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RESUMEN (en espaiiol)

Esta tesis esta enfocada en el estudio de la correspondencia AdS/CFT. En particular, su
meta principal consiste en proveer nuevas evidencias que apoyen los casos en
dimensiones bajas: AdS,/SCQM y AdS:/CFT., los cuales no se comprenden
completamente todavia.

Para alcanzar esta meta, construimos nuevas soluciones AdS; y AdS; de las
supergravedades de Tipo Il, ya que no se ha obtenido aiin una clasificacion completa.
Esto se consiguié mediante la aplicaciéon de un conjunto diverso de técnicas y
conceptos: dualidades de cuerdas (por ejemplo, dualidad-T abeliana y no abeliana),
estructura-G, soluciones de branas, etc. Tras esto, construimos las teorias de campos de
\textit{quivers} que viven en la configuracion de branas subyacente; las branas son
objetos no perturbativos que aparecen en teoria de supercuerdas. Estas configuraciones
de branas proveen una nocién de dualidad entre la soluciéon de supergravedad y la teoria
de campos. En nuestro caso, se espera que esta ultima fluya en el IR a una teoria
conforme de campos (CFT). El ultimo paso consiste en poner a prueba esta hipotesis
calculando un observable llamado carga central de la teoria de campos y ver si coincide
con aquella de la solucion de supergravedad en el IR.

Esta tesis esta dividida en dos partes distintas. En la parte | introducimos los
ingredientes y conceptos principales que sera clave para entender la tesis. Estan
relacionados con temas tales como teoria de cuerdas, supergravedad y holografia. La
parte Il esta dedicada a la presentacion de los resultados originales de esta tesis.

RESUMEN (en Inglés)

This thesis is focused on the study of the AdS/CFT correspondence. In particular, its
main goal is to provide new evidence supporting the low-dimensional AdS./SCQM and
AdS;/CFT.cases, which are not fully understood yet.

In order to achieve this goal, we built new AdS: and AdS:; solutions to Type Il
supergravities, as a complete classification has not been obtained yet. This was done by
applying a diverse set of techniques and concepts: string dualities (e.g. Abelian and non-
Abelian T-duality), G-structure, brane solutions, etc. We then built quiver field theories
living in the underlying brane set-up, branes being non-perturbative objects that appear
in superstring theory. These brane set-ups provide a notion of duality between the
supergravity solution and the field theory. In our case the latter one is expected to flow in
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the IR to a conformal field theory (CFT). The final step is to trial this hypothesis by
computing an observable called the central charge of the field theory and see if it
coincides with that of the supergravity solution in the IR.

The thesis is divided in two distinct parts. In part | we introduce the main ingredients and
concepts that are key to understand the thesis. They are related to such topics as string

theory, supergravity and holography. Part Il is devoted to presenting the original results
of the thesis.
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Introduction

One of the most sought-after goals in modern theoretical physics is to come up with
a simple and elegant theory that describes all physical phenomena, i.e. a Theory Of
Everything. The most seriously considered candidate for a Theory Of Everything since the
nineties is no other than string theory. However, the expectations and interest surrounding
it have notably waned due to its multiple issues (lack of experimental evidence, an order
of 10°% vacua and no way to tell the “real” one apart from the others...). Nevertheless,
its importance as driving force for the development of theoretical physics can’t be denied,
as we review below. This fact along with its influence in our original work, which deals
with supergravity solutions and the holographic duality, should be enough motivation to
justify the following historical summary of the born and development of string theory
and supergravity, as its low-energy limit. This introduction will also serve the purpose of
presenting some of the key concepts that will be further discussed through the thesis.

String theory was born in the sixties in the context of strong interactions, when a
quantum theory describing them was yet to be found. As a result of Veneziano’s work on
hadronic amplitudes [1], it was realised that the underlying theory contained an infinite
number of massive particles in its spectrum, unlike any known QFT at the moment.

In order to better explain this spectrum Nambu [2] and Goto [3] developed in 1970
the model we now call the bosonic string. Around a year after Nambu’s original paper,
Ramond [4] and, independently, Neveu and Schwarz [5] proposed the superstring action.
This new action incorporated fermions to the bosonic strings and displayed supersymmetry
related to the interchanging of both kinds of fields. However, various theoretical obstacles
appear when it comes to using one of these string theories to describe the strong nuclear
force:

1. Consistency at the quantum level fixes the spacetime dimension D. More specifically,
D = 26 for the bosonic string and D = 10 for the superstring. In both cases, we
seem to obtain unrealistic spacetimes, far from our 4d universe.

