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Motivation

This thesis is based on the gauge/gravity duality, which emerged from string theory in the
nineties. We give a historical introduction and contextualize the work that we will present.

In the twentieth century it took place the consolidation of two fundamental developments
in physics. On the one hand, the theory of general relativity was constructed to explain
gravity, one of the four fundamental forces of nature, and became very successful describing
the macroscopic physics. On the other hand, the birth of quantum field theory gave a natural
framework for elementary particle physics, which explains the other three fundamental forces
of nature, weak, strong and electromagnetic, obtaining a very accurate description of the
subatomic physics. However, these two developments are incompatible, and a desirable
unification in a quantum theory of gravity remained as an open problem. In the seventies
the string theory was constructed, and it turned out to be a promising candidate to perform
such unification. Thus, string theory can be considered as a ‘theory of everything’, in the
sense that it aims to explain the four fundamental forces of nature in a unified and common
way.

String theory was originally formulated in the context of the strong interactions. In 1968
Veneziano proposed an amplitude [1] to explain some characteristics of the new hadronic
experimental data. Soon after Veneziano’s proposal, a theory which reproduced the ampli-
tude was found in the form of a quantized string. In 1970 the Nambu-Goto action for the
bosonic string was formulated [2] and in 1971 Ramond, Neveu and Schwarz constructed the
fermionic string [3]. Nevertheless, at the beginning of the seventies the Veneziano ampli-
tude became unable to explain the new experimental results, and a new theory, quantum
chromodynamics, revealed itself as a much more promising candidate for the description of
strong interactions. Therefore, string theory ceased to be a good candidate for the strong
interactions. In 1974, Scherk and Schwarz [4] reinterpreted the string theory as a much more
fundamental theory: a quantum theory of gravity. The scale of the theory was reduced from
the strong interaction scale to the Planck scale. Previously, as a theory of strong interac-
tions, the massless spin 2 particle present in the spectrum of the theory was absent in the
experimental results, giving rise to an unsolved puzzle, but now, as a theory of quantum
gravity, this particle had a natural interpretation as the graviton. String theory became a
good candidate for the unification of the four fundamental forces, as in the low energy limit
only the massless modes are left, including the graviton and lower spin particles, which could
account for the matter and gauge bosons. Also, Einstein gravity is correctly recovered in the
classical limit.

In 1976 Gliozzi Scherk and Olive [5] imposed the so-called GSO projection which removed
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some inconsistencies present in string theory. They imposed spacetime supersymmetry, prop-
erty that became of fundamental importance. Supersymmetry was developed coetaneously
with string theory during the seventies, and also its local version, supergravity.

String theory was not unique, and by 1984 there were 3 different and consistent versions:
type I, type IIA and type IIB string theories. In 1985 it took place the ‘first superstring
revolution’ with the discovery by Gross, Harvey, Martinec and Rohm [6] of two new string
theories: heterotic SO(32) and heterotic Eg x Es. These two theories turned out to be
particularly interesting because they have room enough for the standard model gauge group
U(1) x SU(2) x SU(3) and there was some hope that the standard model could be derived
from them. But the possibilities of compactification were proven to be larger than 105%
and the particular way in which the standard model arises from string theory remained
unclarified.

The presence of five different and consistent string theories was a difficulty in finding a
unique fundamental theory. This difficulty vanished in 1995 when the ‘second superstring
revolution’ took place with the discovery (mostly by Witten [7]) of a large web of duali-
ties relating all the string theories. Besides, these dualities also related the string theories
to eleven-dimensional supergravity, a theory predicted by Nahm [8] and constructed soon
thereafter by Cremmer, Julia and Scherk [9].

By that time, new objects called branes were being studied in string theory. D-branes
are non perturbative solutions consisting of hyperplanes where open strings can end. These
open strings describe the dynamics of the branes, and its massless modes realize a gauge
theory on the worldvolume of the brane. Alternatively, D-branes can be obtained as solitonic
objects in the description of closed strings. The closed string interact with the branes, as
they are massive objects. This open/closed dual description points towards the existence of
a duality between gauge theories and string theory.

In the context of the recently discovered branes, the study of D3-branes in type IIB
supergravity led Maldacena to conjecture in 1997 the AdS/CFT correspondence [10]. This
proposal states that the D3-branes in flat space, after taking the decoupling limit, admit
two equivalent descriptions, dual to each other, one being the closed string description,
corresponding to string theory on AdSs x S°, and the other being the open string description,
corresponding to 3+1 dimensional N’ = 4 SU(N) SYM conformal field theory. Soon after this
proposal, a lot of new examples appeared generalizing the conjecture to less supersymmetric
and non-conformal cases.

The AdS/CFT duality can be formulated in different levels of generality. The statement
above is the ‘strong version’ of the conjecture. Taking the low energy limit, the conjecture
states that type IIB supergravity plus stringy corrections in AdS5 x S® is dual to 3+1 N =4
SYM conformal field theory in the t’Hooft limit. Finally, neglecting the o’ corrections we
obtain the ‘weak formulation’ of the duality, which states that type IIB supergravity on
AdS;5 x S? is dual to 3 4+ 1 dimensional N' = 4 SU(N) SYM conformal field theory in the
large N limit and strong t’Hooft coupling A. This weak version of the conjecture is the most
useful, and will be the one used in this thesis. This is why we will focus on the study of
supergravity, in particular in type IIA/B and eleven-dimensional supergravity.

The usefulness of the conjecture lies on the fact that it is a strong/weak duality, i.e., if
on one side of the duality the coupling constant is weak, on the other side it is strong and
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vice versa. This means that if we want to compute observables in a strong coupling region
of a quantum field theory, we can consider its supergravity description, were the coupling
constant is weak, and perform the computations. Then, performing an easy computation in
classical supergravity we can obtain results in the strong coupling regime of a quantum field
theory, where other tools are limited or inexistent. The drawback of this powerful method is
that the quantum field theories with known gravity dual are very limited, and still far from
realistic theories. The hope is that we can extract universal properties that are valid for a
set of similar theories, and then extrapolate to the realistic theories. Another drawback of
the gauge/gravity duality is that even if it has undergone many non trivial tests, there is no
proof of the conjecture.

T-duality in string theory was discovered in the eighties. It relates two seemingly different
theories that are compactified on a circle. These two theories are two different descriptions
of the same physics, and they are said to be T-dual to each other. For example, type ITA
and B string theories on Minkowski spacetime compactified on a circle are T-dual to each
other. Locally, T-duality is given by the Buscher rules [I1] [12], and globally, it corresponds
to an exchange of the Chern number of a U(1)-fibration and the Hj flux on its base [13].
On the other hand, non-abelian T-duality (NATD) was introduced at the end of the eight-
ies [I4] as a generalization of T-duality to non-abelian isometry groups. Buscher rules were
known for the NSNS sector, and it was applied in the context of sigma models. Nevertheless,
the transformation rules for the RR sector remained unclarified until 2010 [I5]. With the
complete Buscher rules, the NATD was used to obtain new supergravity solutions of type
ITA/B and, then, new examples of the AdS/CFT duality. In particular, new AdS solutions
were found by this method. Nevertheless, the global properties of the transformation are not
known, and then the dual solution is only known locally (sometimes stated as “the range of
the dual coordinates is not known”). As a consequence, the dual field theory to this new
NATD background can not be understood with full detail. In this thesis we construct new
supersymmetric solutions of type IIA/B and eleven-dimensional supergravity using NATD.

In the original formulation of the gauge/gravity duality, all the fields of the field theory are
in the adjoint representation of the gauge group. In order to make contact with phenomeno-
logical theories, it is convenient to introduce fundamental matter (recall that fundamental
matter corresponds to quarks in QCD or electrons in condensed matter physics). The fun-
damental matter was introduced in the correspondence in 2002 by Karch and Katz [16],
using D7 probe branes in the AdSs x S® solution. Using probe branes in the gravity side
corresponds to having quenched fundamental matter in the field theory side. In order to
take into account the full effect of the fundamental matter, one has to solve the equations of
motion of supergravity coupled to the D-brane sources. In general, it is a difficult problem
to obtain such backgrounds. For a stack of localized flavor branes, the problem has reduced
symmetries, Dirac deltas and dependence on several variables. In order to simplify it, one
can consider a continuous distribution of sources (as in electromagnetism a continuous source
of charges), recovering the symmetries, the dependence in one variable and avoiding Dirac
deltas. This method is known in the literature as the smearing technique. In this thesis, the
smearing technique is used to obtain a new supergravity background that generalizes the
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ABJM model by including massive fundamental matter.

The holographic duality has found a lot of applications, mostly in QCD and condensed
matter physics. In particular, after the conjecture was formulated, the applications to con-
densed matter physics have increased continuously, and we can find applications to the
description of superconductors, superfluids, insulators, metals, strange metals, topological
insulators, Hall effect, Kondo model, etc. In this thesis we present a new model for the
fractional quantum Hall effect based on the ABJM model. Besides, we also present a new
model exhibiting quantum phase transitions.

About this thesis
This thesis is based on the papers [17, [I8, [19, 20] and has the following structure:

The first chapter is a general introduction to the gauge/gravity duality. First, we review
the fundamental aspects of supergravity. Second, we review T-duality in the context
of supergravity, and consider its non-abelian generalization. Third, we introduce the
AdS/CFT correspondence and analyze the addition of flavor to it. Finally, we comment
on some applications of the AdS/CFT conjecture.

The second chapter reviews some applications of non-abelian T-duality. In the context
of type IIA /B supergravity, the non-abelian T-duality is used to obtain new solutions
from previously know solutions. The aim is to obtain new interesting cases of the
gauge/gravity duality. In particular, new AdS; fixed points are constructed. Also, we
analyze the field theory duals of the new supergravity solutions, via the computation
of some observables.

In the third chapter we construct a new supergravity ITA background with D6-branes
sources, whose field theory dual corresponds to a generalization of the ABJM theory
that includes unquenched massive flavors. This construction uses the smearing tech-
nique. Several observables are analyzed, confirming a RG flow between two fixed points
at the IR and UV.

In the fourth chapter we construct a supergravity solution based on the ABJM model,
dual to a quantum Hall system. The fundamental matter is introduced in the super-
gravity dual via probe D6-branes, in which non-trivial woldvolume gauge fields are
turned on. This set up allows to have Hall states, and the filling fraction is computed.
For particular values of the parameters, supersymmetric solutions are found.

In the fifth chapter, we construct a supergravity solution based on the ABJM model,
dual to a condensed matter system exhibiting quantum phase transitions. The fun-
damental matter is introduced via D6-branes, and charge density is turned on. In
the ABJM background, the probe brane undergoes a second order phase transition at
zero charge density. In the partially backreacted ABJM solution, the phase transition
becomes first order, and takes place at a finite value of the charge density.



Chapter 1

Introduction

We start this chapter by a review of the fundamental aspects of supergravity, which is the
basic ground where this thesis is formulated. Besides, the elementary aspects of T-duality
and non-abelian T-duality in the context of supergravity are reviewed. We also give a brief
introduction to the AdS/CFT conjecture, and analyze the addition of flavor to it. Finally,
we comment on the applications of the duality.

1.1 Supergravity

Supergravity is obtained by gauging supersymmetry, i.e., by considering local supersymme-
try, instead of global. In a natural way, supergravity theories contain Einstein gravity, and
due to its supersymmetric character, they are well behaved theories and thus good candidates
for a quantum theory of gravity.

The string theories at low energies are described by supergravity theories. For example,
type ITA(B) string theory at low energies is described by ITA (B) supergravity, and M-theory
at low energies is described by eleven-dimensional supergravity. These supergravity theories
are particularly interesting in the context of AdS/CEFT. The AdS/CFT conjecture was born
from string theory, and it relates a string theory background with a quantum field theory.
But the duality is actually useful in a particular regime, precisely in the low energy limit of
the string theory side, when it is well described by classical supergravity.

In general, supergravity theories can be constructed in different dimensions, with different
gauge groups and with different amounts of supersymmetry. The different supergravity
theories are very heterogeneous, and it is difficult to consider a common treatment. In order
to define what a supergravity theory is, let us consider the eleven-dimensional supergravity.
This theory was predicted by Nahm [§] and constructed soon thereafter by Cremmer, Julia
and Scherk [9].

Eleven-dimensional supergravity

The bosonic geometrical data of eleven-dimensional supergravity [21] consists of (M, g, F'),
where (M, g) is an eleven-dimensional lorentzian manifold with a Spin structure and F €
QO4(M), dF = 0, is a closed four-form. There is also fermionic data, but we will restrict to

9



10 CHAPTER 1. INTRODUCTION

bosonic solutions. The bosonic equations of motion of eleven-dimensional supergravity are a
generalization of the Einstein and Maxwell equations in four dimensions. The generalization
of the Einstein equation is:

Ric(X,Y) = %@'XF, iy F) — ég(X, Y)(F,F) | (1.1.1a)

where the left hand side is the Ricci tensor and the right hand side is related to the energy
momentum tensor of the field F, and X,Y € X(M) are vector fields in M. The scalar
product on forms (—, —) is the natural one inherited from the metric. Rewriting the same
equation in local coordinates:

1
12

010203
FM010’203 v - 1449MVF010203U4

R, Fo1o20801 (1.1.1b)

The generalization of the Maxwell equation is:

1
dxF=ZFNF . (1.1.2)

A set (M, g, F) verifying equations ([1.1.1)) and ([1.1.2]) is a classical bosonic solution to eleven-
dimensional supergravity.

Equations (1.1.1)) and (1.1.2]) can be obtained from an effective action:

S—L *1R—1FA*F+1A/\F/\F : (1.1.3)
Iy 2 6

- 2K2

where A is a three form verifying F' = dA, assuming that F is exact. The same expression
in local coordinates reads (let U be a local chart of M):

1

1 1 1
S=— dEM\/=g | R — = F,, syo0, 71727374 —/ - ANFAF . (114

We have chosen a Lorentz manifold with a Spin structure. A time-oriented and space-
oriented Lorentz manifold (M, g) has a Spin structure if the frame bundle can be lifted
according to:

Spin, (1,10) — SO, (1,10) . (1.1.5)

Not every manifold admits a Spin structure, and a topological obstruction can exist. A
characterization for a Lorentz manifold to have a Spin structure is given in terms of Stiefel-
Whitney classes [22].

An equivalent and useful way of describing the Spin structure is to consider a Clifford
bundle on M, and then take the subbundle that is obtained by restriction to the Spin group
inside the Clifford algebra at each point p € M (the obstruction to this reduction is the
same as for the Spin structure). The Clifford algebra CI(1,10) can be read off from the
classification of Clifford algebras [23]:

CI(1,10) = Mats(R) © Mats(R) . (1.1.6)
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Let $ be the Spin bundle and ¢ € T'($) a section, usually called spinor. There is a natural
action of the exterior algebra on the Spin bundle:

¢: AT*M = CI(T*M) — End $ | (1.1.7)

where the fist map is the bundle isomorphism induced by the vector space isomorphism
between the exterior and Clifford algebras and the second map is induced from the action
of the Clifford algebra Cl(1,10) on the spinor representation S of Spin(1,10).

The supersymmetric character of the theory is given by a list of rules to transform
bosons and fermions that leave invariant the equations of motion, the so called supersym-
metry transformations. For bosonic solutions, where the fermionic fields are set to zero, the
supersymmetric variation of bosonic fields is automatically zero, and the supersymmetric
variation of the fermionic field is given by:

5.V = De | (1.1.8)

where D, the supercovariant connection, is defined as:

1 1
Dxe = Ve + 6c(zXF) e — 75¢ (X’ AF)e VX € X(M) (1.1.9a)

where V is the spin connection and X° is the one-form dual to X. In components:

1 1
D,e =V, + %F‘”UZ‘”FMUNQ%& — @Fﬂ‘“"””‘*Famogms : (1.1.9b)

We say that a classical bosonic solution of eleven-dimensional supergravity (M, g, F') is
supersymmetric if there is a nonzero spinor ¢ € I'($) which is parallel with respect to the
supercovariant connection D, i.e., Dxe =0 VX € X(M), € # 0.

A nonzero spinor satisfying De = 0 is called a Killing spinor. As equation is
linear, the solutions form a vector space. The dimension of this vector space can range from
0 to 32, and it is common to use the parameter v := dim{Killing spinors}/32 to refer to the
supersymmetry of a given background.

It has been proven that the algebraic structure generated by the infinitesimal isome-
tries and the Killing spinors form a superalgebra for any bosonic supersymmetric solution of
eleven-dimensional supergravity [24]. This superalgebra is known as ‘Killing superalgebra’.
For example, for AdS; x S” the Killing superalgebra is 0sp(1|32). It has been also proven
that this superalgebra is a filtered deformation of a subsuperalgebra of the Poincare super-
algebra [25], and it is thought that the classification of the filtered subalgebras could allow a
classification of the supersymmetric backgrounds (using this technique, it has been already
rederived the classification of maximally supersymmetric backgrounds [25]).

The definition of Killing spinor could be generalized. We have considered a Spin struc-
ture on the manifold, and this can be generalized to Pin structures, or Clifford structures,
restricting to the Pin group or Clifford group inside the Clifford algebra. Besides, complex
Clifford algebras can be considered and Spin® structures instead of Spin structures, or more
generally Pin® and Clifford® [26]. The conditions for the existence of these structures can be



12 CHAPTER 1. INTRODUCTION

| dim | Holonomy | Geometry | n |

4k+2 | SUsgpiq Calabi-Yau (1,1)
4k SUsy, Calabi-Yau | (2,0)

4k Spi hyperkahler | (k+1,0)
7 Gy exceptional 1
8 Sping exceptional (1,0)

Table 1.1: Manifolds admitting parallel spinors

also found in [22]. This kind of generalizations correspond to a generalization of the defini-
tion of supergravity as usually considered in the literature, and are still under investigation.
It could be interesting to consider the potential applications to AdS/CFT.

Supersymmetric solutions

A general classification of bosonic supersymmetric solutions of eleven-dimensional super-
gravity is an open and difficult problem. Nevertheless, there are some partial classifications
for some particular regions of the theory.

Let us consider the classification attending to the amount of supersymmetry. For eleven-
dimensional supergravity it has been classified the solutions of maximal supersymmetry
v = 1 [27], corresponding to symmetric spaces (basically, they are Minkowski, AdS; x S7,
AdS7 x S* and the common Penrose limit of the last two cases). It has been proven that for
v = 31/32 [28, 29] and v = 30/32 [30] there are no solutions. Besides, it has been proven
that for v > 1/2 the solutions are locally homogeneous [31]. For the following values there
are known solutions: 1/32, 1/16, 3/32, 1/8, 5/32, 3/16, 1/4, 3/8,1/2,9/16, 5/8, 11/16, 3/4,
1, but for the other fractions of supersymmetry it is not known if there exist solutions.

Let us consider the classification for particular values of the four-form F' € Q*(M). First,
for F' = 0, the superconnection D reduces to the spin connection V, and it suffices to classify
the spin manifolds admitting parallel spinors with respect to the spin connection. In order
to simplify this problem, it is commonly assumed that the eleven-dimensional manifold M is
a product of a Lorentz and a Riemann manifolds, M = L x R. Choosing L as the Minkowski
space, then the problem reduces to find a riemannian manifold R admitting parallel spinors.
The classification of simply connected, complete (in this subsection all manifolds will be
simply connected and complete) Riemann manifolds admitting parallel spinors was obtained
in [32]. The idea is that the Riemann manifolds admitting parallel spinors are manifolds
of special holonomy groups. The special holonomy groups where classified by Berger in
1957, and Wang [32] used this result to classify those admitting parallel spinors. The result
of Wang is that manifolds admitting parallel spinors are in one of the classes presented in
Table[1.1] To be precise, what is classified is not the whole set of manifolds admitting parallel
spinors, but only the set of possible holonomy groups that the manifolds admitting parallel
spinors can have. Knowing the special holonomy group allows to know the structure of the
manifold.
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We have considered an eleven-dimensional manifold as the product of a Minkowski space
and a Riemann manifold M = L x R, so we reduced the problem to the riemannian case.
This has been the usual point of view adopted in the literature of string theory since its
birth. Nevertheless, it is also interesting to consider parallel spinors in Lorentz manifolds.
This problem was recently solved by Thomas Leistner. He obtained the classification of
special holonomy manifolds for the lorentzian case, and as a corollary, the classification of
the lorentzian manifolds admitting parallel spinors. In summary, the lorentzian manifolds
admitting parallel spinors are the symmetric lorentzian spaces (in the riemannian case, sym-
metric spaces do not admit parallel spinors) and lorentzian manifolds with special holonomy
group equal to G x R, with G a group of the riemannian case of Table [1.1]

Let us now consider F' # 0, for the particular case of F' being related to the volume
form of the manifolds involved. Then the Killing spinor equation reduces to the geometrical
Killing spinor equation [ namely:

Vye=AXe VXex(M) (1.1.10)

with A € C. As in the previous case, let us consider the simplification of considering the
eleven-dimensional manifold as the product of a lorentzian manifold and a riemannian man-
ifold. It turns out that the classification of riemannian manifolds admitting geometrical
Killing spinors can be reduced to the classification of riemannian manifolds admitting par-
allel spinors with respect to the spin connection. This result was obtained by Béar [33], who
used the cone construction. Given a manifold X admitting geometrical Killing spinors, on
the product manifold R™ x X the following metric can be constructed:

dsas, x = dr? +rids . (1.1.11)

The geometrical Killing spinors on the base manifold X are in 1 to 1 correspondence with the
parallel spinors of the cone manifold C = RT x X. The corresponding geometries admitting
geometrical Killing spinors are shown in Table [1.2]

An interesting question is if this cone construction can be extended to the lorentzian case.
The answer is that it has not been done yet, because the classification in this case reduces
to the classification of the manifolds with signature (2,n —2) admitting parallel spinors, and
the classification of special holonomy manifolds in signature (2,n — 2) is still unfinished.

For more general cases, with I’ arbitrary, there are no known classifications for the
manifolds admitting Killing spinors. For these backgrounds, the study must be done case
by case, checking the existence of globally defined Killing spinors.

Finally, it is also interesting to mention that there are some classifications for the more
general case of supergravity defined using Spin® manifolds. For example, it has been classified
the riemannian Spin® manifolds admitting parallel spinors [20].

These partial classifications have important applications to AdS/CFT. For example, it
has allowed to extend the conjecture from the initial case of D3-branes in flat space to cone
D3-branes, at the first stages of the formulation. One of the most remarkable examples is

'We use “Killing spinor” for a spinor satisfying the general equation (1.1.9) and “geometrical Killing
spinor” for a spinor satisfying the particular equation (|1.1.10))
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| dim X | Holonomy of C |  Geometry of X | (ny,n_) |
k {1} round sphere (21R/21 oLR/72]Y
4k-1 Spr 3-Sasaki (k+1,0)
4k-1 SUs, Sasaki-Einstein (2,0)
4k+1 SUsk41 Sasaki-Einstein (1,1)
6 Go nearly Kahler (1,1)
7 Sping weak (G5 holonomy (1,0)

Table 1.2: Manifolds admitting geometrical Killing spinors

the Klebanov-Witten solution [34].

We have described in detail the basic aspects of eleven-dimensional supergravity. An
analog study can be done for type IIA/B supergravity, but we will only outline the basic
expressions that we will use. Along this thesis, we will mostly use type ITA and B super-
gravities.

Type ITA supergravity

It is a non-chiral maximally supersymmetric supergravity in ten dimensions. Type ITA
supergravity can be obtained by dimensional reduction from eleven-dimensional supergravity.

The bosonic geometrical data consists of (M, g,d, B, A1, A3), where (M, g) is a ten-
dimensional Lorentz manifold with Spin structure, ¢ € Q%(M), By € Q*(M), A; € QY (M),
Az € Q3(M). Let us define:

H3 = dB2 5 (1112)
F, = dA,, (1.1.13)
Fy, = dAs+HsNA; . (1.1.14)
The equations of motion are obtained from the action (in string frame):
1 _ 1 1 1
S[IA:_2K/%O délo /_g{e 2¢ <R+4a‘u¢8‘u¢——2'3'H§) ——2.2'F22——2'4'F42}
1
— — [ By AdAs A dAs (1.1.15)
4K1y

where 2k2, = (27)7ag?, and g, is the string coupling constant.

The SUSY transformations for the dilatino A and the gravitino 1, for type IIA super-
gravity in string frame are [35],

sa = |frmg oy Lo pewp (3 paep o Lp o
A =5 m +m mnp 11+§ oy Lmn 1= gy tmnpg €,
1 ® /1 1
561/)771 = |:vm + mHmonnprll - % (éananrll + IanqTanqr> Fm:| €, (1116)

where I'y; is the product of all gamma matrices, and m,n,p,q,r € {1,...,10}.
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Type IIB supergravity

There exists also a chiral maximal supergravity in ten dimensions, type IIB supergravity. It
is related to type ITA supergravity by T-duality, and it can not be obtained by dimensional
reduction from eleven-dimensional supergravity.

The bosonic geometrical data consists of (M, g, ¢, Bs, x, Aa, Ay), where (M, g) is a ten-
dimensional Lorentz manifold with Spin structure, x € Q°(M), By, Ay € Q*(M), A, €
QY M). Let us define:

H3 = dBQ y (1 117)

F o= dy, (1.1.18)

Fg = dA2+XH3 s (1119)

The equations of motion are obtained from the action (in string frame):
Siip = 1 dflos/_—g{e_% R + 40,00" ¢ — LHQ S YOHx — F2— ! F2}
B = 92 P 2.3l 2 2.31"3 4.5l

1 1

+— [ dAs ANHs N (Ay+ =Ba AN As) (1.1.21)
4K3, 2

where 2r%, = (27)"ag?. The equations of motion obtained from this action are supple-

mented by a further condition, which states that the F5 form is self-dual:
Fy = «F . (1.1.22)

The SUSY transformations for the dilatino A and the gravitino 1, for type IIB super-
gravity in string frame are [35],

1 m mn, eq) <I>
SN = {QF Om® + = Honnp U5 = - F I (i72) — 3,anpF pﬁ}@
np ‘1) ny- 1 np 1 npqrt (-
5€¢m = V + — 1.9l Hmon T3 + g FnF (’LTQ) + 3‘anqr 2 ] E)!F;zpqrtF (27_2)

where 7; , ¢+ = 1,2, 3, are the Pauli matrices.

1.2 T-duality

T-duality was introduced in string theory in the eighties, and it has been applied in different
contexts. Here we will review T-duality in the particular context of type ITA /B supergravity.
We will first explain abelian T-duality and then non-abelian T-duality.

(1.1.23)

e
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1.2.1 Abelian T-duality

Let us start from a type I[IA/B supergravity background with a global U(1)-isometry, which
leaves invariant not only the metric but all the fields of the solution. Abelian T-duality is
properly defined only for backgrounds with such isometry. What T-duality does is to start
from a background with a global U(1)-isometry in type ITA (IIB) supergravity and obtain
a background with a global U(1)-isometry in type IIB (ITA) supergravity. The map is an
involution, and performing T-duality again we recover the original background. It is conjec-
tured that T-dual backgrounds are actually dual to each other, i.e., they are two different
descriptions of the same physics.

Locally, T-duality is given by the Buscher rules [11] [12]. Given a local expression for the
metric and fields in terms of coordinates, and denoting by 6 an adapted coordinate for the
isometry, (2% %) = (0,2%), « = 1,2,...,9 , then the Buscher rules for the NSNS sector are:

Joo = 1/g00 , Joa = Boa/ 900 ;
Jap = Gap — (90agos — BoaBos)/ oo ;
BOa = Goa/goo0 »

Baﬁ = Bag — (90aBos — 908 Boa)/ 900

\ 1
¢ = ¢ — 5 loggoo - (1.2.24)

For the RR sector let us define:
e® 2 e® O
B Pi=— ; Fopin, 1A P:= ) nz:; P, (1.2.25)

where F'; :=1/ill',,, ., F/"""". Then, the transformation is given by:
P=pPQ?, (1.2.26)

where:
1

v/ 900

Globally, the initial 10-dim background that has a U(1)-isometry, can be equivalently de-
scribed by a U(1)-principal fibration over a 9-manifold. On the one hand, the U(1)-fibrations
are classified by the Chern number (an integer positive number). On the other hand, the
projection of the Hjs field over the base of the fibration gives a 2-form field, that integrated
over the base manifold gives an integer number. Under T-duality, these two integer num-
bers are exchanged [13], and the global properties of the transformation are cleanly specified.

Q:

'l . (1.2.27)

One interesting question is if supersymmetry is preserved along the procedure of T-
duality. Locally the supersymmetry is preserved and is the same before and after the T-
duality. Nevertheless, in topologically non-trivial manifolds where the existence of global
Killing spinors is non-trivial (as in the interesting AdS/CFT solutions), the question is not
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easy to answer. Following the conjecture, both theories are two different descriptions of the
same physics, so the supersymmetry must be the same. But there are simple examples where
the supersymmetry after the T-duality is lost, and the phenomenon of ‘supersymmetry with-
out supersymmetry’ appears. For example, in [36] it is performed T-duality along the S!
fibre of the ‘S® = CP? x SV’ fibration in the AdS; x S® solution, obtaining an AdSs x CP? x S*
solution in type ITA supergravity. This solution is not supersymmetric in the usual sense
because CP? is not Spin. But if the theory is T-dual to AdSs x S it is expected to have the
same supersymmetry. The solution to this puzzle turns out to be that we have to consider
Spin® Killing spinors, and CP? is a Spin® manifold (for the definition of Spin® see section .

The Buscher rules are derived from the T-dual action, via the following procedure. The
idea is to start from the sigma model action for the NSNS fields, and gauge the U(1) isometry
0 — D = 0+ A introducing a gauge field A. Then, a Lagrange multiplier term is introduced,
ensuring that the gauge field is not dynamical. Finally, integrating out the gauge field we
are left with the dual action. The Lagrange multiplier acts as the new coordinate. In the
next section the computation is preformed for the more general case of non-abelian T-duality.

We have considered the definition of abelian T-duality for a background with a global
U(1)-isometry, or equivalently, with a U(1)-principal fibration. This definition can be ex-
tended to more general cases, for example, when the fibration is not a principal bundle.

1.2.2 Non-abelian T-duality

Abelian T-duality can be generalized to non-abelian T-duality (NATD). The idea is to con-
sider a background with a global G-isometry, where G is a Lie group, which leaves invariant
not only the metric but all the fields of the theory. Along this thesis, we will consider the
particular case of G = SU(2).

The non-abelian T-duality was originally presented in [14] and was further developed
and carefully inspected in [37]-[40]. See the lectures [41] for a nice account of some of the
dualities that follow from a Buscher procedure.

Locally, we can consider the generalization of the Buscher rules to the SU(2) case (for
more details on notation and conventions see [42]). If L', (i = 1,2, 3) are the SU(2) Maurer-
Cartan one-forms, we can write the metric and NSNS B, form as:

ds® = G, datdx” + 2G da" L' + gi; L' (1.2.28)
By = %B,de“ Adz” + Byda" A L'+ %bij[f' AL, (1.2.29)

where p,v € {1,2,...,7}. Let us define:
Qu =Guw+Bu, Qu=GCGu+DBu, Qiu:=GCGy+ By, Ej:=g;+by;, (1.2.30)

and from them the following block matrix:

Qap = ( g“j %“ ) : (1.2.31)
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where A, B € {1,2,...,10}. We can identify the dual metric and B, field as the symmetric
and antisymmetric components, respectively, of:

A QV_QiM'_‘lQ'V Q 'Mfl
Qap = ( " peTu I m-y , 1.2.32
AP _Mileju Mz’j ( )
where:
M;; == Eyj + Efjvk , (1.2.33)

and vg, (k = 1,2,3) are the new dual coordinates. Moreover, one finds that the dilaton
receives a contribution at the quantum level just as in abelian case:

- 1
d =0 — 3 In (det M) . (1.2.34)

In order to transform the RR fluxes, one must construct the following quantity out of
the RR forms:

o 4 d O
e e
B Pi=— nz; Fopoy o TIA  P:= - T; ¥, , (1.2.35)
where ', := %Fm.,_mﬂ“““i. Then, the dual RR fluxes are obtained from:
P=PQ", (1.2.36)

where Q = (T'T?03 + (I //1+ 2, ¢ = (€Y C* = kiZ, K{k] = gij and z; =
(bl + ’UZ)/det K, bij = Eijkbk-

Let us review how to obtain the NSNS Buscher rules above from the T-dual action. The
lagrangian density for the NSNS sector of the initial solution is:

L=Qap0,X"0_XP (1.2.37)

where 0. X4 = (0. X*, Li,). We omit the dilaton contribution. We then gauge the SU(2)
isometry by replacing the derivatives by covariant derivatives 0rg — Dig = 019 — ALg.
The next step is to add a Lagrange multiplier term to ensure that the gauge fields are
non-dynamical:

— iTI‘(UFi) 3 F:t = 8+A_ — a_A+ — [A+7 A_] . (1238)

Now a gauge fixing choice must be done. We choose the 3 Lagrange multipliers v; as the
new coordinates. Finally, in the last step we integrate out the gauge fields, obtaining the
dual lagrangian density:

L= Qupd X40_XT (1.2.39)

where 9. XB = (0L X, 010Y).

Globally, the rules for NATD are not known. This is a major difficulty, as without the
global properties of the dual manifold, a lot of information is lost. For example, it is not
known if NATD is in fact a duality, in the sense that the dual background is an equivalent
description of the same theory, or it is a solution generation technique, i.e., a systematic
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method to obtain new backgrounds.

The amount of supersymmetry preserved by a supergravity solution after a NATD trans-
formation follows from the argument of [I5], which has been proven in [43]. According to
this, one just has to check the vanishing of the Lie-Lorentz (or Kosmann) derivative [44] of
the Killing spinor along the Killing vector that generates the isometry of the NATD trans-
formation. More concretely, suppose that we want to transform a supergravity solution by
performing a NATD transformation with respect to some isometry of the background that
is generated by the Killing vector k#. Then there is a simple criterion which states that if
the Lie-Lorentz derivative of the Killing spinor along k* vanishes, then the transformed so-
lution preserves the same amount of SUSY as the original solution. In the opposite scenario
one has to impose more projection conditions on the Killing spinor in order to make the
Lie-Lorentz derivative vanish. Thus in that case the dual background preserves less super-
symmetry than the original one. Nevertheless, this is only a local description of the spinors,
and for the analysis of globally defined spinors it is needed the global properties of the NATD.

Let us summarize the basic differences between abelian T-duality and NATD:

e The abelian T-duality is an involution, i.e., performing T-duality twice, the original
background is recovered. Nevertheless, NATD is not an involution, as in the NATD
background the isometries are no longer present (if there is no SU(2) isometry it has
no sense to apply NATD again).

e For compact commuting isometries one may argue that T-duality is actually a true
symmetry of string theory. There is no analogous statement for the non-abelian cases.

e The global properties of the abelian T-duality are understood. Nevertheless, for the
NATD they are not known yet. This problem is commonly stated as ‘the variables of
the T-dual background are generically non-compact’.

e In the abelian case we flip between type ITA and type IIB, but in the non-abelian case
we might change or stay within the same theory. If the dimension of the isometry
group G is odd, we flip from type IIA and B, and if the dimension is even, we stay
within the same theory.

In chapter 2, we will perform NATD on backgrounds with SU(2) isometry, to obtain
new local solutions, and in particular, new AdSs3 solutions, which may be interesting for
AdS/CFT applications.

1.3 The AdS/CFT correspondence

The AdS/CFT duality was originally formulated in 1997 by Juan Maldacena [10], who
conjectured that type IIB string theory on AdSs x S° is dual to 3 +1 N = 4 SU(N
superconformal Yang-Mills theory.

The conjecture is based on two alternative descriptions of a D3-brane. Let us start by
considering type IIB string theory on 94+1 Minkowski spacetime, and a stack of N parallel
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D3-branes extended along 3+1 dimensions. String theory in this background contains two
kinds of perturbative excitations, open strings and closed strings. The open strings end
on the D3-branes, and describe their excitations, while the closed strings are excitations of
empty space. If we consider the system at energies lower than the string scale 1/l, then
only the massless string states can be excited. On the one hand, the closed string massless
states give a gravity supermultiplet in ten dimensions, whose low energy effective action is
the one of type IIB supergravity. On the other hand, the open string massless states give an
N = 4 vector supermultiplet in 3+1 dimensions, whose low energy effective action is that of
N =4 SU(N) super-Yang-Mills theory. To be precise, the complete action of the massless
excitations is:

S = Sbulk + Sbrane + Sint 5 (1340)

where Sy, is the action of ten dimensional supergravity plus higher derivative corrections,
Sprane 18 defined on the brane worldvolume and it contains the N' =4 SU(N) SYM action
plus some higher derivative corrections, and 5;,; describes the interactions between the brane
and bulk excitations.

Now we can take the low energy limit. In fact, the so-called decoupling limit or Maldacena
limit consists in keeping the energy fixed and o/ — 0, keeping also fixed N and g, (the string
coupling constant). In this limit the interaction action Sj,; vanishes. In addition, all the
higher derivative terms in the brane action vanish, leaving only the pure 3+1 N =4 SU(N)
SYM conformal field theory, and the supergravity theory in the bulk becomes free. So, in
the low energy limit we have two decoupled systems: free gravity in the bulk and the 3+1
gauge theory.

Let us now consider a different description of the same stack of D3-branes. Recall that
in the low energy limit, type IIB string theory is well described by type IIB supergravity.
The D3-brane solution in type IIB supergravity has the following form:

ds® = h(r) "2 (—dt? + da? + dy® + d=2) + h(r)? (dr® + r2d9%)
Fy=0+*)dt ANde ANdyndzANd(h(r)™) , Fs=0, F =0, e =1, (1.341)

where,
R 4 2
/
h(r) =1+ prll R* :=4mg;a”N . (1.3.42)
The D3-brane is charged under the Fjy self-dual form, and it is a massive object since
it has some tension. Now notice that the g; component of the metric is not constant, and
depends on r. Then, the energy E, of an object as measured by an observer at a position r
and the energy E,, measured by an observer at infinity are related by a redshift factor:

E, h(r) @ = Ey | (1.3.43)

This means that a object moving towards r = 0 will have less and less energy from the
point of view of the observer at infinity.

Let us now take the low energy limit of the D3-brane solution [I.3.41] In this low energy
limit there are two kind of excitations, from the point of view of the observer at infinity. On
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the one hand, there are massless particles propagating in the bulk with increasing wavelength,
and, on the other hand, there are any kind of excitation getting closer to » = 0. In the low
energy limit, these two kinds of modes decouple from each other. So, finally we end with
two decoupled sectors, one is free bulk supergravity and the other is the near horizon region
of the geometry. This near horizon geometry is obtained from by approximating
h(r) = R*/r*, obtaining a new exact solution to the supergravity equations of motion:

2 RQ
ds* = 53 (=dt? + da® + dy? + d2) + S dr® + R2dD5s
3
Fy=(1+#)d—dt Ade AdyAdzAdr , Fy=0, F =0, e=1, (13.44)

R4

which is the geometry of AdSs x S°.

In summary, we have described a D3-brane as a string theory object where the open
strings can end, and alternatively, as a solution to supergravity. In both cases we have two
decoupled sectors in the low energy limit. In each case, one of the two decoupled sectors is
supergravity in flat space. Thus, it is natural to identify the second system which appears
in both descriptions. This leads to conjecture that 3+1 A" =4 SU(N) SMY theory is dual
to type IIB string theory on AdSs x S°

If the theories are conjectured to be the same, then the global symmetries must match. On
the one hand, the isometry group of AdSs E| is SO(2,4), and it matches with the conformal
group of 3+1 Minkowski space, which is also SO(2,4). On the other hand, the isometry
group of S® is SO(6), and the R-symmetry of the field theory is SO(6)g. Also these bosonic
symmetries match when extended to the full supergroups on both sides of the duality. This
supergroup is SU(2,2|4), and its maximal bosonic subgroup is precisely SO(2,4) x SO(6).

Moreover, if the theories are conjectured to be dual, also the supersymmetry preserved
by them must match. In both cases the supersymmetry is maximal, namely v = 1. Notice
that the initial configuration of D3-branes have only v = 1/2 supersymmetries, but after the
decoupling limit, the supersymmetry is enhanced to v = 1.

Besides, we can write down a dictionary for the parameters on both sides of the duality.
The string coupling g and the Yang-Mills coupling gy s are related by:

Gony = 4mgs (1.3.45)

Moreover, the 6 parameter on the gauge theory is identified with the expectation value of
the RR scalar x on the gravity side. These relations can be put together:
A 0 X

i
= — = — 4 = 1.3.46
oY " 2m gs N 21’ ( )

T

2In the AdS/CFT context, by ‘AdSy space’ it is meant ‘universal covering of AdSy space’. The reason is
because in AdS, cyclic causal curves are allowed, but not in its universal covering. The topology of the first
is S' x R4~! and the topology of the second is R?. The isometries of the AdSy space are O(2,d — 1) (the
connected component of the neutral element is SO (2,d — 1)), and the isometries of the universal covering
of AdS, space are SO(2,d — 1).
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We have written the couplings in this way because both the string theory and gauge theory
have an SI(2,7Z) self duality symmetry, under which 7 — (a7+b)/(cT+d), where a, b, ¢, d are
integer numbers satisfying ad — bc = 1. This transformation is related to S-duality, another
important duality in string theory. The number of initial D3-branes NV, after the low energy
limit, corresponds to the flux of the Fs form through the S° sphere:

N=|[ F. (1.3.47)
SS

and on the field theory side, it is the range of the gauge group SU(N).

The AdS/CFT conjecture can be formulated at three different levels of generality. The
correspondence as formulated above is the strong statement of the duality, which assumes
that both theories are dual for any values of the parameters g, and N. The conjecture can
also be formulated in a mild version, that states that 3+1 N =4 SU(N) SYM theory in the
large N limit is dual to type IIB classical string theory (gs — 0) on AdSs x S°. The large N
limit in the field theory side is also known as the t'Hooft limit. Recall that the t’"Hooft limit
is obtained by taking gypr — 0 and N — oo while keeping fixed A := g¥,,N, the t'Hooft
coupling constant. It corresponds to a topological expansion of the Feynman diagrams of
the field theory where the quantity 1/N acts as the coupling constant, and at leading order
in 1/N only the planar diagrams contribute. Corrections 1/N on the field side corresponds
to gs corrections on the string side.

We can also consider a weak version of the duality, by taking the large t’Hooft cou-
pling limit A — oo. On the string theory side this corresponds to take the limit o/ — 0,
where classical string theory reduces to classical supergravity. So, the duality in its weak
form states that NV = 4 SU(N) SYM theory in the large N limit and large t'Hooft cou-
pling \ is dual to classical type IIB supergravity on AdSs x S®. This weak formulation of
the duality is the most useful, because using classical supergravity we can access to strong
coupling results in field theory. This will be the formulation that we will use along this thesis.

In fact, the duality is a weak/strong duality. This means that if on one side of the duality
the coupling constant is strong, then on the other side is weak, and vice versa. This makes
the duality very useful, when we consider a field theory at strong coupling, where the pertur-
bative techniques are not available, and other tools are very limited (like lattice field theory,
localization or integrability). In this case, we can consider the gravity dual, which is weakly
coupled, and compute the observables using classical supergravity. For the particular case
of N =4 SU(N) SYM theory in the large N limit and large A limit, the theory is strongly
coupled. Taking into account that R*/a’® = )\, then the supergravity theory has a large
AdSs and S® radius, and is classical supergravity.

We have stated that the AdS/CFT duality establishes a relation between a gravity theory
and a field theory. Let us now be more precise and write down the dictionary relating
observables on both sides of the duality.

A conformal gauge theory is specified by a complete set of conformal operators. We
are interested in the gauge invariant conformal operators polynomial in the canonical fields
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since these operators will have a definite conformal dimension and, moreover, will form finite
multiplets of increasing dimension. In order to compute correlators for a given operator O,
its generating functional I'(O) is constructed by adding a source term to the lagrangian of
the conformal field theory:

el (©) = (e 1Oy (1.3.48)

where h is a source for O.

On the gravity side of the duality, the closed string excitations can be described by fields
living on AdSs x S°. When compactifying along the S®, these fields can be decomposed
in terms of spherical harmonics, thus giving rise to an infinite tower of modes. Therefore,
the observables of the string theory are a set of five-dimensional fields living on AdSs, and,
according to the correspondence, they have to be matched to the observables of the gauge
theory.

Recall, the metric of AdS5 space with radius R can be written as:

T2

2
ds IE

R2
da; 5 + T—2dr2 : (1.3.49)
In these variables the boundary of AdSs is at 7 — oo and is isomorphic to four-dimensional
Minkowski space, spanned by the coordinates o, ..., z3. Now let us consider a scalar field

h(x,r) on AdSs, to be associated to the operator O of the gauge theory. The asymptotic
dependence of h on the radial coordinate is given by the two independent solutions:

her® 4 her™ ) (r— ), (1.3.50)

where A = 2 + /4 + m?2R?, and m is the five-dimensional mass. Then, the first solution
dominates near the boundary, and we can write:

A~

hz,r) =12 he(x) ,  (r— ), (1.3.51)

where fLoo(x) is a four-dimensional function living on the boundary and is defined only up to
conformal transformations, under which it has conformal dimension A — 4. Finally, we can
establish a relation between the field h and the operator ©, by identifying the generating
functional of correlators of @ with the five dimensional action Sagg,(h) restricted to the
solutions of & with boundary value hs(z):

<efh(9> _ e—SAdsg,(ﬁ) ) (1.3.52)

This relation was proposed in [45], [46]. Here we have considered the case of a scalar
field, and a similar relation can be obtained for fields of other spins.

After the original formulation in 1997 of the duality by Maldacena [10], the conjecture
was extended to other cases, with less supersymmetry and without conformal invariance. Let
us mention some of the most important solutions that appeared soon afterwards. In 1998
it was published the Klebanov-Witten solution [34], a solution with reduced supersymmetry
based on the conifold geometry. The conifold is a concrete case of the special holonomy
manifolds revisited in section [I.I] This solution was followed by several generalizations,
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like the Klebanov-Tseytlin solution [47], which use fractional D3-branes on the conifold,
and the Klebanov-Strassler solution [48], which use fractional D3-branes on the deformed
conifold, both solutions being non-conformal. Another non-conformal solution with reduced
supersymmetry, formulated in 2000, is the Pilch-Warner solution [49], a massive deformation
of the N' =4 SU(N) SYM theory, usually known as N/ = 2*. Also, in 2000, it was published
the Maldacena-Nunez solution [50], in which D5-branes are wrapped in a calibrated cycle of
a special holonomy manifold.

A huge amount new examples of the correspondence were constructed until these days.
One of the most important examples of the duality was formulated in 2008 by Aharony,
Bergman, Jafferis and Maldacena [51], and it is known as the ABJM theory. This thesis is
mostly based on this solution, so we devote the next subsection to explain this example in
full detail.

1.3.1 The ABJM theory

The ABJM theory is one of the most important examples of the AdS/CFT duality. In
the same way that the NV = 4 SU(N) SYM theory is the best understood example of
the AdS;/CFTy correspondence, the ABJM theory is the best understood example of the
AdS,/CFTj3 correspondence.

In the seminal paper by Maldacena in 1997 [10], it was conjectured the duality between
the maximally supersymmetric AdSs x S° type IIB supergravity solution and the N' = 4
SU(N) SYM field theory based on the decoupling limit of D3-branes in flat space. Besides,
it is also noticed that there are two other maximally supersymmetric cases, AdS,; x S7 and
AdS; x 8%, in eleven-dimensional supergravity, corresponding to the decoupling limit of the
M2- and Mb5-branes on flat space, respectively. Nevertheless, the concrete field theories living
inside the M-branes were not known.

The gauge theory living on the M5-brane in flat space was known to be a 5+1 N = (2,0)
superconformal theory with number of degrees of freedom scaling as N? in the large N limit.
Nowadays, the details of the theory still remain unknown.

The gauge theory living on the M2-branes in flat space was known to be a conformal 241
N = 8 supersymmetric Chern-Simons-matter theory, with R-symmetry SO(8) and a specific
matter content, and that should scale as N3/2 in the large N limit. But the details of the
theory where not known. An important step towards the understanding of this theory was
obtained in [52], where 24+ 1 A =1 and N = 2 superconformal U(N) Chern-Simons-matter
theories where constructed [] Nevertheless, it seemed not possible to obtain interacting
theories with more supersymmetry and, besides, these theories were parity violating (the
theory on the M2-branes must be parity preserving). Another important step was obtained
by Bagger and Lambert [54] [55] [56] and Gustavsson [57] [58] who constructed a maximally
supersymmetric A' = 8 Chern-Simons-matter theory which was proven to be equivalent [59)
to a theory with the particular gauge group SU(2) x SU(2) and opposite levels k and —k [T}

Inspired by the previous results, in 2008 Aharony, Bergman, Jafferis and Maldacena

3Interestingly, the gravity duals of these theories where recently found in [53].
4Notice that this theory is different from the ABJM for N = 2 because the gauge group is SU(2) x SU(2)
and not U(2) x U(2).
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(ABJM) [51] constructed a 2 4+ 1 dimensional N' = 6 superconformal Chern-Simons-matter
theory with gauge group U(NN) x U(N) and opposite levels k and —k. The bosonic matter
content of the theory is four complex scalar fields C; (I = 1,2,3,4) transforming in the
bifundamental representation (N, N) of the gauge group and their corresponding complex
conjugate fields in the anti-bifundamental representation (N, N). The fermionic matter
content is 4 Majorana fermions, ¢; (I =1,2,3,4).

The action of the ABJM theory is:

7

SABJM:/ d*z Tr [; (A/\dA+§A/\A/\A—AAdA—§AAAAA)
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where the covariant derivative acts as:
D, Cl =9,0! +i(A,Cct —C'A,) . (1.3.54)

The first line contains the Chern-Simons terms of the two gauge fields A and A corresponding
to the two gauge groups U(N) x U(N), with levels k and —k respectively. The second line
contains the kinetic terms for the complex scalar fields and the Majorana spinors. The rest
of the action is the potential. The potential is particularly chosen in order to preserve N’ = 6
supersymmetry and it is very constrained.

C.C,

C,.C,

Figure 1.1: ABJM quiver diagram. The nodes correspond to the gauge groups, and the
arrows represent the bosonic matter content C; (I = 1,2,3,4) transforming in the bifunda-
mental and anti-bifundamental representations.

The field content of the 241 ABJM theory is similar to the 3+1 Klebanov-Witten theory
[34], and also has a similar superpotential for the chiral fields. If we relabel {Cy, Cy, C3, Cy} =
{Ay, As, BI, Bg} the superpotential is:

2

W= ?eijekl Tr[A; BrA; By . (1.3.55)
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The ABJM theory is formulated on a 3 dimensional manifold Mj3. For the purpose of
holography, this manifold will be chosen to be R x S? with the natural lorentzian metric, as
this is the boundary of AdS,. For the purpose of localization, the manifold will be chosen
to be the euclidean manifold S® with the usual round metric.

The R symmetry of the theory is U(4)gr = U(1)g x SU(4)g. The scalars C; and the
fermions 1y are in the fundamental 4 representation of SU(4)g, and have charge +1 under

One can take the t’"Hooft limit in the ABJM theory, which is given by:

N, k— o0 | A= % = fixed , (1.3.56)
where A is the t’"Hooft coupling. It turns out that in the large N limit, the degrees of freedom
scale as N%/2, a different behavior than in N' = 4 SU(N) SYM, which scales as N2

In general, the ABJM theory is not maximally supersymmetric, but for specific values of
the parameters N and k the supersymmetry is enhanced from N = 6 to N’ = 8. It happens
when N = 2 or k = 1,2. In particular, the case £ = 1 is interesting, as it corresponds
to N M2-branes in flat space, which in the decoupling limit give rise to the maximally
supersymmetric solution AdS, x S7.

The ABJM theory is a conformal highly supersymmetric field theory that has nice math-
ematical properties. Using localization and matrix model techniques it has been obtained
the exact interpolating function for the free energy of ABJM theory on the three-sphere in
the large N limit, which implies in particular the N*/2 behavior at strong coupling [60]. This
constitutes a non trivial check of the AdS/CFT correspondence. Using localization also the
Wilson Loops can be obtained. Besides, the ABJM theory has many integrability properties.

Let us now consider the gravity dual description to the ABJM field theory. In order to
motivate the conjecture, the authors of [51] constructed a specific brane set up in type I11B
string theory, involving D3-branes, D5-branes and NS5-branes, where one of the coordinates
is compactified on S!. Next, they performed a T-duality along this compact coordinate and
obtained a solution in type IIA string theory. Afterwards, this solution is lifted to M theory,
where it is shown to be the theory of M2-branes on a C*/Z, singularity.

So, the conjecture in its strong version states that the ABJM field theory is dual to
M2-branes on a C*/Z, singularity in M theory.

In the large N limit, the gravitational background becomes AdS,; x S7/Z; in eleven-
dimensional supergravity. The S7/Z; space is a lens space, i.e., a fibre bundle with base
CP? and fiber S, and the possible fibrations are classified by an integer, in this case k. When
the Chern-Simons level k is large (k* > N) the size of the fiber is small and the system is
better described in terms of type ITA supergravity, after performing a dimensional reduction
to ten dimensions along the Hopf fiber S'. In the type IIA description, the geometry is
AdSy x CP?, where CP? inherits the natural metric from the total space S7/Zy, known as
the Fubini-Study metric. The solution also has a constant dilaton, and F5, and F} forms.

The CP? manifold with the Funibi-Study metric has an isometry group U(4). This
precisely corresponds with the R-symmetry of the ABJM field theory U(4)gr = U(1) x SU(4).
The manifold CP? has a spin structure, and in particular a Kahler structure with Kéhler
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form J. The dilaton ¢ and the F; and Fj forms are:

2k 3k
e® = T F,=2kJ, F,= 7L2Q,4ds4 , (1.3.57)
where 445, is the volume form of AdS, and L is the radius of AdSy, L* = 27?N/k.
This type ITA description of the ABJM theory is the one that we will use in chapters 3,

4 and 5 of this thesis.

The ABJM theory has been generalized in several directions. By adding fractional M2-
branes it can be generalized (ABJ) to the case in which the ranges of the two gauge groups
are different, U(N) x U(N + M), and in the type ITA description this corresponds to adding
a topologically non trivial B, field proportional to M [61]. It can be generalized to the
case where the two levels are not opposite, & and —k" with £ — k&’ # 0 and in the type ITA
description this corresponds to a generalization to massive type IIA with mass parameter
proportional to k — k' [62] [63]. Moreover, the ABJM model admits a mass deformation
(mABJM) that preserves the whole ' = 6 supersymmetry [64]. The ABJM theory has been
extended to different quivers and groups with different amount os supersymmetry in [65] [66]
[67] [68] [69] [70] [71].

Another generalization is obtained by including fundamental matter. One of the purposes
of this thesis is to consider the ABJM theory with unquenched massive fundamental matter,
and this question will be addressed in chapter 3. In chapters 4 and 5 we will use the ABJM
background and we will add quenched fundamental matter with gauge fields turned on and
we will study its properties.

1.4 Flavor in the gauge/gravity correspondence

In the original formulation of the gauge/gravity correspondence by Maldacena [I0], all the
fields of the gauge theory are in the adjoint representation of the gauge group SU(N). In
the subsequent years, new examples of the correspondence where constructed, either with
one gauge group and adjoint matter or quiver groups and adjoint or bifundamental matter
(as in the ABJM theory). Soon, the need for fundamental matter appeared, and the way of
how to introduce it was clarified in [16].

The main motivation for introducing fundamental matter is to get closer to the phe-
nomenological models, like QCD or those of condensed matter physics. In QCD the funda-
mental matter are the quarks, and in condensed matter physics the fundamental matter are
the electrons.

1.4.1 Brane construction

Let us start with the theory of N' =4 SU(N) SYM and add flavor to it, as was first explained
in [16].

Let us consider a stack of N, D3-branes and a stack of Ny D7-branes in type IIB string
theory, in 10-dim Minkowski spacetime. The D3-branes are extended along 3+1 dimensions,
and the D7-branes are extended along the same 341 dimensions and 4 transverse spatial
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directions. In this configuration, there are closed strings and open strings, and the open
strings can have both ends on the D3-brane, both ends on the D7-brane or one end on
the D3-brane and the other in the D7-brane. The lightest modes of these branes after
quantization give rise to field theories living inside the D3 and the D7, with adjoint matter
coming from the strings with both ends on the same brane, and bifundamental matter with
one end in each brane. To be precise, after quantization we will have a SU(N,) gauge theory
on the D3-branes, with adjoint matter (N.®N, = 1@® (N2 —1)) coming from the strings with
both ends on the D3-brane (3-3), we will have a SU(Ny) gauge theory on the D7-branes,
with adjoint matter (N; ® Ny = 1 @ (N} — 1)) coming from the strings with both ends
on the D7-brane (7-7), and bifundamental matter N. ® N; and N; ® N, coming from the
strings (3-7) and (7-3) [}

Starting from this configuration, let us consider the near horizon limit for the D3-branes.
The lightest modes of the 3-3 string give rise to the N' =4 SU(N) SYM with adjoint matter,
as in the original case of Maldacena. Now, there is also the contribution from the 3-7 and
7-3 strings lightest modes, which give rise to a N' = 2 hypermultiplet of matter transforming
in the bifundamental representation of SU(N.) x SU(Ny). The gauge group of the D7-brane
becomes a global group in the gauge side, precisely the flavor group. The (7-7) strings then
correspond to matter in the adjoint of the global group SU(Ny) (it is common to abuse of
language and refer to these bound states as mesons, but the theory is not confining, so they
are just bound states). On the gravity side, we will have some geometry, and in general it
will be difficult to find. If we reduce to the particular case Ny < NN, i.e., we take the t'Hooft
limit with N finite, then on the gravity side the geometry is not modified by the presence of
the D7-branes, so we have AdSs x S® where the D7-branes are treated as probe branes. On
the gauge theory side, this corresponds to the ‘quenched approximation’, a terminology used
in lattice QCD, which means that the quark determinant is set to one. Under the quenched
approximation, many features of the fundamental matter can be captured, and it has turned
out to be a very successful regime where many computations in the gauge/gravity duality
have been carried out.

Unquenched flavor

If the full effect of the fundamental matter has to be taken into account, then we can consider
a number of Ny D7-branes comparable to the number N, of D3-branes. To be precise, this
corresponds in the large N, limit to take N., Ny — oo and Ny/N. = fixed, and this is
known as the Veneziano limit [72]. In this case, the low energy theory corresponds to type
IIB supergravity coupled to the dynamics of the D7-branes, which is dictated by the DBI
+WZ action. The total action of the problem is:

S =SB+ Spprywz , (1.4.58)

In practice, to find a backreacted solution one starts with a solution of pure supergravity
where the gauge/gravity duality has been well understood. Then, one considers an ansatz

SRecall that for SU(N) with N > 3 there are two fundamental representations, N and N, for SU(2)
there is only one, 2, and U(1) is not semisimple, so there is no definition of fundamental representation. In
the text we assume N > 3 for simplicity.
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that generalizes the solution and allow the backreaction of the flavor. Next, one introduces
this ansatz in the general equations of motion obtained from[I.4.58] Usually finding solutions
to this equations is a difficult task, and in order to simplify the problem it is common
to restrict to supersymmetric solutions. In that case, under an appropriate ansatz, it is
enough to solve the dilatino and gravitino variations of type IIB, and the problem simplifies
considerably.

A concrete supersymmetric solution to the unquenched D3-D7 problem was found in [73].
This solution is no longer conformal, and presents a Landau pole in the UV. For an example
of a non-supersymmetric backreacted solution, see [74].

An interesting question is what are the new features of the flavor that are captured
when considering backreaction. For example, the beta function can get corrections, and
the originally flavorless conformal background becomes non-conformal after backreaction
[73]. Another interesting feature is that some conformal dimensions become anomalous after
backreaction (even if the backreacted background is still conformal) [75]. Also, the meson
spectrum, after backreaction, will mix with the glueball spectrum. Besides, new dualities,
like Seiberg-like dualities, may appear.

We can classify the approaches to the backreaction problem in two cases: the case in
which the flavor branes are localized, and the case where the flavor branes are smeared. Let
us consider the case in which the flavor branes are localized. This means that we have a stack
of D7-branes at the same point. Then, the flavor symmetry is SU(Ny), the source terms for
the supergravity equations will have a Dirac delta at the location of the stack. Furthermore,
the symmetries of the original (unflavored) background will be reduced, and dependence in
more variables is introduced. Solving a problem with these features is a difficult task. In
some cases exact solutions are found, for an example see [76].

The smearing technique

The smearing technique consists in delocalizing the brane sources. The idea is the same as
in electromagnetism, when a point charge is substituted by a continuous volume charge. In
this way, no Dirac deltas are present, the symmetries of the original theory are restored, and
the dependence on several variables disappear. As the branes are at different locations, the
flavor group is U(1)"7 instead of SU(Ny).

This approach of the smearing technique was proposed in [77] in the context of non-
critical holography. In practice, the smearing technique has been very useful and has lead
to the discovery of a large amount of new backgrounds with backreacted flavor (for a review
see [73]). In general, obtaining a solution using the smearing technique is easier that with
localized sources, and in many cases, even analytical solutions are obtained.

