistent string theory must posses both open and closed strings. For instance,
a one loop diagram of an open string is equal to a tree level diagram of a closed string,
after a reparametrization of the worldsheet coordinates [2]. In this way it is possible to
view certain processes of a string theory from both an open and closed string perspective.
This is known as the open/closed string duality.

In particular, we consider a large but fixed number N of D3 branes stacked parallel
to each other in a 9+1 dimensional spacetime. Recall that a D-brane (Dirichlet brane)
is a hyperplane spanned by the Dirichlet boundary conditions of an open string. A
Dp-brane is an object with p spatial dimensions, e.g. a DO-brane is a point particle, a
D1-brane is a string etc. Thus, we are considering three dimensional objects embedded
in nine spatial dimensions, stacked upon each other. Furthermore, D-branes are non-
perturbative solitons of string theory, i.e. they are localized finite energy states which
can interact with each other.

D-branes are gravitating objects and how strongly they gravitate is determined by
their tension as well as the strength of the gravitational force [1]. The tension of N
D3-branes goes like N/gs, where g5 is the string coupling constant. The strength of the
gravitational force on the other hand goes as g2. We define a coupling constant,

A =4mwgsN . (3.4)
It can then be show that when \ < 1 gravitational effects can be neglected, whereas when

A > 1 the branes gravitate strongly [32]. The string coupling constant gs; determines the
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strength of the interactions between the strings. For small g, we have free open strings
on the branes and type IIB closed strings propagating over the whole spacetime.

The trick is to consider the low energy limit of this model of N parallel D3-branes
on both sides of the open and closed string duality. More precisely, we consider energies
smaller than the string energy scale E < 1/I, = 1/v/o/, where [, is the string length and
o/ is the slope parameter. Alternatively, we can think of the energies as being bounded
and taking o/ — 0. Moreover, one takes the limit of small A on the open string side and
the limit of large A on the closed string side. By the open/closed string duality, the open
and closed string sides describe the same physical system, albeit in different regimes of
weak /strong coupling A.

Consider first the low energy excitations on the open string side, in the limit of
vanishing gravitational effects A < 1. In this regime the D3-branes are fixed in a 9+1
dimensional flat spacetime. The low energy degrees of freedom are the excitations of open
strings stretching between any of the N D3-branes and free closed strings propagating
on the full spacetime®. The low energy open string excitations are massless gauge fields
A, propagating on the branes. There are N? such open strings because each of the two
endpoints may be fixed on any of the N D3-branes. In the low energy limit these N2
open strings are described by N/ = 4 U(N) super-Yang-Mills theory in 3+1 dimensions.
This is a superconformal field theory with an action,

1
4T g,

Ssvat = / d'z T(F? + D,@D"® + i¥~" D,V + i¥[®, V] - [8,9)%).  (3.5)
Here F' is the U(N) field strength and D,¢ = 0,¢ + i[A,, ¢] is the U(N) covariant
derivative. The super-Yang-Mills coupling constant gsyn is related to the string coupling
constant as g3yy = gs. There are six bosonic fields @ and four fermionic fields ¥, all
transforming in the adjoint of U(NV). In U(N) Yang-Mills theory one U(1) Maxwell field
decouples and the remaing theory is SU(N) Yang-Mills theory [32]. The gauge group
indices also labels which of the N D3-branes the corresponding string begin and end on.
Using our definition of A (3.4), the coupling in the action can be rewritten as N/A. Thus,
A has the form of a 't Hooft coupling. In conclusion, the low energy excitations of N
parallel D3-branes in the limit of small A\ takes the form of a weakly interacting matrix
large N theory, namely N = 4 SU(N) super-Yang-Mills theory in 341 dimensions, and
free type IIB closed strings on a 941 dimensional flat space.

We now turn to the closed string side of the duality. In the low energy limit the
excitations on the branes and the ones on the entire spacetime are still decoupled. How-
ever, in the limit of large A > 1 the strong gravitational force causes the D3-branes to
collapse upon themselves, forming a ‘black brane’ Black branes are black hole solutions
with translationally invariant planar horizons® [33], as opposed to the spherical horizons
of the black holes that exist in our universe. Because the D-branes carry a Ramond-
Ramond charge the black brane will be charged and thus described by an analogue to
the Reissner-Nordstrom (RN) black hole solution. The horizon is defined as a surface of
infinite gravitational redshift, and it is located an infinite distance away from any point
on the spacetime at the end of an infinite throat [32]. The low energy excitations of the
black brane system are partly the closed string excitations occuring in the near horizon

4The zero modes of the soliton are also part of the low energy excitations of the system.

5In a d + 2-dimensional spacetime the black brane horizon will be a d dimensional Euclidean space.
However, in the following chapters we will simply refer to these objects as black holes and the spatial
direction orthogonal to the horizon will be referred to as a radial direction.
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region, due to the increasing redshift for an observer at infinity. This region is commonly
referred to as the near horizon geometry. Low energy excitations of closed strings far
away from the black brane, at an asymptotically flat spacetime, are the other part of
the systems low energy excitations. In the case of a black brane formed by collapsing
D3-branes, the near horizon geometry is that of AdSsx S°. The metric of this spacetime

can be written as
2 2

L
¢2=%ymdﬂ¢ﬁ+;3mﬂ+L%Q; (3.6)
where the horizon is located at r = 0, 7, is the Minkowski metric and dQ)2? is the metric of
the five sphere. The AdS radius L is related to the string length [, and the ten dimensional

Planck length [p as
L=\, = (4rN)Yp. (3.7)

In the limit of strong 't Hooft coupling A > 1 and large N, the AdS radius is seen to
be much larger than both the string length and the Planck length. As a consequence, in
these limits one can neglect the effects of highly excited string states and quantum gravity,
which are suppressed by powers of [;/L and [p/L, respectively. As mentioned, part of
the low energy excitations will be described by the excitations of closed strings in the
near horizon region. Since the closed string sector includes gravitons, these excitations
includes ordinary classical gravitational perturbations of the near horizon geometry (3.6).

By the open/closed string duality, we have described the low energy excitations of
N parallel D3-branes in two different limits. In the limit of small 't Hooft coupling A
they are described by weakly interacting N' = 4 U(N) super-Yang-Mills theory, a matrix
large N superconformal field theory, plus low energy excitaions of free type IIB closed
strings on a flat 941 dimensional spacetime. On the other hand, in the limit of large A
they are described by classical gravitational perturbations about the near horizon AdSsx
S® geometry, plus low energy excitations of free type IIB closed strings on a flat 941
dimensional spacetime similar to the ones on the open string side. In the low energy
limit this decoupling occurs for all values of A. Since the two sides should describe the
same physical system in the two different regimes of A < 1 and A > 1, and since we have
decoupled a free closed string sector in 9+1 flat spacetime on each side, it is reasonable
to conjecture that type IIB superstring theory on AdSs;x S° should be a description of
strongly interacting N' = 4 U(N) super-Yang-Mills theory in 3+1 dimensions. In other
words, the classical gravitational dynamics of the near horizon geometry (3.6) should
describe a strongly interacting matrix large N field theory. This is the effective classical
‘master field” description of a matrix large N field theory postulated by Witten in [21].

The argument for the AdS/CFT conjecture is further enhanced by symmetry consid-
erations. The N' = 4 U(N) super-Yang-Mills theory in 341 spacetime dimensions is a
superconformal field theory, i.e. it possesses supersymmetry and is invariant under the
conformal transformations. The symmetries of the dual type IIB superstring theory on
AdS;5x S° must then have exactly these symmetries. The supersymmetry transformations
of the super-Yang-Mills theory mixes the bosonic and fermionic fields among each other
under rotations. This rotational symmetry is precisely the isometry group of the five
sphere S°. Furthermore, the conformal group in 3+1 spacetime dimensions is SO(2,4),
which is precisely the isometry group of AdS; [1], [2], [32]. In fact, the boundary of AdSs
at r = oo inherits the conformal symmetries of the isometry group. This motivates us
to think of the N' = 4 super-Yang-Mills theory as living on this ‘conformal boundary’ of
AdS5 space.
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The duality we have found here is between N’ = 4 SU(N) super-Yang-Mills theory in
four spacetime dimensions and type IIB supergravity on AdSsx S°, which is a ten dimen-
sional spacetime. At first glance, this may seem to be inconsistent with the holographic
principle which suggests that the gravitational theory should live in a space with one
higher dimension than the quantum field theory. However, the five-sphere is a compact
space and we can think of it as an internal space carrying excitations of massive modes
living on AdSs. For every field in the full ten dimensional spacetime we get an infinite
tower of fields in AdSs, one for each spherical harmonic on the five-sphere [1]. The mass
of these Kaluza-Klein modes is proportional to the angular momentum of the spherical
harmonics. In this way we interpret the four dimensional Yang-Mills theory as the dual
of a gravitational theory on the five dimensional AdSs. It is then rightfully referred
to as a holographic duality, consistent with the holographic principle. There is an im-
portant caveat here, however. The Kaluza-Klein modes generically causes the emergent
low energy field theory to grow extra dimensions, something which is highly undesired
when considering applications to condensed matter physics. The most common way to
deal with this issue is to find consistent truncations of string theory models, where it is
possible to keep only a finite number of these Kaluza-Klein modes. Finding consistent
truncations of string theory is an objective of the top-down approach to holography. We
will not be considering these issues in this thesis, as we take the more pragmatic bottom-
up approach to holography. The interested reader is referred to [1] and the subsequent
references listed there.

We have now presented the argument for the specific duality between type IIB super-
string theory on AdSsx S% and N/ = 4 U(N) super-Yang-Mills theory in 3+1 spacetime
dimensions. However, analogue arguments hold for many other types of supergravity
theories defined on various spacetimes which are the product of an anti-de Sitter space
and some compact space. These are found to be dual to other kinds of superconfor-
mal field theories. Moreover, holographic dualities are thought to exist which are even
more general in the sense that the quantum field theory does not need to possess confor-
mal symmetry. Much of the material in this thesis is based upon the existence of such
generalized dualities.

3.3 Anti-de Sitter space

Anti-de Sitter space is a fundamental ingredient in AdS/CFT and plays a crucial role
in the holographic dualities relevant for condensed matter applications. It is therefore
appropriate to review some of its most important features in the context of holography.
In the process some standard concepts of differential geometry will be introduced.

It is instructive to classify AdS space with regard to its symmetries. Recall that a
diffeomorphism is a smooth, one-to-one map from a manifold to itself. It can be thought
of as the active transformation of the corresponding passive coordinate transformation. A
diffeomorphism under which the metric is invariant is called an isometry. The symmetries
of a spacetime manifold are its isometries. The Lie derivative L, gives the rate of change
under a diffeomorphism along the integral curves of a vector £&#. More precisely, under a
diffeomorphism generated by £ the metric transforms as

G = G + ‘C&guu = Guv + Vuéu + Vué,u ) (38)

where V, is the covariant derivative. Thus, vectors {# that satisfy V., + V,§, =
0 generate isometries of the spacetime. These vectors are called Killing vectors and
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V.6 + V€, = 0 is called Killing’s equation. For every symmetry of the spacetime
there is a corresponding distinct Killing vector. Since the metric is a symmetric 2-tensor,
it has D(D + 1)/2 independent components in D dimensions. There can then be at
most D(D + 1)/2 independent Killing equations and consequently equally many Killing
vectors. Spaces with this maximal number of Killing vectors are referred to as maximally
symmetric spaces. There are exactly three maximally symmetric spacetimes, and these
are Minkowski space, de Sitter space, and anti-de Sitter space. The Killing vectors form
a group under rotations called the isometry group of the space. The isometry group of
a D dimensional Minkowski space is the Poincaré group ISO(1, D — 1) consisting of the
Lorentz transformations SO(1, D — 1) and spacetime translations. The isometry groups
of de Sitter space and anti-de Sitter space are SO(1, D) and SO(2, D — 1), respectively,
the latter being isomorphic to the conformal group.

These Lorentzian maximally symmetric spacetimes have a Euclidean analogue. In
particular, D dimensional Minkowski space is the Lorentzian verion of (flat) Euclidean
space R”. Similarly, de Sitter space and anti-de sitter space in D dimensions are the
Lorentzian versions of the sphere S” and hyperboloid HP?, respectively. The manifolds
RP, SP. and HP are the three maximally symmetric spaces with Euclidean signature.

The three maximally symmetric spacetimes are solutions to Einstein’s equation in
vacuum with the addition of a cosmological constant A,

1
By = 59u(R—24) = 0. (3.9)

Minkowski space, de-Sitter space, and anti-de Sitter space are the maximally symmetric
solutions with A =0, A > 0, and A < 0, respectively. In other words, anti-de Sitter space
is the maximally symmetric spacetime with a negative cosmological constant.

3.3.1 Embedding and global coordinates

It is often useful to describe a certain topology, e.g. SP~!, as a surface embedded in a

higher dimensional Euclidean space R”. In this way the D — 1 dimensional sphere is
defined by the points that satisfy the constraint

i+ as+ .+ =R, (3.10)

where R is the radius of the sphere. The constraint equation makes the SO(D) symmetry
manifest, which is in fact the isometry group of SP~1.
Similarly the D — 1-dimensional hyperboloid HP~! can be defined by the points in
RP satisfying
2, .2, 2 2 p2

Here it is possible to take an alternative perspective and view x; as a time coordinate.
The D —1-dimensional hyperboloid is then viewed as a surface embedded in D-dimesional
Minkowski space RYP~1. The hyperboloid has a SO(1, D — 1) symmetry, as is directly
seen from the defining constraint equation (3.11).

Now, D-dimensional anti de-Sitter space AdSp can similarly be defined as a surface
embedded in a higher dimensional space, albeit in an embedding space R*>P~! with two
time coordinates. The constraint equation for AdSp is then given by

2 —ad el bl o = L2 (3.12)
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The SO(2, D — 1) isometry group of AdSp is again manifest in the constraint equation.
Note, however, that even though the embedding space has two time directions the em-
bedded AdS space has only one time direction. This is of course because the constraint
equation (3.12) makes the two time coordinates dependent. Solving (3.12) amounts to
finding a specific coordinate system for anti de-Sitter space. A particular solution to
(3.12) is given by

X _ 1= Lcoshpucost,
Xo = LcoshpusinTt,
Xy = Lsinh pcost,,
Xy = Lsinh psin 6 cos 6, ,

X3 = Lsinh psin 6y sin 6 cos 03, (3.13)
Xp_9 = Lsinh yusinf;sinf,...coslp_o,
Xp_1 = Lsinh pusinf;sinfy...sinfp_o,
where 0 < p <00, 0<7<2m,0<0;, <m (fori=1,...,D—3),and 0 < 0p_o < 2.
The corresponding metric is
ds* = —dX?, —dX§ +dX; + -+ dXp_,
(3.14)

= L? (— cosh? jud7? + dp® + sinh® dQ%)—Q) )

where dQ%_, is the metric on SP=2. Note that the timelike coordinate 7 is periodic,
7 ~ 7 + 27. For this reason it is common practise to extend the range of 7 to the entire
real line R. The coordinates (3.13) with the extended range of 7 is the universal cover of
AdSp [34].

It is often useful to map the hyperbolic coordinate u to a finite range by a coordinate
transformation sinh y = tan p, with 0 < p < 7/2 for D > 2 and —n/2 < p < 7/2 for
D = 2. The metric then takes the form

2

ds® =

= oy (—d72 + dp? + sin? de%_Q) . (3.15)

The overall factor L?/cos? p in the metric does not affect the topology of the space. Thus,
a metric of the form
ds* ~ —dr? 4 dp? + sin? pdQ%_, (3.16)

describe a space which is topologically equivalent to AdSp. Consider first the case of
AdS3. The topologically equivalent metric,

ds* ~ —dr? 4 dp? + sin® p df? (3.17)

describes a cylinder with radial direction p and longitudinal direction 7. The topology of
AdS; is illustrated in Fig. 3.1. AdSs is the interior of the cylinder. For the single cover
of AdSs; where 0 < 7 < 27 the boundaries at the top and bottom of the cylinder should
be identified. Thus, the topology of the single cover is that of a torus. On the other
hand, the universal covering space of AdS3 is obtained by stacking an infinite number of
cylinders on top of each other. The shaded area in Fig. 3.1 is the Poincaré patch which
is the topic of 3.3.2. Now, for the general case of AdSp the S! coordinate 6 is extended
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Figure 3.1: The topology of AdSs;. For the single cover of AdS; the top and bottom
boundaries should be identified. For the universal cover an infinite number of copies
should be stacked on top of each other, as the coordinate 7 is unrolled on the real axis.
The Poincaré patch covers the shaded area.

to hyperspherical coordinates on SP~2. One may still picture the space as a cylinder,

keeping in mind that there are D — 3 additional spherical directions at every point on
the cylinder.

The boundary at p = 7/2 is strictly not part of the anti-de Sitter space. It does,
however, inherit the full invariance under the conformal group SO(2, D —1), the isometry
group of AdSp [35]. For this reason p = 7/2 is referred to as the conformal boundary of
AdS space. Note that in physical units this boundary is located an infinite distance away
from any point in AdSp.

3.3.2 Poincaré coordinates

In the context of the AdS/CFT correspondence there is a more convenient choice of
coordinates than the global coordinates (3.13) considered above. These coordinates solves
the AdS constraint equation (3.12) as follows:

_i 2 2 42 = 2
X_l— L + z t —f—Z[L‘Z ,
2z i=1

(3.18)

X;="a;, i=12...,D—2
z

°

1 D—2
XD_1:2<L2—22+t2—Z$22> s
< i=1

Y

where 0 < z < 00, —00 < t < 00, and —oo0 < x; < 0o. In these coordinates the metric is
L2
ds® = =1 (—df? +d2* + dad + - + da}, ) | (3.19)

As opposed to the global coordinate system (3.13) the coordinates (3.18) only covers half
of AdS space [34]. These coordinates are called Poincaré coordinates and the portion of
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3. Black Holes, the Holographic Principle and the AdS/CFT Correspondance

AdS space which they cover® is known as the Poincaré patch, see Fig. 3.1.

The conformal boundary is located at z = 0 in these coordinates. Furthermore, there
is a ‘horizon’ of infinite redshift” at z = oo. Up to an overall conformal factor the
boundary is a Minkowski space RV"?~2. Since the quantum field theories in holography
are defined on the boundary of the bulk space, the Poincaré coordinates are particularly
useful for describing relativistic field theories in flat space.

In the global coordinates (3.13) the topology of the conformal boundary is RxSP~2,
(assuming the temporal coordinate has been unrolled to the real line, otherwise the
topology is S!xSP~2). The spatial volume of the boundary is then finite and carries an
associated length scale, namely the radius of the sphere (which is coincident with the
AdS radius L itself). The conformal boundary of the Poincaré patch, however, has no
such associated length scale since it is infinite. Thus, depending on if one uses global
coordinates or Poincaré coordinates for AdS space, the conformal invariance of the dual
field theory may or may not be broken. Note, however, that it takes two scales to break
the scale invariance. In Chapter 5 we will introduce a temperature scale to the theory
and then the global AdS coordinates will in fact break the conformal symmetry of the
boundary field theory.

Sometimes we prefer to use a the coordinate r = L?/z instead of the z-coordinate
defined above. The metric is then

7"2 2

, L
ds? = ﬁnwdx“dx + ﬁdﬂ : (3.20)

where 1), is the Minkowski metric. The ‘horizon’ is then located at » = 0 and the
conformal boundary at r = oo.

We end our discussion of anti-de Sitter space here. There is of course more to be said
on this topic and the interested reader is referred to [34], [35].

6To be precise, the unshaded portion in Fig. 3.1 is also a Poincaré patch. It is covered by the same
Poincaré coordinates (3.18) but with —oo < z < 0.

It can be thought of as a ‘zero size’ black hole horizon. In Chapter 5 we will add a black hole to the
interior of the bulk spacetime, which is characterized by a finite size horizon of infinite redshift at some
finite radius z = z4.
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4

The Holographic Dictionary

Having reviewed the essential features of large N field theories as well as some of the
qualities of the AdS/CFT correspondance, we proceed with a somewhat more technical
chapter devoted to the universal ‘holographic dictionary’ This refers to the rules for
translating the quantities of the gravitational bulk theory to the corresponding observ-
ables in the dual quantum field theory. The main ingredient in this dictionary is the
GKPW formula, which will be introduced in 4.1. We use this GKPW formula to calcu-
late the expectation value and two-point correlation function of a CF'T operator in terms
of the leading and subleading behavior of the dual AdS bulk field near the conformal
boundary. We find that the subleading part is proportional to the expectation value of
the CFT operator and that the ratio of the subleading and leading parts are proportional
to the two-point function. These results turns out to be rather generic and independent
of the specific holographic model.

One of the most essential properties of the holographic duality, at least when it comes
to its application to condensed matter physics, is the notion that the renormalization
group flow of the boundary QFT is geometrized by the gravitational bulk spacetime.
More precisely, the extra radial dimension of the bulk is dual to the renormalization
group scale of the boundary QFT. Processes close to the boundary correspond to the
high energy, short distance, UV physics of the QFT whereas the deep interior encodes
the low energy, large scale, IR physics of the QFT. This is the essence of holographic
renormalization theory, a topic that we introduce briefly in 4.2. We conclude this chapter
with a short discussion of the global/local symmetry correspondence in gauge/gravity
dualities.

4.1 The GKPW formula

As mentioned in our discussion of large N field theories, the basic observables of a
QFT are the multi-point correlation functions of field operators. In the case of matrix
large N field theories, the basic observables are the expectation values and multi-point
correlation functions of single-trace operators. Furthermore, the correlation functions can
be generated from the path integral representation of the partition function by taking
functional derivatives in the usual way.

For a theory with gravity it is in general difficult to define observables due to the fact
that the spacetime itself is dynamical. However, when the spacetime has a boundary,
observables can be defined on the boundary, since a boundary of a spacetime is not
dynamical [1]. In AdS/CFT dualities and the applications of holography to condensed
matter physics, the dynamical bulk spacetimes are asymptotically AdS, and as such they
share the conformal boundary of AdS space. One can then consider various types of
boundary value problems for the gravitational bulk theory where boundary values are
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specified for each bulk field. For instance, Dirichlet boundary values may be imposed
on the conformal boundary, giving rise to quasi-normal modes (QNMs). Moreover, the
partition function can be constructed as a function of the boundary values of the bulk
fields. In particular, consider a set of bulk fields {¢;(xz,r)} with Dirichlet boundary
values lim, . ¢;(x,7) = h;(x) on the conformal boundary. Here r is the radial bulk
coordinate and the argument x denotes collectively all remaining spacetime coordinates.
The partition function of this bulk theory can then be written as

Zpux|hi(z)] /¢ o (H Do, > eiSleil (4.1)

i

where S [¢;] is the bulk theory action.