2. The spectrum of particles is fixed. Apart from the infinite tower of massive string
modes, it also contains a massless spin 2 particle and a tachyon (a particle with imag-
inary mass). The latter one present both theoretical and experimental problems as
its presence violates causality and such behaviour lacks any empirical confirmation.

In the 70s, string theory was discarded as a theory for the strong interaction. The two
main reasons that justify this are the new experimental high-energy results, which didn’t
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exactly fit the Virasoro amplitudes, and the formulation of QCD, which was regarded as
a superior candidate for the description of this fundamental force. However, this doesn’t
mean that string theory fell into oblivion. On the contrary, the interpretation of the
aforementioned spin 2 particle as a graviton led to the conclusion that string theory was
actually a theory of quantum gravity.

In 1976, Gliozzi, Scherk and Olive proposed the so-called GSO projection [6], which
removed the tachyon from the spectrum and imposed spacetime supersymmetry. It is
important to remark that this procedure applies to superstring theories, but not to the
bosonic string due to its absence of supersymmetry. In the seventies, in parallel to the
development of string theory, the notions of supersymmetry and its gauged version, su-
pergravity, were also researched in detail.

In 1981 Polyakov used the path integral formulation to quantise string theory [7].
He used a linear action which was equivalent at the classical level to the non-linear one
presented by Nambu and Goto [2,3]. In the early years of that decade three different
superstring theories were formulated. Two of them are theories of closed superstrings
preserving N = 2 supersymmetry in ten dimensions, known as Type ITA and Type IIB.
Their main difference is that Type ITA presents two spinors of opposite chirality, i.e. N =
(1,1) supersymmetry, while Type IIB is a chiral theory with N' = (2,0) supersymmetry.
The remaining one is an A/ = 1 theory of open and closed strings which also presents
gauge symmetry called Type I. In 1984, the proof by Green and Schwarz that the theories
were anomaly-free [8] triggered what we now know as the first superstring revolution.

In 1985, two N = 1 closed string theories where formulated by Gross, Harvey, Mar-
tinec and Rohm [9], which were called Heterotic strings. These string theories are built by
considering that the left- and right-moving modes are completely decoupled in such a way
that the former ones behave like D = 26 bosonic strings while the latter ones are treated
as D = 10 superstrings. These theories also display gauge symmetry. However, the mod-
ular invariance of their one-loop partition functions restricts the possible gauge groups to
either SO(32) or Eg x Eg, hence the two Heterotic theories. These two groups are also the
only possible ones for which the conditions for anomaly cancellation are satisfied. Both
Type I and Heterotic string theories represent a clear advantage when compared with the
closed string theories. Type II string theories lacked a way of obtaining a non-Abelian
group at the perturbative level, meaning that the SU(3)xSU(2)xU(1) gauge group that
underlies the Standard Model could not be recovered. This is no longer a problem for the
Type I and Heterotic string theories due to the intrinsic presence of gauge groups, being
Eg x Eg the one that better fulfils this purpose.

In order to avoid the remaining obstacle of superstring theory, namely the high space-
time dimension, we have to reduce from 10d to 4d. This is usually achieved via a Kaluza-
Klein dimensional compactification. For this purpose, we consider that the spacetime
manifold can be written as My x K¢, where M, is a 4d spacetime and Ky is a 6d compact
manifold. Under the assumption that Kg is small enough, we can impose that the physical
fields do not depend on the corresponding coordinates and so the 10d and the 4d theories
are related. The idea of increasing the spacetime dimension in order to attain a clearer
interpretation of a theory was originally introduced by Kaluza and Klein [10, 11].
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There is an important issue we must address: although we are looking for a unique
theory, it doesn’t seem the case. On one hand, there are five perfectly consistent super-
string theories, but only one of them should be the right one. What makes it special?
And why is that the one that actually describes our universe? On the other hand, the way
in which one compactifies is not fixed. On the contrary, the number of string vacua (the
so-called string landscape) is often estimated to be of order 10°% in the literature.

