UNIVERSITA
DEGLI STUDI

FIRENZE

DOTTORATO DI RICERCA IN FISICA ED ASTRONOMIA

INDIRIZZO FISICA - XXXII CICLO

Settore disciplinare - FIS02

Wilson loops at weak and strong coupling in A =4 Super
Yang-Mills with defects

Dottorando: Tutore:

Sara Bonansea Prof. Domenico Seminara
= . :

- Bumw,tu_ a Ouk e gS e W't o

Coordinaotre:

Prof. Ralff: ‘9\110 D’A{le ; andro

Anni 2016-2019






Contents

Introduction

1 The ADS/CFT correspondence

1.1 Supersymmetric gauge theories

1.1.1  Supersymmetry

1.1.2  Conformal symmetry

1.1.3 Representation of the conformal group . . . ... .. ... ..

1.1.4 Correlation functions

1.1.5 Superconformal symmetry

1.1.6  Representation of the superconformal algebra . . . . ... ..
1.1.7 N =4 Super Yang-Mills Theory . . . . . .. ... ... ...,
1.2 T Hooft expansion of gauge theories and string theory . . . . .. ..
1.3 The AdSs x S® correspondence

1.3.1  AdS space
1.3.2  Type IIB supergravity

1.3.3 D-branes and open strings perspective . . . . . ... ... ..

1.3.4 Da3-branes and closed strings perspective . . . . . .. ... ..

1.3.5 The Maldacena conjecture

1.3.6  Comparing the symmetries and correlation functions . . . . .

2 Supersymmetric Wilson loop operators

2.1 Wilson loops in non-abelian gauge

theories

2.2 BPS Wilson loops in N =4 SYM theory . . . ... ... .......

3

10
11
12
18
21
22
24
25
29
30
32

35



Contents 4

2.2.1 Supersymmetry variation of the Wilson loop . . . . . . . . .. 39

2.2.2  Straight line . . . . . .. .. o o oo 40

2.2.3 The circular Wilson loop . . . . . .. ... ... ... 41

2.2.4 Zarembo construction . . . . . ... ... 42

2.2.5 DGRT construction . . . . . .. ... ... ... . ....... 43

2.3 The circular Wilson loop at weak coupling . . . .. ... ... .. .. 44

2.4 The holographic Wilson loop . . . . . . . . ... ... ... ...... 48

2.4.1 Minimal surface for the circular Wilson loop . . . . . . . . .. 49

2.5 Operator product expansion expansion of the Wilson loop . . . . .. 51

3 N =4 SYM theory with the insertion of a defect 55

3.1 N =4 dCFT: field theory construction . . . . ... ... ... .... 55

3.1.1 Symmetries . . . . ... 56

3.1.2  Correlation functions . . . . . . . ... ... ... ... ... 57

3.1.3 Vacuum expectation values. . . . . . . ... ... ... ... 58

3.2 D3-D5 brane system . . .. ... 59

3.2.1 Brane construction and near horizon limit . . . . . ... ... 60

3.22 Dbprobebrane . . . .. ..o 63

3.3 Quantum check of AAS/CFT . . . . ... .. ... ... ... 65

3.3.1 Tree level one-point functions . . . . ... ... ... .. ... 65

3.3.2 Higgsing problem and one loop one-point functions . . . . . . 66

4 Circular Wilson loop in defect N = 4: strong coupling 69

4.1 Prelude . . . . . .. 70

4.1.1 Setting-up the geometric description . . . . .. ... ... .. 70

4.2  General solution for the connected extremal surface . . . . . ... .. 73

4.2.1 Allowed regions for the parameters jymand s . . . . .. ... 7

4.3 The structure of the solutions . . . . . . .. ... ... ... . .... 81

4.3.1 The distance from the defect . . . . . . . ... ... ... ... 81

4.3.2 TheArea . . . . . . . . ... 86

4.3.3 Transition: connected solution vs dome . . . . . . . ... ... 90

5 Circular Wilson loop in defect N = 4: weak coupling 95

5.1 Perturbation theory: the non-BPScase . . . . .. .. ... .. ... .. 95
5.1.1 Comparing perturbative analysis with the strong coupling anal-

VSIS « v v e e 98



Contents 5

5.1.2  Perturbation theory: the BPScase . . ... .. ... ..... 100

6 Correlator of two circles in the defect case 105
6.1 String solutions between two concentric circles without the defect . . 106
6.2 String solutions for two concentric circles with the defect . . . . . . . 110
Conclusions and outlook 115
Acknowledgments 119
A Representation of su(2) 121
B Massive propagators 123
C Expression for the distance from the defect 125
D Expansion of n, g(¢) and 2 around the boundary j? = —1/m?. 127

=

The Expansion of the area and comparison with the perturbative
results 129

F Connected solution as correlator between two circle of different
radii 133

G Basis for chiral primary operators 135

Bibliography 147






Introduction

This thesis will be focused on some particular aspects of NV = 4 Super Yang-Mills
theory (SYM) which is a non-abelian interacting theory with the maximal amount
of supersymmetry in four dimensions. The theory content is given by a massless vec-

tor multiplet with one gauge boson of spin one, six real scalars and four Weyl spinors.

Supersymmetry (SUSY) provides a balance for the bosonic and fermionic degrees
of freedom at every mass level of the spectrum and put a strong constraint on the
structure of the theory. The power of supersymmetry leads to cancellations between
divergent diagrams of the field theory due to the presence of fermionic and bosonic
loops that appear with opposite sign. In the superspace formalism, this mechanism
recasts into the so-called "non-renormalization theorem." Not only supersymmetry
is fascinating by itself from a mathematical point of view, but it plays a pivotal
role in the studies of quantum field theories (QFTs), and it has strongly influenced
the experimental search in Particle Physics in the last decades. It can also be used
to solve some important phenomenological problems as the hierarchy problem for
the Higgs mass, and the lowest SUSY particle could provide a candidate for dark
matter. In order to build a SUSY version of the Standard Model, one has to intro-
duce a supersymmetric partner for each existing particle, but so far none of these
new particles has been observed. Thus, if SUSY exists in Nature, it has clearly
to be broken at very high energy scales. Even if we do not have an experimental
proof for SUSY, studying supersymmetric models can be very useful because often
they are easier to solve than non-supersymmetric ones due to the strong constraints
coming from the higher degree of symmetry. Thus, they may serve as toy models
where exact analytic results can be obtained thanks to the rich structure of the
theory that dramatically simplifies the computations. Moreover, SUSY may serve
as a qualitative guide to understand the behavior of more realistic theories as the

strong coupling dynamics responsible for phenomena like quark confinement in the
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quantum Chromo Dynamics (QCD). There are also non-perturbative techniques, as
localization and integrability, that allow us to understand supersymmetric gauge
theories deeply. In particular, localization is a mechanism through which the path

integral can be reduced to an integration over a subspace of the configuration space.

Supersymmetry is also a crucial ingredient for string theory which is a promis-
ing candidate for a quantum version of gravity. When the standard quantum field
theory techniques are applied to gravity, very concerning problems arise due to
its renormalizability. Non-renormalizable theories are typically viewed as effective
field theories, valid only up to some cut-off energy scale beyond which they are not
trustable. This is because of the real ultraviolet degrees of freedom are missing. For
instance, in QCD, there are quarks at high energies, and pions are the composite
degrees of freedom at low energy where the quarks are strongly coupled. The pion
Lagrangian is non-renormalizable since it breaks down around 1 GeV and the ultra-
violet completion of the chiral model is QCD, which is an asymptotically free theory
and thus UV-finite since it has a gaussian fixed point in the UV.

There are several all-orders arguments that string theory provides a theory that is fi-
nite in the UV. Its fundamental characteristic is that pointlike particles are replaced
by extended objects, the elementary constituents of the theory, which propagating
span the worldsheet, a two-dimensional surface. The very consistency of the theory
demands the presence of gravity and the graviton appears as a vibrational mode of
closed strings while gauge interactions are provided by the open string sector. In this
way, General Relativity, Electromagnetism, and Yang-Mills gauge theories all appear
in a surprising but also natural fashion. String theory introduces extra dimensions,
but it can be defined in four dimensions using the Kaluza-Klein idea, namely con-
sidering the extra dimensions to be compact and small. Bosonic string theory is
a non-realistic model since it contains only bosons and also tachyons, but is the
easiest to study. It requires 26 dimensions in order not to break Lorentz invariance
at the quantum level. Superstring theory, which is obtained introducing fermions
both on the worldsheet and in space-time, lives in ten dimensions. In string theory,
there are also non-perturbative extended objects which play a fundamental role: the
Dp-branes that can be viewed as hypersurfaces extended in p + 1 directions (p spa-
tial 4+ time) where open strings can end. They can be obtained by quantizing the

open string with endpoints along these hyperplanes (Dirichlet boundary conditions).
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Thus, SUSY is a very intriguing element since it plays a central role both in su-
perstring theory and in QFT. While in closed string theory there is always a mass-
less spin-2 particle that naturally describes gravity, usually in QFT gravity is not
present. These two descriptions can be connected through the holographic principle
[1, 2], which states that a theory that contains gravity, that could be string theory,
in the bulk space, and a field theory without gravity living on the boundary of this
space are equivalent. All of the information that is needed to specify a state of a
theory of quantum gravity is encoded in the quantum state of a QFT living in a
lower dimension. The holographic principle has added a new aspect to string theory:
it is not only a fundamental microscopic theory of all particles and their interactions
but can be viewed as a framework that allows a detailed and quantitative study of
many physical systems thanks to its complementary to a QFT description. The
first concrete argument in support of the existence of a relation between gauge and
string theories was suggested initially by 't Hooft in [1] with a very general argu-
ment. He took into account a generic non-abelian gauge theory with gauge group
SU(N) in the limit in which the number of colors N is large. He showed that a
gauge theory in the large N limit admits a topological graphs expansion in powers
of 1/N that reminds a string theory loop expansion. This result suggests the ex-
istence of a dual string description for any gauge theory. A concrete realization of
the holographic principle is the AdS/CFT correspondence [3-5]. It is founded on a
map between ordinary QFTs with conformal invariance (CFT) without gravity, and
higher-dimensional models of gravity and strings on anti-De Sitter background. If
conformal invariance is added to a supersymmetric field theory, the resulting theory
is superconformal. It becomes even more constrained, and the exact computation of
physical observables is accessible. It seems that dualities are present also between
non-supersymmetric theories, but are more difficult to realize than among rather
supersymmetric ones. The AdS/CFT duality can be realized at various levels, and
there are several examples. The first best established formulation of the correspon-
dence, due to Maldacena, is the conjecture that there is a mapping between N = 4
SYM theory in four dimensions with gauge group SU(N) and type IIB superstring
theory on the ten-dimensional background given by AdSs x S° . A" =4 SYM has
not only the maximal number of supercharges for a four-dimensional theory without
gravity (namely sixteen Poincare supercharges), but it is finite and exactly confor-
mal invariant at the quantum level since the coupling constant gyj; does not run

with the energy scale. Both perturbative arguments and general considerations sug-
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gest that the § function of the theory is zero to all loop orders. The parameters of
the theories are on the gauge side the coupling gy s and the rank of the gauge group
N, while on the other hand, we have the radius of the AdSs and the S; spaces,
indicated with L, and the string coupling constant gs. They are related through the

't Hooft coupling constant A in the following way:

2
A= giyN =4rg,N | \/Xzi,
One of the crucial aspects of the Maldacena conjecture is that the correspondence
is a weak-strong duality which relates the weak coupling regime of the gauge theory
with the strongly coupled string theory and vice versa. Thus, the correspondence
opens the possibility to investigate the strong coupling behavior of the gauge theory
using a classical gravitational theory. This weak-strong duality has many advantages
but, at the same time, it makes very hard to check the validity of the conjecture
since there is no overlap between the regions of the validity of the two calculations
with the standard tools. In the particular case of N' = 4 SYM, the plentiful sym-
metry structure sometimes allows to extract strong coupling results and provides

non-trivial checks of the conjecture.

A simple but non-trivial set-up, where to test the duality on the field theory side,
is to consider objects (called BPS) that are invariant under a certain fraction of
supersymmetry. Respect to the non-BPS ones, it is more probable that they can be
computed exactly, thus providing functions interpolating between weak and strong
coupling regimes. Examples of this type of observables are supplied by the chiral
primary operators (CPOs) or by the supersymmetric Wilson loop. The latter is a
gauge-invariant non-local operator, whose importance in non-abelian gauge theories
has been known for a long time. From a geometrical point of view, it is the trace
of the holonomy of the gauge connection of the theory. On rectangular contour,
it measures the potential of a pair of heavy quarks providing a tool to inspect the
confinement of the theory. The Wilson loop operators have been generalized to
N = 4 theory by Maldacena in [6], and they are known as the Maldacena Wilson
loops. They become locally supersymmetric and possess a string theory counterpart
[6, 7]: at large N and strong coupling (A — o0), they are described by a minimal
surface that extends in the bulk of AdS and which is anchored to the contour of the
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Wilson loop located at the holographic boundary. A notable example of operators
for which a global fraction of the original supersymmetry can be preserved is the
circular Wilson loop [8, 9]. Pestun has rigorously proved in [10] that its vacuum
expectation value is fully captured by a hermitian matrix model with a gaussian
potential. Thanks to the holographic interpretation of the operator, it is possible to
calculate the expectation value of the circular Wilson loop also in the gravity side
and compare it to the non-perturbative result: quite surprisingly the two computa-
tions match. Performing the expectation value of the circular Wilson loop on both

sides of the correspondence has been one of the first successful tests of the duality.

This Ph.D. thesis is devoted to the study of the circular Wilson loop operator in
a new and very stimulating context: a defect version of the usual N' = 4 SYM
theory. The general study of defects is an important subject, which has relations
with the physics of mostly every field theory. Spatial defects can be introduced into
a CF'T, reducing the total amount of symmetry. Of particular interest are dCFTs
with holographic duals, of which a certain number of examples exist, following the
original idea presented in [11-14]. In [15, 16] they consider the N = 4 SYM the-
ory with a codimension-one defect located at x3 = 0 that separates two regions of
space-time where the gauge group is respectively SU(N) and SU(N — k). In the
field theory description, the difference in the rank of the gauge group is related to
a non-vanishing vacuum expectation value (VEV) proportional to 1/x3, assigned to
three of the N'= 4 SYM scalar fields in the region z3 > 0
i 1 .

ol = _;Sti@o(ka)x(ka) 1=1,2,3

where t; are the SU(2) generators in a k-dimensional irreducible representation.
The VEV originates from the boundary conditions on the defect that preserve part
of the original supersymmetry. The field theory configuration is realized in string
theory through a D5-D3 brane system involving a single probe D5 brane of profile
AdS, x S?, in the presence of a background gauge field flux of & units through the
S2. The flux k controls the VEV of the scalar fields and represents a new param-
eter, compared to the usual N' = 4 SYM, which can be used to probe the theory
in different regimes. Over the last few years, there has been a certain amount of
work in studying such a system. In particular, the vacuum expectation value for
a large class of scalar operators has been computed both at weak coupling [17],

using perturbation theory, and at strong coupling, through the dual-brane set-up
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[18-20]. The insertion of a defect at x3 = 0 breaks translations, Lorentz and special
conformal transformations along the x3 direction while the generator of scale trans-
formations preserves z3 = 0. Thus, the conformal group in four dimensions SO(2, 4)
is broken to the three-dimensional conformal group SO(2,3). Due to this less con-
formal symmetry preserved by the system, one-point functions can be different from
zero depending on the perpendicular direction to the defect, and this fact has been
largely exploited in these investigations. More recently, a serious attempt to extend
the integrability program in this context has been performed by the "Niels Bohr
Institute" (NBI) group [21-23], leading to some interesting generalizations of the
original techniques. Moreover, the presence of the extra-parameter k allows for an
interesting double-scaling limit, able in principle to connect the perturbative regime
in the field theory with the gauge-gravity computations. It consists in sending the
't Hooft coupling A as well as k2 to infinity while keeping fixed the ratio of the two
parameters: the perturbative expansion organizes in power of the ratio, that can be
considered small. At the same time, the 't Hooft coupling is still large, support-
ing the validity of the dual gravity calculations. Thus, in that regime, one could
try to successfully compare gauge and gravity results, providing a new non-trivial
verification of the AdS/CFT correspondence [20].

Less attention has been instead devoted to the Wilson loops. More recently cir-
cular Wilson loops, analog to the supersymmetric ones in ordinary N = 4 SYM,
have been examined in [24], producing some interesting results. There it was con-
sidered a circular Wilson loop of radius R placed at distance L from the defect and
parallel to it, whose internal space orientation has been parameterized by an angle
X- Its vacuum expectation value has been computed both at weak and strong cou-
pling, and, in the double scaling limit and for small x and small L/R, the results
appeared consistent. In this thesis, based on [25], we will investigate further the
same circular Wilson loop in defect N'= 4 SYM theory, generalizing the computa-
tions presented in [24] both at strong and weak coupling. In particular, we will cover
the full parameter space of the string solution of our system. Namely, we derive the
exact solution for the minimal surface, describing the Wilson loop in the AdS/CFT
setting, for any value of the flux k, angle x and ratio L/R and we can explore the
complicated structure of the solution in different regions of the parameter. Nicely
we recover, in the limit of large k, the result of [24] without restrictions on L/R and
X- The main output of our analysis is the discovery of a first-order phase transition

of Gross-Ooguri type [26]: for any flux k£ and any non-zero angle y the disk solution
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(describing the Wilson loop in the absence of defect) still, exist and dominates, as
expected, when the operator is far from the defect. On the other hand, our cylin-
drical string solution, connecting the boundary loop with the probe Db-brane, is
favorite below a certain distance (or equivalently for large radius of the circles).
We can compare the classical actions associated with the solutions, by a mixture
of analytical and numerical methods, finding the critical ratio L/R, at which the
transition occurs, as a function of £ and x. A second important conclusion is that
in the BPS case, that corresponds to x = 0, the cylindrical solution does not exist
for any choice of the physical parameters, suggesting that light supergravity-mode
exchanges with the disk solution always saturate the expectation value at strong
coupling. This strongly resembles an analog result for correlators of relatively BPS
Wilson loops in N' = 4 SYM [27], that can be also exactly computed through lo-
calization [28, 29]. The weak coupling analysis corroborates the exceptionality of
the BPS case. The first non-trivial perturbative contribution is evaluated exactly
in terms of generalized hypergeometric functions. Its large k expansion does not
scale in a way to match the string solution. In the regime L/R — oo, we expect
instead that the perturbative result could be understood in terms of the operator
product expansion (OPE) of the Wilson loop. We reconstruct from the first two
non-trivial terms of the expansion some known result for the one-point function of

scalar operators.

The thesis will be organized as follows:

e Chapter 1: we will give a review of the AdS/CFT correspondence starting with
introducing fundamental aspects of supersymmetry, conformal symmetry, and
superconformal symmetry. Next, we will describe in some detail the N' = 4
SYM theory. Then, we will give some insights into the large N limit of gauge
field theories and their relation to classical string theory. To enunciate what the
correspondence states, we will introduce branes considering their two possible
descriptions in terms of open and closed strings. At this point, we will give

the dictionary for the mapping between the observables of the two theories.

e Chapter 2: we will describe the Wilson loop operators in both abelian and non-
abelian gauge theories. Then, we will generalize to supersymmetric theories
discussing the condition that allows us to preserve some fraction of the global

symmetry. We will review the straight line and the circular Wilson loop cases,
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focusing on the latter. Then, we will examine the holographic dual of the
operator computing the expectation value, in the supergravity approximation,
for the circular contour. The last section of this chapter will be devoted to the

operator product expansion of the circular Wilson loop.

e Chapter 3: we will introduce dCFTs focusing on a defect version of N' = 4,
which is the main point of our analysis. We will describe the symmetries
preserved by the defect and the boundary conditions on the defect necessary
to preserve a fraction of the original supersymmetry. Then, we will investigate
the string theory realization of the field configuration. We will study the
brane construction that realizes the D3-D5 probe system on which we focus
our attention. In the last section we will introduce the double-scaling limit that
will allow us to compare weak and strong coupling computations. Moreover,
we will review also some results obtained for the one point function of chiral

primaries operators in the defect theory.

e Chapter 4: We will consider the circular operator in the set-up described
in chapter 3. We will focus on its computation at strong coupling, in the
supergravity limit. We will find the solutions to the equation of motions for the
minimal surfaces corresponding to the Wilson loop. Then, we will impose the
boundary conditions for the fundamental string dual to the circular operator
in the presence of a defect. We will analyze the allowed parameter space for

the minimal surface and we will focus on the structure of the solution.

e Chapter 5: we will give the perturbative result for the expectation value of
the circular Wilson loop. We will compare the perturbative and the strong
coupling results thanks to the double-scaling limit. Then, we will focus on the
BPS circle enlightening the peculiarity of this particular case. Finally, we will
briefly discuss the OPE for the Wilson loop in the limit in which it is placed

far away from the defect.

e Chapter 6: we will study the case in which two concentric circular Wilson
loops are inserted in the defect theory. We will briefly review the results for
the connected string solution between two circles without the defect. Then,
we will comment on what we expect when the defect is present. Since the
work is currently in progress, we will give only some preliminary comments

and insights.
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Both chapter 4 and 5 are based on [25]. In the conclusions we will discuss the main
results of this thesis and we also suggest further developments and outlooks of our

research. Technical aspects are summarized in appendices A, B, C, D, E, F and G.






Chapter

The ADS/CFT correspondence

This chapter contains the introductory material to the AdS/CFT conjecture,
which is the first attempt to make quantitative the 't Hooft idea of a connection

between string and field theory.

1.1 Supersymmetric gauge theories

Symmetries are one of the most important ingredients of theoretical physics and
have served as a fundamental guiding principle in the construction of new theories.
In particular, a central role among symmetries is played by supersymmetry (SUSY).
It leads to massive cancellations between fermionic and bosonic degrees of freedom
that allow us to compute analytically many quantities of interest. For this reason, al-
though up to now there exists no-experimental evidence for supersymmetry, it still
plays a central role in theoretical physics. For instance, supersymmetric theories
have been used to try to understand the phenomenon of confinement in asymptot-
ically free theories, and in a more recent vision they have a pivotal position in the
context of the AdS/CFT correspondence.

A generic quantum field theory (QFT) that describes fundamental interactions has

to exhibit the following symmetries

e Poincaré invariance: the theory is invariant under the Poincaré group which
consists of translations, generated by P,, and Lorentz transformations, whose
generators are M,,,. The Lie algebra of the Poincaré group contains D(D+1)/2

generators. The following commutation rules complete the specification of the
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Lie algebra:

(M, Mypo] = =i(0up Moo + Nwo My = 1o My — 10p M)

[M/un Pp] = _i<7]upPy - nupP;L> (111)
[p/u P,,] =0
where 7, = diag(—,+,+,+) is the metric of four-dimensional Minkowski

space.

e Internal symmetry invariance: the theory is invariant under the action
of a connected Lie group GG generated by the T* which are Lorentz scalars.
They are typically related to conserved quantum numbers like electric charge

and isospin. The Lie algebra is given by the commutation relation
[T, T = ifooT° (1.1.2)
where f2 are the structure constants of G.

e Invariance under discrete symmetries: the theory is invariant under
CPT, namely under the simultaneous charge conjugation (C), parity trans-
formation (P), and temporal inversions (T).

In 1967 Coleman and Mandula [30] provided a theorem which states that in a generic
QFT, under certain reasonable assumptions as causality, locality, unitarity, the most

general symmetry group enjoyed by the S-matrix is the direct product
Poincaré Group X internal symmetries. (1.1.3)

Thus, the generators of the Poincaré group must commute with those of the internal

group
[P,G]=0  [M,,G]=0. (1.1.4)

The theorem can be bypassed by weakening the assumptions that the symmetry al-
gebra only involves commutators, all generators being bosonic generators. This
assumption can be relaxed allowing for fermionic generators which satisfy anti-
commutation relations and in this way the set of allowed symmetries can be en-
larged. In 1975 Haag, Lopuszanski and Sohnius [31] showed that SUSY is the only
possibility to evade the theorem. The Poincaré algebra is extended to what is known

as graded Lie algebra or supersymmetry algebra.
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1.1.1 Supersymmetry

Supersymmetry is a space-time symmetry mapping bosons into fermions and
vice versa. The SUSY generators are the Q!, and Q% are their hermitian conju-
gate, where a, &« = 1,2 are space-time spinor indices, and I = 1,...,N' labels the
number of supercharges, which are fermionic generators of spin 1/2. In a four-
dimensional supersymmetric field theory the Q% and Qé are 2N anticommuting
fermionic generators transforming in the representations (1/2,0) and (0, 1/2) of the
Lorentz group, respectively. In four-component notation they constitute a set of N

Majorana spinors

I __ ng ~N Ia NI
Q' = (@m) Q' =(Q", QL) (1.1.5)

These generators act schematically as
@) |boson ) = |fermion ) @ |fermion ) = |boson ) , (1.1.6)

since () modifies the spin of a particle and hence its space-time properties, SUSY
is not an internal symmetry but a space-time symmetry. If A/ = 1, there is only a
SUSY generator plus its hermitian conjugate, but if &' > 1 we have an extended
version of SUSY. There is no algebraic reason to have a limit on A/, but increasing

N the theory must contain particles of increasing spin. In particular, we require
e N < 4 for theories without gravity (spin < 1)
e N < 8 for theories with gravity (spin < 2).

The graded Lie algebra contains both fermionic and bosonic generators, which means
that both commutators and anti-commutators are included in the pattern with the

structure

B,B|=B [B,F]=F {F,F}=5, (1.1.7)
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where B stands for a bosonic generator and F' for a fermionic one. The resulting

general super-Poincaré algebra is given by the relations

[Bu Qi =0
(B Qé] =0
(M, Qi] = Z(‘jul/)aﬁ Qé
(M, Q"] = i(7,0)%5 Q" (1.1.8)
{ng Qg} = QU#QPMCS”
{ ([)” Qg} _ Ga,BZU g1] 71

plus the standard commutation relations (1.1.1) and (1.1.2). Here, e,5 and €, are

antisymmetric two-index tensors defined as

0 -1
€ap = €ap = (_1 0 ) (1.1.9)

which are used to lower spinorial indices. The matrices o/ are given by (o). =
(1, —0i)aa Where the o; are the Pauli matrices, and the o, are particular combina-
tions of ¢, and 7,. The Z!/ = —Z7" are bosonic operators called central charges
since they commute with all generators of the full algebra and they are scalars under
the Lorentz group.

In the simplest case corresponding to N = 1, there are no indices I, J and there is no
possibility of central charges (Z = 0). The SUSY algebra is invariant under a global
phase rotation of all supercharges @,, forming the group U(1)g. When N > 1,
the different supercharges may be rotated into one another under the unitary group
U(N)g. This automorphism symmetry of the graded algebra is called R-symmetry.
The generators Q and @ will carry a representation under this internal symmetry
group, while the generators of the Poincaré group commutes with them as state the

Coleman-Mandula theorem

[M,,,T% =0

[P, T% =0

[ ’; T — (R0 (1.1.10)
[QIdaTa] - _QJd(Ra)JIa

where the matrices (R,); provide unitary representation of the internal symmetry

group, if N =1 the R, are just real numbers.
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This result is the most general one for a massive theory. In a massless theory, an-
other set of fermionic charges, S% and their conjugates may be present. Moreover,
for a massless theory, the central charges Z;; are zero and thus the anticommutation

relations between the @ and the Q become simpler.