A necessary requirement for a given matrix large N QFT and gravitational theory
to be holographically dual is the existance of a one-to-one correspondance between ob-
servables in the two dual theories. Gubser, Klebanov and Polyakov, and independently
Witten, discovered the right prescription for relating observables in the duality by equat-
ing the partition functions of the respective theories [36], [37],

ZQFT[hi(IE /(bl%h (H D¢> iS[¢s] . (42)

This is commonly referred to as the GKPW formula. More precisely, the partition func-
tion of the gravitational bulk theory with bulk fields {¢;(x,r)}, taking boundary values
{hi(x)}, is equated to the generating functional of the QFT with sources {h;(x)} for the
local single-trace operators {O;(z)}. In this way, the bulk fields {¢;} are identified as the
dual quantities corresponding to the QFT operators {O;}.

Since the large N limit in the QFT corresponds to the classical limit in the grav-
itational theory, the gravitational partition function can be evaluated semi-classically,

Zpuk[hi(x)] = el (4.3)

where {¢} is a solution to the equations of motion subject to the boundary conditions
lim, o ¢F (x,7) = hi(x).

4.1.1 A CFT expectation value in AdS gravity

As a simple illustration of the GKPW rule in action we will calculate the expectation
value of a local operator in a CFT from the dual AdS gravity description. In particular,
we consider a real scalar field in an AdS background spacetime. The gravitational bulk
theory action is taken to be

S— [ d*ey=g (—g N O O — 1m2gb2) , (4.4)
AdS 2
where ¢ is the determinant of the AdS metric gpy. Capital latin letters will be used for
indices ranging over bulk coordinates whereas indices with greek letters range only over
the ‘flat’ coordinates shared by the bulk spacetime and the boundary QFT. Integrating
by parts, the action can be written as a sum of a bulk term and boundary term as follows:

S = E dx\ /=g b (v2 —m? ¢ — 774 A e/ =5 ¢ 0,0 . (4.5)

2 Jads OAdS
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Here 7y is the induced metric on the boundary, defined as vy ny = gun — nyny with
nys an outwards directed unit normal vector to the boundary. The normal derivative 9, is
defined as 9, = ny g™ 0y. The following formula for the generalization of the Laplacian
to curved spacetimes has also been used:

1
V2 = ——=0u (V—99""ono) . 4.6
We will use Poincaré coordinates where the AdS metric takes the form
7”2 L2
ds® = gyndz™da™ = ﬁnu,,dx“dx” + ﬁdﬁ . (4.7)

Here L is the AdS radius, 7, is the Minkowski metric, and r is the extra radial coordinate
of the bulk, orthogonal to the coordinates z* shared by the boundary and the bulk. In
these coordinates the ‘horizon’ of infinite redshift is located at » = 0 and the conformal
boundary at r = co. It then follows that

r d L r 7’2
\/—_ = () , Ny = ?6Mr7 811 = *81"7 Vv = ﬁnﬂ”’ <48)

L

where 9/, is the Kronecker delta.

To employ the GKPW formula we want to evaluate the partition function of the
gravitational theory semi-classically, as in (4.3). To this end, we need to solve the equation
of motion for the real scalar field in the bulk. In fact, it suffices to find the asymptotic
behavior of the solution as r — oo since the leading near boundary part of the solution
is what we will interpret as the source of the dual operator in the QFT.

The boundary term of the action (4.5) does not contribute to the equation of motion
for the real scalar field, which is directly seen to be a Klein-Gordon equation,

(V2 =m?)¢=0. (4.9)

However, the boundary term will turn out to be useful later for dealing with a divergent
term. To solve this wave equation we decompose the field into plane waves in the flat
spacetime coordinates shared by the bulk and boundary,

(b(T? t, iL‘) _ SO(T)efio.)t+ilc-ac ) (410)

Substituting this plane wave decomposition in (4.9), using (4.6) for the Laplacian as well
as our choice of coordinates (4.7), we find

(7)) - (7)) 0 () )]s

(L

:
dar —

() [ e G e () oty o] o

= (Z e+ 2 + <<‘“"2 _f) . m:f) go(r)] e ittikT —

(4.11)
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Thus, the wave equation has been reduced to an ordinary second order differential equa-
tion for the radial dependence of the scalar field,

d—+ 2 w2 — k2 LY m2L?
2 (R

@"(r) +

) o(r)=0. (4.12)

ré r2

To find the asymptotic behavior of ¢(r) near the conformal boundary r — oo, we assume
a power dependence: (1) = por®, where g is a constant. Substituting this ansats into
(4.12) results in

ala — 1)7“0‘_2 +

2 2 1.2 L4 2L2
QL—’_ ro‘_1+<(w £) n )r“zO, (4.13)

r rd r2

and in the limit » — oo this reduces to a quadratic algebraic equation for «,

o+ (d+1a—m?L*=0. (4.14)
Solving this equation for « yields
d+1 d+1)?

Since the scalar field is supposed to be real, the power of its » dependence better has to
be real as well. This means that the expression in the square root is not allowed to be

negative, resulting in a constraint on the mass squared of the scalar field known as the
Breitenlohner-Freedman (BF) bound [38],

(d+1)?
—

The AdS space can remain stable in the presence of scalar fields with negative mass
squared as long as the BF bound is satisfied. If the BF bound is not satisfied the scalar
field acquires perturbatively unstable tachyonic modes. Relativistic field theories with
perturbatively unstable fluctuations are non-unitary [2], [39]. We will not consider the
non-unitary theories associated with a BF bound breaking mass in the UV. However,
violations of the BF bound in the IR will turn out to give rise to a dual gravitational
description of spontaneous symmetry breaking in the boundary QFT. In the gravitational
language, the symmetry breaking is captured in a Higgs mechanism, and this can give rise
to superconducting states. We will elaborate on this point in our treatment of holographic
superconductivity in Chapter 7.
We define A as the larger root of the equation A? — (d + 1)A —m2L? =0, i.e.

2
N (17

For now we simply quote the fact that A is the scaling dimension of the CFT operator
dual to the bulk scalar field* [2]. The near boundary behaviour of the on-shell bulk scalar
field in momentum space can then be written as

k)= [t + ()] (1) + B+ o( ] ()

= A(w, k) <T> e + B(w, k) (2) - 4+

m’L? > — (4.16)

(4.18)

'We present an argument for this statement in 4.2.2.
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where we have extracted factors of the AdS radius L from the implicit definitions of
A(w, k) and B(w, k) in order to express the radial power dependence in a dimensionless
quantity. Here A(w, k) is the leading part of ¢ close to the conformal boundary and
B(w, k) is the subleading part. (The asterisk is used to denote that the field configuration
is a solution to the equation of motion, i.e. evaluated on-shell.) Transforming back to
position space, the asymptotic solution takes the following form:

P\ —d-1+A N
6 (z,r) = A(z) () + B(x) () T (4.19)
L L

The GKPW formula now instruct us to identify lim,_,., ¢ as the source of the dual
CFT single-trace operator O(x). There is an immediate problem here, however, since
—d—14 A > 0 and consequently ¢ diverges when approaching the conformal boundary.
As mentioned before, the radial dimension in the bulk translates to the renormalization
group scale of the boundary QFT; dynamics near the boundary correspond to high energy
physics of the dual QFT while the deep interior of the bulk encodes for the low energy
physics of the QFT. This divergence should therefore be interpreted as a short distance,
UV divergence of the CFT. In the gravitational description, however, this divergence is
simply a consequence of integrating over the infinite volume of the bulk spacetime. A
direct way to handle such divergences is to regulate the theory, and this can be done
quite nicely in the gravitational description.

A straightforward way to regulate the theory, as proposed by GKPW, is to introduce
a cutoff boundary at a distance r = ¢! and modify the theory such that the limit ¢ — 0
is well defined. Evaluating the action (4.5) on-shell, the bulk term vanishes. In our choice
of AdS coordinates (4.7), using (4.8), the regulated on-shell action equals

S = -2 d a6 () 0ud (a,)

2 Jr=e-1

d+2
_ ! dg (2) o (x,r) 0p ™ (z,7) .

2 Jr=e1

(4.20)

Inserting our near boundary solution (4.19), we get

h e (D) (5) T s () T

() S 5)
N d+2 N\ 28-2d-3
- _21L A (L) L)
—(d+1)A(2)B(x) <L> T }

(A—d—1)A(2)A(z) (
= f_ (Z)d (d+ 1= A)A@)A) (DQHCH

Slo] =

(4.21)

The problematic UV divergence is contained in the first term since all other terms are
regular at ¢ — 0. To remove this divergence we make use of the fact that equations of
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motion derived from an action are independent of any boundary term. Furthermore, if a
boundary term is completely defined in terms of boundary data, then it does not affect
the boundary conditions of the bulk fields. Thus, we can add a boundary counterterm to
the action in order to cancel the UV divergent term, (analogous to how one would add
counterterm diagrams in renormalized perturbation theory in the context of QFT). In
particular, we add the following boundary counterterm to our original action (4.5):

o dt1-A )
Set|@*] = —T]Lefl A /=79 (x, )

S e () o) e ()]
s

= _CH21L_A ?gze_l 4ty <Z>d {A(x)A(x) (2)2A2d1

+24(2)B(x) <>_d b } .
(4.22)

The complete regulated on-shell action then equals

S[¢7] = QA_zLd_l § s (Z)CM [A(x)B(x) (2)_d_1 e ] L (4

and we can now take the limit ¢ — 0, restoring the infinite volume of our AdS bulk space,

Sl¢*] = M;g_l yﬁ s d* 'z A(x)B(z) . (4.24)

Now, the generating functional for the scalar CF'T operator O(z) is given by
ZCFT[h(fIJ)] _ /D(I) eiS[(b]+ifdd+1xh(m)O(x) : (4.25)

where h(z) is the source of O(z) and ® denotes collectively the field theory degrees of
freedom, (of course, in the path integral everything is strictly speaking classical functions).
The expectation value of the operator O(x) in the presence of the source h(z) is given
by
Ow))y =~y = Zegall
< T Zapr[h] Oh(x) T

The GKPW rule now tells us that the gravitational partition function should equal the
CFT generating funtional, and that the leading near boundary behavior A(z) of the bulk
scalar field should be interpreted as the source h(x) of the dual CET operator O(x). Using
the semi-classically evaluated gravitational partition function (4.3), and the expression
for the on-shell action (4.24), we find

(4.26)

(O(), = fsi[(f)] _ A - (B(a:) v (x)A(:c)> | (4.27)

28



4. The Holographic Dictionary

Now, since ¢* is a solution to a linear equation, B(x) = (§B(z)/0A(y))A(y) holds as a
matrix equation? [1]. It follows that

@), = 21" 1p). (1.2

Hence, as a consequence of identifying the leading near boundary behavior A(z) of the
bulk field as the source of the CFT operator, the subleading behavior B(z) is proportional
to its excpectation value (or in the language of linear response theory, its response). This
result is quite general; if one identifies the leading near boundary behavior of a bulk field
as the source of the dual QFT operator, then the subleading behavior should be identified
as its expectation value [1]. The source could for instance be the chemical potential and
the expectation value the associated charge density.

4.1.2 A CFT two-point function in AdS gravity

Thus far, our analysis has been performed in position space. However, for the propose
of e.g. studying bulk fluctuation modes in linear response theory, working with the
momentum space representation is much more convenient. It is then useful to have a
formula for the two-point correlation function in momentum space. Here we will continue
the analysis of the previous section and derive an expression for the momentum space
two-point function of the scalar CF'T operator, in terms of the leading and subleading
near boundary behaviours of the corresponding bulk field.

In the previous section, we showed that the regulated on-shell bulk action for our
theory of a real scalar field in AdS space equals

Sg"] = QA‘Ld_l § ot ;A(ac)B(x) | (4.29)

Writing A and B in their Fourier integral representations, we get an expression for the
on-shell action in momentum space,

9N —d—1 A iy
* — l ‘x 1 Z’B
Sl’) L ]gAdS 9] Gn € (k)/ omi ¢ B)

2A —d—1 [ d'k alf“rl .
= A / B % d+1,. i(k+p)-x
2L /(27r)d+1 (k) (2m)d+t (») aAde e

(4.30)
2A —d—1 dk
- Ak) [ d*'p B(p)o(k
sp— | Gy A [ @0 B@)k 1)
2A —d—1 d™k 1
= —A(k)B(—k
L /(27)‘“12 (K)B(=F),
where we have used the following standard identity of the Dirac delta function:
dix .
o) = [ 5 4.31
4= [ i (131)

Furthermore, in momentum space, the expression for the expectation value of the CFT
operator O(k), in the presence of a source h(k), is given by

k), = 2= 2B ). (1.32)

?In the sense that the variables z and y are viewed as indices, B, = (6B/6A).,A,.
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Now, the semi-classical bulk theory partition function is given by Z = exp(iS[¢*]), and
the GKPW prescription equates it to the generating functional of the dual CFT. The
leading near boundary behaviour A(k) of the bulk scalar field should then be identified
as the source h(k) of the CFT operator. The two-point function of the operator O(k)
can then be calculated in the bulk theory by taking two derivatives of the semi-classical
partition function with respect to A, and setting A = 0 in the end. Using the expression
(4.32) for the expectation value, and the fact that A and B are linearly proportional, we
get

a1 1 0°Z

(O(-KOW) = ~i(2m)™ 5 s

A=0

1 6 (2A—d—1
_ 2A—d—16B(k)
B L SA(k)
_2A —d—1B(k)
B L A(k) "

In other words, the two-point function of the scalar operator is given by the ratio of the
subleading to the leading near boundary behavior of the corresponding bulk field®. This
result turns out to be quite generic, valid also for other holographic models. For a careful
derivation of this result directly from the GKPW formula, bypassing the linear response
assumption that A and B are linearily proportional, we refer the reader to [2].

The retarded Green’s function describes the causal linear response of the system to a
small perturbation of the sources. In particular, consider small changes in a set of sources
dh; resulting in small changes in the corresponding responses § (O;). In momentum space,
the retarded Green’s function is then defined as

5(O0i(k)) = G§,0,(k)oh; (k) . (4.34)

For the case at hand with a single scalar operator O(k) sourced by h(k), the retarded
Green’s function is given by

d(O(k))
Sok) = ——7~=. 4,
Now, the expectation value (O) is given by (4.32), and with A = A it follows that

5 . 2A—d—1B(k)

(4.36)

We have thus found that the two-point function of the operator O equals its retarded
Green’s function, and it is proportional to the ratio of the subleading to leading near
boundary behaviour of the dual bulk field.

Before moving on to the holographic renormalization group, some final remarks are
in order. A solution to the bulk equations of motion is uniquely determined by a set
of Dirichlet boundary conditions* at the conformal boundary and regularity conditions

3In position space, the two-point function formula reads (O(z1)O(z2)) = QA’Ld’l ]jng;

41t is also possible to impose more general mixed boundary conditions corresponding to multi-trace
interactions in the field theory, which are suppressed by large N.
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at the zero (or finite) size horizon in the deep interior. More precisely, the regularity
conditions are imposed on the Euclidean bulk fields obtained by performing a Wick
rotation to imaginary time. When translated to real time, the retarded Green’s function
is obtained by analytically continuing the Euclidean Green’s function from the upper
half frequency plane. Under this analytic continuation the regularity conditions in the
Euclidean theory translates into ‘infalling’ boundary conditions in real time, i.e. modes
in the bulk must be falling into the horizon, as opposed to emerging out from it. If
one instead want to consider the advanced Green’s function, then one should impose
outgoing boundary conditions on the bulk fields. However, since we only are interested in
the retarded Green’s function due to its causal structure, infalling boundary conditions
should be imposed on the bulk fields at the horizon.

It is possible to evaluate the solution to the Klein-Gordon equation in the bulk explic-
itly using Green’s functions or Bessel functions [2], [36], [37]. In particular, the leading
and subleading near boundary behaviors of the real scalar field in the bulk have a fixed
power law dependence in momentum space. The two-point function is then found to be
proportional to |k’|2A7d71, which is exactly the scaling behavior expected for the two-point
function of a scalar operator with scaling dimension A in a CFT. This is one of the many
empirical evidences for the validity of the AdS/CFT correspondance.

Finally, three- or higher-point correlation functions are most conveniently dealt with
using ‘Witten diagrams’. Three-point functions in AdS/CFT was calculated in e.g. [40].
The formalism of Witten diagrams is beyond the scope of this thesis and will not be
needed for our purposes. However, the interested reader is referred to [2], [37].

4.2 Holograpic renormalization theory

As we have stressed before, one of the most essential features of the holographic duality
is the notion that the extra radial dimension in the bulk captures the renormalization
physics of the boundary QFT. It allows us to integrate out the specific details of the
short distance, UV physics and isolate the universal long distance, IR dynamics relevant
for condensed matter systems. Beta functions and running couplings can be calculated
directly from the gravitational theory. Finally, the structure of UV divergences can be
determined and systematically removed. Here we only cover a few selected topics on
holographic renormalization and refer the interested reader to [41] for additional material
on the subject.

4.2.1 The holographic Wilsonian renormalization group

In holographic condensed matter physics or ‘AdS/CMT’, we are primarily interested
in the emergent low energy phenomena of strongly interacting quantum systems with
a huge number of microscopic constituents. The high energy physics of the underlying
holographic theory is therefor rather unimportant. Indeed, we have mentioned that one of
the advantages with the top-down approach to holography is that it guarantees quantum
consistancy and UV completion. In the context of ‘AdS/CMT’, having a UV complete
theory is of little practical importance and something which is only conceptually desired.
This is good news for bottom-up holography since a bottom-up model only has to be
the effective low energy description of a consistently truncated string theory, severely
reducing the demands on the top-down implementation.
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Returning to our example of a massive real scalar field in a pure AdS background, we
show how one can take a Wilsonian perspective on renormalization and integrate out the
high energy, short distance dynamics. In this way we can isolate the universal emergent
low energy physics associated with an IR fixed point. This will allow us to relate the
second order bulk equation of motion (4.9) to a first order renormalization group flow
equation. We closely follow [1], which built on work from [42]-[44].

A QFT defined below some UV cutoff A is completely specified by its partition func-
tion,

Zher = /A D ¢iletr [0 (4.37)

Here ® collectively denotes all the field theory degrees of freedom and the path integral
is over all field configurations at energy scales below the cutoff A. The effective action
I [®] = Iy[®] + Iyy[P] at the cutoff scale A is the sum of the original microscopic action
Iy[®] and terms Iyy[®P] arising when integrating out the degrees of freedom at energy
scales above A from the UV complete path integral®,

ZQFT = /D(I) GHOM . (438)

Requiring the partition function to be independent of the cutoff scale gives rise to renor-
malization group equations for Iyy. In principle, by taking the cutoff scale to low energies
we obtain the emergent low energy physics.

In the gravitational bulk, we consider again a cutoff to the volume of AdS. However,
we switch from the previously used radial coordinate r to the ‘inverse’ radial coordinate
z = L?/r defined in (3.18). The AdS metric is then given by (3.19) and the conformal
boundary is located at z = 0 and the ‘horizon” at z = co. The cutoff surface is placed
at z = €. The bulk fields {¢;(x)} now take on boundary values {¢$} at this cutoff rather
than at the conformal boundary of AdS. The resulting truncated gravitational partition
function is then given by

Z[¢5] = /¢ Do Sl (4.39)

The gravitational action S[¢;] is of the form

S = / A"y =gL(61,001) + oo el (4.40)

where L is the Lagrangian of the bulk theory and Sg denotes collectively all the bound-
ary action terms defined at the cutoff surface z = e. The boundary action Sg can be
interpreted as the terms arising from integrating out bulk field degrees of freedom in the
region z < € [43].

When regulating the bulk and boundary theories with a volume and UV cutoff, re-
spectively, it is natural to generalize the GKPW formula (4.2) to

Z¢5) = /ADCI) e e 2] — /AD(I) eilol@l+i [ d*Hia 6{(2)Oi() (4.41)

In other words, the values of the bulk fields at the cutoff boundary z = € acts as sources
for local single-trace gauge invariant operators in an effective QFT valid at scales below
the cutoff A. Furthermore, we will show that the boundary action Sy is related to the
effective action Iyy by a Legandre transformation, (near a fixed point and up to some

®Although we will often simply refer to Iyv[®] as the effective field theory action.
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renormalization [43]). In fact, the gravitational boundary action will be interpreted as
dual to the effective field theory action Iyy. However, there is a significant caveat to
the generalized GKPW rule (4.41) as well as the identification of Sg with Iyy proposed
above. The precise relation between the field theory cutoff A and the gravitational cutoff
€ is in general not clear. Thus, the identification of integrating out high energy degrees
of freedom above the cutoff A in the QFT with integrating out bulk degrees of freedom
at z < e cannot be made precise. In fact, determining the precise relation between A and
e would likely amount to a proof of holography [1].

In the following we restrict ourselves to the case of a single bulk scalar field for
notational clarity. The analogous results for the general case of a set of bulk scalar fields
are easily retrieved by adding a bunch of subscripts 7 on the fields, their boundary values
and their dual operators. Now, the full bulk partition function (4.1) is related to the
truncated partition function (4.39) by,

210 = [ Do 261 Zi 16, 1], (4.42)

where s
Zov]ot h] = / DSl (4.43)

o—©

is the bulk partition function integrated over the modes at 0 < z < e which are cut out
of the truncated partition function, and with boundary conditions at each end. Invoking
the generalized GKPW formula, we then have

Z[h) = / D /A Do holel+ [ 4t le o @O 7 r4¢ b (4.44)

which is equated to the full quantum partition function (4.37), (note that (4.38) and
(4.37) are equal since we require that the QFT partition function be independent of the
cutoff scale.) Changing order of functional integrations, it follows that

/AD(I) ei[g[@]-i-iIUV[O] — /AD(I) 61’[@[@} /D¢e eifdd+1x¢€(x)(9(x)ZUv[¢e’ h] : (445)

which gives us an expression for the effective field theory action Iyy|O] for the single-trace
operator O (built from the field theory degrees of freedom ®) in terms of bulk quantities,

SuvIO] — /D¢e et [ & s @0@) 7, 14¢ B (4.46)

Taking the semi-classical limit yields the Legandre transform relation between the effec-
tive field theory action Iyy and the gravitational boundary action Sg,

Iov[0] = [ @12 6(@)0() + Sulot ] (4.47)

where the vanishing of the first derivative at the saddle point implies that

05p [Qsea 6]
Ox) = —————. 4.48
)= "84 A9
Furthermore, it directly follows from (4.47) that
o\ 0Iyy[O]
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Note that O as given by (4.48) is the canonical momentum along the radial direction
conjugate to ¢f, up to a sign.

Now, consider the previous bulk scalar field Lagrangian (4.4) generalized to an arbi-
trary potential,

L= 2" 0u00x0 —V(0), (4.50)

in a static background spacetime with a metric of the form
ds* = gyndz™dz" = v,,(2)dz"dz" + g,.dz* . (4.51)

The action in the presence of a cutoff boundary has the form of a Lagrangian term plus
a boundary term,

S = / _d™ e/ =gL(0,001) + Salo. (4.52)

Varying this action with respect to ¢ gives,

55 = [ a*ay=g <5¢+ (25 ¢)5(8M¢)>+6SB[¢,6]
- dd“"““_(w o (Vg ) o
+/ d e 'ynMa(a 0o + / d™ 1y 55}?5[5’6]&15.