Important breakthroughs in this regard where made in the eighties when the concept
of duality became popular. T-duality was first noticed by Kikkawa and Yamasaki in the
context of toroidal string compactifications. They proved in 1984 that a string theory
with a circle direction of radius R was related to a different one with radius 1/R [12].
The study of this duality, along with the works of other scientists like Sen [13], Schwarz
[14], Vafa [15] and Witten [16] tracing connections between the superstring theories, was
key to motivate the conjecture that stated that all 10d superstring theories are different
descriptions of the same theory. This was also the birth of M-theory, which underlies the
ten-dimensional superstring theories and whose low-energy limit is 11d supergravity. These
events rekindled the interest in string theory, sparking the so-called second superstring
revolution (1994-1995).

The next big step in the development of string theory was holography. In 1997
Maldacena conjectured that various anti-de Sitter (AdS) string theory backgrounds were
related to dual conformal field theories (CFT) living in the boundary of the AdS [17].
A key concept to understand this duality are branes, which are non-perturbative string
theoretical objects that generalise the concept of string and its magnetic dual, the NS5-
brane. In particular, Dirichlet branes or D-branes are of special interest in the context of
holography. They were first introduced in 1989 by Dai, Leigh and Polchinski, when they
noticed that T-duality interchanges Neumann and Dirichlet boundary conditions for open
strings [18]. The locus of Dirichlet boundary conditions was shown to be the dynamical and
non-perturbative object we now call D-brane, or Dp-brane when the spacial dimension p
needs to be emphasised. In the context of holography, Maldacena first stated his conjecture
for D3-branes [17], based on which an AdS5 solution of Type IIB supergravity was proposed
to be holographically dual to four-dimensional CFT, namely 4d N' = 4 Super Yang-Mills.
This is particularly relevant because it provided a new path to study a four-dimensional
theory, moreover in the strongly-coupled regime. The exploration and applications of this
so-called AdS/CFT conjecture has constituted a very active line of research in the last
couple of decades. It is quite prominent its application to the study of strongly-coupled
quantum systems (the quark-gluon plasma in QCD, phase transitions, etc). The AdS/CFT
correspondence has been also quite useful in the resolution of the black hole information
paradox: AdS black holes (those living in a universe with a negative cosmological constant)
are holographically dual to a configuration of particles on the conformal boundary of Anti-
de Sitter space, which allows to compute the entropy of the black hole by counting the
number of microstates of this other system on the boundary.

The AdS3 and AdS, cases and their holographic duals are of special interest because
of the role they play as horizons of black objects in supergravity [19]. In spite of all
the steps taken towards understanding the lower-dimensional AdS holography, we still
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lack a complete and consistent string theory description. On the supergravity side, the
classification of AdSs and AdS3 solutions is still under development. For instance, one can
check [20-52] for a non-exhaustive list of references. The underlying brane description of
these solutions, key to the study of their CF'T interpretation, becomes more complicated
as the dimensionality of the internal space increases, due to the richer structure of the
possible geometries and fluxes. An interesting interpretation of these low-dimensional
AdS backgrounds is as holographic duals to defect CFTs living in higher-dimensional ones
(see, for example, [23,27,34,43,46,47,53-59]). These defect theories are associated to a
system of defect branes localised within a bound state of background branes, where the
higher-dimensional CFT lives. A clue that this interpretation may be possible is when
a low-dimensional AdS solution flows asymptotically locally to a higher dimensional one,
containing extra fluxes. In such cases the holographic free energy (or central charge)
diverges, which is interpreted as the need for UV completion into higher dimensions.

The AdS,/CFT; case is particularly challenging. The boundary of AdS, is not con-
nected so it is not quite clear where the dual CF'T should live. There is also an issue with
the interpretation of the central charge of the dual superconformal quantum mechanics
(SCQM). Namely, as the trace of the energy-stress tensor of a conformal field theory must
vanish, this implies that the energy of any SCQM equals zero and there are no finite
energy excitations [60-64]. Thus, applying the AdS,/CFT; correspondence in the micro-
scopic study of black holes is not straightforward at all and some alternatives have being
explored.