In chapter 3 we will construct a model that generalizes the ABJM theory by including
massive unquenched fundamental matter, using the smearing technique. In the next sub-
section we review a more elementary case where the fundamental matter is included in the
ABJM theory in the quenched approximation.
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1.4.2 The ABJM theory with quenched flavor

The ABJM theory can be generalized by including fundamental matter. One of the main
interests of including fundamental matter are the applications in phenomenological models
like QCD or condensed matter physics.

The easiest way of including fundamental matter is using the quenched approximation.
Starting from the gravity description of ABJM theory in the type ITA regime, this can be
obtained by including N flavor probe D6-branes [7§], [79], with N, fixed when N, — oo.

The resulting field theory is the original ABJM plus a fundamental hypermultiplet in
each node of the quiver diagram, as shown in Fig. preserving N' = 3 supersymmetry of
the original N = 6.

Let us comment on the precise brane construction. In order to introduce flavor in the
ABJM theory, one can start by introducing two sets of Ny D5-branes in the initial type I1IB
configuration. Each stack of D5-branes is situated at a specific position at the x4 compact
direction, in opposite places, and not coincident with the NS5 and NS5’. The open strings
with ends 3-5 and 5-3 give rise to fields transforming in the (N.,N;,) and (N.,N;) rep-
resentations. After T-dualizing to type ITA and lifting to M-theory, the D5-branes become
KK-monopoles. In the type ITA description, they become D6-branes extended along AdSy
and wrapping a lagrangian cycle RP? inside CP?, which preserve half of the supersymmetries
WV = 3).

This construction allows to conjecture that these probe D6-branes are dual to funda-
mental hypermultiplets in the ABJM theory, transforming in the fundamental (IN, 1), (1, N)
and anti-fundamental (N, 1), (1, N) representations. The action of the ABJM field theory
with this fundamental matter is the ABJM action plus the kinetic terms of the fundamental
matter and the superpotential:

2 S ~
W= %Tr[(AaBa +Q1Q1)? — (BaAs — Q2Q9)%] - (1.4.59)
Q2 Q1
Alv A2 /\
ST
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Figure 1.2: ABJM quiver diagram with flavor hypermultiplets

If the Ny flavor branes are located at the same point, the flavor group is SU(Ny).

Here we have reviewed the addition of flavor in the ABJM theory using probe D6-branes.
This construction of adding flavor to ABJM using D6-branes will be the one that we will
use along this thesis. Nevertheless, there are other brane set-ups for adding different kinds
of fundamental matter to ABJM. For a list of supersymmetric flavor branes that allows to
add different kinds of fundamental matter to ABJM see [80].



1.5. THE D-BRANE ACTION 31

For the reader who is familiar with the flavor D7-brane in AdSs x S%, we can compare it
with the flavor D6-brane in AdS, x CP? :

e In both cases the codimension of the flavor brane is zero, i.e., the D6-brane fills the
241 dimensions of the ABJM theory and the D7-brane is extended along the 341
dimensions of the N'=4 SU(N) SYM theory.

e The D7-brane adds a fundamental hypermultiplet to the only SU(N) node of the
quiver diagram, while the D6-brane adds a fundamental hypermultiplet to each node
U(N) x U(N) quiver.

e For the D7-brane embedding only the DBI part of the action contributes, while for the
D6-brane embedding both DBI+WZ contribute.

e The D7-brane worldvolume is AdS5 x S? C AdS5x S°, while the D6-brane worldvolume
is AdS; x RP® C AdS, x CP?.

e For massive embeddings, where there is some brane profile, the brane terminates at
some point before reaching the IR. At this point, in the D7 case the S? collapses to
a point, and in the D6 case the RP® becomes a S? (the S* fibre of RP? collapses to a
point but the base S? remains unaffected).

1.5 The D-brane action

The D-branes play a fundamental role in the derivation of the AdS/CFT correspondence.
After taking the decoupling limit, the D-branes disappear, and we are left with the field
theory and the supergravity theory. Nevertheless, in the previous section it has been shown
how to add flavor to the AdS/CFT duality via D-branes. This flavor branes remain after the
decoupling limit, so it is necessary to deal with its dynamics. If we restrict to the quenched
approximation for the fundamental matter in the field theory, this corresponds to consider a
probe Dp-brane in the supergravity background. In this section we will review the action of
a D-brane in a generic supergravity background (for a review see [81]), which will be used
in chapters 3, 4 and 5.

D-branes are extended objects where open strings can end. The open strings ending
on the brane must satisfy Dirichlet boundary conditions in the directions orthogonal to the
hyperplane. Let us first recall that in the absence of any such object the massless bosonic
sector of the open string consists of a ten-dimensional vector and, accordingly, the low energy
effective field theory for the open superstring in flat space with Neumann boundary conditions
is N/ = 1 SYM. However, the zero modes of the open string along the directions with Dirichlet
boundary conditions are not dynamical and so the low energy fields corresponding to the
massless modes of the open string sector do not depend on these directions. Therefore, the
low energy effective theory one gets is the dimensional reduction of the ten-dimensional one,
with the components of the gauge field along directions with Dirichlet boundary conditions
becoming scalars representing the fluctuations of the D-brane. The hyperplane is then a
dynamical object whose fluctuations correspond to states of the open string spectrum.
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The bosonic action of a Dp-brane can be computed by requiring that the non-linear sigma
model describing the propagation of an open string with Dirichlet boundary conditions in
a general supergravity background is conformally invariant. The constraints arising for the
bosonic fields are the same as the equations of motion resulting from the following action (in
string frame):

Sppr = —Tp/ AP e e/ —det (g + F), (1.5.1)
Ypt1

which is known as the Dirac-Born-Infeld (DBI) action. The presence of the dilaton ¢ is due
to the fact that the Dp-brane is an object of the open string spectrum, hence the coupling
g;* inside T, = (2%)*pg;1a’_pTH , where T}, is the tension of the brane. In Ypt1
denotes the Dp-brane worldvolume, and ¢ is the induced metric on the Dp-brane resulting

from the pullback to the worldvolume of the background metric:

XM oxN
= ————Gun, 1.5.2
where £, (a = 0,---,p) are the worldvolume coordinates, and X* and Gy are the co-

ordinates and metric of the background. By making use of the worldvolume and spacetime
diffeomorphism invariance one can go to the so-called ‘static gauge’ where the worldvolume
of the Dp-brane is aligned with the first p + 1 spacetime coordinates. In this gauge the
embedding of the Dp-brane is given by the functions X (£%), where X™ (m =1,---,9—p)
are the spacetime coordinates transverse to the Dp-brane. Actually, in this ‘static gauge’
the induced metric for a Dp-brane in flat space takes the form:
m n
b =+ T S - (153

The two-form F present in eq. (1.5.1)) is given by:
-Fab = P[B]ab + 27’(’ O/ Fab 5 (154)

where F' = dA is the field strength of the gauge field living on the worldvolume of the
Dp-brane, P[- --] denotes the pullback to the worldvolume and B is the NSNS two-form
potential.

The DBI action (1.5.1)) not only describes the massless open string modes given by the
worldvolume gauge field A, and the scalars X™, but also couples the Dp-brane to the massless
closed string modes of the NSNS sector, namely ¢, Gy and By;y. Moreover, this action is
an abelian U(1) gauge theory and when the target space is flat, it reduces (at leading order
in o) to YM in p+ 1 dimensions with 9 — p scalar fields plus higher derivative terms. Indeed,
the quadratic expansion of for a Dp-brane in flat space is:

1 1
SDB[ ~ —/ dp+1§ €_¢ |:Tp + D) (—FabFGb ‘I— aaq)m ﬁa@m)] ; (155)
Spi1 Yym \2

where we have applied the usual relation between coordinates and fields: ®™ = 1/(2r o) X™,
and that ¢g&,, = 2(2m)P2g,(a’ )% After taking into account the fermionic superpartners
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coming from the fermionic completion of the action for the super D-brane, the low energy
effective theory living on the worldvolume becomes the maximally supersymmetric SYM
theory in p + 1 dimensions (for a D-brane in flat space). In particular, for p = 3 it is
obtained the N'=4 SU(N) SYM theory of the original Maldacena conjecture.

The worldvolume of a Dp-brane naturally couples to a (p+ 1)-form RR potential Cp41),
whose field strength is a (p + 2)-form. Apart from the natural coupling term fsz Cpy1, the
action coupling a Dp-brane to the RR potentials must contain additional terms involving
the worldvolume gauge field. By making use of T-duality one can show that the part of the
action of a Dp-brane describing its coupling to the RR potentials is given by the following
Wess-Zumino (WZ) term:

p+1

Swaz :Tp/ Y PCy) ne (1.5.6)
Zpt1 p=Q

Although the integrand above involves forms of various ranks, the integral only picks out
those proportional to the volume form of the Dp-brane worldvolume.

Finally, the action of a Dp-brane is given by the sum of the DBI and WZ terms,
and respectively, which reads (in string frame):

p+1
Spp = —Tp/ e/ —det (g +F) * Tp/ > PCwlne, (1.5.7)
Tpt1 ptl r=0

where the + (-) in front of the second term corresponds to a Dp-brane (anti-Dp-brane).

1.5.1 Kappa symmetry

The kappa symmetry is a fermionic gauge symmetry of the worldvolume theory which is an
important ingredient in the covariant formulation of superstrings and supermembranes [82].
It turns out to be a useful tool to find supersymmetric embeddings of probe D-branes in a
given background, and it will be used in chapters 3 and 4.

The bosonic Dp-brane is described by a map X™ (X,,1), where ¥,,; is the worldvolume
of the brane and X™ are the coordinates of the ten-dimensional target space. In order to
construct the action of the super Dp-brane, this map is replaced with a supermap {ZM} =
(X™,0%) and, accordingly, the bosonic fields with the corresponding superfields. In this
subsection we will use the indices M, N, --- , for the superspace coordinates and the indices
m,n,--- , for the bosonic coordinates of the ten-dimensional spacetime. Superspace forms
can be expanded in the coordinate basis dZ*, or alternatively, in the one-form frame E =
E% dZY, where the underlined indices are flat and E% is the supervielbein. Under the
action of the Lorentz group F decomposes into a vector E™ and a spinor E<, which is a
32-component Majorana spinor for ITA superspace and a doublet of chiral Majorana spinors
for 1IB superspace. In particular, for flat superspace one can write:

E™ =dX™ +0I™do, E* = do”, (1.5.8)
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where the indices are already flat. The supersymmetric generalization of the DBI plus WZ
terms of the action ([1.5.7)) for a super Dp-brane reads:

p+1

S = —Tp/ APt/ —det(g + F) + T, / Z : (1.5.9)
Ept1 Ep+1 p=0
with:

Jab = Eg* El:lnmv

‘Fab:Fab_EaMEbﬂBM,
1

Cipy = 5 dZ" N--- NAZM Cryeo, (1.5.10)
7!

where the indices a, b run over the worldvolume, F' is the field strength of the worldvolume
gauge field A (F' = dA)ﬂ, B is the NSNS two-form potential superfield, C,) is the RR r-form
gauge potential superfield and g,, is the induced metric on the worldvolume expressed in
terms of the pullback to the worldvolume of the supervielbein, which is given by:

™ = 9,77 B3¢ . (1.5.11)

In ref. [83] the action (1.5.9) was shown to be invariant under the local fermionic transfor-
mations:

5. E™ =0,

6o B2 = (1+T,)k, (1.5.12)

where §, EM = (5,27 )E% This generalizes to curved backgrounds the kappa symmetry
variations of the flat superspace coordinates:

6.0 =(1+T,)k, 5 X™ = 005,06 (1.5.13)
One can easily check, reading the supervielbein from ([1.5.8)), that these transformations

fulfill eq. (1.5.12)).

In terms of the induced gamma matrices v, = F2T',,, the matrix 'y takes the form [83]:

wbranbn Fo s Fan, IO, (1.5.14)

I, =
—detg—i-]: ; 2”n! !

where g and F are those defined in ((1.5.10]), and J((")

D)

is the following matrix:

(Tyq)™ =22 Ty (ITA) ,
J((;l)) _ (1.5.15)
(_1)n(0.3)n+(p*3)/2 iy ® F(O) (HB) :

SWith respect to eq. (1.5.7) F has been made dimensionless by means of the redefinition 27 o/ F — F.
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with I'(gy being:
1
L = Ayt s 1.5.16
(0) (p+ 1) Vai-apt1 ( )

and 7g,...a,,, denoting the antisymmetrized product of the induced gamma matrices. In
eq. 0o and o3 are Pauli matrices that act on the two Majorana-Weyl components
(arranged as a two-dimensional vector) of the type IIB spinors.

What makes this fermionic symmetry a key ingredient in the formulation of the super
Dp-brane is that, upon gauge fixing, it eliminates the extra fermionic degrees of freedom
of the worldvolume theory, guaranteeing the equality of fermionic and bosonic degrees of
freedom on the worldvolume. Recall that the number of bosonic degrees of freedom coming
from the transverse scalars is 9 — p. After adding up the p — 1 physical degrees of freedom
corresponding to the worldvolume gauge field, the total number of bosonic degrees of freedom
is 8. On the other hand, one has 32 spinors # which are cut in half by the equation of motion.
We will see that by gauge fixing the local kappa symmetry the spinorial degrees of freedom
are also halved, thus resulting the expected 8 physical spinors.

Kappa symmetry is a useful tool for finding embeddings of Dp-branes preserving some
supersymmetry [84]. In particular, we are interested in bosonic configurations where the
fermionic degrees of freedom vanish, i.e. # = 0, so we only need the variations of 6 up to
linear terms in 6. The supersymmetry plus kappa symmetry transformations of 6 is:

80 =e+ (14 TW)k , (1.5.17)

ai-apy1

where € is the supersymmetric variation parameter. Therefore, although generically these
transformations do not leave 6 invariant, one can choose an appropriate value of x such that
00 = 0. Of course, this amounts to gauge fixing the kappa symmetry. Indeed, let us impose
the following gauge fixing condition:

PO=0, (1.5.18)

where P is a field independent projector, P? = 1, so the non-vanishing components of § are
given by (1 —P) 6. The condition for preserving the gauge fixing condition P§f = 0 results
in:

PéO =Pe+P(L+T,)k=0, (1.5.19)

which determines k = k(¢). Then, after gauge fixing the kappa symmetry, the transforma-
tion (|1.5.17) becomes a global supersymmetry transformation. The condition of unbroken
supersymmetry for the non-vanishing components of 6, namely (1 — P) 6, reads:

(1-P)o0=(1—-P)e+(1—-P)(1+T,)r(e) =€+ (1+T,)r(e) =0, (1.5.20)

where in the last equality we have used eq. (1.5.19)). Multiplying the last equality by (1—T,)
one gets:

(1-T,)e=0. (1.5.21)
Then, the fraction of supersymmetry preserved by the brane is given by the number of solu-
tions to this equation. Notice that I',, defined in eq. depends on the first derivatives
of the embedding trough the induced metric and the pullback of the B field. Finally, for
backgrounds of reduced supersymmetry, € (the target space supersymmetry parameter) must

be substituted by the Killing spinor of the ten-dimensional geometry where the Dp-brane is
embedded.
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1.6 Applications of the gauge/gravity duality

The gauge/gravity duality can be used to explore quantum field theories using gravity the-
ories or vice versa. In most of its applications, classical supergravity is used to explore
quantum field theories at strong coupling. The traditional method to explore quantum field
theories was to use a perturbative approach, which is only valid at weak coupling regime.
In general, few tools existed to address quantum field theories at strong coupling: lattice
quantum field theory, integrability and localization, basically. The gauge/gravity duality has
become a new powerful tool to address strongly coupled quantum field theories.

Given a quantum field theory at strong coupling, the hope would be to find the ex-
act gravity dual. Nevertheless, it is still not known how to obtain the gravity dual of any
phenomenological theory of nature. Starting from highly supersymmetric and conformal
theories, there has been large efforts to introduce new elements to get closer to the phe-
nomenological theories, but even the more sophisticated models are still far from the real
theories. So, a natural question is: why is the duality useful if it is not known the gravity
dual? What is expected from the duality is that we can extract universal properties. Indeed,
we can consider several field theories with known gravity dual, that share some features with
a given phenomenological theory, and then extract some universal behavior from them. If
a result holds for all of them, then we can conjecture that the result will be also valid for
the phenomenological theory. So, the hope is that from the duality we can predict general
behaviors, but not concrete numbers.

Let us consider a list of fields were the AdS/CFT conjecture has found applications:

e Applications to QCD. Even if there have been large efforts devoted to find a theory as
close as possible to the gravity dual of QCD (see, for example, Sakai-Sugimoto-Witten
model [85]), it seems that finding the exact gravity dual of QCD is a very challenging
problem. Using models that share some properties with QCD, there have been efforts
to understand different aspects of the theory, like the physics of the collisions happening
at the particle accelerators (see for example [86]), the phases of the QCD phase diagram
(for example [74]), the physics of QCD with non vanishing theta angle (for example
[87]), the glueball spectrum and other particles of the spectrum (for example [88]), the
behavior of the jet events (for example [89] ),etc.

e Applications to condensed matter physics. Condensed matter physics is one of the
fields where the gauge/gravity duality has found more applications. Models have been
constructed to describe holographic superconductors, fractional quantum Hall systems,
fractional topological insulators, Kondo models, Weyl semimetals, holographic super-
fluids, dirty materials, etc. In condensed matter physics applications it is common to
use the ‘bottom-up’ approach, in which the gravity systems are not necessarily embed-
ded in string theory. In these cases, the fact that the gravity model has a dual field
theory is less clear. The models that are embedded in string theory are usually called
‘top-down’ models.

e Applications to astrophysics. For example, in [90] it is studied the cold quark matter
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just above the deconfinement transition, using a D3-D7 system, in order to describe
some phases of neutron stars.

e Applications to cosmology. Cosmological models can be studied from its field theory
dual, see for example [91].

e Applications to hydrodynamics. This concrete case of the duality is known as fluid /gravity
duality, see [92] for a review.

e Applications to non-equilibrium systems. In the last years real time evolution has been
considered in gravitational systems, and a lot of numerical efforts in solving them have

lead to a new branch of the duality, known as numerical holography. See for example
[93] [94].

e Applications to entanglement entropy and quantum information theory. The famous
Ryu-Takayanagi prescription offers a simple geometrical method to compute the en-
tanglement entropy in a quantum field theory with known gravity dual. For a review
see [05].

e Applications to black hole physics. The black hole physics can be analyzed via its field
theory dual, for an example see [96].

Here we have mentioned some applications of the duality, and a complete list would
probably involve much more items. The subject has vastly extended in the last years, and
the correspondence has found applications in many areas.

The KSS bound

Let us mention one of the first and most famous successes of the AdS/CFT conjecture. The
duality can be used to compute transport properties in strongly coupled quantum field the-
ories. In particular, in 2001 Policastro, Son and Starinets [97] computed the shear viscosity
in a holographic model, and the result, expressed in terms of the entropy density, is very
simple:
n 1
Pty (1.6.22)
This value turned out to be the same for different holographic models, and in 2004
Kotvun, Son y Starinets (KSS) [98] conjectured that this is a lower bound for a set of
theories (there are counterexamples where the bound is not satisfied, like in Gauss-Bonnet
theories).
The ratio of shear viscosity to entropy density can be used to characterize how close
a given fluid is to being perfect. Ordinary fluids, like water, have shear viscosities much
higher than this value. Even the liquid helium has much higher viscosity. Nevertheless,
there is a fluid whose shear viscosity is close to this ratio. It is the quark-gluon plasma, one
of the phases of the phase diagram of QCD. This state of matter was first observed in the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory in 2005. After
10 years since this first measurement, the recent values obtained in the experiments are still
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compatible with the KSS bound (for a review of recent results see [09] ). Also, there are
condensed matter systems whose shear viscosity is close to the conjectured bound, like for
example, in graphene [100].

Applications in this thesis

In this thesis we will use the AdS/CFT correspondence to obtain new results in condensed
matter physics. In chapter 4 we construct a gravity dual of a fractional quantum Hall
system and in chapter 5 we construct a gravity dual of a system exhibiting quantum phase
transitions.

The quantum Hall effect is a phenomenon present in gapped (241)-dimensional sys-
tems with broken parity symmetry. When electrons are confined in a heterojunction at low
temperature and strong magnetic fields, the response to an applied electric field displays a
striking behavior: the conductivity in the direction of the electric field vanishes, while the
transverse conductivity is quantized and given by (e?/h)v, where v is the filling fraction,
defined as the ratio of the charge density to the magnetic flux. In the integer quantum Hall
effect (IQHE) v € Z, whereas v is a rational number in the fractional quantum Hall effect
(FQHE). The integer quantum Hall effect is well explained by field theories at weak coupling.
However, in a natural way the fractional quantum Hall effect is described by field theories at
strong coupling, and then the AdS/CFT is a good arena to explore its properties. In chapter
4 a holographic model for a fractional quantum Hall system is constructed. In particular,
supersymmetric Hall states are found.

Quantum phase transitions are phase transitions that happen at zero temperature, and
the phase transition parameter is not the temperature but other parameter like the doping
of the material, chemical potential, etc. In general, the approach to computing observables
in quantum phase transitions is a theoretical challenge, as lowering the temperature near
zero turns out to be a difficult process. Nevertheless, the AdS/CFT correspondence offers a
very good scenario for this set up, as in its original formulation the temperature is already
vanishing. Besides, the quantum phase transitions happen in systems at strong coupling.
Then, the gauge/gravity duality is an ideal tool for studying these systems, and in chapter
5 we will construct a gravity dual of a system exhibiting quantum phase transition as the
chemical potential is tuned.

Both models are based in the ABJM theory. This theory is particularly interesting to
use for condensed matter physics purposes, as it is a Chern-Simmons matter theory in 2+1
dimensions, and many condensed matter systems are based in Chern-Simmons theories. In
the original paper of Aharony, Bergman, Jafferis and Madacena [51], it is stated that one
of the main motivations to construct the theory is to obtain new condensed matter physics
applications. Nevertheless, after almost ten years, the theory has not been yet fully exploited,
and in this thesis we give a further step in this direction.



Chapter 2

Non-abelian T duality and new AdSs
backgrounds

2.1 Introduction

The aim of this chapter is to construct new solutions of type IIA/B and eleven-dimensional
supergravity via non-abelian T-duality (NATD) and interpret the dual field theory of these
new solutions according to the gauge/gravity correspondence.

In particular, we are interested in new AdS3 x M7 supersymmetric solutions, but non-
supersymmetric non-AdS solutions are also obtained. As explained in section [I.2] the NATD
is performed locally, and the global properties of the manifold M7 are not known. Conse-
quently, we will be able to obtain only some details of the dual field theories, as the full
information requires the global details of the manifold]

The NATD was used for the first time in the context of the gauge/gravity duality in the
paper [15]. Indeed, Sfetsos and Thompson applied NATD to the maximally supersymmetric
example of AdSs x S°, finding a metric and RR-fields that preserved N = 2 SUSY. When
lifted to eleven dimensions, the background fits (not surprisingly) into the classification of
[101]. What is interesting is that Sfetsos and Thompson [15] generated a new solution to the
Gaiotto-Maldacena differential equation [102], describing N' = 2 SUSY CFTs of the Gaiotto-
type [103], [I04]. This logic was profusely applied to less supersymmetric cases in [105]-[107];
finding new metrics and defining new QFTs by the calculation of their observables.

Nevertheless, various puzzles associated with NATD remain. As explained above, the
global properties of the new manifold are not known. In more concrete terms, the periodicity
(if any) of the dual coordinates (the Lagrange multipliers in the sigma-model) is not known.
In the same vein, the precise field theory dual to the backgrounds generated by NATD is
not clear.

In this chapter we present possible solutions to these puzzles— at least in particular
examples. Our study begins with type IIB backgrounds dual to a compactification of the
Klebanov-Witten CFT [34] to a 2-d CFT. We will present these backgrounds for differ-
ent compactifications and perform a NATD transformation on them, hence generating new

IFor example, the solutions AdSs x S® and AdSs x S®/Zs are locally equivalent, but globally different, and
the field theories are different. The first one has gauge group SU(N) and the second one SU(N) x SU(N)

39
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smooth and SUSY solutions with AdSs-factors in type ITA and M-theory. Application of a
further T-duality generates new backgrounds in type IIB with an AdSs-factor which are also
smooth and preserve the same amount of SUSY. We will make a proposal for the dual QFT
and interpret the range of the dual coordinates in terms of a field theoretic operation.

The picture that emerges is that our geometries describe QFTs that become conformal at
low energies. These CF'Ts live on the intersection of D2- and D6-branes suspended between
NS5-branes. While crossing the NS5-branes, charge for D4-branes is induced and new nodes
of the quiver appear.

We will present the calculation of different observables of the associated QFTs that
support the proposal made above. These calculations are performed in smooth supergravity
solutions, hence they are trustable and capture the strong dynamics of the associated 2-d
CFTs.

The work performed in this chapter is a continuation of the previous works of Sfetsos-
Thompson [15] and Itsios-Nunez-Sfetsos-Thompson (INST) [105], [42]. The connection be-
tween the material in this work and those papers is depicted in Fig. below.

SS
AdSsx—- NATD p.  Gaiotto theory
‘]‘f=2 2 Sfetsos - Thompson
—) OO OROE.
SuSy SuSy
breaking by breaking by
mass terms mass terms
Benini-Tachikawa-
AdSxT"!
NATD Wecht
N=1 INST -
— D@D
Compactification Compactification
onz, onz,
NATD QFT duals to the
N=(0,2) AdS,xM, — P SUGRA solutions
work of Sec. 3

Figure 2.1: On the left: known solutions on which NATD is performed. On the right: QFT’s
that correspond to the NATD SUGRA solutions.

The organization of this chapter is as follows. In the first part of this work, covered
in sections to [2.5] we present type IIB backgrounds that are already known and the
new ones (in type ITA, IIB and M-theory) that we construct. Table summarizes these
solutions. In the second part of this work, starting in section [2.6] we begin the study of the
field theoretical aspects encoded by the backgrounds presented in the first part. Section
deals with the quantized charges, defining ranks of the gauge groups. Section studies the
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central charge computed holographically, either at the fixed points or along the anisotropic
flows (where a proposal for a c-function is analyzed). This observable presents many clues
towards the understanding of the associated QFTs. Section presents a detailed study of
Wilson loops and entanglement entropy of the QFT at the fixed points and along the flow.
We discuss the results in section [2.10] The computations of the supersymmetry preserved
by the solutions is relegated to appendix [2.A.1]

Solutions IIB | NATD | NATD-T | Uplift
Flow from AdSs x T! to AdSs x Hy x T"' (N =1)
2.2.1 2.3.1 2.4 2.5.1
Fixed points AdSs x Xo x TH : ¥y = S2, T2 H,
The Donos-Gauntlett solution 2.2.2 2.3.2 - 2.5.2

Table 2.1: Summary of solutions contained in sections to[2.5l The numbers indicate the
section where they are discussed.

To be more precise, in the first part of this chapter (sections to we will ex-
haustively present a large set of backgrounds solving the type I1B or type ITA supergravity
equations. Most of them are new, but some are already present in the bibliography. New
solutions in eleven-dimensional supergravity will also be discussed. These geometries, for
the most part, preserve some amount of SUSY.

The common denominator of these backgrounds will be the presence of an AdS3 sub-
manifold in the ten or eleven-dimensional metric. This will be interpreted as the dual
description of strongly coupled two dimensional conformal dynamics. In most of the cases,
there is also a flow, connecting from an AdSs fixed point to an AdSs, with boundary R'! x
Y. The manifold ¥y will be a constant curvature Riemann surface. As a consequence
we conjecture that the full geometry is describing the strongly coupled dynamics of a four
dimensional QFT, that is conformal at high energies and gets compactified on 3, (typically
preserving some amount of SUSY). The QFT flows at low energies to a 2-d CFT that is also
strongly coupled.

The solutions that we are going to present in this section, can be found by inspection of
the type II equations. This requires a quite inspired ansatz. More practical is to search for
solutions of this kind in five dimensional gauged supergravity, see the papers [108, [109] for a
detailed account of the lagrangians. Some other solutions are efficiently obtained by the use
of generating techniques, for example a combination of abelian and non-abelian T-duality,
that are applied to known (or new) backgrounds, as we show below.

We now present in detail, the solutions we will work with in this chapter.

2.2 Simple flows from AdSs x T'! to AdS; x M; in type
I1B

We start this section by proposing a simple background in type IIB. In the sense of the
Maldacena duality, this describes the strongly coupled dynamics of an A/ = 1 SUSY QFT
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in four dimensions, that is compactified to two dimensions on a manifold 5. In order to
allow such a compactification we turn on a 1-form field, A;, on the Riemann surface .
Motivated by the works [I08|, [109], where the authors consider dimensional reductions to
five dimensions of type IIB supergravity backgrounds on any Sasaki-Einstein manifold, we
propose the following ansatz,

d 2

T = (gt dyd) + RS, + A+ st + ¢ (n+ A

F:

L_i =4e7 V" VVols + 2J A J A (n+ zA;) — 2Volg, A J A (n+ z4) (2.2.1)

— 26_2B_VV01Ad53 A J,

(I)ZO, C():O, FgZO, BQZO

We will focus on the case in which the Sasaki-Einstein space is 7!, hence the Kihler-Einstein
manifold is

1
dsip = g0t + o3 Fwi+wy) , (2.2.2)
where we have defined,
o1 = d@l, 09 = sin 91d¢1, 03 = COS Qldgbl,
wy = cos P sin Oadpy — sin Pdbs, wy = sin ¢ sin Oadpy + cos Ydbs, w3 = dp + cos Oadops,
Volags, = e*Adyg A dy, A dr, Vol = €2ZVol 445, A Vols,, 2z € R,

n= % (dip + cos O1dgy + cos Oadps) , J = %1 (sin 61d0y A doy + sin Odfs N dgs) .

(2.2.3)
The forms 7 and J verify the relation dn = 2 J. The range of the angles in the /s and
the w;’s —the left invariant forms of SU(2)— is given by 0 < 615 < 7w, 0 < ¢15 < 27
and 0 < ¢ < 4n. The w; satisfy dw; = % €ijk wWj A wp. We also defined a one form Ay,
that verifies dA; = Voly,. As usual ds3, is the metric of the two dimensional surface of
curvature k = (1,—1,0), denoting a sphere, hyperbolic planeﬂ or a torus respectively. In
local coordinates these read,

Ay = —cosadf, Voly, =sinadaAdf, ds3, =do® + sin?adf?,  (k=1),
A; =cosha dB, Voly, =sinha da AdB, ds¥, =da®+sinh®adf?, (k= -1),

A = dp, Voly, = da A df3, ds3,, = do® + df?, (k=0).
(2.2.4)

2To be precise, we do not consider the hyperbolic plane Ho, as it has infinite volume. What we consider
is a compact space Hy /T obtained by quotient by a proper Fuchsian group [110], and its volume is given by
4m(g — 1), where g is the genus of Hy/T.
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A natural vielbein for the metric (2.2.1) is,
e = Letdyy | eV = Leltdy; | e = LeBda | e’ = LeP Agdf e = Ldr ,

eV eV eV eV

el = L—O’l s e?? = L—O'2 y 61 = L%wl s 62 = L_(.UQ s 63 = Lev(ﬂ+ ZAl) s

V6 V6 V6
(2.2.5)

with Ay = sinh a for Hy, Ay = sina for S? and Ay = 1 for T2.

As anticipated, the background above describes the strong dynamics for a compactifica-
tion of a four dimensional QFT to two dimensions. In the case that we are interested in this
work — in which the Kahler-Einstein manifold is the one in eq. ([2.2.2)— the four dimen-
sional QFT at high energy asymptotes to the Klebanov-Witten quiver [34] on R x 35, As
it will be clear, most of our results will be valid for the case of a general Y9 or any other
Sasaki-Einstein manifold and their associated QFT. Indeed, these solutions can be obtained
by lifting to type IIB, simpler backgrounds of the five-dimensional supergravity in [109]. In
fact, the 5-d supergravity lagrangian was written for any Sasaki-Einstein internal space.

Assuming that the functions A, B, U,V depend only on the radial coordinate r, we can
calculate the BPS equations describing the SUSY preserving flow from AdSs x TU! at large
values of the radial coordinate to AdS; x M;. The end-point of the flow will be dual to a
2-d CF'T obtained after taking the low energy limit of a twisted KK compactification of the
Klebanov-Witten QFT on 5. Imposing a set of projections on the SUSY spinors of type
IIB—see appendix for details— we find,

_vV— Z _9oB_9oU—
A/—€V4U:l:—€ 2B-2U V:O7

2
B — ¢-V—4U 2 _9B2U-V - % _—2B+V _
F e F e =0,
2 2
U+ e V0 V72U — (2.2.6)

V' — 3¢V 42V 4 VAU %e—2B—QU—V + ge—2B+V —0,

where the upper signs are for Hs, the lower signs for S?, and z = —% for both cases. In the
case of the torus the variation of the gravitino will force z = 0, obtaining A’ = B’ which does
not permit an AdSs solution. We now attempt to find simple solutions to the egs.(2.2.6)).

2.2.1 Solution of the form AdSs x Hy, AdSs; x S? and AdSs x T? with
twisting’

At this point we are going to construct a flow between AdSs x TVt and AdSs x Xy x Ms. To

simplify the task, we propose that the functions U,V are constant, then the BPS equations

imply that U =V = 0, leaving us—in the case of Hy with,
—2B —2B

6’ 3 7

(&

A =1+ (2.2.7)

that can be immediately integrated,

3 1 \ 11 \
Azér—zln(1+e2)+ao, lenﬁ+§ln(l+e2). (2.2.8)



44 CHAPTER 2. NON-ABELIAN T DUALITY AND NEW ADS; BACKGROUNDS

One of the integration constants associated with these solutions corresponds to a choice of
the origin of the holographic variable and the other constant, 2%, sets the size of the three
dimensional space (yo,y1,7). We will choose ag = 0 in what follows.
In the limit » — oo (capturing the UV-dynamics of the QFT) we recover a Klebanov-
Witten metric
1 1 1 1 1
A~r— 1672’" + ge*‘“’ , B~r— 5 In3 + 56727" — 1—16747 : (2.2.9)
whilst in the limit » — —oo (that is dual to the IR in the dual QFT) we obtain a supersym-
metric solution of the form AdS3; x Hs ,
3 1 Lo 1 4

1 1
A~ Z T 2r = 4r B~ In — -
27‘ 46 +8e , n\/§+26 46

Let us write explicitly this background using eq. (2.2.2)),

(2.2.10)

dsiy = e (—d 24+d 2) + 1+ (da2 + sinh? adBQ) +dr? + ds% , + — 1A :
L2 1+ T oo Yo Y1 3 KE n 341 )
Fs 45, 5 1
71 =3¢ V14 e?sinha dyo ANdys Nda ANdB ANdr+2J AN J A 77_§A1
1 1 63’!"
+-sinhada ANdBAJTNA|(n—=A1 | + ———dyg ANdys Ndr N J (2.2.11)
3 3 (1 45 627")5

A1:COShOédB, (I):O, C():O, FgZO, BQZO

The solution above was originally presented in [111].
We consider now the case of S%. With the same assumptions about the functions U, V,

the BPS equations (2.2.6|) read,

6_23 6_23

A=1- B'=1 2.2.12
o = (22.12)

These can also be immediately integrated (with a suitable choice of integration constants),

3001, ., 11,
A:§r—11n(62 —1) , lenﬁ+§ln(62 —1) , r>0. (2.2.13)

This solution seems to be problematic close to r = 0. Indeed, if we compute the Ricci scalar
we obtain R = 0, nevertheless, R, R* ~ m%rél + .... close to r = 0. The solution is singular
and we will not study it further.

It is interesting to notice that a family of non-SUSY fixed point solutions exists. Indeed,
we can consider the situation where B, U,V and A’(r) = a, are constant. For S? and Hy,
we find then that the Einstein equations impose U =V = 0 and

8+e 2 —4a2=0, 4—2e P4 re?P =0, (2.2.14)
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Where x = +1 for S? and K = —1 for H,. The solution is,

6723

4

2= e (4e*” + k) | al=3+rk (2.2.15)

For the S? case the range of parameters is,
BeER, :2eR-{0}, ae <—oo,\/§> U (\/§ +oo> , (2.2.16)
while for Hy we find,
Be[—1n2,+oo>, 2€R, ale(—f,—\/i]u[\/i\/%). (2.2.17)

Notice that in the case of Hs, there is a non-SUSY solution with z = 0, hence no fibration
between the hyperbolic plane and the Reeb vector n. The SUSY fixed point in eq. (2.2.12))

is part of the family in eq. (2.2.17)), with z = —%.
For the T? we also find an AdS; solution,

a? =3, 22=4e" U=0, V=0. (2.2.18)

Notice that z € R—{0}. This completes our presentation of what we will refer as twisted’
solutions. By twisted we mean solutions where a gauge field is switched on the Riemann
surface generating a fibration between s and the R-symmetry direction. In the following,
we will present a background that also contains an AdSj factor, it flows in the UV to an
AdSs, but the field content and the mechanism of SUSY preservation are different from the
ones above.

2.2.2 The Donos-Gauntlett-(Kim) background

In this section we revisit a beautiful solution written in [I112]—this type of solution was
first studied in [I13]. Due to the more detailed study of [112], we will refer to it as the
Donos-Gauntlett solution in the rest of this chapter.

The background in [112] describes a flow in the radial coordinate, from AdSs x T to
AdSs3 x My;. The solution is very original. While the boundary of AdSs is of the form
RM x T2 the compactification on the Riemann surface (a torus) does not use a 'twist’ of
the 4d-QFT. This is reflected by the absence of a fibration of the Riemann surface on the
R-symmetry direction 5. Still, the background preserves SUSY [| The solution contains an
active NS-three form Hj that together with the RR five form Fj implies the presence of a
RR-three form Fj. The authors of [112] found this configuration by using a very inspired
ansatz. We review this solution below, adding new information to complement that in [112].

The metric ansatz is given by,

ds?

= 4 (=dyg + dy}) + € (do? + dB?) + dr® + e*Vdshp + 2V | (2.2.19)

3The solutions in Eqs.(63)-(80) of the paper [114], can be thought as an "ugly’ ancestor of the Donos-
Gauntlett background.
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where A, B,U,V are functions of the radial coordinate r only. The line element ds% is

defined in eq. (2.2.2)) and o;, w;, n are given in eq. (2.2.3)). The natural vielbein is,

eV = Ledyy, ¥ = Leldy,, e“ = LePda, e’ = LePdp, e = Ldr,

oU oU U U (2.2.20)

€' = L—0y, €2 =L——0,, €' =L—w, € =L—w, € =Len.

V6 V6 V6 V6

Note that compared to [112] we have relabelled ¢; — —¢;. To complete the definition of the
background, we also need

VOll = —01 VAN 09, V012 = W1 A Wa, (2221)

and the fluxes,

1 1
ﬁFg, = 4?AT2B=V=4U gy A dyy A da A dB A dr + 51 A Vol; A Voly

)\2
+5 [da A dB A A (Voli + Vola) + €*4225=Y dy A dys A dr A (Vol, + VOIQ)] ,

1 A 1 A
ﬁFg = Edﬂ VAN (VOll - VOIQ), ﬁBQ = —604 (VOll — VO].Q),

(2.2.22)
where A is a constant that encodes the deformation of the space (and the corresponding

operator in the 4d CFT). The BPS equations for the above system are given by,

A — 1)\26—2B—2U—V LU=V B — U=V _ 1)\26—2B—ZU—V

4 \ (2.2.23)
U' = oV-2U _ —4U-V V' — _l)\2e—2B—2U—V L g lU-V V-2 | 3,V
) 4 *
It is possible to recover the AdSs x T! solution by setting A = 0 and
A=B=r, U=V=0 (2.2.24)

Further we can recover the AdSj3 solution by setting A = 2 (this is just a conventional
value adopted in [I12]) and

8/4 1. /4 1. /4 1. /4

A flow (triggered by the deformation parameterized by A) between the asymptotic AdSs and
the AdSjs fixed point can be found numerically.

Up to this point, we have set the stage for our study, but most of the solutions discussed
above have already been stated in the literature. Here we just added some new backgrounds
and technical elaborations on the known ones. Below, we will present genuinely new type
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ITA /B solutions. The technical tool that we have used is non-abelian T-duality. This tech-
nique, when applied to an SU(2) isometry of the previously discussed solutions will generate
new type ITA configurations. In our examples these new solutions are nonsingular. Their
lift to eleven dimensions will produce new, smooth, AdS3 configurations in M-theory. More-
over, performing an additional abelian T-duality transformation we generate new type IIB
backgrounds with all fluxes turned on and an AdSj3 fixed point at the IR. We move on to
describe these.

2.3 New backgrounds in type IIA: use of non-abelian
T-duality

In this section we apply the technique of non-abelian T-duality on the type IIB backgrounds
that we presented above. As a result we obtain new solutions of the type ITA supergravity.

2.3.1 The non-abelian T-dual of the twisted solutions

We will start by applying non-abelian T-duality (NATD) to the background obtained via a
twisted compactification in section The configuration we will focus on is a particular
case of that in eq. (2.2.I). Specifically, in what follows we consider U = V' = 0. These
values for the functions U and V' are compatible with the BPS system (2.2.6). In this case

the background (2.2.1)) simplifies to,

ds? 1 1

5= >4 (—dyg + dyi) + e*Pdss,, + dr® + e (o7 +03) + . (wW? +wd) + (n+241)°
F

L—i =4Vols +2J N J AN (n+ zA;) — zVols, AJ A (n+2A1) — ze‘zBVolAdS3 ANJ .

(2.3.26)
As before, all other RR and NS fields are taken to vanish. Also, the 1-form A;, the line
element of the Riemann surface >y and the corresponding volume form, for each of the three
cases that we consider here, are given in eq. .

We will now present the details for the background after NATD has been applied on the
SU(2) isometry described by the coordinates (6, ¢2,%). As is well-known a gauge fixing
has to be implemented during the NATD procedure. This leads to a choice of three new
coordinates’ among the Lagrange multipliers (z1, x9,x3) used in the NATD procedure and
the ’old coordinates’ (6, 2, 1) E] In all of our examples we consider a gauge fixing of the
form,

As a result, the Lagrange multipliers 1, x9 and 3 play the role of the dual coordinates in the
new background. To display the natural symmetries of the background, we will quote the
results using spherical coordinates (the expressions in cylindrical and cartesian coordinates

4The process of NATD and the needed gauge fixing was described in detail in [42], [106].
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are written in appendix C of [19]). We define,
xr1 = pcos&siny , To = psinésiny , X3 = pPCosx ,
(2.3.28)
A = L* + 5402 p*sin® x + 360/%p*cos® x , &3 = cosbidp + 3zA,.

The NSNS sector of the transformed ITA background reads,

~ L2

23

= A

32403
ds® 24 2 2 2B 7.2 2, Lo 2 a” .2 2 2 ~ N2
7z =€ (—dyg + dy?) + €*Pds3, + dr” + 5 (o7 +03) + N 6(8111 x(dp® + p*(d€ + G5)?)
- 2 .2 2 - 2 32407 5

+ psin(2x)dpdx + p~ cos” xdx ) + 9(cos xdp — psmxdx) + 71 P dp” |,
~ 05/3
By = N 36p cos X(p&g A dp + psin xdé A (sin xdp + pcos de))

L4
+ (—/253 — 54p? sin® ng) A (cos xdp — psin de)] X
a

(2.3.29)
while the RR sector is, []
~ ~ LA
FO = O, FQ = ” 3 (20'1 N oo + 32\/0122) 9
o'2
. IA
Fy = TV 3ze?B (dp cos Y — psin de) A Volugs, + 2 p cos xVoly, A o1 A 09
o
18a? , | 2 :
N p SIHX<2V0122 + 501 A 02> A (2 cosx( sin xdp + pcos de) (2.3.30)

+3 sinx(p sin ydx — cos Xdp)) A (d£ + 63)

The SUSY preserved by this background is discussed in appendix 2.A.1 We have checked
that the equations of motion are solved by this background.

2.3.2 The non-abelian T-dual of the Donos-Gauntlett solution

In this section we will briefly present the result of applying NATD to the Donos-Gauntlett
solution [112] that we described in section [2.2.2]

Like above, we will perform the NATD choosing a gauge such that the new coordinates are
(21, 22, x3). We will quote the result in spherical coordinates (the expressions in cylindrical

5 According to the democratic formalism, the higher rank RR forms are related to those of lower rank
through the relation F, = (—1)3] x Fyo_,,.



2.3. NEW BACKGROUNDS IN TYPE IIA: USE OF NON-ABELIAN T-DUALITY 49

and cartesian coordinates are written in appendix C of [19]). The expressions below are
naturally more involved than those in section This is due to the fact that now there is
a non-trivial NS 2-form that enters in the procedure (explicitly, in the string sigma model)
which makes things more complicated. As above, we start with some definitions,

L2\
BL =pcosxy + — B=DB,, A = LU 15407V p? sin? y + 3602822V .

« Y
60/
(2.3.31)
The NSNS sector is given by,

~ 2
—20 L

=—A
324 o3
ds’ 24 2 2 2B 2 2 2 2
T3 =€ (—dyg + dyi) + ¢* (do® + dB?) + dr +7(01 +03) +
2
+ OCK 6eU T2V (sin2 X(dp2 + p? (d/f + 03) 2) + psin(2x)dpdx + p* cos® XdX2>

3240/
IA

2
+9¢* (cos xdp — psin xdx)” + ((Beos x + psin® x)dp+ p(pcos x — B) sin xdy ) ] |

(2.3.32)
13

~ A «
BQZL26060'1/\02+K

36 B €2V (03 A ((B cos X + psin® X)dp + p(pcosx — B) sin de)

L4
+ psin yd€ N ( sin xdp + p cos de)) Y4, (62V+2U—/203 — 54p? sin? Xd{) A (cos xdp — psin de)] :
!

The RR sector reads,

o 2
F=0, FB=—, (Ao/dB, NdB+ SLP01 ag),

6a’2

~ LAN 212
Fy = W ev< —da — 36’23*2‘/)\( cos xdp — psin de)) A Vol ags,
o (0]
/
— L—O; (,0 sin X( sin xdp + p cos de) BdB) ANdB N oy N\ o9 (2.3.33)
360 3a/ 2 ,
A PsinX <ﬁdﬁ ANdB_ — 501 A 02> A (262VB( sin ydp + p cos de)+

+ 3e*Ypsin X(p sin ydx — cos Xdp)) A (d§ + 03)

Here again, aspects of the SUSY preserved by this background are relegated to appendix
[2.A.T] We have checked that the equations of motion are solved by this background.
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2.4 T-dualizing back from type IIA to IIB

In this section, we will construct new type IIB Supergravity backgrounds with an AdS;5 factor
at the IR. The idea is to obtain these new solutions by performing an (abelian) T-duality
on the configurations described by egs. (12.3.29)-(2.3.30) which, in turn, were obtained by
performing NATD on the backgrounds of eq. (2.3.26). The full chain of dualities is NATD
-T. The new solutions present an AdSs fixed point and all RR and NS fields are switched
on.

It should be interesting to study if the AdS3 fixed point of this geometry falls within
known classifications [I15]. If not, to use them as inspiring ansatz to extend these taxonomic
efforts.

In order to perform the T-duality, we will choose a Killing vector that has no fixed points,
in such a way that the dual geometry has no singularities. An adapted system of coordinates
for that Killing vector is obtained through the change of variables,

inh b
a = arccosh (cosh acoshb) | 8 = arctan S , (2.4.34)
tanh a

obtaining [f]

A, =sinha db , Voly,, = cosha da A db , ds222 = da® + cosh®a db? . (2.4.35)

The Killing vector that we choose is the one given by translations along the b direction.
Its modulus is proportional to the quantity,

Ar = 54022 p? sin? x sinh® a 4 e?P cosh® a A | (2.4.36)

where A is defined in eq.(2.3.28)). Since A is never vanishing the isometry has no fixed
points.

To describe these new configurations, we define,

As = 3zsinha (cosxdp — psin xdy) — db . (2.4.37)

6 In fact using the coordinate transformation eq. (2.4.34) we obtain A; = sinha db + total derivative.
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Then, we will have a NSNS sector,

~ L4
—2%
= A
3241717
ds? 24 2 2 2B 5 2 o Ly 2
Tz =€ (—dys + dy?) + €*Pda® + dr + 3 (07 4 03)
a? A, 2B 2 (2.2 2 : 2
+A— 4db + 6e“” cosh a(p sin X(03+d§) + (d,o siny + p cosx dx) >
T
2 2 . 2 3602 ,
+9(z sinh® a + 2% cosh?® a (dp cosY — p SlnXdX) + i pdp>
) 360/2 )
— 6zsinha db ( ) cosx dp—p sinx dy ||, (2.4.38)
. 0/3
By = A 2B cosh? a | 36p cos x [pag A dp + psin xdé N (sin xdp + p cos de)}
T

4

L
+ (a—Ug — 54pdE sin X) A (dp cos Y — psinxdx>> — 18 z p? sinhasin® X<d£ AN Az + db A 03)] ,

and a RR sector that reads,

~ IA
Fi =~ cosha da,

18a/?
- 4
F3 = Sor ,(2A3 + 3zpcosycosha da) Aoy N oy

L4 / h
° aAC—OS ap2 sin X(Ug + df) [ B cosh? a((2 + sin? X) dx — sin x cos Xdp)
T

— zsinh asin XA3i| Nda ,
~ LA
Fy = e " (246 pcoshada ndp -+ =(dpcosx — pdsinx) Adb) AVolaas,  (2:4.39)

L4 /2 h
018208 %1028 cosh apsin xd§ N ((dp sin x + pdx cos X) A [24p cos Y As
T

L4
— Z(ﬁ + 54p? sin? X) cosh ada} + 18 p Sinx(?)zp cos x cosh ada — ZdB) A (dp cos Y — pdx sin X))

— 1822 p3sinha sin® y d€ A (32 sinh a( sin? xdp + psin y cos de) + cos XA3> A da] Nop Noy .
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We have checked that the equations of motion are solved by this background, either assuming
the BPS equations or the non-SUSY solution (2.2.17). We have also checked that the
Kosmann derivative vanishes without the need to impose further projections. These facts
point to the conclusion that this new and smooth solution is also SUSY preserving.

We will now present new backgrounds of eleven-dimensional supergravity.

2.5 Lift to M - theory

Here, we lift the solutions of sections [2.3.1] and [2.3.2] to eleven dimensions, presenting new
and smooth backgrounds of M-theory that describe the strong dynamics of a SUSY 2d CFT.

It is well known that given a solution of the type ITA supergravity the metric of the
uplifted to eleven dimensions solution, has the following form,

_23 1%
dsUA + e3?

ds?, = e 3% (dz1y + C’l) , (2.5.40)
where ® is the dilaton of the 10-dimensional solution of the Type ITA SUGRA and 61 is
the 1-form potential that corresponds to the RR 2-form of the Type ITA background. Also,
by x1; we denote the 11* coordinate which corresponds to a U(1) isometry as neither the
metric tensor or flux explicitly depend on it.

The 11-dimensional geometry is supported by a 3-form potential C which gives rise to
a 4-form M = dC}'. This 3-form potential can be written in terms of the 10-dimensional
forms and the differential of the 11*" coordinate as,

C:;],V[ = 63 = EQ N dSCH o (2541)

The 3-form Cg corresponds to the closed part of the 10-dimensional RR form F4 = ng,
H3 A C’l Here, B2 is the NS 2-form of the 10-dimensional type-1TA theory and H3 = d32
Hence we see that in order to describe the 11-dimensional solution we need the following
ingredients,

ds%IA s EI\) s EQ s al 9 63 or ﬁ4 . (2542)

Let us now present these quantities for the cases of interest.

2.5.1 Uplift of the NATD of the twisted solutions

As we mentioned above, in order to specify the M-theory background we need to read the
field content of the 10-dimensional solution. For the case at hand we wrote the metric ds?; 4,

the dilaton ® and the NS 2-form B\Q in eq. ([2.3.29). Moreover, from the expression of the
RR 2-form in eq. (2.3.30) we can immediately extract the 1-form potential C7,

(324 —203) . (2.5.43)
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The 3-form potential—ag—can be obtained from the RR 4-form of eq. (2.3.30)). After some
algebra one finds,

Cy= = = p cosx Volus, + ( ; ”) XAy Aoy Adp
6 o’z 6az A
L4 3 9 . 2
+ : QAp = <Z A= §‘73> AN dEN (P (2 + sin? X) dy —siny cosy dp) (2.5.44)
Ltz p N
L (& cosx (03 A Voly, — 241 Adog) = 3L sinx Ay Aoy A dx)
18 o’2 A

We close this section by observing that, if the coordinate p takes values in a finite interval,
then the radius of the M-theory circle, 3% never blows up, because the function A that
appears in the expression of the dilaton is positive definite. We have checked that the
equations of motion of the 11-dimensional Supergravity are solved by this background.

2.5.2 Uplift of the NATD of the Donos-Gauntlett solution
Here, the NSNS fields of the 10-dimensional theory have been written in detail in eq. (2.3.32)).

In order to complete the description of the M-theory background we need also to consider
the potentials C'; and C'5 that are encoded in the RR fields of eq. (2.3.33). Hence from the
RR 2-form potential we can easily read Cf,

~ L2 B_ L*

C.=22"=45_ : 2.5.45
. 6a'z 3 270/2 7 ( )

where the function B_ has been defined in eq. (2.3.31]). Also, from the RR 4-form we can
obtain the potential C'3 which in this case is,

R 6_2B_VL4)\
03 = 36—,; <2€2B+2VL2a A 3>\O/p cos X) VOIAdS3
o'2
/3 L2psin y
TN (180‘“5— (05 + dé) NdB + 4L%05 A d§> AT (2.5.46)
L2\o/2

+

B <Bz + B? + p*sin? X) dp Ndos .

Here for brevity we have defined the 1-form 3, in the following way:

¥, =6a/¢?VB (sin xdp + pcos de) —9a/e*Ypsin (cos xdp — psin de) . (2.5.47)
Finally, we observe that the radius of the M-theory circle is finite, for reasons similar to

those discussed in the previous example. We have checked that the equations of motion of
the 11-dimensional Supergravity are solved by this background.
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This completes our presentation of this set of new and exact solutions. A summary of all
the solutions can be found in Table 2.1} The expressions for these backgrounds in cartesian
and cylindrical coordinates are written in appendix C of [19] .

We will now move on to the second part of this chapter. We will study aspects of the
field theories that our new and smooth backgrounds are defining.

2.6 General comments on the Quantum Field Theory

Let us start our study of the correspondence between our new metrics with their respective
field theory dual. We will state some general points that these field theories will fulfill.

In the case of the backgrounds corresponding to the compactifications described in section
[2.2.7] our field theories are obtained by a twisted KK-compactification on a two dimensional
manifold—that can be Hy, S? or T?. The original field theory is, as we mentioned, the
Klebanov-Witten quiver, that controls the high energy dynamics of our system. The bosonic
part of the global symmetries for this QFT in the UV are

SO(1,3) x SU(2) x SU(2) x U(1)r x U(1) s, (2.6.48)

where, as we know the SO(1,3) is enhanced to SO(2,4). The theory contains two vector
multiplets W* = (X', A!)), for i = 1,2, together with four chiral multiplets A, = (Aq, %) for
a=1,2 and B = (Bg, xa) With & =1, 2.
These fields transform as vector, spinors and scalars under SO(1, 3)—that is A,, B, are
1 1

singlets, the fermions transform in the (%,0) @ (0,%) and the vectors in the (1, 2). The

transformation under the 'flavor’ quantum numbers SU(2) x SU(2) x U(1)g x U(1)p is,

1
Aa - (2a ]-7 57 1)7 Bd - (]-727 ) _1)7

1 1

wa = (27 17 _57 1)7 Xa = (172, _57 _1>, (2649)

No=(1,1,1,0), Al =(1,1,0,0).

The backgrounds in section are describing the strong coupling regime of the field
theory above, in the case in which we compactify the D3-branes on Y5 twisting the theory.
This means, mixing the R-symmetry U(1)g with the SO(2) isometry of 5. This twisting
is reflected in the metric fibration between the n-direction (the Reeb vector) and the 3.
The fibration is implemented by a vector field A; in eq. (2.2.1)). The twisting mixes the R-
symmetry of the QFT, represented by A; in the dual description, with (part of) the Lorentz
group. In purely field theoretical terms, we are modifying the covariant derivative of different
fields that under the combined action of the spin connection and the R-symmetry (on the
curved part of the space) will read D, ~ 0, + w, + A,.

In performing this twisting, the fields decompose under SO(1,3) — SO(1,1) x SO(2).
The decomposition is straightforward for the bosonic fields. For the fermions, we have that
(2,0) decomposes as (+, %) and similarly for the (0, 1) spinors.

The twisting itself is the 'mixing’ between the + charges of the spinor and its R-symmetry
charge. There is an analog operation for the vector and scalar fields. Some fields are scalars
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under the diagonal group in U(1)z x SO(2)y,. Some are spinors and some are vectors. Only
the scalars under the diagonal group are massless. These determine the SUSY content of
the QFT. This particular example amounts to preserving two supercharges. There are two
massless vector multiplets and two massless matter multiplets. The rest of the fields get a
mass whose set by the inverse size of the compact manifold. In other words, the field theory
at low energies is a two dimensional CFT (as indicated by the AdS; factor), preserving (0, 2)
SUSY and obtained by a twisted compactification of the Klebanov-Witten CFT. The QFT
is deformed in the UV by a relevant operator of dimension two, as we can read from eq.
(2.2.9)).

An alternative way to think about this QFT is as the one describing the low energy
excitations of a stack of N. D3-branes wrapping a calibrated space Y5 inside a Calabi-Yau
4-fold.

The situation with the metrics in section 2.2.2 is more subtle. In that case there is also
a flow from the Klebanov-Witten quiver to a two-dimensional CFT preserving (0,2) SUSY.
The difference is that this second QFT is not apparently obtained via a twisting procedure.
As emphasized by the authors of [I12], the partial breaking of SUSY is due (from a five-
dimensional supergravity perspective) to ’axion’ fields depending on the torus directions.
These axion fields are proportional to a deformation parameter—that we called A in eq.
(2.2.22)). The deformation in the UV QFT is driven by an operator of dimension four that
was identified to be Tr(W2 — W2) and a dimension six operator that acquires a VEV, as
discussed in [I12].

To understand the dual field theory to the IIA backgrounds obtained after non-abelian
T-duality and presented in section involves more intricacy. Indeed, it is at present
unclear what is the analog field theoretical operation of non-abelian T-duality. There are,
nevertheless, important hints. Indeed, the foundational paper of Sfetsos and Thompson [15],
that sparked the interest of the uses of non-abelian T-duality in quantum field theory duals,
showed that if one starts with a background of the form AdSs x S°/Z,, a particular solution
of the Gaiotto-Maldacena system (after lifting to M-theory) is generated [102]. This is hardly
surprising, as the backgrounds of eleven-dimensional supergravity with an AdSs factor and
preserving N/ = 2 SUSY in four dimensions, have been classified. What is interesting is that
the solution generated by Sfetsos and Thompson appears as a zoom-in on the particular
class of solutions in [50]. This was extended in [42] that computed the action of non-abelian
T-duality on the end-point of the flow from the N = 2 conformal quiver with adjoints to
the Klebanov-Witten CFT. Again, not surprisingly, the backgrounds obtained correspond
to the N/ = 1 version of the Gaiotto T theories— these were called Sicilian field theories
by Benini, Tachikawa and Wecht in [116], see Fig. . It is noticeable, that while the
Sicilian theories can be obtained by a twisted compactification of M5-branes on Hs, S?, T2,
the case obtained using non-abelian T-duality corresponds only to M5-branes compactified
on S? and preserving minimal SUSY in four dimensions. What we propose in this paper is
that the twisted compactification on > of a Sicilian gauge theory can be studied by using
the backgrounds we discussed in section and their M-theory counterparts. We will
elaborate more about the 2-d CFTs and their flows in the coming sections.

In the following, we will calculate different observables of these QFT’s by using the
backgrounds as a ’definition’ of the 2d SCF'T. The backgrounds are smooth and thus the ob-
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servables have trustable results. Hence, we are defining a QFT by its observables, calculated
in a consistent way by the dual solutions. The hope is that these calculations together with
other efforts can help map the space of these new families of CFTs. To the study of these
observables we turn now.

2.7 Quantized charges

In this section, we will study the quantized charges on the string side. This analysis appears
in the field theory part of the chapter because these charges will, as in the canonical case of
AdSs x S°, translate into the ranks of the gauge theory local symmetry groups.

The NATD produced local solutions to the 10-dim SUGRA equations of motion. Nev-
ertheless, it is still not known how to obtain the global properties of these new geometries.
Some quantities associated to a particular solution, like the Page charges below, are only
well-defined when the global properties of the background are known. Since we have only a
local description of our solution, we will propose very reasonable global results for the Page
charges, mostly based on physical intuition.