Here we have integrated by parts in the last equality and nj, is an outwards directed unit
normal vector to the cutoff boundary. Specifically, in our coordinates ny = —/g..0n.
Requiring that the variation of the action vanish for any d¢ which is zero at z = ¢, the
Euler-Lagrange equations of motion follows from the ‘bulk’ term,

1 N oV
=0 (V=99"""0n0) =55 = 0. (4.54)

Furthermore, we also get the following boundary condition at z = e:

5 or

36 = —\/__’Ynzm =—v/~—9970.¢0 =11, (4.55)

where we have used that vg,, = ¢ and in the last equality II, is precisely the conjugate
momenta to ¢ under radial evolution, defined as

5S
I = - ol (4.56)

In the large N limit the bulk partition function is evaluated at a saddle point as in
(4.3). Thus, we are interested in evaluating the action (4.52) on a solution to (4.54)
with boundary condition (4.55). Our choice of placing the cutoff boundary at z = € is
arbitrary, and hence the value of the on-shell action, as well as the solution itself, should
be independent of €. Requiring that the derivative of the on-shell action with respect to
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€ vanish, we get the following flow equation:

55]3 [¢, 6]
do(z, 2)

— d+1 — d+1 H
de/ dz/d oV/=gL+0Splo,el+ [ A a0 -

/ /dd+1x\/_£+683 +/ A2 T, 8.6
— 9.595[0 +/ e (106 — V=4L) |

_ — d+2 — d+1
dg_ dE/ d x\/_gﬁ—l—ﬁeSB[(b,e]—i—/Z:ed z

-2 0.6(v.2)

where we have used (4.55). The last integrand is exactly the Hamiltonian density H for
evolution in the radial direction [43]. Thus, the Hamiltonian generates the flow of Sg,

0,50, / A H (4.58)

Note that this flow equation should be treated as a functional equation and one should
not impose the equation of motion (4.54) when evaluating it. We can write this equation
in a more explicit form using (4.50) and (4.55),

V970589, €] = — / Ay (1. 0.6 — V=gL)
== [ gV (—g 007 + 36"V 0u0050 + V() (4 50)

/ dd“x\/_( ! <5b;3> g’””@m@uchrV(cb))

where the greek indices run over the boundary coordinates only. The gravitational bound-
ary action Sg can now be expanded in powers of ¢ as follows:

Splod =Y / A/ an(z, €)™ (x, ) (4.60)

Inserting this expansion into the above flow equation specifies how the expansion coeffi-
cients «,, flow with the volume cutoff e.

We can now derive the corresponding flow equation for the effective field theory action
Iyv]O], using the previously derived Legendre transform relation (4.47). Taking the
derivative with respect to € of the left hand side of (4.47), we get

a _ a1
dEIUV[O] = 8€IUV[(9] + /d T

dluv]O]
30(x)

0.0(x). (4.61)
The same derivative applied to the right hand side of (4.47) yields,

1 e ¢ 1,998l05. €] 5
[ # O@A6 @) + 6 @)0.0() + dSalet, ) + [ " E 000 (162

Now, using (4.48) and (4.49) when equating (4.61) with (4.62), we get a quite simple
result,

8e[UV[O] = (?GSB [¢i, 6] . (463)
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Thus, the effective field theory action Iyv[O] satisfy the same first order flow equation
(4.59) as the gravitational on-shell boundary action Sg[¢S, €]. Using (4.48), we can then
write the flow equation for Iyy as follows:

NN / d™ /=y (21702 + ;g’” 05 Oy b5 + V(cbi)) : (4.64)

where ¢¢ is translated into field theoretical quantities by (4.49).
The effective field theory action Iyy[O] can now be expanded in powers of the single-
trace operator O,

(0] =Y / A /A (2, M) O (). (4.65)

The expansion coefficients A, are the coupling constants of the effective field theory.
When inserted into the functional flow equation (4.64), we can find the beta functions for
all couplings A, [1]. In conclusion, by varying the bulk volume cutoff ¢, we have found
first order renormalization group flow equations for running couplings in a QFT with
some UV cutoff A. This shows that the interpretation of the bulk radial coordinate as
being dual to the field theoretical RG parameter is certainly justified, although the exact
relation between the cutoffs A and € is in general not known.

4.2.2 Renormalization group flows and alternative quantization

An important aspect of the renormalization group in holography is that it allows us to
depart from the conformal field theories in AdS/CFT dualities. There are many inter-
esting statistical and condensed matter systems which are well described by conformal
field theories [45], [46], in particular systems at their thermodynamic or quantum® critical
points where a phase transition occurs. However, a lot of condensed matter systems of
interest does not exhibit invariance under the conformal transformations. In particular,
the superconductor toy model we will study in Chapter 7 exhibits both a nonzero temper-
ature and chemical potential. This introduces two scales to the system which will break
the conformal invariance. The renormalization group allows us to flow from the UV fixed
point theories characterized by conformal invariance to IR fixed points describing novel
emergent low energy physics. The interpretation of the radial direction as the RG scale
enables us to follow the RG flow in the gravitational description; the change in geometry
in the deep interior, departing from the asymptotic AdS near the conformal boundary,
captures the emergent IR physics whilst reflecting the loss of conformal invariance.

The way in which we can induce such an RG flow is to turn on a relevant operator.
Hence, we should identify which bulk fields are dual to relevant operators. Recall from
4.1.1 that the asymptotic behavior of a real scalar field in the bulk with action (4.4) is

Tim o, ) = A(x) (2) L B (2)_A , (4.66)

where A was defined as the larger root of the equation A? — (d + 1)A — m?L?* = 0,

1 1)2
A:d; +\/(dtL P mere (4.67)

6A quantum critical point signifies a zero temperature quantum phase transition.
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We quoted the fact that A is the scaling dimension of the dual CF'T operator. Here we
define A as the larger root and A_ as the smaller root to the aforementioned equation,

d+1 d+1)?
Ap=—ap=2T"14 \/(H +m2L2 . (4.68)

2 4

For most bulk masses we need to take A = A, in (4.66) in order for A(x) to be interpreted
as the leading near boundary behaviour or boundary value of the bulk field. However,
in this section we will see how there is a range of bulk masses which allows for an
‘alternative quantization’ scheme where we take A_ as the solution in (4.66). Finally,
note how Ay, =d+1—-A_.

As mentioned earlier, one of the crucial justifications of the AdS/CFT correspondance
is the fact that AdS space has an SO(d + 1,2) isometry group, which is precisely the
conformal group in d+1 spacetime dimensions. The d+2 dimensional pure AdS geometry
(4.7) is perturbed by adding sources {h;} for CFT operators at the boundary. The
resulting perturbations must preserve the isometries of the AdS background and therefore
transforms under the SO(d + 1,2) symmetry group, suggesting that these perturbations
are dually described by excitations of a d + 1 dimensional CFT. In particular, the AdS
metric (4.7) has a scaling symmetry,

(t,z,r) — ()\t, Az, :) : (4.69)
A source h(z) for a single-trace operator O(x) are added to the field theoretical generating
functional in the following way:

Zepr = / D ¢tloti [ T wh@O) (4.70)

where [ is the microscopic action of the CFT. In the case of our real scalar field in a pure
AdS geometry, the source h(x) is equated to the leading near boundary behaviour A(z) in
(4.66). The scalar field, just like the metric field, must be invariant under the isometries
of AdS. In particular, it must be invariant under the scaling transformation (4.69), i.e.
o(xz,r) = ¢(Ax,r/N). By (4.66), it then follows that h(x) (which is identified as A(x))
transforms as h(z) — A" '*2h(Az) under this scaling transformation. Furthermore,
the integral measure scales as d%* 'z — \9T1d%* 'z, Thus, from the generating functional
(4.70) we see that the CFT operator O(z) must transform as

O(z) = A 20(\x), (4.71)

under the scaling transformation (4.69). This is precisely the scaling of a CFT operator
with conformal dimension A [1], [2]. Note how the scaling dimension of the CFT operator
is set by the mass of the bulk field by (4.67). This is a central result relating the scaling
dimension of a scalar operator in the CF'T to the mass of the dual scalar field in the bulk.

Recall that relevant and irrelevant operators are defined as operators which magnitude
always increase and always decrease, respectively, under RG transformations which takes
the system from a higher energy scale to a lower one. A marginal operator is neither
relevant nor irrelevant. The scalar CFT operator dual to the real scalar field in the
bulk is relevant if the scaling dimension A < d + 1 [2]. Furthermore, it is irrelevant for
A > d + 1 and marginal for A = d + 1. From the definition of A in terms of the bulk
field mass squared (4.67), it follows that massive scalar fields with m? > 0 are dual to
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irrelevant operators. A massless scalar field is dual to a marginal operator, (although the
operator dimension will in general acquire corrections [2]). A relevant operator, necessary
for inducing RG flows to new IR fixed points, therefore has to be dual to a scalar field with
a negative mass squared, m? < 0. In a flat spacetime such scalar fields would describe
tachyons and signal an instability of the theory. However, as we have already argued in
4.1.1, AdS space can remain stable for scalar fields with negative mass squared as long
as the BF bound (4.16) is satisfied. In fact, the BF bound precisely guaranties that the
scaling dimension A is real. Thus, a relevant scalar operator ir21 the CFT is dual to a
(d+1)

scalar field in the bulk with a mass squared in the range —~3~ < m2L?* < 0. Similar

results for the relevancy of operators are found for fields with spin [2].

It has been established in [47] that a necessary condition for a scalar CFT operator to
be unitary requires its scaling dimension to be bounded from below by A > (d —1)/2, in
d + 1 spacetime dimensions. However, the lowest possible value of the scaling dimension
according to (4.67) is A = (d+1)/2 and it is realized precisely when the mass squared of
the bulk scalar field equals the BF bound. Somehow, we still have to account for unitary
operators with scaling dimension in the range (d—1)/2 < A < (d+1)/2. For these values
of the scaling dimension both asymptotic modes in (4.66) fall off sufficiently quickly to
be normalizable [1], [2]. Thus, either mode can be taken to be the source, and the other
the response. For scaling dimensions in the range between the unitary bound and the BF
bound, we may identify the leading near boundary behavior of the bulk field with the
response and the subleading behavior with the source. Quantizing the bulk theory having
made these prescriptions leads to what is known as alternative quantization. In contrast,
quantizing the bulk theory with our usual prescription of identifying the leading mode
with the source and the subleading mode with the response, is commonly referred to as
standard quantization. The alternatively quantized and standard quantized bulk theories
are dual to two different boundary CFTs [48]. In fact, the alternatively quantized bulk
scalar field is perhaps best interpreted as dual to a scalar CFT operator with scaling
dimension A_. As noted above, A, =d+ 1 — A_. Hence, taking A_ instead of A, as
the scaling dimension precisely exchanges the role of the leading and subleading modes
in (4.66).

Scalar operators having scaling dimensions in the range (d—1)/2 < A < (d+1)/2 can
occur only in the alternative quantization scheme, and when the mass of the dual bulk
field is in the range —% <m?L? < —% + 1. In standard quantization this range
of the bulk field mass corresponds to a scaling dimension “Tl <A< % + 1. The two
different CFTs resulting from the two different quantization schemes are related by an
RG flow induced by a certain ‘double-trace deformation’ Double-trace deformations and
more general multi-trace deformations is the subject of the next section. Here we just
state that the composite operator” O% () is relevant and induce an RG flow to a new IR,
fixed point. The RG flows from double-trace deformations in matrix large N CFTs does
not affect the bulk geometry [2]. In fact, this particular composite operator flow affects
only the scaling dimension A_ of the single-trace operator itself, and it flows precisely to

A . Hence, the emergent IR theory is ‘standardly’ quantized.

"The subscript A_ denotes that the operator has scaling dimension A_, arising from an alternatively
quantized bulk theory.
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4.2.3 Multi-trace deformations and generalized boundary con-
ditions

As we have emphasized in Chapter 2, one of the essential features of the t’Hooft matrix
large N limit is the factorization property of products of gauge invariant single-trace
operators, i.e. multi-trace operators. To leading order in large N |, the expectation value
of a multi-trace operator factorize into a product of the expectation values of the single-
trace operators constituting the multi-trace operator. Hence, in the large N limit multi-
trace operators vanish from the spectrum of the theory. However, at large but finite N we
can deform the theory by adding a multi-trace interaction term to the action. Here we will
show that this kind of multi-trace deformation of the QFT holographically corresponds
to using a more general set of mixed boundary conditions for the bulk fields [2], [20], [49].
We also show how a double-trace deformation results in a Dyson re-summation of the
Green’s function, which results in the RPA (random phase approximation) formula for
the Green’s function. This RPA formula is actually obtained in the strict large N limit.

Consider again a matrix large N QFT with field degrees of freedom ®(z), a single-
trace scalar operator O(z) constructed from ®(z), and an action Iy[®]. To compute the
generating functional of the QFT,

Zopr[h] = / D ¢ilol®)+i [ d*ah@)0G) (4.72)

the GKPW rule instructs us to compute the AdS bulk partition function with the scalar
field ¢(x,r) dual to O(z) taking boundary value h(z) at the conformal boundary. With
A(z) and B(x) being the leading and subleading near boundary behavior of ¢(x,r),
respectively, as in (4.66), the boundary condition is A(x) = h(z). The generating func-
tional (4.72) equals the partition function of the QFT in the presence of a source term
W[O] added to the action, where W[O] = [d%z h(z)O(x). As we showed in 4.1.1,
B(z) (up to an overall constant) equals the expectation value of O(x). If we write
W([B] = [ d¥*x h(x)B(z), then the boundary condition is

_ oW|B]
@) =3B

(4.73)

A multi-trace deformation of the theory is obtained by adding a perturbation Wz, O, 00]
to the action, where Wz, O,00] is a local non-linear functional of O(x) and its deriva-
tives. The partition function is then

Zqrr = /Dq) (i l0[®]+iW[2,0,00] (4.74)

The prescription for incorporating multi-trace deformations in the gravitational descrip-
tion is to substitute O(z) for B(z) in W, and then impose the boundary condition (4.73)
on the bulk scalar field at the conformal boundary [20].

It is straightforward to generalize this result to a set of bulk scalar fields ¢;(x,r) with
masses m;, dual to a set of single-trace scalar operators O;(z) with scaling dimensions
A;. The near boundary behavior of the bulk scalar fields are given by

lim o) = ) (5 B (5) (4.75)
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The bulk masses m; are related to the corresponding scaling dimensions A; by®

d+1 d+1)2
A; = ; +\/( Z ) +m2L2. (4.76)

The leading and subleading behaviors A;(z) and B;(z) are identified with the sources
and expectation values of the operators O;(z), respectively. A multi-trace deformation
Wiz, O;,00;] of the QFT is incorporated in the bulk theory by imposing the boundary
conditions

0B; ’
on the bulk fields at the conformal boundary of AdS.
Returning to the case of a single scalar operator O, we consider a double-trace defor-
mation,

Ai(z) =

(4.77)

W[0] = /ddﬂa: (h(x)(?(x) + J;OQ(:U)> , (4.78)
where h is the source of O and f is a coupling constant. The boundary condition one
should impose on the bulk scalar field is then
JW|B]
@) =35 ~
Now, in 4.1.2, we derived the following formula for the retarded momentum space Green’s
function of the operator O:

h(z)+ fB(x). (4.79)

Golk) = (O(~k)O(k) = 22 _Ld = i((llj)) '

(4.80)

The subscript 0 has been added to emphasis that this refers to the Green’s function of the
undeformed theory. We will now derive an expression for the retarded Green’s function of
the double-trace deformed theory, which we will denote by GG. Thus, we should continue
our analysis in momentum space.

As shown in 4.1.2, the regulated on-shell bulk action for our theory of a real scalar
field in AdS space is given by

B ZA—d—l/ d"E 1
B L (2m)d+t 2

We begin by absorbing the factor of (2A —d — 1)/L into a redefinition of the dynamical
field B, i.e. we take B — L/(2A —d —1)B. Then the overall factor of (2A —d —1)/L is
removed from the on-shell action, and the undeformed Green’s function is simply given
by Gy = B/A. Inverting this relation, we can write A = B/Gy. Now, substituting this
expression for A in the regulated on-shell action gives

S[e*] A(k)B(~k). (4.81)

st = [k LB (k. (4.82)
(2m)d+1 2 Go(k)
Transforming to momentum space, the double-trace potential (4.78) reads
41k f
W(B| = /(%)d+1 (h(k)B(—k) n 2B(k)B(—k)> , (4.83)

8 Assuming masses satisfying the BF-bound. For masses between the unitary bound and the BF-bound
the possibility of alternative quantization discussed in the previous section applies here too.
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and we can add this potential directly to the action,

Sl :/(;Zj:):_’; <1B(k)G01<k)B(—k)+h(k)B(—k) +fB(k)B(—k)> sy

Now, varying the action with respect to the dynamical field B, we get the following
equation of motion:

Go B0+ h) + FBR) =0, (4.85)

where we have used that Go(k) = Go(—k), in accordance with the well established result
Go(k) o [k[**™", see e.g. [49]. Solving this equation for B, we find

Go(k)
B(k) = —————=h(k 4.86
4 =1t P (4.56)
and substituting this expression for B in the action gives
d™*k (1 Go Go f G?
S *] - h2 h2 + *7]12
! / 2 (s s~ T 7t B fa

4.87
dd+1k 0 2 ( )

2 27T d+1 1+ fGo

where h? = h(k)h(—k) and Gy = Go(k). The two-point correlation function of O for the
deformed theory can now be calculated by differentiating the generating functional twice
with respect to the source h, in the usual way. Because the respective partition functions
of the bulk and boundary theories are set equal by the GKPW prescription, the two-point
function can be calculated in the gravitational theory by differentiating the semi-classical
bulk partition function Z = exp(iS[¢*]) twice with respect to h, and setting h to zero in
the end,

1 82z

G(k) = (O(=k)O(K)) = —il2m)™"! Z =S|

. (4.88)
B Go(k) o n
=15 fGotr) = oW nzzo(_f Golk)

This is precisely the RPA form of the Green’s function that follows from a Dyson re-
summation [2]. Since we evaluated the gravitational partition function semi-classically,
this result is exact in the large N limit.

4.3 The global/local symmetry correspondence

So far we have seen how expectation values, Green’s functions and RG flows in the
strongly interacting field theory can be computed in the dual gravitational theory. How-
ever, an obvious question arises here; which is the field theoretical operator corresponding
to a given bulk field? This is in general a hard question to answer, even in a top-down
construction where the bulk and boundary theories are known explicitly. One could even
argue that it is not the right question to ask. Indeed, the bulk theory is in its own right
a complete description of a strongly coupled quantum field theory. The bulk fields and
their interactions define the QFT operators, their spectrum and correlation functions.
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Even if the QFT operator algebra and Lagrangian where known, one would not be able
to use this to perform reliable calculations, employing e.g. perturbation theory, due to
the inherent strong coupling. However, it is still desirable to know how to interpret the
quantities of the bulk theory in terms of familiar observables in quantum field theory,
in order to determine which quantities are of interest to condensed matter applications.
The most prominent approach to match up bulk fields with operators in the dual QFT
is to appeal to symmetry arguments.

Up to this point we have only considered real scalar bulk fields dual to scalar single-
trace operators. The GKPW rule is, however, valid also for fields with spin or internal
symmetries. For instance, consider a U(1) Maxwell gauge symmetry in the bulk space-
time, described by a Maxwell gauge field Ay;. Under a local U(1) transformation, the
bulk gauge field transforms as Ay — Ay + Varx, where y is an arbitrary scalar function
of the bulk spacetime coordinates. In particular, we consider a x which is nonzero on
the asymptotic boundary. This is called a ‘large’ gauge transformation. The gauge field
in the bulk is coupled to a current J, on the boundary. Note that the bulk field index
M run over one more value than the boundary current index p, since the bulk spacetime
has one more spatial dimension. In order to match the bulk field Ay; with the boundary
current J, we must make use of that Ay, is a gauge field. It is possible to fix a gauge
such that the component of the gauge field along the radial direction vanish, i.e. A, = 0.
This choice of gauge fixing is called radial gauge. We can then couple the gauge field to
the current on the boundary by adding a standard ‘JA-coupling’ boundary term,

/ A/ Ty JPA, | (4.89)

to the bulk action. Here ~ is the induced metric on the conformal boundary. Under a
‘large’ gauge transformation, this coupling term transforms to

/ A /=7 (A, + V,x) J* = / A/ (A, JP — VT (4.90)

where we have integrated the second term by parts. For the bulk theory to be invariant
under this gauge transformation, the action itself must be invariant. In particular, the
coupling term (4.89) has to be gauge invariant. It follows that V,J* = 0 must hold, i.e.
the current operator J# must be conserved in order for the coupling (4.89) to be gauge
invariant. The current is then naturally identified as the symmetry current of a global
U(1) symmetry, since Noether’s theorem tells us that such a current is always conserved.
Then according to the GKPW formula, the bulk gauge field Aj, is dual to a conserved
current J, of a global symmetry in the boundary field theory.

This is the standard approach of identifying a boundary QFT operator to a Maxwell
field in the bulk. However, note that the condition for the coupling term (4.89) to be
gauge invariant is only that the current is conserved. This guarantees at least a global
symmetry in the boundary QFT, but it is only a minimal requirement. Indeed, in several
top-down models, e.g. Maldacenas original type IIB supergravity on AdSs;xS® dual to
N = 4 super-Yang-Mills theory in d = 4 dimensions, the boundary QFT in fact possess
local symmetry. A boundary QFT with only a global U(1) symmetry does not contain
a dynamical photon, i.e. it does not incorporate any electrodynamics into the theory.
This would require a local U(1) symmetry. Although one can only be sure to have a
global symmetry in the boundary QFT, there are ways in which one can account for
electrodynamics. The standard approach is to weakly gauge the theory, meaning that
one explicitly weakly couple the boundary theory to a dynamical photon. This can be
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achieved by adding a F*F}, term to the QFT action, where F,, = 0,4, — 0,4, is
the electromagnetic field strength. The effective action for the photon will then capture
electrodynamical phenomena, see e.g. [10] where this is done for the superconductor toy
model that we will study in Chapter 7.

Another way to incorporate a dynamical photon in the boundary QFT is to use the
U(1) field strength in the bulk to identify a U(1) gauge theory in the boundary QFT,
as proposed in [13]. This amounts to imposing a mixed boundary condition on the
bulk Maxwell field at the conformal boundary. Moreover, this is equivalent to a (current-
current) double-trace deformation of the QFT which results in an RPA form of the Green’s
function, as we saw in the previous section. Electrodynamics in the boundary QFT has
been studied previously using the double-trace deformation approach [12], [14]. In our
treatment of holographic superconductivity in Chapter 7, we will attempt to account for
a dynamical photon in the boundary QFT by imposing the mixed boundary condition
proposed in [13].