This thesis is divided in two distinct parts. In part I, we review the basic concepts
regarding string theory, supergravity and holography. The intention behind this first part
is to make the thesis more or less self-contained, providing the reader with the necessary
tools to understand the rest of the thesis. We start in chapter 1 by introducing the main
concepts related to string theory: the string actions and their boundary conditions, the di-
mensional reduction technique, supergravity as the low-dimensional limit of string theory
and the string dualities. Then in chapter 2 we introduce supergravity as a gauged version
of supersymmetry, review the simplest solutions of Type ITA/B and eleven-dimensional
supergravity and conclude by exploring the notion of G-structure and its relation to super-
symmetry. In chapter 3, we explore the concept of holography: we start with the original
AdS;/CFT, correspondence and then give an additional example of the AdS3;/CF T case,
which is particularly interesting for us, as it is related to our research. Finally, we review
the Hanany-Witten brane set-ups and the quiver field theories one can construct in them
in chapter 4.

We then present the original work in part I, where we explain the most relevant
results that appear in [65-68]. In general terms, we have contributed not only to the
classification of AdS, and AdS; solutions to Type IIA/B supergravities, but also to the
study of the AdS/CFT correspondence for these cases. We remark the importance of the
AdS geometries as horizons of black holes and strings. The AdS, and AdS; vacua are
particularly interesting, as they are known to describe the horizons of extremal 4d and
5d black holes, respectively. Holography then provides a way of counting the number of
microstates of these black objects and, therefore, of computing their Bekenstein-Hawking
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entropy. As for the dual field theories, we have been interested in giving a defect inter-
pretation when possible. Defects consist on insertions of operators in higher-dimensional
field theories.

For an outline of our original results, one can consult chapter 5. Chapter 6 is devoted
to the AdS3/CFTy correspondence. In particular, in section 6.1 we explore a new class
of AdS3 solutions to massive Type IIA supergravity. Sections 6.2-6.4 are dedicated to
presenting the dual field theories of different subclasses within the aforementioned family
of solutions. On the other hand, chapter 7 is dedicated to our results on AdS,/SCQM
holography. Here we present the new AdS, solutions to Type IIA/B supergravity we
found, as well as their field theory interpretation whenever it was possible and relevant.
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Bibliographical Review






Chapter 1

String Theory

In this first chapter, we provide a general introduction to string theory as well as a
motivation to why we should consider strings as the fundamental objects that underlie
all the elementary particles. Thus, in section 1.1 we present the most explored string
actions and outline their most relevant features. Then we introduce the notion that string
theory at low energies becomes supergravity in section 1.3. Section 1.4 is dedicated to the
relations connecting the various string theories, also known as dualities.

The chapter itself is bibliographical in nature and heavily based on [69-74] so those
are the sources we recommend for further details on the topic at hand.

1.1. String dynamics

All through this section, we will consider a D-dimensional manifold of signature
(D —1,1) and denote its metric by gyn. A classical point particle describes a worldline
in spacetime when we let it evolve in time. Thus, the action describing the dynamics of
the point particle is naturally proportional to the length of the worldline,

Spite =1 [ dry/=gurn(r, XK () XM (1) XN (7). (L.1)

where m is the mass of the particle, 7 its proper time, X™(7) its spacetime coordinates
and XM (T) its proper velocity.

When we go one step further and substitute the particle with a one-dimensional
string, we observe that it sweeps a two-dimensional surface in spacetime called worldsheet.
We will denote it by ¥ and its coordinates by o' = (7,0). Analogously to the particle
case, the path chosen by the string should be extremal in the area of the worldsheet. Such
dynamics are encapsulated by the Nambu-Goto action [2, 3],

Sne = T/EdQU\/|det(gMN(7', XE(ok))0; XM (ah)0; XN (o™))], (1.2)

where the string tension 7' makes the action dimensionless. For reasons that will be
discussed later and to distinguish between different cases, we call this one-dimensional
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object a bosonic string. As the X* (o) depend on the worldsheet coordinates, they can be
interpreted as a set of D dynamical scalar fields living on it. The spacetime parametrised
by these fields is usually referred to as target space.