Let us start by analyzing a quantity that is proposed to be periodic in the string theory.
We follow the ideas introduced in [117] and further elaborated in [106]. To begin with, we
focus on the NATD version of the twisted solutions; described in section [2.3.1] Let us define
the quantity,

W (. / B, € [0,1] (2.7.50)
II>

A2/

where the cycle I, is defined as,
9 1
M, =S {x, £,a =0, p = const, df = —3—Zd§} . (2.7.51)

As the topology of the NATD theory is not known, we propose that this cycle is present in the
geometry. This cycle will have a globally defined volume form, which in a local description
can be written as Voly, = sin xy d A dy. We then find,

B 1
T 4n2af

bo / o’ psin xydé A dy = L, [0, 1]. (2.7.52)
Il n

Again, we emphasize that this is a proposal made in [I17] and used in [106]. Moving further
than 7 along the variable p can be 'compensated’ by performing a large gauge transformation

on the Bs-field,
By — By = By — o'nmsin xydé A dy. (2.7.53)

We will make extensive use of this below.
Let us now focus on the conserved magnetic charges defined for our backgrounds. We
will start the analysis for the case of the solutions in section [2.2.1]
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2.7.1 Page charges for the twisted solutions

We will perform this study for the solutions before and after the NATD, and we will obtain
how the Page charges transform under the NATD process. Page charges (in contrast to
Maxwell charges) have proven fundamental in understanding aspects of the dynamics of
field theories—see for example [I1§].

In the following, we use as definition of Page charge,

1 1
N — —/ F, | Ae P2, Nns el ae—— Hy
ool 2630Tpp Jus_, (Zz: ) sy 2630 Twss Ju,

(2.7.54)
1

oL

2/1%0 = (27m)"a4, Tpp=——>7
(2m)Pa 2

Tnss = Tps -

In particular, for D3-branes we have,

1

Nps|y. = 537
I 2H%0TD3

/ (F5—Bz/\F3+lBQ/\BQ/\F1) )
11 2

The topology of the internal space is 3y x S? x S3. First, we consider the cycle S? x
S3. Second, we can consider some cycles given by the product of ¥ with a generator of
H3 (5% x S3,7Z). Notice that the S? x S? is realized as a U(1) fibration over an S? x S3 base.
A smooth 3-manifold, S}, that can be used to generate Hz (S* x S3,Z) is provided by the
circle bundle restricted to the S? factor. We can also choose S3, defined to be the circle
bundle restricted to the S2 factor of the base space. In summary, the relevant cycles are,

m) = 52 x $° {91,¢1,92’¢2,¢}, nY = 5% 57 {a,6,91,¢1,¢},

0P = 2o x S5 {a, 8,060, -

The background fields By, F; and F3 are vanishing, and only Fj contributes. The specific
components of Fy in eq. (2.3.26) that have non vanishing pullback on these cycles are,

(2.7.55)

L4 L4
F5 = r Vol; A Voly A+ Ez\/olg2 A (Voly + Voly) An+ ... (2.7.56)

We explicitly see that it is a globally defined form, as all the involved quantities (n, Vols,,
Voly, Voly) are well defined globally. The associated Page charges of D3-branes for the

background around eq. (2.3.26) are,
414

2702w’

where vol (X3) is the total volume of the two-manifold ZQE As usual, the first relation

quantizes the size of the space,

L* 2 vol ()

ND3’H§” - ND3‘H§> = NDS’H?) = o2 ez (2.7.57)

L' = T0/2ND3. (2.7.58)

"Notice that we use Vol for volume elements (differential forms) and vol for the actual volumes of the
manifolds (real numbers).
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We have then defined three D3-charges. The one associated with Npj3 is the usual one
appearing also in the AdS5 x S® case. The other two can be thought as charges 'induced’
by the wrapping of the D3-branes on the Riemann surface. The reader may wonder whether
these charges are present in the backgrounds found after NATD. We turn to this now.

The particular expressions for Page charges in type ITA are,

1 o
Npgl = —— <F _F B),
DG‘HQ 22 T /H2 2 — I'o Dy

1 N N N

N = —5— Fy—BNF,+-FyB,ANB

D4‘H4 262,Tpa /H4( 4 2 2+ 510 B2 2), (2.7.59)
1 ~ A~ o~ 1l &~ A~ s~ A A

N = — Foe —ByNFy+ —-BysANBy ANFy — —Fy By ABy A By | .

D2‘H6 272, T /Hs( 6 2 4+2 2 2 27 glo b2 2 2)

We label the radius of the space of the geometry in eq. by E, to distinguish it from
L, the quantized radius before the NATD.

In order to properly define the cycles to be considered, we should know the topology of
this NATD solution. However, we have obtained only a local expression for this solution, and
we do not know the global properties. As we explained above, we will present a proposal to
define the Page charges that would explain the transmutation of branes through the NATD.
We propose the relevant cycles to be, EI

11" {01,¢1}, Hg”:{a,ﬁ,el,aﬁl,p,é,x:z}, n® {oz,ﬁ}. (2.7.60)

[\]

The associated charges are,

o4

L* 2 vol (%)
27a/%

ND6|H;1) = NDG‘Hé?s) =2 35
(2.7.61)
L* z vol (X3)wol (p, &)  n? L* z vol (X5)

NDQ‘Hff’ T a2 14474 T 402 367

In the last expression, we performed the integral over the p-coordinate in the interval [0, n7].
These three charges are in correspondence with the ones before the NATD in eq. (2.7.57)).
Indeed, we can compute the quotients,

NDg NDg 3 4ND2 ND6 3
Nps  Nps 87TZ vol (%), n?Nps  Npe 8772 vol (¥2) ( )

These quotients indicate a nice correspondence between charges before and after the duality.

8Intuitively, we can think that the branes transform under NATD as 3 consecutive T-dualities. For
example, in the first 5-cycle of eq. , the NATD is performed along 3 of the coordinates, (62, 2, ),
in such a way that we end up with a 2-cycle, the first cycle in eq., associated with D6-branes. In the
second 5-cycle of eq. the NATD only affects the 1-direction, so it disappears, and two more directions
are added in order to complete the 3 T-dualities, ending up with a 6-cycle in eq., associated with
D2-branes.
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Using the first relation in eq. we quantize the size L of the space after NATD to
be 24 = %QQND(;.

A small puzzle is presented by the possible existence of charge for D4-branes, as there
would be no quantized number before the NATD to make them correspond to. To solve this
puzzle, we propose that there should be a globally defined closed non-exact form that allows
us to perform a large gauge transformation for the By, in such a way that all the D4 Page
charges vanish. In local coordinates, we have a gauge transformation,

By — By = By + a/d[pcos x &), (2.7.63)

written in such a way that the integrand has at least one leg along a non-compact coordinate,

~

2[4
6va!

Hence, any Page charge for D4-branes is vanishing. To be precise, the D2 charge Npy must
be computed after choosing this gauge, as it depends on B, but it turns out to be the same
as calculated in eq. .

The motion in the p-coordinate, as we discussed above, can be related to large gauge
transformations of the By-field. The large transformation that 'compensates’ for motions in
p, namely By — B = By — o/nmsin xdé A dy, has the effect of changing the Page charges
associated with D4-branes, that were initially vanishing. Indeed, if we calculate for the
following four cycles,

B BynBy= S oo

e cos xdp — psin xdy) A Volags,- (2.7.64)

n {oenve, 1P {aBxef, (2.7.65)
the Page charge of D4-branes varies according to,
1 ~ = L' 2
ANpy| ) = ——=—— (—AB/\F):———:—N ,
D4’Hi) 22T /Hff) YO N 597 nNpg
(2.7.66)
ANpy| e = ! / ( AB /\ﬁ)— nLMszol(E)— nN.
PAHT ™ 9p2 Tpy Jue 2T T a2 36 e
4

We can interpret these findings in the following way. Our QFT (after the NATD) can be
thought as living on the world-volume of a superposition of D2- and D6-branes. Motions
in the p-coordinate induce charge of D4-branes, which can be interpreted as new gauge
groups appearing. This suggest that we are working with a linear quiver, with many gauge
groups. Moving nr-units in p generates or 'un-higgses’ new gauge groups of rank n/Npg and
nNpg. Computing volumes or other observables that involve integration on the p-coordinate
amounts to working with a QFT with different gauge group, depending on the range in p
we decide to integrate over. Notice that p is not a holographic coordinate. Motions in p are
not changing the energy in the dual QFT. For the AdS-fixed points the theory is conformal
and movements in p do not change that.

In the paper [106] , the motion in the p-coordinate was argued to be related to a form of
"duality’ (a Seiberg-type of duality was argued to take place, in analogy with the mechanism
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of the Klebanov-Strassler duality cascade, but in a CF'T context). That can not be the whole
story as other observables, like for example the number of degrees of freedom in the QFT,
change according to the range of the p-integration. Hence the motion in p can not be just
a duality. We are proposing here that moving in the p-coordinate amounts to changing the
quiver, adding gauge groups, represented by the increasing D4 charge.

We will now present the same analysis we have performed above, but for the case of the

background in section [2.2.2]

2.7.2 Page charges for the Donos-Gauntlett solution

Part of the analysis that follows was carefully done in the original work of [I12] and here
we will extend the study for the solution after the NATD that we presented in section [2.3.2]
We will give an outline of the results as the general structure is similar to the one displayed
by the twisted solutions of the previous section.

We focus on the original Donos-Gauntlett background first. We denote by d,,, ds the two
radii of the torus (the cycles of the torus are then of size 27d, and 27ds respectively) and
consider five different cycles in the geometry,

Hél):S2><S3 {91,¢1,927¢2,@/}}> ng):TZXSf {a,6,91,¢17¢}7
Hé3) = T2 X Sg {a757927¢27w}7

A (2.7.67)
1Y = 51 x 5(S) {05,91 =, 1 = —¢o, ¢ = COHSt}7
H:g5) = S5 x 5(5) {5;91 =00, 01 = =2, = COHSt}-
The Page charges associated with D3-, D5- and NS5-branes are,
414 ~ ~ L* \? d,dg
Nps‘ngn = S NDS‘HéQ) = _ND3|Hé3) =2 2 9
(2.7.68)
L\ d, L)\ dg
NNss‘Hgl) = -2 ra Nbs}ném =2 ryVaE

After the NATD, we focus on the background around egs. (2.3.32)) (2.3.33)). We consider
the following cycles in the geometry,

n {0}, 10 {as00006x=3} 18 {as},
(2.7.69)

1" {6,917¢1,p,x,£}, ) {ﬁ,x,pzpo}.

The correspondent Page charges defined on them (the p-coordinate is taken in the [0, nr]
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interval),
NDG‘H(ZU = 227—3; ; NDG‘Hg) = L,2 /\187Td dg Npe ne = %/,25/)0 dg
Foalye = _% A2 vol (27;32;01 (p, &) _ 01?4 A271727rd ds, (2.7.70)
NDQ\H? Zf 22 ——dg vol (p, x,§) = i—fA—gd

From the first relation we obtain, L* = Z'a?Npg. Like in the case of the twisted solutions,
we can choose a gauge for the B, field

§2—>§,Zég+(5§2,

90/2)\ (2.7.71)

~ A

0By = dpg A <psmx d(psmx) + B dB) + L26 (da Nos—a oy A 02),
such that the Page charge of D4-branes, when computed on every possible compact 4-cycle,
is vanishing. Indeed, after the gauge transformation, we have

LAN
36\/_

Any integral over compact manifolds is vanishing. Like in the case of the twisted solutions,
Npy and Nps should be recalculated after choosing this gauge; but their value turns out to
be unchanged.

We can apply the same string theory considerations on the quantity by that now is defined
as an integral over the cycle,

~ o~ o~ 212
Fy— ByANFy, = ( do— 3e 2572V )\ d(pcos X)) A Vol ags, - (2.7.72)

=57, {x,&, @ = const, p = const}. (2.7.73)
We then calculate,
1 o P
by 47r2a//112apsmxdf/\dx - e [0,1] (2.7.74)

If we move further than 7 along the variable p, we can compensate this by performing
the large gauge transformation By — B} = By — o/nmsin xd€ A dx. We now consider the
correspondent variation of Page charges for D4-branes, that can be calculated using the
following cycles,

Hfll) {017¢17X7 5} Y HELQ) {Oé, /87 X;f}) (2775)
to be,
1 ~ o~ )
P T ——— P— JE—
AQD4|H511) = QH%OTD4 /(1> (_ABQ N FQ) = —TLEE = —TLNDG ,
(2.7.76)
AQD,| o = L/ (~aBAB) = X Gy =
Dafm® — 263, Tpa ) ? 2) 7 Va2 18 p = TMADE -
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The variation of the Page charges of D2-branes vanishes under this large gauge transfor-
mation. For the Donos-Gauntlett solution we observe a structure very similar to the one
discussed for the twisted solutions. Again, here we would propose that the NATD background
‘un-higgses’ gauge groups of rank n/Npg as we move in units of nm in the p-coordinate.

We move now to the study of another important observable of our dual 2-d and 4-d
CFTs.

2.8 Central charges and c-theorem

In this section, we will study the central charge, an important observable of the different
strongly coupled QFTs that our backgrounds in sections to are defining.

Let us start with a brief summary of the ideas behind this observable. The RG-flow can
be understood as the motion of the different couplings of the QFT J; in terms of a parameter
t = — In u, such that for a given operator O,

dO 90

N _ﬁi()\)é)\i' (2.8.77)

dt

Hence, the beta functions S;(A) are the 'velocities’ of the motion towards the IR. It is
interesting to define a 'c-function” ¢(t) with the property that it decreases when flowing to
low energies,

de(t)

dt

Such that at stationary points dfi—(tt) = 0 implies that §;(\) = 0 and vice versa. The intuition
behind this quantity is that massless degrees of freedom are lifted by relevant deformations,
the flow to low energies then coarse-grains away these lifted modes. This intuition is realized
in different situation: the two dimensional case, with Zamolodchikov’s definition of ¢(g) [119]
or Cardy’s conjecture for the ’a-theorem’ [120], proven by Komargodski and Schwimmer in
[121]. There are different versions of the c-theorem, varying in ’strength’ and generality. See
the paper [122] for a summary.

As we discussed, the c-function is properly defined only at the conformal points of a
QFT. Hence, we can define it properly in all of our backgrounds only at the AdS5 and AdS;3
fixed points. In those cases the central charge is basically proportional to the volume of
the ’internal manifold” M, (the complement-space of AdSs or AdS3). Indeed, there exists
a well-established formalism to calculate central charges that uses the relation between this
quantity and the Weyl anomaly A in the QFT when placed on a generic curved space.
This was first discovered in [123] (before the Maldacena conjecture was formulated!) and a
complete understanding was developed in [124]. Indeed, for conformal field theories in two

and four dimensions, associated with AdSs and AdSs geometries respectively, we have [
LR c = 3 L

@ = og om0
167G 24m 2GYy

< 0. (2.8.78)

(2.8.79)

2 dimensions: A=—

9The central charges a and c are equal at the leading order in an N.-expansion. This is the result captured
by the Supergravity approximation used in this paper. Also notice that the L’s entering in this formulas are
relative to an AdS space expressed in the canonical form.
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and
4 dimensions: A— — = (Yrip 4 L@ = o(R™ Ryjy — 2R Ry + 132)
' srGO \ 87 Y 167 i i3
o o _ I3
—CL(RlﬂklRijkl—4RURij‘|‘R2> 7 C:a:gw ’
G
N

(2.8.80)
where R, R;j and R are the Riemann and Ricci tensors and scalar of the boundary metric.
The Newton constant in different dimensions is calculated according to (we take gs = 1 as
in the rest of this paper),

(10) 6 ao-a) _ _Gy”

Gy~ =8r’a"?, Gy T =——. 2.8.81

N T N ol (My) ( )
For solutions presenting a flow between these fixed points (or generically, an RG flow), a
quantity that gives an idea of the number of degrees of freedom can also be defined. This
quantity measures an ’effective volume’ of the internal space, that is a volume that is weighted
together with the dilaton and other factors in the metric. To define such a quantity one goes
back to a proposal by Freedman, Gubser, Pilch and Warner [125]—see also the paper [120]
for earlier attempts. Indeed, for any background (that should be considered to be a solution
of a D-dimensional supergravity, possibly connected with string theory) of the form,

dst = eQA(’")dxin2 +dr? (2.8.82)

and assuming that the matter fields satisfy certain Energy conditions [125], it was proven
using the Einstein equations that the quantity,

1
is monotonically increasing towards the UV [125]. This proposal was extended by Klebanov,
Kutasov and Murugan in the paper [127], to account for an RG-flow in a d + 1 dimensional

QFT, dual to a generic metric and dilaton of the form,
ds? = ag(r) [dxid + 50(r)dr2] +gy(r, 0)dg'de,  B(r). (2.8.84)

In these cases and in cases where the functions ag, ® depend also on the internal coordinates

— —

ag(r,0),®(r,0), the formulas of [127] were extended in [I06] to be,

s 2d+1

d
s H 2 ~ - 2
C = dd%, H = </d6\/€_4q> det[gmt]ag> . (2885)
N

At conformal points, i.e. when calculated in AdS backgrounds, this gives a constant result,
in agreement with eq. (2.8.79). For backgrounds with a flow, the quantity in eq.
gives an idea of the number of degrees of freedom that participate in the dynamics of the
QFT at a given energy.

In the following sections, we will quote the results for central charges according to eq.
for the conformal field theories in two and four dimensions. Following that, we will
write the result that eq. gives for the flows between theories.
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2.8.1 Central charge at conformal points

As anticipated, we will quote here the results for eq. for the different AdS; and
AdSs fixed points. We start with the twisted solutions of section 2.2.1 We will use that the
volume of the T"! space is vol(T'?!) = 1673/27.
Twisted geometries

For the IR AdSj3 fixed point, the volume of the internal compact manifold is vol(M;) =
$L7v0l(S9)vol(T), and the central charge is,

L8 vol(Xg)vol (TH)
at 2476

Cc = 9|ND3]/\7D3| = (2886)
At the UV AdS;s fixed point, the volume of the internal compact manifold is vol(Ms) =
LPvol(T*1'), and the result for the central charge is,

27N2 L8 vol(TH1)

C = — = —
D3 g1 64 7o

2.8.
A (2.8.87)

After the NATD, we must consider the new radius of the space L and the volume of the
new 5-dim compact space 472vol(p, x,€). The computations turn out to be similar as the
previous ones, and we obtain that the central charges before and after NATD, for both the
two and four dimensional CF'Ts, are related by,

(2.8.88)

& LP4r®vol(p, x,§)
c I8 wol(T™W)

Let us comment on the quantity vol(p,x,&), that appears in the calculation of the Page

charges in section see for example, eq. (2.7.70) and also in the computation of the
entanglement entropy of section Indeed, if we calculate, H

nmw 27 T 4:7T4
vol(p, X, §) =/ dep/ df/ sin xdy = —n” ,
0 0 0 3

(2.8.89)
Am*vol(p, x, ) _ 367 N n3
vol (Th) N2,

¢ L8
c LB

We have performed the p-integral in the interval [0,n7]. The logic behind this choice was
spelt out in section see below eq. . The proposal is that moving in units of 7 in
the p-coordinate implies 'un-higgsing’ a gauge group, hence we would have a linear quiver
gauge theory. The central charge captures this un-higgsing procedure, increasing according
to how many groups we ’create’. What is interesting is the n® behavior in eq. ([2.8.89).
Indeed, if n were associated with the rank of a gauge group, this scaling would be precisely
the one obtained in Gaiotto-like CFTs (also valid for the N' = 1 "Sicilian’ theories of [116]).
Indeed, the NATD procedure when applied to the AdSs x T background creates metric

10We identify the integral with the volume of the manifold spanned by the new coordinates. This becomes
more apparent if we use the expressions in the appendix, in different coordinate systems.
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and fluxes similar to those characterizing the Sicilian CFTs. The backgrounds in sections
to are dual to a compactification of the Klebanov Witten CFT and (using the NATD
background) the Sicilian CFT on a two space ¥3. The two-dimensional IR fixed point of
these flows is described by our ’twisted AdS3’” and its NATD. The central charge of the
Sicilian CFT and its compactified version is presenting a behavior that goes like a certain
rank to a third power ¢ ~ n®. This suggest that crossing p = © amounts to adding D4-branes
and Neveu-Schwarz five branes and n is the number of branes that were added —see eqgs.
and — or crossedﬂ. Had we integrated on the interval [nm, (n + 1)7], we
would have obtained a scaling like ¢ ~ N at leading order in n.
Donos-Gauntlett geometry

We study here the central charge for the Donos-Gauntlett background in section [2.2.2]
For the AdS; fixed point, the volume of the internal compact manifold is

vol(My) = L7 (4/3)°* am?dods vol(THY)
and the central charge is,
2 L? dydgvol(TH)
3o/t é '

For the AdSs fixed point, the volume of the internal compact manifold vol(Ms) = LPvol(T*1),
and the central charge results in,

¢ =3 |Np3Nps| = (2.8.90)

27 5 L8 vol(T1)
€= VD3 = 0 i 5
64 o 64 7
The quotient of central charges before and after the NATD for the Donos-Gauntlett QFT,

are given by a similar expression to that in eq. (|2.8.88)).
We move now to study a quantity that gives an idea of the degrees of freedom along a

fow.

(2.8.91)

2.8.2 Central charge for flows across dimensions

In the previous section, we calculated the central charge for two and four dimensional CFT's
dual to the AdS3 and AdS5 fixed points of the flow. In this section, we will use the devel-
opments in [I125] and [127], to write a c-function along the flows between these fixed points.
We will find various subtleties,

e When considered as a low energy two-dimensional CF'T, the definition of the c-function
evaluated on the flows will not detect the presence of the four dimensional CFT in the

far UV.

e We attempt to generalize the formula of [127] for anisotropic cases (that is for field
theories that undergo a spontaneous compactification on ¥5). This new definition will
detect both the two dimensional and four dimensional conformal points, but will not
necessarily be decreasing towards the IR. This is not in contradiction with ’c-theorems’
that assume Lorentz invariance.

" Thanks to Daniel Thompson for a discussion about this.
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We move into discussing these different points in our particular examples. To start, we
emphasize that the formulas in eqs.(2.8.82)-(12.8.85)), contain the same information. Indeed,
the authors of [I127] present a ’spontaneous compactification’ of a higher dimensional Super-
gravity (or String theory) to d + 2 dimensions, see eq. . Moving the reduced system
to Einstein frame and observing that the 7}, of the matter in the lower dimension satisfies
certain positivity conditions imposed in [125], use of eq. implies eq. (2.8.85)). Hence,
we will apply eqgs. ([2.8.84))-(2.8.85)) to our different compactifications in sections to[2.5

Twisted and Donos-Gauntlett solutions. For the purpose of the flows both twisted and
Donos-Gauntlett solutions present a similar qualitative behavior. We start by considering
the family of backgrounds in eq. as dual to field theories in 1+ 1 dimensions. In this
case the quantities relevant for the calculation of the central charge are,

2 24 —24 @
d=1, ay= L€, p[y=e ", e =1,

dsis _ o5, 2 2U ;.2 2V 2 (28.92)
<z = ¢ dss, e dsyp +e” (n+zA1)".
We calculate the quantity
- N2RBHUTV+A) N = (47r)3vol(22)L8‘ (2893)
108
Then, we obtain
2B+4U+V
& (2.8.94)

c= :
2GS (2B + 4U" + V! + A)

Using the BPS equations describing these flows in eq. (2.2.6) we can get an expression

without derivatives. Specializing for the solution with an Hs in section [2.2.1] we find

Y Me W
~ 9nGY 14 2¢%

We can calculate this for the background we obtained in section [2.3.1] by application of
NATD. The result and procedure will be straightforward, but we will pick a factor of the
volume of the space parametrized by the new coordinates, vol(p, x, £).

For the purposes of the RG-flow, the quotient of the central charges will be the same as
the quotient in eq. (2.8.89)). This was indeed observed in the past [42], [T06] and is just a
consequence of the invariance of the quantity (e=2*y/det[g]) under NATD.

Coming back to eq. , we find that in the far IR, represented by r — —oo,
the central charge is constant. But in the far UV (r — o0), we obtain a result that is
not characteristic of a CFT. Hence, this suggest that the definition is only capturing the
behavior of a 2-dim QFT. In other words, the four dimensional QFT may be thought as a
two dimensional QFT, but with an infinite number of fields.

The absence of the four dimensional fixed point in our eq. can be accounted
if we generalize the prescription to calculate central charges for an anisotropic 4-dim QFT.
Holographically this implies working with a background of the form[?]

c

(2.8.95)

dS%O = —Oéodyg + Oéldy% + OéQdS%b + (041043>% BodTQ + gwdezdﬁj (2896)

1 o
12A natural generalization of eq. (2.8.96)) is ds? = —agdt® + crdy? +.... + aqdy? + 11l Bdr? + g;;d0'do7 .
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In this case we define,

Gyd&idE; = andy; + asdss,, + g;;d6"de’

2
ﬁ[ = (/ d@’ e~ det[GU]) y
V (2.8.97)
4~ 9441
c= dd—BOQHTJr .
nGYY (H')d

We can apply this generalized definition to the flow for the twisted H, background of
section , and Donos-Gauntlett background of section (for more examples the reader
is referred to appendix D of [19] ). In this case, we consider them as dual to a field theory
in 3 + 1 anisotropic dimensions (two of the dimensions are compactified on a ¥5). The
quantities relevant for the calculation of the central charge are,

—2A—-4B

d=3, a; = L%, apy=L%* py=e 5 , =1,
(2.8.98)
Gyyd&de; = L? (e*Adyi + e*Pdst, + eV dstp + e (n+ 241)7) .
We calculate
= N22@BHUHVEA) - Ar (47T)3L8‘ (2.8.99)
108
Then, we obtain
W+V
c A (2.8.100)

8GO (2B + AU + V' + A3

Focusing on the Hj case, if we use the solution that describe this flow—see eq. (2.2.8) we
get an analytical expression,

1 2r \ 3
c= N(w) (1 +2€2r> . (2.8.101)
T Gy +ze

Notice that, by definition, this quantity gives the correct central charge in the UV (a constant,
characterizing the 4-d fixed point). In the IR, the quantity turns out to be constant too, so it
is capturing the presence of a 2-d fixed point. Nevertheless, it is probably not an appropriate
candidate for a ’c-function between dimensions’ as it is not necessarily increasing towards
the UV. This is not in contradiction with the logic of ’a-theorems’ and proofs like the ones in
[125] or [121], as the metric does not respect Lorentz invariance. Hence, it is not satisfying
the assumptions of the theorems. For the Donos-Gauntlett case analogous things happen.
It would be very nice to try to apply the recent ideas of [128] to this flow. Notice that
this feature of a 'wrong monotonicity’ for the central charge was also observed—for theories
breaking Lorentz invariance in Higher Spin theories—see the papers [129].
Let us move now to study other observables defining the 2-d and 4-d QFTs.
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2.9 Entanglement entropy and Wilson loops

In this section, we will complement the work done above, by studying a couple of fundamental
observables in the QFTs defined by the backgrounds in sections [2.2] to [2.5]

Whilst at the conformal points the functional dependence of results is determined by
the symmetries, the interest will be in the coefficients accompanying the dependence. Both
observables interpolate smoothly between the fixed points.

2.9.1 Entanglement entropy

The aim of this section is to compute the entanglement entropy on a strip, which extends
along the direction y, € [—g, g], and study how this observable transforms under NATD.
The input backgrounds for our calculations will be the Donos-Gauntlett and the H, flow as
well as their non-abelian T-duals. Since the procedure is the same in all of the cases and
due to the similarity of the geometries we will present the results in a uniform way.

For the computation of the entanglement entropy one has to apply the Ryu-Takayanagi
formula [95] for non-conformal metrics [130]. This prescription states that the holographic
entanglement entropy between the strip and its complement is given by the minimal-area
static surface that hangs inside the bulk, and whose boundary coincides with the boundary

of the strip. The general form of the entanglement entropy for the non-conformal case is,

§— 2 /d%e”\/Gfﬁg. (2.9.102)

AEl
For the strip, we chose the embedding functions to be yo = const and r = r(y;) and then

using the conservation of the Hamiltonian we arrive at an expression for r(y;) that makes
the area minimal under that embedding. With that we compute,

L¥ r a4 G?
= QWUOZ(ZQ)% dr e \/ﬁ N (29103)

where the form of the function G depends on the geometry of the background that we
consider,

S

eAt2B for the twisted solutions
G= (2.9.104)

eAT2B+U+V {41 the DG solution

Above, r, is the radial position of the hanging surface tip and we define G, = G(r.). Also,
with vol(3,) we denote the volume of the Riemann surface 35. Notice that the form of the
function G is the same before and after NATD. Moreover we consider,

- L before NATD
L=< _ , (2.9.105)
L after NATD
The quantity V3 is defined as,
16 72 before NATD
3 = _ (2.9.106)
[ dx d¢ dp p*siny after NATD
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Before the NATD transformation V3 comes from the 3-dimensional submanifold that is
spanned by the coordinates (0o, ¢o, %), while after the NATD it comes from the subman-
ifold that is spanned by the dual coordinates (p, x, §). This implies that the entropies before
and after NATD are proportional all along the flow, for any strip length. A discussion on
possible values of the quantity [dy d¢ dp p*sinx can be found in the quantized charges
section and in the discussion on central charges in section 2.8

When computed by the Ryu-Takayanagi formula eq. the entanglement entropy
is UV divergent. In order to solve this we compute the regularized entanglement entropy
(5™¢) by subtracting the divergent part of the integrand of eq. (2.9.103). The regularized
entanglement entropy is given by,

o0 Tx

L8 e AG?
Sreg — aﬁvol(zg)%{ /d’[” <W — FUV> — /dT FUV} ; (29107)
N —

*
Tx

where the last integral is an indefinite integral with the result being evaluated at » = r, and

—H; ¥ for the H, twisted solution
Fov = (2.9.108)

e’ + ’\?2 for the Donos-Gauntlett solution

From the formulas (2.9.105)), (2.9.106|) and (2.9.107)) it is obvious that the regularized entan-
glement entropies before and after the NATD transformation differ by the factor

Sree I8 [dy d¢ dp p?si
SN (2.9.109)
Gres L8 16 72

In the formula above we denoted by St the value of the entanglement entropy after the
NATD transformation. As discussed below eq. (2.8.95), the quantity (e2®y/det[g]) is
invariant under NATD, and this explains why the ratio (2.9.109)) is constant along the flow.

At this point let us normalize the regularized entanglement entropy by defining the
quantity,

10
;o540 G

==——""""— 5" 2.9.11
L8 vol(X)V3 S (2.9.110)

In what follows we present the behavior of S” in the UV and the IR for the geometries of
interest. We express the results in terms of the width of the strip d,

i —A
e
dr —\/m )

The UV/IR behavior written in eqs (2.9.113)), (2.9.116)), (2.9.119) and below, are
just consequences of the fact that in far UV and far IR the dual QFT is conformal. The
functional forms are universal, so our main interest is the constant appearing in them, and
also as a cross-check of numerical results.

d=2G, (2.9.111)
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Behavior in the UV

Twisted geometries
In the case of the twisted Hy geometry we find that the width of the strip is,

o fdu 2 2/AT(3)
/ PVE 1 () e (2.9.112)

d=e

Here in the integration we changed the variable r by u = :TT* From the calculation of the

normalized entropy S’ we observe that in the UV this behaves like d%, namely

(P L 1 (TR
S _T<F(%)) 5+ gd+ o <ﬁr(§)> , (2.9.113)

where we also included subleading and next-to subleading terms.
Donos-Gauntlett geometry

Similarly in the case of the Donos-Gauntlett geometry we find that the width of the strip
in terms of 7, (considering also a subheading term) is,

2/m (2
d = ﬁ (3)6—r*+)\2(

()

5 11\ s
5+ﬂ11)e : (2.9.114)

where
2

2
L= [ dz =0.1896. ..
' 1/ (2t 22 +1)y/28 — 1

(2.9.115)

Here as well we end up with a d% behavior, a logarithmic subleading contribution and a
constant ¢; for the regularized entropy,

e (TEY L 2
S = 27 (@) E—l—?lnd—{—cl 5 (29116)
where ¢; |
e by (2YG)Y (2 1y Ts) (5 1

Behavior in the IR

Twisted geometries

The calculation for the IR limit is more tricky. The origin of the subtlety is that the
integrals we have to evaluate now run all along the flow and we do not know the analytical
properties of the integrands. In order to address this issue we split the integration into the
intervals [r., a] and [a, +00) choosing a to be in the deep IR but always greater than r.,.
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Following this prescription in the calculation, for the width of the strip we find,

4 s
=3 e (2.9.118)

If we do the same analysis when we calculate the normalized entropy we find,

, 2 2. 3
S = 9lnd—{—9ln2 . (2.9.119)
The logarithmic dependence of the leading term on d is the expected for a 1 4+ 1 theory.
Donos-Gauntlett geometry
We close this section presenting the corresponding results for the Donos-Gauntlett ge-
ometry. As in the case of the twisted geometries we split the integrations in the same way.
Then for the width of the strip we find,

NN

2v2 st |

d=e ""—c¢
31

M

(2.9.120)

The normalized entropy displays again a logarithmic behavior in terms of the width of the
strip,
8 8

S’ = -Ind 1 a03% 2.9.121
_§n +§HGE+CQ, ( )

where the constant ¢y has the value,

00 0 1
(= / <€—AG e %) id +/ (e—AG e (%) ) dr = —0.0312... (2.9.122)
0 —00

The results for the entanglement entropy are shown in Fig. We will now perform a
similar analysis for Wilson loops.

ot

2.9.2 Wilson loop

In this section we calculate the potential energy as a function of the separation in the
y1 direction (denoted as d) for two non-dynamical sources added to the QFT [I31]. In
holography this observable can be represented by a hanging string whose ends are separated
by a distance d along the y; direction. In our calculations we consider an embedding of the
form r = r(y;) for the string. Such an embedding gives rise to the following induced metric
on the string,

ds? = [ (e*“ dy? + (2 +17) dyf) , (2.9.123)

where L is defined in (2.9.105). It is obvious that the above induced metric is the same for
all of the geometries that we have discussed in this chapter so far (even for the duals). For
this reason we believe that it is not necessary to make any distinction with respect to these
geometries for the moment. Moreover, this means that the observable is 'uncharged’ under
NATD and thus it has the same functional form when computed in the initial and dualized
geometries. The interest will be in the numerical coefficients our calculation will give.
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-2
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d

Figure 2.2: S” as a function of d for twisted Hs (left) and Donos-Gauntlett solution (right).
The continuous curves correspond to the numerical value, while the dashed red ones to the
UV and IR limits.
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The Nambu-Goto lagrangian density for the string takes the form,
1 L?
L= 5 -/ —det(gina) = Do e \e2A 2 (2.9.124)
T T

where gi,q stands for the induced metric (2.9.123). The conservation of the Hamiltonian
implies that,

34
€ 24,

T e~ (2.9.125)
where A, is the value of the function A(r) at the tip of the hanging string r = r,. We
can solve the last equation for ' and use the result to calculate the distance between the
endpoints of the string. If we do this we can express d in terms of r,

e}

A
24, €
d=e dr N (2.9.126)
The Nambu-Goto action now reads
T2 w 34
S = ¢ (2.9.127)

—~ [ dr ,

Tx

where T = [ dt. The integral in eq. (2.9.127) is divergent since we are considering quarks
of infinite mass sitting at the endpoints of the string. We can regularize this integral by
subtracting the mass of the two quarks and dividing by 7" as it is shown below

= 170d A( 7. 1) 1]d A (2.9.128)
= = — re = ————=——— — == T e . .J.
12 T ‘/64‘4—64‘4* T

This formula gives us the quark-antiquark energy. In order to calculate the same observable
starting with the NATD geometries one must take into account that the AdS radius L is
different from that of the original geometries. In fact both results are related in the following
way
L_L 2.9.129

In the last expression the hats refer to the dual quantities.

At this point we will explore the UV and IR limits of the quark-antiquark energy both
for the twisted and the Donos-Gauntlett geometries.

Behavior in the UV

Twisted and Donos Gauntlett geometry
First we focus on the twisted solution where the Riemann surface is the hyperbolic
space, i.e. ¥y = Hs. In section we saw that in this case the function A(r) behaves like
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A(r) ~ r. Taking this into account we can compute the distance between the quarks from

the formula (2.9.126)). The result of this is

B 2\/§7T% .

d e (2.9.130)

Solving this equation for r, we can substitute into the result coming from the formula
(2.9.128)). This will give the quark-antiquark energy in terms of d which in our case is

L? 472
T 47>
as expected for a CFT. The main point of interest in the previous formula is in the numerical
coefficient.

Similar considerations for the case of the Donos-Gauntlett geometry give the same results

as in the twisted case above. This is because the asymptotic behavior of the function A(r)
in the UV is the same in both cases.

jop (2.9.131)

Behavior in the IR

Twisted geometry

Again in the IR region we address again the same difficulty that we found in the compu-
tation of the entanglement entropy. We use the same trick to overcome it, that is we split
the integrations into the intervals [r, a] and [a, +00) where a has value in the deep IR but
always greater than r,.

In section [2.2.1| we saw that in the case where ¥y = H>, the IR behavior of the function
A(r) is A(r) ~ 2 r. Applying this into the formula we obtain the following result,

42 s
- \f—“’?e'%“ . (2.9.132)
3 F(}L)

As before we solve the previous result for r, and we substitute it into the expression that we
find from the calculation of the quark-antiquark potential. This way we express the energy
as a function of the distance between the quarks,

d

(2.9.133)

Donos-Gauntlett geometry
Repeating the same steps for the case of the Donos-Gauntlett geometry we find that the
distance between the quarks is,

3
d= "7 e (2.9.134)
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Then, expressing the energy in terms of the distance d we find again a dependence propor-
tional to é,
L?  8x?

1
A s\ d
32F<§>

Let us point out that the behavior in eqs (2.9.131)), (2.9.133|) and (2.9.135)) are just
consequences of the fact that far in the UV and far in the IR the QFT is conformal.
The results for the quark-antiquark potential are shown in Fig. [2.3]

(2.9.135)

0.0 0.0

B 05 1.0 1.5 20 Mo 0.5 1.0 15 2.0
d d
Figure 2.3: The quark-antiquark potential ﬁ as a function of the distance d in the cases
of the twisted Hy (left) and Donos-Gauntlett (right) solutions. The continuous curves cor-
respond to the numerical results and the dashed ones to the UV and IR limits.

2.10 Discussion

We started by studying backgrounds dual to two-dimensional SUSY CFTs. The 2-d CFTs
were obtained by compactification of the four-dimensional Klebanov-Witten CFT on a torus
or on a compact hyperbolic plane. The 2-d CFT preserves (0,2) SUSY.

On those type IIB backgrounds we performed a NATD transformation, using an SU(2)-
isometry of the ’internal space’ (or, equivalently, a global symmetry of the dual CFT). As
a result, we constructed new, smooth and SUSY preserving backgrounds in type IIA and
11 supergravity with an AdSs fixed point. A further T-duality was used to construct new,
smooth and SUSY type IIB background whose IR is of the form AdS3 x M; and all fluxes
are active.

We analyzed the dual QFT by computing its observables, using the smooth backgrounds
mentioned above. By studying the Page charges, we observed that there is a correspondence
between the branes of the starting type IIB solution and those of the type ITA solution after
NATD.

The behavior of the central charge in the original CFT (the compactification of the
Klebanov-Witten theory to 2-d) is ¢ ~ N3, while after the NATD goes like ¢ ~ N3n3.
This new (cubic) dependence suggest a relation with long linear quivers, which would imply
that n is measuring the number of D4- and NS5-branes. The picture that emerges is that of
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a 2-d CF'T living on the intersection of D2- , D6- and NSH-branes, with induced D4 charge
every time an NS-brane is crossed. Quantized charges support this interpretation.

Entanglement entropy and Wilson loops had the expected universal dependence on d (the
quark-antiquark separation or the length of strip separating the two regions) at the fixed
points. The interest of the expressions is on the coefficients, not determined by conformal
invariance. Interestingly, along the flow the observables smoothly interpolate between the
IR and the UV behaviors, which are fixed points of different dimensionality. Both for the
entanglement entropy and the Wilson loops we found that the quotient of their values before
and after NATD is constant along the flow, as it is expected.

It would be interesting to connect these studies with previous calculations done for AdSs,
either at the sigma model or the supergravity level. We are presenting new backgrounds,
hence new 2-d CFTs on which studies done in the past could be interesting to revisit. It
would be also interesting to make more precise the QFT dual to these backgrounds. The
key point needed for this purpose is to understand the global properties of the supergravity
background after the NATD. Besides, it could be interesting to check whether our solutions
fall within the existent classifications of, for example [I15], [I32]. Probably, for this purpose
the global properties of the solution are needed. Another interesting point would be to fur-
ther study new observables that select (or explore) the values of p = nm argued in this work
to be special values of the p-coordinate, in the line of [133]

2.A Appendix

2.A.1 SUSY analysis
SUSY preserved by the twisted solutions

In this appendix we write explicitly the variations of the dilatino and gravitino for the ansatz
(2.1-2.4), for the 3 cases Ho, S? and T?. The SUSY transformations for the dilatino A and
the gravitino v, for type IIB supergravity in string frame are [35],

1. 1 mnp e?® - e® mnp
56)\ = §F Gm(ID + 4—3'Hmnpr T3 — 7Fmr (27—2) - 4—3'}7’mnpF Ti| €, (2A1)
1 e?® , 1 ‘o
5e¢m = vm + mHmonin?) + g Fnrn (7/7_2) + anqunqul + ﬁanthanqr (7’7_2) Fm €,

where 7; , i = 1,2, 3, are the Pauli matrices. Let us consider the H, case in detail (the S?
case is obtained analogously) . Recall that the vielbein is written in ([2.2.5)).

The dilatino variation vanishes identically, as the fields involved are vanishing. The m = 0
component of the gravitino reads,

A e—4U-V e—2B—2U-V
detho = {ﬁrm - TF04F0123i72 + 16—LZ(F014 - F239) (F78 - F56)F0i7_2:| €.

(2.A.2)
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First, we use the chiral projection of type I1B,
FHE =€, (ZAS)

where we define I'1; = T'g123456780- We also impose the following projections (Kéhler projec-
tions),

F566 = —F78€ = —F49€ . (2A4)
Then, expression (2.A.2)) simplifies to,
Al €_V_4U e—ZB—QU—V
Suabo = Tou | = — Torrgima| € . 2.A.5
% 04 27, 97, + AL Z1 01781T2 | € ( )

We now impose the usual projection for the D3-brane,
Doi2s ime =€, (2.A.6)
and also a further projection related to the presence of the twisting,
[oz3e = I'7g€ . (2.A.7)

Then, imposing that expression (2.A.5)) vanishes we obtain,

A — eV ge—w—w V=0, (2.A.8)

For the component m = 1 of the gravitino equation, we obtain that it is zero when we impose
the projections and equation (2.A.8)). For the component m = 2 we have,

B’ —2B+V —V—-4U e—QB—QU—V

56’(7D2 = EF24 + 4L ngg — 2L F24F0123i7'2 X TZFZ4F0178iT2 € . (2A9)

Combining projections (2.A.4)) and (2.A.7) we get I'sge = —I'oge. Then, (2.A.9)) gives the

condition,

e ~ -

2 2
For m = 3, after imposing the projections and equation (2.A.10) we arrive at,

B — VAU _Z 2820V _Z 2BV _ g (2.A.10)

B

Sty = —% cota (1+ 32) age . (2.A.11)

There are two contributions to this term, one coming from the curvature of the Hs (through
the spin connection) and another coming from the twisting A;. That is, here we explicitly
see that the twisting is introduced to compensate the presence of the curvature, in such a
way that some SUSY can be still preserved. Then, we impose,

(2.A.12)
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For m = 4, the variation is,
Scthg = —Ope — = [e 7V 4272720V e . (2.A.13)

From the condition 6.1, = 0, we obtain a differential equation for e. Solving for it we arrive
at the following form for the Killing spinor,

€ = /2 (e H2em2B0 Ndr (2.A.14)

where ¢ is spinor which is independent of the coordinate r. For m = 5,6, 7,8 the variations
vanish as long as,
U+e VU V2V =9, (2.A.15)

Finally, for m = 9 the graviton variation vanishes if,

_ — vV Z _9pB_2U—
V/_36V+26V 2U+€V4U__€ 2B—-2U V+

Z _9B4V
— =0. 2.A.1
3 5¢ 0 ( 6)

Summarizing, the variations of the dilatino and gravitino vanish if we impose the following
projections on the Killing spinor,

FHE =€, P56€ = —P78€ = —F4g€ p F0123 iTQE p— € F23€ = F49€ 5 <2A17)
and the BPS equations (2.2.6)), together with the condition z = —1/3. For the case of the
2-torus, if we focus on the m = 3 component,

Se—2B+V -B B —V—4U —2B—2U—V

) = |——— 199 — r D[, - e
U3 1L 29 5] Qa 78+2L 34 5L A7

(2.A.18)
we see that there is one term depending on «, due to the twisting. Contrary to the Hy
and S? cases, here there is no curvature term that could cancel it. This will force z = 0,
obtaining A" = B’, which does not permit an AdSs solution.

Finally, after all this analysis we deduce that the Killing spinor does not depend explicitly
on the coordinates (62, ¢o, 1) on which we perform the NATD transformation. In fact it only
has a dependence on the coordinate r.

SUSY preserved by the NATD solutions

In the above subsection we calculated the amount of SUSY that is preserved by the type
IIB supergravity solutions of the section by examining the dilatino and the gravitino
variations. Here we compute the portion of SUSY that is preserved by a supergravity solu-
tion after a NATD transformation following the argument of [15], which has been proven in
[43]. According to this, one just has to check the vanishing of the Lie-Lorentz (or Kosmann)
derivative [44] of the Killing spinor along the Killing vector that generates the isometry of
the NATD transformation. More concretely, suppose that we want to transform a super-
gravity solution by performing a NATD transformation with respect to some isometry of
the background that is generated by the Killing vector k#. Then there is a simple criterion
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which states that if the Lie-Lorentz derivative of the Killing spinor along £* vanishes, then
the transformed solution preserves the same amount of SUSY as the original solution. In
the opposite scenario one has to impose more projection conditions on the Killing spinor
in order to make the Lie-Lorentz derivative vanish. Thus in that case the dual background
preserves less supersymmetry than the original one.

We recall that given a Killing vector £* the Lie-Lorentz derivative on a spinor € along k*
maps the spinor € to another spinor and is defined as,

1 1
Lye = k"D,e+ Z(VHkV)I"“’E =k'D,e+ g(dk;)WrWe : (2.A.19)

where D, e = 0,¢ + Z—llwupgf‘p"e. For further details about the Lie-Lorentz derivative we urge
the interested reader to consult [134].

In this chapter we constructed type IIA supergravity solutions by applying a NATD
transformation with respect to the SU(2) isometry of the original backgrounds that corre-
sponds to the directions (6o, ¢o,1). The non-vanishing components of the associated Killing
vectors are,

k;ff) = sin ¢y , k;(d’f) = cot 05 cos ¢ k;zpl) - _2?2322 :

]{?92 = kj¢2 = — cot B si kd’ __ singo 5 A.90
(3) = COsP2 , k) cotbysings , k) = G (2.A.20)
¢

k(3) =1.

In what follows we will compute the Lie-Lorentz derivative along the three Killing vectors
(kqy, k), k(3)) using the geometries of the sections [2.2.1) and [2.2.2] It turns out that in all
cases the Lie-Lorentz derivative vanishes without the requirement of imposing further pro-
jections on the Killing spinor. This means that the new solutions that we found using the
technique of NATD preserve the same SUSY as the original solutions.

Let us now compute the Lie-Lorentz derivative along the Killing vector for the
twisted geometries that are described by the formulas —. In the previous section,
which deals with the supersymmetry of the starting solutions, we mentioned that the Killing
spinor does not depend on the isometry coordinates (6, ¢2,1). This means that the first

term in (2.A.19)) reduces to,

1 S
ké)Dﬂe = Waro ké) e, i=1,2,3. (2.A.21)
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Hence for each of the three Killing vectors we find,

2V -2U0

ké‘l D,e = 1—22 e?V2B cos ¢y sin 0T %Pe — COS (g sin By (F56 — F’78)e

)

178 6V7U

_ = inO-T -

5 COS (9 sin O e + NG

U/ eV !
Vi (cos 6, cos g7 + sin ¢2F'S)F4e +

( cos B cos ¢oI"® — sin ¢2F’7)F96

+

sin 65 cos ¢2F496 ,

2V —2U
ké)Due = —% eV 2B gin ¢y sin 6,1 %€ + sin ¢ sin 0y (F56 - F'78) €
: oy (2.A.22)
. . € .
+ 5 sin o sin BT 8e — Wi (cos 0, sin goI"® + cos ¢2F’7)F96
eU U/ eV l
— Wi ( cos By sin poI'" — cos ¢2F'8)F4e — sin 0, sin g% |
" Z  9v_9B 23 " A 56 178 1 /78
k(3)D#e: T e cos 051 *¢ + 00302(F —T )€+§ cos 61" %€
" o — U dmayrire - V. cong,re
+ sin € — sin € — Cos €.
WG 2 W5 2 2
For convenience we have defined the rotated I'-matrices,
" =cosyp I +singy I'® | T = —sinep I7 + cosap T® . (2.A.23)

Let us now compute the 1-forms that are dual to the Killing vectors. What one has to do
is to lower the index of the Killing vectors (2.A.20) using the metric (2.2.1)) which gives the
following result,

L? L?
kay = —?ew sin 0, cos ¢ (n + zAl) + Few(sin (Podbfy + sin 05 cos O, cos qbgdgbg) ,

L? L?
k) = ?62‘/ sin 0 sin ¢ (77 + zAl) + EeQU ( coS ¢odfs — sin B, cos B, sin gzﬁgdng) ,

L2 L2
k() = ?ezv costy (n+ 2A1) + Eew sin? Oy deps .
(2.A.24)
The second term of (2.A.19)) can be computed by acting with the exterior derivative on the

above 1-forms and contracting the result with I'-matrices. Notice that in order to compare
with (2.A.22)) one has to express the components of dkg, i = 1,2,3 using the flat frame

(2.2.5)). Finally for the second term of (2.A.19) we find,

1
(k)" e = —kfyDye, i =1,2.3, (2.A.25)



2.A. APPENDIX 81

which means that the Lie-Lorentz derivative along the Killing vectors k;), ¢« = 1,2,3 van-
ishes.

In the case of the Donos-Gauntlett geometry we notice that all the necessary
expressions are quite similar to those computed in the previous subsection. This is because
the only significant difference between the line element of the twisted geometries and that of
the Donos-Gauntlett geometry is just a fiber term. As in the previous case, the Killing spinor
does not depend on the isometry coordinates (6, ¢2,1). This implies that the derivative term
k"0,€ in eq. has no contribution to the result. Then the first term of eq. (2.A.19),
for each of the three Killing vectors, can be easily obtained from eq. by setting
z = 0. Similarly, if we set z = 0 into eq. we find the 1-forms k), ko), k() for the
Donos-Gauntlett case. Once we know these 1-forms we can follow the same prescription as
in the previous subsection and compute the second term of for each Killing vector.
It happens again that this term, when computed for every Killing vector, is related to the
first term by a minus sign and thus the Lie-Lorentz derivative vanishes without imposing
further projections on the Killing spinor.
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Chapter 3

Unquenched massive flavored ABJM

3.1 Introduction

In section we introduced the ABJM model, which is an A/ = 6 supersymmetric U(N) x
U(N) gauge theory with Chern-Simons levels k£ and —k, coupled to matter fields which
transform in the bifundamental representations (N, N) and (N, N) of the gauge group. When
N and k are large the ABJM theory admits a gravity dual in type ITA supergravity in ten
dimensions. The corresponding background is a geometry of the form AdS; x CP? with
fluxes.

The ABJM model constitutes one of the most important examples of the AdS/CFT
correspondence in which the high amount of supersymmetry allows to perform a large amount
of checks and computations. Nevertheless, in its original formulation it only has fields in
the bifundamental representation of the gauge group, and for condensed matter physics
purposes it would be interesting to generalize it to a theory also with fundamental matter,
i.e., with fields transforming in the (N, 1) and (1, N) representations of the gauge group. In
section it was explained how to add fundamental matter to ABJM in the quenched
approximation. Recall that in the supergravity description these flavors were added by
considering D6-branes extended along the AdS, directions and wrapping a three-dimensional
submanifold of CP3.

In order to go beyond the quenched approximation, one must be able to solve the super-
gravity equations of motion including the backreaction induced by the source terms generated
by the flavor branes. The sources modify the Bianchi identities satisfied by the forms and the
Einstein equations satisfied by the metric. These equations with sources are, in general, very
difficult to solve, since they contain Dirac d-functions whose support is the worldvolume of
the branes. In order to bypass this difficulty we will follow the smearing approach, explained
in section . When the branes are introduced in this way there are no J-function sources
in the equations of motion and they become more tractable. This approach is valid in the
so-called Veneziano limit [72], in which both N and N; are large and their ratio N/N is
fixed.

A holographic dual to ABJM with unquenched massless flavors in the Veneziano limit
was found in [75]. In this setup the flavor branes fill the AdS; and are smeared in the
internal CIP? space in such a way that A' = 1 supersymmetry is preserved. Notice, that since

83



84 CHAPTER 3. UNQUENCHED MASSIVE FLAVORED ABJM

the flavor branes are not coincident, the flavor symmetry is U(1)"f rather than U(N;). A
remarkable feature of the solution found in [75] is its simplicity and the fact that the ten-
dimensional geometry is of the form AdS; x Mg, where Mg is a compact six-dimensional
manifold whose metric is a squashed version of the unflavored Fubini-Study metric of CIP3.
The radii and squashing factors of this metric depend non-linearly on the flavor deformation
parameter % A, where A = N/ is the 't Hooft coupling of the theory. Moreover, the dilaton
is also constant and, since the metric contains an AdS, factor, the background is the gravity
dual of a three-dimensional conformal field theory with flavor. Actually, it was checked in
perturbation theory in [135] that the ABJM theory has conformal fixed points even after the
addition of flavor. This solution captures rather well many of the effects due to loops of the
fundamentals in several observables [75]. Its generalization at non-zero temperature in [136]
leads to thermodynamics which passes several non-trivial tests required to a flavored black
hole.

Contrary to other backgrounds with unquenched flavors, the supergravity solutions dual
to ABJM with smeared sources are free of pathologies, both at the IR and the UV. This
fact offers us a unique opportunity to study different flavor effects holographically in a well-
controlled setup. In this chapter, we will study such effects when massive flavors are consid-
ered. The addition of massive flavors breaks conformal invariance explicitly and, therefore,
the corresponding dual geometry should not contain an Anti-de Sitter factor anymore. Ac-
tually, for massive flavors the quark mass is an additional parameter at our disposal which
we can vary and see what is the effect on the geometry and observables. Indeed, let m,
denote the quark mass. In the IR limit in which m,, is very large we expect the quarks to be
integrated out and their effects to disappear from the different observable quantities. Thus,
in the IR limit we expect to find a geometry which reduces to the unflavored ABJM back-
ground. On the contrary, when m, — 0, we are in the UV regime and we should recover the
deformed Anti-de Sitter background of [75]. The important point to stress here is that the
quark mass triggers a non-trivial renormalization group flow between two fixed points and
that we can vary m, to enhance or suppress the effects due to the loops of the fundamentals.

To find the supergravity solutions along the flow, we will adopt an ansatz with brane
sources in which the metric and forms are squashed as in [75]. By imposing the preservation
of N' = 1 supersymmetry, the different functions of the ansatz must satisfy a system of
first-order BPS equations, which reduce to a single second-order master equation. The full
background can be reconstructed from the solution to the master equation.

The flavor branes corresponding to massive flavors do not extend over the full range of
the holographic coordinate. Indeed, their tip should lie at a finite distance (related to the
quark mass) from the IR end of the geometry. Moreover, in the asymptotic UV region, the
geometry we are looking for should reduce to the one in [75], since the quarks should be
effectively massless in that region. Therefore, we have to solve the BPS equations without
sources at the IR and match this solution with another one in which the D6-brane charge is
non-vanishing and such that it reduces to the massless flavored solution of [75] in the deep
UV. Amagzingly, we have been able to find an analytic solution in the region without sources
which contains a free parameter which can be tuned in such a way that the background
reduces to the massless flavored geometry in the asymptotic UV. This semi-analytic solution
interpolates between two different conformal AdS geometries and contains the quark mass
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and the number of flavors as control parameters.

With the supergravity dual at our disposal, we can study the holographic flow for different
observables. The general picture we get from this analysis is the following. Let [ be a length
scale characterizing the observable. Then, the relevant parameter to explore the flow is the
dimensionless quantity m,{. When m,! is very large (small) the observable is dominated
by the IR unflavored (UV massless flavored) conformal geometry, whereas for intermediate
values of m,l we move away from the fixed points. We will put a special emphasis on
the study of the holographic entanglement entropy, following the prescription of [95]. In
particular, we study the refined entanglement entropy for a disk proposed in [137], which
can be used as a central function for the F-theorem [138]. We check the monotonicity of the
refined entropy along the flow (see [I39] for a general proof of this monotonic character in
three-dimensional theories). Other observables we analyze are the Wilson loop and quark-
antiquark potential, the two-point functions of high-dimension bulk operators, and the mass
spectrum of quark-antiquark bound states.

The rest of this chapter is divided into two parts. The first part starts in section |3.2| with
a brief review of the ABJM solution. In section we introduce the squashed ansatz, write
the master equation for the BPS geometries with sources, and classify its solutions according
to their UV behavior. In section |3.4] we write the analytic solution of the unflavored system
that was mentioned above while, in section we construct solutions which interpolate
between an unflavored IR region and a UV domain with D6-brane sources. The backgrounds
corresponding to ABJM flavors with a given mass are studied in section [3.6]

In the second part of the chapter we study the different observables. In section
we analyze the holographic entanglement entropy for a disk. section is devoted to the
calculation of the quark-antiquark potential from the Wilson loop. In section (3.9 we study the
two-point functions of bulk operators with high mass, while the meson spectrum is obtained
in section [3.10] Section contains a summary of our results and some conclusions. The
chapter is completed with several appendices with detailed calculations and extensions of
the results of the main text.

3.2 Review of the ABJM solution

The ABJM theory was reviewed in detail in section [1.3.1 and in this section we will fix
the notation for the expression of the metric, dilaton and forms in local coordinates. The
ten-dimensional metric of the ABJM solution in string frame is given by:

where ds? g, and dsZps are respectively the AdSy and CP? metrics. The former, in Poincaré
coordinates, is given by:
dr?
dshgs, = r°daty + =l (3.2.2)
where dmi2 is the Minkowski metric in 2+1 dimensions. In 1} L sgjur is the radius of
the AdS, part of the metric and is given, in string units, by:

N
Ly = 27r2z : (3.2.3)
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where N and k correspond, in the gauge theory dual, to the rank of the gauge groups and
the Chern-Simons level, respectively. The ABJM background contains a constant dilaton,
which can be written in terms of N and k as:

2L 2N \ 1

ebapim — ZZABIM o /o ( - > t (3.2.4)
k k5

Apart from the metric and the dilaton written above, the ABJM solution of type ITA super-

gravity contains a RR two-form F; and a RR four-form F}, whose expressions can be written

as:

Fy = 2kJ, Fy = gkLiBJM Quas, = 3—\/7% VEN Quas, (3.2.5)
where J is the Kéhler form of CP? and Qa4g, is the volume element of the AdS, metric
(3-2.2). It follows from that I, and F} are closed forms (i.e., dFy = dFy = 0).