Now consider the metric field gy;n of the bulk spacetime. This is a symmetric 2-
tensor field covariant under arbitrary diffeomorphisms of the spacetime. The gravitional
theory itself is invariant under these diffeomorphisms. This diffeomorphism invariance
reflects a redundancy in the description of the theory, namely, the freedom to choose a
coordinate system. In this regard it is similar to gauge invariance, which also reflects a
redundancy of the theory, manifesting itself in the freedom to choose a ‘gauge’ In this
way, it is natural to think of gy as a kind of gauge field. Just as the U(1) gauge field is
massless as long as the U(1) symmetry is unbroken, so is the metric field massless unless
the diffeomorphism invariance is broken.

We know that the metric field is sourced by the energy-momentum tensor and vice
versa, as described by Einstein’s equations. Because the energy-momentum tensor is a
rank-2 tensor the metric field has spin-2. We are thus led to identify the bulk metric
field as dual to the energy momentum tensor in the boundary QFT, in complete analogy
with how the bulk Maxwell field A,; was identified as dual to the current J* in the
boundary QFT. In particular, consider a pure gravitational theory in AdS space. The
bulk metric field at the conformal boundary should be identified as the source for the
dual CFT energy-momentum tensor. In a relativistic conformal field theory the spin-0
and spin-1 parts of the energy-momentum tensor are fixed by conformal invariance and
Lorentz invariance, respectively [2]. The dynamical part of the energy-momentum tensor
is thus a pure spin-2 field. Furthermore, the energy momentum tensor is a marginal
operator with conformal dimension A = d+ 1. There is a mass-scaling relation for spin-2
fields, analogous to the relation (4.67) for spin-0 fields, and the fact that a marginal CF'T
operator is dual to a massless bulk field holds also for spin-2 fields [2]. The bulk field
dual to the energy-momentum tensor of the CFT should thus be a massless spin-2 field®.
The only real candidate is the metric field, since general relativity is the only known
consistent theory of a massless spin-2 field. The Lorentz invariance of the CFT energy-
momentum tensor is captured by the conservation law V,T"” = 0. Thus, similar to the
bulk Maxwell field and dual conserved current, the bulk metric field is dual to a conserved
current of a global symmetry in the boundary field theory, namely, the energy-momentum
tensor which is the Noether current associated with global spacetime translations. This

9The spin here characterizes how the energy-momentum tensor of the CFT behaves under Lorentz
transformations. Since the CFT can be thought of as defined on the boundary of the bulk spacetime,
the dual bulk field should also be a spin-2 field. However, the bulk field spin characterizes how the field
transforms under ‘local’ Lorentz transformations.
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4. The Holographic Dictionary

follows the standard identification scheme where a gauge field in the bulk correspond to a
conserved current of the corresponding global symmetry in the boundary theory. In this
way one identifies local symmetries in the bulk with global symmetries in the boundary.
In this sense, a holographic duality can be thought of as a global/local symmetry duality.
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Holographic Thermodynamics

Up to this point we have been exclusively dealing with a gravitational theory in pure
AdS space, holographically dual to a conformal field theory ‘livning’ on the conformal
boundary of AdS. Conformal field theories lack an intrinsic scale and are highly relevant
for statistical and condensed matter physics in the context of describing the scale invariant
physical systems realized at thermodynamic or quantum critical points, where a phase
transition occurs [45], [46]. However, we would like to be able to model physical systems
which does possess various scales, e.g. a temperature and chemical potential. In this
chapter we introduce a temperature scale to our boundary field theory by introducing a
black brane with a ‘finite size’ planar horizon in the bulk spacetime. The planar horizon
is of course infinite but we use the linguistic of spherical black holes where a finite size
horizon is located at a finite radius from the singularity. It is then appropriate to also refer
to the black brane as a black hole. The thermodynamic properties of this black hole will
translate into the same thermodynamic properties in the boundary theory. For instance,
the boundary QFT will have a temperature coinciding with the Hawking temperature of
the black hole, as well as an entropy coinciding with the Bekenstein-Hawking entropy.

Even with the inclusion of a black hole in the bulk spacetime, the boundary field
theory will still be a conformal field theory, albeit at a finite temperature, since there
is only this one temperature scale. To break the scale invariance a second scale has to
be introduced. In the next chapter we break the scale invariance by considering a fi-
nite volume boundary space which comes with an associated length scale. This gives
rise to a Hawking-Page phase transition in the bulk spacetime which is interpreted as a
confinement-deconfinement transition in the dual QFT. Next, in our treatment of holo-
graphic superconductors in Chapter 7, the scale invariance is broken by considering a
charged black hole, giving rise to a finite chemical potential in the boundary QFT.

This chapter starts of with introducing thermal field theories and the Schawarschild
black hole in AdS space. The Hawking temperature of this black hole is calculated. We
then proceed with calculating the free energy and entropy of this black hole solution,
which is interpreted as the free energy and entropy of the boundary theory, respectively.

5.1 Black holes in AdS space and thermal field the-
ories

A quantum field theory is related to a thermal field theory at equilibrium by a Wick
rotation, ¢ — —i7. Here one considers the Euclidean time 7 to be periodic with a
periodicity f = 1/(kgT) = 1/T, where T is the temperature of the thermal theory and
kg is Boltzmann’s constant, which is one in our choice of units. The partition function
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5. Holographic Thermodynamics

of the thermal field theory is given by

Zrpr(T) = / Dde~ 7%, (5.1)

SlxRd

where Ig[®] is the Euclidean field theory action and S! is the imaginary time circle. The
holographic dictionary remains valid in the Euclidean signature. There is, however, a
caveat here: the field theory is now defined on a nontrivial background space topology,
S! x R?, and the bulk space must therefore approach this geometry at spatial infinity.
Using the GKPW formula to evaluate the thermal partition function semi-classically, we
get

ZTFT<T) = 6_SE[QTVIN} R (52)

where Sg is the Euclidean Einstein-Hilbert action with a negative cosmological constant
A= —d(d+1)/(2L%),

(5.3)

1 d(d+1
SEH:_i ()>7

d+2
2K2/d+x\/§<R+ 72

and g3,y is a metric that solves Einstein’s equation subject to appropriate boundary
conditions respecting the thermal field theory background geometry. The solution is a
black hole geometry with a metric

ds* = r (r)dr® + :
=7

, T
e D
The function f(r) is called the emblackening factor and the imaginary time coordinate
7 is directly identified with the one in the dual thermal field theory. The periodicity
of 7 is then also the inverse temperature of the black hole Hawking radiation. The
boundary condition at spatial infinity, » — oo, is to require that the black hole geometry
asymptote to the S* x R? geometry of the thermal field theory. We must therefore require
that f(r) — 1 as r — oco. Rotating back to real time, we see that g;; = (r/L)?f(r) and
the radius of the (outer) horizon is hence given by the largest solution to f(r) = 0.
The emblackening factor can in general not be determined analytically except in some
sufficiently simple theories including the present pure AdS gravity theory. In this case
the emblackening factor is given by

dx? . (5.4)

Fr)=1- 5. (55

where M is the mass of the black hole. The unique solution to f(r) = 0 is then r,. =
MY+ Thus, we can rewrite the emblackening factor as

d+1
Firy=1- (”) . (5.6)
r
The notion of a dynamical spacetime with a finite size black hole horizon as being a dual
description of a QFT at a finite temperature is further justified by the interpretation
of the bulk radial direction as the field theory RG energy scale. The high energy UV
phenomena should be rather unaffected by a finite temperature given that the energy is
‘high’ compared to the temperature scale. On the other hand, the low energy IR dynam-
ics is highly affected by a finite temperature. Sufficiently low energy, long wavelength
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5. Holographic Thermodynamics

processes will in fact be screened by the temperature, making it effectively act as an
IR cutoff. This is perfectly encoded in the black hole horizon in the bulk since it only
affects the geometry in the deep interior, corresponding to the low energy region of the
dual QFT. The asymptotic near boundary geometry is not affected as was made sure by
imposing f(r) — 1 as r — oco. Furthermore, the horizon chops of the geometry in the
deep interior at r = r, in perfect coherence with the low energy screening effect of the
temperature.

We are now in a position to derive a relation between the horizon radius r; and the
temperature 7" of the black hole. The metric (5.4) can be written as

1 r?
2 2 2 2
ds® = h(r)dr® + Wdr + ﬁd% : (5.7)
with
2
hr) = gu(r) = g (r) = 75 f(r). (5.8)
We expand the metric near the horizon while noting that h(r,) =0,
ds* =1 (ry)(r —ry)dr? + ! d’r‘2+ﬁdx2+~~ (5.9)
" i W(ry)(r—rs) L2 .
Next, we perform a change of variables,
h/
T o= (;+)T,
(5.10)
r—p=2 U
W(ry)’
in which the metric takes the following form:
2
ds®> = p*d* + dp* + ~tdxi + - - (5.11)

L2

Note that f'(ry) = (d+ 1)/ry > 0 and consequently h'(r,) > 0, so we can omit the
absolute value of h/(r,) when squaring p. However, in the general case one would have
to replace every h/(ry) by its absolute value.

Since the imaginary time 7 is defined on a circle, so is . Thus, the coordinates ¢
and p are identified as polar coordinates on a two-dimensional plane, with of course ¢
being the compact angular coordinate and p the radial coordinate. Note that the horizon
is located at the origin p = 0 in these polar coordinates. In order to avoid a conical
singularity at the horizon the coordinate ¢ must have a periodicity ¢ ~ ¢ + 2m. The
definition of ¢ in terms of 7 then directly implies that 7 has a periodicity of 4w /h/(ry).
Now, recall that we have already made the identification 7 ~ 7 + 1/T". Thus, we arrive
at an expression of the black hole temperature in terms of bulk quantities,

W) R (dt Dy

Ar  4nl®  4nLl? (5.12)

T

It is worth mentioning that if we where to restore physical constants the formula for the
temperature would read
_ he(d+1)ry

T =
k?B 47TL2

(5.13)
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This result is in direct opposition to the analogous result for spherical Schwarzchild black
holes asymptotic to flat space seen in our universe. The temperature of these black holes
are inversely proportional to the horizon radius and, consequently, the larger black holes
will be cooler than the smaller ones. Apparently this is not the case for the planar black
holes in AdS space considered here, since the temperature here is linearly proportional to
the horizon radius. A larger black hole will thus be hotter than a smaller one. However,
this is again in perfect synchrony with the geometrization of the boundary theory RG
scale. As the temperature increases, more and more low energy processes should be
screened out by the temperature. This is precisely what happens in the bulk as the
horizon radius grows; more and more of the IR region in the deep interior disappears
behind the growing horizon. Moreover, with an increasing temperature, the dynamics at
the temperature scale get increasingly closer to the UV dynamics. This is encoded in
the growing horizon as well, since the near horizon region expands outwards toward the
asymptotic boundary where the UV phenomena lives.

The temperature relation (5.13) was a consequence of demanding regularity of the
Euclidean black hole geometry at the horizon. For bulk theories in a Euclidean signature
with various field contents, one generally requires the different modes to be regular at the
horizon. When Wick rotated back to real time these regularity conditions translates into
intuitive ‘infalling” boundary conditions at the horizon. The fields in the bulk must only
be falling into the black hole and not emerging out from it. This encodes for dissipative
processes in the dual field theory since any mode in the bulk will eventually disappear
behind the horizon and thus acquire a finite lifetime.

5.2 Free energy and entropy

By the GKPW formula, the (Helmholtz) free energy in the semi-classical limit is given
by

where Sg is the bulk theory Euclidean action and g}, is the black hole geometry (5.4).
Computing the free energy of the theory therefore amounts to evaluating the on-shell
Euclidean action.

As is usually the case in holography, one has to take into consideration boundary
contributions to the action. The S' x R? geometry on the conformal boundary is fixed.
We introduce a cutoff surface at » = R and impose Dirichlet boundary conditions on the
metric fluctuations dgy;n on this cutoff surface. In order to have a well defined variational
problem in the limit R — oo, given the fixed conformal boundary, there should not be
any boundary terms proportional to 0,0¢);ny after integrating the action by parts. This
requires the addition of a ‘Gibbons-Hawking-York’ boundary term to the action [50], [51],

1
Sany = 5.5 /S V(2B (5.15)
Here h is the reduced determinant of the induced metric hy;y on the cutoff boundary
and K = hWMN K,y is the trace of the extrinsic curvature K;n of the induced metric,
defined as

Kyy = b5, h 5V ng, (5.16)

where V, is the covariant derivative with respect to gysn, and n is an outwards directed
normal vector to the cutoff surface. The extrinsic curvature characterizes the way a
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5. Holographic Thermodynamics

submanifold is embedded in a manifold. Here it characterizes how the cutoff surface is
embedded as a boundary of the bulk space.

Furthermore, even with the addition of a Gibbons-Hawking-York boundary term we
will, as usual, encounter a divergence upon taking R — oo, resulting from integrating
over an infinite volume. This infinite volume divergence correspond to a UV divergence
in the boundary QFT and can be regulated directly in the bulk theory by the addition of
a boundary counterterm to the action. This counterterm depends only on the intrinsic
geometry of the boundary. Hence, it does not alter the bulk equations of motion. We
generalize the convention in [50] to AdS geometries and choose the counterterm such that
the on-shell action vanish for pure AdS space!. For our Schwarzchild black hole in AdS
space (5.4), the counterterm is as follows:

1 2d
= — d™avh=| . 1
S = 508 o VL (517

We will now show that this counterterm indeed precisely cancels the infinite volume
divergance encountered in the unregulated on-shell action.

With the addition of the Gibbons-Hawking-York term and the counterterm, the total
gravitational Euclidean action to be considered is

SE = Seu + Scuy + Set (5.18)

where Sgy is the Euclidean Einstein-Hilbert action with a negative cosmological constant,

S = —2;/ /slde /g <R+ (d; )> (5.19)

Here the R in the integrand of course denotes the Ricci scalar and not the cutoff radius.
There should be no confusion about the meaning of R in the following calculation since
we will evaluate the Ricci scalar and then R will always refer to the cutoff radius. In fact,
the Ricci scalar and square root of the determinant of the metric (5.4) is

R:_W’ V= <Z>d (5.20)

Thus, the Einstein-Hilbert action takes the following form,

e o Y (252
:21/@2L§T | drld+1) ( ) / d'z (5.21)

_ 12 (R)“L(u)dﬂ o
2k2 LT |\ L L R4

The normal vector n™ should be in the positive r-direction and satisfy n™n" gy = 1.
It is straightforward to verify that it is indeed given by n™ = r/f/LM" where 6™~
is the Kronecker delta. Recall from 4.1.1 that the induced metric is defined as hyy =
gun — nyny. The induced metric then exactly takes the form of the black hole metric

n [50] they considered geometries asymptotic to Minkowski space and consequently imposed the
condition that the on-shell action vanish for Minkowski space.
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(5.4), but with a vanising rr-component. The reduced determinant h of the induced
metric is computed by taking the determinant of h,,,, where the greek indices as usual run
only over the coordinates orthogonal to the radial coordinate. Thus, v/h = (r/L)*1\/F.
In the computation of the trace of the extrinsic curvature, we utilize the fact that the
induced metric is orthogonal to the normal vector n™ and that h,, = g,

K= hMNKMN = hMNhMKhNLvKnL = hKL (8KTLL - F%LTLI) = —h“”TZVnT . (522)

Here 'K, is the Cristoffel symbol with respect to gay. The two Cristoffel symbols we

need are 3 3
f rf
7 = — | A ) 2
TT L4 f + 2 T;T; L4 (5 3)

Now, n, = g,,n" = L/(ry/f) and we can compute K,

d
_ TTT\7"r Ty TT
K =—=n"T.n, =Y h""T  n,

=1
_ L2 rif (f_|_ 7“f’) L dﬁﬂ L (5.24)

r2f L* 2 r\/7+ r2 LA r/f
i rf'
it

The Gibbons-Hawking-York boundary term (5.15) is then given by

Scny = 222 /81de dty (z)dﬂ \/? l_2\£7 (d +1+ 2‘?)]

1 /R\“[2f(d+1) Rf'] Ut g
-2 (1) [ L *J/o I Ja

1 1 d+1 2(d—|— 1) Ty d+1 d—|—1 Ty d+1 g
S - (= (= / d
2/<2T<L> [ L ( (r> "I (r) Re '
d+1 d+1
— _Lﬁ 2 (R> _ <T+> ddl',
2k LT L L Rd

where we have used that f(R) = 1 — (r./R)¥™! in the third equality. Finally, the
counterterm (5.17) is

1 a1 (T 2d
SCt—2/<c2/slded x( ) \/?

1 2d d“ / m d+1

T oK2 LT /Rd (5:26)
1 2d d+1 d+1 1

212 LT [(L) 2 <L> +O<Rd+1>]/Rd o

where we have expanded the square root in powers of (r, /R)¥! < 1. Now adding up
(5.21), (5.25), and (5.26), we get an expression for the complete Euclidean bulk action,
which we then substitute in (5.14) to calculate the free energy of the black hole solution.

7—00

(5.25)
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5. Holographic Thermodynamics

The terms with a positive power of R cancel and we can thus take the limit R — oo.
The result for the free energy is

1 1 T d+1
Fe—— (= / 4l . 5.27
2/'12[/([/) e 7 (5.27)

Note that the free energy indeed vanishes for pure AdS obtained by setting r, = 0. Fur-
thermore, the free energy is proportional to the spatial volume of the conformal boundary
on which the field theory is defined, as is the expected result for a quantum field theory.
Using the relation (5.13) between the temperature and horizon radius, the free energy
can be expressed as

om (4w L \* T
Fo_T ( m ) d (5.28)
kK2 \d+1/) d+1 Jre
The entropy of the black hole and thermal field theory is then given by
OF  2m (4wl \* 1 /r\®
S:—:( >Td d* :(*) dz 5.29
or ~ w2 \d+1 R T T AGy L) ST (5.29)

where we have used that kK = 87Gy with Gy being Newtons constant. This is in fact
precisely the Bekenstein-Hawking entropy of the black hole (3.2), as is confirmed by

calculating the ‘area’ of the horizon?,
i\ / d
=|— dx. 5.30
r=ry ( L ) R4 . ( )

We have thus shown that the entropy of our finite temperature boundary CFT is equal to
the Bekenstein-Hawking entropy of the black hole in the bulk. The expressions we have
derived for the free energy and entropy are written in terms of bulk quantities, (r,L, and
Gn). In order to express the thermodynamic quantities in terms of field theory quantities
one would need an explicit top-down construction of the duality. However, it is worth
mentioning that in the canonical example of 3 4+ 1 dimensional large N super-Yang-Mills
theory dual to supergravity on AdSsxS®, the black hole entropy is proportional to N2,
This suggest that the boundary gauge theory dual to an AdS black hole spacetime is in a
deconfined state. This statement will be explored in the next chapter which is about the
thermal ‘Hawking-Page transition” and the related confinement-deconfinement transition
in the dual field theory.

_ d
A_/Rdd:v\/gj

2Tt is more correct to use the word volume here as opposed to area, but we stick with the terminology
of spherical black holes in 341 dimensional spacetime to guide our intuitions.
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The Hawking-Page Transition and
Confinement in (Gauge Theories

In the previous chapter we introduced a temperature scale to our holographic duality by
adding a black hole in the deep interior of the bulk spacetime. This induced a temperature
in the boundary field theory coincident with the Hawking temperature of the black hole.
Here we will introduce yet another scale to our system in a more rudimentary manner by
considering a boundary space with a finite volume. In fact, this can be done in a natural
and straightforward way by exchanging the Poincaré coordinates for AdS space, which we
have been working with so far, for global coordinates. Recall from 3.3 that the Poincaré
coordinates cover only the Poincaré patch of AdS space. The conformal boundary in
Poincaré coordinates is a Minkowski space, making it a natural choice of coordinates
when considering relativistic boundary QFTs. However, the global coordinates (3.13)
cover the entire AdS space and the topology of the Euclidean boundary space is then
Stx S,

There are precisely two isotropic solutions to Einstein’s equation in Euclidean signa-
ture which are asymptotic to ‘global AdS’, as proved already in the 1980s by Hawking
and Page [52]. One is a Schwarzschild black hole solution with an imaginary time com-
pactified on a circle. In the case of global AdS, however, the black holes are spherical as
opposed to the planar black holes, or rather black branes, which are the corresponding
solutions one obtains for the Poincaré patch of AdS space. The other solution is of course
the global AdS solution (3.13), but with a periodic imaginary time. The global AdS so-
lution with a periodic imaginary time is referred to as ‘thermal AdS’. The corresponding
boundary field theory will acquire a finite temperature despite the lack of a black hole
horizon in the bulk spacetime.

We concluded the last chapter by stating that black hole entropy in the case of su-
pergravity on AdSsxS®, dual to large N super-Yang-Mills theory in 341 dimensions, is
proportional to N2. Since N? counts the ‘colour’ degrees of freedom in the super-Yang-
Mills gauge theory, this suggests that these degrees of freedom are not confined in a gauge
invariant singlet, and that the black hole solution in fact describes the deconfined phases
of the gauge theory. On the other hand, the thermal AdS solution has no horizon and
consequently no entropy of order N2. The confined states of the gauge theory should
have an entropy of order unity, since the order N? degrees of freedom are then confined
in a gauge invariant singlet state. In the large N limit, corresponding to the classical
limit in the gravitational theory which we are working in, contributions of order one to
the entropy will be suppressed by the leading large N contribution. The fact that the
thermal AdS solution does not have an entropy of order N? suggests that it may describe
the confined states of the boundary theory [2].

In order to determine which of the two competing thermal solutions is realized in a
given system, one can compare their free energies as a function of temperature and AdS
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6. The Hawking-Page Transition and Confinement in Gauge Theories

radius L. The solution with the lower free energy will correspond to the thermodynami-
cally preferred state.

We will first analyse the thermodynamics of the two qualitatively different thermal
solutions to Einstein’s equation, and in particular, calculate their free energies. We will
find that a thermal phase transition occurs at a particular critical temperature, which
depends on the number of spatial dimensions and the AdS radius. This is in fact the
‘Hawking-Page transition’ [52]. We will then give a brief discussion of confinement in
gauge theories, and its interpretation in holography. By computing a static quark po-
tential, both in the zero and finite temperature case, we analyse the confined /deconfined
nature of large N gauge theories in holographic duality. However, this computation is
done in Poincaré coordinates, which correspond to an infinite volume conformal bound-
ary, and therefore cannot be applied to the spacetimes involved in the Hawking-Page
transition. We end the static quark potential analysis by briefly mention the result in
[53] for the finite volume case, which suggests that the Hawking-Page transition precisely
correspond to a confinement-deconfinement phase transition in the holographically dual

QFT.