Representations of SUSY algebra: a particle is an irreducible representation
of the Poincaré algebra which is a subalgebra of the SUSY algebra. It follows that
any irreducible representation of the supersymmetry algebra is a representation of
the Poincaré algebra, which in general will be reducible. This means that instead of
single-particle states, we have to deal with (super) multiplets that correspond to a
collection of particles. The particles inside a supermultiplet are related by the action
of the supersymmetric generators Q! and Q%, and have spins that differ by 1/2 as
reflected by the commutation relation [(), M,,] # 0. Inside the same supermultiplet
we have both fermions and bosons which must have the same mass as stated by
the commutation rule [@, P,] = 0. Moreover, a supermultiplet contains an equal

number of bosonic and fermionic degrees of freedom.

1.1.2 Conformal symmetry

According to the Coleman-Mandula theorem, one possible bosonic extension of
the Poincaré group is to consider also the symmetry under scale transformations.
For instance, such symmetry naturally arises in critical systems where there is no
length scale in the problem. A theory that shows scale invariance is typically invari-
ant under the bigger group of conformal transformations that enlarges the Poincaré
group to the conformal group. There are theories, as Yang-Mills, that are only classi-
cally invariant under scale transformations and others which preserve this symmetry
also at the quantum level. One can think of UV complete QFT as characterized by
a renormalization group (RG) flow from a UV to an IR fixed point both described
by conformal field theories (CFTs). Thus, studying CFTs will let us map out the
possible endpoints of RG flows and thus understand the space of QFTs. Another
essential feature is that in principle, one can solve a CFT without even writing down
a Lagrangian since only the knowledge of the spectrum and three-point functions of
the theory is needed. Moreover, these theories are fundamental also in the study of
the AdS/CFT correspondence, which allows us to explore different aspects of gauge

theory and string theory. A conformal transformation is a transformation of coor-
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dinates that preserves the angles and leaves the metric g, invariant up to a local

factor
G = (@) = Q) g (7). (1.1.11)

Isometries, that correspond to Q(xz) = 1, are a subset of conformal transforma-
tions. When g, is the flat space metric, the group of isometries is simply the
Poincaré group. Instead, scale transformations correspond to (z) = const. On a
d-dimensional Minkowski flat space, whose metric is g,,, = 7,,,, infinitesimal confor-

mal transformations are defined as the coordinate transformations
ot — o' =t + e (x), (1.1.12)
and the variation of the metric is
N = — (06, + De,) + O(€2). (1.1.13)

Under the requirement given in (1.1.11) with Q(x) ~ 1 — w(z), an infinitesimal

conformal transformation has to satisfy the so called conformal Killinq equation
ey + 0, = wW(T) N, (1.1.14)

where © = 0,...,d — 1. In dimensions d > 2 the equation above has the general
solution
e = ot + mg, £ At 2(b - z)at — b, (1.1.15)

Each parameter corresponds to different transfromations:

e a/: constant parameter of an infinitesimal translation generated by P, = —i0,,,

this class of solutions has w(z) =0

e mll: constant antisymmetric tensor that corresponds to infinitesimal Lorentz
transformations generated by M, =i (x,0, — x,0,).

For these solutions w(z) =0

e )\: constant parameter which corresponds to infinitesimal dilatations with the

associated generator D = —ixz*0,, this transformation has w(x) = 2\

e b*: constant vector corresponding to the insfinitesimal special conformal trans-
formations (SCT) generated by K, = —i (2z,2"0, — 2*,,), this type of solu-
tion is characterized by w(z) = 4(b- x).
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The commutation relations defining the algebra are

D, P,| =1P,
[D, K] = —iK,
(M, K| = =i (nup K — mupKy)
K, P, =2i(n,D — M,,)
(M Mpo] = =i(upMoo + Mo Mpup — Do Mup — MpMo) (1.1.16)
[Muw Pp] = —i(mpPV - nupPM)
[P,,P,]=0
D, My) = 0
(D, D] =0
5, K, = 0.

The conformal algebra in d dimensions is isomorphic to SO(1,d + 1) in euclidean
signature or SO(2, d) in Minkowski space, which is also the algebra of Lorentz trans-

formations in R4 space. The number of generators is

1 dilatation + d translations + d special conformal +
Ldd—1) (d+2)(d+1) (1.1.17)

L tz = ——~"———~.
orentz 5

The d = 2 case is a special case since the conformal algebra has infinitely many
generators. The conformal group in two dimensions is the set of all analytic maps,
which is infinite-dimensional and the conformal algebra corresponds to the Virasoro
algebra.

1.1.3 Representation of the conformal group

Mass and Lorentz quantum numbers, corresponding to the Casimirs of the
Poincaré group, are usually used to identify particles. In the presence of confor-
mal invariance, the mass operator P* P, does not commute anymore with the other
generators, for example, the commutator with D is different from zero. Since mass
and energy can be rescaled by applying dilatations, field theories that show confor-
mal symmetry do not have asymptotic states and the entire formalism of S matrix
do not make sense. In order to find another way to label the states, we consider a
specific representation of the conformal group in which our operators have a well-

defined dimension A, namely they can be thought as eigenvectors of the dilatation
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operator D. To find the action of the generators on the fields, we focus on the
stability group, which is the subgroup that leaves the origin invariant [32]. In the

case of the conformal group this is spanned by M,,, D and K,. The action of D

)
on a generic operator at the origin is

(D, Oa(0)] = iAOA(0). (1.1.18)

If Ox is a scalar operator, under the scale transformation x — Az it transforms as
O'(x') = A™20(x). Using the relation Oa(x) = e 7% OA(0) eF* together with

the conformal algebra one can work out the action of D at a generic point x
[D,O(z)] = (A + 210,)O(z). (1.1.19)

Notice that using (1.1.18) and the first two commutators in (1.1.16) it is easy to

show that P, rises the scaling dimension of the operator Oa(z) while K, lowers it

D, [Py, O (0)]] = — [0(0), [D, B,J] — [P, [0a(0), D] 20,
=+i(A+1)[P,,0a(0)]
D, [KM, Oa(0)]] = = [0a(0), [D, KHH - [Kw [OA(0), DJ] (1.1.21)

=+i(A=1)[K,, Oa(0)]
where we have used the Jacobi identities. Since M, commutes with D, it does not
modify the dimension of the operator. In unitary CF'Ts, there is a lower bound on the
dimensions of the fields meaning that each representation of the conformal algebra
must have some operators of lowest dimension Ay, which must be annihilated by K,
at the origin and which are known as conformal primaries. Acting on a primary with
P,, it is possible to construct an infinite tower of operators with scaling dimension
greater than A, that are called conformal descendants of the primary field. In
particular, a conformal primary is defined by the following commutation relations

for the stability group
[D’ OAO (0)] = iAOOAo (0)
(M, Opy(0)] = 05,,04,(0) (1.1.22)
(K4, Ono(0)] = 0,

where S, is a matrix that depends on the Lorentz spin of the field and is zero for

scalars.



Chapter 1. The ADS/CFT correspondence 9

1.1.4 Correlation functions

Conformal symmetry imposes strong constraints on correlation functions through
the Ward identities. The one-point functions are zero. In fact, invariance under
translations implies that necessarily one-point functions have to be equal to a con-

stant
(6a) = c. (1.1.23)

Invariance under scale transformations translates under the following condition
(pa(2)) = A (pa(Mz)) = c= \2c. (1.1.24)

Namely, in a CFT the one-point function of an operator ¢ with scaling dimension A
is zero unless A = 0, which corresponds to consider the identity operator. Two-point
functions are completely fixed up to a normalization factor that for scalar fields can
be set to 1 in such a way that the correlators between two scalar primaries can be

written as
0A;,A,

(Pa, (T1)Pa, (22)) = (1.1.25)

71 — 96’2!%’
where A; = Ay = A is the condition imposed by invariance under finite SCTs.
There are similar results also for non scalar operators as the two-point functions of
the current or the stress-tensor. Also the spatial dependence of three-point functions
is fully determined by conformal invariance

AAL Ay A
A1+Az—A3 ’ Al1-|—2A3iA2 Ag+A3z—Ay 7
$13| |9523’

(Da,(21) P, (22)da5(23)) (1.1.26)

|7 12|
where z;; = x; — x; and Aa, A, A, are constant free parameters. This expression for
three-point correlators is obtained using the same normalization choosen in (1.1.25).
Coordinate dependence of higer-point functions is not completely fixed by confor-
mal invariance since they depend on conformally invariant cross-ratios which are

combinations of the x;. The number of these factors increase as

n(n —3
nin=3) (1.1.27)
2
where n is the number of the fields in the correlators. For instance, if we consider
four-point functions we can construct two different cross-ratios while they are not
present when n = 2,3. A significant feature of CFT is that it is possible to deter-

mine the cross-ratios only in terms of the parameter Aa, a, a5, the dimension of the
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primary operators and quantities called conformal blocks which are fully determined
by conformal invariance. This is a consequence of the operator product expansion
(OPE) that allows expressing the product of two operators close to each other in
terms of local operators at the middle point. Respect to QFT in which the OPE is
used only in the asymptotic short-distance limit, in a CFT the OPE gives a con-
vergent series expansion at finite point separation between the operators. The OPE

can be schematically written as

Oa, (2)02,(0) = > C(z)9al(0), (1.1.28)

primaries ¢
where C(x) are numerical coefficients. Thus, the remarkable fact is that in a CFT,
any n-point correlation function can be expressed in terms of conformal dimensions

and structure constants, that are called CF'T data, using the OPE iteratively.

1.1.5 Superconformal symmetry

If a theory happens to be both supersymmetric and conformal, we can combine
the two symmetries in the superconformal invariance. Using the Jacobi identity
involving P, D and () one can notice that to ensure the closure of the algebra it
is necessary to introduce other spinorial generators denoted by SI and S that are
called special conformal supercharges. These are the fermionic superpartners of K,
and play the same role of Q! and Qé for P,. The superconformal group in four
dimensions is SU(2,2 | V') and corresponds to a conformal theory with the addition
of N supercharges Q,, N superconformal charges S, and of the generators of a

U(N)g global symmetry. Some of the relevant commutation relations are

D, = al D.Qi] = @l
(K%, Q1] = 2%, 57 (K%, Q"] = 257975
D, s!] = —;S; D, S| = —;iﬁ
[P 51] = ot,Q" P51 = 514 (1.1.29)
(K", SL] = (K", Sh] =
(M, SE = i(0)s” S} (M, S™) = i(G,0)%; S°

(51,87} =0 (51,87} =0
(51,87} = 20t K81,
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The other relations involving ), S and T are given by

{QL 851} = €as (85D +Th) + ;5{7(0‘”)267& My,

{Qi, SBJ} = €43 (5IJD + T;’,) + ;5{,%(5“”)75 M,,
|

[56,7.] = (0’51 ,7,] = (R,
QL. T.) = (R.)" Q2 Ora Tl = —0ru(RY, (1.1.30)
@aT] = ﬂv) > [_Q,T}:i<t/\?\/’>@é

B :z<44;\;v> A (50,7] = —i (4&\/) 5t

where T, are the generators associated to R-symmetry transformations (I,J =
1,....,N) which are now part of the algebra and do not act just as external auto-
morphisms since they appear in the anti-commutator of the supersymmetry charges
with the SI. The operator T' in these relations is the generator of the U(1)g factor
of the R-symmetry group

while T, generates SU(N)g. The N = 4 case is special because T commutes with
all the generators of the superconformal group. Thus, 7" has the same action on
all the states of the same supermultiplet and the R-symmetry group for the N' = 4
case is SU(4) instead of U(4) as would be expected from general cases. Following

this argument, the superconformal group of N' = 4 theory in four dimensions is

PSU(2,2 | 4).

1.1.6 Representation of the superconformal algebra

Previously, we have defined a conformal primary as an operator that is at the
base of an infinite tower of descendants, generated by the multiple action of the
translation generator P,, and that is annihilated by K, at the origin. If the theory
in addition to conformal invariance also exhibits supersymmetry, we can introduce
superconformal primary operators. These operators are a subsector of conformal

primaries and are defined by the relations

(S, 04,(0)] =0 |54, 08, (0)] = 0. (1.1.32)
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From the superconformal algebra, one can easily realize that the operator S and
its conjugate S lower the scaling dimension of 1/2, while @ and Q increase it of
1/2. Thus, the action of the Poincaré supercharges on a superconformal primary
generates all the other states of the multiplet called superconformal descendants,
which in turn are conformal primaries. Superconformal primary operators are al-
ways conformal primaries, but the vice versa is not true in general, and it may be
that a primary is not a superconformal primary. Since the conformal algebra is
a subalgebra of the superconformal algebra, representations of the latter split into
several representations of the former. The superconformal algebra contains a set
of special representations, called short representations, that are those constructed
starting from a chiral primary operator ® which is not only annihilated by S, S and
K,,, but also by some of the @)’s. Since { L @(O)} =0 for some I =1, ..., N, chiral
primaries are BPS operators that do not receive quantum corrections to their scaling

dimension A. A chiral primary satisfies the relation
chiral primary ® :  [{Q’,S},®(0)] =0, (1.1.33)

where ' stands for a subgroup of the Poincaré supercharges. Using Jacobi identities,
the above relation implies that the conformal dimension is fixed in terms of the
Lorentz and R-symmetry quantum numbers and in a unitarity representation, A is
bounded from below by them.

1.1.7 N =4 Super Yang-Mills Theory

The N =4 SYM theory is a superconformal field theory (SCFT) with the maxi-
mal amount of rigid supersymmetry in four dimensions, namely sixteen real Poincare
supercharges. Any other four-dimensional gauge theory with A/ > 4 would have to
contain particles with spin bigger than one and would hence not be renormalizable.
A convenient approach to derive the action of N' = 4 SYM theory is given by consid-
ering the dimensional reduction of the ten-dimensional N’ =1 SYM theory to four
dimensions [33, 34]. The ten-dimensional gauge theory is the low energy effective
theory coming from type I superstring theory. It consists in a vector multiplet that
contains a gauge field Ay, and a ten-dimensional Majorana-Weyl spinor ¥ with 16
real components. The gauge group is SU(N), and all fields take values in the Lie
algebra su(N)

Ay = AT U= pe7e. (1.1.34)
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The generators T are a basis of the Lie algebra and they satisfy the normalization
condition Tr(7°T") = $6°°. The action of A" =1 SYM theory in ten dimensions is

1 1 -
Syo1 = —— [ d"z Tr (2FMNFMN — z‘\IJPMDM\II) : (1.1.35)
910
where M, N = 0,.....,9 and I'™ are ten dimensional Dirac matrices that obey the

Clifford algebra for R(19)
{PY, oV} =~ (1.1.36)

where we are using the mostly positive flat metric n™~ = diag(—, +,...,+). The
fields have classical mass dimensions [Ay] = 1 and [¥] = 3/2 whereas the ten
dimensional Yang-Mills coupling constant has mass dimension [g10] = 3. The non-

abelian field strenght and the covariant derivative are given by

FMN = 0MAN — 8NAM —1 [AM, AN]

. (1.1.37)
DM:{?M—@[AM, ]

The action (1.1.35) is gauge invariant and since the fields transform in the adjoint

of SU(N) the gauge transformations are

Ay — U(2) Ay U(z)" —ioyU(2)U(z) U(x) = Uz) WU ()", (1.1.38)

where U(z) is an element of SU(N). Moreover, the action is also invariant under

the following supersymmetry transformations

SAy = i€l T
1 (1.1.39)
AV 5FMNFMNE,

where 'y = % [Ta, Tn] and €, the supersymmetry parameter, is a ten-dimensional
constant Majorana-Weyl spinor. The dimensional reduction to four dimensions is
obtained by demanding that the fields only depend on the coordinates z# € R(13).
The remaining volume integrals in the action, V = [dx*...d2° are absorbed in a

redefinition of the coupling constant that becomes dimensionless
1
gym =V "2 gio. (1.1.40)

If we consider the ten-dimensional gauge field, it can be decomposed into a four-

dimensional gauge field A, and into the fields
i =Airs 1=1,2,..,6 (1.1.41)
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which are the last six components of Ay;. The indipendence of the fields on the

coordinates z!, where I = 4, ...,9, implies for the element of the gauge group
oU(xz) =0, (1.1.42)

which means that also the gauge transformations depends only on the first four
coordinates. Thus, it is easy to see that the fields ¢; are scalars under the four-

dimensional Lorentz group R("®) and transform in the adjoint of SU(N) as
¢i = U(x)e; U(IE)T- (1.1.43)

Using the decomposition of Ay, it is straightforward to work out the components

Fivs andFiys 43
Fliv3 = 0u0; —i[A,, ¢i] = Do Fiis i3 = —i[¢i, &5 . (1.1.44)

Thus, the F? term in the action (1.1.35) reads

| 1 1 .
— ST (Fay FYY) = —Tr <2FWF“” + DD e — = (61,6110 ¢]]> (1.1.45)

To reduce the fermionic kinetic part it is necessary to choose an appropriate rep-
resentation of the ten-dimensional Clifford algebra, which discriminates naturally
between the four and six-dimensional spinor indices. The details of the dimensional
reduction are related to a particular choice of the representation of gamma matrices.
We can leave them out using the ten-dimensional compact notation to deal with the
fermionic part of the N' = 4 action. The four-dimensional theory has a unique mul-

tiplet that in components read

Unma = (A AeZi2a, dim1,6) (1.1.46)

where as explained before A, is the four-dimensional spin one gauge boson and ¢;
are the six real scalars. The )\ are four Weyl spinors that can be recast in the
ten-dimensional Majorana-Weyl spinor W of the A/ = 1 theory. Thus, the action of
the N' =4 SYM theory in four dimensions is given by

1

4 1 Qv WAt 1 7 j2
Syes = — /dg;Tr<2FWF + DD — 5 6, 0] +

—iWD, " — W [¢;, ¥]) .

9% u (1.1.47)
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Here the T" are the ten dimensional Dirac matrices. The supersymmetry transfor-

mations under which the action is invariant are
0A, =il W
Oci = i€ I3V (1.1.48)
o0V = ;FWF‘“’G + D, ¢iT"e — ; [fi, 5] Te.

Symmetries: performing the ten-dimensional reduction a la Kaluza—Klein on a

six-dimensional torus 7°, the ten-dimensional Lorentz group breaks as follows
SO(1,9) — SO(1,3) x SO(6)pg, (1.1.49)

where SO(1, 3) is the four-dimensional Lorentz group and SO(6)g ~ SU(4)g is the
internal global R-symmetry group of the N/ = 4 theory. Under the R-symmetry

group

o A, is a singlet of SU(4)r

e ¢; transforms in the fundamental of SO(6)g, but it can be rewritten as an an-
tisymmetric tensor ¢y in the 6 dimensional representation of SU(4)r, where
a,b=1,.,4

e )¢ transform in the fundamental representation of SU(4)g, a is the R-symmetry

index and « is the spinorial index of the SL(2, C) universal cover of the Lorentz

group.

The N = 4 action inherits the invariance under the supersymmetry transformations
(1.1.16) of the ten-dimensional theory. Apart from Poincaré supersymmetry, the
action (1.1.47) contains no dimensional parameters and is classically invariant under

the scale transformations
r—cx A—=ctA »—clo U — 32 (1.1.50)

Thus, scale invariance and Poincaré invariance combine into conformal symmetry,
forming the group SO(2,4) ~ SU(2,2). Furthermore, the combination of N’ = 4
Poincaré supersymmetry and conformal invariance produces an even larger super-
conformal symmetry given by the supergroup PSU(2,2|4), as explained in the pre-

vious section.
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The conformal symmetry of a theory can be broken at the quantum level by the in-
troduction of a renormalization scale p that breaks scale invariance. The observables
of the theory become scale-dependent through the dependence on p of the parame-
ters of the theory. In the N' = 4 theory, fixing the rank of the gauge group N, the
only independent parameter is the coupling constant gy, which scale dependence

is described by the [ function

_ dgy m

Using superspace argument, the 3 function of N' =4 SYM theory was shown to be

(1.1.51)

zero up to three loops [35-37]. Subsequently, it was argued that 5(gys) it is zero
also to all loop orders using the light-cone gauge [38, 39]. It is easy to see that the

B(gyar) it is zero at one loop using the formula [40]

80(gva) = 252 (Lo —*ZC 1
gym) = 1672 \ 3 scalar)

> C(Weyl ) (1.1.52)

C»D\I\D

where C' denotes the quadratic Casimir of the representation of gauge fields, scalars,
and fermions. Since all the fields transform in the adjoint representation of SU(N),
all the Casimir are equal to N, and fermions and scalars balance the contribution
of the gauge fields in such a way that 31 (gyy) = 0. Thus, N' = 4 SYM is a
superconformal theory also at the quantum level and it is a UV finite theory. Since
gy n does not run, the theory can be described by two freely tunable parameters:
the coupling constant and the parameter N. These two parameters can be combined

giving the 't Hooft coupling constant
A=gi,N. (1.1.53)

Furthermore, the theory exhbits an exact non-perturbative SL(2,7Z) duality, that
interchanges electric and magnetic fields and charges. This invariance is expressed

combining the theta-angle and the coupling constant to form the complex parameter

T= ﬁ—l—? (1.1.54)

2T Yyum
The quantum theory is invariant under 6; — 6, + 2w, or 7 — 7+ 1. The Montonen-
Olive conjecture [41] states that the quantum theory is also invariant under the
transformation 7 — —%. The combination of both symmetries yields the S-duality

group SL(2,7Z) generated by

ar +b
ct +d

T — with ad—bc=1, a,b,c,d cZ. (1.1.55)
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Notice that when the theta angle vanishes the S duality corresponds to send gy, in
1/gy m, namely to a weak/strong coupling exchange. Since this additional symmetry
changes the electric degrees of freedom with the magnetic ones, it maps the Wilson
loop, that describes an electric charge moving on a closed contour, in the 't Hooft
loop that instead describes a monopole passing trough the same path. In the per-
spective of the Maldacena correspondence that we will describe later, the S-duality
has a natural manifestation on the string side. In fact, type IIB superstring theory
on a curved background is conjectured to have an identical SL(2,7Z) self-duality
symmetry that exchanges the fundamental strings with D1-strings, D5-branes with
NS5- branes and take the D3-branes into themselves.

Dynamical phase: To determine the moduli space of vacua of N' = 4 theory

we study the potential
1 / 4 2
d*xTr (|¢:, 04]7 ) - 1.1.56

The supersymmetric ground state of the theory corresponds to minimize the poten-

tial, namely to the condition

(0,01 =0 i,j=1,....6. (1.1.57)
There are two different classes of solutions to this equation:

e (¢;) =0foralli=1,..,6, this corresponds to the superconformal phase. The
gauge symmetry and the superconformal group PSU(2,2|4) are unbroken.

e At least one of the (¢;) is different from zero, this corresponds to the Coulomb
phase. Conformal invariance is broken since the expectation value of the scalar
field sets naturally a scale, and also the gauge symmetry may generically be

broken to U(1)", where r is the rank of the gauge algebra.

Superconformal chiral primaries: In NV = 4 SYM theory an important role is

played by the single trace operators involving only scalars

Str (¢ 670" (x), (1.1.58)

where "Str" denotes the symmetrized trace over the gauge algebra ensuring that the
above operators are totally symmetric in the SO(6) R-indices ;. The curly brackets

between the field indices indicate that all traces over SO(6) are removed so that
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they transform under an irreducible representation of the superconformal algebra
PSU(2,2|4). The operators (1.1.58) are superconformal chiral primary operators
(CPOs) and one-half BPS states of the superconformal algebra. A simple example

is given by the single trace operator with scaling simension A = 2
o o 1 ...
{i +3}) — 147\ T St k .k
Str (¢l ¢71) = Tr (¢'¢/) 07T (¢¥6"). (1.1.59)

Since this is a protected operator, it does not receive an anomalous dimension. On

the other hand the operator
Tr (¢'¢') (1.1.60)

that is called Konishi operator is unprotected and acquires quantum corrections. The
unitary representations of the superconformal algebra PSU (2,2 |4) are labelled by

the quantum numbers of the maximal bosonic subalgebra

SO(1,3) x SO(1,1) x SU(4) .

1.1.61
($4,5-) A [11, 79, 73] ( )

where si are the spin quantum numbers for the Lorentz group. SO(1,1) is the
dilatations group whose representations are classified by A and [rq, 9, r3] are Dinkin

labels for the R-symmetry group and
1
dim([0, k£, 0]) = E(k+1)(/€+2)2(/€+3). (1.1.62)

The operator in (1.1.59) is characterized by dim([0,2,0]) = 20 and it is known as

the 20" chiral primary operator.

1.2 ’T Hooft expansion of gauge theories and string

theory

T’Hooft was the first who proposed the study of non-abelian gauge theories with
gauge group SU(N) in the limit in which the number of colors N was very large,
namely N — oo. The Yang-Mills theory has two independent parameters, as we said
in the previous section, that can be combined to form the t’Hooft coupling constant
A = ¢2,/N. The 't Hooft expansion corresponds to keep \ fixed and performing an
expansion of the observables in power of N. It turns out that different powers of

N correspond to different topologies for the Feynman diagrams. This fact becomes
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more clear by adopting the double line notation for both the gauge propagator and

the vertices. Each gauge propagator carries a factor of % while each vertex gives a

% contribution. Moreover, every loop in the diagram contributes to a power of N.

Ny,
>

il
<

>z

ST

PN
QNN

A diagram with no external legs, which thus contributes to the vacuum energy, with

V vertices, E propagators and F' loops gets a factor

E A%
D~ G]) (]D NF = NE-B+V \B-V (1.2.1)

Every Feynman diagram of this type, in the double line notation, can be associated
with a closed surface with V' vertices, F' faces, and F edges. Thus, we can introduce
the Euler characteristic

x=F—-FE+V (1.2.2)

that only depends on the topology of the surface. For a closed surface, x is connected

to the genus h in the following way
X =2 — 2h, (1.2.3)

where h counts the number of holes of a closed surface. For instance, a sphere has
h = 0 while for a torus h = 1. A further distinction between the type of diagrams
can be made considering those which can be drawn on a plane without crossing any
lines, which are called planar diagrams, and those, the non-planar, for which this
is not possible. The planar diagrams correspond to h = 0 and contribute as N2\",

where the power n depends on the specific diagram considered. The free energy can
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Figure 1.1: Two vacuum diagrams for a U(N) theory. In the first line, we have the
Feynman diagrams drawn with the double line notation, while in the second there are the
corresponding closed surfaces. The first diagram corresponds to a planar diagram while

the second is a non-planar example.

be written as an expansion in powers of 1/N
F =Y N7"f,(N), (1.2.4)
h=0

where fj,(A) is the sum of Feynman diagrams that can be drawn on a surface of
genus h. From this formula, it is clear that the dominant diagrams in the large N
expansion are those with h = 0. For this reason, the large N limit is also called the

planar limit of the gauge theory.

A topological expansion of this kind can also be done in the context of closed ori-
ented string theory. The worldsheet for interacting strings is just a two-dimensional
surface with holes and boundaries. More holes are present on the worldsheet, and
higher is the corresponding loop order in perturbation theory. Thus, the genus of
the surface is just the number of string loops and string perturbation theory can be

taught as an expansion of the type
A= Z G2y (1.2.5)

where g, is the string coupling constant, o’ is the square of the string length [, and
A is some string amplitude. Now it is quite evident that expression (1.2.4) and
(1.2.5) can be identified if one sets

(1.2.6)

1
g5~
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Therefore, the large N expansion in gauge theory corresponds to a weak coupling
expansion in g;,. The above procedure is not enough to be a proof because it is
based on perturbative analysis on which we cannot have full control. It gives no
direct information about the string theory that corresponds to a given gauge theory.
Regardless, it represents an important argument in support of the existence of a
gauge theory/strings duality. As we will see in the next sections, the AdS/CFT

conjecture is a concrete realization of such a duality.