The metric of the CIP* manifold in is the canonical Fubini-Study metric. Following
the approach of [75], we will regard CP? as an S*-bundle over S*, where the fibration is
constructed by using the self-dual SU(2) instanton on the four-sphere. This representation
of CP? is the one obtained when it is constructed as the twistor space of the four-sphere. As
in [75], this S*-S? representation will allow us to deform the ABJM background by squashing
appropriately the metric and forms, while keeping some amount of supersymmetry. More
explicitly, we will write dsps as:

dstps = 1 |:d8§4 + (dz* + €Ik Al xk)ﬂ X (3.2.6)

where dsg, is the standard metric for the unit four-sphere, z* (i = 1,2,3) are Cartesian
coordinates that parameterize the unit two-sphere (3_.(2%)*> = 1) and A’ are the components
of the non-abelian one-form connection corresponding to the SU(2) instanton. Let us now
introduce a specific system of coordinates to represent the metric and the two-form
Fy. First of all, let w' (i = 1,2,3) be a set of SU(2) left-invariant one-forms satisfying
dw' = % €ijx w’ Aw”. Together with a new coordinate &, the w®’s can be used to parameterize
the metric of the four-sphere S* as:

2 4 2 5_2 w12 w22 w32
dsS4——<1+£2)2 d¢ +4(( )+ (W) + (W) |, (3.2.7)

where 0 < £ < +00 is a non-compact coordinate. The SU(2) instanton one-forms A’ can be
written in these coordinates as: )
Al = ——5 wh .
14 &2

Let us next parameterize the ' coordinates of the unit S? by two angles 6 and ¢ (0 < 0 < 7,
0 < <2m),

zt = sinf cosp , r? = sinf singp , 3 = cosf . (3.2.9)

(3.2.8)

Then, it is straightforward to demonstrate that the S? part of the Fubini-Study metric can
be written as: ' o
(da' + 7% AT 2%)? = (EY)? + (E?)?, (3.2.10)
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where E' and E? are the following one-forms:

2

E' = df + %{Q (sinpw' — cospw?) |

2 2
2 _ £ 3 § Uy i 2
E* =sinf (dgp— 1+€2w ) + s CosQ(cosgow + sinpw ) . (3.2.11)

Therefore, the CP? metric can be written in terms of the one-forms defined above as:

1
dsta = [ds§4 +(EY)? + (Ez)ﬂ . (3.2.12)

We will now write the expression of F} in such a way that the S*-S? split structure is manifest.
Accordingly, we define three new one-forms S’ (i = 1,2, 3) as:

St =sinpw! — cospw?,
S? =sinfw® — cosh (cosgpuf1 + sin¢w2) ,

5% = —cosfw® —sinf (cospw' +sinpw?) . (3.2.13)

Notice that the S® are just the w® rotated by the two angles 6 and . In terms of the forms
defined in ((3.2.13)) the line element of the four-sphere is obtained by substituting w® — S in
(3.2.7). Let us next define the one-forms S¢ and S as:
szidf stz & g (i=1,2,3) (3.2.14)
1 + 52 ) 1 + 52 J J ) Y ce=.
in terms of which the metric of the four-sphere is dsg, = (S8%)% +3_,(S)?. Moreover, the
RR two-form Fj in (3.2.5) can be written in terms of the one-forms defined in (3.2.11)) and

(3.2.14]) as:

Fy = §<E1/\E2 — (SAST+ 8 ASY)) (3.2.15)

The solution of type ITA supergravity reviewed above is a good gravity dual of the U(N ) x
U(N)_r ABJM field theory when the AdS radius Lapyy is large in string units and when
the string coupling constant e? is small. From and it is straightforward to
prove that these conditions are satisfied if k¥ and N are in the range N 5 < k< N.

3.3 Squashed solutions

Let us consider the deformations of the ABJM background which preserve the S*-S? splitting.
These deformed backgrounds will solve the equations of motion of type ITA supergravity
(with sources) and will preserve at least two supercharges. We will argue below that some
of these backgrounds are dual to Chern-Simons matter theories with fundamental massive
flavors.
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The general ansatz for the ten-dimensional metric of our solutions in string frame takes
the form:

dsly = h™2daty + W2 [dr? + st + e ((BY) + (£2)7)] (3.3.16)

where the warp factor A and the functions f and g depend on the holographic coordinate
r. Notice that f and g determine the sizes of the S* and S? within the internal manifold.
Actually, their difference f—g determines the squashing of the CIP* and will play an important
role in characterizing our solutions. We will measure this squashing by means of the function
q, defined as:

q= e (3.3.17)

Clearly, the ABJM solution has ¢ = 1. A departure from this value would signal a non-trivial
deformation of the metric. Similarly, the RR two- and four-forms will be given by:

Fy=Kd*z Adr, (3.3.18)
k
F2:E(El/\E2—77(85/\83+81/\82)) : (3.3.19)

where k is a constant and K = K(r), n = n(r) are new functions. The background is also
endowed with a dilaton ¢ = ¢(r). As compared with the ABJM value , the expression
of F» in our ansatz contains the function n(r) which generically introduces an asymmetry
between the S* and S? terms. Moreover, when 7 # 1 the two-form F} is no longer closed and
the corresponding Bianchi indentity is violated. Indeed, one can check that:

dFy = —g (n—1) [El/\(s’f/\s2 — S'AS%) + EPA(SEAS! +82A83)} -

—g i dr A (85 AS? + S /\52> . (3.3.20)

The violation of the Bianchi identity of F, means that we have D6-brane sources in our
model. Indeed, since F, = x Fy, if dF; # 0 then the Maxwell equation of Fy contains
a source term, which is due to the presence of D6-branes since the latter are electrically
charged with respect to Fg. The charge distribution of the D6-brane sources is determined
by the function 7, which we will call the profile function.

The function K of the RR four-form can be related to the other functions of the ansatz
by using its equation of motion dx F; = 0 and the flux quantization condition for the integral
of xFy over the internal manifold. The result is [75]:

K = 3mNh2e 29 (3.3.21)

where the integer N is identified with the ranks of the gauge groups in the gauge theory dual
(i.e., with the number of colors).

It is convenient to introduce a new radial variable x, related to r through the differential
equation:

xj—; = el . (3.3.22)



3.3. SQUASHED SOLUTIONS 89

From now on, all functions of the holographic variable are considered as functions of x, unless
otherwise specified. The ten-dimensional metric in this new variable takes the form:
d

a? 2f 7.2 2 1)2 2\2
v east e (B 4 ()] (3323

ds?y = h™2da?, + h2 | ¥

It was shown in [75] that the background given by the ansatz written above preserves

N = 1 supersymmetry in three dimensions if the functions satisfy a system of first-order
differential equations. It turns out that this BPS system can be reduced to a unique second-
order differential equation for a particular combination of the functions of the ansatz. The
details of this reduction are given in appendix Here we will just present the final

result of this analysis. First of all, let us define the function W (z) as:
4
W(z) = z hi e 90 g (3.3.24)

Then, the BPS system can be reduced to the following second-order non-linear differential

equation for W (z):

Wi+10p  W'+4n+6
3W (W' 4+ 4n)

W" + 40" + (W' +4n) =0. (3.3.25)

We will refer to (3.3.25]) as the master equation and to W (z) as the master function. Inter-
estingly, the BPS equations do not constrain the profile function 5. Therefore, we can choose
n(x) (which will fix the type of supersymmetric sources of our system) and afterwards we

can solve ([3.3.25) for W (x). Given n(x) and W (x) one can obtain the other functions that
appear in the metric. Indeed, as proved in appendix g(x) and f(z) are given by:

= wreels [ el

fe _ 3% g 727 n(E)de
el\®) = W Wt exp [3/ W(ﬁ)} , (3.3.26)

while the warp factor h can be written as:

N
h(z) = 4n° - e 9 (W' + 4n) , (3.3.27)

¢ + p
/z W(g)?

where [ is a constant that determines the behavior of h as x — oo (5 = 0 if we impose that
h — 0 as x — 00). Finally, the dilaton is given by:

ow _ 12 wht 2 (7 n&)dg
e ’ W%(W’—i—éln) exp [3/ W(f)} : (3.3.28)

From the expression of f and ¢ in (3.3.26)) it follows that the squashing function ¢ can be
written in terms of the master function W and its derivative as:
B 3W
7= (W' +4n)

(3.3.29)
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3.3.1 Classification of solutions

Let us study the behavior of the solutions of the master equation in the UV region x — oo.
This analysis will allow us to have a classification of the different solutions. We will assume
that the profile function n(x) reaches a constant value as z — oo, and we will denote:
lim n(x) = no . (3.3.30)
T—00
Let us restrict ourselves to the case in which 79 # 0. We will assume that W (x) behaves for

large z as:
Wi(x) ~ Agx® T — 00 , (3.3.31)

where Ay and « are constants. It is easy to check that this type of behavior is consistent
only when the exponent o > 1 or, in other words, when W(z) grows at least as a linear
function of x when z — oo.

We will also characterize the different solutions by the asymptotic value of the squashing
function ¢, which determines the deformation of the internal manifold in the UV. Let us

denote
q = lim ¢(x) . (3.3.32)

T—r00
It follows from that the asymptotic value of the squashing function and that of the
profile function are closely related. Actually, this relation depends on whether the exponent
a in (3.3.31) is strictly greater or equal to one. Indeed, plugging the asymptotic behavior
(3.3.31)) in (3.3.29) one immediately proves that:

s fora > 1,
o

Qo = (3.3.33)

3Ag

S fora=1.

This result indicates that we have to study separately the cases @ > 1 and o = 1. As we show
in the next two subsections these two different asymptotics correspond to two qualitatively
different types of solutions.

The asymptotic G5 cone

Let us assume that the master function behaves as in for some a > 1. By plugging
this asymptotic form in the master equation and keeping the leading terms as r —
00, one readily verifies that the coefficient Ay is not constrained and that the exponent «
takes the value:

a=—. (3.3.34)

Gpo=2. (3.3.35)

Let us evaluate the asymptotic form of all the functions of the metric. From (3.3.26), we

get, at leading order:
ed ~ Cx, (3.3.36)
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where C' is a constant of integration. Moreover, since ¢y = 2, the asymptotic value of the
function f is:

ef V20V . (3.3.37)

Let us now evaluate the warp factor A from (3.3.27). Clearly, we have to compute the
integral:

Njot

0 —39(8)
/x él/(;/ et (3.3.38)

which vanishes when © — co. Therefore, by choosing the constant g in to be non-
vanishing we can neglect the integral and, since e W’ — constant, then the warp
factor h becomes also a constant when x — oco. To clarify the nature of the asymptotic
metric, let us change variables, from = to a new radial variable p, defined as p = 2C/x.
Then, after some constant rescalings of the coordinates the metric becomes:

dsiy ~ dat, + ds7 (3.3.39)
where ds? is:
2
ast = d? + 2 [2ast 4 (B + ()] (3.3.40)

The metric (3.3.40)) is a Ricci flat cone with Go holonomy, whose principal orbits at fixed p
are CP? manifolds with a squashed Einstein metric. In the asymptotic region of large p the
line element coincides with the metric of the resolved Ricci flat cone found in [140],
which was constructed from the bundle of self-dual two-forms over S* and is topologically
S*x R? (see [141] for applications of this manifold to the study of the dynamics of M-theory).

The asymptotic AdS metric

Let us now explore the second possibility for the exponent « in (3.3.31)), namely o = 1. In
this case the coefficient Ay cannot be arbitrary. Indeed, by analyzing the master equation
as x — oo we find that Ay and 79 must be related as:

Ay 4+ (9—mno) Ay — 20m5 =0 . (3.3.41)

On the other hand, Aj should be related to the asymptotic squashing ¢q as in (3.3.33), which

we now write as:
4qo

3—qo

By plugging (13.3.42) into (3.3.41]) we arrive at the following quadratic relation between gq
and 7g:

g6 —3(1+n0)qo + 5m0 = 0. (3.3.43)
Using this equation we can re-express Ag as:

Ay = qo(no + qo) .

3.3.44
2 —qo ( )
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Moreover, we can solve (3.3.43]) for gy and obtain the following two possible asymptotic
squashings in terms of 7,:

1
@ = 3 [3+37]0 F \/977%—2770‘1‘9} : (3.3.45)

Thus, there are two possible branches in this case, corresponding to the two signs in (3.3.45]).
In this chapter we will only consider the ¢; case, since this is the one which has the same
asymptotics as the ABJM solution when there are no D6-brane sources. Indeed,
gives g = 1 when 7y = 1, which means that the internal manifold in the deep UV is just
the un-squashed CP? (when 79 = 1 there are no D6-brane sources in the UV, see )

Let us now study in detail the asymptotic metric in the UV corresponding to the z — oo
squashing g4 (which from now on we simply denote as qy). By substituting n — 7y and
W — Agx in and performing the integral, we get:

00 ~ gt () (3.3.46)

where C' is a constant of integration. Using (]3.3.42)) this expression can be rewritten as:

9@ ~ Cav | (3.3.47)
where b is given by:
2qo
— / 3.3.48
ol ( )

The remaining functions of the metric can be found in a similar way. We get for f and h
the following asymptotic expressions:
s N2—-0b 1

f@) ~ A
6(),\_,0\/%.@, h(iv)~47T?C4AO$—%

=

(3.3.49)

Let us write the above expressions in terms of the original r variable, which can be related
to x by integrating the equation:

d 1
L — et~ Ot (3.3.50)

]J%—

For large x we get:
rebCab (3.3.51)

and the functions ¢, f, and h can be written in terms of r as:

P 4
ed 5 > e NTT’, hNF s (3352)
where Ly is given by:
N (2-0) bt
Ly = 4m® — 3.3.53
0 ™ k’ AO ( )
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In terms of the asymptotic values 19 and qy, Lo can be written as:

N C-q@d
R TY S EA Chnk DL (3.3.54)

k (1m0 +qo) (qo +1)°

Using these results we find that the asymptotic metric takes the form:

L2
ds? ~ L dss, + 35 [qo ds2. + (B')? + (EQ)Q] , (3.3.55)

where we have rescaled the Minkowski coordinates as z# — LZz*. The metric (3.3.55)
corresponds to the product of AdS, space with radius Ly and a squashed CP?. The parameter
b will play an important role in the following. Its interpretation is rather clear from (3.3.55):
it represents the relative squashing of the CP? part of the asymptotic metric with respect to
the AdS, part.

It is now straightforward to show that in the UV the dilaton reaches a constant value ¢y,

related to ¢o and 7y as:
1 1
4 2N 4
5 , (3.3.56)

1
VEN Quus, , (3.3.57)

9 _ 5
e ~ 421 [ ( %)

o (qo + 1) (n0 + qo)®

while the RR four-form approaches the value:

5
q5 (Mo + qo)
F, ~ 12V27
! [ (2—qo) (g0 +1)7

where 2445, is the volume element of AdSj.

Interestingly, when the profile function 7 is constant and equal to 79, the metric, dilaton,
and forms written above solve the BPS equations not only in the UV, but also in the full
domain of the holographic coordinate. Equivalently, W = Ajz is an exact solution to
the master equation (|3.3.25) if n is constant and equal to 1, and A, is given by .
Actually, when ng = 1 one can check that gy = b = 1 and the asymptotic background becomes
the ABJM solution (W = 2x for this case). Moreover, when n = 19 > 1 the background
correspondsﬂ to the one found in [75] for the ABJM model with unquenched massless flavors,
if one identifies 7y with 1 + %, where Ny is the number of flavors.

The main objective of this chapter is the construction of solutions which interpolate
between the n = 1 ABJM background in the IR and the AdS, asymptotics with 79 > 1 in the
UV. Equivalently, we are looking for backgrounds such that the squashing function ¢(x) varies
from the value ¢ = 1 when x — 0 to ¢ = g9 > 1 for x — oco. These backgrounds naturally

! Notice that the expression for b written in (3.3.48)) is equivalent to the one obtained in [75], namely:

_ (0 +q)
2(qo + 190 — o)

In order to check this equivalence it is convenient to use the following relation between qo and n9: qo +710q0 —
no = (o +1) (mo+q0)/4 .
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correspond to gravity duals of Chern-Simons matter models with massive unquenched flavors.
In the next section we present a one-parameter family of analytic unflavored solutions which
coincide with the ABJM background in the deep IR and that have a squashing function ¢
which grows as we move towards the UV. In sections |3.5] and we show that these running
solutions can be used to construct the gravity duals to massive flavor that we are looking
for.

3.4 The unflavored system

In this section we will consider the particular case in which the profile is n = 1. In this case
dFy = 0 and there are no flavor sources. It turns out that one can find a particular analytic
solution of the BPS system written in appendix [3.A.1] This solution was found in [75] in a
power series expansion around the IR. Amazingly, this series can be summed exactly and a
closed analytic form can be written for all functions. Let us first write them in the coordinate
r. The functions f and ¢ are given by:

1+4+cr 1+er
f_ 9 — 3.4.58
€ r\/1+207"’ € 7n1+2c7“’ ( )

where c is a constant. For ¢ = 0 this solution is ABJM without flavor (i.e., AdS; x CP? with
fluxes), while for ¢ # 0 it is a running background which reduces to ABJM in the IR, » — 0.
The squashing function ¢ can be immediately obtained from (j3.4.58)):
14 2cr

l+er

For ¢ # 0 the squashing function ¢ interpolates between the ABJM value ¢ = 1 in the IR
and the UV value:

q= (3.4.59)

G0 =2. (3.4.60)

The warp factor for this solution is:

2N (14 2cr)?
ko rt(14cr)?

h(r) 1—1—207‘(307"(1—1—207’) - 1) +

: (3.4.61)

126 (1 +-en)* (log [ 72| + o)
+12¢° (1 4+cr)r’ | log T o + «

where « is a constant which has to be fixed by adjusting the behavior of the metric in the
UV. Finally, the dilaton can be related to the warp factor as:
6 2 l4er 1

= —— . 4.62
k(1+2cr)2rh4 (3.4.62)

Let us now re-express this running analytic solution in terms of the variable x, related

to r by (3.3.22), which in the present case becomes:

1 dx 14 2cr
- = . 3.4.63
x dr (I+cr)r ( )
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This equation can be easily integrated:
yx =cr(l+cr), (3.4.64)

where 7 is a constant of integration which parameterizes the freedom from passing to the z

variable. By solving ((3.4.64]) for r we get:

r = % Vitaye-1]. (3.4.65)

It is straightforward to write the functions f and g in terms of x:

1
2

¥ 2
‘-] i
c LWI+4dyz(V1+4vyx+1)
© T e VItdye (3.4.66)

while the squashing function is:

g = o Vitdye (3.4.67)
1+V14+4vyz

The warp factor h in terms of the x variable is:

h

82Nt 1
_ (1 + )

1+(1—67x)\/1—|—4va:) VIitdyr+1 N
k

1
—+6
<2+ R 4~ x 2 x?

4y x

24 log[ g ] + a] . (3.4.68)

vi+4dyz+1

By choosing appropriately the constant a in (3.4.68) this running solution behaves as the
G>-cone in the UV region x — oo. The dilaton as a function of x is:
2
e? = Z A h
kcl+4dvyz

N

(3.4.69)

Working in the variable z, it is very interesting to find the function W (z). For the solution
described above, W can be found by plugging the different functions in the definition .
We find:

A4(1+4yx)x
14+ VI+4yz
One can readily check that the function written in (3.4.70)) solves the master equation (3.3.25))
for n = 1. For large z, the function W (x) behaves as:

W(z) = (3.4.70)

W~ 87 22 (3.4.71)
which corresponds to an exponent o = 3/2 in (3.3.31]). This is consistent with the asymptotic
value gy = 2 of the squashing found above.

Let us finally point out that we have checked explicitly that the geometry discussed in
this section is free of curvature singularities.
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3.5 Interpolating solutions

Let us now construct solutions to the BPS equations which interpolate between an IR region
in which there are no D6-brane sources (i.e., with n = 1) and a UV region in which n > 1
and, therefore, the Bianchi identity of F5 is violated. In the r variable the profile n(r) will be
such that n(r) = 1 for r < r,, while n(r) > 1 for r > r,. In the region r < r, our interpolating
solutions will reduce to the unflavored running solution of section for some value of the
constant c. In order to match this solution with the one in the region r > r, it is convenient
to work in the x coordinate . The point r = r, will correspond to some x = z,.
Notice, however, that we have some freedom in performing the r — x change of variables.
This freedom is parameterized by the constant v in (3.4.64). We will fix this freedom by
requiring that x, = 1, i.e., that the transition between the unflavored and flavored region
takes place at the point x = 1. Then, (3.4.64) immediately implies that v is given in terms
of c and ry:

v =cry(l+cry) . (3.5.72)

We will use (3.5.72)) to eliminate the constant c in favor of r, and «. Actually, if we define

v as:
A = /144y, (3.5.73)

then c is given by

1
Ly (3.5.74)

27,

In this running solution the squashing factor ¢ is equal to one in the deep IR at z = 0. When
x > 0 the function ¢(x) grows monotonically until it reaches a certain value ¢ at x = 1, which
is related to the parameter 7 as:

A

q
2-§¢°

v = (3.5.75)

In the region z > 1 we have to solve the master equation (3.3.25) with n(z) > 1 and initial
conditions given by the values of W and W' attained by the unflavored running solution at
x = 1. These values depend on the parameter 4. They can be straightforwardly found by
taking = 1 in the function and in its derivative. We find:

Wiz =1) = Wi(z=1)=67—4. (3.5.76)

Let us now write the different functions of these interpolating solutions in the two regions
r < 1land x > 1. For x < 1 we have to rewrite (3.4.66) after eliminating the constant c

by using (3.5.74) (which implies that /¢ = (¥ + 1) r,/2). For the functions f, g, and the
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dilaton ¢ we get:
y+1
6f Y + X

_’[’q
5 1
V2 VITayz(VI+ayz+1)|°

-

Y

g o+l x <1

‘ " 2 J1+4dyx’ (z )

¢ = 1 ’ hi 3.5.77
¢ "a ko 1+4~zx (3.5.77)

where h is the function written in for ¢ = (¥ —1)/(2r,). By using the general
equations of section [3.3 the solution for z > 1 can be written in terms of W (z), which
can be obtained by numerical integration of the master equation with initial conditions
3.5.76). This defines a solution in the full range of = for every v and r,. Notice that
3.3.20)), (3.3.27)), and contain arbitrary multiplicative constants, which we will fix
by imposing continuity of f, g, and h at z = 1. We get for f, g and ¢:

PR a E N N TON S W R (3 4

=N Vwra eXp[g/l W(g)]’

o _ o [GHD*)5 @ 2 [* n(§)dg

B ST BT [5/1 TGk =1

o, [GHDNE12 wht 2 (7 n(€)dS i
e e | 25| T Wi an) exp [3/1 W(é)] . (3.5.78)

The warp factor h(x) for x > 1 is given by (3.3.27)), where the integration constant f§ is
related to the constant a of (3.4.68|) by the following matching condition at x = 1:

lim h(z) = lm h(z) . (3.5.79)

r—1— z—1t

For a given profile function n(x), the solution described above depends on the parameter =,
which determines W (z) for z < 1 through and sets the initial conditions
needed to integrate the master equation in the x > 1 region. The solution W (x) obtained
numerically in this way grows generically as /2 for large = which, according to our analysis
in section [3.3.1] gives rise to the geometry of the Ga-cone in the UV. We are, actually,
interested in obtaining solutions with the AdS asymptotics discussed in section [3.3.1] for
a set of profiles that correspond to flavor D6-branes with a non-zero quark mass. In order
to get these geometries we have to fine-tune the parameter vy to some precise value which
depends on the number of flavors. This analysis is presented in the next section.

3.6 Massive flavor

We now apply the formalism developed so far to find supergravity backgrounds representing
massive flavors in ABJM. These solutions will depend on a deformation parameter é, related
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to the total number of flavors Ny and the Chern-Simons level k as:
3Ny

E ’

where the factor 3/4 is introduced for convenience and N;/k is just % A with A = N/k
being the 't Hooft coupling. The profile i, which corresponds to a set of smeared flavor
D6-branes ending at r = r,, has been found in [75]. The main technique employed in [75]
was the comparison between the smeared brane action for the distribution of flavor branes
and the action for a fiducial embedding in a background of the type studied here. This fidu-
cial embedding was determined by using kappa symmetry. With our present conventions,ﬂ
assuming as above that r = r, corresponds to x = x, = 1, the function n(z) is given by:

€

(3.6.80)

n(z) = 1+ ¢ (1 - %) O(r — 1), (3.6.81)

where O(z) is the Heaviside step function. It follows from that the asymptotic value
7o of the profile is:

o = 1+¢€. (3.6.82)
We want to find interpolating solutions of the type studied in section [3.5] which have the AdS
asymptotic behavior in the UV corresponding to the value of 1y written in ([3.6.82)). These
solutions have an asymptotic squashing (corresponding to ¢; in (3.3.45)) given in terms of
€ as:

3 9
_ 3. .9
o 3+26 2\/1+6+16€ . (3.6.83)

It follows from that the asymptotic squashing ¢y grows with the deformation pa-
rameter €. Indeed, gy = 1 for € = 0, whereas for € — oo the squashing reaches its maximum
value: go — 5/3. By using the relation between b and qo (eq. (3.3.48))) we also conclude that
b — 5/4 when € — oc.

To find the solution for z > 1 we have to solve numerically the BPS system in this region.
The most efficient way to proceed is by looking at the master equation for W (x) with the
initial conditions . For a generic value of 7 the numerical solution either gives rise
to negative values of W (x) (which is unphysical for & > 0, see the definition (3.3.24))) or
behaves in the UV as W(z) ~ x%, which corresponds to the Gy-cone asymptotics with
qo = 2 discussed in section . Only when ~ is fine-tuned to some particular value (which
depends on ¢) we get in the UV that W(z) ~ z and that gy is given by (3.6.83). To
determine this critical value of v we have to perform a numerical shooting for every value of
é. In what follows we understand that v = ~y(€) is the function of the deformation parameter
which results of this shooting. The function (€) is plotted in Fig. [3.1 where we notice
that y(¢ = 0) = 0 and, therefore, we recover the unflavored ABJM background when the
deformation parameter vanishes. In the opposite limit € — oo, the function (é) grows as
€2, Actually, v(€) can be accurately represented by a function of the type:

(E) = mé + pé”, (3.6.84)

with 74 = 0.351 and v, = 0.309. In Fig. we plot the function W (z) and the squashing
function g(x) for some selected values of €.

2 The variable p used in section 8 of [75] is related to x by = = e”.
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Y
101

Figure 3.1: Representation of v(€).

Interestingly, we have found an analytical solution for small flavor parameter é. We
present the analytical solution up to order €% in appendix . Along this chapter, we
will present the results using the numerical solution, which is valid for any value of €, but a
similar analysis could be done analytically for small flavor.

From the function W (z) we can obtain f and g by performing the integrals in (3.5.78).
The whole metric is determined if h is known. We will compute h from with § =0,
which corresponds to requiring that A — 0 in the UV. In the x < 1 region the warp factor
h(zx) is given by , with the constant o determined by the matching condition @
The limit on the left-hand side of can be determined explicitly from @ :

2 N(G-1)"1+49) /1 1+ (1—69)4\4+1 Vi
lim h(z) = — == (- 6 ) 2410g Y1 ,
Jim_ h(z) 81t k v 2 S 4y o TR T
(3.6.85)
whereas h(x — 1) is given by:
48 2 N 22 0 —39(8)
lim h(z) = — 2= 7 / S e (3.6.86)
a1+ re kAy+1 J; [W(f)}

Notice that r, (the value of the r coordinate at the tip of the flavor branes) appears as
a free parameter in eqs. and . Actually, r, can be easily related to the mass
myq of the quarks which deform the geometry. Indeed, by computing the Nambu-Goto action
of a fundamental string stretching along the holographic direction between r = 0 and r = 7,
at fixed value of all the other spacelike coordinates in the geometry , we get that m,
and r, are linearly related as:

r
m q

(3.6.87)

1 oo’
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Figure 3.2: Representation of W(x)/x and ¢(z) for different numbers of flavors (¢ = 0
(bottom, blue), € = 1 (middle, red), and é = 9 (top, brown)). The plots on the left show
that W(z)/x becomes constant as we approach the IR and UV conformal points at x = 0
and x = oo, respectively. Similarly, the squashing function ¢(z) interpolates between ¢ = 1
at x = 0 and g = qo at large .

where o is the Regge slope (which we will take to be equal to one in most of our equations).
Equivalently, we can relate m, to the constant ¢ appearing in the solution in the z <1

region:
V1+4y(Ee)—11
= - 3.6.88
mq 47T c Y ( )

where 7(€) is the function obtained by the shooting and only depends on the deformation
parameter €.

We have computed the curvature invariants for the flavored metric and we have checked
that the geometry is regular both in the IR (z — 0) and UV (z — oo). However, the
curvature has a finite discontinuity at z = 1, as can be directly concluded by inspecting
Einstein’s equations (see appendix [3.A.1]). This “threshold” singularity occurs at the point
where the sources are added and could be avoided by smoothing the introduction of brane
sources with an additional smearing (see the last article in [142] for a similar analysis in
other background).

3.6.1 UV asymptotics

The full background in the x > 1 region must be found by numerical integration and shooting,
as described above. However, in the UV region £ — oo one can solve the master equation
(3.3.25)) in power series for large x. Indeed, one can find a solution where W (x) is represented
as:

W(z) = i A (3.6.89)
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where the coefficients A,; can be obtained recursively. The coefficient Aj of the leading term
was written in (3.3.42)). The next two coefficients are:

9 =

40m — 11 Ay . 4 5A3 + 206 + 25¢ Ay
L =

— = 3.6.90
9+13770—2A0€’ 9(1 4 3n — 24,) ( )

Notice that a linear behavior of W (x) with x corresponds to a conformal AdS background,
whereas the deviations from conformality are encoded in the non-linear corrections.

From the result written above one can immediately obtain the asymptotic behavior of
the squashing function for large x. Indeed, let us use in the expression of ¢ in terms of W
and W' (eq. (3.3.29)) the following large = expansion:

Ay +4(mo — 1) n

x(W' +4n) = (Ag+4no) x — " (3.6.91)
We get:
q(r) = q + % + - (3.6.92)
where ¢ is the asymptotic value of the squashing (see (3.6.83))) and ¢ is given by:
2b o — 1 A2
— 2 -2 3—6—}, 3.6.93
= 55gp [B-W =+ B0 (3.6.93)

where b is related to go and € by (3.3.48) and (3.6.83]). Similarly, we can find analytically the
first corrections to the UV conformal behavior. The details of these calculations are given
in appendix [3.A.2] In this section we just present the final results. First of all, let us define
the constant x (depending on the deformation €) as:

b[(z;_jj F exp E /100 [% — %Of] df] . (3.6.94)

=
Il

Then the functions g and f can be expanded for large x as:

KTy 1 Krg 1

ed =

where the coefficients go and f5 are:

3-2m—1  3-4b A
6b o 6b Ao’

g2 =

1,3 1 As (24+0b)(3—=2b0)m — 1
= (2 ——1)— . 3.6.96
=505+ 5 PR R (3.6.96)
Moreover, the UV expansion of the warp factor A and the dilaton is:
_ Lé —4 ha b _ o P2
h(.f)— /§;4r4x b|:1+ﬁ+:| , e’ = e (1+;+>, (3697)

q
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with the coefficients ho and ¢ given by:

hy = 1 - 14— 24 2 )2
2 2b ( T35 2 3+2b) o +( HETED) b+3+2b>A0’
3—2b 4b 3 Nm—1 3 2 1\ 4,
=2 = (1 - ~2 (1= - 22 (3.6.98
6= (1+35 3+2b) n 1 ( 32— b) 3+2b)A0 (3.6.98)

It is also interesting to write the previous expansions in terms of the r variable. Again, the
details are worked out in appendix and the final result is:

eg@):%pwz(%)?u...], ef(r):@w;z(%)%...],
h(r) = [%]4 [1 + hy (%)% + ] : e? = e (1 + ¢y (%>2b + ) , (3.6.99)

where the coefficients gy, fa, ha, and ¢ are related to the ones in (3.6.96) and (3.6.98) as:

S 2b g P 2b< 92 )
9o = Sy {92 2=k f2+2b—1 ;

. 4 »
hy = K2 <h2 _ %{21> , by = K2 by . (3.6.100)

Recalling (see (3.6.87))) that r, = 27 my, it is clear from ([3.6.99)) that the deviation from

K
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Figure 3.3: Plot of x as a function of the deformation parameter €. The x asymptotes to
some positive constant as € — oo.

conformality is controlled by the quark mass and that the parameter b determines the power
of the first mass corrections. In our holographic context this is quite natural if one takes into
account that b determines the dimension A of the quark-antiquark bilinear operator in the
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theory with dynamical quarks (A = 3 — b, see [75, [136] and below). The coefficients of these
mass corrections depend on the constants gs, f2, he, and ¢o (whose analytic expressions
we know from egs. and (3.6.95)), as well as on the constant s, which must be
determined numerically.  as a function of the deformation parameter is plotted in Fig. 3.3
From this plot we notice that x(é) interpolates continuously between x = 1 for é = 0 and
some positive constant value at large €.

3.7 Holographic entanglement entropy

In a quantum theory the entanglement entropy 54 between a spatial region A and its comple-
ment is defined as the entropy seen by an observer in A which has no access to the degrees of
freedom living in the complement of A. It can be computed as the von Neumann entropy for
the reduced density matrix obtained by taking the trace over the degrees of freedom of the
complement of A. For quantum field theories admitting a gravity dual, Ryu and Takayanagi
proposed in [95] a simple prescription to compute S from the corresponding supergrav-
ity background. The holographic entanglement entropy between A and its complement in
the proposal of [95] is obtained by finding the eight-dimensional spatial surface ¥ whose
boundary coincides with the boundary of A and is such that it minimizes the functional:

1
Sy = / d®¢ e \/det gs , (3.7.101)
4GlO %

where the ¢’s are a system of eight coordinates of Y, Gy is the ten-dimensional Newton
constant (Gyo = 8% in our units) and gg is the induced metric on ¥ in the string frame.
The functional S, evaluated on the minimal surface > is precisely the entanglement entropy
between the region A and its complement.

X=Xmax

Figure 3.4: The surface Y ends on the disk of radius R at the boundary z = 4, — 0.

In our case A is a region of the (x!, z?)-plane. In this section we will study in detail the
case in which the region A is a disk with radius R as depicted in Fig. (see appendix
for the analysis of the entanglement entropy of a strip in the (z'!, z?)-plane). In order
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to deal with the disk case it is convenient to choose a system of polar coordinates for the

plane:
(dz')? + (d2*)? = dp® + p*d2} . (3.7.102)

We will describe the eight-dimensional fixed time surface ¥ by a function p = p(z) with p
being the radial coordinate of the boundary plane and x the holographic coordinate of the
bulk. The eight-dimensional induced metric is:

dst = W% [p"2+G(e) | da? + 13 2+t [ dsore™ (BY) + (B2)°) |, (3.7.103)

where p’ denotes the derivative with respect to the holographic coordinate x and the function
G(z) is defined as:

e29 h
G(z) = ok (3.7.104)
Let us next define a new function H(z) as:
H(x) = h?e *? 819 (3.7.105)
Then, the entanglement entropy as a function of R is given by:
2 Vg [
S(R) = e dzpy/H(z)\/p'2 +G(2) , (3.7.106)
10 Ja,

where Vi = 3273/3 is the volume of the internal manifold and z, is the x coordinate of
the turning point of 3. The Euler-Lagrange equation of motion derived from the entropy

functional (3.7.106]) is:

d pr
— |\ /H(x) —EC
dz ) VP2 +G()

Notice that the integrand in (3.7.106) depends on the independent variable x and we therefore
cannot find a first-integral for the second-order differential equation (3.7.107]). Thus, we have

to deal directly with (3.7.107]), which must be solved with the following boundary conditions
at the tip of >:

— VH(x) \/p'2+G(x) = 0. (3.7.107)

plr =xz.) =0, Pl =ux,)=+400. (3.7.108)
Notice also that the radius R of the disk at the boundary is just the UV limit of p:

plr - o0) =R . (3.7.109)

The integral for S(R) diverges due to the contribution of the UV region of large
x . In order to characterize this divergence and to extract the finite part, let us study the
behavior of the integrand in (3.7.106)) as z — oo. From the definitions of the functions H(x)
and G(z) and the UV behavior written in (3.6.95) and (3.6.97), it follows that H and G
display a power-like behavior as x — oo,

4
b

H(z) ~ Hy b Gz) ~ Goo 77275 (r — o) | (3.7.110)
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where the coefficients H,, and G, are

L8 /14 T4 q4 €—4¢0 C Lg
00 — 79 o o -
b12 ' b2 r2 K2

Hy, = (3.7.111)

By taking the x — oo values of p and p’ (p = R and p’ = 0) inside the integral in (3.7.106]),
as well as the asymptotic form of H(z) and G(x) (eq. (3.7.110), we get:

max

Sun(R) = 75 R\ JHo G / (3.7.112)

2GHo

where x,,4, i the maximum value of the holographic coordinate x (which acts as a UV
regulator). After performing the integral, we obtain:

Sdiv(R) — ;—Gvfo Rb V Hoo Goo xr%n,a:r: . (37113)

Let us rewrite (3.7.113)) in terms of physically relevant quantities. First of all, we notice
that:

L6 2¢0 377 FUv(Sg)
bv He Goo O—Hrq E KTy (3.7.114)

where Fy(S?) is the free energyﬁ of the massless flavored theory on the three-sphere:

2
Fuf(8%) = 5 =60 (3.7.117)

where the function & (%) is given by:

5
5(&) _1 43 (0 + qo)"*
k 16 (2 = qo)z (o + M0go — M0)?

(3.7.118)

In (3.7.118) n9 = 1 + € and g is written in (3.6.83)) in terms of the deformation parameter.
For the unflavored ABJM theory the free energy is given by with ¢ = 1. This
formula displays the famous N 2 behavior. The function &(Ny/k) encodes the corrections to
this behavior due to the smeared massless flavors. It was first computed in [75], where it
was shown that it is remarkably close to the value found in [79] for localized embeddings.

3When the field theory is formulated on a three-sphere, its free energy is defined as:
F(S?) = —log| Zgs | , (3.7.115)

where Zgs is the Euclidean path integral. For a CFT whose gravity dual is of the form AdS; x Mg, the
holographic calculation of F(S?) gives [143]:

wL?

F(s%) = ek

(3.7.116)

where L is the AdS, radius and Gy is the effective four-dimensional Newton’s constant.
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The function € is a monotonic function of the deformation parameter which grows as v/¢ for
large values of €.

1

Using (3.7.114)) and the fact that, in the deep UV region of large @, rpmes = K7 Thae (see
(3-A.53)), we can rewrite Sy, (R) as:

Fyy(S?
Sun(R) = V)
0

Tmaz B . (3.7.119)
We notice in that Sy, (R) diverges linearly with 7,,,. The coefficient of this
divergent term is linear in the disk radius R and in Fpyy(S*). The latter is a measure of the
effective number of degrees of freedom of the flavored theory in the high-energy UV limit in
which the flavors can be considered to be massless. The appearance of Fyy(S?) in (3.7.119)
is thus quite natural.

The separation between the divergent and finite parts of S(R) has ambiguities. In order
to solve these ambiguities, Liu and Mezei proposed in [I37] to consider the function F(R),
defined as: e

FR)=R_5 = 5. (3.7.120)

It was argued in [I37] that F(R) is finite and a monotonic function of R which provides a
measure of the number of degrees of freedom of a system at a scale R.
In a 3d CFT the entanglement entropy for a disk of radius R has the form:

SCFT(R) = aR — ﬂ 5 (3.7.121)

where « is a UV divergent non-universal part and [ is finite and independent of R. It was
shown in [144] that the finite part 3 is equal to the free energy of the theory on S3. Notice
that F = [ when S is of the form (3.7.121)). Therefore, for a conformal fixed point the
function F is constant and equal to the free energy on the three-sphere of the corresponding
CFT. In the next subsection we will obtain the UV and IR values of F and we will show
that they coincide with the free energies on S of the massless flavored theory and of the
unflavored ABJM model, respectively.

It is interesting to point out that the entanglement entropy of a disk in a (2+1)-dimensional
system at large R can also be written in the form , if one neglects terms which van-
ish in the R — oo limit. In a gapped system, the R-independent part g of the right-hand
side of is the so-called topological entanglement entropy [145, 146] and serves to
characterize topologically ordered many-body states which contain non-local entanglement
due to non-local correlations (examples of such states are the Laughlin states of the fractional
quantum Hall effect or the Z, fractionalized states). The topological entanglement entropy
[ is related to the so-called total quantum dimension D of the system as f = logD. In
general D > 1 (or 3 > 0) signals a topological order (for example D = /g for the quantum
Hall system with filling fraction v = 1/¢, with ¢ an odd integer).

For our system, we can obtain the embedding function p(z) by numerical integration
of the differential equation and then we can get the functions S(R) and F(R)
by using and the definition of F(R) in (3.7.120). The results for the latter are
plotted as a function of Rr, o< Rmg in Fig. [3.5] We notice that F(R) is a monotonically
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Figure 3.5: Plot of the running free energy F as a function of r, R for é = 0 (bottom, blue),
1 (middle, red), and 9 (top, brown).

decreasing function that interpolates smoothly between the two limiting values at Rm, = 0
and Rm, — oo. The UV limit of F at small Rm, equals the free energy of the
massless flavored theory, whereas for large Rm, the function F approaches the free energy
of the unflavored ABJM model (i.e., the value in with £ = 1). This behavior is in
agreement with the general expectation in [137, [139] and corresponds to a smooth decoupling
of the massive flavors as their mass m, is increased continuously.

We will study the UV and IR limits of F analytically in the next two subsections.
Some details of these calculations are deferred to appendix [3.A.3] where we also study the
entanglement entropy for the strip geometry.

3.7.1 UV limit

In order to study the UV limit of the disk entanglement entropy, let us write the FEuler-
Lagrange equation (3.7.107) when H(z) and G(z) are given by their asymptotic values

(3-7.110):

d 2 / 2
- [xb pe ] _— \/p/2+Goo:c—2—% 0. (3.7.122)
T \/p’2 4G a2t

This equation can be solved exactly by the function:

puv(z) = \/R2 — B2 G b, (3.7.123)
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which clearly satisfies the initial conditions (3.7.108]), with the following value of the turning

point coordinate x,:

op VG (3.7.124)
« 22 7.
Since G, o r;Q, it follows from (3.7.124) that 22/° (r, R)~2. Therefore, the turning point
coordinate z, is large if 7, or R are small. In this case it would be justified to use the
asymptotic UV values of the functions G and H, since the minimal surface ¥ lies entirely in

the large z region. Notice also that (3.7.123]) can be written in terms of xz, as:

X

pov = Ry/1— (%)% . (3.7.125)

In order to calculate the entropy in this UV limit it is very useful to use the following relation

satisfied by the function pyy (z) written in (3.7.123)):
puv \/(p'UV)2 F Gzt = Ry/Go o' (3.7.126)

Making use of (3.7.126)) in (3.7.106)), we find the following expression for the entanglement

entropy: v xmaz
Suv(R) = ;GfoR‘/H N / (3.7.127)

The divergent part of this integral is due to its upper limit and is just given by (3.7.119)).
The finite part of S is:

Sfinite,uv = Sl b/ Heo Goo Rzl = i & b Goo vV Heo (3.7.128)
2Gho 2G1o

where, in the second step, we used to eliminate x,. Notice that the right-hand side
of is independent of the disk radius R. Moreover, by using and
we find that:

Stimievv = —Fyy(S?) . (3.7.129)

Therefore, in this UV limit, the dependence on R of the entanglement entropy takes the form
(3.7.121)), where 3 is just the free energy of the massless flavored theory on the three-sphere.
It follows trivially from this form of Sy and the definition that Fyy = f and
therefore:

Fov = hm F(R) = Fyy(S?) . (3.7.130)

R—0

It is also possible to compute analytlcally the first correction to (3.7.130]) for small values of
rq R. The details of this calculation are given in appendix . Here we will just present
the final result, which can be written as:

F(R) = Fuv(S®) + cuv (rg RPC™20V) .o (3.7.131)

where ¢y is a constant coefficient depending on the deformation parameter (see eq. (3.A.82))
and Ayy = 3 — b is the dimension of the quark-antiquark bilinear operator in the UV
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flavored theory (this dimension was found in section 7.3 of [75] from the analysis of the
fluctuations of the flavor branes, see also [136]). It is interesting to point out that
is the behavior expected [137] for a flow caused by a source deformation with a relevant
operator of dimension Ayy. Moreover, one can verify that ¢y is negative for all values of
the deformation parameter €, which confirms that the UV fixed point is a local maximum of
F.

3.7.2 IR limit

Let us now analyze the IR limit of the entanglement entropy S(R) and of the function F(R).
This limit occurs when the 8d surface ¥ penetrates deeply into the geometry and, therefore,
when the coordinate x, of the turning point is small (z, < 1). This happens when either the
disk radius R or the quark mass m, = r,/2m are large. Looking at the embedding function
p(x) obtained by numerical integration of one notices that, when x, is small, the
function p(z) is approximately constant and equal to its asymptotic value p = R in the
region x > 1 (see Fig. . Therefore, the dependence of p on the holographic coordinate x
is determined by the integral of in the region x < 1, where the background is given
by the unflavored running solution. Actually, when z, is small it is a good approximation
to consider for the unflavored background, i.e., when the constants ¢,y — 0, with
7v/c fixed and given by 7/c = r,. In this limit the different functions of the background are:

1 272N 1
f o 09 ~ y,
€ NeT =TI, hN— . 3
, 7“;1 kx4

(3.7.132)

It follows that G(z) and H(x), as defined in (3.7.104) and (3.7.105)), are then given by:

X(p
15r

10

2 4 6 8 10 12 \A
Figure 3.6: Representation of the embedding function p(z) for different values of the turning
point x, = 0.1,1,5 and € = 9.
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4 4t N?
¢ g2

2m2 N 1
oy

’ e 4R gt — gt

= Goz*, Hig(z) =r

Y

1

G[R(l’) = ﬁ
q

(3.7.133)

where, in the last step, we have defined the constants Gy and Hy, and ¢;r is the constant
dilaton corresponding to the unflavored background,

2N\ !
e = 2\/7 (ﬁy . (3.7.134)

Let us now elaborate on the expression ([3.7.106|) for the entanglement entropy. We split the
integration interval of the variable x as [z, 00| = [x,, 1] U [1, 00] and take into account that
one can put p = R = constant in the region x > 1. We get:

Ve [ Ve Fmaz
SinlR) = 3o [ dopHin) VT G + 5k [ VARG

T 1
(3.7.135)
The second term in (3.7.135)) is linear in R and will not contribute to F(R). To evaluate
the first integral in (3.7.135) we must determine the embedding function p(x) by integrating

(3.7.107)) when G(z) and H (z) are given by their IR values (3.7.133)). The resulting equation
is just the same as (3.7.122) with G, and H, substituted by Gq and Hy and b = 1. Then,

the function p(z) can be written as in (3.7.123)),

prr(z) = \[R? — Gyz~2, (3.7.136)

where R is a constant. By requiring that p;p(z = 1) = R, we get:

R?=R’+ G, . (3.7.137)
It follows from ([3.7.136)) that the coordinate z, of the turning point is given by:

2?2 = % — % : (3.7.138)

Notice that when r, — oo (and Gy — 0) or R is large one can neglect the Gy in the
denominator of (3.7.138) and then 2?2 ~ GoR > o (r, R)~2, which is a small number.
Moreover, by using the explicit form (3.7.136)) of p(z) in this IR region, we get:

prr ) (Prg)? + Grr = R\/Goz72, (3.7.139)
and the first integral in (3.7.135)) can be explicitly evaluated:

/1 dx PIR \/ H[R(LZ') \/(,O/IR)2 + G[R(JZ') = R vV Go Hy, — Go \/Fo . (37140)

Notice that, at leading order R~R and, thus, the first term in ((3.7.140)) does not contribute
to F(R). Then, the IR limit of F is determined by the second contribution in (3.7.140)) and
given by:

Fir = Vo Go v Ho . (3.7.141)
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Moreover, from the values of Gy and Hy written in (3.7.133) we get:
3 3 2
GovVHy = —= N3 k2 = 2 Fp(S%) (3.7.142)

where Frg(S?) is the free energy on the three-sphere of the unflavored ABJM theory:

2
Fin(S?) = %ké N3 (3.7.143)
It follows that the IR limit of the F function is:
Fir = lim F(R) = Fyp(S?) , (3.7.144)

rqR—00

as expected in the deep IR limit in which the flavors become infinitely massive and can
therefore be integrated out. The corrections to the result near the IR fixed point
could be obtained by applying the techniques recently introduced in [147]. We will not
attempt to perform this calculation here.

3.8 Wilson loops and the quark-antiquark potential

In this section we evaluate the expectation values of the Wilson loop and the corresponding
quark-antiquark potential for our model. We will employ the standard holographic prescrip-
tion of refs. [131, 148], in which one considers a fundamental string hanging from the UV
boundary. Then, one computes the regularized Nambu-Goto action for this configuration,
from which the gq potential energy can be extracted. In a theory with dynamical flavors this
potential energy contains information about the screening of external charges by the virtual
quarks popping out from the vacuum. In our case we expect having a non-trivial flow con-
necting two conformal behaviors as we move from the UV regime of small ¢¢ separation (in
units of the quark mass m,) to the IR regime of large ¢q distance. We will verify below that
this expectation is indeed fulfilled by our model.

Let us denote by (¢, 2!, x*) the Minkowski coordinates and consider a fundamental string
for which we take (¢,z') as its worldvolume coordinates. If the embedding is characterized
by a function x = z(z'), with x being the holographic coordinate, the induced metric is:

29

ds? — —h%df® + b [6—23:’2 n h”} (dat)? | (3.8.145)
x

where 2’ denotes the derivative of z with respect to #!. The Nambu-Goto lagrangian density

takes the form:

1 1 e
= —/—detgy = —\/—a2'2 + h L. .8.14
»CNG o et g2 o 1’2 X + (38 6)

As Ly does not depend on 2!, we have the following conservation law:

o 0LNG
ox’

— Lng = constant . (3.8.147)
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Therefore, if x, denotes the turning point of the string, we have the first integral of the
equations of motion:
e29 h o Vh,

1 = 3.8.148
+ = x 7 ( )
where h, = h(z = z,). Then 2’ is given by:
/he —h
y = L2V = h(z) (3.8.149)

ed@ h(x)

where the two signs correspond to the two branches of the hanging string. The qg separation
d in the x! direction is:

9@ p(x)
d = 2/ —————dx . 3.8.150
z. Ty he—h(zx) ( )
In order to compute the potential energy of the qq pair, let us evaluate the on-shell action.
By using the first integral (3.8.148) it is straightforward to check that the on-shell value of
the Nambu-Goto lagrangian density is:

1 Ve

Ly (on —shell) = 2

(3.8.151)

Therefore, the on-shell action becomes:

T o0 og(x) Vh,
Son_shell = — / dx | 3.8.152
hell N ) ( )

where T' = [ dt. The integral is divergent and must be regularized as in [I31], 14§]
by subtracting the action of two straight strings stretched between the origin and the UV
boundary, which corresponds to subtracting the (infinite) quark masses in the static limit.
After applying this procedure we arrive at the following expression for the regulated on-shell
action:

T [ e9(2)
Sree = Son—shell — — dz , 3.8.153
on—shell hell 71_/0 T Z ( )
from which we get the ¢q potential energy:
1 [ e9(@) V., .
Jo / ¢ [ - 1]d:c - (3.8.154)
T Js x h. — h(zx) s
where r, is the r coordinate of the turning point:
Tk eg(x)
re = / dzr . (3.8.155)
0 x

From (3.8.150) and ([3.8.154) we have computed numerically the potential energy E,; as

a function of the ¢g¢ distance d. The result of this numerical calculation is shown in Fig. (3.7,
As mentioned above, we expect to have a potential energy which interpolates between the
two conformal behaviors with E,; o< 1/d at the UV and IR. Actually, in the limiting cases in
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Figure 3.7: Plot of the qq potential energy for ¢ = 9. The numerical result is compared to
the UV leading estimate (3.8.156) (black dashed curve on the left) and to the leading IR
potential (red dashed curve on the right).

which 7,d is small or large the function E,;(d) can be calculated analytically (see appendix
3.A.4). In both cases E,; o 1/d, but with different coefficients. Indeed, in the UV limit
rqd — 0, the ¢¢ potential can be approximated asﬁ

UV Y CRVO |
@ ~ " Taraaat 2 g0
r@l”

4

(ryd — 0) , (3.8.156)

where A = N/k is the 't Hooft coupling and o is the so-called screening function:

g

2 — 1 g 2(2 — qo)?

;= £l po 19 (ot a) 2=q) (3.8.157)
q0(qo + M0G0 — Mo) 4 (qo+1m0g0 —m0)?

Notice that ¢ encodes all the dependence of the right-hand side of on the number
of flavors. Actually, the potential is just the one corresponding to having massless
flavors (which was first computed for this model in [75]), as expected in the high-energy
UV regime in which all masses can be effectively neglected. The function o characterizes
the corrections of the static qq potential due to the screening produced by the unquenched
massless flavors (o0 — 1 for Ny — 0, whereas o decreases as 0 o< y/k/N; for Ny large). In
Fig. we compare the leading UV result with the numerical calculation in the
small r, d region.

Similarly, one can compute analytically the ¢ potential in the region where r, d is large.

4Also, the first correction to the UV conformal behavior (3.8.156)) is computed in appendixm
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At leading order the result is (see appendix [3.A.4)):

EIR ~ 1
qq )

[ (i)} d
In Fig. we compare the analytic expression (3.8.158) to the numerical result in the
large distance region. Notice that the difference between ([3.8.156f) and (3.8.158)) is that the
screening function ¢ is absent in (3.8.158)). Therefore, in the deep IR the flavor effects on

the ¢q potential disappear, which is consistent with the intuition that massive flavors are
integrated out at low energies.

(rgd — 00) . (3.8.158)

3.9 Two-point functions of high dimension operators

In this section we study the two-point functions of bulk operators with high dimension.
The form of these correlators can be obtained semiclassically by analyzing the geodesics of
massive particles in the dual geometry [149] 150, [151],

(O(x) O(y)) ~ emEtew) (3.9.159)

where m is the mass of the bulk field dual to @. We are assuming that m is large in order to
apply a saddle point approximation in the calculation of the correlator. In L. (z,y)
is a regularized length along a spacetime geodesic connecting the boundary points = and y.
To find these geodesics, let us write the Einstein frame metric of our geometry as:

(i 2
ds?) = e 2 h 2 da?, + e 2he [62 — + ¥ dsd, + €% ( (EY) + (E2)2>] . (3.9.160)
’ xZ

Then, the induced metric for a curve parametrized as z = z(x!) is:
ds? = e % p73 (1 +G() x’2) (dat)? | (3.9.161)

with 2/ = dx/dx' and G(z) is the function defined in (3.7.104). Therefore, the action of a
particle of mass m whose worldline is the curve x = (') is:

S = m/d51 = m/e_(ji hi /14 Gx)a'2da’ . (3.9.162)
The geodesics we are looking for are solutions of the Euler-Lagrange equation derived from
the action (3.9.162]). This equation has a first integral which is given by:

¢(z)

et [h(z )]i 1+ G@)a'2 =T hé, (3.9.163)

where ¢, = ¢(x = x,) and h, = h(z = x,), with z, being the z coordinate of the turning
point, i.e., the minimum value of x along the geodesic. It follows from (3.9.163)) that:

1 }L %
\/f______ \// ( ) > 1 (3 9 1(&4)
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The spatial separation [ of the two points in the correlator can be obtained by integrating

1/2’. We get:
o0 VG
| = 2/ dr—— @) . (3.9.165)
2 \/eg(mfas(w)) (=) — 1

Moreover, the length of the geodesic can be obtained by integrating ds; over the worldline,

.

- _st)
L= 2/ ar ¢ M) G(w)l . (3.9.166)
. \/ | — e} @)-o) (ha)yd

This integral is divergent. In order to regularize it, let us study the UV behavior of the

integrand. For large z, the functions h(x) and G(z) behave as in (3.6.97) and (3.7.110)),

respectively. Thus, at leading order for large =,

()] * VG@) ~ 22" (3.9.167)
In the UV region  — oo, the integrand in £ behaves approximately as 2b~! Lye %0/* 271,
which produces a logarithmic UV divergence when it is integrated. In order to tackle this
divergence, let us regulate the integral by extending it up to some cutoff z,., and renor-
malize the geodesic length by subtracting the divergent part. Accordingly, we define the
renormalized geodesic length as:

#(x)

=

S I [11C)) IRRVAS 2 i
L, =2 / e )] (:c)l _2hoer ) (3.9.168)
2 1 - Ao (Ha)3 b

where C is a constant to be fixed by choosing a suitable normalization condition for the
correlator.

Our background interpolates between two limiting AdS, geometries, at the UV and IR,
with different radii. For an equal-time two-point function <(9(t, 1) O(t, 0)> the UV and IR
limits should correspond to the cases in which r, [ is small or large, respectively. At the two
endpoints of the flow, the theory is conformal invariant and the two-point correlator behaves
as a power law in [. We can use this fact to fix the normalization constant C in (3.9.168]).
Actually, we will assume that the field O is canonically normalized in the short-distance
r¢l — 0 limit and, therefore, the UV limit of the two-point correlator is:

<(’)(t,l)(’)(t,0)>Uv -G 1/\/1X)2AUV , (rgl = 0) (3.9.169)

where the v\ and rq factors have been introduced for convenience. In (3.9.169) Ayy is the
conformal dimension of the operator O in the UV CF'T, which for the dual of a bulk field of
mass m is:

%0

AUV = mLo e 1 5 (39170)
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where we have taken into account that m is large and that L e~ % is the AdS, radius
of the UV massless flavored geometry in the Einstein frame. It is shown in appendix [3.A.5
that, indeed, the correlators derived from display the canonical form if the
constant C is chosen appropriately (see (3.A.140))). In appendix we have also computed
the first deviation from the conformal UV behavior. In this case the numerator on the right-
hand side of (3.9.169) is not one but a function fa(r,1/v/A) such that fa(r,l/vA=0) = 1.
We show in appendix M that fa(ryl/vVA) — 1 o (ryl/v/A)? for small r,1. The explicit
form of the first correction to the non-conformal behavior can be computed analytically from
the mass corrections of section and appendix [3.A.2] (see egs. (3.A.151))-(3.A.153)).

mL,

rgl
2 AIR log (_L)
i

13

1.2 N

1.1} 2~

-
D

rql

\“‘7“‘\“‘\“‘\“‘\“‘\k)g( )

-2 0 2 4 6 8 10 VL

Figure 3.8: Plot of m £, /(2215 log(r,1/v/A)) versus the logarithm of r,/v/A. Notice that,
according to (3.9.159), m £, = —log(O(t,1) O(t,0)). The three curves correspond to € = 0
(bottom, blue), € = 1 (middle, red), and é = 9 (top, brown). In the deep UV (1,1 — 0)
the curves approach the constant value Apyy/Arg. The dashed curves correspond to the

behavior ([3.9.172)), with the normalization constant N given in (3.A.167]).

When the distance r, [ is large the theory reaches a new conformal point. Accordingly, the
two-point function should behave again as a power law. Notice, however, that the conformal
dimension A;g in the IR of an operator dual to a particle of mass m is different from the
UV value . Indeed, in the IR the conformal dimension A;g for an operator O of
mass m is the one corresponding to the unflavored ABJM theory,

_%ABJM

Arr = mLapjne 4, (3.9.171)

where Lapsy and ¢papyy are given, respectively, in (3.2.3) and (3.2.4]). Actually, one can
check that Ayy > Arg and that Ayy /Arg ¢7 for large values of the deformation param-
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eter €. The calculation of the two-point function in the IR limit of large r, [ is performed in

detail in appendix with the result:

<O(t,l)(9(t,0)> N (ryl = 00) (3.9.172)

IR (T'q l/\/X)2AIR ’

where N is a constant whose analytic expression is written in (3.A.167). Notice that A" # 1
due to our choice of the constant C in (3.9.168)), which corresponds to imposing the canonical
normalization to the two-point function in the UV regime.

The results obtained by the numerical evaluation of the integral interpolate
smoothly between the conformal behaviors and . This is shown in Fig. ,
where we plot —log(O(t,1) O(t,0))/(2A1r log(r,1/v/A)) as a function of log(r,1/v/). For
small values of 7,/ VX the curve asymptotes to the ratio Ayy /Ag of conformal dimensions,

in agreement with (3.9.169), whereas for large r, 1/ v\ we recover the IR behavior ((3.9.172).

3.10 Meson spectrum

Let us now test the flow encoded in our geometry by analyzing the mass spectrum of gg bound
states. We will loosely refer to these bound states as mesons, although our background is
not confining and quarkonia would be a more appropriate name for them. To carry out our
analysis we will introduce additional external quarks, with a mass /i, not necessarily equal
to the mass m, of the quarks which backreact on the geometry. To distinguish between
the two types of flavors we will call valence quarks to the additional ones, whereas the
unquenched Ny dynamical flavors of the geometry will be referred to as sea quarks. The
ratio p,/m, of the masses of the two types of quarks will be an important quantity in what
follows. Indeed, p,/m, is the natural parameter for the holographic renormalization group
trajectory. When p,/m,, is large (small) we expect to reach a UV (IR) conformal fixed point,
whereas for intermediate values of this mass ratio the theory should flow in such a way that
the screening effects produced by the sea quarks decrease as we move towards the IR.