6.1 Thermodynamics of AdS space

The Euclidean metric of the two isotropic spacetimes asymptotic to ‘global AdS’ takes
the following form [52], [53]:

2 2 dr? 2 102
ds® = f(r)dr* + o) + r*dQy, (6.1)

where dQ2 is the metric of the d dimensional sphere S? with unit radius. The emblackening
factor is given by
r? 22

My~ - ———, 6.2
[z war < Vol (SY) 6.2

flry=1+
where M is the mass of the black hole and Vol(S?) is the volume of the d dimensional
sphere. The thermal AdS solution is obtained by taking M = 0. Note that the black
hole solution is asymptotic to pure AdS. The largest solution r to f(r) = 0 with M # 0
determines the location of the horizon. Whereas the thermal AdS spacetime is defined
for 0 < r < oo, the black hole spacetime is restricted to the region r, <r < oo.
Expanding the metric (6.1) near the horizon and changing coordinates according to
(5.10) (replacing h with f), we get

ds® = p*d¢* + dp® + r2dQ5 + - - (6.3)
From (6.2) it directly follows that

f(ry) = 2% + (d — DwgMr®. (6.4)

However, using that f(r) = 0 it also follows that

1 ry  LP40r%
Mrit=— 4+ =% = + 6.5
waMr, = + 12 L2 ; ( )
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and we can thus write
(d— 1)L2 + (d+ 1)7‘_2F

Ty L2

flry) = (6.6)

Since clearly f’(r;) > 0, the absolute sign when squaring p = 2\/(7’ —7ry)/f'(ry) can be
omitted. In order to avoid a conical singularity at p = 0 we must require ¢ ~ ¢ + 2.
The Euclidean time 7 = 2¢/ f'(ry) then has a periodicity of 47/ f'(ry) which is identified
as the inverse temperature. Hence, the temperature of the black hole solution is given by

(d—1)L* + (d+ 1)r3

Ay, L2 '
We now follow the prescription outlined in 5.2 to compute the free energies and determine
the thermodynamically preferred solution.

Recall from 5.2 that the free energy is proportional to the on-shell Euclidean bulk
action, fF = S[g*]. For a pure gravitational theory in vacuum, the action consists of an
Einstein-Hilbert term plus suitable boundary terms, in particular a Gibbons-Hawking-
York term and a counterterm. We choose our counterterm such that the on-shell action
vanish for the thermal AdS solution. Thus, we are essentially setting the free energy of
the thermal AdS solution to zero. Consider the case of d = 2, i.e. 4 bulk spacetime
dimensions. The counterterm that does the job is

T —

(6.7)

1 4 12
S, —/ Baovh o1+ =
Slxs? L r2

T oR2

, (6.8)
r=R
where h as usual is the determinant of the induced metric on the boundary. The Euclidean
Einstein-Hilbert action (5.3) evaluated on the solution (6.1) is given by

3
SEH = 12,2 /d4$\/§, (69)

where we have used that R = —(d + 2)(d + 1)/L? is the Ricci scalar for the geometry
(6.1). Thus, the on-shell Einstein-Hilbert action is simply given by a constant times the
bulk volume. For the thermal AdS spacetime, we get

3 (P R, 4B 4
Son = ooz | dr [ dr? [ a0 = SR (6.10)
and for the black hole spacetime,
3 B R 2 4776 3 3
Son = 1oz | dT/T+ drr? [ = o (R =17). (6.11)
Now, the Gibbons-Hawking-York term is given by
1
=_— &’z Vh(—2K 12
Sy 2k2 /Sl><82 wVh( ) r=R (6:-12)
The trace of the extrinsic curvature is
!/
2
K = / + VI . (6.13)

/S r

It is straightforward to verify that the total on-shell action Sgg + Squy + Se vanish for
the thermal AdS solution with f(r) = 1+ 7?/L? and arbitrary 3’. For the black hole
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solution where f(r) = 1+7r?/L? —w,Mr~! and 8 = 1/T, with T given by (6.7), one finds

Scay = 212/6617/82(191%2\/]7(—\]/”7 — 4\;7)
_ AnpB
T L2k2

1 2
Su = ﬁ/ dar [, a1 f,/ + 5 o1

A 3 2 2
= 735 (2% + 2RL> — M L?) .

(6.14)

3
( 3R® — 2RL2+2w2ML2>,

and

The on-shell action for the black hole solution is then

2352 (QWQML2 ) . (6.16)

Using (6.7) to evaluate 3, as well as the fact that the thermal AdS on-shell action vanish
with our choice of counterterm, we find

Seu = Sen + Scuy + Se =

167‘(‘27“3_ <L2 — ri)
262 (3r3 +L2%) 7

SBH — SAdS = (6.17)

where Saqs denotes the thermal AdS on-shell action. In the general case of d + 2 bulk
spacetime dimensions, this expression would read [2], [53]

A7 Vol(S%)rd (L2 — ri)

Spu — Sads = 92 ((d+ 1)r§r + (d — 1)L2) .

(6.18)

The difference in on-shell actions Spy — Sags is positive! for 7. < L and negative for
ry > L, indicating a phase transition at r, = L, corresponding to a critical temperature
T. = d/(2wL) according to (6.7). Plotting the free energy F' as a function of 7" indeed
reveals a first order transition at T, characterized by a discontinuity in the derivative of
F with respect to T', as shown in Fig.6.1. Here the constant values d = 2, L = 1, and
2k? = 1 have been used. For T' < T, the thermal AdS space is the thermodynamically
preferred solution and the free energy is zero. For T' > T, the black hole geometry is the
preferred solution with a negative free energy, monotonically decreasing in temperature.
This phase transition between two different stationary spacetime configurations is known
as the Hawking-Page transition, named after its discoverers [52]. Remarkably, it shows
that a Schwarzschild black hole in AdS space is not stable at low temperatures; a cold
black hole can ‘uncollapse’ into pure AdS space. The fact that black holes in AdS can
become unstable is an essential feature when it comes to the applications of holography
to condensed matter physics, as it enables a gravitational description of thermodynamical
or quantum phase transitions. Indeed, in the minimal holographic superconductor toy
model to be introduced in Chapter 7, the gravitational description of the superconducting
phase transition utilizes the instability of a charged ‘Reissner-Nordstrom’ black hole to
perturbations of a scalar field.

'Here we are assuming d > 0. For d = 0 it is negative for any r.
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Figure 6.1: The free energy F of the preferred state as a function of temperature 7" (left)
and the derivative of the free energy with respect to temperature (right). At T, = 1/7
there is a first order phase transition from the thermal AdS solution to the black hole
solution. The derivative is discontinuous at the critical temperature. The constant values
d=2,L =1, and 2x% = 1 have been used.

One can now calculate the thermodynamic energy, (F) = _agfgz , as well as entropy

of the black hole spacetime. The results are those which should be expected; the total
energy of the black hole is equal to its mass, (F) = M, and the entropy is in precise
accordance with the Bekenstein-Hawking formula [52], [53].

It is possible to arrive at (6.18) by directly calculating the difference in on-shell actions
for the black hole and thermal AdS spacetimes [52], [53]. The surface terms will not
contribute because the black hole correction to the emblackening factor vanish too rapidly
at infinity [53]. Furthermore, the infinite volume divergences cancels when computing the
difference in actions. The difference in on-shell actions is then essentially the difference in
bulk volumes, according to (6.9). However, there is one important caveat to keep in mind
here. One has to make sure that the bulk geometries compared are dual to boundary
theories at the same temperature. The black hole must have a fixed temperature given
by (6.7), in order for the spacetime to be smooth. The thermal AdS spacetime, however,
may be defined at any temperature, i.e. the periodicity of the imaginary time may be
chosen arbitrarily. Thus, one introduces a cutoff surface at some radial distance r = R,
and then define the imaginary time circle of the thermal AdS solution in terms of the
black hole inverse temperature, in such a way that the two time circles have the same
proper length at the cutoff surface. In the end of the calculation the limit R — oo is
taken, so the temperatures of the two solutions match at the conformal boundary.

Setting the proper lengths of the imaginary time circles at the cutoff radius equal for
the thermal AdS and black hole solution, one finds

o+ i e, (619

where 3/ = 1/T" and § = 1/T are the inverse temperatures of the thermal AdS solution
and black hole solution, respectively. When computing the difference in bulk volumes,
this is the relation one should use to define £ in terms of 5 to make sure that the
respective dual field theories are defined at the same temperature.
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Figure 6.2: A standard rectangular Wilson loop contour for determining the static
quark potential. The top and bottom sides are along a spatial direction, whereas the left
and right sides are along the temporal direction.

6.2 Wilson loops and confinement

The Hawking-Page transition was discovered more than a decade before the AdS/CFEFT
correspondence. However, it was not until the discovery of the latter that the meaning of
the transition was fully understood. Witten showed in [53], by a Wilson loop calculation,
that the Hawking-Page transition is the gravitational description of a confinement/de-
confinement transition in the dual boundary field theory.

In gauge theory?, the local gauge symmetry transformations are elements of a Lie
group. A Lie group defines a differential manifold with non-trivial curvature and a notion
of connections and covariant derivatives. The Wilson loop is a gauge invariant operator
which depends on the holonomy? of the gauge connection. Here we are using terminology
from differential geometry, but keep in mind that the gauge connection is really just the
gauge field A, itself. Particles charged under the gauge symmetry group are commonly
referred to as a quarks, in analogy with QCD. The quarks are in turn sources of the gauge
fields.

A quark that is parallel transported around a closed contour v on the group manifold
will pick up a phase factor P exp (2 ¢, A), where P is the path ordering operator and
A = A,dz" is the gauge one-form. The path ordering is necessary for non-Abelian gauge
theories, because of the non-commuting nature of the gauge fields. The Wilson loop is
defined as .

W(y) = TrPerWA, (6.20)

where the trace is taken over the fundamental representation of the gauge group. The
Wilson loop can be thought of as the phase factor associated with the propagation of
a quark anti-quark pair around a closed contour. Its expectation value allows us to
determine whether the field theory vacuum is in a confining or deconfining state. In
the zero temperature case, the textbook approach is to consider the contour to be a
rectangle with two sides along the (imaginary) time direction, and two sides along a
spatial direction, as indicated in Fig. 6.2. The length of the sides along the temporal
and spatial direction are denoted as L, and L, respectively. This contour allows one to
obtain the static potential V(L) between an infinitely massive quark anti-quark pair?,
separated a distance L, from the expectation value of the Wilson loop. In the Euclidean

2For a more thorough review over the vast subject of gauge theory, we refer the reader to [54].

3The holonomy of a connection on a differential manifold essentially measures the amount a vector
rotates under parallel transportation around a closed curve.

4This is in complete analogy with the Coulomb potential between two separated opposite electrical
charges in the theory of electromagnetism. The infinite mass of the quarks is required in order to keep
the separation distance between them fixed, in the presence of the force associated with the potential.
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theory, when taking the limit L, — oo, one finds

lim (W(y)) ~ e LV Es) (6.21)
=00
Next, one also takes the limit Ly — oo; if the potential grows linearly (or faster) with Ly,
the gauge theory is in a confining state, but if the potential goes to a constant value (or
decays with L), the theory is in a deconfining state. We see that a confining state with
a linearly growing potential gives rise to an area law,

log (W(7)) ~ A(v), (6.22)

where A(7) denote the minimal area enclosed by 7. On the other hand, a deconfining
phase with V(Lg) — constant results in a perimeter law,

log (W(7)) ~ L(7) . (6.23)

Moreover, the area and perimeter laws also hold for large but arbitrary spatial contours.
In the finite temperature case, the aforementioned area law still holds for spatial
Wilson loops. However, a proper order parameter for confinement is the temporal Wilson-

Polyakov loop [2], [53], [55], [56],
P(x) ="Tr ('Pei I ATdT) . (6.24)

More precisely, its expectation value is an order parameter for deconfinement. A probe
quark will induce a change in the free energy of the system. This change in free energy
is measured by the expectation value of the Wilson-Polyakov loop; (P(x)) ~ e ¥(1/T,
An infinite amount of energy is required to separate quarks from a singlet state in the
confining phase of a gauge theory, and as a consequence, the induced change in free energy
by a probe quark should be infinite. Thus, (P(x)) = 0 for a gauge theory in the confining
phase. In the deconfining phase, however, a probe quark will change the free energy by a
finite amount. Hence, (P(x)) # 0 signals that the gauge theory is in a deconfining state.

A method for calculating the expectation value of Wilson loops in large N field theo-
ries was proposed in [57]. The string theoretical realisation of large N Wilson loops was
also studied in [58]. Since the Wilson loop is a non-local operator, its dictionary entry
cannot be obtained from the GKPW formula. Instead, one has to turn to the string
theoretical foundation of the holographic duality. In string theory, a quark in the funda-
mental representation correspond to an endpoint of an open string, the endpoint being
restricted to live on a D-brane. The string itself account for the forces acting on the
quark. Consider an open string whose two end points corresponds to a quark and anti-
quark, respectively. As the quark anti-quark pair propagates around the loop, the string
will trace out a worldsheet. It is therefore reasonable to assume that the expectation
value of the Wilson loop should go as

(W(y)) ~e NG, (6.25)

where Syg is the on-shell Euclidean Nambu-Goto action of the string, measuring the
proper area of the string worldsheet. We choose coordinates ¢, with m = 0, 1, to
parametrize the string worldsheet. The coordinates of the string in the bulk spacetime is
denoted by XM = XM (5% o1), where M =0, 1, ..., d + 1. The Nambu-Goto action is
defined as

1 2
Sva = 5 / o\ Jdet (G rn 0 X MO, XN, (6.26)
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where o' is the ‘slope parameter’ conventionally used in string theory, and Gy is the
bulk metric. Note that A, = GunOnXM0, X" is the induced metric on the string
worldsheet.

Although the endpoints of the string is restricted to the Wilson loop, defined on the
boundary space where the gauge theory lives, the string itself may extend into the interior
of the bulk. The contour v on the boundary space is then extended into a surface, or
rather worldsheet, in the bulk space. Determining this worldsheet amounts to finding the
stationary points of the Nambu-Goto action (6.26).

6.2.1 Static quark potential at zero temperature

We use the dictionary entry (6.25) for the expectation value of the Wilson loop to com-
pute the static quark anti-quark potential for a zero temperature gauge theory. This
calculation was originally done in [57], and has been done in [2]. We consider the zero
temperature field theory as living in an infinite flat space, and it is therefore convinient
to choose AdS in Poincaré coordinates as the bulk space. Choosing a rectangle with one
side in the temporal direction as contour for the Wilson loop, as illustrated in Fig. 6.2,
and using (6.21), the potential is given by

V(L) = lim NG (6.27)

L:—00 LT

The only subtlety in this calculation comes from the fact that the conformal boundary is
located an infinite distance away. The area of the string worldsheet will therefore formally
diverge. However, it is possible to regularize the on-shell Nambu-Goto action to obtain
a finite result.

For simplicity, we consider the case of a five dimensional AdS bulk space. The pure
AdS Euclidean metric in Poincaré coordinates is given by

d 2
ds? = r? (dT2 + da? + dy2 + dz2> + r% , (628)

where we have set the AdS radius to unity. In these coordinates, the Wilson loop rectangle
can be taken as the boundary of the domain —L,/2 <7 < L./2, —L,/2 <x < Lg/2,in
the boundary space. The parametrization of the string worldsheet is conveniently chosen
as 0 = 7 and ¢! = x. Furthermore, we choose to work in static gauge® where X™ = 7,
X?® = x. Since these are precisely the worldsheet parameters and X are the coordinates
of the string worldsheet in the bulk space, it directly follows that X¥ and X?* should be
constants, assuming X" are orthogonal coordinates. However, the string can move in
the radial direction as well. We consider a static configuration and write X" = R(x).
With this choice of coordinates and with the metric (6.28), the determinant of the

intrinsic metric on the worldsheet can be evaluated as follows:

OXMoxN
oo™ QJon

h = det (GMN(X> ) = Grr(R) (Gru(R) + G (R)R?) = R' + R?. (6.29)

5The theory is invariant under reparametrizations of the worldsheet coordinates. The gauge freedom
here is due to this reparametrization invariance.
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The Nambu-Goto action is then given by

1 L:/2 Ls/2
SNG = / dT/ d%\/ﬁ

2o J-L./2 —Ls/2

L Ls/2 R'2
= dr R?\[1+ —.
2ma/ /LS/Q ¢ * R*

(6.30)

Thus, the system is effectively one-dimensional and the action is the integral over a

Lagrangian,
, Lr ) R

The conjugate momentum to R(z) is then

oL L, R

Pla)= -7 =5— : (6.32)
R'2
OR'  2md’ p2. /1 + w2
and the Hamiltonian of the system is given by
L, R?
H(R,P)= PR — L(R,R) = — —_— (6.33)
2ral 1 4 B
+ R4

Since the Hamiltonian has no explicit = dependence, it is conserved with respect to
‘evolution’ in x,

dH OHdR OHdP
_— — 77:—Pl ! IPIE 4
dx 6Rdm+8de R+ R 0, (6.34)

where we have used Hamilton’s equations,

OH OH
— =_F — =R. 6.35
OR ’ OP ( )
It then follows directly from (6.33) that
R2
——— = constant . (6.36)

The endpoints of the string are attached to the Wilson loop on the boundary space where
the radial coordinate is formally infinite, R(—Ls/2) = R(Ls/2) = oco. A sketch of the
string extending into the bulk is shown in Fig. 6.3. Now, starting from x = —L,/2 and
increasing x, the radial coordinate of the string decreases until it reaches a turning point,
which by symmetry must be located at x = 0. At the turning point, R'(z) = 0 and R(x)
acquires its minimal value Ry. Increasing x further the radial coordinate will increase
towards infinity at x = Lg/2. Evaluating (6.36) at x = 0, we can thus determine the
constant,

R2
——= RS, (6.37)
1+ 5
Solving this equation for R/, we get
R4
R = +R? R 1, (6.38)
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Figure 6.3: A string attached to the Wilson loop on the boundary space at R = oo
and extending into the bulk space. The radial coordinate of the string takes its minimal
value Ry at the turning point of the string.

where the negative solution is valid for —L; < 2 < 0, and the positive solution is valid
for 0 < x < Ly/2. Integrating the above differential equation from = = 0 to z = L4/2,
we find a relation between L, and Ry,

Ls/2 1 2 [ 1
sz/ dr=2 dR :—/di
R —1 R Vo1 60
B o/ 2m3/? ’
S T(1/4)2R,

Moreover, using (6.37) and (6.38) to change the integration variable from z to R, the
Nambu-Goto action (6.30) can be rewritten as

L Lg/2 /2 L 00 2
Sna = / g 14 b [T gp B

2ral J-L,)2 R 7wa' IR, R2JRYRE — 1 (6.40)
o et

This integral is divergent. As usual, the reason for this divergence has to do with the
infinite volume of the bulk space. The properly regularized action is® [2], [57]

[e's) 2 2
L, Ry V dy( y - 1) B 1] _ 2VmL Ry 4272 L, (6.41)
1

Sng = ——— —
To! y4

LRO

T(1/42a ~  T(1/4) L,

where we have used (6.39) to write Ry in terms of Ly in the last equality. Now, the heavy
quark potential is given by (6.27),

. SNe 44272
V(L) =1 = — . 6.42
(L) = i T = T/, (6.42)

The potential is Coloumb-like with a 1/L behaviour. This is in fact a consequence of the
conformal invariance [57]. Also note that 4v/27%/(I'(1/4)*a’) > 0 so the potential is of

60ne way to evaluate the integral is to multiply the integrand by a factor of y?*, integrate the two
terms separately, and set A = 0 at the end [57].
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T+ T+ R =00

Figure 6.4: The two possible string configurations in the finite temperature case. On
the left, the Wilson loop is not large enough for the string to reach the horizon before the
turning point is reached. In this case the string does not feel the presence of the horizon
and the situation is similar to the zero temperature case. On the right, the Wilson loop is
large enough for the string to reach beyond the horizon and rupture into two disconnected
strings, falling into the horizon.

the form —c/Lg with a positive constant ¢, i.e. it is an attractive potential, as expected
for a quark anti-quark pair. As mentioned earlier, the decay of the potential with L,
signals that the gauge theory is in a deconfining state. This is precisely what we expect
for a boundary theory in infinite volume [53].

6.2.2 Static quark potential at finite temperature

The finite temperature case of the calculation in the previous section has been considered
in [56], [59]. The finite temperature of the infinite volume boundary theory is accounted
for by the addition of a black hole horizon in the bulk space. Here there are two quali-
tatively different string configurations possible, as depicted in Fig. 6.4. One possibility
is that the Wilson loop on the boundary is small enough for the attached string not to
reach the horizon in the bulk. In that case the string configuration is similar to that in
the zero temperature case, with a turning point at some radial distance larger than the
horizon radius. The other possibility is that the Wilson loop is large enough for the string
to fall into the horizon and ‘break’ into two disconnected strings.
In the finite temperature case, the Euclidean bulk geometry is now given by

dr?
r2f(r)’

ds* = r? (f(r)d7’2 +dz® + dy* + dz2> + (6.43)

with the emblackening factor

Ty 4
ﬂm:1—(). (6.44)

r
As in the zero temperature case, we have set the AdS radius to unity. Consider first
the configuration where the string does not reach the horizon and has a turning point
at Ry, as shown on the left side of Fig. 6.4. Using the same coordinates as in the zero

temperature case, the determinant of the intrinsic metric on the string worldsheet is now

R/Q
R*f(R)

oXMoxM

do™ Jo™

h:@%@mw) ):37@%#+ ):W—ﬁ+ﬁ?(mm
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It then follows that the Nambo-Goto action is given by

1 L./2 Ls/2
Sva=o [ ar [ - / Ri—ri+R2. 6.46
NG T oral —L./2 Ls/2 do v/h = 2! J-Ly/2 d \/ s ( )
Now, the conjugate momentum to R(z) is
08 L, R
P(r)= 2% = T , (6.47)
R (z) 2rma \/R4 —rt 4 R?
and the Hamiltonian is
LT R4 _ 4
H(R,P) = ——— T (6.48)
21 \/R4 —ri 4 R
Since the Hamiltonian has no explicit z-dependence,
dH Rt — 1t
— =0 = T+ = constant . (6.49)
dx \/ R — 1t + R?

Evaluating the above expression at the turning point R = R, where R’ = 0, we find

Ri— 11 (6.50)

Solving for R’ yields

dR (R* —r1)(R* — R})
— =+ , (6.51)
dx $ R§ —rt
and integrating this we obtain a formal expression for L,
Ls/2 00 R4 o T4
L,=2 / dv=2[ dR 01
o 7 n J (Rt —r1)(R' — Ry)
6.52
2 rd 1 ( )

— Oody )
R R4/1 e
0 0 \/(y4_R+é> <y4_1)

Using (6.46) and (6.51), an expression for the static quark potential (6.27) follows,

Ls/2 _
V= / do \JRY =i + B2 = i

2na J-L,)2 o/ R*— R}

(6.53)
y' —ri /Ry
yt—1

Just as in the zero temperature case, this integral is divergent. The properly regularized
static quark potential is given by [59]
R, o0 4 _ 4 R4
0 / gy |V )
1 y4 —1 RQ

o'

V(Ro) =

(6.54)
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Now, in order to find the dependence of the static quark potential on the spatial side
length L, of the Wilson loop, one uses (6.52) to eliminate Ry from (6.54) in favor of L.
Here one has to resort to numerical methods, as opposed the zero temperature case where
the analogue of this step could be done analytically. We will simply quote the results.