1.3 The AdSs; x S° correspondence

The AdS/CFT correspondence [3-5, 42], also referred to as gauge/gravity dual-
ity, is one of the most remarkable achievements of string theory in the last decade.
The duality has its foundations on the holographic principle that argues that the
information stored in a d-dimensional volume can be encoded in its boundary area.
This idea arises from the study of black holes thermodynamics [43, 44]. In particu-
lar, the Bekenstein bound fixes the maximal amount of entropy in a volume to be
proportional to the area S,,,, = A/(4Gy), where A is measured in Planck units,
and Gy is the Newton constant. If the gravity theory lives in d dimensions, the
entropy is proportional to Ay, which in turn is the same as a volume in d — 1 di-
mensions. Moreover, since the entropy is an extensive quantity, if we have a QFT
in d — 1 dimensions, it results that Sgrr o< V3_1. Thus, a theory of gravity has
the same entropy of a QFT which lives in a less dimensional space. This is what
also happens for a hologram in which the information on a 3d object is encoded
in a 2d picture. The main message coming from the holographic principle is that
a QFT on flat space-time can be viewed as a theory of gravity. One of the prin-
cipal advantages of the duality is that strongly-coupled QFT can be investigated
by studying classical gravitational theory. Thus, the correspondence represents the
first attempt to make quantitative the idea formulated by 't Hooft. The AdS/CFT
conjecture is a concrete realization of the holographic principle. It is founded on
a duality map between ordinary QFTs and higher-dimensional models of gravity
and strings on anti-De Sitter (AdS) background. The correspondence has profound
consequences that go far beyond string theory. It finds applications in a lot of dif-
ferent domains as condensed matter physics, the study of non-equilibrium systems,
the analysis of the strong coupling dynamics of QCD, the physics of black holes,

and many other topics. The most established example of this correspondence is the
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duality that connects N' = 4 SYM theory in four dimensions and type IIB string
theory on AdSs x S°, where AdSs stands for a five-dimensional AdS space and S is
a five sphere. After that, many other examples of gauge/gravity dualities have been
discovered and inspected as the duality between 3d superconformal field theories

and string/M-theory.

1.3.1 AdS space

AdS space- time is of central importance for gauge/gravity duality. Therefore, we
study Anti-de Sitter space-time in detail. AdS;,1 spaces are maximally symmetric
solutions of Einstein’s equations in d + 1 dimensions with negative cosmological
constant A and the same curvature everywhere. From

1
T / A2/ =g (R — 2A)

1
Rp,u - §guuR = _Ag,uw

SEH =
(1.3.1)

where Gy is the Newton constant and L is the AdS radius, we have that for AdS;,1

spaces

d(d—1) d(d+1)
A= — S S 1.3.2
572 = R 72 (1.3.2)
Moreover, since the Ricci tensor is proportional to the metric
d
R,uu = _ﬁ Guv (133)

this solution is an Einstein space. In Euclidean signature, the maximally symmetric
solution with positive curvature is the sphere S with isometry group SO(d + 2)
and the one with negative curvature is the hyperboloid H%! with isometry group
SO(1,d + 1). In Minkowskian signature, the maximally symmetric solution with
A > 0 is called de-Sitter space (dS) and the one with A < 0 is called Anti-de-
Sitter (AdS). All of these spaces can be realized as the set of solutions of a quadratic
equation in a (d42)-dimensional flat space. If we consider a flat space with signature

R2? which line element is

d
ds* = —du® — dv* + ) _ da3, (1.3.4)

=1

AdSy.1 spaces are hyperboloids defined by the equation

d
w vt =y af=—L% (1.3.5)
i=1
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From this definition, it is clear that the isometry group of AdSy.; space is SO(2,d).
These considerations will be useful when we will explote the AdS/CFT correspon-
dence considering the matching of the symmetries.

There are different set of coordinates that can be employed to parametrize AdSg 1.

For example, we may use the global coordinates defined as

u = Lcoshpcost
v = LcoshpsinT (1.3.6)
x; = Lw;sinh p 1=1,2,...d,

where 3¢, w? = 1 are the angular coordinates on the S%! sphere. The range of
variation of the other coordinates is: p € R* and 7 € [0, 27]. The name global is due
to the fact that they cover the Minkowskian hyperboloid once and the line element
is

ds* = L? (— cosh? pdr? + dp* + sinh? de?l_l) : (1.3.7)

Since the time coordinate 7 is periodic, the AdS space is not simply connected be-
cause there are closed timelike curves that cannot be shrinked to a point, otherwise
the manifold will be no well causal behaved. This problem can be avoided unwrap-
ping the timelike circle, namely by taking 7 € R. This corresponds to consider the
universal covering space to which we will refer with global AdS. Only time transla-
tions and rotations on the sphere, SO(2) x SO(d), are manifest in this parametriza-
tion and constitute a compact subgroup of the full isometry group SO(2,d).

We can solve equation (1.3.5) also by considering the Poincaré coordinates that

correspond to the following parametrization for the hyperboloid coordinates

u= o (147 (1245 - 7))

r
v=17Lrt 138
x; = Lry; (138)
ra=y (1= (12 =7 +7)),

where j =1,...,d — 1, t € R, r > 0 and i € R?!. The corresponding line element
is

d 2
ds? = .2 (:2 + 72 (—dt* + ng)> . (1.3.9)

In this case, the metric has slices, for fixed r, isomorphic to d-dimensional Minkowski

space-time, hence the name Poincare coordinates. Due to the restriction r > 0, this
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patch of coordinates cover only half of the hyperboloid. The plane r = oo can
be interpreted as the conformal boundary of AdSg,; which is R"~! while r = 0
correponds to the Poincare horizon since the Killing vector 9, has zero norm. Notice
that » = 0 is only a coordinate singularity and for » < 0 there is another Poincare
patch.

There is a further form in which the metric of Poincaré coordinates is usually written.
It is achieved by taking r — é

2

L
ds* = = (d=? - dt* + dif*) (1.3.10)

in this case the conformal boundary is located at z = 0 and the Poincare horizon is
at z = oo.

In the Poincare patch the manifest isometry group is SO(1,d — 1) x SO(1,1). The
first symmetry group is the Lorentz group of the boundary while the second corre-

sponds to dilatations on the boundary and it is realized as t — A\t, ¥ — Ay, z — Az.

1.3.2 Type IIB supergravity

Type IIB is a string theory for closed superstrings in ten dimensions. The low
energy limit of this theory leads to type IIB supergravity whose field content reflects
the massless part of the spectrum of the full superstring theory (see [42] and [45] for

a short review)

Y graviton
[0) dilaton
type I1B B,, Kalb-Ramond field (1.3.11)
Co, Co, Cy R-R forms
2Y 0 gravitinos
24 dilatinos

The NS-NS sector contains the symmetric traceless rank-two tensor g, which has
35 components, the antisymmetric Kalb-Ramond field with 28 components and the
dilaton which has 1 component because corresponds to the trace. The NS-R and
the R-NS sectors contain two gravitinos 1, (56 components each) with the same
chirality and two spinors A4 (8 components each), called dilatini, which have also
the same chirality but oppisite to that of gravitinos. The R-R sector contains a

0-form Cj that is a scalar, a 2-form Cy with 28 components and a 4-form C;” with
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35 components. Thus, the massless spectrum gives a total of 128 fermions and 128
bosons, as we expect thanks to the supersymmetry. The bosonic part of the type

IIB supergravity action, in string frame, reads

_ 1 10 —20 1 2
Ssug?“a = (27‘_)7a/4/d N\ —g (6 (R+48H¢(9“¢ — 5 ‘H(g)’ > —

1 2 115 2 1 5 (2
_i‘Fﬂ)’ 9 F(3>‘ ) <5)\ )— (1.3.12)
1
2027) T /0(4) A Hgy A Fs)

where H s is the field strength of B, and

Fay = dC
Flg) = dCp
F(5) = dC(4) (1313)

Fg) = F) — Coy) N Hez)

. 1 1
Fis) = Fis) = 5C0) N Hig) + 5By A Fa). (1.3.14)

In type IIB string theory the field strength F(5) is bound to be self-dual which means
that F(g)) = «F, (5), where the star denotes the Hodge dual. This constraint is usually

imposed at the level of the equations of motion.

1.3.3 D-branes and open strings perspective

A central role in the AdS/CFEFT conjecture is played by D-branes, which are non-
perturbative extended objects introduced by Polchinski in [46]. We can say that
the AdS/CFT correspondence is a consequence of the two possible ways in which
Dp-branes can be described. They can be viewed as (p 4+ 1)-dimensional hypersur-
faces (p spatial + time) where open strings can end or as solitonic solutions to the
equations of motion of supergravity theories. If we consider the first description,
Dp-branes are obtained when one discusses the dynamics of open string and has to
impose Dirichlet and Neumann boundary conditions for the string endpoints. In
particular, Dirichlet conditions correspond to the directions that are normal to the
Dp-branes world-volume, while Neumann conditions coincide with the directions in
which the hypersurfaces extend. The open strings are free to move only along Neu-

mann directions, and the case of full Neumann conditions corresponds to a brane
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whose world-volume fills the entire space. The presence of a Dp-brane breaks the
original Lorentz symmetry group in d dimensions in such a way that the resulting
symmetry is the Lorentz group in (p+1) dimensions and rotations invariance along

the directions in which the Dp-brane does not extend
SO(1,d—1) — SO(1,p) x SO(d—p—1). (1.3.15)

Dp-branes are not only simply hypersurfaces, but they are dynamical objects that
can move and fluctuate. Their fluctuations are described by open strings, and there
are two classes of excitations. The first one corresponds to deformations along
the transverse coordinates to the (p + 1)-dimensional world-volume in the ten-
dimensional target space and can be parametrized by ¢;, where? = 1,...,9—p. These
degrees of freedom are nothing but massless scalar fields that can be interpreted as
collective transverse coordinates of the brane. Moreover, there are also internal ex-
citations corresponding to the abelian massless gauge field A, (a = 0, ...,p) living
on the world-volume of the brane. The Dirac-Born-Infeld (DBI) action describes
the low-energy dynamics of a Dp-brane in flat space and its motion in a background

created by closed string modes ¢,,, B, and ®

SDBI = _TDp /dp+1£ 67&)\/—(16'6 ('Yab + Bab + 271'O/Fab). (1316)

The pullback of the metric and the Kalb-Ramond field are denoted as 7,, and By,

_ oxroxe
e o (1.3.17)

oXHoX” e
Bab = B,uuaigaaigbu

a,b = 0,...,p are indices on the world-volume and u,v = 0,..9 are indices of the
ten-dimensional target space, o is equal to the square of the string length I,. F,; is
the field strength of the U(1) gauge field A,, and & = & + ® is the decomposition
of the dilaton in a constant piece ®(, which is related to the string coupling constant

(e = g,), and a varying piece P. Tp, is the tension of the brane and is given by

1
The way in which the tension depends on the string coupling, Tp, ~ 1/gs, reflects
the non-perturbative nature of Dp-branes. Notice that they become very heavy at

weak coupling (gs — 0), and this justifies treating them as rigid objects in this limit.
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Figure 1.2: On the left, we have open strings ending on N coincident Dp-branes. The
gauge theory living on the world-volume has a U(NN) gauge group, and the gauge fields
are massless. On the right, we have N — 1 coincident Dp-branes, and one put at a finite
distance. The gauge group is broken to U(N —1) x U(1) and the string stretched between

the stack of branes and the single one corresponds to a massive W-boson

Moreover, Dp-branes are charged under the R-R (p+1)-form (C)1;) of string theory,

which naturally couples to surfaces through the action
S, = TDp/ Oy, (1.3.19)
Zpt1

where ¥, is the world-volume of the brane. Thus, the generalized action for a

Dp-brane also involves a Wess-Zumino term
Sp, = Sppr + Swz

Swz =T, / S Cpiy A Bt Fas, (1.3.20)
q

Swz takes into account the interaction of the R-R field Cy;4 with the Kalb-Ramond
field. We have seen that on a single Dp-brane lives an abelian gauge theory. In order
to generalize to the non-abelian case, we need to introduce the Chan-Paton factors
m,n =1,..., N on a stack of N coincident Dp-branes. These non-dynamical degrees
of freedom are assigned to the endpoints of the open strings, and they contain N2
copies of the states arising in the presence of a single Dp-brane. Thus, the fields of

the open strings spectrum can be arranged in hermitian matrices

(Aa)7 (@)% (1.3.21)
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They form the bosonic part of the vector multiplet of a Super Yang-Mills (SYM)
theory in the world-volume of the branes, transforming in the adjoint representation
of the gauge group U(N). Since the U(1) component of the U(N) local symmetry
can be decoupled, we can conclude that the low-energy theory arising from a stack
of N coincident Dp-branes is a SYM theory with gauge group SU(N) in p + 1

dimensions. The relation between the SYM coupling constant and g, is
Go = 2(2m)P 2P 3 g, (1.3.22)

If the branes are not coincident but separated by a finite distance, the effective
theory becomes SYM with gauge group U(1)". Pulling the Dp-branes apart corre-
sponds to a Higgs mechanism responsible for the spontaneous symmetry breaking
U(N) — U(1)N of the gauge group in the low-energy effective theory. The relative
positions between the branes are given by the expectation values acquired by the

scalar fields.

Focusing on D3-brane
D3-branes are especially important when we consider the AdS/CFT correspondence
in its original formulation. When p = 3, we have a 3+ 1 world-volume and 10—4 = 6
scalar fields. In addition to the open strings that lives on the D3-branes, there can
also be closed strings moving in the full ten-dimensional space-time. If we con-
sider a stack of N coincident D3-branes, the open string sector is weakly coupled,
and perturbative string theory gives an accurate description of this system only if
gsIN << 1. This limit also guarantees that gs << 1 to have small string loop correc-
tions. The massive string states have masses M? ~ 1/a/, and they decouple when
we take the low energy limit. It can be realized in two different ways: we can fix
the energy scale E and take o/ — 0, or fix the characteristic string scale o/ and
take E very small. In the following, we will use the first approach. Thus, in the
low energy limit, the closed string sector reduces to the massless field of supergrav-
ity. The corresponding effective theory living on the stack of N D3-branes can be
identified with a four-dimensional SYM theory with gauge group SU(N) and with
sixteen Poincaré supercharges. From (1.3.22) the relation between the Yang-Mills
and string coupling is

Gy = 4mgs. (1.3.23)

Since the interactions between open and closed strings are proportional to o/, these

two sectors do not interact in the low energy limit. Thus, we get two decoupled
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systems

o free limit of type IIB supergravity in flat ten-dimensional space

e four-dimensional N' =4 SYM theory on the D3-branes. The theory is weakly
coupled (A << 1), and one can use perturbation theory to do accurate calcu-

lations of quantities like correlation functions.

1.3.4 D3-branes and closed strings perspective

In the previous, we have considered D-branes from the point of view of open
strings. In the closed strings perspective, D-branes are solitonic solutions to the
classical equations of motion of the low energy limit of superstring theory. Moreover,
extremal D-branes are 1/2 BPS objects; namely, they preserve half of the space-time
supersymmetry. We concentrate now on D3-branes since, as said before, they are
very important in the context of AdS/CFT correspondence. Smooth solutions to
type 1IB supergravity equation of motions are given by extremal black D3-branes
which are characterized by [47]

ds? = H(r)"2dt* + H(r)"2d3® + H(r)? (dr® + r*dQ3)

—Pp

eq):gSH(T)ST :3>eq>zgs
p:

1.3.24
Fy =dH(r)"* Ada® A dat A da? A da? ( )

L4
H(r)=1+— with  L? = 4rg,Na'?,
r
where ¥ € R3, L is the D3-branes curavture radius and Fj is the self-dual field
strength of the R-R Cj-form which has N unit of flux through the S® sphere ap-

pearing in the metric above

(=N (1.3.25)

The p = 3 case is special since the dilaton is constant. The background defined
in (1.3.24) is derived solving the supergravity equations of motion, without the o/
corrections due to massive string modes that should occur if the full string theory is
taken into account. Supergravity is a reliable approximation of the full string theory
when

L? >>d. (1.3.26)

This condition, from the definition of L given above, implies that

gsN >> 1. (1.3.27)
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It is possible to have g; << 1, but it is necessary that N >> 1. Since we can rewrite

L in terms of the 't Hooft coupling constant A
L* = 4ng,Na” = g}, Na'* = \a”?, (1.3.28)

the condition (1.3.27) is equivalent to ask A >> 1 for the supergravity approximation
to hold. Moreover, quantum corrections are small if the characteristic scale of the

geometry L is bigger than the Planck length Ip ~ (g2 a'*)s
L>>1lp = N>>1. (1.3.29)
To study the geometry generated by the solution in (1.3.24), we consider the metric
ds* = H(r)"2dt* + H(r) 2da® + H(r)? (dr? + r?d023) (1.3.30)
and its limits in two different regimes:

e if r >> L then H(r) ~ 1 and the metric (1.3.30) reduce to the flat one in

ten-dimensional Minkowski space R(19)

o if r << L we are in the region defined as near-horizon region or throat, in

which H(r) is given by H(r) ~ f—z and the metric reads

742 . L2
ds? — ﬁ(_dﬁ +di?) + = (dr2 + 7’2ng> . (1.3.31)
If we use the coordinate redefinition z = LTQ, the metric has the following
asymptotic form
ds® = L (—dt2 + d7? + dz2) + L*dQ3 (1.3.32)
= 5. 3.

This is clearly the metric of AdSs x S° in the case in which both the five-
dimensional AdS space and the five-sphere S® have the same radius of curva-
ture L.

1.3.5 The Maldacena conjecture

We have seen that D-branes admit two equivalent descriptions. These two faces of
the same object are what underlies the AdS/CFT correspondence. Since in (1.3.30)

the goo component is not constant, the energy will depend on r. In particular, the
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energy F,., measured by an observer at the position r, and F.,, measured by an

observer at infinity, are related by
E. = H(r) iE,. (1.3.33)

For an observer located at infinity, an object moving towards » = 0 will have lower
and lower energy. Thus, from his perspective, there are two different types of low

energy closed strings modes:

o free limit of type IIB supergravity in the flat ten-dimensional Minkowski space.
These low energy modes occupy the asymptotic flat region of the geometry

generated by the D3-branes at r — oo

e modes confined in the near-horizon region. Due to the relation (1.3.33), for
r — 0, the modes in the throat can have arbitrary energy. Thus, we have the

entire spectrum of type IIB string theory on AdSs x S° background.

Since we are in the low energy limit, the two sectors do not interact. The correct
way to take this limit when » — 0 is to send also o' to zero keeping fixed the ratio
r/a/, performing the so-called Maldacena limit. In this way, the energy of the ob-

jects in the throat is arbitrary while the energy at infinity E., ~ V&/'E,. r/d/ is fixed.

We started with a background generated by considering only supergravity modes.
Then, we recognize that for an observer at infinity, all the superstring states on this
background are low energy modes, due to the red-shift of the energy. A backreac-
tion may be expected since we are considering the whole superstring spectrum and
particularly high energy excitations on a background derived only by considering
supergravity modes. All the expected corrections vanish since AdSs x S° is thought
to be an exact solution not only for supergravity but for the entire type IIB string
theory itself. We can now put together the open and closed strings perspectives. In
both cases, we have free type IIB supergravity in ten-dimensional Minkowski space
plus other two theories that should be the same thing. Thus, this identification

leads to enunciate the AdS/CFT correspondence in its strongest form:

N =4 SYM theory with gauge group SU(N) in four dimensions is equivalent to
type IIB superstring theory on AdSs x S°.

This equivalence is conjectured to be valid for all A and N but can also be for-

mulated in a weaker form. As we have seen before, type IIB string theory can be
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N =4 SYM theory Full quantum type 11B
Strongest form any N and \ theory on AdSs x S°
Amtg, = gy, L* = 47g,No”?
't Hooft limit of N'=4 SYM | Classical type IIB string theory
Strong form A fixed, N — oo on AdS5 x S°
1/N expansion gs loop expansion

Large \ limit of N'=4 SYM | Classical type IIB supergravity
Weak form N = o on AdSs x S°

1/+/X expansion o’ expansion

Table 1.1: Differnt forms of the AdS/CFT correspondence in order of strength.

approximated to type IIB supergravity as long as
L*>>ad  A>>1  N>>1, (1.3.34)

implying that the supergravity regime corresponds to strongly coupled gauge theo-
ries. On the other hand, the perturbative field theory regime A\ << 1 corresponds
to strongly coupled string theory. Thus, the AdS/CFT is a weaker/strong duality.
This statement makes the correspondence very fascinating since performing calcula-
tions in the supergravity regime, we can obtain information on the strong coupling
dynamics of the gauge theory. Vice versa, perturbation theory on the field theory
side gives insights into the non-perturbative string theory. At the same time, the
duality is very hard to check since there is no overlap between the two domains in
which we can do calculations with the standard tools. In order to check the corre-
spondence, Wilson loops and protected operators as chiral primary operators will
play a fundamental role. For instance, correlation functions of protected operators
can be computed at tree level, and since radiative corrections are forbidden, the

results still hold at strong coupling.

1.3.6 Comparing the symmetries and correlation functions

A first check that can be done for the AdS/CFT correspondence to hold is to
see if the symmetries of the two theories involved in the duality are identical. The
superconformal group of N =4 SYM theory, as previously shown, is PSU(2,2 |4)

and its bosonic subgroup arises as the product of the conformal group SO(2,4)
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by the SU(4)g R-symmetry group. On the gravity side, the bosonic subgroup is
immediately recognized as the isometry group of the Adss x S5 The fermionic
part of N/ = 4 theory consists of 16 Poincaré supercharges and 16 superconformal
supercharges, which is the same amount of supersymmetry that we have in type
IIB string theory on AdSs x S°. Moreover, N' = 4 SYM theory also has Montonen-
Olive or S-duality symmetry realized on the complex coupling constant 7. Type
IIB string theory experiments also this global discrete symmetry. Matching global
symmetries is a key ingredient but represents only the first step. We need a precise
prescription to have a one-to-one mapping of all of the quantum states, operators,
observables, processes, etcetera, between the two theories. For example, the vacuum
state of the N/ = 4 theory corresponds to the state of the string theory which
is the empty AdSs x S° geometry, without the excitation of gravitons or other
modes in the spectrum. In 1998 Gubser, Klebanov and Polyakov [4] and Witten [5]
proposed a prescription to compute n-point correlation functions on both side of the
correspondence, making the the AdS/CFT duality much more useful and functional.
The general idea is to match the generating functional of CFT correlation functions
to the full partition function of type IIB string theory in AdSs x S° with some

specific boundary conditions

(el #2800 = Zving [8(2,2) g = do@)] . (1335)

CFT

where ¢g(z) plays the role of a current and is the value of the AdS field ¢(z, 2) at
the boundary, which is located at z = 0. The core of this prescription is that a field
¢ in AdS space is associated with an operator O in the CFT side. The two have the
same quantum numbers and they know about each other via boundary couplings.
Since correlation functions specify the dynamics of QFTs, the gauge theory living
on the boundary is completely defined by bulk the gravitational theory. Actually,
there are limits in applying the prescription (1.3.35). The first one is that the
full partition function of type IIB superstring theory on AdSs x S® is not known.
Secondly, while taking functional derivatives on both side of (1.3.35), one runs into
divergences which need to be regularized. The latter problem is solved by performing
the so-called holographic renormalization [48, 49]. In the weak form of the duality,
corresponding to A — 0o and N — oo, the partition function on the r.h.s. of (1.3.35)

is obteined from the on-shell action in classical supergravity

Zstring [Qbo(l’)] =~ eissugm[d)o(x)] . (1336)
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This equality has to be seen as a saddle point approximation allowing for predictions

of the CF'T correlation functions at strong coupling.



Chapter 2

Supersymmetric Wilson loop operators

2.1 Wilson loops in non-abelian gauge

theories

The Wilson loop operator, introduced by Wilson in [50], is a very important
non-local and gauge-invariant observable that describes the parallel transport for
an external particle along a close path C. This operator has a very central role
in the study of gauge theories. In more mathematical terms, we can define it as
the holonomy of the gauge field A,. Its physical meaning can be easily understood
considering the motion of an external charge along a closed curve in QED. The

action for this charge is
Se = f Az, (2.1.1)
c

which gives in the path-integral the following contribution
eiSe = i fo Ande" = W(C). (2.1.2)

W(C) is the Wilson loop, and it is nothing but the Aharonov-Bohm phase factor
picked up by the wave-function of a heavy quark along a closed path. The non-
abelian definition of the operator involves the trace since we want a gauge-invariant

object

W(C) = TrrP exp( fA d:l:“) (2.1.3)

where A, is a matrix written in terms of the generators T of the gauge group,

dimg

namely A, = AJT*. We are considering a generic representation R of the gauge

group over which the trace is taken, 1/dimg is a normalization factor and P denotes

35
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the path ordering of the integral. Since the A, are Lie algebra valued fields, in
general, they do not commute. Thus, we have an exponential of non-commuting
matrices that leads to an ambiguity in its definition in terms of the Taylor series.

The cure to this problem is found by imposing the path ordering which is defined as
dxt

Pexp(%A da:“) ]l—l-z/ ds1 A, (x(s ))g—
1
dz”

» (2.1.4)
_/ dsl/ dss A, ( sl))‘fl o Aulalsa) G

where s € [a,b] parametrize the contour C and s; > s in such a way that higher
values of the path parameter s stand to the left in every term. The non-local nature
of this operator means that it depends only on the type of contour parametrized by s
and not on a single point. The Wilson loops are of fundamental importance because
they constitute a complete basis of gauge-invariant operators for the pure Yang-
Mills theory, and all gauge invariant functions of A, can be derived from them by
choosing appropriate paths. We are particularly interested in the situation in which
the close path C is a rectangular loop in the Euclidean space-time and the trace in
the definition of the Wilson loop is taken over the fundamental representation of the
gauge group, such as the N-dimensional representation of SU(N). In this situation
we have the creation of a quark-antiquark pair (¢g) at t = 0 located at a spatial
distance R. Since they are external sources, their masses are taken to infinity, so
we may expect them to be static (no kinetic energy). After a long time 7', we let
them rejoin and annihilate. The expectation value of the rectangular Wilson loop
encodes the static potential for this configuration, when 7" >> R we have

lim (W(C)) ~ e TEI(R), (2.1.5)

T—o0

where £ is the interaction energy of the pair at a distance R. The previous formula
is obtained by taking a complete basis of eigenstates inserted into a quark correlator,
in the limit in which T is very large, only the ground state with the lowest energy,
which is precisely the potential, survives in the sum over states. In a confining theory,

the quark-antiquark pair has binding energy that grows linearly with distance
E =m,+m;+ E(R) with Ef(R)=0R, (2.1.6)
o is the tension of the color flux tube connecting them. Thus, for the case in exam

lim (W(C)) ~ e TEIR)  o=oTR (2.1.7)

T—o0
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Figure 2.1: On a rectangular contour, the Wilson loop measures the potential of a pair

of heavy quarks providing a tool to inspect the confinement of the theory.

TR is the area of the rectangular contour. In fact, in a confining theory the Wilson
loop operator is expected to show the so-called area low

lim (W(C)) ~ e 740, (2.1.8)

T—00

where A(C) is the area encoded by the loop. The behavior that characterized the
deconfined phase of a gauge theory follows the perimeter low

lim <W(C)> ~ €7§M (perimeter of C). (219)

T—00

The coefficient 6M can be interpreted as contributing to the renormalization of
the quark mass due to interaction of the quark with quantized gauge fields. Thus,
the expectation value of the Wilson loop plays the role of the order parameter for
confinement, allowing to distinguish between the confining and deconfining phase

according to the so-called "Wilson criterion."