Within the context of the gauge/gravity duality, the valence quarks can be introduced
by adding an additional flavor D6-brane, which will be treated as a probe in the backreacted
geometry. The mesonic mass spectrum can be obtained from the normalizable fluctuations
of the D6-brane probe. The way in which the D6-brane probe is embedded in the ten-
dimensional geometry preserving the supersymmetry of the background can be determined
by using kappa symmetry. For fixed values of the Minkowski and holographic coordinates,
the D6-brane extends over a cycle inside the CP? which has two directions along the S* base
and one direction along the S? fiber. In order to specify further this configuration, let us
parameterize the SU(2) left invariant one-forms w; of the four-sphere metric in terms
of three angles é, ¢ and Yﬁ,

wl = CQSQ/A)dé—i—Sin@/A) Sinéd@,
w? = singdf —cos sinfdg
w? = dip+ cosfdg , (3.10.173)
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with 0 < 0 <m0<p<2m,0< @/A) < 47. Then, our D6-brane probe will be extended along
the Minkowski directions and embedded in the geometry in such a way that the angles 6
and ¢ are constant and that the angle @ of the S? fiber depends on the holographic variable
x. The pullbacks (denoted by a hat) of the left-invariant SU(2) one-forms are
@' = &2 = 0 and & = d¢). The kappa symmetric configurations are those for which the
function 6(x) satisfies the first order BPS equation [75]:

do
T = = cotf , (3.10.174)
which can be integrated as:
cosf = 25| (3.10.175)
x

Here z, is the minimum value of the variable x for the embedding, i.e., the value of x for the
tip of the brane. This minimum value of the coordinate x for the embedding is related to
the mass f, of the valence quarks introduced by the flavor probe. Indeed, by computing the
Nambu-Goto action of a fundamental string stretched in the holographic direction between
x =0 and z = x, we obtain f, as:

1 Tx o9(T)

= dx . 3.10.176
/’Lq 27705, 0 T z ( )

In the following we will take the Regge slope o/ = 1. Moreover, to simplify the description
of the embedding, let us introduce the angular coordinate «, defined as follows:

£ = tan(%) , (3.10.177)

and let us define new angles § and v as:

w|€>
l\3|€>

b = v = — (3.10.178)
where ¢ is the angle in (3.2.9)). One can check that the ranges of the new angular variables
are 0 < a<m 0< 8,9 < 2r. We will take the following set of worldvolume coordinates
for the D6-brane:

¢ = (@ z,0,8,9) . (3.10.179)

Then, it is straightforward to verify that the induced metric on the D6-brane worldvolume
takes the form:

hz €2
ds? = hoz dmlz—i— d.r +hoe? [daQ—i—sinQadBQ] + (22 —2?)

*

1
hz %9

(d@/} + cos dﬁ)2

(3.10.180)
We will restrict ourselves to study a particular set of fluctuations of the D6-brane probe,
namely the fluctuations of the worldvolume gauge field A,. The equation for these fluctua-
tions is:

0, [ﬁ’ “detyg g“cgbchd} —0, (3.10.181)
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where g, is the induced metric (3.10.180]). More concretely, we will study this equation for
the following ansatz for A,:

A, =& e™ R(x),  (p=0,1,2), A, = A =0, (3.10.182)

where &, is a constant polarization vector and A; denote the components along the angular
directions. These modes are dual to the vector mesons of the theory, with %, being the
momentum of the meson (n**k,k, = —m?, with m being the mass of the meson). The
non-vanishing components of the field strength F, are:

E. =ilk,& — k&)™ R(x) | F,, = & ™ R (x) . (3.10.183)

The fluctuation equation (3.10.181)) is trivially satisfied when b = ¢, whereas for b = x it is
satisfied if the polarization is transverse:

" k& = 0. (3.10.184)

Moreover, by taking b = p in (3.10.181]) we arrive at the following differential equation for
the radial function R:

Ry e2f—0 B e2f+20-¢
O | (@ = a?) Ok # M —R -0 (3.10.185)

X

T
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Figure 3.9: Numerical values of the meson masses for the first three levels (n = 0,1,2) as a
function of the sea quark mass m, for deformation parameter € = 9. The solid curves depict
the WKB estimate ([3.10.186)).
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The mass levels correspond to the values of m for which there are normalizable solutions
of . They can be obtained numerically by the shooting technique. One gets in
this way a discrete spectrum depending on a quantization number n (n € Z, n > 0). The
numerical results for the first three levels are shown in Fig. [3.9 as functions of the mass
ratio fi,/mg. One notices in these results that the meson masses increase as we move from
the IR (yy/my, — 0) to the UV (u,/m, — o00). This non-trivial flow is due to the vacuum
polarization effects of the sea quarks, which are enhanced as we move towards the UV and
the sea quarks become effectively massless. This is the expected behavior of bound state
masses for a theory in the Coulomb phase, since the screening effects reduce effectively the
strength of the quark-antiquark force.

One can get a very accurate description of the flow by applying the WKB approximation.
The detailed calculation is presented in appendix [3.A.6. The WKB formula for the mass
spectrum is:

™

MwkB — m

where £(z,) is the following integral:

Vn+1)2n+1), (n=0,1,2,---), (3.10.186)

E(r,) = " dxM . (3.10.187)

ol PO v

The WKB mass levels are compared with those obtained by the shooting technique
in Fig. . We notice from these plots that the estimate describes rather well the
numerical results along the flow. Moreover, we can use the UV and IR limits of the functions
g and h to obtain the asymptotic form of the WKB spectrum at the endpoints of the flow.
This analysis is performed in detail in appendix (see eqs. and (3.A.188)). As
expected, in the deep IR the mass levels coincide with those of the unflavored ABJM model.
In this latter model the mass spectrum of vector mesons can be computed analytically since
the fluctuation equation can be solved in terms of hypergeometric functions [152, [153]. When
g/ Mg — 0o the meson masses coincide with those obtained for the massless flavored model
of [75].

We can use the WKB formulas and for the spectrum at the endpoints
of the renormalization group flow to estimate the variation generated in the meson masses
by changing the sea quark mass m, and switching on and off gradually the screening effects.
It is interesting to point out that, within the WKB approximation, the ratio of these masses
only depends on the number of flavors, and is given by:

b1
Mon _ VT @ 1 (3.10.188)
m(IR) 2 r ( 2b+1 ) o AU,
WKB 2

where o is the screening function defined in (3.8.157). As expected, when Ny = 0 the right-
hand side of is equal to one, i.e., there is no variation of the masses along the flow.
On the contrary, when Ny > 0 the UV/IR mass ratio in (3.10.188) is always greater than
one, which means that the masses grow as we move towards the UV and the screening effects
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become more important. In appendix we have expanded (|3.10.188]) for low values of
the deformation parameter € (see (3.A.189))). Moreover, for large é the UV /IR mass ratio

grows as v/é (see (3.A.190) for the explicit formula).

3.11 Discussion

In this chapter we obtained a holographic dual to Chern-Simons matter theory with un-
quenched flavor in the strongly-coupled Veneziano limit. The flavor degrees of freedom were
added by a set of D6-branes smeared along the internal directions, which backreacted on
the geometry by squashing it, while preserving N' = 1 supersymmetry. We considered mas-
sive flavors and found a non-trivial holographic renormalization group flow connecting two
scale-invariant fixed points: the unflavored ABJM theory at the IR and the massless flavored
model at the UV.

The quark mass m, played an important role as a control parameter of the solution. By
increasing m, our solutions became closer to the unflavored ABJM model and we smoothly
connected the unquenched flavored model to the ABJM theory without fundamentals. After
this soft introduction of flavor no pathological behavior was found. Indeed, our backgrounds
had good IR and UV behaviors, contrary to what happens to other models with unquenched
flavor [73]. This made the ABJM model especially adequate to analyze the effects of un-
quenched fundamental matter in a holographic setup.

We analyzed different flavor effects in our model. In general, the screening effects due
to loops of fundamentals were controlled by the relative value of the quark mass m, with
respect to the characteristic length scale [ of the observable. If m, ! was small, which corre-
sponds to the UV regime, the flavor effects were important, whereas they were suppressed
if my 1 is large, i.e., at the IR. Among the different observables that we analyzed, the holo-
graphic entanglement entropy for a disk was specially appropriate since it counts precisely
the effective number of degrees of freedom which are relevant at the length scale given by
the radius of the disk. By using the refined entanglement entropy F introduced in [I37], we
explicitly obtained the running of F and verified the reduction of the number of degrees at
the IR that was mentioned above. The other observables studied also supported this picture.

The results obtained in this chapter can be generalized in several directions. One possible
generalization could be the construction of a black hole for the unquenched massive flavor.
Such a background could serve to study the meson melting phase transition which occurs
when the tip of the brane approaches the horizon. This system was studied in [I36], in the
case in which the massive flavors are quenched and the corresponding flavor brane is a probe.
Another possibility would be trying to find a gravity dual of a theory in which the sum of
the two Chern-Simons levels is non-vanishing. According to [62] we should find a flavored
solution of type IIA supergravity with non-zero Romans mass.

Moreover, to make contact with any condensed matter physics system, one is forced to
consider non-vanishing components of the gauge field in the background or at the probe level.
As an initial step in this direction, in chapter 4] we consider a probe D6-brane with electric
field, magnetic field, charge density, currents and internal flux, in the ABJM background,
and a gravity dual of a fractional quantum Hall system is constructed. Also, by adding
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only charge density to the probe D6-brane worldvolume, quantum phase transitions are
studied in chapter [5] A possible generalization of the studies performed in chapters [4] and
would be to consider the same probe D6-brane configuration with worldvolume gauge fields
embedded in the background obtained in this chapter. A further generalization, and much
more complicated, would be to consider the backreaction of the D6-branes with worldvolume
gauge fields turned on.

3.A Appendices

3.A.1 BPS equations

In this appendix we will derive the master equation (3.3.25)), as well as the equations that
allow to construct the metric and dilaton from the master function W(z) (i.e., (3.3.26)),

(33.27), and (3.3.29)).

Let us begin by writing the BPS equations that guarantee the preservation of N = 1
SUSY. They can be written in terms of the function A introduced in [75], which is defined
as the following combination of the dilaton and the warp factor:

N (3.A.1)

Then, it was proved in [75] that A(r), f(r), and g(r) are solutions to the following system
of first-order differential equations:

dA k

LA A—2g

dr 'f]@ 2 (& 5

df o k N A—af k A—2g —2f+g

i e 1 e + € )

d k

d_;({ _ 77761\—2]‘ + e 9 — g 2ftg (3.A.2)

Moreover, the warp factor h(r) can be recovered from A, f, and g through:
h(r) = e A0 [a — 37T2N/ ?M@) =4/ (2)=29(2) dz] , (3.A.3)

where « is an integration constant. Given h and A, the dilaton ¢ is obtained from (3.A.1]).
The function K of the RR four-form can be related to the other functions of the background
by using (3.3.21)). Alternatively, K can be obtained from the BPS system as:

k=2 <e—¢ h—%) . (3.A.4)
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In terms of the = variable defined in ([3.3.22)), the BPS system (3.A.2)) becomes:

dA k
L kpel2fte T Ay
z - ne 5¢
d _ k A—2f+g k A—g —2f+42g
T dr 4 e 1 e +e ,
dg _ kA2t —2f42
_— == 1-— Jg. 3.A.5
Tar ~27° Tl ( )
In order to reduce this system, let us define as in [75] the functions ¥(x) and A(x),
Y=A-f, A=f—g. (3.A.6)
Then, one can easily show that ¥(z) and A(z) satisfy the system:
ax k5 -A_ A —2A
x 71 e (3776 e ) e ,
dA ks —a,oa —2A
o= (ne > +e%) —1+2e7%2, (3.A.7)

whereas g can be obtained from > and A by integrating the equation:
dg _k 5 A —2A
— == 1= . 3.A.8
Tz 21° y ‘ ( )
Let us next define the master function W(z) as in (3.3.24). One immediately verifies
that, in terms of the functions A and ¥, this definition is equivalent to

Wi(z) = %eA"E N (3.A.9)

By computing the derivative of (3.A.9)) and using the BPS system (3.A.7)), one can easily

prove that:
aw 120 5 A
= —e

— = — 4y . 3.A.10
T = I U ( )
From (3.A.10) one immediately finds:
12 1
A 2 Al
‘ k W'+4n’ (3-A.11)

where the prime denotes derivative with respect to x. Moreover, from the BPS system we
can calculate the derivative of ¥ 4+ A and write the result as:

d [ sia) _ 2zne”ta k sia sen | 4z

Plugging (3.A.11]) into (3.A.12]), we arrive at the following second-order equation for W (z):

d 1 W'+ 49 + 6 W+ 10
< ) s/ B A | (3.A.13)

T \ W W + 492 ~ 3WW +4y)
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which can be straightforwardly shown to be equivalent to the master equation (|3.3.25]).
Let us see now how one can reconstruct the full solution from the knowledge of the
function W (x). First of all, we notice that from the expression of W in (3.A.9), we get:

4 x
S-A
= - —. 3.A.14
‘ kW (3.A.14)
By combining this expression with (3.A.11)) we obtain X and A:
48 x 3W
2% 2A

= = — = — . 3.A.15
K2 W(W' +4n) c (W' + 4n) ( )

By noticing that e?2 = ¢ we arrive at the representation of the squashing function ¢ written
in (3.3.29). Moreover, by using this result in (3.A.8]), we obtain the differential equation
satisfied by g:

dg 2n W’ 1
_ 1 3.A.16
dz 3W 3W + x ( )

which allows to obtain g(x) once W (z) is known. The result of this integration is just the
expression written in . Moreover, taking into account the expression of the squashing
factor ¢ we get precisely the expression of f written in (3.3.26]).

Let us now compute A by using A = X+ A + g and . We get:

12 ed
A
L N 3.A.17
N kW' +4n’ ( )

and, after using (3.3.26]), we arrive at:

A_12 @ 2 n()ds
© T F Wi 4y p[3/ W(ﬁ)}' (3.4.18)

By using this result and (3.3.26]) in (3.A.3|), we get that the warp factor can be written as
in (3.3.27)). The expression (3.3.28)) for the dilaton is just a consequence of the definition of

Ain (3.A.1)) and of (3.A.18)).

Equations of motion

Let us now verify that the first-order BPS system ([3.A.2)) implies the second-order equations
of motion for the different fields. Let us work in Einstein frame and write the total action
as:

S = SIIA + Ssources ) (3A19)

where the action of type ITA supergravity is given by:

1 1 1 3¢ o
= —_— — — — 1 _ 5 * 5 %
Stra 202, [/\/ g <R 2@@258 gb) 5 / [e FyNFy+e F4/\F4] , (3.A.20)
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and the source contribution is the DBI+WZ action for the set of smeared D6-branes. Let us
write this last action as in [75]. First of all, we introduce a charge distribution three-form
Q). Then, the DBI+WZ action is given by:

Sources = —Tyg / (e%/c - 07) AQ (3.A.21)

where the DBI term has been written in terms of the so-called calibration form (denoted
by K), whose pullback to the worldvolume is equal to the induced volume form for the
supersymmetric embeddings. The expression of K has been written in [75]. Let us reproduce
it here for completeness:

K = —6012 A (63458 o 63469 + e3579 + 63678 + e4567 + e4789 + 65689) ’ (3A22)

where the e'’s are the one-forms of the basis corresponding to the forms (3.2.11)) and (3.2.14
(see [75] for further details). Notice that the equation of motion for C7 derived from (3.A.19
is just dFy = 27w Q). Therefore, the §2 for our ansatz can be read from the right-hand side of

(13.3.20)).
The Maxwell equations for the forms F5 and Fj derived from (3.A.19) are:

d(ﬁ *F2) —0, d(e% *F4> — 0, (3.A.23)

while the equation for the dilaton is:

[}
2

3 1 3
d*d¢ = 16% *F2/\F2+16 *F4/\F4 &= §K%OTD6 G%K:/\ Q. (3A24)

One can verify that, for our ansatz, (3.A.23)) and (3.A.24) are a consequence of the BPS
equations (3.A.2)). To carry out this verification we need to know the radial derivatives of

h(r) and ¢(r) (which are not written in (3.A.2))). The derivative of h can be related to the
derivative of A(r),

dh dA

— = —h— — 3’ Nel ¥ % 3.A.25

dr dr & ( )
The radial derivative of the dilaton can be put in terms of the derivative of A and h by using

(3-A.1)):
dp  dA 1 dh

T dr ahdr
It remains to check Einstein equations, which read:

(3.A.26)

1 1 1 1 30 1
Ruy - 5 g/.ty R = 5 8#¢au¢ - Z g,ulj aqu ap¢ + Z €z |:2Fl5;) FIE2) P— 5 gl“’ F22
1 ] (4) (4) po 1 2 sources A
+5 ¢ [zLFWA FP™ = 2 g F4] + T (3.A.27)

where T/7"“ is the stress-energy tensor for the flavor branes, which is defined as:

2K32 0.Ssources
ngurces _ K19 . (3A28)

V=g 0g"
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In order to write the explicit expression for T3, derived from the definition (3.A.28)), let
us introduce the following operation for any two p-forms w(,) and A(,):

1
wp_n)\(p) = Hu}“l'““”)\mm”p . (3.A.29)

Then, by computing explicitly the derivative of the action (3.A.21]) with respect to the metric,
one can check that:

sources ﬁ * 1 g *
TSOwes — 2 T e [ G K3 = 50,7 ( /c)m] . (3.A.30)

It is now straightforward to compute explicitly the different components of this tensor.
Written in flat components in the basis in which the calibration form has the form (3.A.22)),

we get:ﬂ
9.d
Too = —T11 =T = k(n ~1+ < _77> e F ot
2 dr
T33 = k(?? - 1) 672f*g+% h,% ,

k 9 q
Tab: _5 (77_1+%d_:”)>672f_g+% h_%(sab’ (a7b:47""7)’
k d
Ts = Too = —3 (77 S d—”) e 2o+ pi (3.A.31)
T

By using these values one can verify that, the Einstein equations are indeed satisfied
as a consequence of the first-order system . Notice that, for the massive flavored
background of section , dn/dr (and, therefore, T},,) has a finite discontinuity at r = rq. It
follows from that the Ricci tensor R, has also a finite jump at this point.

3.A.2 Mass corrections in the UV

In this appendix we show how to obtain the first corrections to the conformal behavior of
the metric and the dilaton from the UV asymptotic expansion of the master function W (x)
written in (3.6.89)). First we notice that the ratio 1y/Ag can be written in terms of b as:

Mo 3
— == -1 A32
leading to a useful identity:
1_2 2 * Mo dg
xh Sexp[——/ ——]:1. 3.A.33
31 Ao & ( )
Inserting the unit written in this way in the integral appearing in the expression of €9 in
(13.5.78)), we get:
2 [* n(&)dg 12
exp [—/ } =qxv" 3 J G(x), 3.A.34
3 W @ A3

®As compared to the case studied in [75], now we have terms proportional to dn/dr that were absent for
massless flavors.
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where J is the following constant integral (depending on €):

J = exp [% /1oo [% — %06] d§] : (3.A.35)

and G(x) is the function

G(x) = exp [g/: [% — %0{] df] . (3.A.36)

Using these results, we can immediately write:

e =1, [@;1)2]% J b [Wi”x)]é G(x) . (3.A.37)

The function G(x) can be easily expanded for large x. At first non-trivial order we get:

1 o 1
=014+ — —1+A——| =+ . A
G(r) = 1t g |~ 1 4 Aasyt | 5 (3.A.38)
Using that, for large =z,

[WL@}S:A%%[I_BA_%%”LW]’ (3.A.39)

we easily arrive at the expansion of e written in (3.6.95)). Let us next find the large x
expansion for f, which can be obtained by using the expansion of g and ¢ in the relation
ef = Vae?. We get:

ef:\/qo%Jx% [1+f—2+---] : (3.A.40)
x
where the coefficient f; is given by:

1QQ 2—b
f2—92+2qo—92+ %

q2 - (3.A.41)

It is straightforward to demonstrate that (3.A.41)) coincides with the value of fy written in
(3.6.96]).

Let us now analyze the UV expansion of h. First, we evaluate the integral appearing in
(13.3.27)):

Ay

> ¢ e39(8) 25b - 3 1
2 ¢ = l———— 2 2) — 4+ -] . (3.A42
/x W(&)? : 3(F+1)2 Ao (Jr,)3 v [ 3+ 2b (392+ A0> 2 ] (3 )

By combining this result with the expansions (3.6.95) and (3.6.91)) we get:

4
b

oW

_ [1+%+---}, (3.A.43)

hz) = Lé[ 24 Ag F : T

(Y +12 (Jbrg)t



128 CHAPTER 3. UNQUENCHED MASSIVE FLAVORED ABJM

where Lg is the UV AdS radius (3.3.54) and the coefficient hs is:
_2(6+b) _( 6 n b )é_%S—ano—l
3+20 27 372 "32-0)/ 4 32-0 5

One can readily check that the prefactor in coincides with the one in and
that the coefficient hy written in (3.A.44) is the same as the one in (3.6.98)).

Let us now obtain the UV expansion of the function A(z), defined in (3.A.1)), which can
be written as:

(3.A.44)

2:

12r,J [(A+1)%15  av T 73
| | =] . 3.A.45
‘ K 25 ) Wy @yl 9@ (3:A.45)
The UV expansion of this expression is:
127, J (’7+1)2]§ 1 Ay
A = q g (1 22 ) 3.A.46
T R Ay +an) [MAO v\ttt (3.4.46)
where the coefficient Ay can be written in terms of go as:
Az +4(n0 — 1) b [2(3—20)mo—1 = Ay
Ay = go + =g+ [ + 2] Gag
2 92 Ao + 41 g2 3(2 D b) b o Ay ( )
By using the value of g, in (3.6.96)), we can find a more explicit expression for Aj:
3971 2 1m—1  1r3—4b b 1 Ay
IO e R | e BT, |2 ass
2= 3l Tase) e T3l a2l A (3.4.48)
Let us next obtain the expansion of e? by using e = e* hi. We get:
o6 oo (1 " % d ) , (3.A.49)
where the prefactor is
12 L
O~ S R 3.A.50
k(Ag + 41m9) b’ ( )

and can be shown to be the same as the asymptotic value of the dilaton written in (3.3.56)).
The coefficient ¢ is:
1
P2 = Ao + th . (3.A.51)
which has been written more explicitly in (3.6.98]).
Finally, let us write these results in terms of the r variable. At next-to-leading order, the
relation between the coordinates x and r is obtained by integrating the differential equation:

g
We get:
r = KT, [a:% - 2bgi lx%* +oe] (3.A.53)
This relation can be inverted as:
r o\ b KTq\20
x:(?) [1+2b—1g2<rq) +} (3-A.54)
q

By plugging the expansion (3.A.54)) into (3.6.95) and (3.6.97)) one easily arrives at (3.6.99))
and ([3.6.100)).
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3.A.3 More on the entanglement entropy

Let us study analytically the entanglement entropy and the F function near the UV fixed
point at R = 0. We shall represent S(R) in terms of a local functional £ = L(H (z), G(z), p(x))
as:

S(R) = / T Ldr (3.A.55)

We will use this representation to compute the first-order variation of S when the background
functions H and G and the embedding function p are varied around their UV values:

H(z) = Hyv(z)+6H(z),  G(z) = Guv(z) +6G(z),  p(z) = pov(z)+dp(z) ,
A.56)

3
where Hyy = Hy x%, Guv = G 2727% and puv(z) is the function written in (3.7.123)). At

first order the corrections dH (z) and 6G(x) can be parameterized as:

2

SH(z) = HoHoxv ™2 | §G(2) = GooGaa™*75 . (3.A.57)

The constants Hy and G, in (3.A.57)) can be related to the ones characterizing the behavior
of the background at the UV:

H2 = 2<h2 +4f2 —|—292 y 2¢2) ) G2 = h,2 + 292 . <3A58)

It is useful to define the following combination of Hy and Gj:

75, G
Ha = 5 2+ 1"

(3.A.59)

The perturbation of the profile dp(x) is the correction, at first-order, of the solution of

(3.7.107)) which satisfies dp(z — o0o) = 0. By computing the first variation of (3.7.107) we

find that dp(z) is solution to the following second-order inhomogeneous differential equation:

d | vHyv puv puv <5PI n op < oH _12va5P/+5G)
dr | \/(piw)? +Gouv \Puv  puv  2Huyv 2 (pyy)?+ Guv

§H 1 2p4y 0p' + 0G
_ / 2 - uv —
vV Hyy \/(pw) + Guv (ZHUV TS (o 1 G > 0. (3.A.60)

More explicitly, after using the UV values of H, G, and p, the differential equation (3.A.60))
can be written as:

d

dx

2 l’%ﬂ P%fv
R2G

bG
5p + 2ba 5p + bHoxv 2 pyy — ?2237%_2 p?}V]

1
R2 H2 £C373

- GQ 27%_3 puv = 0. (3A61)
Puv

—2bab &g —
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Let us next calculate the first-order variation of the entanglement entropy. From ([3.A.55))

we get:
= Tor oL o
5 — / e | Gl 22| 0G|+ oy (@) dp(a) B (3.A.62)
where Il () is defined as:
oL 2 puv Puv
Moy(z) = <= = 2 /Hyv(x . 3.A.63
= Gl = 3 VI G O G AL

Using the explicit form of pyy we get:

1 62 G
HUV 37_(_2 v H G xrb 1 - b <3A64)

o[no

and it follows that:

Therefore, the lower limit contribution to the last term in (3.A.62)) vanishes. Let us now
study the contribution to this term of the x — oo limit. We will now check that dp(z)
decreases as x — oo in such a way that:

lim Iy (x) op(x) = 0. (3.A.66)
T—>00
Thus, the upper limit of the last term in (3.A.62)) also vanishes. To prove (3.A.66) we have to
integrate the differential equation (3.A.61)) and extract the large x behavior of the solution.
Amazingly, (3.A.61) can be integrated analytically. Its general solution can be written as
the sum of two terms:

op = dpp + 0pc , (3.A.67)

where dpp is a particular solution of the equation and dps is a general solution of the
homogeneous part of (3.A.61). We have found a particular solution dpp, which can be
written in terms of hypergeometric functions and is given by:

R2b+27_[2
5 pu—
PP = o — 1)(20 — VGoo py

<Rx% s @)“bgﬂ <2b —2.9h—2:2h — \/i/_Rxb )

+(szl7—|—b@)2_2b2F1(2b_2’26_2;2b_1;5\/5_\/?%3“1’)
R?H, R'H, ] 1

z? pyy

—[—62G2G°°:U s +
22b+ 1) %—1 " b(b—1)(2b—1)Gu

(3.A.68)
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We are only interested in the behavior of dpp for large x. It is straightforward to prove that,
for large x, dpp can be approximated as:
v’ Gy [ng —(b-1) Gg] o2
xT T
20+1)(2b—-1)R

dpp ~ (3.A.69)

Thus, as Iy 25 for large x,
lim Iyy(z) dpp(x) = 0. (3.A.70)
T—r00

The general solution of the homogeneous differential equation which vanishes as x — oo is:

Spo = — L[ BT, Rab +byC 1} , (3.A.71)
zEpUV 2b\/GOO R:L‘b — b\/_
where C' is an arbitrary constant. For large x the function in (3.A.71]) behaves as:
Ch*Gs _3
dpg ~ s L (3.A.72)
Therefore,

Then, eq. (3.A.66]) holds and the last term in (3.A.62|) does not contribute to 4.5, as claimed
above. Let us now calculate the other two contributions. First of all, the term due to the
variation of H is given by:

[e's) (o'} / 2 G
/ iz 25| em = % A povyV/ (piy)? + Gov (@) SH
- OH luv 3% Jo, Hyy (z)
1 bH2 1_g
32 2b—1\/ Gsw Rz (3.A.74)
which, after using (3.7.124)) to eliminate x., becomes:
o oL 1 Hybp?>=2
—| 0H = — VH GEPR? A.
/x* dx 5 o (5 3.2 95— 1 wGo R (3.A.75)
Similarly,
o0 H
/ dx% _ 1 / vv(T) puv 5C
T oG lu pUV >+ Guv(v)
2 ¥ GovHy Gy

which, after eliminating z., gives:

> oL 2 Gyb*? —
/x* dron| 0G = o o VHx GV R (3.A.77)
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Thus, 45 can be written as:

2 b272b

08 = —

3m2 2b—1

where H is the constant defined in (3.A.59). Using the definition (3.7.120)), it follows that
the change in the function F is:

VHy G120 Hy R? (3.A.78)

2
6F = ﬁbe VHy G170 Hy R® (3.A.79)
T
Taking into account (3.7.111)) and (3.7.114]) this expression can be written as:
2b
OF = Fuv(S*) Hs (Li%) (ry R)® = Fuy(S®) Hoal? . (3.A.80)

Therefore, we can write the F function near the UV fixed point as:
F = FUv(S3) + Ccuyv (T’q R)Qb ; <3A81)
where the constant coefficient ¢y can be read from (3.A.80)),

K\ 2b 3
Cyy — (L—%) FUv(S )Hg . <3A82)

Eq. (3.A.81)) coincides with (3.7.131]) when the former is written in terms of the dimen-

sion Ayy = 3 — b of the quark-antiquark bilinear operator in the massless flavored theory.
Moreover, as Fyry (S?) is always positive, the sign of ¢y, depends on the sign of the coefficient
Ho. We have checked that Hs is negative for all values of the deformation parameter €, in
agreement with the expectation that F is maximized at the UV fixed point.

Entanglement entropy on the strip

Let us now evaluate the entanglement entropy in the case in which the region A is the strip
—L <! < +1 of width [ in the (2!, 2?)-plane (see Fig. [3.10). In this case we consider a
constant time surface ¥, whose embedding in the ten-dimensional space is determined by a
function x = z(z'). The induced metric on X is,

dsz = hoz [(1 + G(z) x/Q) (dz')? + (dx2)2] +he [e2f dsZa + e* ( (El)2 + (E2)2)] ,
(3.A.83)
where 2’ denotes the derivative of the holographic coordinate x with respect to the cartesian
coordinate ! and the function G(x) has been defined in (3.7.104)). The entropy functional
for the strip of width [ is given by:

+4 +4
S(l) = z‘fGLQ / dat \/H(x) \/1 + G(z)2'? = / dz' Larip (3.A.84)
10 J-1 —L

where V4 is the volume of the internal manifold, whose value was given after (3.7.106)), H ()
is the function defined in (3.7.105), and Ly = [da? is the length of the strip. As the
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2

Figure 3.10: The surface X ends on a strip of length [ at the boundary.

integrand in S(I) does not depend on the coordinate x', the corresponding Euler-Lagrange
equation admits the following first integral:

Ls 1
gl SR p e = constant | 3.A.85
ox’ P
z

or, more explicitly,

vH = VH, , (3.A.86)

1+G()

where H, = H(x = z,) and x, is the holographic coordinate of the turning point. It follows
from this last expression that 2’ is given by:

;L 1 [H(x)
o im L (3.A.87)

Therefore, the width of the strip is given by the integral:

1:2\/_/ deQ (3.A.88)

and the entropy S(I) is

- WL \/ x) H(z
= 2= (3.A.89)
2G10 \/ — H N
The integral (3.A.89)) for S(I) is divergent in the UV. Indeed, from the behavior of the

functions H(z) and G(x) at large x (egs. (3.7.110) and (3.7.111))), it follows that, when
r — oo, the integrand in (3.A.89)) behaves as:

VO Hx) g e (3.A.90)

H(z)— H.
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1
and S(l) therefore diverges as Tfax, where xp,,x is the upper limit of the integral, which can

be regarded as a UV cutoff. More explicitly, one can rearrange the integral in (3.A.89) as:

/xmax \/—H _ xmaxdx[mH(x)_mx;_l]

VH@) - H,  Ja H(z) — H.

+b/Hoo G [ — 2], (3.A.91)

where the divergent term is explicitly shown. We now define the rescaled functions @(I)
and H(z) as

g Glz) ]:I(x) =

=

(x) . H,
Hy '

Then, the finite term in S(I) can be written as:
> G X I‘AI xT 1

/ dx <# - xi_1> - bxf] : (3.A.93)
T x H

whereas the divergent term takes the form:

L i
Saiw = ‘2/6G 2 \/Ho Go Thas - (3.A.94)
10

(3.A.92)

Ve L
Sfim'te<l) = 0= V Hoo Goo

2GHo

We have evaluated numerically the right hand side of (3 m as a function of the strip
width [. The result is displayed in Fig. [3.11} One notices from these results that Stini.(1)/ Lo
is negative and diverges as —¢/l for small l where c¢ is a constant. Actually, for small [ the
surface X is in the UV region of the geometry and one can evaluate the entropy analytically
in this limit. This is the subject of the next subsection, where we show that the constant
¢ is proportional to the free energy on the three-sphere of the massless flavored theory (see
eq. below). The analytical UV calculation is compared to the numerical results in

Fig. B.10]

UV limit

In order to study the UV limit it is convenient to change variables in the integrals ([3.A.88))
and (3.A.93). Let us introduce a new variable z, related to  as x = x, z. Then, [ can be
represented as:

N

o0 G(ry 2z
=200 Go | a2 (@ 2) , (3.A.95)

! \/I:I(q:*z)—:ci/b

while Sinie(l) is given by:

L 1 o0 1 4/G f )
Sfinite(l) = _;/éG 2 \V Hoo Goo xi’ [b—/ dz (.ﬁCi b — Zb1>] .
10 1 4
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Figure 3.11: Plot of the entanglement entropy versus the width of the strip. The solid curve
corresponds to the numerical results for € = 9, while the the black dashed curve on the left
is the analytic UV result (3.A.105)) and the dashed red line on the right corresponds to the

IR value (3.A.112)).

Let us now obtain the expressions of I and Sfinie(l) in the limit in which x, — oco. In this
case the argument of the functlons G and H in the integrals is always large and one can take

G(z) ~ 272t H(z) ~ xb. We get:

[~ 2208 /G I |

where [ is the following integral:

he | AT OE

Using in (3.A.97), we get:
_by/Go 2427
o [PH]

Similarly, the finite part of the entropy is:

Sfinite(l) ~ _‘/GLQ V HooGoo {L‘é (b - ]2) ’

2Gy

where I, is the integral:

[2:/ z
1

S
L
1
N
<o
I
—_

(3.A.97)

(3.A.98)

(3.A.99)

(3.A.100)

(3.A.101)
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Plugging (3.A.101) into (3.A.100]), we arrive at:

L 1 /2753
Sfinite<l> ~ _‘/6 2 b V Hoo Goo xﬁ \/_7T 5 - (3A102)
2G10 [1“(

Eliminating x, in favor of [, we get:

213 Vs Ly 0? Goo VHy 1

Stinite(l) = - 3.A.103
A O e
However, from the definition of G, and H, in (3.7.111)) it follows that:
I8 o2 e—2%0 2
DG JHy = 00T ST p ) (3.A.104)

bs 2

where Fyy(S?) is the free energy of the massless flavored theory on the three sphere (see
(3.7.117)). It follows that:

Spinite(l) 4 Fyv(S?)

LE @l

1
. (3.A.105)

which is the result we were looking for. From the comparison of Fig. to the numerical
results we conclude that is a good description of the entropy in the small [ region.
Notice that the coefficient of 1/l on the right-hand side of is determined by the
free energy of the massless flavored theory. This is expected on general grounds in the UV
region, since the masses of the quarks can be neglected in the high-energy regime.

IR limit

Let us now evaluate Sfinie(l) in the regime in which [ is large. In this case the surface ¥
penetrates deeply in the bulk and its tip is near the origin (i.e., z, is small). We will proceed
as in section and split the interval [z,,00] in the integrals and as
[, 00] = [X4, To] U [24,00], where z, < 1 is considered small enough so that one can use
the unflavored background functions in the interval [z,,z,]. Moreover, when = € [z,, ]
with x, > x,, H, < 1} < H(x) o z* and one can neglect the terms containing H, in the
integrals. Then, the strip width [ can be approximated as:

Za
Tk

2¢ L2 dz > /G(2)
| ~ 5= ZABIM — 20, / do Y22 3.A.106
2zt -1 v H@) ( )

Y L+ 1

When, z, > x, and x, — 0 we can extend the first integral in (3.A.106)) up to oo and neglect
the contribution of the second integral (which is proportional to v/H, o 22). Then, [ can be

approximately written as:
c 22 2 1
NG
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and, as expected, a small value of z, leads to a large value of [. Similarly, we can perform

the same type of manipulations in the expression (3.A.93)) of Syinit.. We find:

e 2
—Sfinite(l> ~ i 1 LEXBJM 6—2¢ABJM T, * z2dz

Ly = 3 c Vi1
2 & ~ ~ 1 1
to g VG Hu [/ ( G(r) H(z) - N‘l) dr — b:z:};] . (3.A.108)

Performing the first integral in (3.A.108)) in the limit z, — 0 for fixed z,, we arrive at:

S inite ! 2v2 -
Jinit ( ) p—— \/_ : b L?ﬁlBJMe 20aBIM T, + Sa | (3A1()9)
Lo T R

4

where S, is the constant:

2 e . 2 1 2
Soo = ﬁ\/GOO HOO[/ < G(z)H (x) —x%_1>dx—bx2} —i—FZLgBJMe_%ABJan .
™ 2y ™ c
(3.A.110)
We can now eliminate in (3.A.109)) the turning point z, in favor of [ by using (3.A.107)). We

find: S [ A7 Frp(S?) 1
f"z'te() ~ L 113(4 ) 7 4 S, (3.A.111)

2 ()]
where we have written the result in terms of Fyr(S?). The first term in (3.A.111)) is just
the strip entanglement entropy for the unflavored theory. The constant S, represents the

asymptotic value of Sfinie(l)/Lo as { — 0o. One can approximate this constant by taking

7, — 0in (3.A.110). After using (3.7.114)) to relate G and H,, to Fyy(S?), we arrive at:

L KEv(S?) [ [ 1

3.A.4 Asymptotic quark-antiquark potential

The purpose of this appendix is to obtain the analytic expressions for the qg potential energy
in the UV and IR limit. We will start by calculating the leading and subleading UV potential.

UV potential

Let us find the approximate value of the qq potential in the case in which the distance d is
small and the hanging string only explores the UV of the geometry. This is equivalent to
considering the limit in which the turning point x, is large. It is then more convenient to

perform a change of variables in the integrals (3.8.150) and (3.8.154) and write d and E; as:

0 gz« 2)
J - 9 e h(z, z) ds .

1 2/ he —h(z, 2)

1 [ e9(@x2) D, »
By = - / — | vh )az - 2 (3.A.113)
T )i z h. — h(x, z) @
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We want to compute the leading value of E4, as well as the first deviation from the conformal
behavior. For this reason we will make use of the asymptotic expressions of the different
functions of the metric derived in section 3.6.1]

Let us begin by computing the integrals in (3.A.113)) in a power series expansion for large

Z.. From (|3.6.95)) and (3.6.97)) we get:

LA _3 h
G B, z) = ey gt o (1 n % 4o ) , (3.A.114)
q *

where go and hy are given in (3.6.96)) and (3.6.98|) and x has been defined in (3.6.94]). Then,

it follows that:

1 KATE 2 P hy 25721
_ ot (1 — Fo. ) 3.A.115
hi — h(z. 2) Lg Vi —1 222 22 (21 — 1) ( )

Using these results we obtain the following expansion of the qg separation d:

2 L2 1 h
d=—"7 Lt ((hatgh—20)+-], (3.A.116)
brryat L

where [I; is the integral (3.A.98]), and I3 and I, are:

Iy = / \/2177— b\i_ G() ,

342 b 3+ 2b 2
[4—/ 327 7 §dz:—ﬁ 2 S G(b) — V2
1 z+b(2b — 1)z 2 4

where G(b) is the following ratio of Euler Gamma functions:

(2
1
Gb)=——% . (3.A.118)
)
4

Using these results we arrive at:
213 [ V213 N N3

1 1 2 2
KTqTy [T(3)] o

Let us now compute the g7 energy at leading and next-to-leading order in the UV (large
x, or small d). First, we need the expansion:

h, 0 h P72 (1 — 22
vh. Z; 2 27 0=7) (3.A.120)

\/h*—h(x*z) 25 — (26 — 1)2

Then, it is easy to verify that E,; can be expanded as:

\/QW% o
L re)r

ho
4

(g2 + (1 —2b) )G(b) + ] . (3.A.119)

1 hg T«
12+ﬁ(315+g216>] -z, (3.A.121)
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where I, is the integral (3.A.101]) and I; and I are:

o[- bym | V2 2641
15_/1 CAR SN [[ G(b)

1 3 02 = 7 = )
B N O
>0 : b or(20+1
Is = / | 1 |dz = [( = OVT iy - 1] . (3.A.122)
To compute E,; we also need r, as a function of z,. It follows from ([3.A.53)) that:
£ 92
Te = KTq T [1 ~ %12 + - } (3.A.123)

Then, one can check that:

B L V2 1 V2 20+ 1 o he
Eg =~ KTyt [ [F(i)}z + 22 (—[FG)}Q 1 + Wr2h—1) (gz + (1 — 2b) ) ) G(b)
(3.A.124)

4
Let us write Ey; as a function of the gg separation d. For this purpose we have to eliminate

x, in favor of d. By inverting (3.A.119)), we get:

]
+7, \/7% [2[\1;;7;); ] ({F\/é;} b+ (92 + (1—20) hQ) G(b)) (’z—éj) . (3.A.125)

Using this result, we get the following dependence of E,; with the distance d
Eq 47 L N Var [s[D()]7 ( 92 _@) G(b) Tqd o (3.A.126)
w TG P et | B P g )

where we have represented this relation in terms of the rescaled quantities E,;/r, and r, d/L2.
Notice that the leading term (the first term on the right-hand side of (3.A.126)) is given by
the potential of the massless flavored background, as expected.

IR potential

We now estimate the qg potential for large separations. In this case we will content ourselves
to compute the leading order contribution. For large qq separations the hanging fundamental
string penetrates deeply in the geometry, which is equivalent to saying that z, is small. We
will follow an approach similar to the one in sections |3.7. 2| and |3 A.3l and we will split the

., 00] interval of the integrals (3.8.150) and (3.8.154) as [z, 00] = [z, 4] U [24, 00] with
., < 1 being small. We will assume that z, is small enough so that the background functions
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are well approximated by (3.7.132)) in the interval [z,, x,] . Then, we can estimate the integral

(13.8.150]) for d as:

d ~ QL?LXBJMx

(3.A.127)

/ﬁf/

where L gy is the unflavored AdS radius (3.2.3)) and we have used the fact that for x, < 1
we have that h, > h(xz) when x € [z,,00] and, therefore, in this interval we can neglect
h(x) in the square root of the denominator of the integrand in (3.8.150)). The first integral

in (3.A.127)) can be done analytically, yielding the result:

3 00
T (o I CRan O | iy e
Ty Tq [T ()] 3 \zq4 24’4 Lo Jew =«
(3.A.128)
For small z,, at leading order, we get from (3.A.128]):
L 2v/2
by 22 (3.A.129)

o7 [PE]

which confirms that r, d is large when z, is small. We can make similar approximations in
the integral (3.8.154]) with the result:

[Pl /x [ & 1]d (3.A.130)
- R — —_— — T — Ty | . AL
“ @ Te 334 o ‘/L.fkl
Performing explicitly the integral, we get:
T T \/57?3 T x 113 /z.\4
B~ 22" —“——“F(——,—-—-(—*>> 3.A.131
S [[r(%a]”x* e meeig(s) )| @A
which, at leading order, becomes:
V2
-, (3.A.132)

Eliminating x, by using (3.A.129) we arrive at the estimate (3.8.158)).

3.A.5 Asymptotics of the two-point functions

In this appendix we study the renormalized geodesic distance, and the corresponding two-
point function of bulk operators with large conformal dimensions, in the UV limit of small
separation [ and in the IR regime in which r, [ — oo. In the former case, our study will serve
to fix the normalization constant C of , as well as the analytic form of the correlator
near the UV fixed point. This is the case we analyze first in the next subsection.
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UV behavior

We will now obtain the form of the correlator in the UV limit in which the turning point x,
is large and the geodesic does not penetrate much into the bulk of the geometry. In order
to study this limiting case, it is convenient to perform a change of variables in the integral

(13.9.165) and write it as:

G(x.
/ dz (x ) . (3.A.133)
l (s 2)) hx 2
\/ 2 h(ac* z)) -1

Similarly, the renormalized geodesic length can be represented as:

1

_dlme2) _ 5

Fmar T g h(z. 2)| * /G(x, 2 2Lne 2

;Cr - 2.’17* / dZ |: ( )] ( 1) — o€ *
1 \/1  eh 9 )0e) (hle2))d b

log(C 24 Zmaz) , (3.A.134)

where Zyae = Tmae/T«. When z, is large the argument of the functions in the integrals

3.A.133)) and (3.A.134) is large and one can use the UV asymptotic expressions (3.6.97) and
3.7.110]). Therefore, we can approximate [ as:

1

[ ~2y/Gowi® / \/7 (3.A.135)
2b —
The integral in (3.A.135)) just gives b and, thus, we have:
'~ M
2 2b\/Gomi® = = —25 . (3.A.136)

re Tt

It follows that, when z, is large r, [ is small. Thus the UV limit we are studying corresponds
to r,l — 0. Similarly, the UV limit of £, is:

2L e*diTO dz 2%
L, o~ 0 — | -1 -1 Ol - Al
2 /1 . [m ] og(Cx )] (3.A.137)

The integral in this last equation is:

% 1
/ Cl2— - 1] =102, (3.A.138)
1

z L2 1

On the other hand, the UV conformal dimension Agy of a bulk field of mass m has been
written in (3.9.170]). Taking these facts into account, we can write:

QAUV

(bvEsct)

[2Auv

-mLy

e

(3.A.139)
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If the operator O is canonically normalized in the short-distance r, [ — 0 limit, the coefficient

in the numerator of (3.A.139)) should be chosen to be one as in (3.9.169). Therefore, it follows
that the constant C is fixed to

A A
_rqb\/Goo L3

Let us now evaluate the first correction of the two-point correlator around the UV fixed

point. Let us expand the function G(z) for large = as in (3.A.56|) and (3.A.57)). Then, for

large x, we get:

o=

C

(3.A.140)

VG (2, 2) = /G x?lf% P [1 + — 2 2_2] : (3.A.141)

where G9 = hy + 2¢g5. Similarly:

1 2_92/.2
\/eéw*—qs(w)) ( fo )2 ROV B [1+¢2+h2 G _1)] . (3.A.142)

h(z, 2) 4x? 2t — 1

It follows that the separation [ of the two points of the correlator can be written as:

~ 2b+/Go xj[ M (Go i —~ $2F ho JZ)} : (3.A.143)
where J; and J, are the following integrals:
LE/‘ _fﬂ )
\/ 2h — 2 F( + b)

1 [ 0. r'1+»o6
Jo = —/ 12 ~dz = /7 ( p ) —1. (3.A.144)
1 2373

b (4 =1)2 r(1+0)
Let us invert the relation (3.A.143|) at first order and write x, as a function of [. We get:

v, ~ [2\/?_“3[)}[) [1+cx* 12”} : (3.A.145)

where c,, is a constant given by:

26— 1 '(1L+b
Co, = b 7 ( g2 _2b-lhs —) val(i+) 4 P2t h (3.A.146)
(2v/Gb) 2b+1  2b+14 4 F< +b> 4
Moreover, the renormalized geodesic length at first order takes the form:
2br, V/Goo 1 h
L, ~ 2Lge log(rq—) +—2[<gg—@ ) g fo 25| (3.A147)
Y x? 4 4 4
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where J, is the integral defined in (3.A.144)) and J3 is:

_yr T (3.A.148)

/ \/f 2 r(i+0)

Let us now write £, in terms of [. By using (3.A.145)) to eliminate z, in terms of [ we arrive
at:

L, =~ 2L et [log (%) + c¢ (%) ] : (3.A.149)

where the coefficient ¢, is given by:

2
VA VL (b) 9 ¢y 12b—1
cr = -2y, (3.A.150)
2b7, v Goo F(%—i—b) 2(2b+1) 8 82b+1
Therefore, the two-point correlator near the UV fixed point can be written as:
/v
<(’)(t, Z)O(t,0)> _ _falr VY : (3.A.151)
(ry LV

where the function fa parameterizes the deviation from the conformal behavior near the UV
fixed point and is given, at first order, by

falrgl/VA) = 1 + ca (%>2b : (3.A.152)

where the new constant cpa is just:

_ Agy VTD(D) K N\ 4 -1,
A =~ r<§+b> (2\/57“;) [2b+1 2b+1

hy — @2 | . (3.A.153)

IR behavior

Let us now analyze the two-point functions in the IR limit, which corresponds to taking
2, — 0. In this case the geodesic penetrates deeply in the bulk. We will proceed similarly to
what we did in section for the ¢q potential in the IR. Accordingly, we split the interval
[T, Tinaz] 88 [Tu, Tinaz] = [Tw, Ta) U [T, Tinas) for some x, < 1 small. Near the turning point,
i.e., when z, <z < x,, we can approximate the functions h(z) and g(x) as

Lip\4 1
h(z) ~ (C IR) — e~y ) (3.A.154)

0l xt c
where Lir = L gy is the AdS radius of the unflavored ABJM solution and v and ¢ are the
parameters of the unflavored running solution. It follows that, in this IR region, the function

G(z) behaves as:
¢’ LZ}R

G(x) = (3.A.155)

Pt
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Moreover, the dilaton ¢;g is constant and given by the ABJM value ¢ 4p sy written in (3.2.4)).
Suppose that we have chosen some z, > x.. Let us then split the integral (3.9.165|) for
[ as:

_ 9 [/ ad:):+/ e dm} G(z) : = lir+luv, (3.A.156)
Ty Ta %( —¢(z)) ( )5 1
h(z)

where x,,,, should be sent to 400 at the end of the calculation. Let us approximate the first
integral in (3.A.156)) by taking the functions in the deep IR, as in (3.A.154])). We obtain:

2 T 2 L? 2
lin ~ —CLiR/ — = - ZJR 2 (3.A.157)
7 Tx $2 %— 7 Ty xa

For small z,/x, we can approximate this integral as:

2 L2
lin ~ §ﬂ . (3.A.158)

L+

To evaluate Iy approximately we notice that h, oc z,* and, therefore, it is large for z, — 0.
Then, we can neglect the one inside the square root and approximate [y as:

_®IR

lyy ~ 2, 7 4 / dz % [h(a:ﬂi G(z) . (3.A.159)
CLIR Ta

Since the integral in (3.A.159)) converges and is independent of x,, it follows that [y ~ x,
and, therefore, it can be neglected with respect to the large value of i;g ~ 1/x,. Thus, we

take
¥=1 Liz

o G T
Notice that it follows from this equation that 7, ( is large if x, is small, as it should be in the

IR regime. Let us next perform a similar analysis for the renormalized geodesic length L,.
First, we consider the IR integral:

()]

/ \/1_62<¢ o) ( <w>)
Tat V2 ) L log (2R9) L (3.A.161)

= (3.A.160)

N

) ot [

~ e 1 Lig -
xr/1 — %

= G_WTR L[R log <

To evaluate the UV integral we proceed similarly to what we did for the integral for | and,
in this case, we only keep the one inside the square root. Then:

[ ui

1

[1 ()] ' VG e et h(z)] 7 G@) .  (3.A.162)

(Ga)-6.) () )% Za
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Therefore:

Tmax

mﬁr =~ 2A[R10

1 A max
[ } 4 \/G 2AleOg(I€ LQx ) s

(3 A.163)
where Ajp is the conformal dimension of the operator O in the IR conformal point, given
by:

IR

A[R = mL[R€_ 4 (3A164)

which is just (3.9.171]). Let us next define the following quantities:

Iigr = —2m/ dz e [h(x)}_% G(z) — 2ArR logx, ,

IUV = —2m/

Then, after using the relation (3.A.160)) to eliminate z, in favor of [, we get:

1 2A
1 /G(x) + va 10 Tmaz - (3.A.165)

m L, ~ log(r,l/VA)?2% + log [( 2_71 L‘/%;)QAIR(B) mw} — Tin — Tyy . (3.A.166)

Then, it follows that the IR limit 4/ — oo of the two-point correlator is as in (3.9.172)),
where A is the normalization constant given by:

(9
L2
N = —=~L o exp[Tin + Lov] - (3.A.167)

2y A
4-1 L2,

It turns out that, in the expression of the integrals in (3.A.165]) we can take the limits x, — 0
(in Zrr) and e — 00 (in Zyy). Actually, it can be easily proved that, after taking these
limits, Z;r and Zyy can be recast as:

Iir = QAIR/

0 T

U dx srp—o) [hip(z)1i G(z)
_[1_6 4<)[hm)} Grr(x)

(3.A.168)

2AUV > dx ¢ —¢() hU\/(l’) % G(I‘)
I —= —_— ]_— 4
uv b /1 x [ ‘ [ h(z) ] Gov(z)

Notice that the form of the correlator is consistent with the fact that the conformal symmetry
is recovered in the IR limit 7,1 — oco. The non-canonical normalization factor N is due to
the fact that we chose to renormalize £ in such a way that the correlator is canonically
normalized in the opposite UV limit r,{ — 0.
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3.A.6 WKB mass levels

Consider the following differential equation for the function R(z):
o, [P(x) azR} T m2Q@)R =0, (3.A.169)

where z takes values in the range z, < x < 0o, m is the mass parameter and P(x) and Q(x)
are two arbitrary functions that are independent of m. We will assume that near x ~ x,, oo
these functions behave as:

P~ P(z—x,)%, Q~ Q(r —x,)% as T — T,

PPy, Q=~ Q2™ as r — 00 , (3.A.170)

where P;, ();, s;, and r; are constants. By a of suitable change of variables, the differen-
tial equation (3.A.169)) can be converted into a Schrédinger equation, which only admits
a discrete set of normalizable solutions for a set of values of m parameterized by a quan-
tum number n > 0. The mass levels for large values of n can be evaluated in the WKB
approximation [154], with the result:

mwkp — g\/(n—l—l) <7L+ |81_1| o |T1_1| ) 3 (3A171)

82—81+2 7“1—7"2—2

where £ = {(z,) is the integral:

= e
¢ - / oy - (3.A.172)

In our case, the functions P(x) and @Q(z) which correspond to the fluctuation equation

(3.10.185|) are:

hE o2—¢ B e2/+29—¢
P(z) = 46T (2* —a3) | Q(z) = MT , (3.A.173)

and it is immediate to extract the exponents s1, s9, 1, and 79:

1 1
81:1, 82:0, 7“1:1—}-5, 7”2:—1—6. (3A174)

Using these values one immediately finds that the WKB mass levels are given by (13.10.186)).

Asymptotic spectra

Let us now evaluate analytically the meson spectrum in the two limiting cases in which the
sea quark mass m, = r,/2m is small or large compared to the valence quark mass p,. Notice

that e? oc my (see egs. (3.5.77) and (3.5.78))). Therefore, (3.10.176)) can be regarded as giving

the relation p,/m, as a function of z,.
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Let us consider first the case in which m, is small. Clearly, when m, — 0 for fixed g,
one necessarily must have x, large. Actually, integrating (3.10.176|) by using the asymptotic
expression of g written in (3.6.95)) at leading order, we get:

1

tg = Kk my xl (3.A.175)

where the constant « has been defined in (3.6.94). Thus, when m, — 0 for fixed p, the
coordinate of the tip of the flavor brane increases as:

z. ~my" (my — 0) . (3.A.176)

Let us now evaluate £(z,) when x, is large. First of all we perform a change of variables in

the integral (3.10.187)) and rewrite £(z,) as:

E(z,) = /1 a: Mz 2) (3.A.177)

If x, is large, the argument of the functions g and A in (3.A.177)) is large and we can use

their UV asymptotic expressions (3.6.95)) and (3.6.97) to evaluate them. At leading order,
we get:

* 1 L4
eg(x* z) ~ %ZE ) h(.flf* Z) ~ _f 27% , (3A178)
T

where 7, is the value of the r coordinate corresponding to # = x.. Therefore, for my; — 0
for fixed p, the £ is approximately

2+1
L: [ dz L2 F( 2 )
N o— —_— = = —_— Al
: bro J1  zi/22 1 Tx "y F(%) ’ "

Using this result in (3.10.186)) we get the following mass spectrum in the UV limit:

m(;;; = % Z—% % Vin+1D2n+1), (pg/myq — 00) . (3.A.180)

Let us write this result in terms of physical quantities. Recall that Ly and r, are related to
the 't Hooft coupling A and to the valence quark mass f, as:

Ly = 7V2\o r. = 2w p1g (3.A.181)
where o is the screening function written in (3.8.157)). Then, for large p,/m,, we have:
b+1

eI NZYTS F(T)
WEE /A p(M)
2b

Vn+1)2n+1), (1q/ g — 0) , (3.A.182)
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where we have taken o/ = 1. Eq. is exactly the WKB mass spectrum one gets for
vector mesons in the massless flavored background of ref. [75].

Let us next consider the limit in which p,/m, is small. Since e? ~ my, it follows from
that x, must be small. Actually, we can estimate the relation between p,/m, and
x, by extracting from and the approximate expression of e/ near x = 0. We

get:
v

-+ 1)myx. (3.A.183)
c
Then, we have:
¥+ 1
g = % My Ty, (3.A.184)

and it follows that, for fixed p, and large mg, the coordinate of the tip of the flavor brane

behaves as: 1
Ty ~ — (mg — 00) . (3.A.185)

Mg
Thus, for large sea quark mass z, — 0 and thus the dynamics of the fluctuating flavor
brane is dominated by the IR, where the solution corresponds to the running solution of the

unflavored system. In this case, we have at leading order near x ~ 0:

2 2 4

; - R 5 x4~ - (3.A.186)

X

where, in the last step, we used that ¢/y & x,/r.. Thus,

\/2 L
9@ [h(z, 2 " (3.A.187)

N

and, after evaluating the integral (3.A.177)) and writing the result in terms of the 't Hooft
coupling A and the valence quark mass p, , we have:

IRy 2,uq

My ks = ﬁ

which is exactly the mass spectrum of vector mesons in the unflavored ABJM model [I53]. By

combining (3.A.182) and (3.A.188)) we obtain the UV /IR mass relation written in ((3.10.188]).

It is now straightforward to obtain this ratio for small and large values of the deformation
wv) , (IR)
/

V(n+1)(2n 4+ 1), (ptg/my — 0) , (3.A.188)

parameter. Indeed, for small € one can expand m . /m -  as:
wv)
m s 3—log2 | 1 [ ( ) 2} 9
=14+ — 12( log2(log2+3) — 3) — <o . (3.A.189
- - T 0g2(log2 + 3) 2| & + ( )

Moreover, in the opposite limit in which € is very large, we have:

wv) g)
mWKB - 8\/27T F(lO \/é

~ 3.A.190
m(VIVI:B 5v15 I‘(%) ( )
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3.A.7 Analytical expansion in flavor

In this appendix we will construct an analytic solution to (3.3.25)) in a power series expansion
in the flavor deformation parameter €. We start by writing an ansatz for W (z) as:

W(x) =) Wa(2)é" =22+ Wi(z)é + Wa(z)é® + Wa(z)é® + O(e) | (3.A.191)

where we cut the series at level O(é3) up to which point we will write down explicit results in
the following. In (3.A.191)), we chose Wy(x) = 2z, such that for ¢ = 0 we recover the ABJM
theory by construction. Expanding the master equation ([3.3.25)) in € yields, at first order,

3627 — 842 + 362° W, (z) — 120" W/ (z) — 62°W]' (z) =0 (3.A.192)
A general solution is:
Tx? — 2 b
Wie) = —— +ama” + x—g : (3.A.193)

where a; and b; are integration constants. We wish to match with massless flavored ABJM
in the UV, so we set a; = 0, because the leading term in the UV should go as x. The second
constant by is fixed by demanding continuity at the boundary of the cavity, that is, at x = 1.
For that purpose, we will consider the running solution inside the cavity and expand
it in €. Recall that v depends on ¢, for which we write an expansion:

= Vi€ 4 Y9€2 + g€ + . (3.A.194)

By expanding ((3.4.70)) we find

W running(2) = 22 {1 + 3y12é + (371 — 2972%)€* + (3137 — 4172” + 3772°)E% } + .

(3.A.195)
Now, imposing continuity of Wi (x) and its first derivative at x = 1, we obtain:
2 1
= - bp=——. 3.A.196
71 5 ) 1 10 ( )
Thus, the exact solution to the master equation at first order in € reads:
%ﬁ , r<1
Wi(x) = (3.A.197)
2_
. s

It is straightforward to repeat the iterative procedure for higher € orders. The expression for
Wy (x) reads:

— 822 (702 — 171) <1
Wa(z) = (3.A.198)
1312584350025 —39622* —3360z* log £+30022 —35 x> 1

14000x7 ’
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and that for Ws(x):

( 1622(1351352(352—76)+2356888)

197071875 ’ z<
Wi(z)=¢ 23 489 302, 8203 2120717
208000277 | 184800z% 3937527 | 98000z5 840000023
log(x) (1070324 4201602 log(x)—360022+840) 15, 37 > 1
( ~ 7000027 %2 Tom T2

The constants v, k and b read:

2 228¢2 .
33¢  128881¢2
T O T
" 80 T aasoo0 T O
¢ 7e
b = 1455 &3y
+ 10 + O(€”)

(3.A.199)

(3.A.200)
(3.A.201)

(3.A.202)

The metric functions can then be explicitly solved for. We will write them down in the

second order of the expansion parameter ¢. The constants are fixed to make the

continuous across the boundary of the cavity x = z, = 1 corresponding to r = 7.

functions
We only

present the solutions in terms of z-variable, the transformation to the original coordinate is

readily obtained through the relationship x <+ r below (3.A.213)).
The squashing functions read:

4 2 3 2
~ 2 3z ~21085x° —1104x +11“1 ~3

1750

el ¢ —332%—20z* log(x)+2022—3
— = 80x3
Tq
.o 1428812% —130200°4-344262* —660022+280z* log :c(6151:4+50x4 log x—100x2—129) —315
+€ 14800027
~3
\ +O<E ) Y
and
.
~ (22 422 ~2 8 3 2 ~3
e(2 %) + e (10508 - 920 + 112) + O(&),
ed ¢ =5321-202" log 24202° 41
— 1 = 80x3
T'q
9 90324325 — 75460025 +13385421 41140022 +8402* log (715" +502 log z—10002+43)+1015
t+e 134400027
~3
+0(€)

x>1.