We also have the Polyakov action, which is completely equivalent to (1.2), but it is
easier to quantise as the velocity is not enclosed within a square root,

T -

Sp = 5/de/]h|h”8iXM8jXNgMN. (1.3)
b

We have denoted by h;; the worldsheet metric and A the determinant of said metric. The

metric on the worldsheet h;; is an independent but non-dynamical variable and, as we will

see, it can be completely gauged away with the aid of the symmetries of (1.3). One of

these symmetries is invariance under local two-dimensional reparametrisation, i.e. under

(T7 U) — f<7-7 U) = (fl(T7 0)7 f2(7_7 U)) ) (14)

where f is a diffeomorphism. The action (1.3) is also invariant under general transfor-
mations of the D-dimensional spacetime coordinates. It is also symmetric under Weyl
transformations given by _

i . (1.5)
This invariance can be justified as follows. Let h;; be the metric of an n-dimensional
manifold, then under the transformation (1.5) we have that

V=h = /=A@ = 3N/ gl oA (1.6)

hij — 6A(

and, therefore
V_hR exp{ (g - 1) A(ai)}\/—_h, (1.7)

where the exponential equals 1 if and only if n = 2.
The stress-energy tensor is proportional to the variational derivative of (1.3) with
respect to the metric,

o2 1 05
R A /|h] 6hi

The infinitesimal version of the Weyl invariance implies that, if we consider a variation of
the two-dimensional metric of the form

1
=0, XM0; X — 5hijh’flakXMalXM : (1.8)

5hij = Uhij s (19)

then the variation of the action vanishes,

0S 0S (18) ;
ozaspz/ﬁgah /WI; = ——/\/|th (1.10)

This implies that the stress-energy tensor is traceless, even without the requirement of
the equations of motion. In the case we do consider a solution of said equations, the

10
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corresponding stress-energy tensor must be null as the equation of motion for the metric
is 5/8h" = 0. Therefore, the vanishing of (1.8) tells us that

1
oXMo XN = 5mjh’flakXMalXN (1.11)

and taking the square root of the determinant of both sides of this matrix equation, we
have

V/1det(9, X9, X V) \/|h WA XM XN | (1.12)

which proves the equivalence between the actions (1.2) and (1.3).

Now let us use the invariance under (1.4) and (1.5) to choose an appropriate gauge
which simplifies the action (1.3). First, the reparametrisation invariance lets us consider
the following local expression for the metric,

hij = Q0" )5 - (1.13)

Then we can also drop the Q(o?) factor due to the Weyl invariance. For obvious reasons,
this choice of the metric receives the name of conformal gauge. The resulting action is
that of a free string,

T -
SP == §/Ed20' nw@XMﬁjXM (114)
In this gauge, the equations of motion for the string boil down to the following,
(02 - ) XM =0. (1.15)

The general solution of the 2d wave equation can be written in terms of two arbitrary
functions,
XM(r,0) =XM1 —0)+ XY (T +0), (1.16)

where XM (7 — ) and XY (7 + o) are the right- and left-moving modes of the string,
respectively. In order to determine these functions, we must impose boundary conditions
on the endpoints of the string. In particular, we must differentiate between two topological
inequivalent cases: open and closed strings.
The closed string is a loop and, as such, has no free ends. It must satisfy a periodicity
condition for consistency,
XM(r 0 +21) = XM(7,0). (1.17)

The most general solution of (1.15) compatible with (1.17) is described by the following
modes,

T Y _
XM o - - in(T—
(r=0) =5+ 577~ ,/_47T Z
YR (1.18)
XM i + n__—in(rt+o0) )
+(T+O-) 2 +4 T( +U)+mg&% ne

11
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We have that a)f and & are arbitrary Fourier coefficients which modulate the different
oscillation modes. We observe that condition (1.17) imposes that

p =pi =p". (1.19)

Thus, z™ and p}! can be interpreted as the centre of mass of the string and its linear
momentum. Besides, the reality of X™(r,0) implies that the Fourier coefficients are
constrained by the following conditions,

M

My = oM and (aM)* =aM . (1.20)

(Oé n n

Let us now consider the case of open strings. The Fourier expansion given by (1.16)
and (1.18) is still valid, but now we take the space coordinate to satisfy o € [0, 7]. Never-
theless, the periodicity constrain (1.17) is not present this time so we must look for another
reasonable boundary condition. Let us consider the evolution of the string between an
initial time 7; and a final time 7y. This can be achieved by varying (1.14) and taking
6XM =0 at 7; and 74,

Tf s .
6Sp =T / dr / don 0, XM0;6 Xy =
K Tf 0 s Tf e (121)
:—T/ dT/ dO-(;XMnijaianM“—T\/ dT/ da@i[nijéXMﬁjXM].
Ty 0 T 0