2.2 BPS Wilson loops in N/ =4 SYM theory

A generalization of the Wilson loop operator (2.1.4) in N/ = 4 SYM theory was
proposed by Maldacena in [6] and it is known as the Maldacena Wilson loop. In
Euclidean signature, it reads

W(C) = ;fTrP exp [ s (14,00 + 131 Higbi)] | (2.2.1)
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where &* = d,2"(s), *(s) parametrize the contour C and ' is a six-vector (0°0; = 1)
that specifies a point on S® and in general it can depend on s. We are now consid-
ering the Wilson loop associated with a particle that transforms in the fundamental
representation of the gauge group. In N/ = 4 SYM theory, all the fields transform
in the adjoint since they belong to the same vector multiplet of the gauge field A,,.
Thus, we need to introduce naturally a very massive particle transforming in the
fundamental representation. With this aim, we consider N + 1 coincident D3-branes
whose world-volume effective theory is N' =4 SYM with gauge group SU(N + 1).
Then, we separate one of these branes in at least one of the six transverse direc-
tions. One of the six scalars of the theory gets an expectation value, breaking the
SU(N + 1) gauge group to SU(N) x U(1) via Higgs-like mechanism. The open
strings stretched between the stack of NV D3-branes and the separated one have a
mass proportional to the D-branes separation. Moreover, the low energy excitation
of these string states behaves as a W-boson. The end-point of this string acts in
the SU(N) gauge theory as a quark in the fundamental representation of the gauge
group, and in the large N limit the U(1) group decouples. Since the scalars of the
SU(N + 1) theory are valued in the Lie algebra of this group, they can be writ-
ten as (N + 1) x (N + 1) matrices that contain the scalars of SU(N) that remain
massless, whereas the (N + 1, N + 1) element is the vacuum expectation value M6".
Since M, which corresponds to the separation distance in the flat six-dimensional
space-time, is proportional to the mass of the heavy W-boson, its value has to be
large. The SO(6) R-symmetry is reduced to SO(5) symmetry by choosing which
scalar gets a vacuum expectation value, and 6 parametrizes the direction of the
symmetry breaking. The Wilson loop (2.2.1) corresponds to the traced holonomy of
the heavy W-Boson. As one can notice, respect to the standard Wilson loop (2.1.4),
the Maldacena operator couples not only to the gauge field but also to the six scalars
of the theory. More arguments justify this additional coupling, for instance, the fact
that the scalars are in the same supermultiplet of the gauge field. Another way to
derive it is to consider the operator in four dimensions as obtained via dimensional
reduction from a Wilson loop in the ten-dimensional NV = 1 SYM theory. Following
the same strategy used to get N' = 4 SYM from the ten-dimensional theory, we
obtain a bigger class of Wilson loops characterized by an arbitrary coupling ¢’ to

the scalars. The loops that satisfy the condition

=g g =20 (2.2.2)
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belong to the Maldacena Wilson loops class and show significant and nice properties,

as we will review.

2.2.1 Supersymmetry variation of the Wilson loop

The presence of the scalars with the right coupling in the definition (2.2.1) is also

fundamental to have an object that is supersymmetric. Under the supersymmetry

transformations
0 AN = e FI
. . (2.2.3)
0.P" = ie "W
the Maldacena Wilson loops transform as
1 .
SW(C) = 1 TrP [2 jé ds e (id"T, + 2] T70;)
¢ (2.2.4)

X exp (fé ds' (z’j:“A# + || 9i¢i>)] ;

where we have used the ten-dimensional notation in which ¥ and the susy param-
eter € are sixteen components Majorana-Weyl spinors. T'M = (T* T%) are the ten-
dimensional Dirac matrices. Some fraction of the total supersymmetry is preserved
if

€ (ia"Ty + || T70;) ¥ =0, (2.2.5)

where the number of linearly independent solutions determines the amount of con-

served supercharges. It is possible to have a non-trivial result if
N2 .
(2T, + 2] T76;)" = |2]* (1 - 60;) = 0. (2.2.6)

Thus, the condition #°9; = 1 is necessary to preserve some amount of supersymmetry.
Moreover, if #°9; = 1, the above combination of I'-matrices results to be nilpotent and
the equation (2.2.5) has eight independent solutions that in general can depend on
s and thus can be different at every point of the loop. The important consequence
is that a Maldacena Wilson loop with an arbitrary closed contour is only locally
supersymmetric. Local supersymmetry is not a symmetry of the action. If we want
real supersymmetric invariant operators, rigid supersymmetry must be preserved.

This translates in the requirement that € has to be constant. It is possible to
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introduce the projectors

+ 1 ':tu 5 %

P :ﬁ ]I:I:zm’y,/y pif
PP =P Pt =0 (2.2.7)
P =1

where we choose a particular representation of the gamma matrices in ten dimen-

sions, namely

e =1 z
™ = { axs @ (2.2.8)

Ti=~5 @ g
Here y* and p' are respectively the gamma matrices of SO(4) and SO(6), the
Poincaré and R-symmetry groups, and they commute with each-other. Thus, y*
only acts on four-dimensional spinor indices whereas p* only acts on the R-symmetry

2.3,4

ones. Moreover, v° = —y142934% is the four-dimensional chirality matrix. We can

rewrite the equation (2.2.5) in a more compact form
€ (ia" Ty + |#]T70;) ¥ = i ePF ity ¥ = 0. (2.2.9)
Choosing
e=¢eP" (2.2.10)

with € a constant ten-dimensional Majorana-Weyl spinor, ensures that the SUSY
variation vanishes thanks to the property of the projectors (P~P* = 0). Since the
requirement to achieve global supersymmetry induces constraints on both x#(s)
and 6'(s), in the following we will consider different types of contours for which

supersymmetry is not only locally preserved.

2.2.2 Straight line
A single infinite straight line in four dimensions is described by

7" = (0,0,0, s)
i* =(0,0,0,1) (2.2.11)
0' = (1,0,0,0,0,0),

and with this choiche the Wilson loop reads

W@@:;ﬁpwﬁﬁw@@+w. (2.2.12)
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The projectors
1

Pt = NG (1+i797°p1) (2.2.13)
are constant implying that € is indipendent on s. As a result, the straight line
preserves half of the total supersymmetry and it is called a 1/2BPS object [9].
Consistent with this property, the expectation value of this operator is protected

from radiative corrections, and it is independent of the coupling constant

W (C))y. = 1. (2.2.14)

line

Moreover, the 1/2 BPS straight line is related to the circular Wilson loop by an
inversion. The circle shares several common features with the straight line, but its

quantum expectation value is non-trivial as we will see in the following sections.

2.2.3 The circular Wilson loop

The circular Wilson loop operator in four dimensions can be parametrized by

z#(s) = (0,0, cos s, sin s)
#(s) = (0,0, —sin s, cos s) (2.2.15)
' = (1,0,0,0,0,0),

where s € [0,2n]. Since scale invariance tells us that the expectation value of the
operator cannot depend on the value of the radius, we can consider an unit circle.

The circular operator can be written as
1
W (Ceircle) = NTI"'P exp b{ ds (—iAgsins + 1Azcos s+ ¢1)| . (2.2.16)
c

Since we are considering a circle in the (3,4) plane, it holds that

x“’)/u = l‘a% l"#'yu = :ta')/a
-a ab 5 1.2 b
¢ = x WY = —€,
b YaY bY VY (2.2.17)
: ab 0 —1
with a,b = 3,4 and ¥ = )
1 0

Using the above identities, we have that @#v,y® = v1722,7%, and thus the projectors
take the form

1 , )
Pt = ﬁ (1 £ iv1y202%,) - (2.2.18)
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It turns out that the supersymmetry parameter is given by
€ =6 (I —imyepav.) = €q + sy, (2.2.19)

meaning that € generates a superconformal transformation in R*, where € and €

are arbitrary, coordinate-independent ten-dimensional Majorana-Weyl spinors

e = &

- B (2.2.20)
€5 = —1€7Y172P1-

In particular, € is responsible for the Poincaré part, while €g for the conformal part.

Respect to the straight line, which preserves separately Poincaré and superconformal

supercharges, the circle is is still a 1/2 BPS operator, but it is invariant under a com-

bination of them. Moreover, its expectation value is not independent of the coupling

constant A. Since it commutes with some of the supercharges, many cancellations

happen between the diagrams that contribute to the perturbative calculation.

2.2.4 Zarembo construction

For a general loop with varying #° and contour C, the supersymmetry condition
(2.2.5) corresponds to an infinite set of algebraic equations for sixteen unknown
quantities. In [51] Zarembo proposed a simple ansatz to solve (2.2.5) for a generic
contour C in R*. The construction is based on the requirement that the position
of the loop on S% defined by the vector #(s) follows the tangent vector i* of the
contour C. Thus, we can choose the following condition for the scalar coupling

i i
0i(s) = M! T (2.2.21)
where M, is a 6 x 4 rectangular matrix satisfying M} M} = §,,,. With this choice of
0", the Wilson loop becomes

1 (s ;
Wz (C) = NTrPeXp b{: ds " (ZAM + Muqﬁz)] . (2.2.22)
The supersymmetry equation (2.2.5) reduces to four algebraic equations
(T —iMiT;) e =0. (2.2.23)

A general curve in R* preserves 1/16 of the original supersymmetry, but we can

have an enhancement of the preserved supercharges if the loop contour lies in a
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lower-dimensional subspace of R*. Thus, a curve in R! is 1/2 BPS, in R? it is 1/4
BPS, and in R? it is 1/8 BPS. The vacuum expectation value of this class of Wilson

loops is trivial

W5 (C)) = 1. (2.2.24)

In the original work of Zarembo, this has been checked at weak coupling for a
general curve, considering the diagrams contributing up to A2 order. The basic
ingredient in this calculation is the equality of the scalar and the vector propagators
in Feynman gauge. For the circle and the line, this result was also corroborated from
an AdS calculation in the original work (minimal surface vanishes). In [51], it was
conjectured that planar Wilson loops, which are 1/4 BPS, do not receive quantum
corrections. This conjecture was proven in [52] and [53]. The absence of quantum
corrections for the case of a general Wilson loop in the Zarembo construction was

proven in [54] on the string theory side of the duality.

2.2.5 DGRT construction

In [27, 55] Drukker, Giombi, Ricci and Trancanelli presented a family of opera-
tors, called DGRT Wilson loops, that follows an arbitrary curve on S®. They can be
thought as a generalization of the circular operator, and their expectation values,
in general, are complicated functions of gy,; and N. The basic ingredient in the

construction is to transform the scalars into a self-dual tensor
buv = 0, M] ¢’ (2.2.25)
with the modified gauge connection
Ay = A+ ida”. (2.2.26)

The M/ are 3 x 6 rectangular matrix with M*M; =1, M?M, = 1, M3M; = 1 and

1
2

S3 which, in terms of flat coordinates z* satisfying the condition 2% = 1, read

all the other entries zero. The tensors o+, are related to the invariant one-forms on

U{%,L —9 [:I:(xdeB . xgdxz) + (:U4dx1 . xldx4)}
it =2 [£(a’dat — 2'da®) + (a'da?® — 2%da?)] (2.2.27)
ol =2 [:I:(xldqu — 2?dat) + (2tda® — a:3dx4)} ,
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R

i

coupling to rely on the right-forms

where o are the right one-forms and ¢ are the left one-forms. Choosing the scalar

o =20, a"dz" (2.2.28)
the Wilson loop can be rewritten as

1 1 .
Whpoearr(C) = NTT Pexp {fé dat <iA + QUFMZ-IQSZ)] =

1 ‘ (2.2.29)
:NTr Pexp bé dz" (z’AM — wax”MiIgbz)] .
The supersymmetry condition for the loop is
(SEWDGRT(C) = (ZIH’YM - O;]wju:tyMini’75) = Oa (2230>

where we have used the gamma matrices decomposition (2.2.8). Solving (2.2.30),
one finds that an arbitrary Wilson loop on S? preserves 1/16 of the original super-
symmetries and it is called 1/16 BPS. The two preserved supercharges are combined
Poincaré-superconformal charges. For special curves, the operator will preserve more
supersymmetries. Restricting the Wilson loop to lie on an S? inside S®, the equa-
tion (2.2.30), has more solutions and a generic Wilson loop on S? preserves 1/8 of
the supersymmetries. The 1/2 BPS circular Wilson loop is included in the DGRT
construction as a special example, this is simply a great circle on the S? (in the S
case is the same). We can also take the loop to be a non-maximal circle, namely
a latitude of the S? with angle 6. The loop preserves 1/4 of the supersymmetries

and it reduces to the maximal circle when 6y = 7/2.

2.3 The circular Wilson loop at weak coupling

Let us consider now the vacuum expectation value of the circular operator at
weak coupling. It can be computed performing a Taylor expansion of the path

ordered exponential

| o
WE)=1-+ /dsl /d82 Tr (i (P'A;'t(ﬂfl)AV(sz)% - (231)
— [a1] |i2] 0°67 (Pi(1)s(w2))g) + .-

where we have used the shorter notation z; = x(s;) and x5 = x(sg). Notice that

the trace over a single field is zero since the T are matrices of su (NV), with a,b =
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Figure 2.2: Examples of ladder and rainbow diagrams that can contribute to the circular

Wilson loop expectation value.

1,...,N? — 1. Since the gauge field and the scalars are valued in the lie algebra, we

get
W (C)=1- 1 /%ds /S1 ds {j:“x'” <Aa(x VA (2 )> Tr(TT) —
TN Jo Ty T LT (2.3.2)
— [a] |22 007 (6 (1) @} () ) Te(T°T")] + ...
In the Feynman gauge, the free-field propagators are
2 ) (5ab
(Al (1) Ab () ) = TU Ol
PR (2.3.3)
a b _JYM 1]
<¢i (m1)¢j(x2)>0 42 21 — x2|2'
Using also the normalization
arb 1 ab
Te(TT°) = 55 (2.3.4)
of the generators of the gauge group we obtain !
2 N 27r s . . . _ . .
we) =1- 5 / dsl/ PP el 1T B (2.3.5)
872 Jo 0 |z — 29|
Since for the circle
bty ol =1L 239
|71 — @2 w1 — @ 2

In the prefactor, we have replaced (N2 —1)/N by N in view of the large N limit. This would
be the right result, if we were considering a u (V) Lie algebra.
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(2) (b) ©

Figure 2.3: Diagrams with internal vertices that contribute at order A\2. (a) and (b) give
one-loop corrections to the gluon and the scalar exchange, (c¢) and (d) take into account

the three-vertex diagrams.

the final risult for the expectation value of the Wilson loop at the first order in

A 27 S1 A
W(C) =1+ @/0 dsl/o dsy=1+%. (2.3.7)

It would be interesting to go further investigating the next orders in perturbation
theory. At two-loop order, there are two different families of Feynman diagrams that
contribute: the so-called ladder and rainbow diagrams, and the interacting graphs.
The former does not contain any interaction vertices, but only the gluon and scalars
propagators. The latter ones consist of diagrams with three-vertices and the self-
energy corrections to the scalars and gluon propagators. As was firstly shown in
[56], in the case of the circular Wilson loop in four dimensions interacting graphs
cancel each other at order A\2. In [56], it was also conjectured that this cancellation
extended at all orders in perturbation theory, and only ladder and rainbow diagrams
contribute to the perturbative series. This assumption was justified by the fact that
the resummation of this type of diagrams in the gauge theory agrees with the strong
coupling behavior obtained by a calculation in the gravity side, as we will analyze in
the next section. In [57] was given a subsequent argument based on the conformal
relation between the circle and the straight line. The contribution coming from the
ladder and rainbow diagrams simplifies if one considers the planar limit (N very
large) in which the propagators do not cross each other. Drukker and Gross [57]

then extended this result to include all non-planar corrections. Moreover, in [56]
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was observed that the combined vector-scalar propagator
. g)Q/M(Sab 1 —il '1’2
0 4x2
_ 912/M 5
- 8m2

si—mf g3

((1A8 (0 + 6°(21)) (140 (w2)s" + ¢0(2)))

is effectively constant, leading to the idea that the behavior of ladder and rainbow

diagrams could be encoded in a zero-dimensional field theory, namely a matrix model

1 1 1 ON
M) direle = <NTr exp(M)> = /DMNTr [exp(M)] exp (—)\tr]\/[ ) :
(2.3.9)
where

1 2N
7= /DMN exp (—)\trMQ) , (2.3.10)

and M is an hermitian N x N matrix. This matrix model can be solved analytically,

and in the planar limit we get

2
Wi = 1 (VA) (2.3.11)
with I; the modified Bessel function of the first kind. The asymptotic expansion for
large A\ is given by

W 22507
circle T )\3 /4

(2.3.12)
which shows the same exponential behavior that is found from the AdS/CFT pre-
diction. However, this result is achieved by assuming an astonishing cancelation
between the interacting diagrams. This conjecture was correctly proved in [10] by
Pestun using supersymmetric localization which is a very powerful tool that al-
lows to exactly compute the partition function and the expectation value of certain
operators in supersymmetric theories. The key point is that the path integral of
some protected observables "localizes" to the saddle-points of the classical action
and reduces to a matrix integral. Using localization techniques, Pestun proved that
N = 4 theory can be formulated on S*, and the circular Wilson loop, being an object
that preserves a fraction of the original superconformal symmetry, can be computed
through a gaussian matrix model that encodes the full perturbative series. Thus,
the circle operator in AV = 4 SYM theory has great relevance because its expectation
value can be computed exactly and allows to interpolate results between weak and

strong coupling.
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2.4 The holographic Wilson loop

The strong coupling description of the Wilson loop operator was proposed in
[6, 7]. In the gauge theory side, the Wilson loop operator can be interpreted as
the phase factor associated with a W-boson. From the closed strings point of view,
we have a stack of N D3-branes whose near-horizon limit generates the AdSs x S°
background and a single brane separated from the others. The endpoint of the open
string stretched between the coincident branes and the single one is dual to a quark.
Since we want it to be an external source, the open string has to be infinitely massive.
The mass of the string is proportional to the distance between the separated branes,
pushing the single D3 at the boundary of AdSs it becomes infinitely massive. Thus,
in string theory, the Wilson loop is represented by an open string whose worldsheet
Y ends on the contour C at the boundary of AdSs; where the loop is defined. In
general, to compute the Wilson loop expectation value we should consider the full

partition function of type IIB string theory on AdSs x S°
(W(C)) = Zistring [C] (2.4.1)

satisfying the boundary condition that ¥ ends on the contour C and lies along
61(s) on S°. In the supergravity limit A — oo, the string partition function can
be computed using a saddle point approximation and the Wilson loop expectation

value is described by the area A(C) of a minimal surface bounded by C
(W(C)) ~ e, (2.4.2)

Due to the curvature of AdSs, the minimal surface goes deep into the interior of

space. The minimal area can be computed using the Nambu-Goto action on-shell

A(C) = Sne = 27:&, /E dUdT\/det (GMNOa XMOgXN) (2.4.3)

where gp;n is the ten-dimensional background metric with M, N = 0,...,9. The
XM(7,0) are the coordinates that describe the embedding of the worldsheet of
the fundamental string into the target space-time, and 9, XM = 0X™ /0o* with
0% = {7,0}. The minimal surface is embedded in AdSs and sits at a particular
point on S®. Since the AdS metric (1.3.10) is divergent at the boundary located at
z = 0, also the minimal area experiments this divergence. We know from field theory
computations that (WW(C)) has to be not divergent. A finite result is produced if

one considers the Legendre transform of the area [9]. This fact can be understood



Chapter 2. Supersymmetric Wilson loop operators 49

as follows: the Wilson loop imposes six Neumann and four Dirichlet boundary
conditions, which are complementary to those imposed by the D3-branes, but the
area is not an appropriate action functional for the Neumann problem. In fact, this
kind of condition fixes the string momentum, rather than the location of the loop
at the boundary. Thus, the area for the minimal surface is not well-defined, and it
is necessary to use its Legendre transformation. From the physical point of view,
this transformation corresponds to subtract the divergent piece from the area due
to the infinite mass of the W-boson [6]

—In(W(C)) = A(C) — ML(C), (2.4.4)
where M is the mass of the W-boson and L(C) is the perimeter of the loop. To

regularize the divengent area, we introduce a cut-off € in the z coordinate (¢ — 0)
such that the regularized area is given by an integral in the region z > e. The

divergent part of the area results to be

;ﬁfds || = 2‘2 L(C). (2.4.5)

Since the mass of the W-bosn is expressible as M = 2—‘{56, the Legendre transformation

A is defined as /3

A=AC) - %L(C). (2.4.6)
It precisely cancels this linear divergence in A(C) given by (2.4.5). An important
remark is that the regularized area for a minimal surface that extends only in AdS, is
strictly negative because of the subtraction of the boundary divergence. Therefore,
in the strong 't Hooft coupling limit the Wilson loop expectation value exponenti-
ates and the exponent is positive. The o’ expansion of the sigma model, obtained
by expanding around the classical solution and integrating out fluctuations, yields
1/ VA corrections to the Wilson loop expectation value which are suppressed in the

supergravity limit.

2.4.1 Minimal surface for the circular Wilson loop

The calculation of the minimal surface ending on a circle was presented in [9]
and [8]. Since the circle couples only to one scalar and lives on a two-dimensional
subspace of R*, we can consider the loop frozen on the S® and the minimal surface
only extends in AdS; with the metric

L2
= (dz2 + dr® + r2dg02) , (2.4.7)
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Figure 2.4: Minimal surface dual to the circular Wilson loop operator bounded to end

on the contour C on the boundary of AdS.

where (r, ) are the polar coordinate describing the plane in R* in which the circle

lies. We can make the following ansatz for the coordinates
r=rle)  a=2lo) g=1, (2.45)

where the choice for ¢ corresponds to select the static gauge. The range spanned by
the worldsheet coordinates (o,7) is: 0 < 7 < 27 and 0 < ¢ < co. We can compute
the minimal area with the on-shell Polyakov action, since it is classically equivalent

to the Nambu-Goto action

1
4o

Spol = /deaﬂhaﬁaaXMaﬁXNgMN7 (2.4.9)

where h,g is the metric on the worldsheet and h = y/det(hqs). Choosing the con-

formal gauge for h,g, in which the metric has signature (4, +), the action becomes

1
/ drdo (0. XM0, XN + 0,X"0,XV) garn (2.4.10)
4ol

SPol =
with the Virasoro constraints given by

0.X -0, X =0

(0, XM)2 — (9,XM) =0. (2.4.11)

The first constraint is automathically satisfied by the ansatz for the coordinates,

while the second one becomes
224 r? =02, (2.4.12)
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where the prime symbol denotes the derivative taken respect to o. The action reads

\/X 2/2 _l_,r,/2 +r2
SO_—/dd 2.4.13
P 4r 7 22 ( )
The equation of motions
=2+ =0
o o o 0 (2.4.14)
z
are solved by
R
= = Rtanh 2.4.15
ro)= S (0)= Rtanho (2.415)

which satisfy also the Virasoro constraint (2.4.12). Geometrically, this solution
represents a hemisphere 72 + 22 = R? in the bulk of AdS. In the end, we get the

following expression for the action

2 o
Spol = \/X/dtf% =V Ao VA (= coth o) (2.4.16)

s. sinh®o

where we have performed the trivial integration over 7. In the integration over o,
we have introduced to regularize the action a cut-off o, satisfying the boundary
condition

z(o) =€ (2.4.17)
that leads to o = 5 + O(e?). Thus, following the procedure illustrated in (2.4.6) to

remove the divergent piece from the action, we finally get

Spor = —VA = W) = €5 =¥ (2.4.18)

circle

This behavior essentially reproduces the strong coupling expansion of the matrix
model achieved using localization. The factor A=3/% in (2.3.12) is recovered by taking

into account string fluctuations around the minimal surface [57].

2.5 Operator product expansion expansion of the

Wilson loop

When the Wilson loop is probed from a distance much larger than the size of

the loop itself, it can approximated by an expansion of local operators [8, 58]

=1+ R 0W(z), (2.5.1)
[
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where R is the radius of the loop, the O®) are composite operators with conformal
weights Ay evaluated at the center of the loop, and ¢, are the OPE coefficients that
depend on A. For the Maldacena Wilson loop operator we use the definition

WI(C) = Tr P exp [ § ds(iA,(2)it + i 0'0i()] (2.5.2)

c
In perturbation theory the scaling dimension of an operator can be represented as
A=AO L AD L AD 4 (2.5.3)

where A© is the free field dimension, and AM, A® are anomalous dimensions at
order ¢, ¢g* and so on. Since the symmetries of a CFT constraint the one-point
functions of operators that are not the identity to be zero, the expectation value of
the Wilson loop corresponds to the coefficient of the identity. The OPE coefficients
can be computed perturbatively, but the result cannot be extrapolated to strong
coupling. The operators appearing in (2.5.1) must have the same properties as the
Wilson loop. Thus, the O®) should be bosonic and gauge invariant. Let us analyze

the possible contributions to the OPE for some value of the scaling dimension.

e A = 0 : the only possible contribution comes from operators proportional to
the identity;

e A =1: the only elementary fields with scaling dimension one are the scalars.
The trace of a single scalar is the only gauge-invariant operator, but since the

¢;’s are valued in the Lie algebra su(N) this contribution vanishes;

e A =2 : the only two types of gauge-invariant operators are the chiral primary

operators O® and the Konishi scalar IC. They are canonically normalized as

B 44/ 272
D

CTr(¢'d) -, K(x):jgi\:Tr(qbigbi):. (2.5.4)

Here the traceless symmetric tensor Cy; obeys C’%C’f’j = 0% with a,b = 1, ..., 20.

O*(x)

The operators O lie in a short supermultiplet and transform in the 20 irre-
ducible representation of the R-symmetry group SO(6)g. They have vanishing
anomalous dimension. The Konishi scalar is the lowest component of the long
supermultiplet [59], and it acquires an anomalous dimension in perturbation

theory. Its one-loop anomalous dimension is AW = 2 [60-67];
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e A = 3: among the classical operators we must have to consider
Te(6'¢?e") - Tl eiM) s, i, =i T(¢'F) s, (255)

where the second one is the chiral primary operator transforming in the 50 of

SO(6)g.

Given the expansion (2.5.3) for the scaling dimension, every term R® in (2.5.1)

produces logarithmic terms as
1 2
RA = RAY (1 + AW log R+ A®log R + §A<l> log? R + ) : (2.5.6)

in the limit R — 0 the coefficients of the divergent logarithms log R is proportional
to the one-loop anomalous dimensions of the non-protected operators appearing in
the Wilson loop OPE, as the Konishi operator.

The OPE coefficients can be read off from the correlation functions of the Wilson

loop with local operators. For instance, we consider CPOs with scaling dimension

A = k defined as
OI( ) = (8 2>k/20 (qb” qb““) : (2.5.7)
BT \/E)\k/2 Gt o s

where C 4, are totally symmetric and traceless tensors in the indices 7;...ix nor-

malized as C’fl %C'Z{ i = = 0. If k = 2, we obtain the chiral primary operator O¢
with A = 2. One can choose a basis where the two-point correlators of the chiral

primaries are unit normalized as

5[]

(OL@)O](y)) = ——;, (2.5.8)

|z =y
they are protected by supersymmetry and do not receive radiative corrections [68—

75]. An expression for correlators of the circular Wilson loop with CPOs (2.5.7)

valid for any A was found in [76] and is given by

(WOOLL)) 2421 (/A R,
(wey)y) N VEA (\/—)ﬁY (6), (2.5.9)
(

where I, and I; are modified Bessel functions and YZ(#) are spherical harmonics

YI0)=CL , 07 0% (2.5.10)

010k

with the index I running over all the spherical harmonics of SO(6) Casimir [77].