(3.A.203)

z>1.

(3.A.204)
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The relative squashing between the spheres reads:

2 + & 2-x(57 — T0x) + O(&%) | r<1
¢g—1=
- (% B 10114) + €2—13125m8+1750016—GOigﬁzaigosox‘* log(z)—900224-35 + O(ég,) Cor>1.
(3.A.205)

In order to compute h(x) outside the cavity we use expression (3.3.27), and § is fixed to
zero. Furthermore, to match it with the corresponding function inside the cavity (3.4.68)),
we impose the matching condition (3.5.79) . This condition fixes « to be:

(3.A.207)

25 4646
= - O(e 3.A.206
“= e s O ( )
and the function h(x) is:
4
kr, . 1
4m2 N 24
4 3 _ 4 _ 3 2_
€2<:c —g;;l;: 14) €22(4403: 1230z ;_6121551’5f 36527+2882) + O | <1
691x4+140x4 log x—84x2+9
= 9 280" (3.A.208)

~9 13202 log 2 — 6652+ 7002 log 2—8402%+306 ) +11(—586595+ 1456021 4204242 5280 ) 22+ 7465
€
369600012

The dilaton reads:

k5 1/4
(m) xe‘z’ — 2z
v

(3.A.209)
( z° z3 2 — x z2 N
é% (x2 _ 14) e 62(165 +1540 +112§275 70070 +35112) n 0(63) <1
~2452% —8422+3
= —€ 7023 (3.A.210)

+ &2 5322625 —4117960x% + 76553424 —110880x* log ©—277202% —575
10780007

+0(é%) r>1.

+0(€%) , r>1.
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and the expression for the function e = e?h~1/* is:

ke

— — 2z

T'q

\

(3.A.211)
~4 ~2 16 2 ~3
ézr(l —4x) + € gxx (28027 — 1842 + 11) + O(€’) r <1
~153z* 42024 log £—6022+3
—€ 103
(3.A.212)
9 3906243%5 —32438002°+6929582*—40200z2 +840x* log 1(1215x4+5014 log :1:7300127129)7385
€ 67200027
+O(&) | z>1.

In order to transform the above formulas to the canonical radial coordinate r, let us
write down the relation to z. Integrating equation by using and fixing
the integration constant by imposing the condition r(z = 1) = r,, the relation between the
holographic coordinates r and x outside the cavity can be computed. Expanding expression
(3.4.65)) in € we obtain the corresponding relation inside the cavity:

(

—é2x(x — 1) + @52 (3527 — 46z 4+ 11) + O(€%) r<1

~ 12 —992*—60z* log z—6022—1
+€ [3 + 240z3

9 115992975 +-25158002° — 14589424 —684022+840x* log x(1845x4+150w4 log x+300x2—43) —435
+e 103200027

| +O(€) , r>1.
(3.A.213)

Finally, introducing (3.6.81)) in expression (|3.3.19) we obtain the expansion for the F;

form, and using ([3.3.21)) and (3.3.22)) in expression (3.3.18)), and expanding to second order
in €, we obtain the expression for the F) form.



Chapter 4

Holographic fractional Hall effect

4.1 Introduction

Since its discovery more than thirty years ago, the QHE has been the subject of intense
research. Nevertheless, some aspects of the FQHE involve strongly-coupled dynamics and are
still not fully understood. The holographic AdS/CFT duality has proven to be a powerful tool
in the study of quantum matter in the strongly-coupled regime, since it provides answers to
difficult field theory questions by using classical gravitational theories in higher dimensions.
Therefore, it is quite natural to explore the possibility of constructing holographic models of
the (F)QHE and to extract properties that are very difficult to obtain via weakly-coupled
many-body field theory.

In recent years, two types of holographic models of the QHE have been proposed. The
first class consists of bottom-up models in Einstein-Maxwell-axio-dilaton theories [155] 156,
157, 158, [159]. These models are endowed with an SL(2,7Z) duality and, as a consequence,
they capture some observed features of QH physics. However, it is very difficult to engineer
these types of models to have a mass gap; [160] is so far the only example of a gapped model
in this class.

The second approach to holographically realize the QHE makes use of top-down D-brane
constructions [161] [162] 163], in which a (2+1)-dimensional gauge theory with fermions in
the fundamental representation is modeled by a suitable Dp-Dgq brane intersection. The limit
in which the Dg-brane is treated as a probe in the Dp-brane background corresponds in the
field theory dual to the so-called quenched approximation in which loops of fundamental
fermions are neglected. In this approach, the worldvolume theory of the probe brane en-
codes the physics of the fermions. Generically, the probe brane crosses the horizon, yielding
a black hole embedding, which is dual to a gapless metallic state. The quantum Hall state
is realized holographically as a Minkowski embedding, in which the brane ends smoothly
above the black hole horizon. The distance from the horizon at which the probe caps off
determines the mass gap.

In this chapter, we want to engineer quantum Hall states in the flavored ABJM theory.
Such Hall states are only possible if parity is broken, which can be accomplished by turning

on an appropriate internal flux on the D6-brane worldvolume. However, treating the backre-

153



154 CHAPTER 4. HOLOGRAPHIC FRACTIONAL HALL EFFECT

action of this internal flux is quite challenging. For now, we will start with a single quenched
massive quark in the background of N; unquenched massless quarks, a system analyzed in
[164], [136]. We then will turn on a parity-breaking internal flux on the worldvolume of this
probe D6-brane.

In the presence of this internal flux, the Wess-Zumino term of the probe action contains
the term [ Cy A F3, where € is the pullback of the RR potential one-form. In the ABJM
background €' has only internal components. Therefore, after integrating over the internal
directions, we are left with an axionic term F' A F along AdS,, which indeed breaks parity
and corresponds to a Chern-Simons term on the boundary.

Even in the probe limit, choosing a consistent ansatz for this internal flux, which must
also be quantized appropriately, is not obvious. We can, however, take a cue from the
ABJ model [61], i.e., the U(N + M), x U(N)_j Chern-Simons matter theory, which can
be engineered in string theory by adding fractional D2-branes to the ABJM setup. The
corresponding gravity dual can be obtained from the ABJM solution by turning on a flat
Neveu-Schwarz B, field proportional to the Kahler form of CP3. The pullback of this parity-
breaking By on a probe D6-brane can alternately be viewed as a worldvolume gauge field
flux. Inspired by this example, we will generalize this ABJ solution into an ansatz for the
case with no background B, field and only a probe worldvolume flux, but with backreacted
massless flavors.

Equipped with this ansatz for the internal gauge flux, we will show that, indeed, there
are quantum Hall states in this setup. From the QH perspective, one can regard the effects
of the massless, backreacted quarks as representing intrinsic disorder due to the quantum
fluctuations of the massive quark. We will compute the contribution of these fluctuations to
the conductivities in the form of an integral extended in the holographic direction, from the
tip of the brane to the AdS boundary.

Surprisingly, we will find a very special family of explicit, supersymmetric, gapped QH
solutions at zero temperature. These BPS solutions have nonzero charge density and equal
electric and magnetic fields, and we can compute the Hall conductivity, including the effects
of quark loops, analytically.

The rest of this chapter is organized as follows. In section we review the ABJM
background with flavor at finite temperature. Then, in section [4.3] we consider the embed-
ding of a probe D6-brane with internal flux. We first present in section the ansatz
for the internal components of the worldvolume gauge field that will be used throughout
the chapter and discuss the corresponding flux quantization condition. In section we
generalize these results to nonvanishing background electric and magnetic fields, as well as to
nonzero charge density and currents. We compute the corresponding longitudinal and trans-
verse conductivities in section 4.4l In section we analyze the residual SO, (1,1) boost
invariance of our system at zero temperature. An analytic supersymmetric solution of the
equations of motion at zero temperature is presented in section [4.6] Section is devoted
to the analysis of quark-antiquark bound states, i.e., mesons. In particular, we study the
effect of the broken parity on the mass spectrum. In section we discuss our results.

The chapter is completed with several appendices where we provide details of our
background geometry and discuss the quantization condition of the worldvolume flux ob-



4.2. THE FLAVORED ABJM BLACK HOLE 155

tained by comparison with the ABJ solution. We also include a detailed analysis of the
equations of motion of the probe and kappa symmetry. Besides, we include the equations
governing the fluctuations of the probe , where we also estimate the meson masses using a
WKB approximation.

4.2 The flavored ABJM black hole

In this section we will review, following [75], 164}, [136], the background geometry correspond-
ing to the ABJM model with unquenched massless flavors in the smeared approximation at
finite temperature. Additional details of this supergravity solution are given in appendix
[M4.A1] The ten-dimensional metric, in string frame, has the form

ds* = L? dspy, + dsg (4.2.1)

where L is the radius of curvature, ds%;, is the metric of a planar black hole in the four-
dimensional Anti-de Sitter space, given by

2

dr
A, = SUMO)E S e Frlde +dy] (12.2)

and ds? is the metric of the compact internal six-dimensional manifold. The blackening
factor h(r) is given by

hr) =1 — & (4.2.3)

where the horizon radius r}, is related to the temperature 1" by 17" = 34%. The internal metric
ds? in is a deformation of the Fubini-Study metric of CP?3, realized as an S*-bundle
over S*. Let ds2, be the standard metric for the unit round four-sphere and let z* (i = 1,2, 3)
be three Cartesian coordinates parameterizing the unit two-sphere (3°.(2")*> = 1). Then,
ds? can be written as:

2

ng:b—z

[qué; + (dz' + €% AT 2P )2] ) (4.2.4)
where A? are the components of the non-abelian one-form connection corresponding to an
SU(2) instanton. In appendix we give a more explicit representation of the ds? line
element in terms of alternative coordinates.

The parameters b and ¢ in are constant squashing factors which encode the effect
of the massless flavors in the backreacted metric. Indeed, when ¢ = b = 1 the metric (4.2.4))
is just the canonical Fubini-Study metric of the CPP? manifold with radius 2L in the so-called
twistor representation. In this case is the metric of the unflavored ABJM model
at nonzero temperature. When the effect of the delocalized D6-brane sources is taken into
account, the resulting metric is deformed as in (4.2.4). It was shown in [75] that at zero
temperature the particular deformation written in preserves N' = 1 SUSY.

The parameter b in (4.2.4) represents the relative squashing of the CPP? part of the metric
with respect to the AdS, part due to the flavor, while ¢ parameterizes an internal deformation
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which preserves the S*-S? split of the twistor representation of CIP3. The explicit expressions
for the coefficients ¢ and b found in [75] are given in (3.6.83)) and (3.3.48)) respectively, where
we drop the subindex 0 for simplicity in the rest of the thesis. Recall that ¢ is given by
and 7 is given by (3.6.82). As functions of ¢, the squashing parameters ¢ and b
are monotonically increasing functions, which approach the values ¢ ~ 5/3 and b ~ 5/4 as
¢ — 0. Recall that another way to encode the loop effects of the massless sea quarks is the
screening factor o, defined in . Without flavors, 0 =1, and as € — oo, 0 — 0. The
AdS radius L can then expressed in terms of A and the screening factor:

L? = 7vV2\o . (4.2.5)

The complete solution of type IIA supergravity with sources is endowed with RR two-
and four-forms Fy and Fj, as well as with a constant dilaton ¢ (whose value depends on N,
Ny, and k). Their explicit expressions are given in the appendix m

4.3 D6-brane probes with flux

We are interested in the dynamics of a massive quark holographically dual to a probe D6-
brane with internal flux in the flavored ABJM background. The D6-brane extends along
r and the three Minkowski directions and, wraps on the internal manifold a three-cycle
topologically equivalent to RP?® = S3/Z,. This three-cycle will be parameterized by three
angles a, 3, and v, and will be characterized by an embedding function 6(r). With this
embedding, the D6-brane then has an induced metric given by (for details see appendix
4.A.1):

2
dsz

1 1 202
T2 r? [—h(r) dt’ + dz® + dyﬂ + = <— - - J ) dr?
”

h(r) B2

|
+ 5 [4do® + g sin?a dg? +sin® 0. (v + cosadp)’ | (4:36)

where 0 < a < 7, 0 < 5,9 < 27, and 0 = 0(r) determines the profile of the probe brane.
Notice that the second line in (4.3.6)) is the line element of a squashed RIP3.

For a supersymmetric configuration at zero temperature, it is possible to use kappa
symmetry to find an explicit solution for 6(r) (see the analysis in [75] and in appendix
4.A.3). But, in general we will have to numerically solve the equations of motion to find
6(r).

The thermodynamic properties of D6-branes embedded in this way were studied in detail
in [136]. Here we will generalize some of these results by including worldvolume gauge fields.
In particular, we will turn on a nontrivial flux on the internal cycle. In the rest of this section
we will determine the form of this internal worldvolume flux which gives rise to a consistent
solution of the brane equations of motion.

4.3.1 Internal flux

Since we are primarily interested in gapped, QH states, let us focus on Minkowski (MN)
embeddings of the probe, in which the brane ends smoothly at a radial position r, above the
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horizon, i.e., r, > r,. The D6-brane can cap off smoothly if, at the tip of the brane r = r,,
the angle 6 reaches its minimal value # = 0 where an S' C RP? shrinks to zero. At the tip,
the last term of (4.3.6) vanishes and the induced metric takes the form:

d 2
% = hadt o+ da® ]+ l% [doﬂ + sin?a df?| , (4.3.7)

where h, = h(r = r.). From (4.3.7), we see that at the tip of the brane the coordinates «
and 3 span a non-collapsing S2. As in other probe-brane QH models [161} [162], we want to
turn on a flux of the worldvolume gauge field F' on this non-shrinking sphere.

Of course, this flux must be quantized appropriately. We will adopt the following quan-

tization condition: . o M
/ F= T MeZ. (4.3.8)
2

2ma/ ko~

Notice that, compared with the ordinary flux quantization condition of the worldvolume
gauge field, we are considering in M /k fractional units of flux. In appendix [4.A.]]
we verify that is the correct prescription for the flux quantization by studying the
background without massless flavors, i.e., Ny = 0. In this case one can induce an internal F’
flux through S? by switching on a flat Neveu-Schwarz B, field proportional to the Kéihler form
of CP3. Then, the quantization condition follows from the fractional holonomy of By
along the CPP! cycle of CP. In this setup the integer M is the number of fractional D2-branes
and this configuration is dual to the ABJ model [61] with gauge group U(N + M )i x U(N)_g.
We also check in appendix [£.A. 1| that M can be identified with the Page charge for fractional
D2-branes.

Let us now write a concrete ansatz for the internal gauge field F. We will represent F'
in terms of a potential one-form A given by:

A = L*a(r) (dyp + cosadB) , (4.3.9)

where the L? factor is introduced for convenience and a = a(r) is a function of the radial
coordinate which determines the varying flux on the (a, 8) two-sphere. The field strength

F = dA corresponding to (4.3.9) is simply:
F = I? [a’(r) dr A (dip + cosadf) — a(r) sinada AdS| (4.3.10)

which restricted to S? becomes:
F‘SQ = —L?a, sinada NdB , (4.3.11)

where a, = a(r = r,) is the value of the flux function at the tip. It follows that

/ F = —4xL?a, , (4.3.12)
sz
and the condition (4.3.8]) quantizes the values of a, in the following way:
M
4 = —— MeZ. (4.3.13)

kL2
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Let us denote the value of the flux function at the tip as:
a, = —Q . (4.3.14)

To write the quantization condition (4.3.13]) in terms of physical quantities, recall that the
AdS radius L can be written as in (4.2.5). Plugging this into (4.3.13)), we find the following
quantization condition for Q:

VA M
V20 N~

Using the ansatz for the internal flux, we can try to find a solution for a MN
embedding of the probe D6-brane. In appendix we check that ([4.3.10)), together with
embedding ansatz corresponding to the induced metric , is a consistent truncation of
the equations of motion of the probe.

At zero temperature, we have found an analytic solution for §(r) and the flux function a =
a(r) which preserves two of the four supercharges of the A/ = 1 superconformal background.
The explicit calculations are performed in appendix with the use of kappa symmetry.
Here we just quote the result for 6(r) and a(r):

Q = MEeZ. (4.3.15)

cosf(r) = <%>b (4.3.16)
a(lr) = —Q (Cose(r))% = —Q (%)Z : (4.3.17)

However, to realize the quantum Hall states we are interested in, we need to generalize our
ansatz for the gauge field to include electric and magnetic fields, as well as the components
dual to the charge density and current. We analyze this more general set up in the next
subsection.

4.3.2 Background fields and currents

If we want a more general ansatz that includes background electric and magnetic fields and
the associated charged current, we need to consider other components of the worldvolume
gauge field. In the standard way, a magnetic field B and an electric field E are added by
turning on the radial zero modes of F}, and Fy,. The charge density is holographically
related to Fyo, the longitudinal and Hall currents come from F,, and F;,. We therefore take
the worldvolume gauge field to have the form:

A=17 [ao(r) dt + (Et+ a,(r))de + (Bx +ay(r)) dy + a(r) (dy —|—cosozdﬁ)] . (4.3.18)

We can continue to use the induced metric ansatz given by , characterized by the
embedding function 6 = 0(r).

Interestingly, due to our choice in of the internal components of the gauge field,
the dependence of the action on the internal angles of the RP? cycle factorizes and conse-
quently, we can consistently take the functions 6, a, ag, a,, and a, to depend only on the
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radial variable. After integrating over the internal angles «, 3, and v, the DBI action of the
D6-brane for our ansatz can be written as:

SDBI :/dsl’dtﬁDB[, (4319)

where the DBI lagrangian density Lpp; can be compactly written as:

T2 LT Tre e~ /(B2 - 1MV — E2 /0 + bh a2
Lppr = — - b4D66 ACETD NG Vit b VA (4.3.20)

where Tpg is the D6-brane tension and the quantity A is defined to be

A = br2hd'? + sin?0 [V + r2h 6’2

b2h :
B2 — (B2 +ri)h

- Bay+ Ea;,)? + r*(ay’ — hal? + ha’Z)}] . (4.3.21)

The Wess-Zumino term of the action is:

. . iy 1.
Swz = TDG/ <C7 + CsNF + 503AF/\F+ ECMF/\F/\F> , (4.3.22)
Mz

where, C7, Cs, Cs, and C’l are the pullbacks to the D6-brane of the RR gauge fields. All of
these terms, except for Cs A I, give non-vanishing contributions to the equations of motlonl

In the holographic setup, the charge density is encoded in the bulk by the radial electric
displacement field D(r), which is given by the derivative of the DBI lagrangian density with
respect to the radial component of the physical electric field. From the ansatz , and
taking into account the physical gauge field A,p,s = A/(2wa’), we find:

a,CDB[ 27‘(’&’ 8£DBI
A} . L2 day

0,phys

D = (4.3.23)

We will set o/ = 1 from now on. In order to write D(r) in a compact fashion, let us define

a function g(r) as:
453 qip2 2 1 pl g2
o) = g+n 1°h2sin“0+/¢>+b*a . (4.3.24)
W2 —q) B ) h - B VA

Then, one can show that:
- No 2
D(r) = d(r) , (4.3.25)
47

1One subtlety is that when the backreaction of the flavors is included, the RR field strength F, is not
closed, implying that there is no well-defined RR. potential C;. However, the equations of motion derived
from (3.17) only contain Fy and therefore can be generalized to the unquenched case; see appendix for
details.
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where o is the screening factor defined in (3.8.157) and d(r) is the function:
~ g B? BE

The total charge density is obtained by taking the boundary value of D(r), which is propor-
tional to:

d = lim d(r) . (4.3.27)

r—00

Similarly, the physical currents along the x and y directions are given by:

271'0/ a,CDB[ = 271'0/ a,CDB[
Jr = , = 4.3.28
L2 0dl, v L?  da ( )
One can readily prove that:
No? ~ No? .
Jy = — Ju s J, = — 7y, 4.3.29
ir 7 K Ar Y ( )
where j, turns out to be:
Je = —ga,, (4.3.30)
and j,(r) is:
~ E? BE

The equations of motion for the probe are worked out in detail in appendix [{.A.2] In
particular, J, is constant in r (see (4.A.56))) and represents the longitudinal current parallel
to the electric field. On the other hand, jy(r) depends on the holographic variable. The
transverse current J,, is obtained as the value of jy(r) at the UV boundary » — oo which,

according to (4.3.28)), is determined from the limit:

gy = lim j,(r) . (4.3.32)

700

The radial dependence of d and jy is determined by the ag and a, equations of motion,
(4.A.55) and (4.A.57). With the definitions introduced above, they can be simply written

as:

d,d = B(ncosfad —asindd), (4.3.33)
Orjy, = FE(ncosfa —asingd) . (4.3.34)

In the unflavored case n = 1, these two equations (4.3.33) and (4.3.34]) can be integrated
once because their right-hand side is proportional to 0,.(acos). Indeed, for the unflavored

background ao(r) and a,(r) are cyclic and can be eliminated by performing the appropriate
Legendre transformation.
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This is not the case, however, when n # 1. We can formally integrate (4.3.33)) and

(4.3.34), defining the integral I(r) as:
/ (n cos O(7) a'(F) — a(F) sin 0(F) 0’(F)> dF (4.3.35)

= —cosf(r)a(r) + (n—1) /00 cos 0(7) ' (7) dr (4.3.36)

I(r)

where we have integrated by parts to obtain the second line. Clearly,

lim I(r) =0, (4.3.37)
r—00
and equations (4.3.33]) and (4.3.34) can be written as
d(r) = d — BI(r), Jy(r) = j, — EI(r) . (4.3.38)

Since ap and a, are no longer cyclic, we need a new strategy to solve the equations of
motion. Interestingly, there is still one conserved quantity associated with the equations of

motion for Ay and A,. Eq. (4.A.60]) can be recast as the radial independence of the quantity:
I = Ed(r) — Bj,(r) . (4.3.39)

Indeed, the equation 9, I = 0 follows immediately from (4.3.33) and (4.3.34). This implies
that II can be written in terms of quantities evaluated at the boundary:

Il = Ed— Bj,. (4.3.40)

One can now try to write ag, a;, and a; in terms of the embedding function 6(r) and

the flux function a(r). Let us work this out in detail. First, we notice that one can invert
Egs. (]4.3.26[) and (]4.3.31[) and write ag and a;, in terms of d and jy:

h(1—%)d+%jy €—fd—<1+f—f)jy
ay = - - : a, = - ~ - (4.3.41)
R R

Notice that (4.3.41]) are not actually solutions for af and ay, since g on the right-hand side is
written in terms of these same fields. However, one can write an expression of ¢ in terms of
0 and a. Let us define X as:

- N2
_ B? E? q+n ’ A7 (2 34 2\ o2 72 2 %2 (th_Ejy>
X=h (1+F - m) (m) r h(q +b"a ) sin” 6+hd —jm—jy — " .
(4.3.42)
Then, after some calculation, we obtain:
infvX
g = sin VX (4.3.43)

(148 = B) przha? + sin?0 (1+ 5 00)
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Therefore, we have for ag, al,, and a;:

- \/b2r2haf2+sin29(1+;—jhef2) [h< EQ) . EB-

- 1——)d
%o sin v X rh T
s _\/62r2ha’2 + sin29(1+2—§h9’2) 1+B_2 - E_2 ‘
T sin v X r rth Ja

\/erzhcﬂ + sin? 6 (1 + Z—;h@”)
Y sin vV X

The right-hand sides of (4.3.44) contain the radial functions d and 5y, which in turn can be
written as in (4.3.38) in terms of the constants d and j,, and the integral I(r) defined in
(@.3.35).

In principle, we could use to eliminate ag, a, and a; from the equations of
motion and to reduce the system to an effective problem for the functions 0(r) and a(r).
However, when 7 # 1, the functions d(r) and j, depend non-locally on #(r) and a(r) and
the corresponding reduced equations of motion would be a system of integro-differential
equations for 6(r) and a(r), which does not seem to be very easy to solve in practice. In the
case in which there are no flavors backreacting on the geometry, i.e., when n =q¢ =0 =1,
the integral I(r) is just I = — cos @ a and we can write d and Jy simply as d =d+ Bceosfa
and jy = jy + Ecosfa. Thus, in this quenched case one can eliminate the gauge fields
ap, az, and a, and reduce the problem to a system of two coupled, second-order differential

equations for 6(r) and a(r).

EB - B2\ -
—d— <1+r—4) jy] L (4.3.44)

r

4.3.3 Minkowski embeddings

Having obtained the equations of motion for the D6-brane probe, the next step is to try
to solve them. Although, as we will discuss in section there are special analytic BPS
solutions, in general we will have to resort to numerics.

Probe brane solutions are categorized into two classes by their IR behavior. The generic
solution is a black hole embedding, in which the brane falls into the horizon; these correspond
holographically to gapless, compressible states. In certain special circumstances, the brane
can end smoothly at some r = r, when a wrapped cycle shrinks to zero size; these are
Minkowski (MN) embeddings. MN solutions with broken parity correspond to gapped,
quantum Hall states.

As discussed above in section [£.3.1] for a D6-brane probe in the flavored ABJM back-
ground, MN embeddings occur when 6(r,) = 0 for some r.. In order to have a physical,
finite-energy solution, the embedding #(r) and the worldvolume gauge field F' must be regu-

lar at the tip; that is, the induced metric (4.3.6) must be smooth, and d’, ag, @}, a;, must all
13.43)

be finite. Given that the function g ( vanishes at the tip of the brane, the regularity
of ay and a;, at the tip, combined with (4.3.26]) and (4.3.31), implies that

d(r.) = jo = J,(r.) = 0. (4.3.45)
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We can interpret this condition to mean that there are no sources at the tip, which is
physically sensible as the D6-brane could not support such a source. Suppose that CZ(T*) #0;
this radial displacement field would have to be sourced, for example, by fundamental strings
stretching from the horizon. Due to the shrinking cycle, the effective radial tension of the
D6-brane vanishes at the tip, so these strings would then pull the D6-brane into the horizon,
resulting in a black hole embedding.

The filling fraction v is defined by

Dppys
v = 27TBT’i : (4.3.46)

phys

where the physical magnetic field B, is related to B by

L? )
Bnys = 5-B = \EUB. (4.3.47)

Combining (4.3.45) with (4.3.38) gives d = BI(r.), and the filling fraction for MN solutions
is therefore
No d No

or, more explicitly using (4.3.36]),

oo /

v = % {1 + (n—1) / cos 6(r) aé? dr | | (4.3.49)
where M is the quantization integer and @ is minus the flow function at the tip (see (4.3.14)).
Note that, shows explicitly that, for a QH state with nonzero charge density, a
nonzero flux is required. Moreover, v is the sum of two contributions. The first term in
(4.3.49) is proportional to the flux at the tip. The second term is only nonzero in the
unquenched case n # 1 and contains an integral from the tip to the boundary. In terms of
Ny and k, v takes the form:

M 3Ny [ a'(r)
V== [1 + /T COS@(T)TCZT : (4.3.50)

It follows that v is a half-integer in the quenched case but gets corrections due to the massless
sea quark loops in the unquenched Veneziano limit.

Numerically integrating the equations of motion, we have verified that there are MN
solutions obeying the tip regularity conditions (4.3.45). At this point, we will be content
with evidence for MN solutions with nonzero charge density d and magnetic field B. We will
defer a more thorough study of the possible MN solutions to the future.

4.4 Conductivities

We are interested in analyzing the longitudinal and transverse conductivity of our configu-
rations. In order to relate these quantities with the variables we have employed, let us point
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out that the physical electric field Ep,; is related to the quantity E used above as:

L? )
Epnys = 5-F = \/;O'E. (4.4.51)

The longitudinal and transverse conductivities o,, and o, are defined in terms of J,, J, =

Jy(r — 00) and Eppys as:

J, J,
Ope = , Opy = . 4.4.52
Ephys Y Ephys ( )

The conductivities can be written as

No  Ja No g,
Cw = "N Oy = —— 2L 4.4.53
2mv2\ E Y o2\ E ( )

In the next two subsections we obtain formulas for ¢,, and o, for the two types of embed-
dings (Minkowski and black hole) of the D6-brane probe.

4.4.1 Quantum Hall states

Let us now suppose that we have a Minkowski (MN) embedding. To compute the conduc-
tivities, we will adapt the method of [I61) [162] but with some new twists. In particular,
we use the invariance of II under the the holographic flow. The conductivity comes directly
from the condition that there are no charge sources at the tip r = r,. Since j, in

(4.3.30) must be equal to zero,
Ope = 0. (4.4.54)

Furthermore, implies that II vanishes at » = r, and, since it is radially invariant,
IT = 0 at all values of . From (4.3.40]), we see that this is equivalent to £ d = B j,; the Hall
conductivity is then:

No j,  No d

Opy = = = — . 4.4.55
Y omV2ANE 27v2) B ( )
From (4.3.48]), we find that
v
9 Y 27T ( )

which is exactly what one would expect for a QH state.

4.4.2 Gapless states

Let us now consider black hole embeddings, in which the D6-brane crosses the horizon at
r = r,. These embeddings correspond to gapless states. To compute the conductivity, we

employ the pseudohorizon argument of [I65] to Eq. (4.3.44). Let r» = r, be the position of
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the pseudohorizon, which is determined by the conditions:

hy(r,+ B = E*,

2
2 | 2 q+n 4 52 2, 34,2 Tl \2
J: + jy(Tp) = (m) hpr, sin” 0, (q +b ap) + h,d(r,)”
Ej,(r,) = Bhyd(r,), (4.4.57)
where h, = h(r,), 8, = 0(r,), and a, = a(r,). It follows that the currents in z- and

y-directions are given by:

N[

. B?h,\ + q+n ? 4702 74 2\ .2
Jo = Vhp| |1— 7 d*(ry) + M=) r, (@ +0%a,) sin0,|

B%h,
EQ

Bh
Jy = Epd+E{1—

} I(rp) - (4.4.58)

Notice that the previous expression involves the value of the integral I extended between
the 7, and the boundary. Therefore, the conductivities are:

1

No  +/h, B?h,\ = q+n 2 ) ’
1— p\ g2 402 1Lt 2 29

oron E < 85 (rp) + —2b2(2—q) r, (" +0"a,) sin0, |

No [Bn, B2
" _ d )| @%> Pl T
r = |8 [ p]<m

For small electric field, r, is close to the horizon radius rj,. At first order in E* we can

estimate 7, as:
E2
~ 1 _—— ) . 4.4.60
e (14 s em) (4460)

With this result we can write h, approximately as:

O’(E{L’

(4.4.59)

E2

~ —— . 4.4.61
Pl 4+ B2 ( )

Applying these results to (4.4.59)), we obtain the linear conductivities:

2 1
No _ni g ¢+ . ’
T d2 s L 4 BQ 2 b4 2 29 4462
o omv2N TE+ B2 | + <2b2(2 — ) (ri + B*) (¢ + b ay) sin® 6, |, ( )
No B th
v T 4.4.63
o 2mV2\ |} + B2 h] ( )

where I, = I(ry,) is defined in (4.3.36)).
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These conductivities are analogous to the conductivities found in the metallic phases of
other similar probe brane models, for example [166] [161], 162]. One important difference is
that here, the unquenched sea quarks reduce the conductivity by the screening factor o.

The longitudinal conductivity receives contributions from two sources: the first
term under the square root is due to the charge density at the horizon dp,, and the other term
can be interpreted as being due to thermal pair production. At vanishing magnetic field and
nonzero charge density, o,, diverges as r,:Q. Charge carriers can only scatter off the thermal
bath, and at zero temperature, momentum conservation implies an infinite DC conductivity.
For nonzero B, 0., vanishes in the zero-temperature limit, as implied by Lorentz invariance.

The Hall conductivity is the sum of two terms, which appear to correspond to
the contributions of two types of charge carriers: the charges at the horizon dj, which are
sensitive to the heat bath and contribute to o,,, and the charges Bl, = d — Jh, which are
smeared radially along the D6-brane and do not interact with the dissipative heat bath at
all. In the limit where d/B — I, i.e., d — 0, the Hall conductivity smoothly approach
the results found above for the MN embedding ([£.4.56). Varying the d/B from zero to I,
and plotting the conductivity on the (0., 0,,)-plane is expected to reproduce the behavior,
seen also in [162], qualitatively similar to the semi-circle law experimentally observed in QH
systems [167].

4.5 Boost invariance at zero temperature

At zero temperature and before adding an electric field, the system is Lorentz invariant.
In probe brane constructions, the zero-temperature limit of a black hole embedding is of-
ten problematic. However, Minkowski embeddings are perfectly well defined in the zero-
temperature limit since the brane never reaches the black hole horizon. One important
feature of this model and others in its class [161], 162, 163], is that MN embeddings can
occur at nonzero charge density.

Turning on an electric field in the x-direction breaks rotation invariance, and the full
Lorentz symmetry is reduced to a (1+1)-dimensional subgroup: boosts in the y-direction
form a set of SO4(1,1) transformations which rotate the electromagnetic field and the cur-
rents. When h = 1, the equations of motion studied in section and appendix are
not modified under these transformations.

In terms of the boundary variables, a boost with rapidity v acts as

(B om (B (Do (D) s

where M, is the symmetric matrix:
coshy  sinh~y

M, = . (4.5.65)
sinhy  cosh~y

The transverse conductivity o, is invariant under the boost because it is determined only

by the flux (4.4.56)).
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The boundary electromagnetic fields and currents are packaged holographically in the
bulk worldvolume field strength F'. From the transformation properties of ' due to a boost
in the bulk, one can reproduce the transformation (4.5.64) of E and B and see that the
radial components of F' transform as

Fo\ _ (ao apy
()= () = 2 () 00

therefore, the symmetry acts contravariantly on (ag, a;). Using Eqs. (4.3.26) and (4.3.31)),

one can demonstrate that the functions d and jy also rotate via M., namely:

(Z) - M, (Z) , (4.5.67)

which matches, for » = oo, the transformation of d and j,. One can also check that
the quantity II defined in (4.3.39) is invariant.

Apart from the boosts, the equations of motion are also invariant under the two types
of discrete operations, which are the elements of O(1,1) not connected to the identity. The
first of these operations is the electric field inversion Pg, which acts as:

() (8 DA DD o

Under Pg, the function II changes its sign, ¢.e., II behaves as a pseudoscalar. However, the
conductivity oy, is left invariant. Similarly, the equations of motion are invariant under a
magnetic field inversion Pp, defined as:

() (5 @ @)

Under this transformation, II again changes its sign and o, is again invariant.
We can use the O(1,1) symmetry to classify the different configurations in terms of the
sign of the following quadratic forms

Q, =FE* - B*, Qy=d* —j;, Qs =Bd — Ej,, (4.5.70)

which are left invariant by the O(1,1) transformations. We will call solutions with Q; > 0
“electric-like” , and those with Q; < 0 “magnetic-like”. We can also have solutions with
Q; = 0, which we call “null” solutions. Notice that an electric-like (magnetic-like) solution
can be connected continuously to a solution with B = 0 (E' = 0) and, an electric-like solution
cannot be transformed into a magnetic-like one. We could similarly classify the solutions
according to the sign of Q, and Qs.

For MN embeddings, however, Q, and Q3 are not independent but are rather proportional
to Q;. The regularity at the tip implies d/B = j,/E = I(r,). From these relations,
we find

Qy = Q3I(r,) = —QiI(r.)” . (4.5.71)
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In the next section we will find an analytic solution to the equations of motion for which
the three Q; invariants vanish. Intuitively, one would think that these null solutions have
a large degree of symmetry. In particular, they are related to the £ = B = a5 = a;, = 0
solution by the infinite boost M _.,. Indeed, we will prove that these are BPS solutions
preserving a fraction of the supersymmetry of the background.

4.6 The BPS solution

In this section we find a simple, exact MN solution of the zero-temperature equations of
motion (4.A.55))-(4.A.59). This solution preserves one supercharge, or one quarter of the
supersymmetry of the background. Accordingly, we will refer to this solution as the BPS
solution.

Let us first consider the probe D6-brane in the absence of electric and magnetic fields and
with ay = a;, = 0. At zero temperature, we found a SUSY solution in section for which
the embedding function #(r) and the flux function a(r) satisfy the system of first-order BPS

equations (4.A.76)) and (4.A.84) derived in appendix [4.A.3}

/
10 =bcot, & _° (4.6.72)
a qr

We now generalize this supersymmetric solution to include electric and magnetic fields,
as well as charge density and current, provided they satisfy a BPS condition:

E =B, ag = —a, . (4.6.73)

In addition, we take a!, = 0. Notice that, since h = 1, (4.6.73)) implies (4.A.60)) is trivially
satisfied with the constant on the right-hand side equal to zero. Moreover, the equations

of motion for ay (4.A.55) and a, (4.A.57) become equivalent. The quantity A defined in
(4.3.21]) greatly simplifies and satisfies:

JETF@ ]
. </ (4.6.74)
\/Z BPS b

As we saw in section , for MN embeddings II = 0. Combining this fact with ,
yields d(r) = jy(r), and in particular, d = j,.

Using these results it is straightforward to verify that the equations (4.A.59)) and (4.A.58))
for 0(r) and a(r) become:

b4
O, [r* sin®00'] — b*r? (1 + —a’ — b2r2a’2) cot® — (3 —2b)br’sinfcosf = 0,
q

4 1 b b 2
o, [r*d] + §<3—5>r a=0. (4.6.75)

Note that these equations are just the same as in the £ = B = a5 = a;, = 0 case. One

can also check that the second-order equations (4.6.75)) are satisfied if the first-order ones
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in (4.6.72)) are fulfilled. So, the solutions for #(r) and a(r) are just as in section [£.3.1] (see
(4.3.16) and (4.3.17))):

cosf = (%)b, (4.6.76)
« = —Q (%)b = —Q(cos)i . (4.6.77)

It remains to solve for aq. Its equation of motion (4.A.55)) simplifies to:

(2—¢q)b® acosh
¢ ro

Plugging in the solutions (4.6.76)) for 8(r) and (4.6.77)) for a(r), it is now straightforward to
integrate (4.6.78). Using the relation ¢ = b/(2 — b), we get:

O, [r* sin®0ay] = —2B (4.6.78)

1 1
agy = —

7’2 1_ <TT*>2b
The regularity condition of a; at the tip of the brane fixes a relation between d, @, and B:

(g+mn)(2-0b)
2

From the first equality of (4.3.48)), the filling fraction v for this SUSY solution is then:

20%(2 — q)
q(q+n)

d— (4—3b)(2—b)bQ B (E)Ql , (4.6.79)

r

d = QB. (4.6.80)

No d

v = Vo B 5 ((H‘??)(Z—b)z : (4.6.81)

As we found in (4.3.49) for general MN solutions, the filling fraction is proportional to the

internal flux. In addition, (4.6.81]) can be rewritten as

3Ny M
v = {1 + <0 (1 —ym)} 5 (4.6.82)

where 7, = b— 1 is anomalous dimension of the quark mass (see [75, [164]). Notice that ~,,
depends on N¢/k and controls the coefficient of the contribution of the quarks loops to v.

For the BPS solution, the integral I(r) can be explicitly performed using the expressions
(4.6.76) and (4.6.77)) for O(r) and a(r). In particular,

Ir.)=Q+ (n— 1)/ cosfa' dr = Z_FTY Q . (4.6.83)

As a cross-check, we can compute the filling fraction using the second equality in (4.3.48)):

N
V:_U](r*):i

V2 qg+1

Bt

M
5 (4.6.84)
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which using the relation ¢ = b/(2 — b) (see (3.3.48])) matches (4.6.81]). . .
We can also use the integrated formula for (r) to write explicit expressions for d and j,:

d(r) =G,(r) = d — WQB (%)2 . (4.6.85)

Note that, in particular, d = j,. Notice that the non-constant terms in d and jy behave
as 2, with no flavor corrections, which is probably a consequence of the non-anomalous

dimensions of these currents.

4.6.1 Nonzero temperature generalization

Let us now consider the system at 7" > 0 (i.e., when h # 1). It is possible to find a truncation
of the general system of equations which defines a solution that can be regarded as the " > 0
generalization of the BPS system studied above. This truncation occurs when the following

relations are satisfied:
E =8B, ag = —ha, . (4.6.86)

Notice that Eq. (4.A.60) continues to be trivially satisfied. Moreover, Eqs. (4.A.55) and
(4.A.57)) still reduce to a single equation which is now:

m\/(l DB

q + TI <2 / / : /
0, sin“fayg| — B(n cosfa —asinfd)=0,
(2~ q) VA Qi )
(4.6.87)
and where A takes the value:
1
A = b'r?ha'?* + sin’ 6 [bQ +72h6'* + b (ﬁ — 1)@62] : (4.6.88)

The equations for the flux function a(r) and the embedding function 6(r) can likewise be
straightforwardly derived from the probe action.

4.7 Spectrum of mesons

The addition of flux in the internal directions induces the breaking of parity symmetry in
the Minkowski worldvolume directions. In this section we explore the effect of this parity
violation on the mass spectrum of quark-antiquark bound states which, in an abuse of lan-
guage, we will refer to as mesons. The standard method to find the meson spectrum in the
holographic correspondence is to analyze the normalizable fluctuations of the worldvolume
gauge and scalar fields of the flavor brane.ﬂ Here we will restrict ourselves to analyzing the
fluctuations of the gauge field A around the zero-temperature supersymmetric configura-
tion with only the internal components of A are switched on. Accordingly, let us take the
worldvolume gauge field as:

A =AY 454, (4.7.89)

2See [152, [153] [168] for the calculation of the meson spectrum in the unflavored ABJM model.
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where § A is assumed to be small and the unperturbed gauge potential is given by:
AQ = L2a(r) (dip + cosadp) , (4.7.90)

with a(r) being the flux function for the SUSY embedding (4.6.77). We will also assume
that the embedding function 6(r) does not fluctuate and is given by (4.6.76). We will denote
by f the first-order correction to the worldvolume field strength (i.e., f = ddA). We will
assume that f has only components along the AdS directions. Its components are:

where the indices m and n run over the AdS directions. One can verify that these modes
are a consistent truncation of the full set of fluctuations of the probe. In appendix we
obtain the equations of motion for §A by computing the first variation of the equations of
motion for the probe. These equations can be written as the Euler-Lagrange equations for
the following second-order effective lagrangian density:

2

1 Q
4(2—b)p?

(1 + (2 = b)* b? Q2(COS(9)%> ™ fon — —— (4 — 3b)(cos€)%fm”fmn ,

4b L4
(4.7.92)
where the indices in f™" are raised with the inverse of the open string metric G"":

£2 = _

. v 2 o 29
g Z - G — 7’_2 St . (4.7.93)
r* L L2 4+ (2—-0)202 Q2 (cos )

and the dual field f™ is defined as:

~ 1
~ L 5 Jr " (4.7.94)
Notice that the lagrangian density (4.7.92) is that of axion electrodynamics in AdS,, with
the axion depending on the holographic direction, showing explicitly the breaking of parity
in AdS when the flux is turned on. The equation of motion derived from £® is:
A

O [7«2(1 (2 b)2 0 Q? (cos0)3> Gme gra qu} - =0, (4.7.95)

where A = A(r) is the function written in (4.A.102). To solve (4.7.95)) let us first choose the
gauge in which A, = 0, and let us separate variables in the remaining components of J A as
follows:

0A, = & ™™ R(r),  (p=0,1,2), (4.7.96)

where &, is a constant polarization vector. The gauge condition dA, = 0, together with
(4.7.95)), imposes the following transversality condition on &,:

k-&=n"k& =0. (4.7.97)

When they are normalizable, these fluctuations are dual to vector mesons, whose mass m is
given by:
m® = —n"k,k, . (4.7.98)
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In order to find the equation for R(r), let us choose, without loss of generality, the Minkowski
momentun k* as:

k= (w,k,0) (4.7.99)

i.e., we choose our coordinates in such a way that the momentum is oriented along the
z-direction. Notice that the mass is just m = vw? — k2. The polarization transverse to

§u = (_551, &1 752> ) (4.7.100)

where & and & are undetermined. Let us next consider the following complex combinations
of & and &5:

k2 ,
X+ = ¢/l — Eél + & . (4.7.101)

Then, as shown in appendix 4.A.4] we can solve the fluctuation equation (4.7.95)) by taking
X+ # 0, xo = 0or xpy =0, x_ # 0 provided the radial function in the ansatz (4.7.96))
satisfies the following ordinary differential equation:

where O is the second-order differential operator defined in (4.A.102) and R, = R(r)
(R- = R_(r)) is the radial function for the solution with x; # 0 (x- # 0). Notice that
the y. and y_ modes are two helicity states which correspond to two different circular
polarizations of the vector meson in the x — y plane. They are exchanged by the parity
transformation & — —&,, as is obvious from their definition .

To find the mass spectrum of the mesons we must determine the values of m for which
there exists a normalizable solution to . In general this must be done numerically
by using the shooting technique, although, we can make analytic estimates using the WKB
approximation, which we describe in detail in appendix The result is a tower of
solutions with increasing masses which depend on the flux. These masses depend on the
location of the tip r,, which can be related to the mass of the quarks m, as:

A
my = \/; TTs . (4.7.103)

In Fig. we illustrate the dependence on the flux of the mass of the lightest state, for
the quenched background with Ny = 0. The spectra of the two helicity states are different.
The mass splitting obviously vanishes at () = 0 and changes with the amount of flux.

For Ny = 0 it is possible to compute analytically the meson mass splitting at first order
in ). Indeed, the fluctuation equation at first order in @) for the unflavored background is:

2 2
0. [(* =120, Re) + T Re £ 2mQ 55 Ry = 0, (4.7.104)

For ) = 0, Eq. (4.7.104) can be solved analytically in terms of hypergeometric functions.
Let R,(r) be the normalizable regular solutions of (4.7.104) for @ = 0; they are given by:

2

Ru(r) = <?) r (_n_ §>_"?1?1_ﬁ> , n=01,...  (47.105)
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2.0

M
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2 4 6 8 10 N
Figure 4.1: Meson masses in the quenched background as a function of the flux integer M
for the lightest meson with excitation integer n = 0 (up) and for n = 3 (down). The upper
blue (lower black) curves corresponds to the mode x_ (x+). The intermediate red curve is
the average of the two curves, and the dashed black curve is the WKB estimate .
The two straight lines on the left panel are the first-order results written in .
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The corresponding mass levels are:

my

= 2+ 1)2n+1), n=01,.... (4.7.106)

T
Let us now solve (4.7.104)) at first order in ). We write:
Rin(r) = Ru(r) £ QOR,(r) + O(Q7) (4.7.107)

where the two signs are in correspondence with the ones in (4.7.104). The mass levels
associated to R , will be denoted by my ,. The lightest regular normalizable modes at first
order in () are given by:

Rayo(r) = %i@ {; + % (%)2 (1 - 1 log (1 + %))} + 0@,  (47.108)

with ¢ being an integration constant. The masses for these modes are:

m+ o

3
= V2% 1Q+0(Q"). (4.7.109)
In Fig. [4.1] we plot these first-order results and we compare them with the numerical calcu-
lations. The first-order correction in the flux can similarly be obtained for the modes with
n > 1, and the general form for the mass splitting is:

2
1
o men  (n )@+ dn) [ E(nt3)

r, T 2+ D)r T(n+1) Q+0(@). (4.7.110)

It follows from this expression that the first-order mass splitting becomes 4Q /7 + O(Q?) as
n — oo.
As shown in Fig. [4.1], the mass averaged over the two helicities is well approximated by

the WKB method:
er,n + mf,n

2

Let us write the WKB estimate of this helicity average in the unflavored background. By
using the values of the WKB masses written in appendix [£.A.4] we have:

Myn+M_y N T4

R~ 2n+1)2n+1) . 4.7.112
: F(—%,%;l;—@2)\/< FD)En+1) (47.112)

4.8 Discussion

In this chapter, we initiated a study of D6-brane probes with parity-breaking flux in the
ABJM background with unquenched massless flavors. Minkowski embeddings of these probe
branes holographically described massive fermions in quantum Hall states. The filling frac-
tion was a half-integer in the quenched case, but received corrections when the dynamics of
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the sea of massless flavors is included. The conductivities, both in the gapped Minkowski
embeddings and in the metallic black hole ones, depended on the parity-breaking flux but
also contained a contribution from the dynamical flavors. This was interpreted as an effect
of the intrinsic disorder due to quantum fluctuations of the fundamental degrees of freedom.

Despite the complexity of the equations of motion we managed to obtain an explicit,
analytic family of supersymmetric solutions with nonzero charge density, electric, and mag-
netic fields. For these gapped QH solutions, we obtained an analytic expression for the
Hall conductivity, which includes the effects of quark loops. We also analyzed the residual
SO, (1,1) boost invariance of the system at zero temperature; this is a powerful tool for
generating non-supersymmetric solutions with general electric and magnetic fields starting
from solutions with either E=0 or B=0. We also explored the effect of the parity violation
on the computation of the meson spectrum. We restricted our analysis to the fluctuations
of the gauge field around the zero-temperature supersymmetric configuration in which only
the internal gauge field components were switched on.

There remain many open topics for further investigation. Although, we presented here
a set of analytic, BPS solutions for a very specific set of parameters, more general solutions
with nonzero temperature and arbitrary d, @), E, and B still need to be studied, probably
numerically. A thorough analysis of the thermodynamics and phase structure is needed
to provide a complete understanding of this model. For example, we anticipate a phase
transition as the temperature is increased from the MN to the black hole embeddings[]|

The effects of internal flux and the sea of massless quarks are particularly interesting.
And, we would also like to understand how the BPS solutions fit in to the complete picture.

Because there are so many possible parameters to vary, it makes sense to start by isolating
one or two. A good first step could be to analyze, along the lines of [136], the thermodynamics
of the D6-brane probe with only the internal flux, presented in section In the absence
of massless flavors, this system is essentially a probe D6-brane in the ABJ background,
but with zero worldvolume gauge field. This is another system which deserves a detailed
thermodynamic study.

Another interesting open problem is the study of flavor branes with internal flux in the
ABJM background with unquenched massive quarks presented in chapter 3] Recall that the
geometry found in chapter [3|is a running solution flowing between two AdS spaces, in which
the control parameter is the mass of the sea quarks. One expects to find conductivities
depending on the mass of the dynamical quarks, which interpolate between the values found
here (for massless sea quarks) and the unflavored values (for infinitely massive quarks).

In this chapter we considered brane probes with electric and magnetic fields in their
worldvolume and we have neglected the backreaction of these electromagnetic fields. Com-
puting this backreaction is a very complicated task. One possible intermediate step could be
considering the geometry dual to the non-commutative ABJM model, which was found in
[T75] by applying a TST duality transformation. By adding internal flux to the probe branes
we should be able to find Hall states similar to those found here [176].

We initiated a very limited fluctuation analysis in section 4.7} and a more thorough study

3For a massless probe brane embedding, this phase transition is related to the breaking of chiral symmetry.
See e.g. [169, 170} 17T} 172] for the holographic realization of (inverse) magnetic catalysis and [173] 174} [164]
for the study of the effect of the dynamical flavors on magnetic catalysis.
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is needed. One goal would be to compute the full meson dispersion about the BPS solution
of section [£.6] The lightest neutral excitations of QH fluids are magneto-rotons, collective
excitations whose minimum energy is at nonzero momentum. They have been detected in
experiments, for example [I77], and they have also been found in other holographic probe-
brane QH models [I78] [179]. Naturally, we would like to know if the spectrum of the model
presented here also includes rotons.

Homogeneity-breaking instabilities seem to be a general feature of black hole embeddings
in related brane models [180), [I8T] 182, [183], which are examples of the general type of
instability described in [184]. In some cases, examples of spatially-modulated ground states
have been found explicitly; for example, see [I85], [186], 187, 188]. A thorough analysis of the
quasi-normal mode spectrum is needed to determine whether such instabilities exists in this
model. If so, the ABJM system, due to its symmetries and other special properties, might
afford an ideal laboratory to study inhomogeneous phases.

Another interesting area to explore is alternative quantization of the D6-brane worldvol-
ume gauge field. In a four-dimensional bulk, the gauge field can take Dirichlet, Neumann, or
mixed boundary conditions in the UV, and these choices correspond to different boundary
CFTs dual to strongly coupled anyon fluids in dynamical gauge fields. In particular, by
changing the quantization as in [189, 190, 191], this ABJM system could be turned from a
quantum Hall fluid into an anyon superfluid.

In the next chapter, we will focus on a D6-brane probe with density turned on, and all
the rest of worldvolume gauge fields turned off. Of course, the equations of motion are a
particular case of those presented in this chapter, but we will give a detailed analysis of the
solutions. Besides, we give a detailed study of the fluctuations. The main feature that we
have found is the interesting behavior of the quantum phase transitions involved.

4.A Appendices

4.A.1 Details of the background geometry

In this appendix we specify the coordinate system we employ to represent the metric and
forms of the background. Let us begin with the four-sphere part of the internal metric
. Most of the following expressions are basically the ones presented in section ((3.2)
where we rewrite £ in terms of a new angle « related by 1_2552 =sina. Let w' (1 =1,2,3) be
the SU(2) left-invariant one-forms which satisfy dw’ = 1 €;5, w? A w*. Together with a new
coordinate o, the w®’s can be used to parameterize the metric of the four-sphere S* as:

L2
sin” o
dsg. = da’® +

(@) + (@22 + ()] | (A1)

where 0 < a < 7. The SU(2) instanton one-forms A® which fiber the S* over the S* in
(4.2.4]) can be written in these coordinates as:

A" = —sin? (—) w . (4.A.2)
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Let us next parametrize the z' coordinates of the S? by means of two angles 6 and ¢ (0 <
0 <7, 0<¢p<2rm), namely:

z = sinf cosgp , 2* = sinf singp , 23 = cosf . (4.A.3)
Then, one can easily prove that the S? part of the metric (4.2.4) can be written as:
(da’ + €% A7 2F)* = (B")? + (E?)?, (4.A.4)

where E' and E? are the following one-forms:

E' = df + sin? (%) [singpwl — cos gpwﬂ ,
E? = sinf [dgp — sin? (%) w?’} + sin? (%) cosf [cospw' +sinpw?’] . (4.A5)

In order to write the explicit expression for F,, we first define three new one-forms S*
(i =1,2,3) as the following rotated version of the w'’s:

S! = sinpw' —cospw?,
S? = sin9w3—cos9(cosg0w1+singpw2) ,
5% = —cosOuw’ —sinf (cospw' +sinpw?) . (4.A.6)

Next, we define the one-forms S* and S° as:

sin «v

2

S = do 670 <), (i=1,2,3), (4.A.7)
in terms of which the metric of the four-sphere is just dsg. = (S%)* + >_,(S")*.
With these definitions, the ansatz for the RR two-form F, for the flavored background is
k

F2:§[ElAEz—n(saAswslAs?)}. (4.A.8)

Note that the two-form F5, is not closed when 1 # 1; dF; is proportional to the charge
distribution three-form of the flavor D6-branes. The RR four-form F} is:

3k (n+a)b
Fp,=— —=—17Q 4.A.
s BH » (4.A.9)

where Qpp, is the volume-form of the four-dimensional black hole (4.2.2). The solution is
completed by a constant dilaton ¢ given by

(4.A.10)
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Let us now spell out the embedding of the D6-brane probe in the background geometry.
We first represent the SU(2) left-invariant one-forms w® in terms of three angles 6, ¢, and 1)
as:

w' = costpdf 4 siny sinfdp
w2 = sin@@dé — COS@/AJ sinéds5 ,
w® = dip+cosfdp . (4.A.11)

In these coordinates our embedding is defined by the conditions:

A~

6, ¢ = constant , (4.A.12)

with the coordinate 6 defined in being a function of the radial coordinate r. The
relation of the coordinates defined here with those used in to write the internal part of
the induced metric is as follows: The angle « here is equal to the one introduced in (4.A.1)),
while 8 and v are given by

~

Y

=3 b=y -5 (4.A.13)

It is now easy to check that the pullback of the metric (4.2.1)) to the worldvolume is, indeed,
the line element written in (4.3.6]).

[ <>

Matching the unflavored ABJ model

Let us now explore our prescription in the case of the unflavored model. The main
point is that, when Ny = 0, the worldvolume gauge field for the supersymmetric configura-
tions can be understood as induced by a flat NSNS B; field of the bulk, which is proportional
to the Kahler form J of CIP?. When the coefficient multiplying J is appropriately quantized,
the corresponding supergravity solution is the dual of the ABJ theory with gauge group
U(N + M), x U(N)_g. We will see that the rank difference M can be identified with the
quantization integer in (4.3.8]).
Let us begin our analysis by writing the Kéahler form of CP? in our variables:

1
J:Z<E1AE2— (8“/\83—1—81/\82)). (4.A.14)
The pullback of J to the probe brane worldvolume is:
0" sin 6 cos f sin «v

j:

dr A [dz/z—i—cosozdﬂ] + da Ndp (4.A.15)

4

and, as claimed, it has the form written in (4.3.10]) if we identify the flux function a(r) with:
a(r) = —=Q cosf(r) , (4.A.16)

where @) is a constant. Actually, one can check that the worldvolume gauge field F' (4.3.10))
for this unflavored case can be written in terms of the pullback of J as:

F=4I?QJ. (4.A.17)
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We will see below in appendix that the relation between the flux and em-
bedding functions is dictated by supersymmetry when Ny = 0. Notice also that the flux
function at the tip is just @, as in (4.3.14)).

In the DBI+WZ action for D-branes, the worldvolume gauge field F' is always combined
additively with the pullback of B,. It follows that, in this case, the worldvolume flux can
alternatively be thought of as induced by the following NSNS B field:

By = 4QL*J . (4.A.18)

Notice that Bs is a closed two-form, and it has the same form as in the proposed gravity
dual of the ABJ model [61] with gauge group U(N + M), x U(N)_j, where @ is related to
M. Actually, the integer M is determined by the discrete holonomy of B, on the CP! cycle
of the CIP? space, which is inherited from the holonomy of the three-dimensional three-form
potential of the eleven-dimensional supergravity along the torsion cycle of the S7/Z;,. Let us

compute explicitly the integral of the two-form (4.A.18)) along the CP!. In our coordinates
(see [75]) the CP! is obtained by keeping the coordinates of the S* cycle fixed. Therefore,
the pullback of J is just:

1
D1 = 1 sinfdf A dy (4.A.19)

and thus the integral of J along the CP! is:
/ R -\ (4.A.20)
cp!

It follows from (4.A.18)) that:

By, = 4n L*Q . (4.A.21)
CP!

Let us now use our quantization condition (4.3.13) and the identification (4.3.14]) to write
the period of By in terms of k and the quantization integer M. We get:

M
/ By, = (27)* — , (4.A.22)
cp! k

which is the fractional holonomy proposed in [61] for the gravity dual of the U(N + M), x
U(N)_g theory.

The coefficient () can also be fixed by looking at the Page charge ()4 for fractional D2-
branes (D4-branes wrapped on a CP!' two-cycle), which is given by the following integral
over the CP? dual to the CP! where the D4-branes are wrapped:

1
(2m)?

Qi = / i+ By A By (4.A.23)
CPP2

We require that )4 is equal to our quantization integer M, which can then be interpreted
as the number of fractional D2-branes. Taking into account (4.A.18) and that F, = 2k J for
this unflavored case, we get:

kL*Q

7T3 CP2

Qs JAJ . (4.A.24)
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To compute this integral we use the fact that the equation of the CP? cycle in our coordinates
is ¢ =60 = 7/2 (see appendix A in [75]), which implies:

1
JNJ = 16 sin2% sina da Aw' Aw® Aw? . (4.A.25)
Then, it follows that:
/ JNT = 7. (4.A.26)
CP?
Therefore,
k L?
s

and the quantization condition )4 = M coincides with the one obtained in (4.3.13) for
a, = —Q.