The first term of the last line gives rise to (1.15), while the second one is a total derivative
term and we want it to vanish. If we expand and integrate it, we arrive at the following,

Tf s .
T / dr / do 9,6 XM0,; Xy =
T3 0

T Tf Tf ™
=T { / do XM@(SXM] +T { / dr 5XM8(,XM} .
0 i 0

(1.22)

Ti

Of these two terms we obtained, the first is the typical one that appears when the equations
of motion are computed via the principle of least action. It vanishes due to the fixing of
the endpoints, $X™ = 0, at 7; and ;. Nevertheless, the other term is not trivially equal to
zero, but imposes a new constraint. Consequently, we will consider the following condition,

SXM0, Xy =0 at 0=0, 7. (1.23)
There are two ways of meeting this equation:

= Neumann boundary conditions impose the vanishing of the normal derivative of the
endpoints of the string,
0,Xy=0 at o0=0, 7. (1.24)

As 6X™ is unconstrained under these boundary conditions, the endpoints of the
string move freely.

12
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= Dirichlet boundary conditions, on the other hand, fix the endpoints of the string,
XM =0 at c=0,71 &= XM =CM at =0, 7 (1.25)

for a certain constant vector C™. The fact that C™ is the same for both ends of the
string is a consequence of the Fourier expansions (1.16) and (1.18).

The Dirichlet boundary conditions may seem a bit strange at first glance as there is, in
principle, no reason why the endpoints of the string should be fixed in space. What are
they fixed to? In order to shed some light on this conundrum, let us impose Neumann
boundary conditions to p+ 1 coordinates including the time direction X° and Dirichlet to
the remaining D — p — 1. This constrains the endpoints of the string to lie on a (p + 1)-
dimensional manifold in spacetime, which is called a Dirichlet brane or D-brane. When
one wants to specify the number of tangent space dimensions p, we refer to them as Dp-
branes instead. This new kind of objects turns out to be dynamical and highly relevant
both in non-perturbative string theory and as supergravity solutions.

The Fourier expansion of the right- and left-moving modes is once again described by
(1.18), but now we have different constraints. The Neumann boundary conditions (1.24)
impose that

pY =p"=p", o)f =a), (1.26)

while the Dirichlet boundary conditions (1.25) imply the following restrictions,

— M, M = —pM . QM = Gl (1.27)

n

For both boundary conditions, we only have a set of Fourier coefficients, for instance a,
as the other set is fully determined by the boundary conditions. Thus, for the Neumann
and Dirichlet boundary conditions the Fourier expansion in target space turns out to be,
respectively,

X¥(r,0) =

M
27TT \/ﬁ Z T cos(no),

(1.28)

XY (r,0)= \/7T_T Z . T sin(no) .

The next step in this discussion would be to promote the classical string theory to a
quantum one. By doing this, we could compute the string spectrum, scattering amplitudes,
etc. However, we will skip those details as this thesis is supergravity-oriented, meaning
that none of this more quantum-related aspects of string theory will be necessary to
understand the original results presented in part [I. Nonetheless, we must take into account
that the bosonic string can only be consistently quantised in D = 26 dimensions. A
quick justification of this fact is that Lorentz invariance requires all the string states to
be massless and that only happens at that dimension. This is quite remarkable as the
spacetime dimension is a free parameter of most theories (classical or quantum). It also
raises the question of how this theory can be related to the 4d universe we live in.

13
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We observe that the spectrum of the quantum bosonic string suffers of two critical
problems. The first one is that it contains a tachyon, which renders the vacua unstable.
The other one is that it lacks fermions, which should appear in any realistic description
of our world. A way of hitting these two birds with the same stone is by considering a
supersymmetric extension of the bosonic string theory. The simplest way in which this
can be achieved is by adding free fermions as additional internal degrees of freedom that
propagate along the string. We are left with the decision of whether these fermions are
Dirac or Majorana. One interesting option consists on taking D Majorana fermions 1"
transforming in the vectors representation of SO(D —1,1). Applying these considerations
to the Polyakov action in the conformal gauge (1.14), one obtains a new action,

D)

where p’ are the two-dimensional Dirac matrices and ¢ = 9fp°. A convenient choice of

basis is depicted below,
o (0 —i 1 (0 1

and satisfy the anti commutation relation

{0} =—2m7. (1.31)

In this basis, the spinors are decomposed in the left- and right-moving fermionic modes,
M

M = @7”) : (1.32)

The Dirac matrices have being chosen to be imaginary so that the Dirac operator ip‘0; is
real. Thus, it seems reasonable to impose that the ¢} are real-valued, i.e. the spinor is
Majorana.