In the supergravity description, the correlation function of the Wilson loop with
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a local operator is determined by an exchange of supergravity modes between the
classical string worldsheet and the point of operator insertion on the boundary of
AdS. The duals of CPOs are particular linear combinations of spin-zero Kaluza-
Klein modes on S® of the metric and the anti-symmetric four form. In the A — oo
limit, expression (2.5.9) reproduces the supergravity result [8]

(W(QC)OJ(L)) okt pgh

W(C)) N mﬁwe» (2.5.11)

In the A — 0 limit, (2.5.9) at the leading order reduces to

W(C)OL(L —k/2 k

Perturbatively, the leading contribution to the correlation functions of the circular
Wilson loop with the chiral primary with the smallest conformal dimension and the

Konsishi operator is given by

WEOL) N B, OVOKE) AR
w(c))  2v2N L* ’ W) 43N LY

(2.5.13)

From here we can read the first term in A that contribute to the OPE coefficents
of 0% and K. Summarizing the lower dimensional content of the local operator

expansion, we have

W(C) A 2 O
—1 4+ RA«x +N—=4+ .| K
wiey <4¢§N N o) e
2
4+ RAo <2\/)\§N _ 48\)}5]\7 + > Y. (0)O%(x) + higher scaling dimension ,

(2.5.14)

the dots indicate higher order terms in A of the corresponding operator expansion
coefficients. The value of C5 for the Konishi operator is not known, while the
OPE coefficient at order A\? for the chiral primary operator with k = 2 is obtained
expanding for small A the r.h.s of (2.5.9). The scaling dimension of 0% is Ap =
2 and this operator does not get an anomalous dimension, whereas Ay receives

perturbative corrections and following (2.5.6) one can write

R =R (14 A log R+ ...) . (2.5.15)



Chapter

N =4 SYM theory with the insertion of a
defect

Many properties of the AdS/CFT correspondence rely heavily on the large amount
of supersymmetry or conformal symmetry, making difficult the application to the
real world. Thus, any attempt to extend its validity to less symmetric situations is
certainly welcome. A quite general possibility to reduce the number of symmetries
in a QFT is to introduce a defect or an interface into the game: starting from some
(super)conformal theory we can introduce, for example, a domain-wall preserving a
subset of the original invariance. In this case, one generally obtains a defect Con-
formal Field Theory (dCFT), in which new degrees of freedom living on the defect
interact non-trivially with the theory in the full space-time. Of central role are
dCFT with holographic duals, of which a certain number of examples are known
[11-14]. In particular, there exist a certain defect version of N' =4 SYM theory,
which possesses a holographic dual [15, 16] given by a D3-D5 system with flux. This

chapter is devoted to the description of this system.

3.1 N =4 dCFT: field theory construction

We consider a defect version of N/ = 4 SYM theory in which a codimension-
one defect is introduced in the game and placed at z3 = 0. It separates the whole
space-time into two gauge theories with different gauge groups and central charges.
For a positive value of z3, the gauge group is SU(NN) whereas for x3 < 0 we have
SU(N —k). The defect is defined by the boundary conditions between the two gauge

25
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theories, and it preserves only a fraction of the total amount of supersymmetry.
In addition to the usual action of N' = 4 SYM theory, which we will refer to as
"bulk" or "ambient" theory, the system has a three-dimensional action describing a
hypermultiplet of fundamental fields living on the defect. So far, this action has only
been explicitly written down for the case in which & = 0 [13]. These defect fields
besides self-interactions, are also coupled with the bulk fields [13, 14]. Since this
coupling must occur in a supersymmetric way, the four-dimensional supermultiplet
must be broken up into sets of fields that, when restricted to the defect, transform
like three-dimensional supermultiplets. Under the reduced supersymmetry preserved
by the defect, the vector multiplet of the bulk NV = 4 theory decomposes into a
three-dimensional N = 4 vector multiplet and adjoint hypermultiplet. The bosonic
components of the vector multiplet are (A;, ¢7, ¢s, ¢9), where j = 0,1, 2, while the
hypermultiplet consists of (As, ¢4, @5, ). Since the R-symmetry group is broken
down by the defect to SO(3) x SO(3) ~ SU(2)g x SU(2)y, the scalars of the vector
multiplet will transform as the 3 of SU(2)y, while those in the hypermultiplet as a
triplet of SU(2)g.

3.1.1 Symmetries

The defect breaks several of the original symmetries of the usual AV = 4 theory.
The unbroken symmetries constitute a subgroup of the conformal group in four
dimensions preserving x3 = 0. This condition is preserved by the translations F;
and the Lorentz transformations M, with fi,7 = 0,1, 2, but not by P3; and M3 =
—Ms3;. Thus, the four-dimensional Poincaré group is reduced by the presence of
the defect to the three-dimensional one. The generator of scale transformations
D preserves x5 = 0 as well as the special conformal transformations K but not
K3. Thus, the four-dimensional conformal group SO(2,4) of N =4 SYM theory is
reduced to the three-dimensional conformal group SO(2,3) by the presence of the
defect. The preserved symmetry group does not only act on the directions along
the defect, the scale transformation, for example, rescales x3 as well as the defect
directions. Since the supercharges anticommute to translations, and the latter are
partially broken, some fraction of supersymmetry has to be broken as well. In
particular, we will impose suitable boundary conditions to have a defect which is
an half-BPS domain-wall interpolating between SU(N) and SU(N — k). The R-
symmetry group is reduced from SO(6) to SO(3) x SO(3). The full symmetry group
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Figure 3.1: Insertion of an operator in the bulk N' = 4 theory at a distance z3 from the
defect.

of the system, including both bosonic and fermionic symmetries, is OSp(4 | 4).

3.1.2 Correlation functions

In a dCF'T correlation functions are less constrained than for a usual CF'T since
the defect breaks part of the conformal symmetry. In particular, the reduced con-
formal group allows a non-zero one-point function for composite operators O; of the

four-dimensional ambient theory. The remaining symmetries fix it up to a constant
C (78]
C
(Oa, (@) = = (3.1.1)
T3
where x5 is the distance of the operator from the defect and x € R*. Clearly, since
translations are broken in the perpendicular direction to the defect, the one-point
function depends only on this coordinate. Correlators involving only the operators
on the defect have the properties expected from standard 3-dimensional conformal
invariance. Another novel features of the dCFT is that two-point functions of op-

erators with unequal scaling dimension can be non-vanishing and are fixed to be of

/)

AV
T3 Y3

the form

(O, (2)0a,(y)) = (3.1.2)

where f(£) is a function of the conformal ratio £ = %. If the distance from the

defect is large respect to the separations between insertion points of the operators,
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the correlation functions in a dCF'T should reduce to the corresponding ones in the
absence of the defect. Also two-point functions involving a bulk field O and a defect

field O are present

A (o Hij
On, ()0, (9)) = —x—x -, (3.1.3)
< ) zg' o — (7,0)
where ¥ is a three-dimensional vector that denotes points along R?, and p;; is a

bulk-to- boundary coupling.

3.1.3 Vacuum expectation values

A situation where the defect separates two regions of space with different ranks of
the gauge group is realised by letting three of the scalar fields of the theory acquiring
an expectation value for x3 > 0. For z3 < 0, all classical fields are vanishing. Since
Poincaré transformations are broken along x3, the vacuum expectation value of the
scalar fields will depend only on the perpendicular direction to the defect. Thus, we

consider the following non-trivial classical vacuum solution [16]
Ay=0 ¢ =0di(x3), (i=1,2,3) =0, (m=4,56). (3.1.4)

As we have seen before, preserving all supersymmetries would imply preserving all
translation symmetries but it is incompatible with having a boundary at x3 = 0. If
we want the defect to be an half-BPS domain-wall, interpolating between the two
different gauge groups, we have to impose that the supersymmetry variation of the

fermions vanishes. The supersymmetry transformations of the fermionic fields in
the usual N'=4 SYM theory is

5.8 = JFul"e+ Dydl"e — 2 (61,0, TVe. (3.1.5)

Thus, on a supersymmetric vacuum with the ansatz (3.1.4), one gets the equation

Oy T%e = % [6:, ;] T (3.1.6)
It can be rewritten as Nahm’s equations that arise frequently as conditions for
supersymmetry
0p; 1
= ——ciin [Pi, i) - 3.1.7
oo = e, 04 (3.7

The supersymmetry parameter € has to satisfy the condition
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N=4 SYM
(xOI xl/ .x2)
A
SU(N —k) SU(N)
<¢;>=0 <¢;>#0
x;,=0 X,

Figure 3.2: Field theory configuration of the set-up.

(1 —T3Ty56)e =0, (3.1.8)

where fi+3 = I';. The Nahm’s equations have been introduced in the context of
BPS monopoles [79] and they were originally related to D-branes in [80]. Equations

(3.1.7) admit a "fuzzy funnel" solution [81] for the vacuum expectation value
cl 1 .
(Di)iree = &5 = —;tz‘ D O(N—k)x(N—k) 1=1,2,3, (3.1.9)
3

where t; are the SU(2) generators in a k-dimensional irreducible representation.
They satisfy the commutation relations

[ti,t]‘] = ieijktk i,j, k= 1, 2, 3, (3110)

where €5, is the totally anti-symmetric tensor. An expression for the representation
matrices can be found in app. A.

3.2 D3-D5 brane system

The dCF'T described in the previous sections is realized in string theory through
a D3-D5 branes system [11, 12, 82, 83]. In general, the presence of Dp-branes in
addition to the stack of N D3-branes could give rise to source terms in the equation

of motions of type IIB supergravity, so that AdSs x S° is no longer a solution.
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Figure 3.3: D3-D5 system: k of the D3-branes end on the probe D5-brane.

This means that the Dp-branes are backreacting on the geometry generated by the
D3-branes and the backreaction may cause a running of the dilaton. The simplest
way to analyse the D3-Dp system on the gravity side is to consider the limit where
the Dp-branes are treated as probes. Namely, only a small number of Dp-branes is
added (usually one or two), while the number N of D3-branes is taken to infinity.
To analyze the string realization of the interface gauge theory, we put a single probe
Db5-brane, whose backreaction can be neglected, on the D3-brane background as
realization of the defect. In the D3-D5 probe-system that we are considering, a
stack of N D3 branes is intersected by a single probe-D5 and k of the D3 that get
dissolved into the D5. Moreover, to ensure the stability of the system we have to
require that

N >>Fk>>1. (3.2.1)

3.2.1 Brane construction and near horizon limit

The N D3-branes fill the 0123 directions, while the D5-brane spans 012456, and
all the branes sit at the origin of the transverse coordinates. The branes share
three directions and their intersection introduces the codimension-one domain wall
that separates the vacua of the two different NV = 4 theories in the field theory
description. Considering the D3-D5 dual system, we can better understand the

singular behavior that arises at z3 = 0 in the solution to the Nahm’s equations for
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Figure 3.4: D3-D5 configuration in the ten dimensional space-time

¢; (3.1.9). This pole comes from the fact that the D3-branes join the D5 exerting a
pull on it. Thus, the D5 get distorted into spikes or funnels. The D3-branes acquire
two extra dimensions in the shape of a noncommutative two-sphere, topologically
S? ~ SU(2), whose radius goes like 1/x3. At the origin, r3 = 0, S? decompactifies
and the D3 open up into the D5.
If the D5-brane is not present, the D3 system has 16 unbroken supercharges, and
SO(1,3) Lorentz symmetry acting on the four coordinates (xg, 1, z2, x3) and an
additional SO(6) acting on the remaining (x4, x5, g, T7, Ts, Tg). Introducing the
Db5-brane, the full D3-D5 system preserves 8 supersymmetries, reduces the four-
dimensional Lorentz symmetry to SO(1,2) on (zo, z1, 2) and breaks SO(6) to
SO(3) x SO(3) acting on (x4, x5, x6) and (x7, xs, T9). If we take the perturbative
limit

gs << 1 N >>1 and g,N <<1, (3.2.2)
D-branes can be described as hyperplanes where open strings can end. In the D3-
D5 system, we have different types of open strings. There are 3-3 open strings that
have both the extrema on the stack of D3-branes, which give rise to the degrees of
freedom of N'= 4 SYM theory. Besides, we find also 3-5 and 5-3 strings stretching
between the stack of D3-branes and the single D5-brane, as well as 5-5 strings. In
the Maldacena limit, o/ — 0, the 5-5 strings living on the D5 decouple from the
others. In fact, comparing the 't Hooft coupling Aps of the probe D5-brane to that

of the D3-branes, we obtain the ratio

)‘D5 1 2 7
— = —4 3.2.3
N, N (3.2.3)

that vanishes in the o/ — 0 limit. The endpoints of 3-5 and 5-3 strings correspond,
on the world-volume of the D3-branes, to pointlike excitations in the N or N of
SU(N). Thus, they transform in the fundamental representation of SU(N). The
effective field theories living on the D3-branes are the two N = 4 theories with gauge
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groups SU(N) and SU(N — k) separated by a (24 1) defect. The low-energy limit of
the 3-5 and 5-3 strings is an interacting hypermultiplet, localized at the intersections

of the branes, namely on the defect. If we take into account the opposite regime
gsN >> 1, gs << 1, (3.2.4)

we can view D3-branes as solutions to type IIB supergravity and in their near-
horizon limit generates the AdSs x S® background. The probe D5-brane, which can
still be described as a hypersurface with propagating open 5-5 strings, wraps an
equatorial S? inside the S® and lives on an AdS, inside the AdSs. Thus, the probe-
brane is realized as an AdS, x S? submanifold inside the geometry generated by the
D3-branes. The parameter &k, which in the field theory is the difference between the
ranks of the gauge groups of the two N = 4 theories, corresponds to the units of
magnetic flux of the gauge field on the D5 through the S? sphere. The closed strings
and open 5-5 strings living on the D5 describe the gravity side, while the low-energy
limit of the 3-3 and 3-5 open strings produces the field theory, and the two systems
are dual to each other.

The D5 is embedded in AdS5 x S® as follows: in the near-horizon geometry generated
by the D3-branes, the useful coordinates are (¢, x1, xa, x3), the radial coordinate r
and the angles Q5 = (0, ay, 1, as, f2) defined by the relations

Ty =71 sinfsina;cosf; x5 =71 sinfsina;sin 5y xg = r sinf cos oy

(3.2.5)
Ty =1 cosfsinascos By xg =1 cosfsinassin By xg = r cosf cos .

The metric for the near-horizon geometry in this coordinate system is

2 L2
A% 5,55 = gunda™ da™ = %(—dt2 +da] + das + das) + Tj(dﬁ +7r2dQ3) (3.2.6)
with
dQz = df* + sin® O(da’ + sin® oy dB}) + cos® 0(daj + sin® ao d33). (3.2.7)

One can always change coordinates to » = L?u, such that the metric takes the

standard AdS form
d 2
dsasyxss = L (:2 + u?(—dt® + da? + das + do3) + dQ§> : (3.2.8)

The D5-brane sits at x3 = 0 and 6 = /2, filling the AdS, defined by the coordinates
(t, z1, T2, u) and wrapping the S? parameterized by the angles (ay, 81). The isom-
etry group of the metric (3.2.8) preserved by the D5-brane is SO(2,3) x SO(3) x
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SO(3). The group SO(2,3) acts on the coordinates (¢, x1, x5, u) and from a field
theory perspective is the three-dimensional conformal group. SO(3) x SO(3) rotates
(v, f1) and (aw, fa), respectively, in the field theory corresponds to the unbroken
R-symmetry group.

3.2.2 D5 probe brane

We have seen that the probe D5-brane warps an AdS,; x S? geometry inside
AdS5 x S°. Considering the metric given in (3.2.8), we can perform another change

of variable, u = 1/y, to get the following expression for the line element

1
dﬁﬁijﬁpmhwﬁ+m%w@+@ﬂ+a@ (3.2.9)

where we employ the unit in which the radii of AdSs and S° are 1. In this unit
o = 1/v/A. The action of the D5-brane is given by

Sz—ﬂ/f&#@ﬂ%ﬁﬂ+ﬂ/IA@. (3.2.10)

The the first term is the Dirac-Born-Infeld action with v the induced metric and
F = 2na’F. The Kalb-Ramond field B is switched to zero, F' is the field strength
associated to the gauge field on the D5-brane and the &’s are the world-volume
coordinates. The second term is the Wess-Zumino part of the action containing
that couples F with the R-R 4-form

1
Cy= —deo Adzi A dy A das . (3.2.11)
The D5-brane tension is .
Tr= ————. 3.2.12
5 (27)%a’3 g, ( )

We consider the following ansatz for the solution of the probe D5-brane in the
background (3.2.9)

y = y(x3), F = —ksinaydodf (3.2.13)

with a constant k. Focusing on the DBI part of the action, since F is only turned
on along the sphere, v + F is block diagonal and the determinant factorize. Thus,

we can isolate the contribution coming from the S? which gives

/52 d*¢\/det(y + F) = 4nv'1 + k2. (3.2.14)
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For the AdS, part we just have the contribution coming from the induced metric

and following the ansatz (3.2.13) for the radial coordinate y we get

[de e =v [ dm;;yix/l + (), (3.2.15)

where V is the volume of the three-dimensional subspace (t, 1, ), and 05 = 0/0x3.
Thus, the full DBI action for the D5-brane reads

1
Sppr = —47TT5V/dl’3y4\/<1 + (83y)2) (1+ K2). (3.2.16)
The Wess-Zumino part contributes as
T /]—“/\ O = 47rT5v/d:c3 ; (3.2.17)

We can now write the full action

Sps = —47rT5V/dx3y14 <\/(1 + (agyy) (1+ K2) — /q) : (3.2.18)

The equations of motion

agy 1+ K2 4 2 2 —
By <y4 1+(93y)2) + 5 <\/(1 +(059)%) (14 K2) — m> =0 (3.2.19)

are solved by

T3

y=- (3.2.20)
which fixes the position of the probe-brane inside AdS5. Thus, the D5-brane inter-
sects AdSs along the AdS, hyperplane, tilted with respect to the boundary y = 0 at
an angle that depends on x [11, 16, 84]. Since the D3-branes and the D5 are linked
through the fuzzy funnel solutions, we can associate the constant x appearing in the
field strength of the world-volume gauge field to k, the number of D3-branes that
get dissolved into the D5

T5 K 2m T K
k:——/ :—/ d / doy sinay = . 3.2.21
Ty 52]: A2l Jo b 0 Qs Tao! ( )

Thus, we can write the following relation involving the 't Hooft coupling constant
and the flux

!/

Kk =1mka' = (3.2.22)

B
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3.3 Quantum check of AdS/CFT

The parameter k represents a novelty respect to the usual N/ = 4 theory without
the defect. It is of central importance since we can take both A and k large defining

the ratio

22 fixed , A— 00, k— 00 (3.3.1)

which remains small and fixed [16]. The limit A\ — oo makes reliable the supergravity
approximation on the string theory side, whereas the assumption of A/k? being small
might bring one to the realm of perturbation theory for the field theory side. If
both in gauge theory and the gravity theory the observables of interest organize into
expansions in powers of \/k?, one could try to compare gauge and string results in a
situation where both supersymmetry and conformal symmetry are partially broken

providing a non-trivial check of the AdS/CFT correspondence.

3.3.1 Tree level one-point functions

One- and two-point functions involving both bulk and defect fields have been
analysed in the k = 0 case [13, 85-88], but the study of correlation functions in the
presence of flux is more recent. In [18] was computed the one-point function of the
CPOs as defined in (2.5.9)

(SWQ)A/z . . .

_ N Yiaa i1 A

Oalz) = NN O AT (6..0") (3.3.2)
at tree level both in the gauge and gravity side. Here A is an integer which counts
the number of fields and it is also equal to the scaling dimension of the operator
which does not depend on the coupling constant. We recall that C*2 is a trace-

less symmetric tensor such that CaC; = 1. The normalization of Ox(x) is

Loda

determined so that the two-point function without the defect is

1

ey

(Oa(7)0a(y)) (3.3.3)

Since the defect preserves the SO(3) x SO(3) R-symmetry group, only operators
that are invariant under SO(3) x SO(3) can have non-vanishing expectation values

and A = L must be even [18]. At tree level in the gauge theory side, using the

fuzzy-funnel solution (3.1.9), the one-point function for the chiral primary operator



Chapter 3. N =4 SYM theory with the insertion of a defect 66

(3.3.2) inserted at x3 = £ reads

T2\ L/2 O g , L
(OL(8)) = (A2L/2)\/ZC§L/ (k* — )Xk, (3.3.4)

where Cp /o is a coefficient that changes by the quantum corrections, while the de-

pendence 1/£% is fixed by conformal invariance and does not change. The same one-
point function can be performed in supergravity approximation, where the scalar
fields which correspond to the CPOs come from the fluctuation of the metric and the
R-R 4-form. The string configuration dual to a one-point function is that of a string
stretching from the insertion point of the dual gauge-theory operator at the AdSs
boundary and ending on the D5-brane in the interior of AdSs x S®. In the case of
a chiral primary, the string can be considered point-like and the one-point function
can be computed using a variant of the Witten prescription [5, 18, 21]. Thanks to
the double scaling limit, the two quantities can be matched taking & >> 1, and they
completely agree in the leading order of \/k? series.

3.3.2 Higgsing problem and one loop one-point functions

In order to calculate quantum corrections in the dCFT, the action of N' = 4
SYM theory (1.1.47) has to be expanded around the classical solution

¢ = ¢ + ¢i. (3.3.5)

This expansion gives masses to the fields in the action. The mass terms that one
finds involve mixing between fields of different flavour as well as mixing between
colour components of the same field. This mixing problem was solved in [17, 20],
the key point is to use SU(2) representation theory. Moreover, since the VEVs of the
scalar fields are proportional to the inverse distance to the defect, the mass terms
are unconventional and depend on 1/z3. This dependence invalidates many of the
traditional tools of QFT in Minkowski space. The problem is solved considering
an auxiliary AdS, space whose radial coordinate is x3 with the defect located at its
boundary. Via a Weyl transformation, the x3-dependence can be absorbed to obtain
standard AdS4 propagators, more details are given in app. B. At this point one has
all the ingredients to calculate one loop-corrections to the one point functions of
chiral primaries operators. In [17, 20] was considered the one-point function of the

chiral primary operator

OE) =Tr(2") (&), Z(&) = o3 +ids. (3.3.6)
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(a) (b)

Figure 3.5: Tadpole (a) and lollipop (b) diagrams which contribute to the one-point

functions of scalar fields at one-loop order. The operator is represented by a dot and the

cross stands for the insertion of the classical solution.

At tree level, the one-point function of O has been obtained through integrability
techniques [21] and is given by

2 11—k
(OO =~z () 3:37)

where L has to be even and By ;(u) are the Bernoulli polynomials. At one-loop
order, there are two possible Feynman diagrams contributions: the tadpole and the
lollipop diagram. The latter vanishes if one consider a supersymmetry-preserving

renormalisation scheme. The former gives the following contribution

A 2L 1—k
(OO =~ grie 51 (5 ) (3:5)

The supergravity result found in [18] provides a prediction also for the one-loop
correction to the one-point function that in the double scaling limit (3.3.1) and for
O(€) = Tr(2")(¢) gives

0 A L(L+1
< >1—100p _ ( + ) (339)
(O)ee lgra  472K2 L —1
In the field theory side, using (3.3.7) and (3.3.8), the result is
(O 1-100p A L(L+1)
R = O(k™? 3.3.10
(), e\ r-1 Tk (3:3.10)
where we have used
B, . (i=k 4
Ll(fk) - (3.3.11)
BL+1 (%) E>>1 &
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The two computations perfectly matches in the double scaling limit. This result is
particularly important since provides a first highly non-trivial check of the gauge-
gravity duality in the case of partially broken supersymmetry as well as conformal
symmetry. Further investigations are necessary to understand if the gauge theory
computation continues to organise into a power series in \/k* at higher loop order
or not. Moreover, if one goes to higher loop field on the defect will enter in the

computations introducing further challenges.



Chapter

Circular Wilson loop in defect N = 4:

strong coupling

We have seen in in Chapter 3 that respect to the standard N’ = 4 SYM theory,
the presence of the defect introduces naturally an extra-parameter k. It can be used
to define the double-scaling limit. Taking both the ’t Hooft coupling constant and k
very large, one could try to successfully compare gauge and gravity results, provid-
ing a new non-trivial verification of the AdS/CFT correspondence [20]. One-point
functions of local operators, both at tree-level and one-loop, match the AdS/CFT
predictions accurately in the double-scaling limit. Further studies on the two-point
functions, OPE and boundary OPE has been recently performed in [89]. Less at-
tention has been instead devoted to other natural observables that AdS/CFT cor-
respondence can explore in this context, namely Wilson loops. At strong coupling,
these operators are evaluated by evaluating the area of the minimal surface spanned
by the fundamental string in the supergravity dual with boundary conditions dic-
tated by the contour and the scalar couplings [6, 7]. Their supersymmetric version
[90] can be often evaluated exactly through localization techniques, allowing a pre-
cise interpolation between weak and strong coupling [10, 56, 57]. In the presence of
defects, Wilson loop operators were first considered in [16]: their expectation val-
ues have been studied in the double-scaling limit, allowing to compare perturbation
theory successfully to the string calculation in the case of quark-antiquark potential
[16, 91, 92]. More recently, circular Wilson loops, analog to the supersymmetric
ones in ordinary N/ = 4 super Yang-Mills, have been examined in [24], producing

some interesting results. There it was considered a circular Wilson loop of radius R

69



Chapter 4. Circular Wilson loop in defect N = 4: strong coupling 70

placed at distance L from the defect and parallel to it, whose internal space orienta-
tion has been parameterized by an angle y. Its vacuum expectation value has been
computed both at weak and strong coupling, and, in the double scaling limit and for
small y and small L/R, the results appeared consistent. In this thesis, based on [25],
we investigate further the same circular Wilson loop in defect N'= 4 SYM theory,
generalizing the computations presented in [24] both at strong- and weak-coupling.

This chapter and the next one are based on [25].

4.1 Prelude

We would like to study the expectation value of circular Maldacena-Wilson loops
in the vacuum configuration described in (3.1.4) and solved by the fuzzy funnel
solution (3.1.9) . A natural choice is to center the circle along the z3 axis at a
distance L from the defect, i.e. C = (0,0,0, L). The radius of the circle is R and it

extends only along the transverse directions z; and x4, namely
(1) = (0, RcosT, RsinT, L). (4.1.1)

The residual SO(3) x SO(3) symmetry suggests to couple only two scalars to the

Wilson loop: one massless ¢g and one massive ¢3 and we get
W = TrPexp (Z f dr(A,at 4 i|2|(ps sin x + @6 cos X))> , (4.1.2)

where the angle y parametrizes the strength of the coupling with the two scalars.
Because of the conformal invariance (W) does not depend separately by L and R
but only through the ratio R/L. Moreover the explicit analysis performed in [24]
shows that in the absence of the defect our observable is always 1/2 BPS, but in its

presence all the supercharges are broken unless y = 0.