4.A.2 Probe brane equation of motion

Let us consider a Dp-brane probe propagating in a background of type II supergravity. Let
gi; denote the components of the induced metric on the worldvolume:

where the X™ are coordinates of the ten-dimensional space and g, is the target space metric
of the background. In what follows m,n, ... will denote indices of the target space, whereas
1,7,... will represent worldvolume indices. Let us denote by M the following matrix:

M=g+F, (4.A.29)

where F' = dA is the worldvolume gauge field. Then, the action of a Dp-brane probe can be
written as:
SDp = Sppr + Swz , (4.A.30)

where the DBI and WZ terms are:

Sppr = _TDp/ AP em?V/—det M, Swz = TDp/ e NC, (4.A.31)
Mpt1 Mypia

with T, being the Dp-brane tension (from now on in this appendix we will take 7, = 1)
and C' = > C, is the sum of RR potentials. In order to write the equations of motion
derived from this action following the analysis of section 2 of [192], let us consider the
inverse M~ = [M"] of the matrix M = [M;;] and let us decompose M ™! in its symmetric
and antisymmetric parts as:

M*'=¢"'"+J7, (4.A.32)

where J = [J%] is the antisymmetric component of M~ and G~! = [G¥] is the inverse open
string metric. Then, the equation of motion of the gauge field component A; is [192]:

2, (e%’ v dethﬂ) = i, (4.A.33)
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where the source current for the gauge field j* is given by:

0Swz

= 4.A.34
1= A (4.A.34)
Moreover, the equation for the scalar field X™ becomes [192):
0, (e-¢ V= det M G 9; X" gnm>
-
v/ —det M (% G710, X" 0; XP gy — € O, ¢> = jm,  (4.A.35)
where the source for the scalar X™ is:
‘ 0Swz
= : 4.A.
Jm = e (4.A.36)

Currents for the D6-brane

Let us write the form of the currents for the case of a D6-brane probe. In this case, the WZ
term of the action is:

N ~ 1 . 1A
SWZ:/ (C7+C5/\F+56’3/\F/\F+601/\F/\F/\F> . (4.A.37)
Mz

Let us perform a general variation of the worldvolume gauge field F — F + d(JA), under
which Sy, varies as:

5Swy = / <é5 + C5AF + %C} /\F/\F) Ad(6A) . (4.A.38)
Mz

In order to compute the current associated to the worldvolume gauge field, we use the fact
that, for any odd-dimensional form O, one has

O ANd(SA) = dONGA — d(O ASA) . (4.A.39)

The total derivative generates a boundary term which vanishes since we are assuming that
A is fixed at the boundary in the variational process[] Taking into account that, with our
notation F; = —dC}, we get:

A . 1 -~
5SWZ:/ <F6—F4/\F+§F2/\F/\F)/\5A. (4.A.40)
Mz
Then, the gauge current along the worldvolume direction ¢ is given by the expression:

) A A 1 - )
jid¢ = <F6 — FyAF + §F2/\F/\F> AdE" (4.A.41)

4Note that, although we have chosen Dirichlet boundary conditions for A here, A can, in fact, have
arbitrary mixed boundary conditions, corresponding to alternative quantization, as discussed in [I89].
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In order to compute the source current j,, for X™, we should vary in the scalars
which enter the pullback of the RR potentials. It turns out that the final expression can
be written in a rather simple form, which we will now spell out. Let V = V™ axim be any
vector field in target space. The interior product of V' with a p-form w is a (p — 1)-form tyw

defined as follows. Let w be:

1
W = = Wy, XA N DX (4.A.42)
p!
Then, tyw is given by:
1 m m My
lyw = (p—l)!v Wiy pempy XA A X (4.A.43)
Let ¢w denote the interior product of w and the vector 9/0X™:
lnW = Lo W . (4.A.44)
BX7VL
Then, the current j,,, corresponding to the scalar X, can be written as:

Jmd € = 1y Fy + 1 Fs ANF — 5mFa NENF + éLmFg/\F/\F/\F , (4.A.45)
where the hat denotes the pullback of the different ¢,,F, to the worldvolume. In (4.A.45)
Iy and Fy are defined as Hodge duals of Iy, and Fj, respectively, i.e., Fx = — x Fy and
F6 = — X F4.

Notice that we have derived the expressions of j* and j,, from the action , where
we have assumed the existence of the RR potentials C,.. In the case of backreacting flavor
some Bianchi identities are violated and, as a consequence, some of the RR potentials do
not exist. However, the currents j* and j,, (and the corresponding equations of motion) only
depend on the RR field strengths and their pullbacks, and then they can be generalized to
the case in which we include the backreaction. This is the point of view we will adopt in
what follows.

The equations of motion for our ansatz

We now write explicitly the equations of motion for the D6-brane with a gauge potential
A as the one written in (4.3.18). We will also assume that the embedding is defined by
the conditions with 6 = 6(r) being a function of r to be determined. The set of
worldvolume coordinates we will employ is:

57/ = (t’ x)y’ r? a? 67 ¢) Y (4'A'46)
where «, 5, and 1 are the angles defined in (4.A.1]) and (4.A.13]). First of all, let us write

the non-zero components of the worldvolume gauge field strength F' corresponding to the
potential (4.3.18)):

F,, = L*E, F.,=1L1*B,

F.. = L*a} , F., = L*d, , F., = La,,

F., = L*d F.p = L*d cosa , F.s = —L*asina , (4.A.47)



4.A. APPENDICES 183

where the prime denotes the derivative with respect to the radial variable. Notice that,
in our ansatz, isotropy in the x — y plane is explicitly broken by the electric field in the
x-direction.

We will start by computing the different components of the currents appearing in (4.A.33))
and . It is straightforward to prove that Fy = 0, and it therefore does not contribute
to j* and j,,. The non-vanishing components of the gauge current j* are:

. kL

Jt = TB sina(n cosfa’ — asinfd')
kLA
jY = TE sina (n cosfa’ — asinfd')
kL* 30
¥ = TS sin (5 g—jZTQCL — n(Bag+ Ea,) cos@) : (4.A.48)

We now work out the current for the three transverse scalars. First we compute the interior
products of Fg with the tangent vectors along the three scalar directions m = 6,60,o. We

find:
(3—2b)(g+n)
B2 — q)
Moreover, the product of Fg with the other two tangent vectors gives a result proportional
to L@ng

Loy = —

L kLS sinar? sin(26) d’¢ . (4.A.49)

Lé/]?’g — —gin? <%) sin(f8 — ) L;F\’g , Lgl?’g — sin 0 sin? (%) cos(fB — 1) LQ/F’g . (4.A.50)

We already mentioned that Fg does not contribute since its pullback is zero. It is also
immediate to check that Fy does not have components along the transverse scalars and will
not contribute to j,,. The contribution of F; to jg is determined by:

1 — kL®
ngFg/\F/\F/\F = sinaa sinf (Bay + Ea,) d'¢, (4.A.51)

while the result for the other scalars are:

s N\NFAFAF = —sin’ (%) sin(B —v) gFs AFAFAF

P ANFAFAF = sinfsin® (%) cos(B— ) s ANEAFAF . (4.A.52)

Notice that the proportionality factors in (4.A.50) and (4.A.52)) are the same. Thus, the

current for the scalar 6 becomes:

LS -2
Jo = —kT sina sin @ <(3 Qb;z);q_j;)n)q r*cosf — a(Baj + Ea;)) : (4.A.53)

Moreover, the other two components of 7, are:

« «

js = —sin? <§> sin(B—v)jo,  js = sinf sin® (§> cos(B—) jo .  (4.A.54)
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Let us now finally write the equations of motion for the different gauge field components
and scalars. We have to compute the different components of the antisymmetric tensor J%,
as well as the elements of the inverse open string metric G¥. This calculation is straightfor-
ward (although rather tedious in some cases) and we limit ourselves to give the final result
for the equations. The equation of A; is:

R Vh@ +bta® , N
O, sin® 0 [B(Bay + Eay) + 1 ag]
20(2—-q) | VA/(B?+rf)h — E?

—B(n cosfad —asingb) =0, (4.A.55)

where A is the quantity defined in (4.3.21)). The equation for A, can be integrated once (a,
is a cyclic variable) to give the following equation for a:

[ L b a2
rth2 sinZGﬂ\/?Bj Z)ZI 2 constant . (4.A.56)
+7r*)h —

The equation for A, is also non-trivial and given by:

q+7] \/E\/m 12 / / 4 /
W —q) | VA 0 [E(Bay + Ea,) —r*ha,]

—E(ncosfa —asingd) = 0. (4.A.57)

It is easy to demonstrate that the equations for A,, A,, and Az are trivially satisfied by our
ansatz. The only non-trivial equation for the gauge field that remains to write is the one
corresponding to A, which is:

VA /(B2 +r4)h — E?
— a
\/ﬁ /q2 1 blg2

22—q)n
+3T2a — m (B Cl6 + ECL;) cosf = 0. <4A58)

TQﬁ\/q2+b4a2\/(Bz+r4)h—E2 ,
O, a
VA

Finally, one can prove that the three equations for the transverse scalars 6, é, and ¢ are the
same, namely:

9/

9 r? sin® 0 vVh \/q? + b* a2 \/(B2 + r1)h — B2
T ﬂ

B \/q2+b4a2 \/(B2+r4)h—E2
VhVA

—(3 —2b) qr® sinfcosf +

[A — b47‘2ha’2] cot

263(2 —
we-a, sinf (Bay + Eal) = 0.  (4.A.59)
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Eq. (4.A.56) allows us to eliminate a),, after which we have four second-order, coupled
differential equations (4.A.55))-(4.A.59) for four radial functions of ay, ay, a, and 6. Solving
this system in general is a quite formidable task. For this reason it is worth to look for
simplifications and partial integrations. Notice that and present some
electric-magnetic symmetry. Actually, by combining these equations one easily finds the

following constant of motion:

4/ h/a? + bt q?
éﬁmf_ j)h - — sin®0 [Eay +hBay] = constant , (4.A.60)
7"‘ J—

which could be used to eliminate ay or a; from the system of equations. Moreover, in the

unflavored case (n = b = ¢ = 1), the last two terms in (4.A.55)) and (4.A.57)) can be combined

to construct the radial derivative of a cos ), which leads to two constants of motion. In this
unflavored case, ay and a, are cyclic variables and can be eliminated.

4.A.3 Kappa symmetry analysis

The kappa symmetry matrix for a Dp-brane in the type ITA theory is given by:

1
dPH(T, = e"AX (4.A.61)
v/ —det(g + F)
where ¢ is the induced metric, (¢ (@ = 0,...,p) are a set of worldvolume coordinates and
X is the polyform matrix:
X = %onn (Tu)7, (4.A.62)

with 9,11 being the (2n 4+ 1)-form whose components are the antisymmetrized products of
the induced Dirac matrices v,:

1
Vent1 = (Qn—w%lmuznﬂ dcrft A« ANdCrE (4.A.63)

In particular, we are interested in the case of a D6-brane with a flux across a (non-compact)
four-cycle. The corresponding kappa symmetry matrix takes the form:

1
—det(g+ F)

1 1
d7CT, = |9 + FAve Ta + 5 FAF Ay + EF/\FAFAy(l)Fll] .

(4.A.64)
Let us now study the conditions imposed by kappa symmetry in the case in which the

embedding is determined by the conditions (4.A.12]), the worldvolume gauge field takes the
form (4.3.18)) with a, = 0, and the background is the zero-temperature supergravity solution
of [75]. We begin by computing the pullbacks of the left-invariant SU(2) one-forms w® of

(4.A.11) in the «, 8, and 1 variables:

wl=a?=0, @ = 2dB (4.A.65)
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whereas those of S* and E' are:

~ ~

SY = da, St=0, S§? = sinasinfds , S* = —sinacosfdf ,

E' = 0dr, E? = sinf (dy + cosadp) . (4.A.66)

The pullbacks of the frame one-forms used in appendix B of [75] are:

L
et = Lrda" & = Zdr, é4:nga,
r
& =0, éGZLg sinasinfdS el = —Lg sinacosfdf
s L, o L
et = 36’ dr , ¢ =< sinf (dy + cosadp) . (4.A.67)
The corresponding induced gamma matrices become:
L
Yo = LrT, . %:—(r3+59’r8), e =¥ 1,
r b b
i L sind
s = L% sin o sin 0 [FG—Cot0F7+ C‘\)/;‘ rg] , Yo = S;n Ty . (4.A.68)

Let us next compute the different contributions on the right-hand side of (4.A.64)). First
of all we notice that:

Ty = dCn, (4.A.69)

where 7, is the antisymmetrized product of all induced gamma matrices, namely:

Ve = VtzyraBy - <4A70)

In terms of flat 10d matrices, v, can be written as:

9/
Vi = 5—3[17’]"2 sin « Sin29 F012 <F3 + %Fg) F4 (F@ — COt9F7) Fg . (4A71)
With our notation, the supersymmetric embeddings are those that satisfy I', ¢ = —e, where

e is a Killing spinor of the background. To implement this relation we impose that e satisfies
the projection corresponding to a D2-brane, i.e.,

F()lgé = —€. (4A72)

We also impose that e satisfies the generic projections found in appendix B of [75] for a
generic ABJM-like geometry (Eqs. (B.4) and (B.14) in [75]):

F47E = F56€ = FggE, F3458€ = —€. (4A73)
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From these projections it follows that:

[zse0€ = —Lgarge = €, [3479 € = T'gagoe = —T'sge€ . (4.A.74)
Using (4.A.72)) and (4.A.73), 7. € reduces to:
0’ o'
Vo € = —%L7r2 sina sin?6 |1 + % cotf + <cot9 — %) F38:| €. (4.A.75)

From the condition that 7, acts diagonally on € (i.e., . acts on € as a matrix proportional
to the unit matrix), we get the following equation for the embedding angle:

rf" = bcoth . (4.A.76)
Moreover, when (4.A.76]) and the projections (4.A.72) and (4.A.73) hold, (7 acts on € as:
Y7y € = —d7Cb%L7 r? sinae . (4.A.77)

Let us now study the terms in (4.A.64]) that are linear in the worldvolume gauge field F'.
Let us write these terms as:

FAysn = d'¢[DI 4 TM" ] (4.A.78)

where I'/""* contains the contributions of the components of F' along the internal directions
and I'M™ ig the contribution of the components of F with legs along the Minkowski spacetime.
It is readily verified that:

/e — f)/tzyrll |:'7QBFMD = Yo FTB + VmeOéB} : <4A79>

The antisymmetric products of induced gamma matrices appearing on (4.A.79) can be
straightforwardly computed from (4.A.68]):

Yo = b%L2 sin o sin 6 [F46 — cot6I'y; +

cot o

Vi

F49:| )

’)/a¢ = g[ﬁ Sin9F49 Y

Y = %2 sin 0 [ng n %elrgg] , (4.A.80)
On the other hand, I'M™ is given by:
rMin — 12 (Evyr — ayYey + B — a, m) Vapy T11 - (4.A.81)
The products of the induced Dirac matrices needed to compute '™ are:
’Yyr:LQ [F23+%9/F28] ) ’Ya:y:LQTQFH,
Yor = L? [Fozz + %9/ Fos] ) Yo = L*r?*Top

Yapy = L3% sinozsin2 0 <F469 - COt6F479> . (4A82)
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A quick inspection of the different terms appearing in I'/"*#¢ and I'™"™¢ reveals that, after

using the projections (4.A.72) and (4.A.73)), all terms contain products of I' matrices and

there are no terms containing the unit matrix. Therefore, to implement the condition I', € =

—e we should require that I'/#¢ = T'Mine — (0. By combining (4.A.79)) and (4.A.80]) we find
that the product of I'’s contained in '/ ¢ is:

1 sina sinf /q a
7 (100 Fro = s B 3w P | € = =25 (a4 D) T
- (qeos0a’ + sin09'a) Tz (4.A.83)

After using the equation (4.A.76) satisfied by the angle 6(r), we find that I'/"%¢ = 0 if the
flux function a(r) satisfies the following first-order equation:

K _ % (4.A.84)

a qr

When E = B = 0 and a; = a;, = 0, Egs. (4.A.76) and (4.A.84) guarantee that the embedding
preserves two of the four supersymmetries of the background. If this is not the case, we should

continue analyzing the remaining terms in I',. From (4.A.81)) and (4.A.82) we get:

1 ,
I Mine  — b%’ sin o sin’ @ [E <F23 + %9/ FQB) + B (Fog + % o’ F08> —r? ag g — r? a; Loy

X (F469 — cotd F479) INER <4A85)

After using the projections (4.A.73|) we can write the action of ' on the Killing spinor €
as:

1 .
ﬁFMme = Z%sina sin? 6

0’ o
(EF2 + BFO) |:1 + % cot d + <C0t9 — %) Fgg} 'y

+ (CZIO PQ — CL;J F0> 7“2 (1 -+ cot 0 Fgg) F13 FH ] €. <4A86)

Using the BPS equation for 6 (4.A.76)), we can rewrite this last expression as:

1 )
—FMm € = i sin av [(EFQ + BF())FH + (CLZ)FQ — a;ro)T2 sin2 (9(]_ + cot 0 Fgg) Flgfn} € .

L7 b3
(4.A.87)
To ensure that I'™™ ¢ = 0 we first impose one of the following two extra projections on €:
FQQE = *e. (4A88)

Notice that the conditions (4.A.88)) are compatible with the projections (4.A.72) and (4.A.73)
that we have imposed so far. We get

1 )
ﬁFMln € = l%sinoz [(E + B)FQFH + (CL6 + (l;)?"2 SiIl2 0(1 + cot Hrgg) Fglgru} €, (4A89)
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and we have that TM" e = 0 if E, B, aj, and a; satisfy the following conditions:
E = £B, ay = Fa, . (4.A.90)

The two signs correspond to the two projections in (4.A.88) (in section we have chosen
the upper signs). Therefore, after imposing these conditions, we have

F ANy € = 0. (4.A.91)

Notice that the extra projection (4.A.88]) is only needed if the worldvolume gauge field has
components along the Minkowski directions. Furthermore, one can check that the BPS equa-

tions (4.A.76)), (4.A.84), and (4.A.90)) and the projections (4.A.72)), (4.A.73)), and (4.A.88))

imply that the remaning terms in I'; act on € as:

1 bL"
§F/\F/\’7(3)6 = —d"( —r*a®sinae,
q
1
It follows that:
d7C bL" q2 ]
d"(Th€ps = — —det(g + F)|pps 4 r’ (ﬁ + a2> sin €|, (4.A.93)

and one can verify by computing the DBI determinant for the BPS configuration that, indeed,

L'y €lgps — ~ClBps-

4.A.4 Fluctuations

To find the equations satisfied by the fluctuations at first order, we just compute the variation
of the gauge field equations (4.A.33). One can check that the variation of det M is zero at
first order and, as a consequence, the equations for the fluctuations are:

0; (e 0 V=det M s7") = 55" . (4.A.94)

We will restrict our attention to the case in which the only non-zero components of §A are
those along the Minkowski directions,

A = ¢, (a”,r)da” . (4.A.95)

Notice that in (4.A.95)) we are assuming that the ¢,’s do not depend on the internal angles.
It is then easy to verify that, when the index ¢ corresponds to one of those internal directions,

the equation of motion (4.A.94) is satisfied automatically by the ansatz (4.A.95)). Moreover,
when ¢ = r this equation reduces to the following Lorentz condition:

- 80 co + 6101 + 8262 =0. (4A96)
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Finally, when i = p =0, 1,2, Eq. (4.A.94) becomes:

.9
éar ( r?sin® 0 \/q? + bia? )&c")
q

Vb2sin? 0 + r2(b* a2 + sin® 6 6’2

1 /a2 - bia2
—l-@ % \/b2 sin? 0 + r2(b*a’2 + sin® 0 6'2) 879,

—|—2—b2ﬂ (ncosfd — asinff’) e’ docs = 0 (4.A.97)
q n+gq * ’

01

where ¢ = n* ¢, and, in our conventions, €"12 = 1. To solve these equations, let us separate

variables in ¢, (z",r) as:
(e 7) = &€ RG), (u=0,1,2), (4.A.98)

where ¢, is a constant polarization vector. It follows immediately from (4.A.96|) that this
vector satisfies the transversality condition (4.7.97)).
In order to write the fluctuation equation for the radial function R in a compact form,

let us define the differential operator O, which acts on any function of the radial coordinate
R(r) as:

2 i 2 L A2
OREQG resin“ 60 +/q¢* + b*a

) o R
q Vb2sin? 0 +r2(bia? + sin?06'2)

2 2 b4 2
+’;‘—q —V‘-’j“ VB sin® 0 4 1251 a 4 sin’00'2) R, (4.A.99)

where m is the mass of the dual meson (see (4.7.98))). We also define the function A(r) as:

222 —¢q
Alr) = ———=(ncosfa — asinfd’) . 4.A.100
n =222, ) (44100

Then, the fluctuation equation can be written as:
EPOR + ie"P k&g AR = 0 . (4.A.101)

Moreover, by substituting the values of the functions 0(r) and a(r) which correspond to

a SUSY embedding (4.6.76)) and (4.6.77)), we can greatly simplify the operator O and the
function A. We get:

m2

OR = 0, [7“2_%(7“21’ _ rfb)&, R] + 36D

(7,2(2—17) +(2- b)2 b2 Q2 Tz(2—b)> R,

2

A=2b(2—-b)(4—3b)Q % . (4.A.102)

The three equations in (4.A.101)) are coupled to each other. Let us see how they can be
decoupled and reduced to a single ordinary differential equation. First of all, without loss of
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generality we pick the Minkowski momentum as k* = (w, k,0) with the meson mass being
m = vw? — k2. The transverse polarization has been written in (4.7.100)) in terms of two
unknown constants §; and &. For this parametrization of £, one can show that the equations
for y =0and g =1 in are equivalent and that the remaining two equations are
just:

E§OR + iwE&AR = 0,

k2
&EOR — w [1 — —2} &AR =0. (4.A.103)
w
To decouple these equations, let us consider the complex combinations x4 defined in (4.7.101}).
Then, one can straightforwardly show that the system (4.A.101]) can be reduced to the equa-
tions:

X+ <0R+mAR> =0, X— (OR—mAR) =0. (4.A.104)

Obviously, x+ can be eliminated from (4.A.104]) when they are non-vanishing and the system
can be reduced to two ordinary differential equations for the radial functions R, which can
be written as:

m2

0, [P0 — )0 Re] + | s

(T2(2—b) +(2- b)Q b2 Q> Tf(2—b)> + mA(r)} R =0.
(4.A.105)

To find the mass spectrum we must compute the values of m leading to a normalizable solu-
tion. This can be done numerically by the shooting technique. We present these numerical

results for the two types of modes in Figs. and [4.2]

WKB mass spectrum

When the mass m is large we can neglect the term containing the function A in the fluctuation
equation (4.A.105)), and we can estimate the mass levels by using the WKB method developed
in [154]. Indeed, let us consider a differential equation of the form

O (f(r)o,R) + m*h(r)R =0, (4.A.106)

where m is the mass parameter and f(r) and h(r) are two arbitrary functions that are
independent of m. We will assume that near r = r, and r =~ oo these functions behave as:

[~ filr—r)™, h = hi(r—r,)%, asr — 1y,

f=for™, ha hyr™ | as r — oo , (4.A.107)

where f;, h;, s;, and r; are constants. Then, the mass levels for large quantum number n can
be approximately written in terms of these constants as [154]:

2

-1 —1
m%VKB:%mH)(H o, I '), (1>0),  (4A108)

82—81+2 7“1—7”2—2
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m,

6 2 4 6 8 10

Figure 4.2: Meson masses in the unquenched background as a function of the flavor defor-
mation parameter ¢ for VAM/N = 1 and two values of the excitation integer: n = 0 (left)
and n = 3 (right). The upper blue (lower black) curve corresponds to the mode x_ (x4 ).
The intermediate red curve is the average of the two curves and the dashed black curve is

the WKB estimate (4.A.113]).
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_ [T M)
¢ = / d ) (4.A.109)

In our case f and h are the functions:

Fr) = 1 — )

where ¢ is the following integral:

1 _ _
W) = g (2570 + 2 - B2 Q2200 (4.A.110)

The behavior of these functions at » = r, is characterized by the following values of the

coefficients and exponents defined in (4.A.107)):
f1:2br*7 81:17

1+ (2-0)%0%Q*
h1 = +< 2) Q y So — 0. (4A111)
T

Similarly, for the behavior at large r we obtain:

f2=1, =2,
hy =1, ry = —2 . (4.A.112)
Therefore, the WKB mass spectrum is:
7r
mwkg = ————1/(n+1)(2n+1), (4.A.113)
V2¢(0,Q)

where £(b, Q) is the following integral:
1 [® dz /222D + (2-0)212Q2
r. J,  22e0) N '

By expanding in series the square root in the numerator and integrating term by term, we
can express £(b, Q) as the following series:

£0,Q) = (4.A.114)

S peomar ) TEED

£(0,Q)
467"* par p! F<1+2;;(bz—b) i %>

Some particular values of the integral (b, Q) are:

§b=1,Q) =

£0,Q=0) = VT h : (4.A.116)
Ty F(
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Interestingly, for b = 1 and @ = 0 (the unflavored model without internal flux) the WKB
formula for the mass levels is exact. Moreover, for large ) we can approximate £(b, Q) as:

2-nbQ [~ d /7@ - o (%)
§0.Q) ~ /1 gy Sl r(é) . (4A117)
2b

It follows that, for fixed quantum number n, the WKB mass levels for large () decrease as
1/@Q according to the equation:

Vn+1)2n+1) . (4.A.118)

In Fig. M we compare the WKB estimates using (4.A.113)) and the numerical results. The
WKB method, however, is not valid at large values of @), as it falls off the validity regime of
[154]. Our numerical studies verified this expectation.



Chapter 5

Quantum phase transitions in the
ABJM model

5.1 Introduction

Quantum phase transitions are transitions that happen at zero temperature and that are
induced by quantum fluctuations. They occur when some control parameters are varied and
tuned to critical values, at which the ground state of the system undergoes a macroscopic
rearrangement and the energy levels develop a non-analytic behavior on these parameters.
Although, the quantum phase transitions occur at zero temperature, they determine the
behavior of the system at low temperature in the so-called quantum critical regime, which
is a region of the phase diagram surrounding the quantum critical point (see, for example
[193] [194] for reviews).

Strong coupling is a natal environment, where one expects quantum phase transitions.
Therefore, a natural question is whether holography could be useful to search and character-
ize new types of quantum critical matter. Indeed, it is extremely important to develop new
theoretical models which could shed light on the nature of quantum criticality and could
serve to establish new paradigms to describe these phenomena.

In the recent years different holographic models displaying quantum phase transitions
have been studied in the literature (see, for example [195 196, 197, 198, 199, 200, 20T,
202]). We are especially interested in top-down models, for which the field theory dual is
clearly identified. In particular, we will deal with probe flavor D-branes in a gravitational
background, that corresponds, in the field theory side, to adding fields on the fundamental
representation of the gauge group which act as charge carriers. When N flavor D-branes
are added to a geometry generated by N, color branes with Ny < N, we can use the probe
approximation and neglect the backreaction of the flavor branes on the geometry. This
precludes the fundamentals being dynamical and they are treated as quenched in the field
theory.

The worldvolume dynamics of the flavor branes is governed by an action which has
two pieces. The first one is the standard Dirac-Born-Infeld (DBI) action, which contains
a gauge field. The other one is the Wess-Zumino (WZ) action which couples the brane to
the Ramond-Ramond potentials of the background. The effects from the latter typically

195
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lead to far reaching consequences. In this probe brane setup it is rather simple to generate
a configuration dual to a compressible state with non-zero charge density [203, 204, 205,
200, 207]. Indeed, the charge density is dual to a radial electric field on the worldvolume.
When the density is non-vanishing all consistent embeddings reach the horizon, i.e. are black
hole embeddings, whereas at zero density there could also be Minkowski embeddings which
always stay outside the horizonE] It was shown in [195] for the D3-D7 and D3-D5 systems
that a quantum phase transition takes place at zero temperature at the point where the
charge density vanishes, which corresponds to the chemical potential being equal to the
quark mass. This phase transition is of second order and is realized in the holographic
dual as a topology change of the embedding (from the black hole to Minkowski). In [208§]
the critical exponents of the transition were found, corresponding to a non-relativistic scale
invariant field theory with hyperscaling violation. These results were generalized in [209] to
generic Dp-D(p + 4) and Dp-D(p + 2) intersections.

The aim of this chapter is to study the quantum phase transitions of brane probes in
the gravity dual of the ABJM Chern-Simons matter theory, especially in the Veneziano
limit. Recall that the ABJM theory (explained in detail in section isan U(N)x U(N)
Chern-Simons gauge theory in 2+ 1 dimensions with levels (k, —k) and bifundamental fields
transforming in the (N, N) and (N, N) representations of the gauge group. When N and
k are large the theory admits a supergravity description in the ten-dimensional type IIA
theory. The corresponding geometry is of the form AdS, x CP? with fluxes.

The flavors in the ABJM theory are fields transforming in the fundamental represen-
tations (N,1) and (1, N) of the gauge group. In the holographic dual these flavors are
introduced by means of D6-branes extended in AdSy and wrapping an RP? cycle inside the
CP? internal manifold. In the probe approximation these holographic quarks have been
reviewed in section . Moreover, by using the smearing technique (reviewed in section
, when Ny is large, one can obtain simple analytic geometries encoding the effects of
dynamical quarks in holography. The geometry generated by the backreaction of massless
flavors in ABJM has been obtained in [75] at zero temperature and generalized in [130]
to non-vanishing temperature. A detailed review on this solution was given in section [4.2]
together with some details in appendix The backreaction affects the ABJM geometry
rather mildly since the metric differs from the unflavored one by constant squashing factors
which depend on N;. For massive quarks this construction was carried out in chapter .

In this chapter we probe the ABJM background (with and without massless dynamical
quarks included) with a flavor D6-brane corresponding to a massive quark. We study the
dynamics of this probe at zero temperature and non-vanishing charge density. This dynamics
is governed by the DBI action, with the WZ term playing a fundamental role. We are inter-
ested in the phase structure of the system as the charge density is varied and, in particular,
in analyzing the phase transition that occurs when the charge density is small.

The D6-brane embedding ansatz is a particular case of the one studied in section [4.3]
Consequently, the equations of motion obtained in this chapter are a particular case of the
ones of section [4.3] In chapter [] we only solve the equations for a concrete case. In this
chapter, we solve the equations of motion for a different particular case.

We first study the probe in the unflavored ABJM background. Working at zero tem-

LSuitable WZ terms would allow regular Minkowski embeddings even at non-zero charge density [161 162].
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perature, we find a continuous quantum phase transition at the point where the charge
density vanishes. This transition is similar to the one that happens in the Dp-Dq systems in
[208, 209] and corresponds to passing from a black hole to a Minkowski embedding. How-
ever, the scaling behavior of the probe near the critical point differs from the ones found in
[208, 209]. Indeed, we find that the corresponding critical exponents are different and, in
addition, our system displays multiplicative logarithmic corrections to the scaling behavior.

Mg
1.04
2" order
1.02 -
/ 1%t order

1002 _
0o  ~~a_ / Black Hole Phase
ossf  TTm=—al__
0sal T ——e
0oah Minkowski Phase

1 1 1 1 1 J 2
0.90 0.5 1.0 15 2.0 25 3.0 E

Figure 5.1: The phase diagram of the unquenched ABJM model at zero temperature sep-
arates two different domains. At high enough chemical potential to quark mass ratios, the
system is in the so-called black hole phase, which corresponds to a metallic behavior. The
lower domain stands for Minkowski phase, where the system is gapped to charged excita-
tions and resembles an insulating phase. The two domains are separated by a curve of first
order phase transitions, whose location depends on the amount of flavor in the background
€ o< Ny (see (3.6.80)) for a given chemical potential. The curve ends at the second order crit-
ical point in the quenched limit Ny — 0. Interestingly, the corresponding critical exponents
characterizing the continuous phase transition exhibit multiplicative logarithmic corrections.

We also study the effects due to the presence of unquenched dynamical quarks in the
background. In general, the inclusion of the flavor backreaction in holography is quite chal-
lenging. However, in the ABJM model the deformation of the geometry due to massless
flavors seems quite mild and this gives us a unique opportunity to explore the different flavor
effects. What we found below is that the influence on the phase transition of the unquenched
case is not so moderate as their effects of the geometry could suggest. Indeed, we show below
that the flavored black hole to Minkowski phase transition occurs at non-zero density and,
moreover, it is of first order. We have been able to compute several quantities characterizing
this discontinuous transition, such as its latent heat and the speed of sound close to the
transition point.

The rest of this chapter is organized as follows. In section we study the embeddings
of flavor D6-branes in the unquenched massless flavored ABJM background, both at zero
and non-zero temperature. Section is devoted to the analysis of the zero temperature
thermodynamics and to explore the quantum phase transitions in the unflavored and flavored
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cases. In section we determine the charge susceptibility and diffusion constants at non-
zero temperature. In section we analyze the fluctuations of the probe and, in particular,
we calculate the speed of its zero sound mode. In section we summarize our results and
discuss possible future research directions. The chapter is completed with appendix in
which we carry out in detail the analysis of the fluctuations of the D6-brane.

5.2 Probes on the flavored ABJM

We are interested in analyzing the behavior of a flavor D6-brane probe in the background
described in section of chapter [4] (for details see also appendix [4.A)). This flavor brane
is extended along the AdS, coordinates (x*,r) and wraps a compact three-dimensional sub-
manifold of the internal space. Let us recall the expression of the induced metric on
the worldvolume of the flavor D6-brane:

LQ

12 [h(r) di2 4 da? + dg?] + — (= + 200 g2
J r2 \ h(r) b2

1
+b—2 [qdoz2 + g sin® adf? +sin® 0 (dyp + cosadf)? ] : (5.2.1)

where «, 3, and v are angles taking values in the range 0 < o < 7, 0 < 5,9 < 27, and
0 = 0(r) is an angle which determines the profile of the probe brane. We want to deal with
a system with non-zero baryonic charge density. Therefore, we should have a non-zero value
of the tr component of the worldvolume gauge field strength F' = dA. Accordingly, we will
adopt the following ansatz:

0 =0(r), A = L* Ay(r)dt . (5.2.2)
Recall that the D6-brane probe is governed by the standard DBI+W?Z action:
S = SDBI IR SWZ 5 (523)

where Spp; and Sy -z are given by:

SDBI = _TD6/ d7Ce*¢\/—det(g+F),
M7y

A A 1 . 1.
Swz = TDG/ (C7+O5/\F+§(13/\FAF+gclAFAF/\F). (5.2.4)
Mz

In g is the induced metric on the worldvolume and the C'p’s are the pullbacks of
the different RR potentials of the background. In the flavored ABJM background dFy # 0
and, therefore, the RR potential C is not well-defined. In this unquenched case one should
work directly with the equations of motion of the probe derived from S, which contain the
RR field strengths F}, and do not contain the potentials (see appendix . Nevertheless,
to determine the embedding corresponding to the ansatz , only the term with C7 in
is relevant (the explicit expression of C7 can be found in 75, [136]).
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We will use the following system of worldvolume coordinates (* = (z*,r, «, 5,1). After
integrating over the internal coordinates, we can write the action in the form:

S = /d3xdr£ : (5.2.5)

where £ is the lagrangian density of the probe, given by:

L= -Nr?sing [\/b2(1 — AP) 12 R0~ bsing — v cos00] (5.2.6)

Here and in the following, the prime denotes differentiation with respect to r. In (5.2.6) N
is a constant given by:

812 L7 Tpg e~
N = m g

Notice that the ansatz [5.2.2]is a particular case of the ansatz for the embedding of the
D6-brane considered in section of chapter [i] for E = B = a,(r) = a,(r) = a(r) = 0.
Consequently, the equations of motion obtained from the lagrangian [5.2.6| are a particular
case of the equations of motion in section 4.3

In the lagrangian the variable A; is cyclic and its equation of motion can be
integrated once as:

(5.2.7)

A/
r? sin @ t = (5.2.8)
Vi AR+ 5

where d is a constant, which is proportional to the charge density. This equation can be

inverted to give:
4 - AVEEERTE
d? + rtsin® g
According to the standard AdS/CFT dictionary the chemical potential y is identified with
the value of A; at the UV:

(5.2.9)

p = A(r = o0) . (5.2.10)

For a black hole embedding one can write an expression for A; as an integral over the radial
variable 7. Indeed, in this case we integrate (5.2.9) with the condition A;(r = r,) = 0,

namely:
d [T VEEL2hoe
Ar) = & l dr (5.2.11)
d? + 7 sin® 0
Then, it follows that the chemical potential u for a black hole embedding is:
o0 m
P PR g (5.2.12)
b /), d? + rtsin? 6
Let us now write the equation of motion for 6(r):
4 h sin @ 2
0, [ Lo 9’] — by cose[(:s—zb)sme + b\/l —A;2+Z—2h9’2] ~0.
V1- A2+ 2 e

(5.2.13)
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Using ((5.2.9) to eliminate A}, we can rewrite ([5.2.13)) as:

2\/W
0| — r?cosOsing [3—2b+ rr =0. (5214)
Vd? + rtsin® 0

d? + rtsin’ @

o,

Eq. must be solved numerically, except in the case of vanishing temperature and
density, where an analytic supersymmetric solution is available [75]. All solutions of
reach the UV with an angle which approaches asymptotically the value § = 7/2. Actually,
for large r the deviation of # with respect to this asymptotic value can be represented as:

T m c

where b is the constant (depending of the flavor deformation parameter €) defined in ((3.3.48))
and m and c are constants related to the quark mass and the condensate, respectively. The
precise holographic dictionary for our probes has been worked out in [I36]. For our purposes
it is sufficient to recall that the physical quark mass m, is proportional to m#. This non-
trivial exponent is related to the anomalous mass dimension ,, = b — 1, which enters in the
(holographic) Callan-Zymanzik equation [164].

D6 D6 D6

Figure 5.2: We sketch the three possible embeddings available in the model at non-zero chem-
ical potentials at non-vanishing mass parameter at zero temperature. The left-most profile
corresponds to Minkowski embeddings, where the D6-brane does not enter the Poincaré
horizon, displayed as the black dot. The middle profile corresponds to that of a black hole
embedding penetrating the horizon, while the right-most profile stands for D6-anti-D6-brane
embeddings. This figure is adapted from the one in [195], in the context of a D3-D7 model,
where a clean flat space interpretation can be given.

The different solutions of are obtained by imposing suitable boundary conditions
at the IR. We will study them in the next two subsections, starting with the embeddings at
zero temperature. There are three different kinds of embeddings, sketched in Fig. 5.2 They
are introduced one-by-one in the following subsection.
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R

251

% 1 2 3 4 5 s P
Figure 5.3: We depict the profiles of the three possible types of embeddings in the (p, R)
coordinates defined in (5.2.18)) at zero temperature. The top-most curve corresponds to the
Minkowski embedding, while the middle curve entering in the Poincaré horizon corresponds

to the black hole embedding. The bottom curve stands for one of branches of the brane-
antibrane embeddings.

D6 D6 D6

Figure 5.4: hola

5.2.1 Embeddings at zero temperature

Let us now consider eq. for T = 0 (i.e. for h = 1). One can verify by numerical
integration that admits a family of solutions in which the embeddings reach the
origin 7 = 0 at any given value of 6y = 0(r = 0), quantities which we shall denote as initial
angles. These solutions are called black hole embeddings as they are continuously connected
with their 7" # 0 counterparts. Actually, one can solve for h = 1 in a power series
expansion near r = 0 as:

sin 0 cos Oy
—_—

0(r) = + b(3 — 2b) =

(5.2.16)
These solutions can be found numerically by imposing the initial conditions 6(r = 0) = 6
and 0'(r = 0) = 0. The mass parameter m of the embedding (determined by the value of
rbcos@ at r — oo) is related to the initial angle #y. Given the embedding, the chemical
potential can be obtained by evaluating the integral (5.2.12). When 6, — 7/2 the mass
approaches zero. In fact, the whole embedding becomes trivial with constant angle. When
6y — 0, on the other hand, the embedding becomes increasingly spiky and the corresponding
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chemical potential approaches the value:

lm g = mb . (5.2.17)

6o—0

075 110 175 2{0d

Figure 5.5: We plot the chemical potential p as a function of the density d for fixed quark
mass. The continuous black curve corresponds to the unflavored case (b = 1), the dashed
curve is for b = 1.1, while the dotted curve is for b = 1.25 (corresponding to ¢ — 00). All
curves are for m = 1. The continuous red curve corresponds to the conformal D3-D5 system
with massless quarks, for which p = v d2, with v = ﬁ% ['(1/4)2.

We have verified numerically. This result can also be easily demonstrated ana-
lytically as follows. Let us first introduce the Cartesian-like coordinates (p, R), related to
(0,r) as:

R =1’ cosf , p = r’sind . (5.2.18)

In these coordinates the black hole embeddings start in the IR at the origin R = p = 0
with a certain angle 6, with respect to the R-axis and they end at the UV at R = m with
p — oo (see Fig. . If the initial angle €y is very small, the embeddings are very spiky
and approach the maximal value R = m very fast for very small values of the coordinate p.
Instead of parameterizing the embedding as 6 = 6(r), it is more convenient in this situation
to represent it as p = p(R). It is then straightforward to demonstrate that u is given by the

integral:
" 1+ (35)

§= %/ an dR . (5.2.19)
0 \/dz(p2+R2)1*% +p2(p2+R2)%

For 6y — 0 the coordinate p is very close to zero except when R ~ m and we can approximate
the integral (5.2.19) by taking p ~ 0 in the integrand. We get:

o=

L™ .
pE / Rv"' dR = mb | (5.2.20)
0

in agreement with (5.2.17)). For a fixed value of the mass parameter m, the limiting value
(5.2.17)) corresponds to sending d — 0. Actually, the dependence of 1 on d for fixed m can
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be obtained numerically by performing the integral . The result is shown in Fig. ,
where we notice an important difference between the unflavored and flavored cases. Indeed,
when Ny = 0 the chemical potential ;2 grows monotonically with d, starting from its minimal
value p = m at d = 0. When d is large the chemical potential grows as p o d%, which is
the behavior expected in a conformal theory in 2+1 dimensions. On the contrary, when
the backreaction of the flavors is added, p decreases for small values of d until it reaches
a minimum at a non-zero value of d and then it grows and converges eventually to the
unflavored case. The presence of minimum in the p = p(d) curve means that the charge
susceptibility x = 0d/0u diverges at d # 0, signaling a discontinuous phase transition at a
non-zero density. We will confirm this fact below.

The black hole embeddings considered above are not the only possible ones. Indeed, there
are also two other configurations in which the brane does not reach the r = 0 origin. The
so-called brane-antibrane embeddings are characterized by the initial boundary conditions:

b(ro) = 5 . 0'(ro) = oo, (5.2.21)
where r( is the minimal value of r. In terms of the (p, R) variables the brane is orthogonal to
the p-axis in the IR (at p = py = rJ, R = 0) and becomes parallel to the p-axis as p becomes
large (see Fig. [5.3). Notice that dR/dp diverges at p = pp, which indicates that the brane
has a turn-around point where the brane jumps to a second branch.

A third class of configurations are the so-called Minkowski embeddings, in which the
brane reaches the R-axis at some non-zero value of R, as shown in Fig. Due to charge
conservation these embeddings are only consistent if the density d is zero. When this is the
case there are analytic solutions which preserve some amount of supersymmetry [75]. In
terms of the (r,6) variables, these embedding are:

m

cosf(r) = il

(d=0). (5.2.22)

1

Equivalently R = m. Notice that in this case the minimal value of r is 7o = m#%. Moreover,
when d vanishes it follows from that A, = 0 and, therefore, the gauge field A; is
an arbitrary constant, which equals the chemical potential p. Thus, the SUSY embeddings
(5.2.22)) correspond to d = 0, with p being a free parameter.

Notice that, in this zero temperature case, the mass parameter m can be scaled out by a
suitable change of the radial variable followed by some redefinitions. Indeed, from (}5.2.15))
we conclude that m can be taken to be one if one changes variables from r to 7 = r/ms%.
Then, it follows from ([5.2.12)) that m can be eliminated from this last equatlon if d and Iz
are written in terms of the rescaled quantities d and ji ii, defined as d=d / ms and fi o=/ ms.

In section we will determine which of these three types of embeddings at zero tem-
perature is thermodynamically favored. We will carry out this analysis by comparing their
thermodynamic potentials €2 in the grand canonical ensemble.

5.2.2 Embeddings at finite temperature

As will become clear later, we need to extend some of our analysis to small and non-zero
temperature. All three types of embeddings, as discussed in the preceding section, extend
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continuously to T" # 0. However, as our main motivation in this work are the quantum
critical phenomena, we will restrict our attention in the black hole phase. Let us thus only
consider the black hole embeddings at non-zero temperature. These embeddings reach the
horizon r = r;, with some angle § = 6,. Near r = 1, we can solve ([5.2.14]) in powers of r — 1.
The first two terms in this expansion are:

O(r) = 6 + 61 (r —rp) + -+, (5.2.23)

where the constant 6, is given by:

cosfy sinfy [bry + (3 —2b) \/d? + 1} sin® 6]
0, = b . 5.2.24
! 3(d? + i} sin® ) h ( )

To get the full f(r) function we need to integrate numerically with the initial con-
dition at r = r, given by . Notice that depends explicitly on 7, through
the blackening factor h. It turns out that the horizon radius r; can be scaled out by an
appropriate change of variables followed by a redefinition of the density d. Indeed, let us
define the reduced variable 7 and density d as:

N r &
r=—, d =

0.2.25
- (52.25)

gw| S

Then, it is readily verified that the embedding equation in terms of 7 is just (5.2.14) with
r, = 1 and d substituted by d. Other quantities can be similarly rescaled. Indeed, let us
define fi and m as:

s p o= — (5.2.26)

T rb

It is straightforward to find an expression of f in terms of the rescaled quantities:

A ~ N 2

d [ \/b>+ 72 h(r d—ﬁ

ﬂ:_/ % : O, (5.2.27)
b Ji VvV d? + 7 sin? 6

Notice also that the ratio mb /ft does not depend on 7,:

S
o=

mee_m (5.2.28)

[t It

5.3 Zero temperature thermodynamics

The zero-temperature grand canonical potential €2 is given by minus the on-shell action of
the probe brane:
Q= _Son—shell . (5329)

Notice that, as pointed out in [136], the on-shell action of our ABJM system is finite and
does not need to be regulated. Indeed, the WZ term of the action serves as a regulator of
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the DBI term, giving rise to consistent thermodynamics. The explicit expression of €2 at
zero temperature is given by:

b= N/OO 72 sin 0 r?sin 0 V02 4 12 67

Other thermodynamic properties at 7" = 0 can be obtained from (5.3.30f). For example, the
pressure P is just:

— bsin® — rcosf8 |dr . (5.3.30)

P=-Q. (5.3.31)

Moreover, we can evaluate €2 for the different embeddings and determine the one that is
favored at different values of the chemical potential. One can verify by plugging
in that 2 = 0 for the SUSY embeddings which have zero density d and
arbitrary p. In the case of the black hole embeddings the situation varies greatly when
the backreaction is included. Indeed, for the unflavored background with b = 1 the grand
canonical potential of the black hole embeddings is always negative and grows monotonically
as 1 decreases towards its minimal value p \, m, where 2 = 0 and d = 0 (see Fig. , left).
On the contrary, in the flavored backgrounds with b > 1, the grand canonical potential is
negative for large values of p and vanishes for some u = . which corresponds to a non-
zero density d = d,. (see Fig. right). From this point on, {2 > 0, reaching a maximum
positive value, which corresponds to the minimum value of the chemical potential u. It is
at this point where the black hole embedding ceases to exist as it annihilates with another
(unstable) black hole embedding. This latter black hole branch is the one which connects
with the Minkowski embeddings at larger mu, i.e. until the grand potential reaches the
value €2 = 0 when y = m# and d = 0. The grand canonical potential for the brane-antibrane
embeddings is always non-negative and decreases monotonically as p grows (p < ms for
these embeddings). This structure in the (u, ) plane is the well-known swallow-tail shape,
typical of first-order phase transitions.

Q
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Figure 5.6: We plot the grand canonical potential €2 as a function of the chemical potential
 for the unflavored (left) and flavored (right) models. The black (red) curve corresponds to
the black hole (brane-antibrane) embedding. The supersymmetric Minkowski embeddings
Q(p) = 0 we have represented with a blue curve on the horizontal axis. The curves for the
flavored model on the right have been obtained for b = 1.25. All curves are with m = 1.

From the numerical results displayed in Fig. it is clear that the black hole embeddings
are thermodynamically preferred for values of p such that their grand canonical potential
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Qpp, is negative. Moreover, when g is such that €, > 0, the Minkowski embeddings (with
d = Q = 0) are preferred. Notice also that the brane-antibrane configurations are always
thermodynamically disfavored. Therefore, at u = p. such that Qu,(p.) = 0 there is a
black hole-Minkowski embedding phase transition. In Fig. [5.6] we see that the nature of
this quantum phase transition for the unflavored model is very different from that of the
backreacted background. Indeed, in the quenched unflavored case we have a continuous
second order phase transition in which the density d vanishes in both phases at the transition
point p. = m. In section we will study in detail this quantum critical point and we
will characterize the scaling of the different physical quantities near the transition.

In the unquenched flavored model the phase transition at u = pu. is discontinuous since
d jumps from a non-zero value in the black hole phase to d = 0 in the Minkowski phase.
Therefore, we have a first-order phase transition, for which we will determine the latent heat
and other quantities in section |5.3.2]

€
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Figure 5.7: We depict the internal energy e as a function of the chemical potential p for the
unflavored model (continuous curve) and for the flavored model with b = 1.1 (dashed curve)
and b = 1.25 (dotted curve). In all the cases we have used m = 1.

Once the grand canonical potential €2 is known, we can determine other thermodynamic
functions. Indeed, the charge density p., is given by:

o2
= 7 .3.32
Deh o (5.3.32)

By computing numerically the derivative in (5.3.32)) at fixed mass m, we have checked that
pen 1s related to d as:
per = Nbd , (5.3.33)

where N is the normalization constant (5.2.7). Eq. (5.3.33)) confirms our identification of

the constant d. The energy density € can be obtained as:

€ =Q + wpen - (5.3.34)

More explicitly, after using (5.3.30)), (5.2.12)), and (5.3.33)), we have the following integral

expression for e,

€ = N/ [\/ b2+ 1202/ d? 4+ risin?0 — br? sin?0 — r° sinf cos06 |dr ,  (5.3.35)
To
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where r( is the minimal value of r for the embedding. In Fig. we plot € for black hole
embeddings as a function of u, both for the quenched and unquenched model. We notice
that the energy density in the quenched theory grows monotonically with the chemical
potential, starting from the value e = 0 at the transition point at x = m. On the contrary,
when dynamical quarks are added to the background, the function €, is not monotonic and
becomes double-valued, with a point where de/du = udp.,/Op blows up. This is, of course,
consistent with the results plotted in Fig. [5.5

The speed of the first sound is defined as:

o _ 0P
s Oe

We evaluated numerically the derivative in for black hole embeddings by using
(5-3.31) and (5.3.30). The results are represented in Fig. [5.8] both for the quenched and
unquenched cases. Again, they are very different in these two cases. In the quenched model u?
is always non-negative and decreases monotonically when m/u varies in the physical interval
0,1]. In Fig. [5.8| (left) we compare u? for our quenched system with the corresponding values
for the D3-D5 model [208, 209]. In the unquenched case u? is not monotonic and becomes

S
negative for small y, which again signals a discontinuous phase transition.

u

(5.3.36)

E

’:>|3’
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Figure 5.8: Left: We plot u? as a function of m/u for the unflavored background (blue
curve). We compare with the same quantity for the D3-D5 model (black curve). Right: We
plot u? for different numbers of flavors: b = 1 (blue), b = 1.1 (red), and b = 1.25 (purple).
In both plots the points are the values of the square of the speed of zero sound obtained by
integrating the fluctuation equations of section |5.5; we conclude that the speeds of first and
zero sounds agree in this model.

5.3.1 The unflavored transition

We have shown above that the unflavored system experiences a continuous phase transition
at p =m and T = 0. In this section we look in more detail the behavior of the system near
this quantum critical point. Accordingly, let us define i as:

g=p—m. (5.3.37)
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Clearly i = 0 is the location of the phase transition. Therefore, we expect that the grand
canonical potential {2 behaves in a non-analytic form near g = 0. We assume that the system
displays a scaling behavior near the critical point. The goal of this section is to characterize
this behavior in terms of a set of critical exponents.

Let us consider a system with hyperscaling violation exponent # and dynamical exponent
z in n spatial dimensions (n = 2 in our case). Recall that in such a system n — 6 is the
effective number of spatial dimensions near the critical point and z is the effective dimension
of the energy. Therefore [i] = z and the energy densities (such as our grand canonical
potential ) should have a dimension equal to n — 6+ z. These dimension assignments allow
us to write {2 near = 0 as:

Q~ —Cp™E (|log%})_c , (5.3.38)

where C' > 0 is a constant. Eq. is a generalization of the expression written in
[208] by including a logarithmic multiplicative term with some new exponent (. We show
below that ( cannot be zero in our ABJM case. This is to be compared with the Dp-Dq
systems studied in [208], 209], where ¢ = 0. Similar multiplicative logarithmic corrections to
the scaling has been studied in general in [210] for thermal phase transitions.

The charge density p., = N d is obtained by computing the derivative of 2 with respect

to fi. We get: y ]
wam e (o) B ]

(5.3.39)
Let us next consider, following [208], the non-relativistic energy density e, defined as:
e =¢€—purm = Q-+ panfi. (5.3.40)

Near the critical point, e behaves as:

e~ CptE (\1og%|)—4 [n;0 . \méﬁ\] , (5.3.41)

and it is very convenient to consider the ratio e/P, which is given by:

E~n—9+ ¢
P~z ‘10g%|'

(5.3.42)

If 6 # n the ratio e/ P reaches a constant non-vanishing value as i — 0. This is clearly not
the case for our system, as illustrated in Fig. [5.9) Therefore, our system should have § = 2.
Moreover, the logarithmic exponent ¢ should be non-zero and positive| Therefore we get
the following leading behavior for our system:

per = Nd = LC , % o . (5.3.43)
(1102 1) | log /|

2Indeed, if we had 6§ = 2 and ¢ = 0 the charge density d in (5.3.39) would be non-zero at the critical
point, which is not the case for our ABJM system.

¢

3=
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We can also compute the speed of sound wug near the critical point by using (5.3.36)), with

the result:
1 it log £ 1
2~ LAllog ] - —1. (5.3.44)
1+ ¢+ |log £

which, at leading order for i — 0 becomes simply:

i i
E‘loga| : (5.3.45)
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Figure 5.9: On the left we plot the numerical values of the ratio e/ P as a function of i. The
continuous line is a fit to the expression written in . The value of ¢ obtained in this
fit is ¢ = 0.65575. On the right we plot the values of u?, together with the scaling expression
(5.3.45)) for ¢ = 0.74689.

To determine the value of the exponent ¢ we can fit the numerical values of e¢/P and u?
near i = 0 to our scaling expressions (5.3.43)) and (5.3.45)). Due to the logarithmic behavior
of these quantities we must explore very small values of ji. The results of these fits is shown
in Fig. [5.9] The values of  obtained are in the range ¢ = 0.65 — 0.75.

Let us determine, following the reasoning in [208], the dynamical critical exponent z
by dimensional analysis of the dispersion relation of the sound mode, which is of the form
w = ugk, where u, is given by near the critical point 1 = 0. Actually, we will see that
the speed of the zero sound, obtained by numerical integration of the fluctuation equations
of the probe brane, is exactly the same as the one determined by . Near . = 0 eq.
tells us that us ~ /i (times a logarithmic correction) and, since [w]| = [i] = z and
[k] = 1, the dimensional consistency of the dispersion relation w = wugk implies that z = 2.
Therefore, the values of # and z for our system are:

0=2, z=2. (5.3.46)

Notice that the value of # just found differs from the value §# = 1 obtained in [208] for the
conformal systems D3-D7 and D3-D5.

Let us now consider the system at small non-zero temperature 7" < 1. We can evaluate
the free energy f at first order in 7' by using the results of [211]. Notice that at 7' = 0,



210 CHAPTER 5. QUANTUM PHASE TRANSITIONS IN THE ABJM MODEL

f = €. Indeed, according to the analysis of [211], when T is small the free energy density
can be approximated as:

flp,m,T) = flu,m, T =0) + 7pap, T + O(T?) . (5.3.47)
Then, the non-relativistic free energy density is given by:
Froneret(pt,m, T) = flu,m,T) — penm = e + wpa T + O(T?) . (5.3.48)

Evaluating the right-hand side of (5.3.48]) for our system, we get the following expression of
Jnon—rel for small i and T'/fu:

Y
(Jog2))™

On general grounds, near a quantum phase transition the free energy density should behave
as a homogeneous function when the control parameter i and the temperature T" are scaled
as fi — Av i, T'— A*T, where v is the critical exponent that characterizes the divergence
of the correlation length £ ~ (T'— 0)~" [194]. Eq. is the first order term of a Taylor
expansion of the scaling function of f,,,,_re. If we disregard the logarithmic terms in (5.3.49))
(which give rise to subleading terms when i — 0), it follows that 7" and i should be scaled
by the same power of the scale factor A. Since z = 2 for our system, we must have v = 1/2.
Eq. also determines the value of the exponent a which characterizes the scaling of
the heat capacity ¢y ~ (T'—0)~*. Indeed, according to the analysis of [208] the global power
of i in fron—ret(pt, m,T) should be 2 — a. If we ignore again the logarithmic correction, this
prescription gives o = 1. Therefore, we have obtained that the critical exponents a and v
are given by

fnon—rel(:uv m7T) =C |:€ + | IOg %} % + - ] : (5349)

a=1, v==. (5.3.50)

Notice that the values of 6, z, o, and v listed in ([5.3.46)) and ([5.3.50)) satisfy the hyperscaling
relation

n+z—0v=2—a, (5.3.51)
with n = 2.

5.3.2 The flavored transition

We already pointed out above that the black hole-Minkowski phase transition with dynamical
quarks in the background is of first order. At the transition point the density jumps from
being d = d. # 0 in the black hole phase to d = 0 in the Minkowski phase. We have
investigated numerically the dependence of d. on é and m and we found that, with big
accuracy, this dependence can be written as:

d(é,m) = d(&) mb = d.(&) m? (5.3.52)

where m, = mb is proportional to the physical mass of the quarks. Notice that the depen-
dence on m written in ([5.3.52)) is the one expected by the rescaling argument given at the

end of section [5.2.11
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The flavor dependent coefficient of the quadratic law ([5.3.52)) grows monotonically with
€, as shown in Fig. (left). For small € this growth is very fast and saturates very quickly
for larger values of the deformation parameter.

dc Ae
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Figure 5.10: Left: We plot the function d.(¢) introduced in (5.3.52) at m = 1. Right: We
depict the latent heat Ae for m =1 as a function of €.

The phase transition occurs at a critical chemical potential p. < me = mg. Actually,
the ratio p./m, is a decreasing function of € which approaches the value j./m, ~ 0.9 when
€ — oo. It is also interesting to point out that the value of p where the speed of sound
vanishes (see Fig. ) corresponds to the turning point of (2 as a function of u for a black
hole embedding, i.e. to the minimum value of y for such embeddings. The phase transition
occurs for a value of u close to its lowest value where u? is still positive. Moreover, it follows

1
from the above discussion that p. ~ dé.

We also studied the latent heat of the phase transition, i.e. the difference Ae of the
internal energy of the two phases. Notice that, as 2 = 0 in both phases at the transition
point and p., = 0 in the Minkowski phase, A€ is simply obtained by evaluating u p., at the
black hole side of the transition:

Ae = (,upch)bh . (5353)

The behavior of this quantity with the number of flavors when m = 1 is displayed in Fig.
(right). We notice that the latent heat resembles the behavior of the critical density. We
5 _ it

Most of the figures that we have presented above have been produced using m = 1. It
is however simple to obtain the results for any value of m by using the rescaling argument

presented above. Indeed, one can readily show that the different quantities scale with m, =

have also verified that Ae grows with the quark mass as Ae ~m

1
meo as:

e~ Qemd, p~mg, dem? (5.3.54)

We have checked that this behavior is confirmed by our numerical results.
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5.4 Charge susceptibility and diffusion constant

Let us now consider the system at non-zero temperature and compute the charge suscepti-

bility, which is defined as:
apch
= ) 5.4.55
X =%, ( )
Taking into account that the charge density p., is related to d as po, = N bd (5.3.33)), we
can rewrite this last expression as:

1 Ou
= 5.4.56
X T Nbad (5.4.56)
We now evaluate explicitly the derivative in (5.4.56|) as:
o < 0A;
— = dr . 4.
o P r (5.4.57)
The derivative inside the integral in (5.4.57)) can be computed directly. We get:
oA, VA r?sinf o9  r*h@ o
= 1 —4d t — — —— — . 4.
od ~ b &+ rism2d “od T A ad (5.4.58)
where A is defined as:
4sin® (0> +r2ho'?)
A= b (1—A2) +r2he? = 22 5.4.59
( y & d? +r4sin®6 ( )
Thus, the charge susceptibility can be written in the form:
1 [~ VA r?siné 90  r*he@ oy
= — d 1 —df cotd—— ———||. 5.4.60
Y / " @+ risin’0 [ (CO ad A 8d>] (5.4.60)

The charge diffusion constant D can be related to the charge susceptibility and to the
DC conductivity ¢ by the Einstein relation:

D=ox"'. (5.4.61)

The value of o can be obtained from the two-point correlators of the transverse currents. This
calculation is performed in detail in appendix [5.A.1] Alternatively, o can be computed by
employing the Karch-O’Bannon method [165], as was done for the ABJM model in chapter
[ The result obtained by these two methods agree and is given by:

b .
o= NE \/d2 + ¢ sin® 0y, . (5.4.62)
We can now plug (5.4.60|) and ([5.4.62)) into the right-hand side of ([5.4.61)) to get the diffusion

constant D. The final result is:
\/d2 + 7t sin® @, [ r?sin vV A 00 r’h§ 00
= d 1 —4d t0 — — —— — ) 4.
/m 94 T A ad (5.4.63)

.
br: d? + rtsin’ @

D
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Figure 5.11: We plot the rescaled diffusion constant D = r, D as a function of the ratio
of the mass and the chemical potential. Left: We plot the values of D for the unflavored
theory for different values of the rescaled density d = d/r?. The values of d in this plot
are d = 1,10, 100, 1000 (bottom-up). Right: We plot the values of D for d = 10 and for
different number of flavors: b = 1 (blue), b = 1.1 (red), and b = 1.25 (purple), inside-out.
The continuous curves are obtained by the Einstein relation and the points correspond to
the diffusive fluctuation modes of the probe.