Note that the relations (6.52) and (6.54) are only valid for sufficiently small L, where
the string has not reached the horizon and the string configuration is as illustrated on
the left side of Fig. 6.4. For a given temperature, or equivalently, horizon radius r,,
there exists a length scale L, for which the string does not reach the horizon if Ly < L,.
Furthermore, L, should decrease with increasing temperature since r, increases with
temperature. One finds from the numerical analysis that the static quark potential will
have a Coulomb like behaviour, V' (Lg) ~ —1/Lg for Ly < L. The area and perimeter
laws for Wilson loops now tells us that the corresponding dual gauge theory is in a
deconfined state.

For Ly > L,, however, the string configuration will be that of two disconnected strings
dropping through the horizon, as depicted on the right side of Fig. 6.4. In this case the
static quark potential is simply given by [2]

V=t (6.55)

o/

This is manifestly independent of L, and the dual gauge theory should therefore again be
in the deconfining phase. Thus, the infinite volume boundary theory is in a deconfined
state at any temperature, zero or finite. This is the expected result [53]. In other words,
no confinment-deconfinement phase transition can occur in a conformal gauge theory
living on a boundary space with infinite spatial volume.

This is not the case for a finite volume boundary theory. Indeed, the ‘global AdS’
bulk spaces involved in the Hawking-Page transition have dual quantum field theories
defined on finite volume spaces. If we consider the same finite temperature theory in
global AdS coordinates, the conformal boundary has finite volume and the field theory
living there is no longer a CFT. Here one indeed finds a phase transition between a
confining and deconfining phase, as was argued in [53]. When L, < L, the Wilson loop
is sufficiently small to only probe the high energy, short distance processes. These are
insensitive to the finite temperature, which affects only low energy phenomena. This is
geometrically encoded in the bulk spacetime, where the string attached to the Wilson
loop does not reach deep enough to feel the presence of the black hole horizon. In this
case the boundary gauge theory is found to be in a confining state. On the other hand,
when Lg; > L, the Wilson loop will probe low energy, large distance physics which are
highly sensitive to the finite temperature. The string in the bulk space now reach the
horizon and breaks into two disconnected strings, signaling a transition from a confining
to a deconfining state in the dual gauge theory. This confinement-deconfinement phase
transition should be interpreted as the holographic dual to the Hawking-Page transition,
which essentially is the transition between a thermal AdS space with a black hole horizon,
and one without. The way in which this transition is geometrically described by a string
stretching in the dynamical bulk spacetime once again supports the interpretation of the
extra bulk dimension as the RG energy scale of the dual QFT.

In conclusion, the large N conformal field theories of AdS/CFT dualities are in a
deconfining phase at any finite temperature when they live in infinite volume. Breaking
the conformal invariance by introducing a length scale associated with a finite volume is
enough to create a stable confining ground state. In the dual gravitational theory, this
is described by the presence or absence of a black hole horizon. If a horizon exists, the
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dual QFT must be in a deconfining phase. Otherwise, a finite temperature QFT, which
necessarily is dual to ‘thermal AdS’, must be in a confining phase. The infinite volume
CFT at zero temperature is, however, deconfining. Since the Hawking-Page transition
is the thermal phase transition between a ‘thermal AdS’ spacetime and an AdS black
hole spacetime, we interpret it as the holographic dual of a confinment-deconfinement
transition in gauge theory.

At first sight, the fact that the Hawking-Page transition, which is claimed to be a
thermal phase transition, occurs as at finite volume seems to be in conflict with ther-
modynamic principle, stating that thermodynamic critical points can exist only in the
thermodynamic limit”. The infinite volume associated with the thermodynamic limit
suppresses thermal fluctuations. In the finite volume holographic duality, it is in fact
the large N limit which is responsible for the existence of a thermal phase transition, as
thermal fluctuations are suppressed at large N in a similar way as they are suppressed in
the thermodynamic limit [2]. This is an instance where we explicitly see the mean field
nature of the large N limit come to life.

"The thermodynamic limit is defined as the limit of a large number of microscopic degrees of freedom
N, where the volume V of the space containing the microscopic degrees of freedom grows in proportion
to N,ie. N — oo and V — oo with N/V = constant.
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Holographic Superconductors

In this chapter we turn to the subject of holographic superconductivity, one of the earlier
applications of the AdS/CFT correspondance to condensed matter physics. It was first
discovered by Gubser in 2008 [60]. The same year a minimal bottom-up model for holo-
graphic superconductivity was constructed by Hartnoll, Herzog, and Horowitz [9], [10].
We will exclusively work with this minimal bottom-up toy model here.

The holographic duality maps a strongly coupled QFT with a superconducting ground
state to a gravitational theory in one higher dimension. In the original model of a minimal
holographic superconductor, the QFT is strictly speaking that of a charged ‘superfluid’
condansate, a state spontaneously breaking a global U(1) symmetry. The charged su-
perfluid does not have a dynamical photon which would require a local U(1) symmetry,
characteristic of Maxwell’s theory of electrodynamics. In order to study properties emerg-
ing from a dynamical charge response such as charged collective excitations, e.g. plasmon
modes, the theory must contain a dynamical photon. The standard procedure is to weakly
gauge the superfluid theory, promoting it to a superconductor [2], [10]. However, we will
take a different approach. By introducing a set of mixed boundary conditions on the
conformal boundary of AdS, one can account for a dynamical photon in the dual QFT
[13].

After introducing electrodynamical effects in this way, we will attempt to investigate
the behaviour of charged collective excitations, or more specifically, plasmons, in holo-
graphic superconductors. In particular, we attempt to calculate dispersion relations for
plasmon modes. It should be noted that introducing a set of mixed boundary conditions
is equivalent to performing a multi-trace deformation of the theory, as explained in 4.2.3.
The mixed boundary condition proposed in [13] is in fact equivalent to a double-trace
deformation, resulting in a Dyson re-summation of the dynamical charge susceptibility.
Plasmons in holographic theories have been studied previously using the double-trace
deformation approach in e.g. [12], [14]. To the best of my knowledge, plasmons have not
previously been studied in this holographic superconductor model. It turns out, however,
that the mixed boundary condition most likely needs to be modified for this particular
model.

The strongly coupled QFT describing a superconductor is charactarized by the exis-
tance of a critical temperature T, at which it undergoes a phase transition between a
superconducting and normal state. Below the critical temperature the DC conductivity
becomes infinite. This strongly interacting superconductor is a candidate model for the
high T, superconductors realized in e.g. cuprates and pnictides [3]. Since the discovery of
high 7. superconductors in the 1980s, theoretical physicists have struggled with formu-
lating a satisfying theory describing these systems. The well understood BCS (Bardeen-
Cooper-Schrieffer) theory of superconductivity does not capture the behaviour of the
high T, superconductors accurately. In BCS theory, the superconductivity is explained
by the formation Cooper pairs and their condensation into an Einstein-Bose condansate.
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However, the mechanism responsible for the superconductiviy in high 7. superconductors
remains unknown. The hope is that the holographic models of superconductors will shed
some light on the issue of high T, superconductivity.

The normal state of the holographic superconductor is a Reissner-Nordstrom (RN)
metal, which is a type of ‘strange metal. We have not included the topic of RN black
hole solutions and strange metals' in this thesis and will solely focus on the supercon-
ducting phase. For a complete understanding of the superconducting phase transition,
however, an understanding of both the superconducting and normal phase is required.
Understanding the competition between these two phases is a necessary requirement for
understanding what determines the critical temperature T;, and how it eventually could
be raised to room temperature.

Again, the QFT describing the superconductor has a holographically dual gravita-
tional description in terms of a dynamical bulk spacetime, having one additional spatial
dimension. The gravitating bulk spacetime is taken to be asymptotic to AdS space, and
the QFT is defined on the conformal AdS boundary of the bulk spacetime. The boundary
QFT has a large N limit, in which quantum corrections in the bulk theory are suppressed.
Since quantum effects in the gravitational theory are poorly understood, we are restricted
to work in the large N limit. Any realistic theory of a strongly coupled superconducting
system is not likely to have an infinite number of colour charges, which are associated
with the large N limit. However, many of the physical properties of the system which
can be studied in the large N limit are thought to be generic, insensitive to a departure
from the large N limit to finite and small N.

In the minimal bottom-up model of a holographic superconductor to be studied, the
field content in the bulk consists of a metric field, a Maxwell gauge field, and a charged
scalar field. A charged scalar field is necessarily complex, as can easily be verified by
calculating the associated Noether current. In the dual gravitational theory, the super-
conducting phase transition is described by an instability of a charged Reissner-Nordstrom
black hole to perturbations by the charged scalar field. For Hawking temperatures below
T, the black hole acquires scalar hair, i.e. an atmosphere of a charged scalar condensate
forms around the horizon where the complex scalar field has non-vanishing amplitude.
This does not violate the famous ‘no-hair theorems’ since these where derived for black
holes in a four dimensional flat spacetime, and they are not valid for black holes in AdS
space. In the boundary QFT description, the formation of scalar hair correspond to
the dual charged scalar operator forming a ‘superfluid’ condensate. The formation of a
charged scalar condensate around the black hole ‘spontaneously’ break the U(1) gauge
symmetry? in the bulk theory. The superfluid condensate in the quantum theory spon-
taneously break the global U(1) symmetry associated with a conserved current (which is
the dual quantity of the U(1) gauge field in the bulk theory); in the condensed phase,
the charged scalar operator acquires a nonzero expectation value in the absence of an
external source.

Since the charged operator that condense is a scalar, the theory is that of an s-wave

IThe interested reader is referred to e.g. [2] for an excellent introduction to the subject of strange
metals and RN black holes in holography.

%It has been argued that a local continuous symmetry cannot be spontaneously broken [61], (see [62]
for an introduction to spontaneous symmetry breaking.) What is happening around the black hole is that
the scalar field acquires an negative effective mass squared, resulting in unstable tachyonic modes. This
triggers a Higgs mechanism which break the U(1) gauge symmetry. It is perhaps somewhat incorrect to
attach ‘spontaneous’ to this symmetry breaking, even though it is not triggered by an external source.
Many authors does, however, refer to this as spontaneous symmetry breaking.
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superconductor, i.e. the superconducting condensate does not carry any angular momen-
tum. s-wave superconductivity has been incorporated in a strongly coupled model of
cuprate superconductors [63]. However, theories of unconventional p-wave and d-wave
superconductors are also of importance for modeling experimentally observed high T, su-
perconductors. For instance, d-wave superconductivity plays an important role in cuprate
high T, superconductors [64]. Although many real life unconventional superconductors
are of d-wave type, the effective low energy dynamics is often s-wave [1]. p-wave super-
conductivity has previously been incorporated in holographic models by promoting the
U(1) gauge field to a non-Abelian SU(2) gauge field [65]-[67], but also by promoting
the complex scalar field to a complex vector field, keeping the Maxwell gauge field [68],
[69]. Holographic models of d-wave superconductors have been studied in [70]-[72]. For
an introduction to various models of holographic superconductors with different angular
momenta, see [73]. We will only study s-wave superconductivity here, though it would be
interesting to incorporate a dynamical photon and study charged collective excitations
in p-wave and d-wave holographic superconductors as well.

The outline of this chapter is as follows: First we introduce the minimal bottom-up
model of a holographic superconductor, originally introduced in [9], [10]. We proceed by
considering a stationary hairy black hole solution and associated boundary conditions.
This solution will act as a background, which we will then perturb in order to analyse the
plasmon modes in a linear response analysis. In particular, we will study the longitudinal
modes of perturbations to the metric, gauge, and scalar fields, and implement the mixed
boundary condition proposed in [13] to account for a Coulomb interaction in the dual
QFT. The equations of motion cannot be solved analytically, and so we must resort to
numerical methods. We will nevertheless outline how the numerical computations are
made.

7.1 A minimal toy model of holographic supercon-
ductivity

When attempting to write down a physical theory, it is generally a good idea to start of
by thinking about which symmetries are present. Superconducting quantum matter are
found in crystal structures and therefore any realistic theory of such systems should be
defined on a lattice. However, by defining the quantum theory on a lattice, the spatial
translational invariance is broken. The symmetry correspondence then implies that the
dual gravitational theory should not posses spatial translational invariance either. Solving
Einstein’s equations without translational symmetry is much more complicated due to
the nonlinear structure of the equations. Holography with broken translational invariance
has been an active research field under the last couple of years, and a lot of progress has
been made since the discovery of holographic superconductivity. A minimal bottom-up
model of a holographic superconductor has been studied under the presence of a periodic
lattice potential in [74]. However, here we will stick to the Galilean continuum limit
where translational symmetry and momentum conservation are present, which provides
an accurate effective description of the low energy dynamics. Hence, our boundary theory
will have a conserved energy-momentum tensor 7}, which will be dual to the metric field
gun in the bulk spacetime.

The boundary theories in AdS/CFT where originally relativistic. Recently, however,
non-relativistic holographic dualities have been developed [75], [76]. We will consider
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a relativistic boundary QFT and hence impose Lorentz invariance, in order to avoid
unnecessary complications. It would of course be interesting to generalize our analysis to
the non-relativistic case.

The superconductivity is the result of a spontaneously broken global U(1) symmetry.
Thus, there should exist a corresponding conserved Noether current J* in the boundary
theory. The global current J* should be dual to a U(1) gauge field Ay, in the bulk
according to the global/local symmetry correspondence. The U(1) symmetry, which is
associated with a conserved number of particles, is spontaneously broken by the conden-
sation of a charged scalar operator O at temperatures below a critical temperature T..
This charged condensate has an indefinite amount of particles and forms a ‘superfluid’.
The expectation value of this superfluid is an order parameter of the broken symmetry
and superconductivity. Now, the charged scalar operator is dual to a charged scalar field
¢ in the bulk, i.e. a complex scalar field. When the global U(1) symmetry in the QFT is
spontaneously broken by the charged superfluid, the U(1) gauge symmetry in the grav-
itational theory should be broken as well. As a matter of fact, the only known way of
constantly breaking a U(1) gauge symmetry is through the Higgs mechanism, and this
is indeed the mechanism behind the broken gauge symmetry in the gravitational theory.
Thus, the superconducting phase transition in the D-dimensional quantum theory has a
dual description in terms of a Higgs mechanism in a dynamical spacetime of dimension
D+ 1.

Having specified the field content in the bulk spacetime, the next step is to write down
an action. The obvious ingredients for a minimal action is an Einstein-Hilbert term with
a negative cosmological constant, kinetic terms for the gauge field and the complex scalar
field, and a potential for the scalar field. The action then takes the form

1 dd+1 1
S = /dd+2$\/ —g| = R+ ( i > - 2 FMNFMN
2K2 L? 497 (7.1)

— V¢ —igAno]” = V(|o])] .

Here V,; is the covariant derivative under spacetime diffeomorphisms. Note also that
Dy¢ = Vo —iqApy is a covariant derivative under U(1) gauge transformations. For
simplicity, we will set 2k? = g% = 1. Furthermore, we take the potential V(|¢|) to be
only a mass term,

V(Igl) = m?|¢l, (7.2)

and we will in particular consider the case of m*> = —2/L?. The mechanism behind
the holographic superconductivity will be present despite neglecting any kind of self-
interactions of the scalar field.

Recall from 4.2.2 that a bulk scalar field with a negative mass squared is dual to a
relevant scalar operator. The value m? = —2/L? is above the BF bound in a boundary
theory with two or more spatial dimensions, i.e. d > 2,

- (d+1) 9
m°L* > — -1 (7.3)
We will restrict ourselves to the case of d = 2, i.e. a 3 4+ 1 dimensional bulk spacetime
dual to a QFT in 2+ 1 dimensions. The theory should then be considered as a toy model
for a superconducting plane or surface. Since the negative mass squared of the scalar
field is above the BF bound, it does not introduce any tachyonic instability to the theory.
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Moreover, it is below the upper limit on the mass squared corresponding to the unitary
bound on the dual boundary theory operator,

_(d+1>2+1:_§' (7.4)

k= A A

We are then free to choose either the standard or the alternative quantization scheme,
i.e. either the leading or subleading behaviour of the bulk scalar field at the conformal
boundary may be identified with the source of the dual QFT operator, while the other is
identified with its expectation value. Note, however, that while our bottom-up approach
allows us to choose a convenient potential for the complex scalar field, a string theoretic
top-down model will specify the full potential completely.

In the case of d = 2 and with our choice of potential and dimensionful constants, the
action (7.1) takes the form

1
S = /d4x\/_ [R + = - ZFMNFMN — Vo —iqAy o> — m?[o))] . (7.5)
Varying the action with respect to the different fields gives the equations of motion. One
finds that the equation of motion for the scalar field is

(Var —iqAn) (Vi —igAn) g™V o — m?¢ = 0. (7.6)
Maxwell’s equations are
VY Fun =iq[0" (Vn —igAn) ¢ — ¢ (Vn +igAn) ¢'] (7.7)

and Einstein’s equations read

1 3 1 1 1 .
Ryn — zgunR — 79MN =_F KFNK - *gMNF2 - *QMN\VKﬂﬁ - ZqAK¢|2

— ;gMNmQW + - [(VM¢ —iqAy @) (VNo™ +igANn) + M +— N]J .
Here M <— N denotes the previous term but with indices M and N interchanged.
Having found the equations of motion for the minimal holographic superconductor,
the next step is to find solutions to them. We will first look for a stationary black hole
solution describing the equilibrium phases of the superconductor. This solution will then
act as a background when we later proceed by analysing the linear response of the theory,

in 7.4.

7.2 A stationary black hole solution

In order for a phase transition to be able to occur at a finite critical temperature T,
the theory has to posses a scale. Thus, the conformal symmetry of the QFT in the
AdS/CFT duality has to be broken. A stationary black hole solution naturally introduce
a temperature scale to the theory; the Hawking temperature of the black hole is identified
with the boundary field theory temperature. However, in the absence of another scale
besides the temperature, all finite temperatures would be equivalent since there would
be no other scale to compare the temperature with. Then, to properly break the scale
invariance, an additional scale has to be introduced. By adding an electrical charge to
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the black hole we incorporate a finite charge density p, or equivalently, a finite chemical
potential u, to the boundary QFT. Charged black holes are described by a Reissner-
Nordstréom solution.

We take the following ansatz for the metric:

dz?

f(2)

Here z is the radial coordinate, (identified with the QFT renormalization scale,) with
2z = z, being the location of the planar horizon, and z = 0 being the location of the
conformal boundary of AdS. The function x(z) in the time component account for the
backreaction of the scalar field on the geometry. One can consider the theory in the
probe limit ¢ — oo, where the U(1) gauge field and scalar field decouples from the metric
field. Then the matter fields does not backreact on the AdS geometry, which effectively
becomes a static background space. This simplifies the theory considerably. However,
we will consider the complete theory, including an interaction between the geometry and
matter fields. Then, neither x(z) nor the emblackening factor f(z) can be determined
analytically in the superconducting phase, and will have to be solved for numerically. We
take the Maxwell gauge field to be a pure electrostatic potential, dependent only on the
radial coordinate,

2_L2

ds® = (—f(z)e_X(z)dt2 + + da* + dy2> : (7.9)

22

A= Ap(z)dt. (7.10)
The complex scalar field is also assumed to only depend on z,
6= 0(). (7.11)

Moreover, the z-component of Maxwell’s equation (7.7) implies that the phase of ¢ is
constant. Hence, without loss of generality, we may take ¢ to be real valued.

7.2.1 An instability near the horizon

Looking at the action (7.5), we see that the coupling with the Maxwell field in the gauge
covariant derivative effectively shifts the mass of the complex scalar field,

mZy = m? — |g""|¢? A3 (7.12)

The term |g"|q?A2 will typically decay towards the conformal boundary of AdS, and
consequently, meg ~ m? in the far UV region. However, in the deep IR the effective
mass can fall below the BF bound for stability due to a negative contribution from the
second term in (7.12). Indeed, |g"| — oo when approaching the horizon and therefore
the effective mass should be negative enough at some short distance from the horizon,
assuming Ay # 0 there. It turns out, however, that one must choose a gauge where
Ag = 0 on the horizon in order for the gauge one-form to be well defined there®. It
is certainly plausible that a large enough ¢ and Aj slightly outside the horizon, and a
small enough value of m?, could be sufficient for shifting m?2; below the stability bound.
Although a rigorous proof of the existence of an instability in the IR region at small
enough temperatures is still lacking, there are a lot of empirical evidence showing that

3The gauge one-form is defined as A = Ap;dz™ = Aodt. The infinite redshift at the horizon means
that the dt norm is infinite there, and therefore Ay must be zero at the horizon as to keep A from blowing
up there.
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it indeed occurs in holographic models. Hence, the charged scalar field can induce an
instability restricted to the IR region of the bulk spacetime. This kind of instability can
then regulate itself as unstable modes condensate and backreact on the IR geometry,
altering it in such a way that the theory is stabilized [1].

This is the mechanism behind the superconducting phase transition in the gravi-
tational language*. Below a critical temperature, the complex scalar field acquires an
effective mass squared below the BF bound in the deep interior, causing an instability
of the black hole. The scalar field then forms a tachyonic condensate around the hori-
zon, giving the black hole ’scalar hair’. This condensate backreacts on the near horizon
geometry in such a way that the instability is removed. Above the critical temperature,
the effective mass squared does not drop below the BF bound for stability in the deep
interior. Consequently, the scalar field does not condansate near the black hole which
remains ‘bald’ at these temperatures. In this high temperature phase, the amplitude of
the scalar field is zero and the bulk spacetime is described by a Reissner-Nordstrém black
hole solution in AdS space,

6(2) = x(2) = 0,
ﬂa=1—<;¢+;f@>f+;@%% (7.13)

Ap(2) = LQ (24 — 2)

where () is a free parameter of the solution, corresponding to the charge of the black hole
[77].

7.2.2 Equations of motion and boundary conditions

With the metric field, Maxwell field, and complex scalar field being given by (7.9), (7.10),
and (7.11), respectively, the equations of motion (7.6), (7.7), and (7.8) reduces to a set
of coupled ordinary differential equations in the variable z. The equation of motion for
the complex scalar field becomes

f/ X/ 2 q2A(2)6X m2L2
! L A = / — =0 7.14
where the prime denotes a derivative with respect to z. Maxwell’s equations reduces to
/ 220202
Al - %Ag + ZfﬁAo ~0. (7.15)

From Einstein’s equations we get two independent equations,

z <2q2A%¢26X N 12L%(f — 1) 4+ 2m2L4? + 21 Ap?eX + 2L2z2f¢’2> 0

I =1 f 1222

(7.16)

o2 (12 2mPLP 4 AP — AL2(3 + 2f') | 2qPAfd%eX
Xyl 2t T R

4A near extremal charged black hole is also unstable to perturbations by a neutral scalar field. An
explanation for this phenomenon accounts for the fact that the near horizon geometry of the extremal
solution is AdS, x R?, rather than AdS,. The former geometry has a less negative BF bound than the
latter, and can therefore cause a tachyonic instability for neutral scalar fields near the extremal black
hole horizon, without causing any instability in the UV region. An instability in the UV would be
pathological.
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Together, (7.14)-(7.16) constitute a system of four coupled differential equations for the
four unknown functions f(z), x(2), Ao(2), and ¢(z). The equations are first order in f
and y, and second order in Ay and ¢. Hence, six boundary conditions have to be supplied
in order to create a well-posed boundary value problem; two boundary conditions for Ay,
two for ¢, and one for f and x each.