4.1.1 Setting-up the geometric description

As we have seen in section 3.2.1, The AdS5 is parametrized in Poincare coordi-
nates where the metric takes the form
1

" (—dt* + dy® + dr® + r*d¢* + dz3). (4.1.3)

2 _
dSAdS5 -



Chapter 4. Circular Wilson loop in defect N = 4: strong coupling 71

Figure 4.1: Circular Wilson loop of radius R placed on a plane planeparallel to the defect

at a distance L from it.

and for the sphere S° we write
ds® = d6? + sin® dQ) ) + cos® 00}, (4.1.4)

where dQF,) = daj + sin® ;dfi7 denotes the metric of the two S inside the S5. In
these coordinates the D5-brane solution wraps the sphere €)(;) and its embedding

in the target space is given by [16]

1
Yy = —x3, 0= g, g = aéo) and by = Béo), (4.1.5)
K

where aéo) and ﬁéo) are two constant values. For a single circular Wilson loop of
radius R (parallel to the defect) we expect to find two competing classical string
solutions. One is the usual spherical dome anchored to the circle on the boundary
of AdSs,

y*(0) +1*(0) = R? ¢=r, (4.1.6)

which, however, does not move in the S°. Alternatively we can consider a second
extremal surface stretching from the boundary to the D5-brane. This former is
supposed to control the strong coupling behavior of this observable when % > 1,
while the latter is expected to dominate the dynamics in the opposite regime, % < 1.
To determine the second class of extremal surfaces, following [24], we shall postulate

the following ansatz

y=1y(o), r=r(o), o=, xg =x3(0c) and 6 =10(0), (4.1.7)
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AdS,
D5

Fundamental
string

X3
Figure 4.2: The probe D5-brane and the fundamental string in the AdSs. The probe

brane is tilted with respect to the boundary y = 0 at an angle that depends on x.

for which the usual Polyakov action in conformal gauge reduces to
A 1
S = ZL/_ / drdo— (y? + 1% + 1 + 2 +y%0"). (4.1.8)
a Yy

The Eulero-Lagrange equations of motion for the action (4.1.8) must be paired with
the Virasoro constraint
Y2+ 2l R0 =t (4.1.9)

At the boundary of AdSs, which is approached when ¢ — 0, the usual Dirichlet

boundary conditions must be imposed:
y(0)=0, r(0)=R, 230)=L and 6(0)=x. (4.1.10)

We have also a second set of boundary conditions to be obeyed where the surface

intersects the probe D5 brane. We must require that

C1 = y(5) — ixg(&) =0, 0(5) = g (4.1.11a)
Cy = y'(0) + kay(5) =0, Cs=1'(6) =0, (4.1.11Db)

where & is the maximum value of 0. Egs. (4.1.11a) and (4.1.11b) simply state that
the extremal surface intersects orthogonally the boundary brane.
Since the coordinates x3 and @ are ciclic variables in the action (4.1.8), their equa-

tions of motion immediately translate into two conservation laws

z4(0) = —cy? (o) and 0 (o) = j, (4.1.12)
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Fundamental
string

Figure 4.3: The D5-brane and the fundamental string configuration on the S°.

where 7 and ¢ are two integration constants to be determined. The equations for

y(o) and r(o) are instead
yy// + 7,,/2 _|__ T2 . y/2 _|_ 02y4 — 0 yr” —_ 2r,y, — y’]" — 07 (4113)

where we have used eqs. (4.1.12) to eliminate the dependence on x3. The conser-
vation laws (4.1.12) also allow us to eliminate the dependence on # and z3 in the

Virasoro constraint. We get

V(o) = ——— = Py = 2 (4.1.14)

4.2 General solution for the connected extremal

surface
First, we solve the equation (4.1.12) for 8, we find that
0(o) = jo + x, (4.2.1)

where we used the b.c. 6(0) = x. The second boundary conditions 6(¢) = F
determine the maximum value & of the world-sheet coordinate o:
1/
c==|=—Xx]- 4.2.2
7= (5 (422)
Next, we focus our attention on the AdS radial coordinate y(o) and on (o) which

are determined by the system of coupled eqs (4.1.13). To solve it we find convenient
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to introduce the auxiliary function g(o) = 22 Then, with help of eqs. (4.1.13)

~ y(o)
and the Virasoro constraint V(o ), we find
9"(0) 2 2
=1-7"42g9(0), 4.2.3
e (0) (123

a second order differential equation containing only ¢g(o), which can be easily inte-

grated to get the first integral

g (@) + (52 = Dg(0)* = g(0)* = —eo - j*, (4.2.4)

where the arbitrary integration constant has been parameterized as —ey — 52 for
future convenience. This equation can be solved explicitly by quadratures through
the method of separation of variables; but for the time being, we will not need the

specific form of g(o).

To determine y(o), we can use the Virasoro constraint (4.1.14) where we have elim-

inated r(o) in favor of g(o) and performed the change of variable

y(o) = ! . (4.2.5)

1+ ¢2(0)z(0)

We find that the unknown function z(o) satisfies the differential equation

(4%(0) +1)"22(0) — c02*(0) + & = 0. (4.2.6)

Since the first and the last term in the Lh.s. of (4.2.6) are strictly positive this
equation can admit real solutions if and only if £g > 0. We can now easily integrate

(4.2.6) by the method of separation of variables and get

z(o) = \/Cg_o cosh[v(a) — 7). (4.2.7)

where the function v(o) is defined by

v'(0) _ Ve (4.2.8)

T 1+¢20)

combined with the boundary condition v(0) = 0. When deriving eq. (4.2.7) we

have taken ¢ > 0 because x3(c) must decrease while o grows (see eq. (4.1.12)).
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The parameter 7 is an arbitrary integration constant. Then the expressions for the

original coordinates (y and r) in terms of g(o) and v(o) are given by

N — Yo __oto)

sechv(o) —n] and r(o) =

sech|v(o) — nl.
c 1+g2(0) c 1+g2(0) [ (o) 77]

(4.2.9)
Finally, the coordinate x3 is obtained by integrating eq. (4.1.12) with respect to o.
This can be done only in terms of the function v(o) and we obtain In fact if we use

the explicit for y(o), we find that the derivative of x3 can be cast into the following

form
zh(0) = —cy?(o) = —@v'(a)sechz[v(a) -, (4.2.10)
c
from which we can easily determine the primitive with respect to o:
z3(0) = xg — VEo tanh[v(o) — 1), (4.2.11)
c

where xg is another arbitrary integration constant.

Next, we can exploit the boundary conditions in ¢ = 0 and ¢ = ¢ to determine
the different integration constants. Since g(o) ~ 1/o close to o = 0, the condition
r(0) = R becomes

@sechn =R = c= \/é_osechn (4.2.12)
c

Instead z3(0) = L translates into
L = xy+ Rcoshntanhn = x9 = L — Rsinhn. (4.2.13)

A suitable combination of the remaining three boundary conditions C; given in

(4.2.11) can be used to determine 7 in terms of L:

1 .
Cy + T<U)

T GOy

L

C3 =c¢(Rsinhn—L)=0 = n= arcsinhﬁ.

(4.2.14)
Then we are left with two independent boundary conditions in ¢ = & to impose, for
instance C and C3, which can be equivalently written as follows

h(n—wv(o (o

sec (77 v (0')) and tanh (77 — (5)) _ _&.
2 (F)+1 Vo9 (7)
(4.2.15)

tanh (n —v (6)) =k
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The latter can be solved to determine L/ R as function of the two integration constant

52 and €'

L -1 1 ¢'(9)
arcsmhﬁ =n =v(F) + tanh <—\/5 4(6) ) : (4.2.16)

Then the remaining boundary condition expresses the geometric flux s in terms of

the same variables
_ g' ()
Vi2+ e — g2 (5)

The solution of the boundary conditions can be used to simplify the form of the

K

(4.2.17)

parametric representation (4.2.9) and (4.1.11) of the extremal surface. We find

R cosh
y(o) = wsech[@(a) — ) r(o0) = Rcosh nﬁsech[v(a) — )
I+ ¢2(0) I+ ¢%(0)
z3(0) = —Rcoshntanh[v(o) — n].
(4.2.18)
Finally, we can integrate eq. (4.2.4) to construct the explicit form? of the function
9(0):
Pt [ [P=1
= 4.2.1
9(0) \/m+1nS(\/m+10,m , (4.2.19)
where

P2 =1- (2 + 1) + e
=142+ 1) + e

Since €9 > 0, the modular parameter m is real and spans the interval (—oo, 0]. More

m (4.2.20)

specifically, from the definition (4.2.20) we get two ranges for m according the value

of 52
(a): —co<m<—1 and j*<1 (b): =1<m<0 and j°>1. (4.2.21)

For j? = 1, we obtain m = —1 independently of the value of ¢y. In the following
we find more convenient to replace ¢y with m as a free parameter by solving eq.

(4.2.20). We get 5 2
LU —I—(;fll)—i(_jl;l +1) (4.2.22)

'Recall that & = % (g — X) is not an independent variable

2We are using Wolfram notation for the elliptic functions, e.g. sn(o,m), cn(o,m), dn(o,m)....
1 1

Next to sn, cn, dn, we can define their inverse ns = _-, nc = —,

nd = —dl and their ratios sc = 22,
n cn
cn

cs=<S L.
sn
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The positivity of the integration constant g combined with the bounds (4.2.21)

translates into the following ranges for the new couple of free parameters (m, j2):

1
REGION (A): —1<m<0andj*>—-— or
m

1
REGION (B): m < —1and j* < ——.
m

(4.2.23)

4.2.1 Allowed regions for the parameters j,m and ¢

To complete our task, we have to evaluate the integration constants m,j and
the maximal value & of the world-sheet coordinate o, given the distance L from the
defect, the angle y and the flux k. The latter is easily obtained in terms of y and
j through eq. (4.2.2). Therefore the next natural step would be to solve the highly
non-linear system of equations (4.2.16) and (4.2.17) and to compute m and j as
functions of L/R, x and k. To begin with, we shall try to solve eq. (4.2.17) for j,

or equivalently for the combination

-1

T — (4.2.24)

Tr =

as a function of m, x and x. Since kK = \’% > 0 and g(o) > 0 (being the ratio of two
positive coordinates), eq. (4.2.17) is solved for real values of the parameters if only
if ¢'(6) < 0 and

(42 —1)°

g’ (5) < —mm.

(4.2.25)

The bound (4.2.25) ensures that the quantity under the square root in the denomina-
tor of (4.2.17) is non-negative. If we use the explicit expression (4.2.19) for g(o), its

positivity and the requirement ¢’() < 0 can be translated in the following bounds

1
ogégﬂgflﬁmu (4.2.26)

Since & can be expressed in terms of y and j (see eq. (4.2.2)) the inequalities (4.2.26)

for &

can be also viewed as constraint on the admissible value of the auxiliary variable x,

which replace j in our analysis. We get

0<z< (4.2.27)
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The bounds (4.2.23) for j* translate into # > 1 independently of the region. Thus

we have the following range of possible values of x:
K (m)
(5
1

Actually the variable x in the region (A) is always less or equal to Tirm by con-

1<z< (4.2.28)

struction, therefore in this region the bounds (4.2.28) become

1< 2 < Min ( 1 K (m))) . (4.2.29)

A necessary condition for the existence

Region (B) of solutions of eq. (4.2.17) is that the ad-
egion
: missible intervals (4.2.28) and (4.2.29)

for x are not empty, i.e. that the lower

bound is smaller or equal to the up-

per one. If we set m = tana with

ol | a € [~7,0], we can solve this require-
R @’ : ment numerically. The allowed region
; in the («, x)-plane is the area coloured

ol | .\ in light blue in fig.4.4 bounded by the
L s a red line. The curved boundary in fig.4.4

m@m4¢ngmmm@mmmmmdwm@m@wmﬂm“WWHMMMh

boundary defines the allowed region in the (a, x)- the two extrema either in (4.2.28) or in

plane. (4.2.29) coincide.This curve is given by
X = g —K(m) = g — K(tan «). (4.2.30)

We have still to impose the constraint (4.2.25), which can be rewritten as follows

cn? (3: <72T - X> m> < —;1 (1 — ;) . (4.2.31)

In both the allowed regions the r.h.s. of eq. (4.2.31) takes values between 0 and
1. Therefore the inequality (4.2.31) yields a further (non-trivial) restriction on the
range of x. In particular it implies the existence of stronger lower bound zy > 1 for
the unknown z that saturates the above inequality

9 0 1
- - — =1-— 4.2.32
et (s (5 =) |m) =1 423
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and obeys the bounds (4.2.29) in region (A) and (4.2.28) in region (B). Therefore

we have the following two ranges for z

(4.2.33)

However these stronger bounds for x does not affect the allowed region in the

(o, x)—plane® depicted in fig. 4.4.

We now give a closer look at the eq. (4.2.17) and its solutions when we vary the

flux k. We find more convenient to square it and to write

o (pto =2l o 20l
<m x? cn (%LL‘(W - 2)()‘ m) + 22 — 1) sn (%l‘(ﬂ' - 2)()’ m)

We can easily argue that this equation can-

i not be solved for a generic choice of the pa-
rameters in the region (A). Given m and

X, eq. (4.2.34) is solved for k = 0 if we

= ' take x = ]i(inx) (namely the value for which
¥ 2
ol I ¢'(6) = 0). However, in the region (A) this
m ' x is an acceptable solution if and only if
i . K (m) 1
ool G o N < . 4.2.35
15 10 05 0o g — X \ /]_ + m ( )

Figure 4.5: The inequality (4.2.35) holds

The inequality (4.2.35) is obeyed in the
in the region bounded by the black-line.

ligth-blue region on the left of the black
curve in fig. 4.5. In the darker region on the right of the black curve we can-
not solve eq. (4.2.34) for arbitrary small value of k. We can equivalently reformulate
this obstruction as follows. We fix the flux x and the angle y and we increase m
starting from its lower bound —1 in the region (A). We will reach a critical value m,
such that (4.2.34) is solved by the largest acceptable value for z, i.e. z, = l}rmc.

Then, for m > m,, there is no solution of eq. (4.2.34) in the interval (4.2.33).

3Requiring that these new intervals are not empty yields the same constraints on y and .
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Therefore, given k and y, the set of allowed parameters is further restricted by the

1 .
1+m’

(m—2x) ) V2
sn | ——==|m | > , (4.2.36)
(2\/m +1 \/m 14 \/(m —1)2 — dmk?

requirement the Lh.s. of (4.2.34) must be less than k when x =

m. is the value of m that saturates the inequality (4.2.36). In fig. 4.6 we have plot-
ted the curve defined by the equality in (4.2.36) for different value of x?. Given a
specific value of k2, the allowed region is the ligth-blue one below the corresponding
curve. This region increase when k? grows and we recover entire region (A) when

IizZOO.

The presence of this critical value

m. has a very simple and nice geo-

metrical interpretation: the distance Region (B)
L/R = sinhn vanishes as m — m,,

n

namely the Wilson loop touches the
defect at m = m, (see sec. 4.3.1).

Thus, for value of m bigger than the .

critical one there is no physical solu-

tion. The red curve separating the al-

00E

lowed region from the forbidden one ] =

— 2 o
corresponds to m = _1/ J%, namely Figure 4.6: The coloured curves inside the darker

to choose the integration constant ¢ region correspond to different values of k2 . The
to vanish. Our family of solutions allowed region for m for fixed value of k2 is the one

then coincides with the class of exact ©% the left of the relevant coloured curve. The region

becomes larger when we increase the flux.

solutions discussed by [24]. In fact for

this choice parameters our functions can be also written as:

1 ; 5 1
_j2> =4/14 j2ds <\/1+32a 1+j2>

1 T JItj2 , 1
h(o) :Eg(a) 1+g(a)2 =5 ns (\/1 + j2%0 1+j2> ,

where we use the modular properties of the elliptic trigonometric functions. The

g(0) =j ns (ja
(4.2.37)

solutions (4.2.37) are easily seen to be identical to the ones constructed in [24].

Some specific comments are in order for the two extremal points x = 0 (BPS con-

figuration) and y = 7.
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X = 0 case: for this choice of the angle governing the coupling of the scalars, the
admissible region for m shrinks to a point, m = 0 (see fig. 4.6). Consequently
the integration constant j2, which must be always greater than —1/m, diverges and
o= % vanishes. In other words, the space of parameters collapses to a point and
no regular connected solution exists for the BPS configuration.

X = 5 case: at variance with the other values of x the disconnected solution can-
not exist for all distances: in fact when % = 1 the disconnected solution touches
the brane. If this occurs before the connected solution starts dominating, the phase
transition from the disconnected to the connected solution becomes of order 0. Nev-
ertheless, we have checked that the connected solution becomes dominant always

before the spherical dome touches the defect.

4.3 The structure of the solutions

4.3.1 The distance from the defect

Once we solved eq. (4.2.34) to obtain x (and thus j) in terms of x,x and m,
the distance from the defect can be computed through eq. (4.2.16). An analytic
expression of this quantity in terms of elliptic integral of the third kind is given in

appendix C.

The goal of this section is to determine when we can invert eq. (4.2.16) and determine
the last integration constant m as a function of the dimensionless distance L/R, x
and k. If we keep fixed the angle and the flux, the dependence of % = sinhn on m is
monotonic (and thus invertible) if % does not change sign in the allowed region of
variation for m € [mg, m.]. We can obtain a useful and compact expression for c% in
two steps. First, we take the derivative of (C.0.1) with respect to m: the final result
is expressed in terms of the elliptic trigonometric functions and the second elliptic
integral I£(y/nd,m). This last dependence can be liminated with help of the eq.
(4.2.34) for the flux: in fact we can use the derivative of this equation to write down
the relevant second elliptic integral E(y/nd,m) in terms of elliptic trigonometric

functions. The final expression is relatively simple

nZ(n mn n(n 2 (& m—
P(atlimntl) m (1 - m) (amn - +1)> :| (an29(5g( ) 2n2 + X

1-m 1-m

on

om - 4n\/—(n + 1) (mn+1)
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where the derivative is taken at constant y and x and

_ -1
=

(4.3.2)

In eq. (4.3.1) O,,,n denotes the derivative of n with respect to m (n depends on m
through the explicit factors in its definition and through the implicit dependence
present in j2, which is fixed by solving the flux equation (4.2.34)). It is not difficult
to check that the second factor in (4.3.1) is always positive in the range n < ¢*(c) <
—mmn?. Thus, the sign of (4.3.1) is entirely controlled by the factor between square
brackets.

As discussed in subsec. 4.2.1, given the angle y and the flux x, we can find a value
m. of m such that no solution exists for m > m.. This critical value m, solves the

equation (see eq (4.2.36))

-2 2
sn (Hm) - V2 . (4.3.3)
Me \/mc+1+\/(mc—1)2—4mc/<:2
We can now easily expand n around m, and at the leading order we find*
o O L01) with 0<e<1 (4.3.4)
n = = wi c 3.
I—(m+1)22 m.—m 0 ’

namely n blows up at m = m,.. The bounds on the constant ¢y are equivalent to

the fact that = decreases for m < m,. Instead the combination /ng is finite when

m approaches m, (i.e. \/ng 2:;%) In this limit it is quite straightforward to

show that 1 vanishes. In fact, the argument of tanh™' in eq. (4.2.16) behaves as
1/y/n, while v(5) vanishes as 1//n (see appendix C).

If we use the above behavior of n close to m.., we can also check that the derivative of
7 in m,. and thus of the distance diverges to —oo as the y/n. This is consistent with
the behaviour of the curves plotted in fig. 4.7. When we decrease m the parameter
7 increases, i.e. we are moving away from the brane. To understand if this occurs
for all the range spanned by m at fixed x and yx, we shall investigate the sign of g—l
on the other boundary of the allowed region, namely the red curve in fig. 4.4. The
value mg lying on this second boundary is determined only by the angle x and it

satisfies
T
X=5- K(my). (4.3.5)

4The explicit form of ¢y is not relevant at the moment.
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Figure 4.7: We have plotted the distance L as a function of « = arctan(m). In (a) we have
chosen an angle x > x,: the different curves corresponds to different value of the flux. All the
curves display a maximum. In (b) we have chosen an x < xs. When we are above the critical flux
Kk > Ks (the black curve), the curves are monotonic. On the contrary, as x becomes smaller than

ks (i.e. we are below the black curve) again a maximum appears.

Then the derivative of n with respect to m computed at m = mg is given by (see
app. D for a derivation of this result)
| _ (= m) (E(mo) + (mo — DK (o)
OM |y 26 (1 — mg) (—mg) ¥/2,/1 — (52 + 1) my

mok? (1 — (E (mg) + (mo — 1) K (myg)) ?) (43.6)
2% (1 — mo) (—mp) ¥2,/1 — (k2 + 1) my
The sign of this quantity is controlled
by the sign of the coefficient of the \ 0zf zz
term linear in x2 in the numerator of -1} 08 06 -04 -02 o
the second addend of (4.3.6) since the M 20;
other term is manifestly positive for 152
negative values of my. In fig. 4.8 we 10
have plotted the coefficient of k2. We J
recognize that there is a critical value -15 -1.0 -05 j

. . . 2 .
my ~ —1.45221 for which this coeffi- Figure 4.8: Plot of the coefficient of £* in the

i i numerator of the second addend of (4.3.6) (we have
cient vanishes, namely . ) .

set mg = tana with a € (—7/2,0]). It is negative
(ms _ 1) K (ms) 4+ (ms) +1=0. between zero and and a critical value my = tana, =
(4 3 7) —1.45221. For m < my the coefficient is always pos-

itive.
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We can translate m; into an equivalent critical angle y; = 5 — K(m,) ~ 0.331147.

s
2
The angle y, separates two distinct regions of parameters:

(1): my S mg (Or Xs S X S g)

2
4 The coefficient of x? and thus the

derivative in m = mg are positive in-
20 dependently of the value of the flux.

Since the same derivative diverges to
—o0o on the other extremum of the in-
@ terval m = m,, the dependence of n

on m cannot be monotonic and we

R cannot invert (4.2.16) on the entire

Xs

range of the allowed m's. In fact, as

—1oL

illustrated in fig. 4.7 (a), when we de-

Figure 4.9: The blue curve illustrates the behav- .
crease m starting from the value m,.

exists. It is a monotonic function of x and it ranges defined by (4.3.3) the distance from
from 0 to co. the brane starts increasing, it reaches

ior of the critical flux in the interval [0, y;], where it

a maximum and then decreases to the value reached for m = my.

(2): mg <mp <0 (or0< x < xs)- The derivative of n with respect to m com-
puted at m = my is always negative unless the flux x? is below a the critical value
k2 given by

K2 = mo — 1 . (4.3.8)
mo (G weorrEor ~ 1)

We find more instructive to view this critical flux x? defined in (4.3.8) as a function
of the angle x (instead of mg) by exploiting eq. (4.3.5). If we draw the curve x2()
we obtain the blue curve in fig. 4.9. Given the angle y (with 0 < y < x;) we can
determine a critical value of the flux x5 by means of the plot 4.9. The black curve
in fig. 4.7 (b) displays the behavior of the distance with m for the critical value of
the flux: it is monotonic and has vanishing derivative at m = my. If we choose a
flux greater than k, (the curves above the black one), the distance is a monotonic
function of m, namely its derivative never vanishes. Below this critical value of the
flux (i.e. the curves below the black one) the derivatives vanishes just once: namely
when we decrease m starting from the value m, the distance starts increasing, it

reaches a maximum and then decreases to the value reached for m = my.
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The presence of a non-monotonic behavior (for a certain range of parameters) is
synonymous of the existence of different branches of solutions. In other words, if
either x, < x < 5 or 0 < x < x, and x* < k%, we can find value of the distance for
which we can construct two different extremal connected surfaces. We shall come

back to this point when we discuss the area of the extremal surfaces.

In both regions ((1) and (2)) there is a maximal distance L. after which the
connected solution does not exist. We can determine analytically the value of L.y
when 0 < x < xs and we are above the critical flux k,. We are in the range of
parameters for which 7 is a monotonic function of m and 7. is obtained when we
reach the boundary m = mg. If we use the expansion in App. D and substitute into
eq. (C.0.1) we find

Nmax = tanh ™! \/ 5 K2mo =  Lpax = Rsinhnp.c = R K2mo . (4.3.9)
K*mog + mog — 1 mo — 1

If we are below the critical flux or the angle is in the range [xs, 5] the maximal
distance from the brane for which the connected solution exists cannot be determined
analytically, but only numerically. In fig. 4.10 we have plotted the maximal distance
from the brane as a function of y for different values of the flux k2. Given k2, we
can always find an angle y,2 € (0, x,] for which x? is exactly the critical flux (see fig.
4.9). For angles in the interval (0, y,z], the maximal distance is given by eq. (4.3.9)
and is represented by the dashed curves in fig. 4.10. For angles greater than y,:z,
the behavior of the distance is described by the continuous lines in fig. 4.10. The
merge of the two branches of the distance (dashed and continuous) is continuous
with its first derivative as one can show by a direct computation of the left and right

5

derivative in y,2°. In fig. 4.10, we have drawn the dashed curves also for values

greater than y,2 to illustrate that two branches are not given by the same function.

The general behavior displayed in fig. 4.10 is quite easy to summarize: the maximal
distance increase with x at fixed x? and increase with x? at fixed angle. The latter

behavior is expected: in fact, when x? grows the slope of the brane becomes smaller

5The derivative of 1 with respect to Y admits a very simple form in terms of n and m

on _ (m—1)mdmn+ (n+1)(2mn + 1)
X | jv—(m+1)(mn+1)
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— k2=40
K?=20
— «2=10

— k=1

Figure 4.10: The dashed curves are given by (4.3.9) and describe the distance for y < yyz,
while the continuous ones are valid for x > y.2. Different colors corresponds to different fluxes.
We see that the maximal distance grows both with x and k2. We have drawn the dashed curves
also for values greater than x,.2 to show that the merging of the two branches is continuous with

its first derivative.

and smaller and the brane is closer to the boundary. Therefore the cost in energy

(in area) is low for a larger interval of the distances.

4.3.2 The Area

The regularized area of the connected minimal surfaces is obtained by evaluating

the Polyakov action on the classical solution (r(o),y(0)):

A 1

We can eliminate the explicit dependence on the integration constants j and ¢ by

means of the Virasoro constraint (4.1.14). We find

A 1 & 2 &
S = \/_/ drdo— (y*+r? +r? +r? —y? —1'"?) = \/X/ do’” (o) = \/X/ dog*(o),
4 Jx y2 Oc QQ(O') O
(4.3.11)
where we have used that the integrand does not depend on 7 to perform the inte-

gration over this variable. Remarkably the area depends only on the function g(o).



Chapter 4. Circular Wilson loop in defect N = 4: strong coupling 87

The integration over ¢ run from o, the value of o for which the minimal surface
intersects the plane y = €, to &, the value of ¢ for which the minimal surface in-
tersects the brane. The lower extremum o, is determined by solving y(o.) = € for

small e. At the lowest orders in € we find the following expansion:

63

€ L 4
ge=5+ 6(‘7 + Q)ﬁ + O(e*). (4.3.12)

Next, we can easily perform the integration over the coordinate ¢ in terms of the

elliptic integral of the second kind and we get

G

. (4.3.13)

Te¢

sn (y/no|m)

The expected ultraviolet linear divergence arises when we evaluate the primitive in

S — o <\/ﬁa T (am (\/ﬁa|m) ’m> _cn(y/no|m) dn(\/ﬁa\m))

the lower extremum. Since the term €2 is absent in the expansion of o, the lower
extremum does not give any non-vanishing contribution in the limit e — 0. The

only contribution to the renormalized area originates from the upper extremum:

S =V (V5 o () ) - OO _
(4.3.14)

The behavior of the renormalized action as a function of the distance from the defect

can be investigated by computing its derivative with respect to m at fixed x and y.

We proceed by following the same two steps performed for the evaluation of 88—;’1
H7X
and we get the remarkable identity
OSren. on
T = V= (n+ 1) (mn + 1) 2 (4.3.15)
H?X H?X

namely the derivative of the action and of n—parameter (the distance) are propor-
tional through a positive definite factor. Thus the derivative of the SA}en. with respect

to n or equivalently to L has a very simple form®

OS:en 1 0S.en —(n+1)(mn+1
|oZ : - :\/ (n+ 1)( : ):c(L,m,X), (4.3.16)
OL |, Ry1+L On |, Ry1+ L

6This relation immediately implies that S,e,. does not depend on L when ¢ = 0, which appar-
ently contradicts eq. (24) and (25) in [24]. But this is not case. In fact if we keep x and & fixed

the area [24] does not change with L: it is a function only of x.
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where c¢ is the integration constant appearing in eq. (4.1.12) for z3. A similar rela-
tion was found in [93] for the quark-antiquark potential at finite temperature. There

it was speculated that this kind of relation might enjoy some sort of universality.

Because of (4.3.15), the area and the distance possess a similar behavior as functions

of m:

(51) xs <x < 50r0<x < xsand k < kg when we move away from the D5-
brane by decreasing m from its critical value m, (corresponding to vanishing
distance) both the area and the distance increase and reach their maximum
value for the same value of m. Then both decrease up to m = mq (i.e. the

curved red boundary in fig. 4.5).

(S2) 0 < x < xs and kK > kg both the area and the distance monotonically in-

crease when m is lowered from m,. to mq.