I

= |3

= |3

In the case of massless quarks, the embedding is just = constant = 7/2 and the integral
(5.4.63]) can be evaluated in analytic form. We get:

2 4 2
Dy = YL E 10 F(3 L5 _d ). (5.4.64)

! e
Th

a 2'2°47
In the general case of massive quarks we have evaluated numerically for the un-
flavored and flavored backgrounds as a function of the chemical potential. The results of
these calculations are displayed in Fig. In the unflavored background D is always
non-negative and vanishes when p = m (see Fig. left). On the contrary, when Ny # 0
the diffusion constant is maximal for large chemical potential (and given by the massless
value ) and becomes negative after p reaches its minimal value, which means that
the system becomes unstable and that the first-order phase transition at 7' = 0 survives at
non-zero temperature. In the next section we obtain the diffusion constant by looking at the
fluctuation modes of the probe in the hydrodynamical regime. The corresponding values of
D are also plotted in Fig. [5.11] where we notice that they agree perfectly with the values
found above by using Einstein relation.

5.5 Fluctuations

We now want to carry out a dynamic (i.e. time-dependent) study of our system, to comple-
ment the static analysis performed so far. Accordingly, let us consider the generic T' # 0
background and let us allow the probe brane to fluctuate around the black hole embeddings
described in section [5.2] In general, the equations of motion of these fluctuations are very
complicated since the different fluctuation modes are coupled. However, there are certain
modes that can be decoupled from the rest and, therefore, they constitute a consistent trun-
cation of the general system of equations. In this section we will study one of these restricted
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sets of fluctuations, which involves the gauge field A and the transverse scalar . These fields
take the form:

A = L [A(r)dt + a(t,z,r)dt + a,(t, z,7) dz + a.(t,z,7)dr] , 0 = 0(r) + A(t,z,r) |
(5.5.65)
where a;, a,, a,, and A are the first-order perturbations. One can check that the ansatz
(5.5.65) is indeed a consistent truncation of the equations of motion. These truncated equa-
tions can be derived from a second order lagrangian density £, which is derived in detail

in appendix |5.A.1l The expression for £ is:

L2 — N2 sin0vVA

1 L’ > ho'?
A AT (1 A

+<(b_§)sin6+r2h9’2—A> . A0
27 /A 2sin? 0A 202 r4sin? A
do’ bdcot 6
+———=G0"0 A\ fu + —————=
br2 sin /A Jut L2r2 sin 6/ A

where G"" is the open string metric defined in , fmn is the field strength for a,,
(f = L?da) and A is given by . Let us now write the different equations of motion
which can be derived from the total lagrangian ((5.5.66)). The non-zero values of G™" are
written in (5.A.5)). First of all, we write the equation of motion for a, (in the a, = 0 gauge):

) G700 0,

(9:\)’

Mol (5.5.66)

b2+ r2ho'? d
2T 54 — B, 4 —2
hA t Z bsine\/Z(

The equation of motion for a; is:

/ / A i
o oHN — - cot@(?t)\) —0. (5.5.67)

A

- 2 .27 g2 /
sin@(b* +r*hd )ax(axat _ Ba,) - do

2

2.2 o3 2 /
0, [M (2 +r2h0%) af + db( cotfr — - v A)]

PN =0, (5568)

r2hy/A br?
while the equation of motion for a, becomes:
b>r?h sind sin0(b* + r2h6?) do'
O (———d 0i(0p ay — Oray) — —= 00 A = 0. 5.5.69
( VA ) anyn O ) =g O (5.5.69)

Finally, the equation of motion for the scalar A is:

[P - A

(5.5.70)

) 4o’ . sin 6 A —1r?h6?
+bdcotfa), + Wax(axat — dia,) + r?sinf VA [(S—Qb) NN + SnZOA } A
00 b2 202 2h0'2 — A d? 0'? in OV A 2h02
+sm [( +r )(r )_ ~ }3152/\+M<1_r )85)\:0.
b2v/A h A r2sin” 0 b2 A
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Let us next Fourier transform the gauge field and the scalar to momentum space as:

a,(r,t,z) = /—O(l;“;l; ay(r,w, k) e wirike
s
dw dk .
)\(T,t,l’) = /(;U—P)\(T,w,k) €7ZWt+Zk$ s (5571)
s

and define the electric field F as the following gauge-invariant combination:
E=%Fka +wa, . (5.5.72)
Then, the equation of motion for a, in momentum space is:

V:+r2ho? wd
————wa, + ka, - ——— (¢
h A ¢ bsina\/Z<

We now combine this last equation with the definition of E. We get a} and a, as functions
of £ and A:

A
N - o cot@A) ~0. (5.5.73)

2
d = hhA E - ol A (0N — 2 cot6n)
CT AR = (B 1 2h?)? T b[ARK2 — (b + r2h02)w?] sin 6 r2h ’
, — (b + r?h0*)w , wkhdvA A
= E 6N — —cotH)) .
“ T AWK (4 2o B[ARRE — (2 1 r2he)e] g N T g ot0d)

(5.5.74)

After using these equations, it is easy to check that ([5.5.68) and (5.5.69) become equivalent
and equal to the following differential equation for the electric field £:

B2 h Sinf 5 oy kdh ., A
o (b2+r2h6”2)w2—Ahk2<\/Z(b SR ABREES S (0 X — 57 cot 6)
sinf(b> +r*h6'?) do’
E-Lkx=0. (55
TV CEA =0, (3575)

Let us now write the equation of motion for the scalar field A in momentum space as:

r? sin Oh r? ho'? bdo
0=0, | —=— | (1 — N+ / 5.5.76
[ Vol i Gl e Ao i] (5570)
, ae’ 9 . sinf A —r?h6?
+bdcot9at—kmE+r st\/Z[(?)—Qb)\/Z + 20N })\
_, sing [(b2+r2h9’2)(r2h0’2—A) s ] g2 sin 0v/A (1_r2h9’2>)\
TV hA rZsin? 0 02 A

where it should be understood that a;} is given by the first equation in ((5.5.74). The fluctu-

ation equations (5.5.75|) and ([5.5.76)) depend explicitly on the horizon radius rj; through the
blackening factor h. This dependence can be eliminated by performing the familiar rescaling
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of the radial variable and of the different quantities appearing in the equations. Indeed, let
us rescale the radial variable r and the density d as in (5.2.25)). Moreover, we also define the

rescaled frequency and momentum as:

w
w=—, k= —. (5.5.77)
Th Th

Then, one can easily verify that the resulting equations of motion are independent of 7, if
the fields £ and \ are rescaled appropriately. Actually, since only the relative power of ry,
in these two fields matters, we can decide not to rescale the electric field E. The rescaling

of the scalar A that allows to eliminate 7}, is:
A=1r2). (5.5.78)

The resulting equations of motion are just (5.5.75) and (5.5.76|) with r, = 1 and with all
quantities replaced by their hatted counterparts.

The collective excitations of the brane system are dual to the quasinormal modes of
the probe. The latter can be obtained by solving and for low w and k by
imposing infalling boundary conditions at the horizon and the vanishing of the source terms
at the UV. At low temperature, in the so-called collisionless quantum regime, the dominant
excitation is the holographic zero sound [212], 213 [181] (see also [182], 183, 214, 15| 2T6] 217]),
whose dispersion relation has the form:

o = +es kb — il(k,d) . (5.5.79)

In (5.5.79) cs is the speed of zero sound and T' is the attenuation. We have integrated
numerically the fluctuation equations when d is large (i.e. at low temperature) and we have
found the value of ¢, both for the unflavored and the flavored backgrounds. The main
conclusion from this calculation is that ¢, is equal to the speed of the first sound wu, (given
by ) As shown in Fig. , ¢, reaches its maximal value (c; = 1/4/2) when m/u = 0,
where the system is conformally invariant. In the unflavored case c, is always positive and
vanishes at the quantum critical point at u = m (see Fig. left). When dynamical quarks
are included c; becomes imaginary when p reaches its minimal value, which occurs when the
Minkowski embeddings are thermodynamically favored.

At higher temperature (i.e. with small cZ) the system enters into the hydrodynamic diffu-
sive regime. The dominant mode in this case has purely imaginary frequency and a spectrum
of the form:

O = —iDk*, (5.5.80)

where D is the rescaled diffusion constant,
D=rD. (5.5.81)

As in the zero sound case, this dynamic calculation of the diffusion constant yields the same
result as the static one. Indeed, the results obtained by numerical integration of ((5.5.75))
and ([5.5.76[) coincide with the ones obtained from the Einstein relation ((5.4.63)), as shown in

Fig. [5.11]
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Let us finish this section with the following observation. A careful reader would had
expected some discussion on the possible instability as the WZ action has a term C1AFAFAF
which is the source of striping via a generic mechanism introduced in [I84]. Indeed, the
occurrence of tachyonic fluctuations have been confirmed in similar brane models [I81], 182],
with the subsequent construction of the striped ground state [I8§]. In the current work, we
analyzed the fluctuations of the transverse gauge field, where such an instability is expected.
In this sector, one needs to analyze the coupled fluctuations of the internal gauge field a and
the transverse Minkowski gauge field a, at non-vanishing momentum. The corresponding
equations of motion are presented in appendix While we did see the precursor of the
instability, a purely imaginary mode first ascending towards the upper half of the complex
w plane and then descending as a function of k, we were unsuccessful to finding parameter
values for which case the mode would had actually become unstable. We expect that in the
case in which an internal flux is turned on at the unperturbed level, where the contribution
of the pullback of C} at the background level is non-vanishing, the relevant WZ term can
become sizable and thus implies striping in some range of parameters.

5.6 Discussion

In this chapter we studied the phase diagram of a D6-brane probe with non-vanishing charge
density in a background dual to the ABJM Chern-Simons matter theory with dynamical
massless flavors at zero temperature. We analyzed the phase transition between black hole
and Minkowski embeddings at zero temperature and non-vanishing chemical potential. This
transition is a holographic model of a conductor-insulator phase transition between a gapless
(black hole) phase and a gapped (Minkowski) phase.

In the unflavored background we found that this transition occurs when the charge den-
sity vanishes and is of second order. Moreover, we were able to characterize the scaling
behavior of the probe near the critical point. Interestingly, we found logarithmic multiplica-
tive corrections. In the background with dynamical quarks the transition of the probe is of
first order and takes place when the density is non-zero. Therefore, we have shown that,
even if the change of the metric due to the backreaction to the flavor is seemingly mild, the
physical effects are very important.

It is interesting to compare our results with the one corresponding to the (2+1)-dimensional
D3-D5 intersection [195], 208]. When the mass m of the quarks is zero, the gravitational de-
scriptions of both systems are equivalent and have the same thermodynamic quantities.
However, for non-conformal embeddings with m # 0, the ABJM probe action gets a non-
trivial contribution from the Wess-Zumino term. This term is responsible for the different
critical behaviors of the systems even in the absence of backreaction.

Let us now discuss some possible extensions of the work performed in this chapter. First of
all, it would be interesting to extend our study of the Minkowski-black hole embedding phase
transition to non-zero temperature, in order to completely determine the phase diagram of
the model. In the absence of the chemical potential ; = 0, this analysis was performed in
[136]. Another possible generalization would be to consider the case of massive dynamical
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quarks presented in chapter . recall that this solution contains a scale (the mass of the sea
quarks) and it would be very interesting to explore how it affects the results found here.

Turning on a suitable NSNS flat B field in the ABJM supergravity solution we get the
so-called ABJ background, which is dual to a Chern-Simons matter theory with gauge group
UN+ M) x U(N) [61]. The B field breaks parity in 241 dimensions. The embedding of
flavor brane probes in the ABJ background has been analyzed in chapter [d]and the relation to
the quantum Hall effect was doped out. It would be interesting to analyze possible quantum
phase transitions in this ABJ system.

One of the main motivations of this work was the analysis of the effects of the dynamical
quarks in the phase diagram of holographic compressible matter. We achieved this objective
only partially since our backreacted background did not include the effect of the charge
density on the flavor brane. On general grounds, one would expect having a Lifshitz geometry
in the IR of such a background. Indeed, this is precisely what happens in the geometry
recently found in [74], corresponding to an intersection of color D2-branes and flavor D6-
branes. The study of the quantum phase transitions, as well as the collective excitations of
the flavor brane, in this background is of great interest.

5.A Appendix

5.A.1 Fluctuation analysis

Let us consider fluctuations of the gauge field A and the embedding function € as in (|5.5.65)).
We expand the induced metric g and the gauge field strength as:

g =g+ g0 1 ¢@ F=F947f, (5.A.1)

where ¢(© is the metric written in (5.2.1)) and F(©) is the field strength of the unperturbed
gauge connection (5.2.2), while f = L?da and the first and second order induced metrics g*)
and ¢® are given by:

L2

g dcidc? = o [2 0" (N dr + O\ dt + O, A dz)dr + X sin(26) (dy + cos dﬁ)Z]
S L?
gz.(j?) d¢tde? = 7 [(X dr + O\ dt + O A dx)* + N cos(20) (dy) + cos a dﬁ)ﬂ .(5.A.2)

Let us next write the inverse of the zeroth-order DBI matrix ¢(® 4+ F© as:
-1
(Q(O) I F(0)> — Gy T, (5.A.3)

where G~! is the symmetric part (the inverse open string metric) and J is the antisymmetric
part. In order to write the different elements of G and J it is quite convenient to introduce

the quantity A defined in (5.4.59)). In terms of A, the equation for the embedding takes the

form:
\/Z] -

r*h sin 6

VA

(5.A.4)

&[ 6’} — r% sinfcos 6 [3—2()—1—
sin 6
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Then, the non-vanishing components of the open string metric are:

B+ 12 h'? 1
o zr _ _
O = A T
grr — b2 T2h gaa — b2 gﬂﬁ — b—2
L2A 7 L%2q’ L2gsin®a’
b? cos a 2 q
pp _ _ _broosa W= 2 cot? ) . 5.A.5
g L2qsin®a’ g L%q (CO o sin? 6 ( )

The only non-vanishing components of the antisymmetric tensor are:
db
L272 sin0vVA

At second order in the fluctuations, the DBI action is:

Jr=-J" = (5.A.6)

1 1 2
S = 1o i TG 157 + a4+ 7079)
1
_ZTT |:(g_1 g(l))2 + (jg(l))2+4g_1 g(l)jf + (g—l f)2 + (jf)2:| (5A7)
To evaluate this expression we use:
2
Tr(g'g®) = %gm"amx O\ + (cot?0 — 1) A2 |
T -1 (1)) _ 2L2 9/ rr )\/ ) ‘DY
T(Q g ) = 2 g + 2cot ,
4L* 2L
Tr[(g_l g<1>)2} = 0GP+ 4o 0N+ =070 G 0,000, (BAS)

where the indices n and m run over the Minkowski and radial directions. After integrating
over the internal angles, we get the following second-order DBI lagrangian:

2

1 L L? 1
LO, = NP sinOVA|=GG g fup + s (1 - —29’2g”)gm"amxam —oN(5.A.9)
4 2b b 2
L? 1 /A0 \2 AL b Al
+270' cot 0G7 NI - 5( X ) (BN + =G Mt + 75 5 COLONfr
The WZ term at second order yields the following lagrangian density:
£ = Nr2b [% cos(20) ANO,\ + (005(29) - %sin(%) ef)ﬂ . (5.A.10)

Let us now simplify these expressions. First of all, we should eliminate A;. With this purpose

we notice that: y y
A 5.A.11
A br? sin v A ( )
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Secondly, we rewrite the terms with A0, A by integrating by parts and neglecting the total
derivative generated in this process. In the WZ lagrangian we use

rs rs . 3 r? ) 173 N
0 cos(20) Ao\ = (? sin(20) 6" — 5 zcos(29)> A+ 0, b n cos(20) A*| . (5.A.12)
The resulting WZ lagrangian takes the form:
Ly, = Nr*b(1- %) cos(20) A2 . (5.A.13)
In the DBI part, we first write:
4 4in Oh 1 4 4
. ——aT(T sinbh cot@) A2 ar(r sinbh g coté’/\2> . (5.A.14)
VA 2 VA 2/ A

It follows that we can make the following substitution in Lppg;:
r*sin Oh r* sin Oh r*sin Oh

VA 2/ A 2V A

rthe’?
2sin v/ A

0 cot O NN — —a,,( 0 cot 9) A2 = —ar< 9’) cot 02 + A2

(5.A.15)
which, after using eq. (5.2.13)) for 0(r), can be written as:

rtsin 6h o T2h0'? — cos® OA
VA 2sin 6V A

Taking these results into account, it is straightforward to verify that the total lagrangian
density £?) = Lg}g + EE,?,)Z can be written as in ([5.5.66|).

0 cot O NI\ — ((b — ;) r? cos’ 6 + r ))\2 : (5.A.16)

Transverse fluctuations

We now consider fluctuations of the gauge field along the transverse direction y. It turns
out that these fluctuations are coupled to those along the internal directions. Actually, we
can write the following consistent ansatz:

A= L2 [At(r) dt + e R g (r)dy + e ¥R g(r) (cosadB + dw)] : (5.A.17)

where a, and a are first-order fluctuations. The equation of motion for a, is given by:

5 (62T2hsin0 ,) N sin ¢
| ——————a
VA Y r2 hv A

2 (2 -
n de200t9 b*(2 —q)n VAa =0, (5.A.18)
r q(q+n)

[uﬂ(b2 2 RO?) — K2 h A] a,

whereas that for a is:
bgr*h b . . qb*+r?ho?
(97( a’)+3br2a——r251n9vAa+w2——a
sin v A q b sinfhvA

24 \/Za _ 2ikdcotf (2 —q)n JA
b sin@ r? (g+mn)b

a, = 0. (5.A.19)
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For our purposes, it is enough to consider the fluctuations at zero momentum (k = 0). In
this case the equation for a, is decoupled from the internal fluctuation a and becomes:

9 (bzrzhsinﬁa,> N sin @
' VA Y r2hy/A

Explicitly, this equation for a, can be written as:

w?(b* +1°h0%)a, = 0. (5.A.20)

a, + 0, log a, = 0. (5.A.21)

d? +risin?0 | o b2+ 1216
Let us expand this equation near r = r;,. First, we expand the embedding as in ([5.2.23)):

0(r) = O+ 0, (r—rp) + -+ (5.A.22)
where 6}, is given by (see ((5.2.24)):

, bry, sin6; costy,
eh = T3 4 2
3 d?+ry, sin”0,

The coefficients of (5.A.21)) will be expanded as:

[b r2 4 (3— 2b) \/d2 + 7} sin? eh] . (5.A.23)

Vd? + rtsin? g 1
o 1 h| = d
N\ VEr2ho? rem
b2 + 7"2 h 9,2 A Co
2
—A R P “e 5.A.24
b2 r4 h? (r—rh)2+r—rh+ ’ ( )
where A, di, and ¢y are:
2
A= 2
9ri
2 d? rt sin @, cos 6, 3ry,
d - _ = h 0/ _2'h 9/ 2
! Ty d2 + 1} sin® 6, * d? +risin®6, " 202 (6)°
_ S (5.A.25)
Cop = 3[)2 ™ w . e
We now solve the equation of motion for a, in a Frobenius series around r = 7, as:
ay(r) = (r—r)* (1 + Br—ra) +---), (5.A.26)
where, for infalling boundary conditions, the exponent « is given by:
w
= ——. 5.A.27
@ 37“h ( )

We will also perform a low frequency expansion by considering & ~ O(¢) and w ~ O(e?).
Then one can show that 3 ~ O(e?) and is given by:

B~ —ad . (5.A.28)
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Let us now take the limits in opposite order. First, we consider the low frequency limit. At
leading order, we can neglect the last term in (5.A.20) and write the equation for a, as:

b*r?h sinf

This equation can be immediately integrated:

VA C
/ — = A
@ =C b2r2hsinf — G(r)’ (5.4.30)

where C is a constant of integration and, in the last step, we have defined the function G(r).
This solution can be expanded near the horizon r = r, as:
’ Th 1

a, = C + e 5.A.31
Y 3bA/d%+ 1} sin? 0, T —Tn ( )

Let us now compare this near-horizon expansion with the one written in (5.A.26)) for low
frequency. First, we compute @, by direct differentiation of the expansion (5.A.26)):

dy = alr =)™ (1480 —m) + )+ (=m) (B +--) . (5.A.32)

Taking into account that o ~ O(e?) and 8 ~ O(€?), we get, at leading order in ¢, that:

A, 4 (5.A.33)

f r—r1p

Thus, matching (5.A.33) and ((5.A.31)), we get that the constant C is given by:

b b
c_ 3t \/dz +rd sin? 0y o = —i— \/d2 + 1} sin? Oy w . (5.A.34)
Th Th

Therefore, we can write

v b .
a; = —m E \/d2 -+ Ir;’ll Sln2 Qh w . (5A35)

Let us now obtain the (J, J,) correlator from these results. The term in the lagrangian
density depending on a, is given by:

L(a,) = =N 72 sindVAGY G (f,.)° . (5.A.36)
Taking into account that f,, = L*a;, and that:
G
r2 sinf VAGYW G = L(Z) , (5.A.37)

we arrive at:

L(a)) = —F(a)*, (5.A.38)
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where F is given by:
F =-NG(r). (5.A.39)

Therefore, the on-shell boundary action of a, is:
Son_shen(ay) = / &z <f a, a;) . (5.A.40)
r—00
The two-point function of the transverse currents, at zero momentum, is given by:

(J, (k) J,(—k)) ’k:o - (fa;) =NT,iw, (5.A.41)

T—00

where we have defined the quantity I',,. From the explicit expressions of F and a,,, we get:

b
Fay, =N 2 \/d2 + 7} sin? 0y, iw . (5.A.42)
Thus T, is given by:
b
r, = 3 d?+ sin® 6, . (5.A.43)
h

From this result we get the DC conductivity, namely:

o=NT, = N% d? +r} sin? 0, | (5.A.44)
"

which is just the result written in (5.4.62)).
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Chapter 6

Conclusions

In this thesis we have studied new cases of the AdS/CFT correspondence by using non-
abelian T-duality and by including fundamental matter. Furthermore, we have constructed
new holographic models of condensed matter physics systems.

In the first chapter we gave a general introduction to the gauge/gravity duality. We
reviewed the basic aspects of supergravity and T-duality. Moreover, we have introduced
the AdS/CFT correspondence and how to add flavor to it. Finally, we commented on
some applications of the AdS/CFT duality.

In the second chapter we have reviewed some applications of non-abelian T-duality.
In the context of type ITA /B supergravity, the non-abelian T-duality is used to obtain
new solutions from previously know solutions. We have obtained new interesting cases
of the gauge/gravity duality, in particular, new AdSs fixed points. Furthermore, we
have analyzed the field theory duals of the new supergravity solutions, through the
computation of some observables.

In the third chapter we have constructed a new type ITA supergravity background
with D6-branes sources, whose field theory dual corresponds to a generalization of the
ABJM theory that includes unquenched massive flavors. We have analyzed several
observables, and the results confirmed a RG flow between two fixed points at the IR
and the UV

In the fourth chapter we have constructed a supergravity solution based on the ABJM
model that presents quantum Hall states. We have introduced D6-flavor branes with
non-trivial worldvolume gauge fields. This set up allowed to have Hall states, and the
filling fraction was computed. We have found supersymmetric Hall states for particular
values of the parameters.

In the fifth chapter we have obtained a supergravity solution based on the ABJM
model, dual to a field theory exhibiting quantum phase transitions. The fundamental
matter was introduced via D6-branes, and charge density was turned on. In the ABJM
background, the fundamental matter undergoes a second order phase transition at
zero charge density. In the partially backreacted ABJM solution, the phase transition
becomes first order, and takes place at a finite value of the charge density.
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Chapter 7

Summary

In this thesis we reviewed some results on the generalization of the gauge/gravity duality
to new cases by using T-duality and by including fundamental matter, and we found appli-
cations to condensed matter physics. First, we constructed new supersymmetric solutions
of type ITA/B and eleven-dimensional supergravity using non-abelian T-duality. Second, we
obtained a type ITA supergravity solution with D6-sources, dual to an unquenched massive
flavored version of the ABJM theory. Third, we studied a probe D6-brane with worldvolume
gauge fields in the ABJM background, obtaining the dual description of a quantum Hall
system. Finally, we considered a system of a probe D6-brane in the ABJM background and
studied quantum phase transitions of its dual theory.

Contextualization

In the twentieth century it took place the consolidation of two fundamental developments
in physics. On the one hand, the theory of general relativity was constructed to explain
gravity, one of the four fundamental forces of nature, and became very successful describing
macroscopic physics. On the other hand, the birth of quantum field theory gave a natural
framework for elementary particle physics, which explains the other three fundamental forces
of nature (weak, strong and electromagnetic) obtaining a very accurate description of the
subatomic physics. The unification of these two developments is one of the most important
problems of current physics. String theory is, nowadays, the best candidate to perform such
unification.

Within string theory it was discovered the existence of new objects, called D-branes. D-
branes are non-perturbative solutions consisting of hyperplanes where open strings can end.
These open strings describe the dynamics of the branes, and their massless modes realize a
gauge theory on the worldvolume of the brane. Alternatively, D-branes can be obtained as
solitonic objects in the gravitational description of closed strings. The closed string interact
with the branes, as they are massive objects. This open/closed dual description points
towards the existence of a duality between gauge theories and string theory.

The study of D3-branes in type IIB supergravity led Maldacena to conjecture in 1997
the AdS/CFT correspondence [10]. This proposal states that the D3-branes in flat space,
after taking the decoupling limit, admit two equivalent descriptions, dual to each other, one
being the closed string description, corresponding to string theory on AdSs x S°, and the

227



228 CHAPTER 7. SUMMARY

other being the open string description, corresponding to 3 + 1 dimensional V' = 4 SU(N)
SYM conformal field theory. The two descriptions are dual to each other in the sense that
they describe the same physical theory, even if they are apparently different descriptions.

The usefulness of the conjecture lies on the fact that it is a strong/weak duality, i.e., if
on one side of the duality the coupling constant is weak, on the other side it is strong and
vice versa. This means that if we want to compute observables in a strong coupling region
of a quantum field theory, we can consider its supergravity description, were the coupling
constant is weak, and perform the computations. Then, performing an easy computation in
classical supergravity we can obtain results in the strong coupling regime of a quantum field
theory, where other tools are limited or inexistent.

Even if the conjecture can be formulated at different levels of generality, the most useful
formulation is the weak one. In its original form, it states that A’ = 4 SU(N) SYM in
the t’Hooft limit (N — o0o0) and strong coupling regime (A — 00) is dual to classical type
I1B supergravity on the background AdSs x S°. This formulation is the one used along the
thesis.

Soon after Maldacena’s paper, new cases of the duality appeared, extending it to non-
conformal and less supersymmetric solutions. Nowadays, the gauge/gravity duality has
vastly extended and it has found applications in many areas: quantum chromodynamics,
condensed matter physics, astrophysics, cosmology, black holes, quantum information, etc.

Non-abelian T-duality

Abelian T-duality is another important duality in string theory. It relates two apparently
different theories that have an U(1) isometry, but that describe the same physical theory. For
example, type ITA /B string theories in Minkowski spacetime with a coordinate compactified
on a circle are related by T-duality. Locally, T-duality is dictated by the Buscher rules [I1],
and globally it corresponds to an exchange of the Chern number of the U(1) fibration and
the Hj flux on the base of the fibration [13].

On the other hand, non-abelian T-duality (NATD) was introduced in string theory in
the eighties as a generalization of T-duality to solutions with non-abelian isometry groups.
Locally, there is a generalization of the Buscher rules for the non-abelian case. Globally, the
transformation rules are not known, and we can not access to all the features of the dual
solution. This implies that we can not know all the details of the dual field theories of these
new supergravity backgrounds. Along this thesis, we considered the particular case in which
the isometry group is SU(2).

The Buscher rules are derived from the T-dual action, via the following procedure. The
idea is to start from the sigma model action for the NSNS fields, and gauge the U(1) isometry
0 — D = 0+ A by introducing a gauge field A. Then, a Lagrange multiplier term is
introduced, ensuring that the gauge field is not dynamical. Finally, integrating out the gauge
field we are left with the dual action. The Lagrange multipliers act as the new coordinates.

The basic differences between abelian T-duality and NATD are:

e The abelian T-duality is an involution, i.e., performing T-duality twice the original
background is recovered. Nevertheless, NATD is not an involution, as in the NATD
background the isometries are no longer present.
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e For compact commuting isometries one may argue that T-duality is actually a true
symmetry of string theory. There is no analogous statement for the non-abelian cases.

e The global properties of the abelian T-duality are understood. Nevertheless, for the
NATD they are not known yet.

e In the abelian case we flip between type ITA and type IIB, but in the non-abelian case
we might change or stay within the same theory. If the dimension of the isometry
group G is odd, we flip from type ITA and II B, and if the dimension is even, we stay
within the same theory.

Using this technique, in chapter 2 we obtained new solutions of type IIA /B supergravi-
ties. The idea is to obtain new solutions that are interesting in the context of the AdS/CFT
correspondence. In summary, we started from a set of supergravity solutions in type IIB
supergravity. In particular some of these solutions have an AdS; factor and are supersym-
metric. All these solutions have an SU(2) isometry in the compact part, and we performed
non-abelian T-duality along these directions. As a result, we obtained new solutions of type
ITA supergravity, and in particular new solutions with an AdSs factor, supersymmetric and
without singularities. Moreover, starting from one of these solutions, we performed abelian
T-duality back to type IIB, obtaining a new solution with an AdSj3 factor, supersymmet-
ric, without singularities and with all supergravity fields turned on. Furthermore, the new
solutions of type ITA supergravity are uplifted to eleven-dimensional supergravity.

We also proceeded to analyze the dual field theories of these new supergravity solutions.
First, we compute the Page charges before and after the NATD, obtaining how the brane
content of the solution changes. Moreover, we computed the central charges before and after
the NATD. The quotient between the central charges before and after the NATD depends
on the volume of the compact manifold after the NATD. But as the global properties are
not known, neither is the volume of the involved manifolds. Finally, we also computed the
entanglement entropy and the Wilson loops. In both cases, we obtained that the quotient
before and after the NATD depend on global properties of the new solution, and for the
solutions with non-trivial renormalization group flow, the quotient is constant along the
flow.

Adding flavor to the AdS/CFT duality

In the original formulation of the AdS/CFT correspondence, the quantum field theory only
has fields in the adjoint representation (in terms of QCD, only has gluons). However, in
order to obtain applications in phenomenological theories, it is interesting to add matter in
the fundamental representation (in terms of QCD, quarks). In the gravity side this can be
achieved by adding a new type of branes, called flavor branes. If the number of flavor branes
is small compared to the number of color branes, then the introduction of the new flavor
branes do not modify the initial geometry. This simplification is known as the probe brane
approximation. For example, in the solution AdSs x S®, one way to add flavor is through
D7 branes extended along AdSs x S® C AdSs x S°.

However, if the full effect of the fundamental matter has to be taken into account, then
the deformation that the flavor branes create on the geometry must be considered. In this
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case, a new solution must be obtained to the full problem of supergravity plus D6-brane
sources. If we consider N; flavor branes and N, color branes, the gravity system will be
modified by the flavor branes when:

N, Ny — o0, Ny/N.= constant . (7.0.1)

This limit is known as the Veneziano limit. In general, a stack of flavor branes in a specific
position of the geometry implies the presence of )-functions, the loss of symmetries and
dependence in several variables. In order to avoid these difficulties, we can considered the
smearing technique. It consists in distributing homogeneously the flavor branes (similar to a
volumic distribution of electric charge in electromagnetism, in opposition to a point charge).
In this way we avoid J-functions, we recover symmetries and the dependence only in one
variable. Thus, the problem becomes easier. For a detailed review, see [73].

In chapter 3 of this thesis, we obtained a generalization of the ABJM theory which
includes unquenched massive fundamental matter, using the smearing procedure. Let us
review first the ABJM theory and how to introduce quenched flavor to it.

The ABJM theory

In the same way that the N' = 4 SU(N) SYM theory is the best understood example of
the AdS;/CFTy correspondence, the ABJM theory is the best understood example of the
AdS,/CFTj; correspondence.

In 2008 Aharony, Bergman, Jafferis and Maldacena (ABJM) [51] constructed a 2 + 1
dimensional N/ = 6 superconformal Chern-Simons-matter theory with gauge group U(N) x
U(N) and opposite levels k and —k. The bosonic matter content of the theory is four complex
scalar fields C; (I = 1,2,3,4) transforming in the bifundamental representation (N, N) of
the gauge group and their corresponding complex conjugate fields in the anti-bifundamental
representation (N, N).

The R symmetry of the theory is U(4)g = U(1)g x SU(4)r. The scalars C; are in the
fundamental 4 representation of SU(4)g, and have charge +1 under U(1)g.

One can take the t’Hooft limit in the ABJM theory, which is given by:

N, k— oo |, A= % = fixed , (7.0.2)
where A is the t’'Hooft coupling. It turns out that in the large N limit, the degrees of freedom
scale as N3/, a different behavior than in N' = 4 SU(N) SYM, which scales as N2.

Let us now consider the gravity dual description to the ABJM field theory. The conjecture
in its strong version states that the ABJM field theory is dual to M2-branes on a C*/Z,
singularity in M theory. In the large N limit, the gravitational background becomes AdS, x
S7/Zy, in eleven-dimensional supergravity. The S7/Z; space is a lens space, i.e., a bundle
with base CP* and fiber S', and the possible fibrations are classified by an integer, in this
case k. When the Chern-Simons level £ is large (k* > N) the size of the fiber is small and the
system is better described in terms of type ITA supergravity, after performing a dimensional
reduction to ten dimensions along the Hopf fiber S!. In the type IIA description, the
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geometry is AdS,; x CP?, where CP? inherits the natural metric from the total space S7/Zj,
known as the Fubini-Study metric. The solution also has a constant dilaton, and F, and F}
forms.

The CP? manifold with the Funibi-Study metric has an isometry group U(4). This
precisely corresponds with the R-symmetry of the ABJM field theory U(4)g = U(1) x SU(4).
The manifold CP? has a spin structure, and in particular a Kéhler structure with Kéhler
form J. The dilaton ¢ and the F; and Fj forms are:

e® = % . Fy=2kJ, F,= %kL2QAdS4 , (7.0.3)
where Q44s, is the volume form of AdSy and L is the radius of AdSy, L* = 2m2N/k.

This description of the ABJM theory in type IIA supergravity is the one considered in
chapters 3, 4 and 5 of this thesis.

The ABJM theory can be generalized by including fundamental matter. The easiest way
of including fundamental matter is through the probe brane approximation. If we consider
the type ITA supergravity description of the ABJM theory, the addition of fundamental
matter can be obtained by including Ny probe D6-branes [78], [79], embedded in AdSy x
RP? C AdS, x CP?, with Ny fixed in the limit N, — oo. The resulting field theory is
the original ABJM theory plus a hypermultiplet of fundamental matter in each node of
the quiver diagram (see Fig. , preserving N = 3 supersymmetry of the original N' =
6. The hypermultiplets transform in the fundamental representation (N, 1), (1,N) and
antifundamental representation (N, 1), (1, IN).

Unquenched massive flavored ABJM

In chapter 3 of this thesis we constructed a new solution to type ITA supergravity with flavor
D6-branes, in the Veneziano limit, using the smearing technique.

Starting from the ABJM theory in the type IIA supergravity description, the CP* man-
ifold is expressed as a fibration of a S? sphere over a S* base. We consider a deformation
along the fiber, which implies that the F, form is not closed any more, and its Bianchi
identity is not vanishing, but proportional to the number of flavor branes Ny. These flavor
branes are smeared, in such a way that the equations of motion only depend on the holo-
graphic coordinate and there are no d-functions. Moreover, we imposed supersymmetry and
obtained a set of BPS equations from the condition that the gravitino and dilatino vanish.
The BPS equations are reduced to a single second order equation, that we proceed to solve
numerically.

The interpretation of the dual field theory to this supergravity solution is the following.
In the UV, the mass of the fundamental matter is negligible, and we recover the massless
unquenched flavored solution of [75], which is a conformal fixed point. In the IR, the mass
of the fundamental matter becomes very large and the fundamental matter decouples, and
we are left with the pure ABJM theory, which is also a conformal fixed point. Thus, the
complete solution smoothly interpolates between the two fixed points at the IR and UV.

Using the supergravity solution we computed some interesting observables of the dual
field theory. First, we obtained the entanglement entropy for a circular surface. For that
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purpose, we used the Ryu-Takayanagi holographic prescription [95]. It consists in computing
the minimal surface that is hanging in the bulk and is attached to the circle at the boundary.
Moreover, using the Liu-Mezei prescription, [I37] we obtained a function that verifies the F
theorem (the analog of the ¢ theorem in 241 dimensions), i.e., a function that monotoni-
cally decreases from the UV to the IR and that matches the free energy at the fixed points.
Furthermore, we also obtain the two-point function for high dimensional operators, we com-
pute the Wilson loop, and the meson spectrum. In summary, all the observables computed
indicate the presence of a renormalization group flow between two fixed points at the UV
and IR. This flux is smooth and monotonic, without phase transitions.

Holographic fractional Hall effect

In chapter 4 we construct a solution to type IIA supergravity based on the ABJM theory,
which is dual to a quantum field theory that presents fractional Hall states.

Starting from the type ITA description of the ABJM theory, we introduced a probe D6-
brane and studied its properties. We turned on gauge fields in the worldvolume of the brane.
First, we switched on a gauge field on the internal compact part of the worldvolume of the
brane. This gauge field is quantized and breaks parity. The parity breaking is demonstrated
via helicity dependence of the meson spectrum. We also turned on gauge fields in the
Minkowski part of the worldvolume of the brane which in the field theory correspond to
electric and magnetic fields, currents and charge density. Once this electromagnetic set up
is introduced, we compute the conductivities. For generic values of the parameters, the
D6-branes reach the IR (black hole embedding) and in the field theory this corresponds to
a gapless state. If the parameters verify a specific condition, we can have branes that do
not reach the IR (Minkowski embeddings) and it corresponds to gapped states. The parity
breaking due to the internal flux allows to have transverse current, and Hall states. Using
the supergravity solution we can compute the filling fraction. Curiously, for specific values
of the parameters we found supersymmetric solutions dual to Hall states.

Finally, this computations are generalized to the case in which the solution is a version
of the ABJM theory which includes unquenched massless fundamental matter of [75] and
also with temperature [136].

Quantum phase transitions

In chapter 5 of this thesis we constructed a gravity model and studied the quantum phase
transitions of its dual field theory.

Quantum phase transitions are transitions that happen at zero temperature and that
are induced by quantum fluctuations. They occur when some control parameters are varied
and tuned to critical values. In this case, we constructed a system with charge density,
and phase transitions occur when varying the charge density. Starting from the type ITA
description of the ABJM theory, we add a probe D6-brane. In its worldvolume we turn
on a gauge field which is dual to a charge density. The D6-brane undergoes a transition
where the topology of the embedding changes from a black hole embedding when the charge
density is grater than zero, to a Minkowski embedding when the charge density is vanishing.
This transition is identified in the dual field theory with a second order phase transition,
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and we compute the critical exponents. The scaling behavior near this critical point has
multiplicative logarithmic corrections.

Furthermore, we generalize this construction to the version of the ABJM theory which
includes unquenched massless fundamental matter of [75]. When the dynamical effect of the
flavor is taken into account, the phase transition becomes first order. In this case, the phase
transition happens at a charge density greater than zero. In order to characterize it, we
compute the discontinuity of some physical quantities as a function of the flavor.
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Chapter 8

Resumen

En esta tesis hemos generalizado la correspondencia AdS/CFT a nuevos casos mediante el
uso de dualidad T y mediante la inclusion de materia fundamental. Ademas, se encontraron
nuevas aplicaciones a la fisica de la materia condensada. En primer lugar, se construyeron
nuevas soluciones supersimétricas de supergravedad de tipo IIA/B y de once dimensiones
empleando la dualidad T no abeliana. En segundo lugar, se obtuvo una nueva solucién de
supergravedad de tipo ITA con D6-branas, que es dual a una version de la teoria ABJM que
incluye materia fundamental masiva y sus efectos dinamicos. En tercer lugar, se estudié
una D6-brana de prueba con campos gauge no triviales en la teoria ABJM, obteniendo una
descripcion dual de un sistema Hall cuantico. Finalmente, se consideré una D6-brana de
prueba en la teoria ABJM y se estudiaron las transiciones de fase cuanticas de su teoria de
campos dual.

Contextualizacion

En el siglo XX se consolidan dos grandes ramas de la fisica, destinadas a explicar los aspectos
mas fundamentales de la naturaleza. Por una parte, se sedimenta la teoria de la relatividad
general, que describe la fuerza de la gravedad, obteniendo resultados satisfactorios en la
explicacion del ambito macroscépico. Por otra parte, se establece la teoria cuantica de cam-
pos, base del modelo estandar de la fisica de particulas elementales, que describe las fuerzas
electromagnética, débil y fuerte, y que explica con gran precisiéon la fisica del microcosmos.
La unificacién de estas dos ramas es uno de los problemas abiertos mas importantes de la
fisica actual. La teoria de cuerdas es hoy en dia la mejor candidata para llevar a cabo dicha
unificacion, y asi incluir bajo un mismo marco tedrico las cuatro fuerzas fundamentales.

Dentro de la teoria de cuerdas se descubrieron objetos de caracter no perturbativo llama-
dos D-branas. Por una parte, las D-branas son soluciones que consisten en hiperplanos donde
las cuerdas abiertas apoyan sus extremos. Estas cuerdas abiertas describen la dinamica de
las branas, y los modos de masa cero se corresponden con una teoria gauge. Por otra parte,
las branas se pueden describir como objetos gravitatorios no perturbativos desde el punto de
vista de las cuerdas cerradas. Esta doble descripcién de cuerdas abiertas/cerradas apunta
hacia una relacion entre teorias gauge y teorias de cuerdas.

En particular, el estudio de las D3-branas en teoria de cuerdas de tipo IIB condujo a la
conjetura de Maldacena en 1997. Esta conjetura establece que la teoria cuantica de campos
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conforme N' = 4 SU(N) super-Yang-Mills es dual a la teorfa de cuerdas de tipo I1IB en la
geometria AdSs x S°. Se dice que las dos teorfas son duales en el sentido de que se trata
de dos descripciones alternativas de la misma teoria fisica, aunque aparentemente sean muy
diferentes.

La dualidad resulta de gran utilidad porque se trata de una dualidad débil/fuerte, es
decir, es una dualidad en la que si en una teoria la constante de acoplamiento es fuerte,
entonces en su descripcion dual la constante de acoplamiento es débil. De este modo, la
dualidad permite realizar calculos en teorias de campos en régimen de acoplamiento fuerte,
pasando a su descripcién dual en términos de gravedad clasica, donde los calculos son mas
facilmente tratables.

Aunque la dualidad se puede formular en diferentes niveles de generalidad, la formulacién
mas util es su versién débil, que es la que se ha empleado en el desarrollo de esta tesis. En
su forma original, ésta establece que N' =4 SU(N) SYM en el limite de t’"Hooft (N — o0)
y régimen de acoplamiento fuerte (A — 00) es dual a supergravedad clésica de tipo IIB en
la solucién AdS5 x S°.

Tras la publicacién de Maldacena pronto aparecieron nuevos ejemplos de la dualidad
gravedad /gauge extendiéndose a casos en los que la teoria de campos no es conforme y que
preservan menos supersimetrias. Hasta la actualidad, el campo de la dualidad holografica
ha crecido enormemente, y ha encontrado aplicaciones en muchas areas: cromodinamica
cuantica, fisica de la materia condensada, astrofisica, cosmologia, agujeros negros, infor-
macion cudntica, etc.

Dualidad T no abeliana

La dualidad T abeliana es otra dualidad importante en el d&mbito de la teoria de cuerdas.
Esta relaciona dos teorfas que poseen una isometria U (1), aparentemente diferentes, pero que
describen la misma teoria fisica. Por ejemplo, las teorias de cuerdas de tipo ITA y IIB en el
espacio de Minkowski con una coordenada compactificada en un circulo, estan relacionadas
por dualidad T. Localmente, la dualidad T estd dictada por las reglas de Buscher [11], y
globalmente corresponde a un intercambio del nimero de Chern de la fibracion del circulo y
el flujo de Hj en su base [13].

Por otra parte, la dualidad T no abeliana fue introducida a finales de los anos ochenta
como una generalizacion de la dualidad T a soluciones con grupos de isometria no abelianos.
Localmente, existe una generalizacién de las reglas de Buscher para el caso no abeliano.
Globalmente, las reglas de la transformacion no se conocen, y por tanto no se podra acceder
a todas las caracteristicas de la solucion dual. Esto implica que tampoco podran conocerse
todos los detalles de las teorias de campos duales a esas soluciones de supergravedad. A lo
largo de esta tesis se ha considerado el caso particular en el que el grupo de isometrias es
SU(2).

Las reglas de Buscher se obtienen a través de la acciéon dual T mediante el siguiente
procedimiento. Primero, se empieza desde el modelo sigma para los campos NSNS, y se hace
gauge la isometria mediante la introduccion de un campo gauge A y las correspondientes
derivadas covariantes 0 — D = 0 + A. A continuacién, se introduce un término que actua
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como multiplicador de Lagrange, que introduce la condicién de que el campo gauge A es no
dinamico. Finalmente, integrando el campo gauge A se obtiene la acciéon dual T.
Las diferencias fundamentales entre dualidad T abeliana y no abeliana son:

e La dualidad T abeliana es una involucién, es decir, realizando dualidad T dos veces
se recupera la solucién inicial. Sin embargo, la dualidad T no abeliana no es una
involucion, pues en la solucién dual las isometrias iniciales ya no estan presentes.

e Para isometrias compactas que conmutan se puede argumentar que la dualidad T es
una simetria en teoria de cuerdas. Sin embargo, no existe un argumento similar para
la dualidad T no abeliana.

e Las propiedades globales de la dualidad T abeliana son conocidas, mientras que las de
la dualidad T no abeliana no se conocen.

e La dualidad T abeliana pasa de supergravedad de tipo ITA a IIB o viceversa, pero
la dualidad T no abeliana puede cambiar de teoria o permanecer en la misma. Mas
precisamente, si el grupo de isometrias es de dimensién impar, se cambia de teoria, si
es de dimension par, se permanece en la misma teoria.

Empleando estas reglas en supergravedad de tipo ITA y IIB, se pueden obtener nuevas
soluciones que podrian tener especial interés en la correspondencia AdS/CFT. En el capitulo
2 de esta tesis se construyeron nuevas soluciones empleando esta técnica. En resumen,
partimos de varias soluciones en supergravedad de tipo IIB, entre las cuales tienen especial
interés las soluciones con factores AdSs; supersimétricas. Las soluciones completas tienen
isometrias SU(2) en la parte compacta, y efectuamos dualidad T no abeliana a lo largo de
esas direcciones. Como resultado, obtuvimos nuevas soluciones en supergravedad de tipo
ITA, en particular nuevas soluciones AdS;3 supersimétricas y sin singularidades. Ademas,
partiendo de una de estas nuevas soluciones, realizamos dualidad T abeliana para obtener
una nueva solucién en supergravedad de tipo IIB con un factor AdS3, supersimétrica, sin
singularidades y con todos los campos de supergravedad encendidos. Ademas, las nuevas
soluciones en supergravedad de tipo ITA se suben a supergravedad de once dimensiones,
obteniendo también nuevas soluciones.

Ademas de obtener nuevas soluciones en supergravedad, hemos procedido a analizar sus
teorfas de campos duales de acuerdo con la correspondencia AdS/CFT. En primer lugar,
calculamos las cargas de Page antes y después de la dualidad T, obteniendo como cambia el
contenido de branas de las soluciones. Esto permite extraer alguna conclusién acerca de las
teorias de campos duales a las nuevas soluciones. Ademas, calculamos las cargas centrales
antes y después de la dualidad T. El cociente entre las cargas centrales antes y después de la
dualidad T queda en funcién del volumen de la variedad compacta después de la dualidad T,
pues al no conocerse las propiedades globales de estas nuevas soluciones, tampoco se conoce
el volumen de las variedades involucradas. Finalmente, también calculamos la entropia de
entrelazamiento y circulos de Wilson. En ambos casos, obtuvimos que el cociente antes y
después de la dualidad T depende de caracteristicas globales de la nueva solucién, y que en
las soluciones con grupo de renormalizacién no trivial, dicho cociente es constante a lo largo

del flujo.
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Adicién de sabor a la dualidad AdS/CFT

En la formulacién original de la correspondencia AdS/CFT, la teorfa cudntica de campos
unicamente presenta campos en la representacién adjunta (en términos de QCD, sélo posee
gluones). Sin embargo, con objetivo de obtener aplicaciones fenomenolégicas, resulta intere-
sante anadir campos de materia en la representacién fundamental (en términos de QCD,
quarks). En el sector gravitatorio esto se puede conseguir anadiendo un tipo adicional de
branas, llamadas branas de sabor. Si el niimero de branas de sabor que anadimos es pequeno
comparado con las branas de color, entonces la introduccién de las branas de sabor no mod-
ifica la geometria inicial. Esta aproximacion se llama aproximacion de brana de prueba. Por
ejemplo, en la solucién AdSs x S°, una forma de anadir sabor es mediante branas D7 de
prueba extendidas a lo largo de AdSs x S? C AdSs x S°.

Sin embargo, si se quiere tener en cuenta el efecto completo de la materia fundamental,
entonces debe considerarse la deformacion que las branas de sabor generan sobre la geometria
inicial. En este caso, hay que obtener una nueva soluciéon al problema conjunto de super-
gravedad con fuentes (las branas de sabor). Si se toma un nimero de branas de sabor Ny y
un nimero de branas de color N, el sistema gravitatorio se vera modificado por la presencia
de las branas de sabor cuando:

N¢,Ny =00, Ny/N,= constante . (8.0.1)

Este limite se conoce como el limite de Veneziano. De forma genérica, la presencia de una
pila de branas de sabor en un punto de la geometria implica la presencia de funciones 4§,
rotura de simetrias y dependencia en varias variables en el problema a resolver. Para evitar
estas dificultades, se considera el método de distribucién uniforme, que consiste en repar-
tir de forma homogénea las branas de sabor (similar a una distribucién volimica de carga
eléctrica en electromagnetismo cldsico, en oposicién a una carga puntual). De esta forma,
se evitan las funciones 0, se recuperan las simetrias y la dependencia en una sola variable.
Asi, el problema se vuelve mas accesible. Para una revision detallada de este procedimiento
de distribucién uniforme, véase [73].

En el capitulo 3 de esta tesis, se obtuvo una generalizacién de la teoria ABJM que incluye
materia fundamental masiva y sus efectos dindamicos mediante el método de distribucién
uniforme. Recordemos en primer lugar qué es la teoria ABJM y cémo introducir sabor en
ella mediante branas de prueba.

La teoria ABJM

Del mismo modo que la teorfa N' = 4 SU(N) SYM es el ejemplo mejor entendido de la corre-
spondencia AdS5/CFTy, la teoria ABJM es el ejemplo mejor entendido de la correspondencia
AdS,/CFTs.

En 2008 Aharony, Bergman, Jafferis y Maldacena (ABJM) [51] construyeron una teoria
en 2 + 1 dimensiones, N’ = 6 superconforme, de tipo Chern-Simons con materia, con grupo
gauge U(N) x U(N) y niveles opuestos k y —k. El contenido de materia bosénico de la teoria
son cuatro campos escalares complejos Cy (I = 1,2, 3,4) que transforman en la representacién
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bifundamental (N, N) del grupo gauge y sus correspondientes campos complejos conjugados
que transforman en la representacién anti-bifundamental (N, N).

La simetria R de la teoria es U(4)g = U(1)g x SU(4)g. Los escalares C; transforman en
la representacion fundamental 4 de SU(4)g, y tienen carga +1 bajo U(1)g.

El limite de t’"Hooft de la teoria ABJM viene dado por:

N
N, k— oo A= = constante , (8.0.2)

donde A es la constante de t’Hooft. En el limite de t’"Hooft los grados de libertad de la teoria
ABJM escalan como N3/2, a diferencia de la teorfa N' = 4 SU(N) SYM, donde escalan como
NZ.

Consideremos ahora el dual gravitatorio de la teoria de campos ABJM. La conjetura
en su version fuerte establece que la teoria de campos ABJM es dual a M2 branas en la
singularidad C*/Z, en teorfa M. En el limite N — oo, esto corresponde a AdS; x S7/Z;, en
supergravedad en once dimensiones. El espacio S7/Z;. es un espacio lenticular, es decir, un
fibrado con base CP? y fibra S, y las posibles fibraciones estan clasificadas por un entero,
precisamente k. Cuando el nivel de Chern-Simons k es grande (k* > N) el tamano de
la fibra es pequeno y el sistema estd mejor descrito en términos de supergravedad de tipo
ITA mediante reduccién dimensional a diez dimensiones a lo largo de la fibra de Hopf S!.
En la descripcién en supergravedad de tipo IIA, la geometria es AdS, x CP?, donde CP?
hereda la métrica natural del espacio total S7/Zy, y esta métrica se conoce como métrica de
Fubini-Study. La solucién también posee un dilatén constante y formas no triviales Fy y Fj.

El grupo de isometrias de CP? con la métrica de Fubini-Study es U(4). Este precisamente
se corresponde con la simetria R de la teorfa de campos ABJM, i.e., U(4)g = U(1) x SU(4).

La variedad CP? tiene una estructura de Spin, y en particular una estructura Kéhler con
forma de Kahler J. En la descripcién de la teoria ABJM en supergravedad de tipo ITA, el
dilaton y las formas F, y F) vienen dadas por:

2k 3k
€¢ = —, F2 = 2kJ y F4 — 7L2QAdS4 ) (803)

donde Q4q4s, es la forma de volumen de AdSy y L es el radio de AdSy, L* = 27N /k.
Esta descripcién de la teoria ABJM en supergravedad de tipo ITA es la que se ha em-
pleado en los capitulos 3, 4 y 5 de esta tesis.

La teoria ABJM se puede generalizar incluyendo materia fundamental. La forma més
sencilla de incluir materia fundamental es mediante la aproximacién de brana de prueba.
Si consideramos la descripciéon de la teorfa ABJM en supergravedad de tipo ITA, la adicién
de materia fundamental se puede obtener incluyendo N; D6-branas de prueba [78], [79],
encajadas en AdS; x RP? C AdS,; x CP?, con N; fijo en el limite N, — oo. La teorfa de
campos resultante es la teoria ABJM original con un hipermultiplete de materia fundamental
en cada nodo del diagrama quiver (tal como se muestra en la Fig. preservando N = 3
supersimetria de la original N/ = 6. Los hipermultipletes transforman en la representacion
fundamental (N, 1), (1,N) y antifundamental (N, 1), (1,N).
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ABJM con sabor masivo y sus efectos dinamicos

En el capitulo 3 de esta tesis se construyé una nueva soluciéon de supergravedad de tipo ITA
con D6-branas de sabor, en el limite de Veneziano, empleando la técnica de distribucién
uniforme.

Partiendo de la solucién ABJM en términos de supergravedad de tipo ITA, se describe
a la variedad CP? como una fibracién de una S? con base S*. A continuacién, se considera
una deformacion a lo largo de la fibra, lo cual permite que la forma F5 sea no cerrada, y
asi su identidad de Bianchi no es cero, sino que es proporcional al niimero de branas de
sabor. Estas branas se toman distribuidas uniformemente, de tal forma que las ecuaciones
del movimiento sélo dependen de la coordenada holografica y no hay funciones . Ademas,
para obtener la solucién se impone supersimetria, y se obtienen unas ecuaciones BPS de la
condicién de que las variaciones del gravitino y el dilatino son cero. Las ecuaciones BPS se
reducen a una sola ecuacién de segundo orden, que procedemos a resolver numéricamente.

La interpretacion de la teoria de campos dual a esta solucion gravitatoria es la siguiente.
En el ultravioleta, la masa de la materia fundamental se vuelve despreciable, y recuperamos
la solucién sin masa de [75], que es un punto fijo conforme. En el infrarrojo, la masa de la
materia fundamental se vuelve muy grande, y la materia fundamental desacopla, dejandonos
puramente con la teoria ABJM, que también es un punto fijo conforme. Por tanto, la solucién
completa interpola suavemente entre estos dos puntos fijos en el ultravioleta y el infrarrojo.

Mediante la solucién de supergravedad hemos procedido a calcular algunos observables
interesantes de la teoria de campos dual. En primer lugar obtuvimos la entropia de en-
trelazamiento para una superficie con forma circular. Para ello empleamos la prescripcion
hologréfica de Ryu-Takayanagi [95], que consiste en considerar la superficie de drea minima
en la teoria de gravedad cuyo contorno coincide con el circulo en la frontera. Ademéds, emple-
ando la prescripcién de Liu y Mezei [137], obtuvimos una funcién que verifica el teorema F (el
andlogo del teorema c en 2+1 dimensiones), i.e., una funcién que decrece monoténicamente
desde el ultravioleta hacia el infrarrojo y que coincide con la energia libre en los puntos fijos.
También obtuvimos el correlador de dos puntos para operadores de dimensién grande, calcu-
lamos el circulo de Wilson (de donde se obtiene el potencial quark-antiquark) y el espectro
de mesones. En resumen, todos los observables calculados indican la presencia de un flujo
del grupo de renormalizacion entre dos puntos fijos en el infrarrojo y ultravioleta. Se trata
de un flujo suave y monotoénico sin transiciones de fase.

Efecto Hall holografico

En el capitulo 4 de esta tesis se construyo una solucion de supergravedad de tipo IIA basada
en la teoria ABJM que es dual a una teoria de campos que describe un sistema Hall cuantico
fraccionario.

Partiendo de la descripcion de la teoria ABJM en términos de supergravedad de tipo
ITA, introducimos una D6-brana de prueba y estudiamos sus propiedades. En el interior de
la D6-brana encendemos campos gauge. En primer lugar, encendemos un campo gauge en
la parte compacta del volumen de universo de la brana. Este campo gauge estd cuantizado,
y en la teoria gauge dual se corresponde con un término que rompe paridad. Esta rotura
de paridad se hace explicita en el cédlculo del espectro de mesones, donde se observa una
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dependencia con la helicidad. A continuaciéon encendemos campos gauge en la parte de
Minkowski del volumen de universo de la brana, que en la teoria de campos se corresponden
con campos eléctricos y magnéticos, corrientes y densidad de carga. Una vez introducida esta
configuracion electromagnética, calculamos las conductividades. Para valores genéricos de
los pardmetros, las D6-branas alcanzan el infrarrojo (encajamientos de tipo agujero negro)
y en la teoria dual esto se corresponde con estados conductores. Si los pardametros verifican
una cierta condicién, se podran tener D6-branas que no alcanzan el infrarrojo (encajamiento
de tipo Minkowski) y que se corresponde con estados aislantes en la teorfa dual. La ruptura
de paridad introducida por el flujo interno permite la presencia de una corriente transversa,
y estos estados se corresponden con estados de Hall. A través de la solucion gravitatoria
calculamos la fraccion de llenado. Cabe destacar que existen ciertos valores de los parametros
para los que existen soluciones supersimétricas duales a estos estados de Hall.

Finalmente, estos calculos se generalizaron al caso en el que la solucién es la version de
ABJM que incluye materia fundamental dindmica sin masa de [75] y con temperatura [136].

Transiciones de fase cuanticas

En el capitulo 5 de esta tesis se construy6 un modelo gravitatorio y se estudiaron transiciones
de fase cuanticas en su teoria de campos dual.

Las transiciones de fase cuanticas son transiciones de fase que tienen lugar a temperatura
cero y que suceden al variar algiin pardmetro fisico. En este caso, construimos un sistema
con densidad de carga, y las transiciones de fase tienen lugar al variar la densidad de carga.
Partiendo de la descripcién de la teoria ABJM en supergravedad de tipo ITA, anadimos una
D6-brana de prueba. En el volumen de universo de esta brana encendemos un campo gauge
que es dual a una densidad de carga. La D6-brana efectiia una transicion en la que cambia la
topologia del encajamiento, desde un encajamiento de agujero negro (es decir, que alcanza el
infrarrojo) cuando la densidad de carga es mayor que cero, a un encajamiento de Minkowski
(es decir, que no alcanza el infrarrojo) cuando la densidad de carga es cero. Esta transicién
se identifica en la teoria de campos dual con una transicion de fase de segundo orden, y
se calculan los correspondientes exponentes criticos. Curiosamente, el comportamiento de
escala cerca del punto critico presenta términos multiplicativos logaritmicos.

Ademas, esta construccién se generalizé a la version de ABJM que incluye sabor dinamico
de masa cero [75]. Al incluir los efectos dindmicos del sabor, la transicién de fase pasa a
ser de primer orden. En este caso, la transicién de fase tiene lugar a densidad mayor que
cero. Para caracterizar dicha transicién, calculamos la discontinuidad de ciertas magnitudes
fisicas como funcion del sabor dindmico de la solucién.
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