One boundary condition comes directly from the infinite redshift at the black hole
horizon, namely f(z,) = 0. In fact, this defines the horizon radius z,. We should
then look for solutions where f(z) # 0 for any z < z,. As mentioned earlier, we must
also impose the boundary condition Ag(zy) = 0 in order for the gauge one-form to be
well-defined at the horizon.

The four coupled differential equations (7.14)-(7.16) are singular both at the horizon
2z = z, and on the conformal boundary at z = 0. We deal with the singular behaviour
at these boundaries in the most simple and robust way possible, by introducing cutoff
boundaries at z = 2z, — € and z = ¢ for some small parameter €. The equations are then
solved numerically only in the region € < z < z, —e. Now, by expanding the equations of
motion around the horizon we can impose consistent boundary conditions on the cutoff
boundary at z = z, — €. To lowest order, one finds

—12L% + 2m?L*¢% + eX+ E2
412 ’
Am2LA42
—12L2 + 2m2L4¢% + ex+ B2’

f/(Z+) =
¢/(2’+) =

(7.17)

where ¢ = ¢(24), B4 = Aj(z+), and x4+ = x(24) are degrees of freedom on horizon.
Together with the horizon radius r,, these are the parameters on the horizon which are
free for us to specify, and different choices yield different solutions. Solving the expanded
equations around the horizon to higher orders gives successively higher order derivatives
of the fields, evaluated at the horizon. The boundary conditions at the horizon is related
to boundary conditions on the cutoff surface at z = z, — € by

—12L% 4+ 2m2L*¢2 + eX+ E2

flzy =€) = f(z) = ef'(z1) + O() = e e+ 0(e),
X(z4 —€) = x(2+) — X' (21) + O(€%) = x4+ + O(e)
Ao(z4 —€) = Ao(z4) — eAp(24) + O(e ) = —eB, +0(&),
Af(zr —€) = Af(z4) — Af(z1 —€) + O(€®) = EL + O(e),
Oz1 —€) = Bl2,) — @l (2,) + O() = b, — Loy e+0(e),

—12L% + 2m2L4p% + ex+ E2
4P LA
—12L2 + 2m2L*¢p2 + ex+ E2

¢'(24 =€) = ¢'(24) + Ole) = +0(e).

(7.18)

Here we have given explicit expressions for the boundary conditions only up to the zeroth
or first order in €, and omitted higher order terms since they are quite lengthy. When
solving the equations numerically, however, we have included second order corrections as
well.

The six boundary conditions (7.18) are sufficient for uniquely solving the coupled set
of ODEs (7.14)-(7.16) numerically by integrating the equations from the near horizon
boundary at z = 2z, — €, to the cutoff surface at z = €, near the conformal boundary.
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However, some conditions also has to be imposed on the asymptotic near boundary
behaviours of the fields.

The chemical potential © and charge density p of the boundary QFT are identified
as the leading and subleadning asymptotic behaviour, respectively, of the electrostatic
potential Ay near the conformal boundary. More precisely,

A(z) =p—pz+--- as z—0. (7.19)

With our choice of mass, m?L? = —2, the asymptotic behavior of the complex scalar field
is [10]

o(2) = 20 4+ 220 + ... as 2 0. (7.20)

As pointed out earlier, the mass falls within the range where both the standard and
alternative quantization schemes are admissible. In standard quantization, we identify
the leading behaviour ¢") with the source of the dual charged scalar operator in the QFT,
and the subleading part ¢(® with its expectation value. In alternative quantization, the
roles of ¢ and ¢® are interchanged, i.e. ¢() is identified with the expectation value
and ¢ with the source. Here we will only consider the standard quantization theory.

In general, both the leading part, ¢V, and the subleading part, ¢(?), are non-vanishing.
Characteristic for the symmetry breaking charged scalar condensate is a nonzero expec-
tation value in the absence of any external source. Indeed, an external source would
explicitly break the symmetry. Thus, we are looking for solutions with

oM =0,  (0y) =20, (7.21)

where the subscript two on the QFT charged scalar operator O denotes its mass di-
mension, (in the alternative quantization the operator would have mass dimension one,)
and the factor of /2 is a convenient normalization [9], [10]. Hence, we must impose
the boundary condition lim,_,q¢'(z) = 0. Here one could remove one of the boundary
conditions for ¢ or ¢’ on the horizon (7.18) and add the zeroth order boundary condition
¢'(€) = 0 on the cutoff surface near the conformal boundary. Then the system of ODEs
could be solved using a shooting method. However, we will take a different approach to
implementing this boundary condition.

By fixing . and E., and varying ¢, we can solve the system of coupled differential
equations (7.14)-(7.16), using the near horizon boundary conditions (7.18), to find out
how the source ¢! depends on ¢, . Plotting ¢(!) versus ¢, allows us to read off which
values of ¢, given a fixed y,; and E,, results in a vanishing source ¢(!) = 0. Such a
plot is shown in Fig. 7.1. As seen in the figure, there will in general be several roots
of ¢(1)(¢+) = 0. For one thing, ¢, = 0 is always a solution but this just results in
the Reissner-Nordstrom black hole solution (7.13) with a vanishing scalar field over the
whole bulk space. However, there will also be multiple nonzero roots. The root closest
to zero corresponds to the solution with a monotone scalar profile, while the larger roots
correspond to scalar profiles with a higher number of nodes. The monotonic scalar profile
is the configuration which minimizes the free energy, i.e. it is the thermodynamically
preferred solution and represents the ground state.

We are interested in solutions where the bulk spacetime is asymptotic to AdS,. This
is necessary in order for the Hawking temperature of the black hole to coincide with the
temperature of the boundary QFT. It is readily seen that the metric (7.9) is asymptotic
to a pure AdS, metric, in Poincaré coordinates, if f(z) — 1 and x(z) — 0 as z — 0. The
correct asymptotic value of f is automatically embedded in the solutions to the equations

75



7. Holographic Superconductors

¢[1P

0.4+

0.2

0.2 0.4 0.6

-0.GL

Figure 7.1: A plot of the source ¢! versus the value of the scalar field at the horizon
¢4, with £, = 0.75 and xy, = —1 held fixed. The dotted points have been numerically
computed by solving the equations of motion. The solid line is a polynomial fit to these
points. Three nontrivial values of ¢, for which ¢(!) = 0 are captured in the plotted
interval. Of these, the one at ¢, ~ 0.714 corresponds to a solution with a monotonic
scalar field while the other two correspond to scalar fields with nodes. The monotonic
profile represents the ground state.

of motion. However, the asymptotic value of y is generally not zero. In order to set it
to zero, we can utilize the following scaling symmetry of the metric, gauge field, and
equations of motion:

t— at, eX — a’eX, Ay — Ao/a. (7.22)

In practise, after solving the equations of motion (7.14)-(7.16) subject to the near horizon
boundary conditions (7.18), we rescale the solution by

KD X XV, Ale) Ao NIZXD)

In addition to (7.22), there are two other scaling symmetries which allows us to set
L=z =1]2],[10].

7.2.3 Hawking temperature

The temperature in the boundary theory is identified as the Hawking temperature of
the black hole in the bulk theory. The standard procedure for calculating the Hawking
temperature is to perform a Wick rotation and compute the radius of the imaginary time
circle. This was done in Chapter 5 for the case of a diagonal black hole metric with a
radial component given by the inverse of the time component, g,.(r) = 1/gyu(r). This is
not the case for our stationary black hole geometry (7.9), and so the derivation has to be
somewhat altered. Writing the Euclidean metric in the form
2 2
ds* = u(z)dr? + = + L—dx2 : (7.24)
v(z) 2?2
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where dx? = dx; + -+ + dvg, and expanding to the lowest order around the horizon
z = z,, defined by u(zy) = v(zy) =0, we get

dz? L?
- + Sdx 4 (7.25)

ds” = W (el(e =2 + oS t

Here we have assumed a non-zero u/(z;) and v'(z;). Accounting for the possibility of
negative u'(z, ) and v/(z,), the absolute signs have to be included in order to guarantee
the Euclidean signature of the metric. Performing the coordinate transformation

[ 24 — 2 |/ (24 )0 (24)]
z p "U/<2+)‘ ’ T (10 2 T, (7 6)

introduces polar coordinates on the plane spanned by 7 and z, i.e. the metric takes the
form ds* = p*dp?+dp*+- - -. The origin in this coordinate system is at the horizon. Then,
in order to avoid a conical singularity at the horizon, ¢ must be periodic with period 27,
implying that 7 must have a period 47 //u/ (2, )v'(zy). The Hawking temperature of the

black hole is given by the inverse period of 7,

. |uf<z;>rv'<2+>| | o

Now, with the geometry (7.9) for the stationary black hole solution, we have

L? _ 22 f(z
W)= Do v = B (7.28)
+
The temperature of the black hole is then
—X+/2| f/ —12L2 + 2m2L4¢% )e X+/2 4 ex+/2 2
7= ORIl [ +) : , (7.29)

47 167 L2

where we have used (7.17) to evaluate f’(z;) in the last equality.

7.3 Charged collective excitations and mixed bound-
ary conditions

We will now derive a mixed boundary condition which introduces a dynamical photon in
the boundary QFT, following [13] closely. This allows one to study charged collective ex-
citations, e.g. plasmons, in a strongly interacting quantum theory from a holographically
dual gravitational theory. Later, by implementing this boundary condition on longitudi-
nal fluctuations of the Maxwell gauge field around the stationary black hole background,
we will investigate the dispersion relation for plasmon modes in our holographic super-
conductor. It turns out, however, that the obtained plasmon dispersion relation contains
an unphysical instability at large spatial momenta. The reason for this seems to be that
there is a mixing of the Maxwell field with the scalar condensate at nonzero momenta,
which alters the conductivity [10]. This is not accounted for in our derivation of the
mixed boundary condition for plasmon modes, but it needs to be in order to get reliable
results for nonzero momenta. How one should alter the derivation to incorporate the
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effects of a mixing with the condensate is still unclear. Nevertheless, we will present
the analysis, culminating in a flawed plasmon dispersion relation in 7.4.3, anyway. Our
analysis could perhaps be revisited in the future when the mixing with the condensate is
better understood.

The holographic dictionary identifies a global U(1) symmetry current J* in the bound-
ary QFT with a local U(1) gauge field Ay, in the gravitational bulk theory, (as usual, the
greek indices range over the boundary coordinates u = t, xy, xs, ..., x4, while capital
latin indices range over the bulk coordinates M =t, z, xy, xs, ..., x4. We are consider-
ing the general case of a d + 2 dimensional bulk spacetime with a dual boundary QFT in
d+ 1 dimensions.) Since the U(1) symmetry is global on the boundary, J* is a conserved
Noether current. Our starting point is to use the holographic dictionary to identify a
U(1) gauge theory for the boundary QFT from the U(1) gauge theory in the bulk. For
this purpose it is convenient to work in radial gauge in the bulk, defined by g, = A, = 0.

An electromagnetic field strength two-form F and a conserved electric current one-
form J for the boundary QFT is identified with corresponding bulk quantities according
to

1
F \/XF 7 VLW " (7.30)
Here F' and W are the bulk electromagnetic field strength and induction tensor®, re-
spectively, and [,, is a normal vector on the boundary M. The parameter A relates the
coupling strengths of the boundary and bulk U(1) gauge theories, which does not neces-
sarily have to be equal. The bulk quantities in (7.30) are evaluated on the boundary M
of the bulk spacetime manifold M. For bulk spacetimes which are asymptotic to AdS,

the boundary OM is the AdS conformal boundary. The electric current has the form
J = J.dat = — (p) dt + jmdx™, (7.31)

where (p) is the expectation value of the internal charge density.
We now identify an induction tensor W for the boundary theory in the following way:

dx (F—W)=+J, (7.32)

where d is the exterior derivative and * is the ‘Hodge star operator’. The reader unfamiliar
with the formalism of differential forms is referred to e.g. [78] for a brief introduction. In
tensor component notation, the above equation reads

B, (F — W™y = 7. (7.33)

This identification states that the symmetry current J on the boundary is an internal
one. Then (7.30) and (7.33) results in the standard macroscopic Maxwell’s equations for
the boundary theory, characteristic for a U(1) gauge theory,

dF =0, d*xW = *Towt (7.34)
or in tensor component notation,

OuFo =0, W =T (7.35)

ext 7

5The induction tensor is the analogue of the field strength using the displacement field D and the
magnetic field strength H instead of the electric field F and magnetic field B.
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where the square bracket on the indices denotes anti-symmetrization and 7. is the exter-
nal current, i.e. the current probed by external sources. The field strength and induction
tensor for the boundary QFT can now be decomposed into electric and magnetic field
components, and displacement field and magnetic field strength components, respectively,

F=ENdt++ 1 (BAdt), W=DAdt+x ' (HAdL) . (7.36)

For instance, in the case of a three dimensional boundary QFT, which is the relevant case
for our superconductor model,

1 g 1 iy
§€¢jP] = B, §€ijWZ] = H, (738)

where ¢;; is the Levi-Civita tensor and the indices {7, j} range over the spatial boundary
coordinates {x,y}. Note that the magnetic field is a (psudo) scalar in three spacetime
dimensions. Furthermore, (7.37) is the definition of the electric and displacement fields
in any dimension with d > 0.

The conductivity ¢ and dielectric function e, which in general are tensorial quantities,
are defined by the response to the electric field &;,

ji = Uijgj s Di = 5ijgj . (739)

In general, both the conductivity and the dielectric function can have a complicated
dependence on the electric and magnetic fields. For weak enough electromagnetic fields,
the response of the medium to an applied electric field is linear. Then, in a linear
response analysis, the conductivity and dielectric function can be taken as independent
on the electromagnetic fields. Moreover, for an isotropic medium they are diagonal with
all elements equal [79].

In a Minkowski space, Maxwell’s equations (7.35) can be cast into the conventional
form,

divB =0, divD = pexs

. . (7.40)
curl€ = —B, curl H = Jexs + D,

By using the definitions of the conductivity and dielectric function (7.39) together with
Maxwell’s equations (7.40), and transforming to momentum space, one can derive the
following relation between o and e [13]:

The conductivity can straightforwardly be obtained from the screened ‘density-density’
correlator, using the Kubo formula,
w

o= 2 (o) (7.42)

Charge density fluctuations are characterized by having a vanishing displacement field
D = 0 despite having a nonzero electric field € # 0, in the absence of external sources,
Jext = 0. By (7.39), they must have a dispersion relation w(k) satisfying

e(w, k) =0, (7.43)
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since otherwise a vanishing displacement field would imply a vanishing electric field as
well. Furthermore, only the longitudinal modes give rise to charge density fluctuations,
and therefore transverse modes do not need to be considered here. In particular, without
loss of generality, we will look at the longitudinal mode in the x direction, for which the
relation (7.41) between the conductivity and dielectric tensor reads

w=1—2. 7.44
2 o (7.44)

For simplicity, we will also assume vanishing magnetic fields, i.e. B = H = 0 and
F49 =W4 =(. From (7.31), (7.33), and (7.37), we then get

Er+ =0, (7.45)

for the charge density fluctuation with momentum in the x direction. In a homogeneous
media, assuming the gauge choice A; = 0, we have

Ep = OF"® = —0,F, = —02A, . (7.46)

Transforming to momentum space, the condition (7.45) for the charge density fluctuation
can then be written

w?A, + T, =0. (7.47)

This condition can in fact be shown to be equivalent to (7.43) [13], [77].

A plasmon mode is a certain subset of the modes satisfying (7.43); they are the lowest
energy self-sourcing propagating oscillations. In order to calculate dispersion relations
for plasmon modes, we translate the conditions (7.43) and (7.47) for the boundary QFT
into a boundary condition for the bulk fields. Plasmons are generated by the response to
a perturbation in the electric field, and we therefore fix boundary conditions for bulk field
fluctuations at the conformal boundary dM such that the fluctuation d A, is nonzero. To
avoid any overlap with the response from other fluctuations to the extent possible, we
choose Dirichlet boundary conditions for the other components of metric and gauge field
fluctuations at the conformal boundary. Having non-vanishing metric fluctuations at the
conformal boundary could potentially even introduce an undesired dynamical graviton
to the boundary QFT, in complete analogy with how the nonzero Maxwell fluctuation
leads to a dynamical photon in the boundary theory. However, for the fluctuation of
the complex scalar field, the amplitude will automatically vanish at spatial infinity. We
should impose the same boundary condition for the scalar field fluctuation as for the
background solution, i.e. that the normal derivative at the conformal boundary vanish,
d¢' = 0.

In general, the boundary condition for the plasmon modes would involve the bulk
induction tensor and be dependent on the particular bulk model under consideration. In
our minimal holographic superconductor model, the Maxwell kinetic term in the bulk
action is such that

0Ty x 0AL

. (7.48)

where the prime again denotes a normal derivative at the conformal boundary 0M. With
the identification (7.30) and the plasmon condition (7.47), it directly follows that the
plasmon boundary condition is of the form

(w04, + plw, W)AGAL) | =0, (7.49)
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where p(w, k) is a function which depends on the specific form of the Maxwell kinetic
term in the bulk theory. It is a mixed boundary condition with a linear relation between
the source 0A, and the expectation value §A!. As such, it is equivalent to a double-
trace deformation of the boundary QFT, obtained by adding a potential, quadratic in
the corresponding QFT operator, to the QFT action, see 4.2.3.

The function p(w, k) is often bounded or even completely independent of w and k, at
least in the more common and simpler holographic models. In the case of the minimal
holographic superconductor model of relevance to us, we will assume it to be entirely
independent of w and k, and absorb the constant into a redefinition of A. In other words,
we effectively set p(w,k) = 1. In general, however, a bounded p(w, k) will imply that
for small w, the second term in (7.49) will dominate and one has effectively a Neumann
boundary condition. On the other hand, for large w, the first term dominates and one
has approximately a Dirichlet boundary condition. A large w means that the fluctuation
is rapidly oscillating, and the dynamical polarization of the mode can then safely be
neglected. Thus, in this case a Dirichlet boundary condition is indeed the appropriate
choice, perfectly captured by (7.49). Conversely, the dynamical polarization is essential
for small w, and it has been argued that a Neumann boundary condition in fact introduces
a dynamical photon to the boundary theory [80].

7.4 Linear response analysis and dispersion relations

After having found a stationary black hole solution to our toy model of holographic
superconductivity, we investigate its linear response. This describes how the system
responds to small fluctuations in the fields. In particular, we will look at infinitesimal
fluctuations in momentum space. The metric, gauge, and scalar fields is decomposed as
follows:

— dek —iwt+iky
gun = gun(2) +/(27T)2hMN(Z)€ ke

Ay = Apy(2) + / %jaM(z)e_m“k” : (7.50)
: dw dk: "
6= 60+ [ Gradolz)e e,

where gan(2), An(2), and ¢(z) are the stationary black hole background fields, and
han(2), an(z), and d¢p(z) are infinitesimal fluctuations in momentum space. We have
used the rotational symmetry to choose a wave vector in the z-direction, i.e. k, =
k and k, = 0. When performing the numerical computations, we consider a single
fluctuation mode at a time. Furthermore, we factor out a z~2 divergence at the conformal
boundary from the metric fluctuations, and a factor of grL/k = /2 from the gauge
field fluctuations, and absorb the factors of 27 into a redefinition of the fields. The
decomposition for a single fluctuation mode is then written as

— 1 —iwt+ikzx
gun = gun(2) + ;hMN(Z)e ke

Ay = AM(Z) + \/iaM(Z)e—iwt-&-ikIa:’ (7.51)
b= (/3(2) + 5¢(Z)e—iwt+im .
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We choose a radial gauge for the metric and gauge field fluctuations such that gy, =
a, = 0. To account for attenuation of the fluctuation waves in the media, w is allowed to
take on complex values.

Now, the fluctuations can be subdivided into two groups depending on their parity
under the inversion symmetry y — —y. The components {hy, by, Ryw, Byy, i, az} have
even parity and constitutes the longitudinal modes, describing the response parallel to
the momentum flow. The odd parity fluctuations are {hy,, hsy, a,} and constitute the
transverse modes, representing the response perpendicular to the momentum flow. Since
plasmons are longitudinal self-sourced charged excitations, we restrict ourselves to study
only longitudinal modes and set hy, = hyy = a, = 0.

Substituting the decomposed fields (7.51) into the equations of motion (7.6)-(7.8) re-
sults in a system of seven linear coupled ordinary differential equations for the fluctuation
fields. These equations are quite cumbersome and we omit writing them down here. Simi-
lar to the stationary black hole field equations (7.14)-(7.16), they are singular at the black
hole horizon and at the conformal boundary at spatial infinity. The singular behaviour
at the horizon is factored out from the fluctuations and parametrized as follows:

B — (1= 2)hy,
a, — (1—2)%a,, (7.52)
5 — (1 — 2)"6¢.

Here « is a parameter which has to be solved for. Since the equations for the fluctuations
are linear, a factor of (1 — 2)™ can be factored out from the equations as well.

Expanding the equations for the fluctuations around the horizon, one can solve for «,
the fluctuations and their derivatives, evaluated at the horizon, in terms of the stationary
black hole background parameters as well as three independent degrees of freedom h,, (1),
a,(1), and d¢(1). From the lowest order in the expansions, one finds

46X+/2w
. 7.53
“ —12 4+ 2m2¢% + ex+ E2’ (753)

and hy(1) = hj(1) = hy(l) = a(1) = 0 and hyy(1) = —hy,(1). The two signs of
a correspond to fluctuations which are either falling into the black hole or emerging
out from it, respectively. Only the fluctuations which are falling into the horizon are
physically relevant, and these modes correspond to an « given by (7.53) with the plus sign.
The higher order terms in the expansion of the equations give successively higher order
derivatives in the fluctuation fields. From these one can construct boundary conditions
for the fluctuations at the near horizon cutoff surface z = 1 — €. The equations can then
be solved numerically by integrating from z = 1 — € to 2z = €. There are three linearly
independent solutions which can be found by setting one of h,,(1), a,(1), and d¢(1) to
unity and the remaining two to zero.

There are still four independent solutions for the fluctuation fields missing. It turns
out that these amounts to pure diffeomorphisms and U(1) transformations of the metric,
the U(1) gauge field, and the scalar field. We will refer to them as ‘pure gauge solutions’.

7.4.1 Pure gauge solutions

The radial gauge does not completely eliminate all the gauge degrees of freedom. One
also has to consider ‘large’ gauge transformations in the bulk, i.e. gauge transformations
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which are non-trivial on the boundary at spatial infinity. This will allow us to find pure
gauge solutions to the fluctuation equations. Since the quantum field theory lives on this
boundary, a large gauge transformation can indeed affect the physics of the field theory,
even though it does not affect the physics in the bulk.