In fig. 4.11 we have plotted the area as a function of a = arctan(m) for a fixed
angle x = 0.155059 in the range 0 < x < xs. On the left gray box we have zoomed
on the behavior of the area for different value of the flux in the proximity of the
value mq on the curved red boundary in fig. 4.4. Below the critical value of the flux
(black curve) determined by (4.3.8) all the lines possess a maximum, while above
k% they are monotonically decreasing. However, independently of the flux, all of
them terminate in the same point since the boundary value on the red curve in
fig. 4.4 does not depend on the flux. On the right gray box we have zoomed in
the region close to the brane, the action always diverges when m approaches the
values m.., obtained by solving (4.3.3). The typical behavior of the area in the region
Xs < x < 7 as function of o = arctan(m) is displayed in ﬁg 4.12. Independently of
k% all the curves terminate on the same point (mg, xo = 2 — K(my)) and possess a

maximum for the same value of m for which the distance does (see left gray box).
We conclude this section with an amusing observation about the derivative of the

area with respect the two other parameters. It is not difficult to check that both of

them can be rewritten in terms of the same derivative of n:

(A;) : Z;‘ =/~ (n+1)(mn + 1) gz —j
(Ay) : m%: = \/—(n +1)(mn +1) ng + g 5)). (4.3.17)
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Figure 4.11: We have plotted the behaviour of the area as a function of o = arctan(m) for
a fixed value of the angle x (below ys) but for different values of the flux. On the left we have

-0.65

zoomed the region close to the red curved boundary in fig. 4.4. Independently of 2 all the curves
terminate on the same point (mg, xo = 5 — K(my)). For values of k? < K2, these curves display a
maximum, instead they are monotonic if we are above the critical flux k5. On the right we have
plotted the same curves in the region close to m. = tan a., namely the value for which the distance

from the brane vanishes. The area diverges for all value of the flux.
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Figure 4.12: We have plotted the behaviour of the area as a function of o = arctan(m) for a
value of the angle above x, and for different values of the flux. Independently of k2 all the curves
terminate on the same point (mg, xo = 5 — K(myg)) and display a maximum. On the left we have

zoomed in the region close to mg to show the presence of a maximum value for the area.
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Figure 4.13: This graphic displays the behavior of the area as a function of the distance L/R for
a fixed value of the angle y = 0.250737 < x,. In this range there is a critical flux x2 = 1.75656 and
the area for this value of the flux is the black curve. Above the critical flux, the typical behavior is
given by the red curve, namely the area is a monotonic function of the distance and the solution
stops existing after a maximal value of the distance. Below the critical flux, the typical behavior
is described, instead, by the green curve. In the latter case there are two branches of solutions.
However the upper one is always subdominant. In this plot we normalized the area functional so
that the area of the dome is —1.

4.3.3 Transition: connected solution vs dome

To understand when the connected solution becomes dominant with respect to
the usual dome we have to plot the area as a function of the distance from the
brane. This can be done by exploiting the result of the previous two sections. We
have to distinguish two cases depending on the angle x governing the coupling with

the scalars:

0 < x < xs: Above the critical flux ks (represented by the black curve in fig.
4.13) the area is a monotonic function of the distance (see e.g. the red curve in
fig. 4.13). If we are approaching from infinity the connected solution starts to
exist at certain maximal distance, which depends on x. The area is larger than the
one of the dome, which, therefore, still dominates. While we are getting closer the
area keep decreasing and we reach a critical distance where the connected solution
and the disconnected one have the same area. In fig. 4.13 the critical distance is
realized when the red curve crosses the blue line. After this value of the distance,

the connected solution becomes the dominant one: in fact the area keep decreasing
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Figure 4.14: This plot displays the behavior of the area as a function of the distance L/R for
a fixed value of the angle y = 0.7799 > y,. For this value of x there is no critical flux. The typical
behavior is described by the three curves (red, orange and purple). There are always two branches
of solutions. However, the upper one is always subdominant. In this plot we normalized the area
functional so that the area of the dome is —1.

and diverges to —oo when we reach the brane.

The typical behavior of the area below the critical flux x, is described by the green
curve in fig. 4.13. There is still a maximal distance, at which the connected solution
starts to exist, but when the distance decreases there are two different branches of
solutions: namely we have two connected extremal surfaces with the same angle y,
flux x and distance L. In fig. 4.13, this is clearly displayed in the zoom of the region
close to the maximal distance. The upper branch corresponds to the values of the
modular parameter m ranging from my, lying on the red curved boundary in fig.
4.4, to the value corresponding to the maximal distance. The lower one is instead
obtained when m runs from the value corresponding to the maximal distance to
m.., for which the distance from the brane vanishes. The area of the solution in the
upper branch, when it exists, is always subdominant with respect to the one in the

lower branch. Therefore, we can focus on the latter.

Xs < x < 3¢ The behavior of the area as function of the distance in this range

of angles is displayed in fig. 4.14. The situation is analogous to what occurs in the
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0

Figure 4.15: In the parameter space (x, L/R, k?) we have plotted the critical surface, namely
the set of point for which the area of the connected solution is equal to the one of the dome.

other region below the critical flux. Starting from the maximal distance for which
the connected solution exists, we have two families of extremal surfaces when the
distance decreases. However, as we can see in in fig. 4.14, the shorter one is always
subdominant. The one relevant for us will be the lower branch running from the
maximal distance to the brane. The length of the subdominant branch increases
with the flux.

In both regions there is always a value of the distance for which the area of the
dome is equal to the area of the connected solution and below which the connected
solution becomes dominant. In other words we have a phase transition of the Gross-
Ooguri type [26]. In fact, above this critical distance, the dominant solution is the
usual emisphere and area is constant (the dashed blue line in fig. 4.13 and 4.14).
The transition is of the first order since the area is continuous but not its first
derivative. In fact, the derivative (4.3.16) for the connected solution is different

from zero, whereas for the dome it always vanishes being the area constant.

In fig. 4.15, in the parameter space (x, L/R, k*) we have drawn the critical surface
that corresponds to the locus of the first order phase transition for values of the

fluxes up to ten and distances up to four. The critical distance increases with the
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flux, as one expects. The surface when x approaches to 0 collapses to a point again

suggesting that there is no connected BPS solution.






Chapter

Circular Wilson loop in defect N = 4:

weak coupling

5.1 Perturbation theory: the non-BPS case

In order to obtain explicit results at perturbative level one should consider field
configurations expanded around the supersymmetric vacuum (3.1.4): the deter-
mination of the effective propagators and interaction vertices in this background
needs a careful and non-trivial diagonalization procedure, that has been presented
in [20]. Moreover, limiting the investigation at one-loop order, the form of the three-
dimensional boundary Lagrangian is not important and the effect of the defect is
entirely encoded into bulk propagators and vertices. The full Wilson loop expecta-

tion value is therefore given at this order by the tree-level and one-loop contributions
W) =Wy + W) - (5.1.1)

In fact, it is convenient to split the generalized connection A as
A=A+ A, (5.1.2)

where A% is the tree level term and A takes into account one-loop contributions
which come in two varieties: tadpoles and ladders. The propagator along C and its

classical part can be defined as
A 1 B 1
Ula,B) = Pexp/ dr A(T) U(a, B) = Pexp/ dr A%(T) . (5.1.3)

95
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The classical part of the generalised connection receives contribution from ¢

. a .
Acl(T) =—R SIDXQS 1 _ Z sin x <t3 %, O(N—k)(N—k:)) , (514)

and the classical propagator reads

U (0,2m) = 275X (820 nv-) (5.1.5)

The relevant computation has been already presented in [24]: indeed, already at

tree-level, they found

B | sinh (TESRX,
(W) g = Tr (Ud(o, 277)) =N—k+ ; Q2 sinxdes _ N . o Sinh((wRLsz; ,
(5.1.6)

with N — k corresponding to the standard tree-level contribution for the circular
Wilson loop while the second term is the interesting one for the comparison with
the connected string result. To perform the trace over the t3 one has to use the
matrix representations given in app. A.

At one-loop, the contribution of tadpole diagrams has the form

_ 2m aflsinxt 1 (2m—a) & sin xt 2m 1
Whaa = B( [ dac(eB220), (@) (elrtmmne) 4 [7da(Ale),,)
(5.1.7)
where i, 5,.. = 1,..,kand a = k+1,.., N label the matrix elements of ¢3 in the upper
k x k block and in the lower (N —k) x (N —k) block, respectively. The one-point func-

tions of massless gauge fields vanish <fl(a)> = 0. In a supersymmetric-preserving

regularization scheme those of the massive fields vanish as well, </((a)> =0, as
computed in [17, 20]. Thus, the total contribution to (W), of tadpole diagrams is

zero and the one-loop part is given by the ladder diagrams contribution
W)y = R? /0 7 da /a 7B (tr (U9(0,0) A()U (a, 5)A(B)U(8,2))) . (5.1.8)
This contibution can be decomposed into two different terms
W)y = Wa) + Wi, (5.1.9)

where T, contains the standard contribution for the non-broken theory with N —
(N — k) and a term scaling a k?. Because we want to compare the string result

with the perturbative computation, we can safely discard both of them, the latter
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being subleading with the others in the large- N limit while the former should come
from string solutions that do not end on the D5-brane, not giving 1%2 dependent cor-
rections. The pieces involving the off-diagonal blocks of the generalized connection

contribute to W,y as follows

27 2 k o — Bt . _ _
W(Z) :RZ/O da/ dﬂZeiLﬁ Rsin xdg,; <A(a)ia~’4-(5)ai>+
o i=1
(5.1.10)

4R /jw da / T ag Zk: e 7t (A(0)osA(B)a)
& i=1

The free correlators of the scalar and gauge fields with mixed indices are evaluated

in terms of the massive scalar propagators [20]. Thus, we have

(A(@)iaA(B)ag) = (A(@)aiA(B)ja) = 05 (N — k) [(1 = cos(B — a)) K i (a, B) +
+sin? y <I€2_lek;2(a,ﬁ) + k;—lely(Oé,ﬁ) — Kg(%ﬁ)) 1 ;

(5.1.11)

where K, (a, () is the propagator defined in app. B. Following the steps of [24], one
obtains

(m—0)Rsin x k

2 (N —KkYR [ 7 sinh
W(Q):gYM( L) /)drr[ﬁé (5 ><Il+sin2XIQ), (5.1.12)

ir sinh (=05

where § = § — a — w. More explicitly we have

5. (2
7, = 2cos ) sin (fr) I (1) Ky (7). (5.1.13)
sin(zLﬁcosg) E—1 k41
T, = I K I Kio (r) —
? cos 2 < gk e () K () gl (D K (0 = ) )

—Iy () Ky (1)) .
As expected these expressions depend on R and L only through the ratio % When
x # 0 the integrals are very difficult to be performed analytically but, in the limit of
large k, they can be evaluated to extract their A\/k? behavior. The relevant technique
has been already settled in [24], where the focus was on the limit L/R — 0. As far
as sin x # 0 both (W), and (W), exhibit an exponential behavior in k, that can
be evaluated elementary in <W>(o) and through a saddle-point approximation in the
integrals defining (W) ). We stress that the ratio B/L can be taken finite in this
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computation, sending just the parameter k to infinity!. Repeating the same steps

as in [24] we end up with

krR | . A T 1. . L\?
log (W) =~ —— [smx%—w (2—)(—281112)() sec3x<smzx+ (R) >-|—

ro(4x)|-

We see that a perfect match with the strong coupling result at order 1%2 is obtained,

(5.1.15)

without resorting to any limit on R/L.

5.1.1 Comparing perturbative analysis with the strong cou-
pling analysis

Usually, in the AdS/CFT correspondence, perturbative computations and the
supergravity analysis live in opposite regime and cannot be successfully compared.
For this class of defect conformal field theories, one can consider a double scaling
limit [16, 91] that open a new window. Gravity computations, which are valid for
large 't Hooft coupling ), can be considered for large k in such a way that \/k? is
kept small and the results are found to be expressible in powers of A\/k?. Thus, in
this regime, it is possible to successfully compare gauge and gravity results providing
further non-trivial verifications of the AdS/CFT correspondence.

In the strong coupling regime, this limit is equivalent to expand our classical solution
in power of %, namely for large value of the flux. The flux diverges when the
denominator in (4.2.34) vanishes, but the numerator does not. This occurs when z,

m and Y satisfy the relation
1 2
m cn(zx(ﬂ—Qx)‘m> +a22—-1=0. (5.1.16)

Even though we are considering the regime in which x? is very large and eventually
diverges, we require that the (adimensional) distance L/R of the Wilson loop from
the defect remains finite. The parameter n = arcsinh% in terms of x, m and y

is the sum of two positive contributions. In fact, in eq. (4.2.16) the first term is

LOf course in so doing we get also other terms, coming from the sinh factors at denominator.
It is easy to realize that they could not be produced from the classical connected string solution.

we argue that they could be obtained from the one-loop corrections at strong coupling.
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the integral of a positive function, while the second one is the tanh™" of a positive
argument. If use the eq. (4.2.34) we can recast the argument of tanh™' in the

following form:

2k2(1—1)
R2(1—t) =t 4/ (R2 (1 =) = t)* =4 (k2 + 1) mat 42

(5.1.17)

which allows us to study easily its behavior for large k2. Here we define t = (m+1)a?.
If the m and z are finite when xk? — oo and the combination 1 — (m + 1)z? does
not vanish, it is straightforward to realize that the quantity in (5.1.17) approaches
1. Therefore its contribution to the distance (tanh™'(1)) diverges. To avoid this

conclusion we must require

—1+0(1) S (5.1.18)
x—m /412 K Q. 1.

If we use the definition of the unknown z, the above result is equivalent to require
that j* = O(k?), therefore we are in the region (A). In this limit, with the help of
the expansion (5.1.18), eq. (5.1.16) collapses to

m

2
1
m+1sn<2\/mx(w X)‘m) 0 = m=0 (5.1.19)

The requirement that the distance is kept finite and different from zero fixes as m

must vanishfor large k: m = O (%2) Therefore, in this regime we can safely assume

the following expansion for the parameters:

> n > b n
m=3 2 r=1+Y -2 (5.1.20)

2n
n=1 K

The coefficients can be determined by solving iteratively the equation for the flux

and the condition fixing the distance (see app. E). At the lowest order we get

sec? y L? 1
m=—; (1 — <R2 + 1) sec” X) +0 (K4> (5.1.21a)

1 (L2 s 1
r =1+ 22 <R2 + 1) tan® x sec” x + O (/<;4> . (5.1.21b)

The subsequent terms in the expansion are quite cumbersome and their explicit

form up to 1/k* is given in app. E. We can now use this expansion (see app. E) to
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determine the first two terms in the large x expansion

2
S =— \/_LKR [smx—i— 412 (g D ;sin2x> sec® y <sm X + ézﬂ +O</@_2) =
kR AT 1. N L? A2
= — i ls1nx—|—4 2k2< —X—251n2x>sec X(sm X+R2>+O<W4k4>1’
(5.1.22)

where we have replaced the strong coupling quantity x with its expression in terms
of /X and the integer flux k. A simple power-counting of the coupling constant
immediately shows that these are the only two terms which can be compared with

our perturbative computation.

5.1.2 Perturbation theory: the BPS case

At x = 0, when the Wilson loop only couples to the mass-less scalar ¢g and we
are therefore at the BPS point, a dramatic simplification occurs. In fact the non

trivial contribution at one-loop reduces to

- Gy (N —Fk)R ) 2Rr )
<W>(1) = W+ e k/ dr r/ dd QCosism TCOS 5 Ig (r) Kg (r) .
(5.1.23)

The integral over the angular variable 6 can be performed in terms of the Bessel

function J; and we get

2
gy (N —k)R 2Rr
Wy = Wy + DD B [arrn () LKy 0) . G2y

The radial integral can be now performed in terms of Meijer G Functions:

W)a) =W + IR

Below, we shall explore two interesting limits of this exact result. First, we investi-

g8 (N — K) KL ( R
3,3

ko k+2

27 2

5 . (5.1.25)
2

gate the behavior of (W>(1) when the parameter k goes to oo. This limit is easier to
discuss if we step back to the integral form of the result and perform the change of

variables r — %r

2 —_ (e 9]
W)y = W(1)+9YM (N k)Rﬂ-k;s/dTT’Jl <M> I. (k;r) K (kr) (5.1.26)
0

AmL L
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Then, we can use the following asymptotic expansions for the product of the modified

Bessel functions

s <kr> s <M> B > Z )" U (1472) ) U (1412 )
2\ 2 )72\ 2 k(1+r21/2 « 2 £ nm " ’
(5.1.27)

which is obtained by combining the expansion 10.41.3 and 10.41.4 of [94]. The
Un(x) are polinomuials that can be constructed recursively (see sec. 10.41 in [94] for
details): Up(x) = 1,Uy(z) = £ — 32 .. If we are interested at the leading order

8 24
in k, it is sufficient to consider the first term in the expansion:

2
N gy (N—K)R , Rkr r B
<W>(1) — W(l) + 4L k' 0 dT’Jl (1 + T2)1/2 -
GuN-k)L 2
4R Nk

2
B gYM(N—k)L( (1))
=Wy + iR 14+ 0 =)

=W +

1
L ) _ (5.1.28)
27272

The BPS circle does not possess the correct scaling to match a potential connected
string solution. Its expansion does not organize in a series in A/k?. This corroborates

the absence of a connected solution in the BPS case.

The second limit we shall consider is R — 0, namely when we shrink the loop to
a point. Since we are dealing with a conformal field theory, it is the dimensionless
combination x = R/L, which approaches 0. We find

2 k(N —k 1 kE+1
<W>(1):W(1)+—gYM (4 )[1—4(1—k2)$2 <¢< 5 >+7E+logx log2>

— % +0 (x‘l)] .
(5.1.29)

As expected, the leading term scales as a constant in this limit, and when combined
with W) it reconstructs at this order the circular operator in absence of the defect.
The next term in the expansion can be easily understood in terms of the operator
product expansion of the circular BPS Wilson loop. In absence of the defect, when

the radius R of the circle shrinks to zero, we can write that (see sec. 2.5)

4%

—_— = Ck Ak (k)x, 1.
W, ]1+ij RAOW (1) (5.1.30)
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where O () is a local operator of scaling dimension A, evaluated at the center of
the circle. The constant ¢, are the Wilson coefficients and depends on the coupling
constant. The expansion is normalized using the vacuum expectation value (VEV)
(W)o in the absence of the defect. At the lowest order, namely if we consider
operators with classical dimension less or equal to 2, the above expansion is given
by (2.5.14) together with the definitions (2.5.4)

w A 7T2 47'('202)\ ;
=1+ R | =+ + o | Tr(9'¢i)+
e [3 s (60
+ R%o 277T2 _ Arr? + Y,C%Tr(¢'¢’) + higher scaling dimension
N 12N @i & g '

(5.1.31)

In (5.1.31) the dots denotes the higher order terms in A? in the expansion of the
Wilson coefficient. The Wilson coefficient at order A in (5.1.31) for the chiral primary
operator is obtained expanding the r.h.s of (2.5.9) for A small. The coefficient Cy
for the Konishi operator is not know. For the definition of C}; and Y see app. G.
Thus, at this order (leading in N) we find

Wateet _y 121 4 A og ) T (= 2h(1 — K2) + L2(Te(6"
Wy +z7(1+ ng)gv(—z (1 = &%) 4+ L(Tr(¢'i))1-100p) —
G Ak(1 — k:2)C 2 22272 [ k(1 — k%) Ak G Ak (1 — k?)m?
—xf———2Ch7 — -t
V3N ° N 24 1672 288N
(5.1.32)
where AD = % is the one-loop correction to the anomalous dimension of the

Konishi operator. Substituting in (5.1.32) the expression for (Tr(¢'¢;))1-100p given
in app. (G), we get

erec A Ak‘
Waeteet _ 4, 2 l_k(l — k) logx — - —

W) 16N 8N
A ) k41 5
~Ten" (1-#?) (w <2> + g —log2 + 6) — (5.1.33)

PV

288N

k(1 — k?) — A\/Cg; k(1 — /#)] .

The quantity between the square brackets matches the expansion of the Wilson loop
given in (5.1.29) if
15 + 72

Cy=——""
2T 96v/3n2

(5.1.34)
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Thus, from the OPE for the Wilson loop in the defect case we give a prediction for
the Wilson coefficient of the Konishi operator at order A\* in (2.5.14). This predic-
tion could be verified performing the two-loop point-function of the Konishi operator

with the circular Wilson loop.

It is intriguing also to consider the expansion of eq. (5.1.28) in the limit L — 0
namely x — oo. In this limit the Wilson loop gets closer to the defect. For odd

value of k£ we find an expansion in inverse odd power of x:

W)y = Wy + W [1 - @_Q?W +0 ((ifﬂ (5.1.35)

X

For even k we have also logarithmic corrections that start at the order 7%=, For

instance, if £ = 4 we find

1 1 3(120 log(8z) — 289 25(168 log(8x) — 367
Py o 5= ) [+ 51 4 S120) —2) _ 5008lot) o7

4x 3213 81924° 6553627
1
+0 (x)] '

It would be intriguing to interpret this result as an OPE of the Wilson loop in

(5.1.36)

terms of the defect operators, but this expansion appears to depends crucially on
k. For odd k we should have only protected operators, while for even k£ also non
protected operators enter in the expansion. This different behavior makes the above

interpretation quite puzzling.






Chapter

Correlator of two circles in the defect case

The study of a single circular Wilson loop in A/ = 4 SYM theory in the presence
of a defect, considered in the previous chapters, can be extended to the case in which

two circles are inserted in the set-up realized by the D3-D5 intersection.

In the usual N' =4 SYM theory with no defect present, Gross and Ooguri pointed
out that the correlator between two circles experiments a sort of phase transition
[26]. This is because the area of the surface bounded by the two loops can have
two competing saddle points. The minimal surface can have the topology of an
annulus connecting the two circles or can consist of two separated disk solutions
that interact among themselves by the exchange of light supergravity modes. The
two-point function of two concentric circular Wilson loops with the same constant
internal space orientation has been studied both for equal [95] or different radii [96].
In [93] the correlator of Wilson loops with the same radii is examined at both zero
and finite temperature. The result is that for large separation between the two
loops, the preferred configuration is the one given by separated surfaces. In fact,
the area of the annulus increases with the separation between the loops and becomes
energetically less favourite. In [97] this study further generalizes to concentric loops
with both spacial and internal separation. From a perturbative point of view, to
analyze this phase transition, in principle, one has to sum all planar diagrams. Thus,
if one consider the strong coupling limit of the ladder diagrams resummation does
not expect to match the string theory computation because the interacting diagrams
are not taken into account. Nevertheless, it is possible to find a qualitative matching
since the ladders resummation presents a phase transition that resembles the Gross-
Ooguri transition [97-99].

105
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If we consider the same two-point function for the circles in the defect case, the
situation becomes more intricate but even intriguing. In the D3-D5 system, besides
the two different saddle points described above, the minimal area configuration can
be given by two connected cylindrical surfaces, or we can also have an intermediate
case with a cylindrical surface for one of the loops and a disk for the other one. If
we choose two loops with equal radii, we can describe them in terms of the flux x,
the distance from the defect L/R, the angle x, that in principle can be different for

the two circles, and the relative distance h/R between them.

Sconn < Sdisc

: connected :

‘solution

light supergravity

exchanges

Figure 6.1: Gross-Ooguri phase transition without the defect: when the two circles are
close enough, the minimal surface has the topology of an annulus. Above a critical sep-
aration distance, the connected surface becomes unstable, and the disconnected solution
starts to dominate. In the latter case, the connected correlator is saturated by lightest

supergravity modes exchanges.

6.1 String solutions between two concentric cir-
cles without the defect

In this section we briefly review the results obtained for the connected mini-

mal surface corresponding to the fundamental string world-sheet stretched between
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two concentric circles located at the boundary. To be more general as possible, we
consider two circles of radii R; and R, separated by a distance h along the x3 coor-
dinate in AdS5. Moreover, we allow the loops to possess also an internal separation
parametrized by the angle 7 in the S°. This configuration considered in [97] provides
a generalization of the computations given in [93, 95, 96, 100]. Indeed, from our
set of solutions one can recover the configurations found in [98] by setting v = 0.
The connected correlation function of two Wilson loops in N = 4 SYM at strong
coupling is given by the minimal area of a surface in AdSs x S® whose boundaries

are the two circles C; and Cy
<W (Cl) W <02)>Conn = €xXp (—SN(;) . (611)
We consider the metric

1
dsz%ld:%xsf’ = E(_dﬁ + dy? + dr? + r’d¢?® + da3) + dQ2 (6.1.2)

where d2 is given in (4.1.4). The ansatz for the string embedding is the same of
(4.1.7), and the Nambu-Goto action that describes the world-sheet reads *

A
Sna = \2/; /deayg\/xff + 12 4y 4 207 (6.1.3)

Performing the integration over 7 € [0, 27|, we get

Sxa = \/X/da?;\/x{f + 72 + Y2 + 207 (6.1.4)

To find the equation of motions one has to minimize the Nambu-Goto action. Since
there is no dependence in the Lagrangian on 6 and x3, their equation of motions
translate into the conservation laws
ra and Ky — re’ |
y2 \/x? + 2 + y/2 + y29/2 \/$§2 + 2 + y/2 + y29/2
(6.1.5)
where K, and Ky are two integration constants. Without loss of generality we can

K, =

assume that K, is positive, and thus the same holds for z%. This implies that we
can choose the gauge in which 3 = ¢ = o, and the equation of motions for the
remaining variables take the form
r 22 K?
=5 =0, '+ 2.5 293
Kiy Kiy> K.y

— 0, (6.1.6)

I'Notice that we are using the unit in which the radii of AdSs and S° are 1 and % =V
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where the prime symbol denotes the derivative respect to x. Using the equation of
motions for r(z) and y(z) together with the conservation laws (6.1.5), one obtain
the condition

(¥ +7rH)"+2=0 (6.1.7)

that integrated gives
4124 (x+ D)2 =d?. (6.1.8)

Namely, the connected surface spans a sub-manifold of AdS; given by the above

equation. The connected solution has to satisfy the following boundary conditions
r(L)=Ry, r(L+h)=Ry, y(L)=y(L+h)=0, (6.1.9)

that come from the configuration of the loops: the first loop with radius R; is located
at x = L, while the second loop with radius Rs is located at x = L + h. Since both
loops are at the boundary of AdS, we require y = 0 at x = L and x = L + h.
Imposing the boundary conditions (6.1.9), we can fix the constants b and a as

R-R: 1

———1L a’ = R+

(h* — R} + R3)”
2h 2 '

b= 4h2

(6.1.10)
Following [95, 96], eq. (6.1.8) can be parametrized in terms of an angle ¥ (z) as
r(x) =1/a® — (m + B)QCosw (x) y(x) =1/a® — (x + B)QSinw (x) . (6.1.11)

Exploiting the combination of the two conservation laws (6.1.5) and using the above

parametrization, we get

dyp a cos? 1) — K2 sin? 1)
%_iag_ (I+B)2\l K%G2Sin4w _17 (6112)
where ¢ (z) € [0, 7/2] satisfies (see ((6.1.9)))
Y(L)=0=19¢(L+h). (6.1.13)

The angle 1) grows (plus sign in (6.1.12)) up to a maximum value ¢y at = = x,
for L < x < xg. Then, it decreases (minus sign in (6.1.12)) for g < = < L + h.
Demanding 1)'(x¢) = 0, one finds the following relation that defines v

VO + K32 + a2 K2 — (1 + K3)

in’ ¢y = : 1.14
sin“ g 20 K2 (6 )
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Figure 6.2: Internal separation of the loops in S°.

The first order differential equation (6.1.12) for ¢)(z) can be solved using the method
of separation of variable. It is convenient to substitute K, and Ky with the new

parameter s and t defined as
s = sin® vy, =a’K2s*, (6.1.15)

where 0 < s < 1 and ¢t > 0. Following [97], we have that the solution is characterized
by the following integrals

L 4V/st 22 o (athEb) oy (atd
}-(S’t)_/od \/(1—22)(1—522)(1—1—1522)_1 <a_h_b> 1 <a_b>.