The action (1.29) is invariant under the following infinitesimal transformations,

SXM =M sypM = —ip'9, X Me, (1.33)

where € is a constant Majorana spinor. As (1.33) interchanges the bosonic and fermionic
coordinates, we say they are supersymmetry transformations. Because of this, the object
underlying (1.29) receives the name of superstring. We observe that if € is not a constant
in (1.33), then the action is not left invariant, but its variation takes the following form,

dS = T/ d?c(0;€)J" + boundary term, (1.34)
s

where J° is the Noether current associated to the local supersymmetry transformation,
known as supercurrent,

J' = 0;XMpl plapyy . (1.35)

14
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As we have written the action (1.29) in the conformal gauge, some restrictions must be
satisfied. Apart from the conservation of the supercurrent, the stress-energy tensor must
vanish. The symmetrised version of said tensor is given below,

i i 1
Ti; =0, X™M0; Xy — §¢Mpi(9j¢M - §¢ij0in - §nij8kXM8’“XM+
o (1.36)
+ §Uij¢MPkak¢M ;

which is traceless, as in the bosonic case.
As for the equations of motion, we get two decoupled PDEs. The one for the bosonic
fields is still (1.15), while the fermionic one reads

p o™ =0 (1.37)
or, for the components (1.32) in the chosen basis, we have
(0, £ 0 )Y =0. (1.38)
If we consider light cone coordinates
ocf=7+0 and 0.=0,+0,, (1.39)
we can rewrite equations (1.15) and (1.38) in a much more enlightening way,
s (0: XMy =04 =0. (1.40)

We observe that 92 X™ and ¥} are functions of o alone. Supersymmetry thus relates
these two solutions of the same equation.

The boundary conditions for the fermionic modes can be obtained in an analogous
way to the bosonic case. For the open string, they come once again from the vanishing
of the surface term that appears when the action is varied. Knowing that o € [0, 7], we
have the following

OMplopyy =0 at 0=0, 7 (1.41)

or, in components,

VY5 —YMSY =0 at o=0, 7. (1.42)
This last condition is satisfied if ¢ = £ and Y = +6M at each end. As the
relative sign between v_ and 1, is a matter of convention (not physics), we can set
Y (7,0) = M(7,0). Nevertheless, the boundary condition at the other end now becomes
relevant as a relative sign between both ends changes the solution. Thus, we have two
different sets of boundary conditions, which are the ones below:

» We say that we are considering Ramond (R) boundary conditions when we impose
Y (1, 7) = M (7, 7). The mode expansion for (1.38) takes the following form,

1 = :
Y (r,0) = D ayerintrto) (1.43)

V2T

n=—oo

15
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» If we take ¢ (7,7) = —¢M (7, 7), we say we are considering Neveu-Schwarz (NS)
boundary conditions. Now the solution reads

o0

1 A
V(1 0) = — Z GM =i +1/2)(r0) (1.44)

n=—oo

Upon quantisation, the spinor solutions satisfying Ramond (Neveu-Schwarz) boundary
conditions give rise to fermionic (bosonic) string modes in D-dimensional spacetime.

On the other hand, for closed strings, we can take o € [0, 27| and consider either
periodic or antiperiodic boundary conditions:

» Periodic or Ramond (R) boundary conditions ¥} (7,0) = ¥ (7, 7) result in the
following solution

1 o0
M o M _—n(r+0)
T,0) = b, e . 1.45
o)== 3 (1.45)
» Antiperiodic or Neveu-Schwarz (NS) boundary conditions ¢} (7,0) = —¥ (7, )
give rise to this other solution,
1 © .

M _ M _—i(n+1/2)(t+0)
T,0) = b, e . 1.46
o)== 3 (1.46)

We observe that in the closed string case, the boundary condition satisfied by wf‘f is
independent from that met by ¢ and there are two options for both cases. Therefore, we
end up with four combinations of boundary conditions, namely R-R, R-NS, NS-R, NS-NS.
The first and last of these conditions correspond to bosonic string states, while the other
ones manifest as fermionic.