The large gauge transformations to be considered are spacetime diffeomorphisms and
local U(1) transformations of the Maxwell field and complex scalar field. Under a diffeo-
morphism generated by the vector £, the bulk fields transform as

GMN — GMN + OcguN

¢ = b+ 00,

where the change ¢ is given by the Lie derivative along the vector field £

Segun = Legun = 50k gun + gurOnE™ + grnoné™
(5§AM = £§AM = fNE)NAM + ANaMﬁN , (755)
5cdp = Legp = MO0

The U(1) gauge transformations are given by

AM—)AM+8MA7

5 eity. (7.56)

for some arbitrary function A.

Since we are looking for pure gauge solutions to the fluctuation equations, we con-
sider the gauge parameters £ and A to be infinitesimal and oscillating quantities. More
precisely, we write

5M — <M<Z)6—iwt+ikzx ’ A= )\(z)e—iwt—i—ik:zx ] (757)
Then, to first order, only transformations of the background fields has to be considered.
Moreover, the pure gauge solutions should be consistent with our choice of radial gauge,
and therefore we must impose the constraint

oegmz =0, 0¢A, +0.A=0. (7.58)

Note that in order not to rule out the possibility of a nonzero d¢ A, being canceled by 0, A,
we only require that the z-component of a simultaneous diffeomorphism and U(1) trans-
formation vanish. The radial gauge constraint equations (7.58) specifies the functions
(M(2) and \(z) in (7.57) up to five integration constants. However, only four of these
integration constants will enter the longitudinal pure gauge modes. Hence, there will be
four independent pure gauge solutions to the equations for the fluctuations. A derivation
of the pure gauge modes are given in Appendix A, and the analytical expressions for
these are given in (A.25).

7.4.2 Boundary conditions and the determinant method

In total, we have found seven linearly independent solutions for the fluctuation fields,
three numerical solutions and four analytical pure gauge solutions. Any linear com-
bination of these will also solve the equations for the fluctuations. In order to get a
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well-posed boundary value problem, we also supply seven boundary conditions at the
conformal boundary, one for each field component. The type of boundary conditions
at the conformal boundary determines the type of mode described by the solution, e.g.
Dirichlet boundary conditions give rise to quasi-normal modes. Then one has to find
a particular linear combination of solutions which satisfy these boundary conditions at
spatial infinity. The solutions depend on w and k, and to find a dispersion relation for
a given set of boundary conditions we iterate over w and k, and look for values where
there exists a non-trivial linear combination which satisfies the boundary conditions. To
determine whether such a non-trivial linear combination exists, given a particular w and
k, we calculate a determinant which is zero only if a non-trivial solution exists.

The longitudinal modes of interest to us are primarily the plasmon modes, but we
will also investigate the quasi-normal modes. To study the quasi-normal modes we must
impose Dirichlet boundary condtitions at the conformal boundary for all fluctuations
except d¢. Indeed, d¢ will automatically vanish on the conformal boundary since the
fluctuation has the same asymptotic behavior (7.20) as the background scalar field. The
correct boundary condition on d¢ should be that its leading part (the source) vanish,

§¢'(2) =0 as z—0. (7.59)

To investigate the plasmon modes we change the Dirichlet boundary condition for a, to
the plasmon boundary condition

wla, +Aa, -0 as z—0, (7.60)

which was derived in the previous section. Furthermore, we choose A = 1 for simplicity.

Assume we want to impose the plasmon boundary condition, i.e. (7.59) and (7.60),
and Dirichlet boundary conditions on the remaining field components. Given a complex
w and real k, a non-trivial linear combination of the seven linearly independent solutions
for the fluctuations, satisfying the plasmon boundary condition, will exist if and only if

(hie)1 (Pea)t (hea)t (Bt (@)1 (WPap +al)r (69"

(het)2 (ha)2 (haa)2 (hyy)a (ar)2 (WPas+dp)a (6¢"): =0. (7.61)

(hae)7 (hia)r (haa)7 (h;y)7 (ar)7 (WPan +dl)7r (0¢)7

Iterating through a range of values for w and k, we can determine a relation w(k) for which
the determinant is zero. The relation w(k) is then the sought after dispersion relation
for the plasmon mode. An analogous determinant with a Dirichlet boundary condition
on a, can also be computed, yielding a dispersion relation for a quasi-normal mode.
We will now present dispersion relations for quasi-normal modes and a plasmon mode,
numerically computed using this determinant method. However, it should be emphasised
again that the plasmon boundary condition (7.60) most likely has to be modified for our
holographic superconductor, due to a mixing of the gauge field with the scalar condensate
at nonzero momenta. This is a plausible explanation as to why we find an instability in
our plasmon dispersion relation for large k.

7.4.3 Dispersion relations for quasi-normal modes and plasmons

Using the determinant method explained in the previous section, we have computed
dispersion relations for three quasi-normal modes. These dispersion relations are plotted

84



7. Holographic Superconductors

w w
ap |
3 3
2 2
| 1
=L kK 2= . | | | o
G5 -+6-.._15 20 25 05777 40.. 15 20 25 30
e A
w
20
151
1.0
0.5}
- : | |{
U5 ---- --19, = N
o T

Figure 7.2: Dispersion relations for three quasi-normal modes. The solid lines shows the
real part of w and the dashed lines shows the imaginary part. (Left): E, = 0.25, ¢, =
0.998.... (Right): £, =0.75, ¢, = 0.714... . (Bottom): F, = 1.2, ¢, = 0.545... . In
all figures y, = —1 and ¢ = 3.

in Fig. 7.2. The three quasi-normal modes correspond to three different choices for
the free parameters of our holographic superconductor model. Having made the choice
m2L? = —2 for the mass of the scalar field, and having set various other parameters to
unity, we are left with four free parameters. One of these remaining parameters is the
charge of the scalar field g, which couples the scalar field to the U(1) gauge field via the
gauge covariant derivative term in the action (7.1). We have chosen the value ¢ = 3 in
all our numerical computations. A natural extension of our analysis is therefore to study
how the dispersion relations depend on gq.

The other three remaining free parameters are values of background fields, evaluated
at the black hole horizon. More precisely, they are ¢, E., and x4, i.e. the value
of the complex scalar field, the electric field £, = A{(z;), and the function x in the
time component of the metric, all evaluated at the horizon, respectively. However, to
find a background solution having a vanishing source for the scalar operator in the dual
QFT, using our method described above in 7.2.2, we specify only two of these parameters
and solve for the third one such that the solution has a vanishing leading part of the
scalar field near the conformal boundary. In particular, we have specified E, and y.,
and then solved for ¢, using plots similar to 7.1. Moreover, we have chosen y, = —1
in all cases. The three dispersion relations for quasi-normal modes shown in Fig. 7.2
correspond to the specified values of £, = 0.25, £, = 0.75, and E, = 1.2. This then
fixes the value of the scalar field at the horizon to ¢, = 0.998... ¢, = 0.714..., and
¢+ = 0.545. .., respectively. The solid lines shows the real part of w and the dashed
lines shows the imaginary part. These dispersion relations for quasi-normal modes look
physically reasonable. The negative imaginary part for nonzero momenta signals that
the modes are dispersive, attenuating in the media. The reason for this is that the
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Figure 7.3: A dispersion relation for a plasmon mode. The solid line is the real part
of w and the dashed line is the imaginary part. For small k£ the dispersion relation is
approximately linear. The positive Im(w) for large k indicates an instability. Such an
instability is not expected to occur. The parameter values used are ¢ = 3, x. = —1,
E, =0.75and ¢, =0.714 ... .

oscillating factor e ™!**=% decreases in amplitude with increasing time when w has a
negative imaginary part.

Fig. 7.3 shows a dispersion relation for a mode using the plasmon boundary condition
(7.60). Here we have used the parameter values ¢ = 3, x4 = —1, £y = 0.75, and
¢, =0.714 ... . Again, the solid line and dashed line shows the real part and imaginary
part of w, respectively. At k = 1.7 the imaginary part of w obtains a positive value.
This signals an instability due to the oscillating factor e~ ke Im(w)t g—i Re(w)t+ikez
which blows up as t — oo in the case of a positive imaginary part. The instability found
at large k is not expected to occur, and is most likely a consequence of not accounting
for a mixing between the gauge field and scalar condensate at nonzero momenta when
deriving the plasmon boundary condition. We note also that the dispersion relation is
approximately linear for small momenta. It would be interesting to see if this linearity
remains after having resolved the problem of the instability at large k.

= €

7.5 Conclusions and outlook

In this chapter we have presented a minimal bottom-up model of a holographic super-
conductor, a model originally proposed in [9], [10]. This model was constructed by pos-
tulating a bulk theory action (7.1), describing a classical gravitational theory in anti-de
Sitter space, containing a U(1) gauge field as well as a complex scalar field. The bulk
theory is interpreted as the holographically dual description of a strongly interacting
large N quantum field theory, living on the boundary of the bulk spacetime. The low
energy processes in the QFT are described by the dynamics near the horizon of a charged
‘Reissner-Nordstrom’ black hole in the deep interior of the bulk spacetime. The scalar
field can become tachyonic near the horizon, resulting in the formation of a charged scalar
condansate around the horizon; the black hole aquires scalar ‘hair’. The scalar condensate
in the bulk is interpreted as a scalar ‘superfluid’ in the dual QFT, which is formed by the
condensation of the charged scalar operator, in dual correspondence with the complex
scalar field in the bulk, below a critical temperature 7T.. The superfluid condensate is
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superconducting, and its formation below the critical temperature is then interpreted as
a superconducting phase transition.

In this work we have not verified that a superconducting phase transition indeed
occurs at some critical temperature T,. However, this has been done in e.g. [10]. Indeed,
by imposing a nonzero amplitude for the scalar field on the horizon, any ground state
found by solving the equations of motion must be in the superconducting phase, since
the ground state in the normal phase is described by a pure Reissner-Nordstrom solution
with a vanishing scalar field profile. Another possibility is that the solution we found
is not a ground state in the superconducting phase, but an excited state in the normal
phase. However, a quick numerical calculation of the conductivity yields a similar result
as in [10], strongly suggesting that the system indeed is in the superconducting phase,
having an infinite DC conductivity. A plot of the conductivity with a somewhat low
numerical accuracy is given in Appendix B.

Ruling out the possibility of having found a solution describing an excited state in the
normal phase is also of importance for finding an explanation to the ‘large k£’ instability
of the plasmon dispersion relation. If the system where in an excited normal state, then
it would be plausible that a high energetic fluctuation could knock the system back to
a stable ground state. It would then be reasonable to expect the system to be unstable
against fluctuations having large enough momenta. However, by confirming that the
stationary black hole solution describes a ground state in the superconducting phase,
this explanation for why the plasmon modes become unstable at large momenta can
safely be discarded.

As we have commented on above, the reason for the unstable plasmon modes probably
has to do with a mixing of the gauge field with the scalar condensate at nonzero momenta.
This mixing introduces additional terms to the conductivity which plays an essential role
in the derivation of the plasmon boundary condition. Determining the precise form
of these additional terms, and how they alter the plasmon boundary condition, is a
prerequisite for being able to compute reliable dispersion relations for plasmon modes in
the holographic superconductor model. This would be an interesting research project for
the future.

The bottom-up model of a holographic superconductor considered in this thesis is
of s-wave type, i.e. the superfluid condensate does not carry any angular momentum.
Although s-wave superconductivity are part of many experimentally studied supercon-
ductors, unconventional p- and d-wave superconductivity seems to be essential parts of
real life high T, superconductors as well. Extending the analysis of charge density fluc-
tuations to holographic models of p- and d-wave superconductors, e.g. the models listed
in [73], is a natural next step. Moreover, the experimentally studied high T, cuprate
superconductors consists of 2 + 1 dimensional layers stacked on top of each other, and
it has been argued in [11] that it is the Coulomb interaction (in 3 + 1 dimensions) be-
tween the layers that give rise to the high critical temperature observed. The holographic
superconductor toy model considered here is in fact a 2 4 1 dimensional system, and it
would therefore be interesting to stack up many layers of this model, coupled with a
3 4+ 1 dimensional Coulomb interaction. Hopefully, this would shed some light on why
the critical temperature is high in the cuprate superconductors.

Finally, holographic bottom-up models can provide a tractable description of the
emergent low energy phenomena of condensed matter systems, at least in principle. It
is, however, conceptually desired to also find top-down constructions for holographic
dualities describing condensed matter systems. This would guarantee that the theory is
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UV complete, although UV completion is of less relevance for applications to condensed
matter physics, where one is primarily interested in the emergent low energy dynamics.
A string theoretical top-down construction does, however, give some justification to the
bottom-up model obtained by consistently truncating the top-down model. Furthermore,
the bottom-up models are highly phenomenological, in the sense that they come with a
larger number of free parameters, which at best can be determined by experimental data.
Top-down models tend to be more constrained from the particular string theory they are
derived from. For instance, the potential for the complex scalar field in our bottom-up
superconductor model where free for us to specify, and we restricted our analysis to the
case of a simple mass term. In a top-down construction, the precise form of the potential
would be specified and not free for us to choose. For an introduction to the subject of
superconductivity in top-down holography, we refer the reader to some of the earlier work
done in [81]-[83], but see also [2].
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Derivation of longitudinal pure
gauge modes

Here we present the derivation of the longitudinal pure gauge modes of the holographic
superconductor model. The diffeomorphism and U(1) transformation parameters £ and
A are first determined from the radial gauge constraint equations for the metric and gauge
fields. These are then used to calculate the longitudinal pure gauge modes for the metric,
gauge, and scalar field.

Consider first the constraint equation d¢g,. = 0. Using (7.9) and (7.55), we get

= gzazgzz + 2.gzzaz£Z
L? 212
— 4+ == 9.¢7 Al
2t fazf (A1)

_ l f/ z l 1z —iwt+ikgx
=17 KZSfJFZQf?)C +L222fg ]e +ikow

This first order differential equation for (* can be written as

=£°0,

1z 1 ' z __

It is straightforward to solve this equation using an integrating factor,

d —fzdz' i—l—% . 7d 1 2\
(D) () o "

Integrating this expression yields the following solution:

¢F = clz\/}, (A4)

where c; is an integration constant.

Next we consider the radial gauge constraint equations d¢g,. = 0 where p = ¢, z, y.
Using the fact that the background metric (7.9) is diagonal, as well as the expression for
the Lie derivative (7.55), we get

5§g,uz = gKaKg,uz + guKasz + nga,ugK

A5
= g,uuazfﬂ + gzza,ugz . ( )
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For yn =t, we have

0= 0¢grr = G10:E" + g..0,E7
LQfG*X t _ —iwt+ikyx z —zwt—l—zkzx

L? < _ W12\ ittik
- _ fe XC’t e W +ikzx ’
VT

where we have used (A.4) in the last step. Solving for (", we find

zwclzex
C/t = f3/2 I (A7)
which can be directly integrated to yield a solution for ¢,
X
= —zwcl/ dz' ;36/2 . (A.8)

Here ¢ is an another integration constant. Since the functions f(z) and x(z) can only
be found numerically, the integral can only be evaluated numerically as well. The lower
integration limit can be chosen arbitrarily in the interval (0,1). However, since we are
only interested in the behaviour of the pure gauge solutions near the boundary at spatial
infinity, z = 0, it is convenient to choose the lower limit close to this boundary.

Next, for y = x, we have

L? . ik, L2
_ - /ze—zwt—&—zkwm 4 ?
22 22f

L? tkyc12 .
_ ; <</a} + \/71 ) 6—zwt+zkmx.

It is straightforward to solve this equation for (’* and integrate to get the following
solution for ¢*:

CZ 6—iwt+ikxm

(A.9)

(" = —ikzar (A.10)
where c¢3 is a third integration constant. Lastly, for u = y, we have
L2
0= 0egy= = g 0-£¥ + 920, = — (eI s (A.11)

We must then have ('Y = 0, which implies that (¥ is just an integration constant,
Cy =C4. (A12)

Consider now the radial gauge constraint equation for the gauge field, 6¢ A, +9.A = 0.
Using (7.10), (7.55), and (7.57), we get

0=0¢A. + 0.A = ENONA, + An0.N +0.A
= 4p0.£" + 0.\
_ (AOC/t n )\/) p—iwttikew (A.13)
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where (A.7) was used in the last equality. Solving for A" and integrating yields,

XA
zwcl/ dz' 2;3/20 s, (A.14)

where c5 is an integration constant.
In conclusion, (A.4), (A.8), (A.10), (A.12), and (A.14) determine the gauge parame-
ters (7.57) up to five integration constants:

52 — Clz\/}(e—iwt—&—ikmm
zex .
¢ = <—zwc1/ dz' f3/2 2) o~ witikax

&= (—i/{;ggcl + 63> e~ witikaz (A.15)

fy — C4e—zwt+zkgca:

XA .
= <zwcl/ dz’ 2;3/20 ) e witikar

However, we will find that only four of these constants will enter the longitudinal modes
of the pure gauge solutions. Using (7.55) and (A.15), we now compute these longitudinal
modes of the pure gauge solutions. First of, d¢g,, with p =1¢, z, y, is given by

6£guu = gKaKguu + guKaugK + gKuaugK = gzazgu,u + 29/1;18;15“ . (A16)

Using (7.9) for the background metric and (A.15) for £, the tt-component is given by

O¢gue = 7091 + 20410,

—L%fex —L*fe™x
= £70, z]; +2 z]; (—iw)&!

_ g (fX’—f’e-x . 2fe‘><> | 2L fe

gt

22 23 22

/ /!
— 2 ) )
Nt ks

23

2iwlL? feX . = AleX —iwttikex
+ T (-chl/ dzlm + CQ) e tiks

9 2fxX' —zf +2f _ 2 fe X 2 Flex 2iwfe ™| ik
=L [61 (ﬁ = e X+ o / dz’f3/2 +CQT g Witk
(A.17)

Similarly, for the xx- and yy-components, we get

L2 L?
= 0. +2 k"

2

L . , o
= ? [_261\/} + Qlkx <_ikmcl/ dz/\jf + CS)] efzwt+zkz;t (A18)
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and

2 L2 LQ\/7 710.2 tkyx
OcGyy = & 0=y + 9yy0y&’ = §0.— = —c1——— 2 e (A.19)

The remaining longitudinal metric mode is given by

559153: = gKathac + gtKamgK + gK:vatéK
= gu0:E" + 9raOE”

_ e, W LQ( iw)E"
Z Z

L 2 Eex z 2 o
= —? [ik¢f6_x <—iw01/ dz,W + CQ) + Jw <_kacl/ d’zlﬁ + Cg>‘| e—zwt—f—zkgca;

= —L—2 [clwk‘ (fe_x

!eX
,Z'e

f3/2

/
2 ' ) +ikycofe X 4+ zwc;»,] g witikar
< vai

(A.20)
Now, the two longitudinal modes for the Maxwell gauge field is

= AL — iwAE" — iwA

z'ex XA i
= [ClZfA —iwAy (—zwcl/ 4z IZE +CQ> — <2w01/ dz’ 2;3/20 C5>] o~ Witk

XA .
= [ (ZfA/ — w2A0 / dz ! v O) — iCUCQAO - ’l'WC5‘| €7ZWt+zkIz,

f3/2
(A.21)

f3 /2

and

6A, = 0cAy + O\ = EX0 A, + Ag0,E5 + ik, A
= ik, AoEt + kg A

ex Z'eX Ay —iwt+iky T
= |1k, Ay —zwcl/ d7 f3/2+02 + ik, zwcl/ dz a2 +c5l|e -

X XA o
= [awkx (Ao ze —/ dZ/Z ° 0) +ikycaAg + ikx%} e wttiker

£3/2 f3/2
where we have used (7.10) for the background Maxwell field and (A.15) for & and A.
Lastly, the scalar field transforms both under diffeomorphisms and U(1) transformations.

Since the gauge parameters are infinitesimal quantities, the U(1) transformation of the
scalar field reduces to

(A.22)

¢ — o= (1+iN)p = ¢+ 0r0, (A.23)

where A = \e~®@! k=% and )\ is given by (A.14). The pure gauge mode for the scalar field
is then

3¢ = 0cd + 0pp = £M O + iA¢
. Al
= [012\/725 + < wcl/ d2'Z f3/2 +zc5> gb] e lwttikar (A.24)
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The modes (A.17)-(A.24) are determined only up to four integration constants ci, g, cs,
and cs5. The integration constant ¢, only affect the transverse modes and is therefore
unimportant in our analysis. Then, for notational clarity, we simply relabel c5 by c4.

Finally, since we defined the fluctuations of the metric and gauge field with additional
factors of 1/2? and grL/k = Ly/2 in (7.51), the pure gauge solutions has to be redefined
with the same factors. This can be accounted for by simply multiplying the pure gauge
solutions (A.17)-(A.20) by 22, and (A.21) and (A.22) by 1/(Lv/2). The sought after
longitudinal pure gauge modes are thus given by

o eX
f3/2

;< . — . —iwt+ikgx
+ ikgcofe X + ZUJCg] e ot
\/7)

Sgu = L* [01 (ﬁ(zfx —2f 4 2f) e X 4 2w fe~ X/ dz'Z ) +2i02wfe_"] e witika

,2'eX
f3/2

Z/ ) .
/ﬁ) + ikx03‘| efzwt+zkzx 7

0tz = —L? [01ka <fe_x

59:]0:): =2L° |Fl <_\/?+ k:%
Sy = —201L2\/? —iwttikp 7

1 z 'eXA L
0A; = 3 l (zfA —w AO/ dz' W +w / dz’zjg/go) — iweaAg — iwc4] o~ Wwitika

1 2'eX Z'eXAg . . —iwttikex
614;17 - T\/ﬁ [CIka (AO /f3/2 _/ dZ/ f3/2 ) + Zk:vCQAO + kac41 € 9

— [Clz[gb +< wcl/ B f3/2 +ic4> qﬁ] g~ Wwitikem

(A.25)

Setting either one of the four integration constants to unity and the others to zero results
in four linearly independet solutions to the fluctuation equations.
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B

Conductivity of the holographic
superconductor

w/\/q< O2 >

Figure B.1: A plot of the real part of the conductivity versus frequency, normalized by
the scalar condensate. Here we have chosen ¢ = 3 for the charge of the complex scalar
field. There is a delta function at w = 0, invisible in the plot. The small oscillation in
the curve indicates a numerical instability.

0.5 1.0 1.5

Fig. B.1 shows the result of a numerical computation of the conductivity. More
precisely, it shows the real part of the conductivity o as a function of the frequency w
normalized by the scalar condensate. We have chosen the particular value ¢ = 3 for the
charge of the complex scalar field in the bulk. The expectation value of the scalar operator
is given by the subleading part of the complex scalar field near the conformal boundary,
according to our identification (7.21). The plot qualitatively agrees with the result in [10],
at least up to a factor of ~ 2, which could be a consequence of the factor gpL/k = /2
in our definition of the U(1) gauge field fluctuation. There is a delta function at w = 0
which is invincible in the plot, meaning that the DC conductivity is formally infinite.
This is evidence in support of the solution describing a superconducting ground state.
The small oscillating behaviour of the curve is likely a sign of some numerical instability.
The numerical accuracy could be improved upon, but the qualitative behaviour is enough
to confirm that the solution found should be in the superconducting phase, which was
the main purpose of this calculation.
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