(6.1.16)
VL 2/ T—5—1%
7@j>_A8_A(1¢O—z%ﬂ—s%ﬂ1+m% (6.1.17)
1 dz V1 — 522
Sreg = 2VA VT (m —1) : (6.1.18)

where the change of variable z = sinf/4/s has been performed and b = b+ L.
Here 7(s,t) is the angular separation in the S® between the loops, and Sy is the
renormalized action fot the connected surface. The above integrals characterizing

the classical string solution can be written in terms of elliptic functions

Fon =t (k3 ca-an (s 2H)) e

( t) 2\/1—5—75]K<s+t>
S =
S JI+1 1+1

(6.1.20)
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h |
1.045R 4 --__

Figure 6.3: In this plot given in [97], the light blue region corresponds to the values of the
internal and spatial separation for which the dominant solutions is the disconnected surface (two
separate spherical domes). The continuous curve gives the critical distance heit, at which the
transition occurs, for different values of v. The dashed curve gives the maximal value of h above

which no connected solution exists. Here the two loops considered have the same radii.

S e Y s | T e

The reality condition on v translates into the bound s < 1 — t for the parameter
s. When t = 1 — s, the internal separation between the loops is zero and the
renormalized action (6.1.21) reduces to the result given in [93, 95, 96]. The on-shell
action for every value of v grows with the spatial separations h. At a certain critical
value of h, the area of the connected solution becomes equal to —2+v/\, which is the
value of the on-shell action for two disconnected spherical dome solutions. Thus,
for this value of the spatial separation, we have the Gross-Ooguri phase transition
(continuous line in 6.3). The connected solution exists up to a maximal value for h,
that for v = 0 and Ry = Ry is determined numerically in [95] and is Ayayx = 1.045R.

Both the maximal and the critical value for h decrease when = increases.

6.2 String solutions for two concentric circles with
the defect

In this section, we will present a preliminary study for the case in which we have
two circular Wilson loops in the presence of the defect. The two loops are placed

on planes parallel to the defect at a distance x3 = L and x3 = L + h, respectively.
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For simplicity, we consider the case in which the circles have the same radius R,
namely Ry = Ry = R. The two Wilson loops can couple with the scalars ¢3 and
¢g of the theory with different angles. The first loop, located at x3 = L, will have
an internal angle x; while for the second one at x3 = L + h the coupling with the
scalar will be given by x». Thus, the internal separation can be defined as v = Ay,

with v € [0,7/2). The parameters that describe the solutions are

L h
R, X1, X2 E and E . (621)

As anticipated, when the defect is present we have richer situations respect to the
standard Gross-Ooguri phase transition between the two circles. We expect that
when both circles are far away from the defect (L/R >> 1), the picture is the
one described in the previous section. Depending on A, the dominant solution will
be given by the connected surface between the contours or it will consist of two
disconnected domes. If we get closer to the defect, we can have a greater variety of
configurations for the minimal area. The defect opens the possibility to have also
cylindrical surfaces that start from the boundary of AdS and attach to the brane.
Since in the two circles case, as described above, we have five different parameters
that characterize the solution, to fully describe all the possible configurations is
complicated and we are working to fully analyze the parameter space. We can try
to semplify the description making a few comments on the figure 6.3. In fact, looking
at this plot we immediately recognize that if h/R > 1.045 there can be no connected
solution between the two circles for any value of . Thus, we can have two different

situations.

h/R > 1.045 : if we are far away from the defect, the minimal area is given by
the two disconnected domes, and it is equal to —2v/\. If we get closer to the defect
(L/R << 1), in such a way that a connected solution to the brane is allowed, three

different situations can occur.

(1) x1 > x2 : we found in chapter 4 that the critical distance for the cylindrical
surface (stratched between the boundary and the defect) increase with the
angle and the flux. Fixing k, the critical distance for the first loop is bigger
than that for the second one. The minimal area for the first circle, which is

more close to the defect, is given by the cylindrical surface if

).= (&) (622
R/1— \R (1,critical) ‘ o
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The second loop can be at a distance from the defect such that the dominant

L+h (L)
— | > = . 6.2.3
< R ) R (2,critical) ( )

solution is still the dome

(2) x1 < x2: In this case

L L
L < (= , 6.2.4
< R> (1,critical) o < R> (2,critical) ( )

thus there is a region for the parameters in which for the second circle the
solution with minimal area is the cylindrical surface, but for the first one the

dome can be preferred.

(3) For certain value of the parameters, the minimal area configuration is given

by two cylindrical surfaces attached to the defect.

Notice that, as pointed out bay cases (1) and (2), if we change x; with xso, the
situation is not symmetric. Respect to the case without the defect, where only
the difference v between the two matters, here also the value of the single angle
is important. This is due to the fact that the defect breaks the original SO(6) R-
symmetry to SO(3) x SO(3).

h/R < 1.045 : In addition to the previous cases, it is possible that the minimal area
is given by the connected surface between the loops. Fixing ~, we find, as depicted
in 6.3, a corrisponding maximal value for h/R above which there is no connected
solution between the loops, and we recover the cases listed above in (1), (2) and (3).
Since the action (6.1.21) diverges as h — 0, we expect that at finite distance from
the defect the connected configuration will be dominant respect to the others when

the separation between the loops approaches zero.

Analyzing the case in which also the connected solution can be an option for the
minimal area configuration requires much more effort, and we are working to classify
all the possible cases. First of all, it is necessary to map the parameter s and ¢, that
describe the connected solution without the defect, in the set of parameters that we
use to study the defect case. We have recently made some progress in this direction.

Even if we still not have a full description of the problem, we can give an idea of
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Xx1=0.7799,  x»=0.6253, K*=5

h
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Figure 6.4: We have plotted the sum of the areas of the two cylindrical surfaces for the two
circles as a function of the separation between the two. We have fixed the angles, the flux and the
distance from the defect of the first loop. The merging point between the red and the continuous
blue curve corresponds to h/R = 1.045 and for value bigger than this no connected solution between
the loops is allowed for any values of y. The dashed blue line corresponds to the configuration in
which for the first loop we have a cylindrical surface with fixed area and the dome for the second

loop (the area of the dome is normalized to -1).

what can happen looking at figure 6.4. Here we have fixed two values for the angles
x1 = 0.7799 and y, = 0.6253. We have also fixed the flux to be x> = 5. To show
the behavior of the action as a function of A/ R, we have also fixed the distance from
the defect of the first loop (L/R); = 0.1517. For this value of the distance, the area
of the first loop is S; = —10.66 and its minimal area configuration is given by the
cylindrical surface. Keeping fixed the first loop and approaching from infinity the
defect with the second loop, there is a value for the distance at which the cylindrical
surface starts to exist also for the second circle. Notice that in 6.4 we plot the sum
of the areas of the two circles. We have the transition between the dome and the
cylindrical surface for the second loop when S; + Sy = —10.66 — 1 = —11.66, this
value for the area is given by the dashed blue line. Thus, from the value of h/R at
which the red curve crosses the dashed one to the value of h/R that corresponds
to the merging between the red and the blue continuous curves, the minimal area
configuration is given by two cylindrical surfaces. In fact, the merging corresponds
to h/R = 1.045. Namely, for distances corresponding to the red curve, we are sure
that no connected solution between the loops can exist. If we are along the blue line,
there will be a certain value for h/R, which depends on our choice of 7, at which

the connected solution between the circles becomes an option. At the present stage
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of the work, the only further comment that we can make on the connected solution
is that for a small value of h we expect that it will be the dominant one. In fact, for
h — 0 the area of the two cylindrical surfaces is finite (since the two loops are at a
finite distance from the defect) while the area of the connected surface diverges to

—0Q.

This is only a preliminary and qualitative analysis since we are still working on
this problem. Nevertheless, we are confident of being able to examine in details the

various configurations for the two circles in the presence of a defect in a short time.



Conclusions and outlook

In this thesis, we have studied the circular Wilson Loop operator in N'= 4 SYM
theory in the presence of a codimension-one defect, generalizing previous results
presented in [24]. In the following, we comment on the main outputs of our original
work presented in chapters 4 and 5, we will also give some insights on a work that

we are developing in this moment. Then, we discuss possible further developments.

In chapter 4, we presented the general solution of the equation of motions for the
minimal surface connected to the defect. We obtained an explicit expression for the
functions that describe the embedding of the string worldsheet into AdS5 x S®. The
full construction is controlled by the function g(¢), which has an explicit expression
in terms of Jacobi elliptic functions. The minimal surface is parametrized by three
real constants (m, j,5) that are highly nonlinearly related to the physical parame-
ters (L/R, x, k), once the boundary conditions are imposed. We have analyzed the
parameter space of the string solution: using the appropriate boundary conditions
and positivity requirements, we have restricted the moduli space into two regions
that we called A and B. The evaluation of the area of the minimal surface is ob-
tained by computing the Polyakov action on the solutions. We found that it can be
expressed in terms of a bunch of Jacobi elliptic functions and the incomplete elliptic
integral of the second kind. The central core of our study is the analysis of the
structure of the connected string solution: we have discussed the existence of the
minimal surface as a function of the ratio L/R. We found that there is a limiting
value beyond that the solution ceases to exist. For some value of the parameters, we
were able to determine the maximal distance analitically, and in the other cases, we

found it numerically. The maximal distance increases both with the angle and with
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the flux. Moreover, there exist regions where a second branch of solutions appears,
showing the presence of two competing saddle points to the string action with the
same angle, flux, and distance. The final result of this analysis, that singles out a

critical angle, x,, can be displayed distinguishing two situations.

(1) xs < x < 5 In this case we have always two branches for the solutions, no

matter of the value of the flux &

(2) 0 < x < xs: In this region, we can determine a critical value of the flux r4(x):
above this value we have a single branch of solutions while below a second branch

appears.

The upper branch is always subdominant respect to the lower one. Moreover, the
latter turns out to be always physically connected to a vanishing distance from the
defect. We compared the area of the dominant connected solution with the disk-like
on-shell action: in the different regions we always find that decreasing L/R from
-+00, where obviously the disk-like surface is the relevant saddle-point, there exists
a critical value (depending on (x, x)) below which the connected cylinder start be-
ing dominant. The presence of two different string solutions, corresponding to the
circular Wilson Loop operator, that are dominant in different regions of the param-
eters implies that there is a transition of the Gross-Oogury type between the two
configurations. We studied the transition finding that it is of the first order. Nicely

the spherical dome ceases to be dominant before touching the D5 brane profile.

Chapter 5 is devoted to some perturbative computations, checking the picture emerg-
ing from strong coupling: first, we performed the expansion in A\/k? of the AdS/CFT
solution. We recovered the result of [24] without compromising ourselves with the
value of other parameters (taking L/R and x generic) and showing the consistency
with the relevant order of weak-coupling perturbation theory. Then, we discussed
the BPS point y = 0. In this case, a dramatic simplification occurs and the relevant
one-loop contribution can be evaluated exactly. We recognize that in the k& — oo the
BPS result does not match the strong coupling expansion for the connected string
action. In fact, the expansion for the BPS circle does not organize in a power series
in A\/k? and it does not possess a connected string counterpart. Moreover, shrinking
to a point the BPS circle (R — 0 limit), we found an expansion that can be under-
stood in terms of the OPE of the Wilson loop in the defect case. We performed also
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the same expansion in the opposite limit, namely L — 0. In this latter case, the

interpretation of the result is more complicated.

In chapter 6 we presented the study, which is a work currently in progress, of the two
circles correlator in the presence of a defect. In the standard case without the inter-
face, the minimal area of the string solution can have two competing saddle points:
one corresponding to the world-sheet of the fundamental string stretched between
the two loops and the other given by two disconnected spherical surfaces interacting
among themselves. When the D5 is present, we expect two more possibilities: the
minimal area can be given by two cylindrical surfaces attached to the defect or can
correspond to a cylindrical surface for one of the circles and the spherical dome for
the other. We are still analyzing this plethora of configurations for different values

of the parameters that describe the solutions.

An interesting development of our work would be to extend the analysis to the sit-
uation where the D3-branes are intersected by a probe D7-brane, which now plays
the role of the defect. This case is particularly interesting because supersymme-
try is completely broken. Two different cases can be considered. The first with a
SO(3) x SO(3) symmetry where the probe D7-brane profile is AdS; x 5% x 5% and
where the world-volume U(1) gauge field of the D7 brane has k; and ks units of
magnetic flux on the two 2-spheres. The second with SO(5) symmetry, where the
probe brane profile is AdS; x S* and the world-volume gauge fields form a certain
instanton bundle on the S* with instanton number dg. The parameter k of the
D3-D5 system is replaced by k; and ks in the first case and by dg in the second one.
Moreover, the former configuration has a dual defect CF'T where all six scalar fields
of N =4 SYM theory are assigned VEVs, and the two gauge group of the theories
separated by the defect are now SU(N) and SU(N — kiks), respectively. In the
latter case, only five out of the scalar fields are assigned VEVs, and these transform
in an irreducible SO(5) representation. A double scaling limit can be performed
in both cases and result for the one-point functions of scalar operators has been
reported in [101-103].

Another exciting extension of our work can be to consider what happens to the
circular Wilson loop operator when it is placed in ABJM theory, which is a three-

dimensional N' = 6 superconformal U(N;) X U(N3) Chern—Simons theory with mat-
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ter dual to M-theory on AdSy x S7/Zy, with a domain wall and how our previous

analysis changes in this case.
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Appendix A

Representation of su(2)

We give here the explicit expressions for the su(2) generators t; appearing in the
vacuum expectation value of the scalars in the defect version of NV = 4. Following
21], we define the standard k x k matrix unities £*; that are zero everywhere except

for a 1 at position (4, 7). These matrices satisfy the relation

E'E} =% E". (A.0.1)
We introduce the matrices
k-1 . k-1 ' k .
t_|_ = Z Ck’iEZi_H s t_ = Z ChiEZ;rl s t3 = Z dkﬂ'EzZ- (AOQ)
i=1 i=1 i=1
with the constants
1
cri = \/i(k —1), di; = i(k —2i+1). (A.0.3)

The standard k-dimensional representation of the su(2) Lie algebra is defined as

t t_ ty —t_
t, = ++ s to = + s and ts. (AO4)
2 2
Notice that all these matrices are traceless and satisfy the su(2) commutation re-
lations (3.1.10). If & = 2, the representation matrices are multiples of the Pauli

matrices: t; [,_, = %ai.
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Appendix B

Massive propagators

The scalar and fermionic propagators in the defect theory have been derived
in [17, 20] by expressing them in terms of propagators in AdS;.;. The transverse
coordinate x3 to the defect plays the role of the radial coordinate of an auxiliary

AdS, space with the defect as its boundary. In terms of the AdS, scalar propagator,

satisfying
- o(z —y)
(—V“Vu + m2) Kaas(z,y) = ——= (B.0.1)
V9
where g, = (23) 1, one can define
2
gYMKAds(l” y)
K(z,y) = B.0.2
(1) = s (B.02)
which is a solution for
2
m 9y M
-0, + —— | K = oz — B.0.3
(-0 (1) o) = oo (B.03)

with the identification m? = m? —2. We use for the scalar propagators the following

integral representation [104]

2 37
_ GymVTsYs [ Ak pag
KV(:E?y) - 2 / (271')36 v [1/ (

E‘ 333) KV (

Klys) (B.0.4)

where E, Z and ¢ are 3d vectors in the (zg, z1, x2) directions, I, and K, are modified

Bessel functions and v is related to the mass of the propagating mode

1
v= \/m2+1. (B.0.5)
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Since fermionic modes do not contribute in 1-loop computation of the circular Wil-
son loop expectation value, we do not present the corresponding propagators. In the
following table we report the pattern for the masses and v’s obtained by diagonal-
izing the mass matrix coming from the action (1.1.47) by expanding the lagrangian

around the classical solution ¢¢! (i = 1,2, 3):

Multiplicity v (¢~54,5,67 Ao 2, C) m(P1234) | V (&1,2,37 As)
[+1 [+ —1 -1
l [+1 [+1 [+3
(k—=1)(N —k) 5 b B2
k -1 -2
(k+1)(N — k) 3 — 5 2
1 1
(N = BN — B) : 0 }

where | = 1,....,k — 1. Here the ¢; (j = 1,..,4) are four-dimensional Majorana

fermions and c is a massive ghost field coming from the gauge fixing of the action.



Appendix C

Expression for the distance from the defect

The distance (4.2.16) from the defect brane can be also expressed in terms of

Elliptic integral of the third kind if we explicitly perform the integral defining the
function v(o). We get
U_J_uwﬁﬁxﬂ+m>

[72-1 1 2]
: J o—11 —L—i_ ; am J glm|im
(m+1)(j2-1) m+1 j2—1 m+1

+ tanh_l(—J - (m+ 1)? g/(&)> = (C.0.1)

7*m+1)(52 +m) g(o)

—\/— (n+ D +1) [\/ﬁﬁ —1II (_rlz; am(\/ﬁ6|m)’ m)]—l—

n

_9()
+ tanh™* 9(0) ,
J—(m+1)(n+1)

where we have introduced the short-hand notation
9
_J -1
T om+1

The parameter n is always positive both in region (A) and (B). As m approaches

_|_

(C.0.2)

m., the argument of the arctanh behaves like
Vv en(y/nglm)dn(y/nalm)  so
ny/—m sn(y/na|m) RV

where we have used that the combination \/né is finite in this limit. The remaining

(C.0.3)

contribution can be seen to vanish with the same behavior if we use the following
property
(71, z2,m) ~ F(z,m) + c(z,m)7 + O(7i?) (7 — 0). (C.0.4)
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Appendix D

Expansion of n, g(d) and %% around the
boundary j% = —1/m?.

This boundary is the curved red line plotted in fig. 4.4. The values of y and m
along this curve are related by eq. (4.2.30). We shall now fix a value for the angle
X = Xo; €q. (4.2.30) allows us to translate it in a value mq for m. Given the couple
(X0, ™M), the value z is fixed by eq. (4.2.28) to be

2o = 1. (D.0.1)

We now expand around this configuration. Specifically, we keep the angle y, fixed
and we allow m to be different from mg, but close to it. Then, we can write = as

series expansion around my:
=14 s1(m —myg) + sa(m —mg)* + O((m — mg)?). (D.0.2)

The coefficients s; can be determined by solving perturbatively eq. (4.2.34) and one
finds

(m —mg) 2 (K2mg +mo — 1) (mo — 1) K (mg) + E (my)) 2

-1 O —mg)?).
r =1+ SKZ (mg — 1) m? + ((m mo) )
(D.0.3)
The expansion for n around m = my is then easily recovered
L 0 ) O — o))
n = = —— — —im—-m m—m
1—(m+1)z? mo m3 md 0 0 (D.0.4)

(k?mo +mg — 1) ((mo — 1) K (mg) + E (my)) 2
4k2 (my — 1) mg '

with ap=1—
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We can also use (D.0.3) to evaluate the expansion of ¢(&) and ¢'(¢), two quan-
tities that often appears in our analysis. In fact, by means of eq. (4.2.34), we can

write

2 fmnax?

\l _112 + K2+ 1) (=(m+1))22+ \/(/12 — f(m +1)22)* — 4 fma?
1 m — my
NET + 2 (—my) 3+
(4a0 — 1) (mo — 1) — ((mo — 1) K (mo) + E (my)) *
8 (mo — 1) (—my) */2

+0 ((m —myg) 3) ) (D.0.5)

g(o) =

+ (m — mg) >+

where f = k% + 1 and

(m —mg) ((mo — 1) K (mg) + E (mo))Jr

g,(5) —— ,ﬁ\/—mnz - 92(5) - 2777‘(2)

+0 ((m —myg) 2) . (D.0.6)

If we now plug these expansions in (4.3.1) we find

on

(1 =mg) (E (myg) + (mo — 1)K (mg)) ? n
om

memo 26 (1 —mg) (—mp) ¥/2\/1 — (2 + 1) m
N mor” (1 — (I (mo) + (mo — 1) K (mo)) *)
2k (1 —mg) (—my) 3/2\/1 — (K2 +1)mg

(D.0.7)




Appendix E

The Expansion of the area and

comparison with the perturbative results

To perform this analysis we have to expand the elliptic functions around m = 0,
vanishing modulus, keeping in mind that all the the other entries depend on m
explicitly or implicitly (through x(m)). First, we consider the expansion of the eq.
(4.2.34) of the flux. Since x — 1 while m — 0, we can first expand the elliptic
function for for small modulus keeping = fixed and then expand z(m) for small m.

If we write the expansion of m and x for large flux as follows

00 as 00 b2

n n

m=y o1y
n=1 n=1

the eq. (4.2.34) determining the flux reads

2
2 K 1 .9
RS = + tan x (—4tan y (a4sin® x + 204 ) +
ay cos? y + 2 by cot? 8(agsin2x+2b2)2 [ X( X( 4 X 4)

+ 2a5bs sec? ((7? —2x) (sin2 2x + 2 cos 2)() —4sin2y — sin 4x) —

— a3 sin x tan? x(4x sin y — 27 sin y + 7 cos x + cos 3x) (E.0.1)
+ 4b5(8x + 3sin 2y — 47) sec? X)} +0 (R’Q) :
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We can perform the same analysis for the distance

I | (ag+2b2) tan? x
b

= =tanh™!

R

1
+
V2 2v/2k2
_ 2(2a3by + as (1105 — by) + 20, (a4 + b5 + by)) sin® X,

by (ag + 4by — ag cos 2x) \/_(GTQW@X

N (ag+2by) (agsindy—2(m—2x) (aa—4bs))+2 (dasba+2a3+a,—6b3+2by) sin 2 N

2 (a2 —+ 4b2 — Q9 COS 2X) —%

[(—c@ — 2by) 2y — 2 — sin 2x)—

(E.0.2)

+0 (5_4) .
We can now solve iteratively this combined system of equations and determines
{az, as,be, by} in terms of L/R and x. We get

1 2172
as =3 sect x <_R2 + cos 2y — 1) , (E.0.3)
1 [ L?
by =3 <R2 + 1) tan® y sec? x, (E.0.4)
1 9 212 88L%xsiny  44wL?*siny
a4:—3—zsec X(—R2+C082X—1> <— 72 + 2 +
8L%y sin 3 47 L% sin 3 1612
)g;n X_ T RS;H X—2< 2 +5>cosx—84Xsinx+427rsinX+
+ 12x sin 3y — 67 sin 3y + 9 cos 3x + cos 5x> , (E.0.5)
1 (L? 8 112L%y  52L%sin2y  2L%sin4y
42—64<RQ+1>tanxsec X(— 2 2 + 22
5L* 567 L>
—8(m — 2x) (R? + 6) cos 2y + }; — 84y — 31sin2y + 14sin4x+
+sin 6y + 6(m — 2x) cosdx + 427r> : (E.0.6)

We can perform an expansion in terms of the above parameters for the area as well

and one gets

& L ! ( ! )3/2 2\ [4bs(m — 2) (as + 2b2) +
— =—K/————tany — — (| —— sec T— a
NG as+ 205 X T 8k \ g+ 20 X102 X) 27 <02

+ (a% + ay — 6b§) sin 2x + 2 (agby + by) sin 2x + az(m — 2x) (ag + 2bs) cos 2x] +
+ 0 (k73?). (E.0.7)
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Exploiting the explicit form of the coefficients as, a4, bo and by we find

VA o L 16k L

. : 3 2172
S kRsiny R(2x + sin 2y — ) sec X(—ﬁ—i-cosﬂx— 1) +O<n_2).

(E.0.8)






Appendix F

Connected solution as correlator between

two circle of different radii

Let us examine more carefully the geometric structure of our solution. In AdSs

the surface is spanned by

y(o) = Msech[v(a) — 1) r(o) = Rcoshn g(o)

sechlv(o) —
T ¢(0) L) e

x3(0) = —Rcoshntanh[v(o) — 7).
(F.0.1)

This parametric form draws a sub-manifold inside the following S® in AdSs:

sech®[v(0) = 1] (o)
[+¢200) ' 1+¢(0)

+ tanh?[v(0) —n]| =

=R?cosh’n = VL2 + R2.

2% + y* + r* =R? cosh® n{ sech?[v(c) — 1]+

(F.0.2)

This surfaces intersects the boundary of AdS5 at ¢ = 0 and if we extend the range

of the world-sheet coordinate o beyond &, it reaches again the boundary at 6 =

% (m) for which

w(8) =2,/2 []K(m) —1II (—im)] . (F.0.3)

n

This second intersection with the boundary of AdSs is again a circle of radius

R = Rcoshn sech <2\/§ {lK(m) —1I <—711,m>] - 77) : (F.0.4)
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This second circle is located at

z3(6) = — Rcoshntanh[v(6) — ] = Rsinhn — Rsinhv(6)sech (v(6) —n) =
—Rsinh 7 — Rsechnsinh v(5)
(F.0.5)

and the distance ¢ in the transverse direction z3 between this circle and the one at
o=0is
¢ = Rsechnsinhv(). (F.0.6)

The angle x describing the scalars coupling to the two circles is different and the

Ax between the two loops is
2j
Ax = —=K(m). F.0.7
= LK(m) (F.0.7)



Appendix G

Basis for chiral primary operators

In our framework, the only operators built from scalars that can have one-point
functions different from zero are those invariant under SO(3) x SO(3). If we consider
the case of operator with classical dimension 2 we can construct only two operators

of this type:
Tr(¢:¢') (G.0.1)
and the chiral primary operator

1
Oi(z) = \[6Tr (62 + 62+ 62 — 62 — 62 — ¢2]. (G.0.2)

The list of CPO’s is completed by 4 diagonal operators:

Oy(x) = \ETY s
Ou(z) = \ETY 6% -

and 15 off-diagonal ones O;;(x) = v/2Tr [¢;¢;] with i < j. When performing integra-

bility calculation, one usually computes the expectation values of the C PO Tr(Z?).

63 Os(x) = ﬁw (6% — 263 + 3]

: (G.0.3)
4 o= im i -2

We want to expand this operator in our basis, we find

Tr(Z?) =Tr(¢3 — ¢3) + 2iTr(p3ds) =

f Oy (z \[ Oy \[ Os(x \/204(x)—ﬁ05(x)+¢§¢036(x).

(G.0.4)
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Then, we have the following relation between the VEV’s:

(O1(x))o = \/g(Tr(ZQDO. (G.0.5)

Actually in the Wilson loop operator appears the following linear combination of
CPO Y, (0)CETr(¢'¢7), where Y(0) = (C0'07) = (—\/£,0,0,—/1,/1,0) is a 20
component vector. The boldface zero indicates that the remaining 15 components

vanish and the Cj; form the basis of the symmetric traceless tensors that we used
for constructing the CPO. Then

YVaCETH(6)o = (KO (@) = —3 (TH(2))o. (G.0.6)

Now if we use eq (28) of [23], we find

oy L ey S o (k=1
(Tr(Z7))o = 12L2k<1 k*) + 8217 k(N — k) + 5 n
(2] o
+ > (Hyi — Hy)(k—2i—1) | = (G.0.7)
i=0
__1 2 9w B k*—1
B 12L2k)<1 ko) + S22 k(N — k) + 5 .
Therefore
. . 1 1
(YVoCyTr(@'¢))o = —5 (Te(Z%))o = 5 5 k(1 = )=
95 121 (G.0.8)
167212 <k(N_k) + 5 )

If we the explicit expression of the background fields is not difficult to compute

(TH(§6))iree = Tl05160) = {7k (1 — 7). (G.09)

At one-loop we have [23]

. A k
<Tr(¢l¢i)>lloop - _16?7'2[/21{: (1 - k2) <77D ( _QI— 1) + YE — 10g2 + 2) . (GOlO)
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