For consistency at the quantum level, the spacetime dimension must be D = 10. This
is closer to our 4d world than the D = 26 we have in the purely bosonic case, although there
are still six extra dimensions. As we will further explain in the next section, the first step
to relate ten-dimensional string theory with lower-dimensional ones is to use a dimensional
reduction tool called the Kaluza-Klein compactification. Another advantage with respect
to the bosonic case is that, although tachyons are still present in the spectrum, we can
remove them using the so-called GSO projection [6]. This is a very specific truncation of
the spectrum which provides 10d supersymmetry.

We conclude the section by noticing that worldsheet supersymmetry induces super-
symmetry in the D-dimensional spacetime. In particular, open strings display N = 1
supersymmetry in the D-dimensional sense and closed strings, N’ = 2. The way in which
the supersymmetry is realised gives rise to five (and no more) consistent superstring the-
ories. The massless bosonic modes of these theories include the 10-dimensional metric
gun and a scalar @ called the dilaton. These fields are part of the so-called NSNS sector,
as the associated fields come from closed strings satisfying double antiperiodic boundary
conditions (1.46). In all superstring theories except for Type I, this sector also includes

16
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a gauge potential given by a 2-form B;. Each theory also presents a specific extra set of
massless bosonic fields. The particularities of each theory are discussed below,

» Type I is an N/ = 1 theory of unoriented open strings. It also contains closed
strings as they can be the result of the interaction of two open ones. The strings
can be charged under a certain massless Yang-Mills field, whose group is fixed to be
SO(32) for anomaly cancellation. The boundary conditions for open strings reduce
the supersymmetry from N' = 2 to N/ = 1, which corresponds to 16 preserved
supercharges. Apart form the metric and dilaton, this theory contains a massless
gauge potential in the adjoint representation of the SO(32) group as well as a 2-form
gauge potential Cs.

» Type II string theories only contain oriented closed strings and present N' = 2
supersymmetry, thus preserving 32 supercharges. There are two Type II string
theories, called Type ITA and Type IIB. The main difference between them is that,
while the supercharges in Type IIA are of opposite chirality, those of IIB are of the
same chirality. The extra massless bosonic excitations give rise to the RR sector,
corresponding to double periodic boundary conditions (see (1.43) and (1.45)). This
sector consists of a set of p-form gauge potentials €}, which combines with the Bj
to produce gauge-invariant objects called RR fluxes F,. In the case of Type IIA,
p = 1,3, while for Type IIB, p = 0, 2, 4. In the latter case, we have an extra condition
F5 = xF5, where  is the Hodge dual in 10-dimensional spacetime. We remark that
there is a deformation of Type ITA, called massive Type IIA string theory, which
includes a so-called Romans mass m, which is a constant Fj.

= The heterotic string theories only contain closed strings. They are built on the fact
that left- and right-moving modes evolve independently for closed strings. Thus, it is
considered that the left-moving sector is that of a purely bosonic string propagating
in D = 26 dimensions, while the right-moving one is that of a superstring in D = 10.
For consistency, the mismatch of 16 dimensions between the two sets of modes must
be appropriately compactified on an even, self-dual lattice. There are only two of
those, giving rise to two possible gauge groups, namely SO(32) and Eg x Eg. The
gauge potentials associated to said groups are the only other massless bosonic modes
present in these theories. As Type I, the heterotic string theories are also N = 1
supersymmetric.

Although superstring theory is only consistent in 10 dimensions, an underlying 11d theory
called M-theory has being a matter of debate for the past few decades. Although we lack
a complete formulation of M-theory, it is defined by saying that it is the UV completion
of 11d supergravity. The low-energy limit of these 10d and 11d theories will be explored
in section 1.3, but let us review the dimensional reduction mechanism first.

17
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1.2. Dimensional reduction

In this section we present the notion of Kaluza-Klein compactification in the context
of string theory. We consider a spacetime of dimension D = d + 1, which we denote M,
In order to illustrate the idea behind the dimensional reduction, we present the example

in which we can write M4 = MY¥=1 x SL where S} is a circle of radius R. The D-
dimensional coordinates are denoted by XM = (X# X4) where y=0,..., d—1 and X¢
corresponds to the S}, and satisfies a periodic condition,

X4 2rR ~ X7, (1.47)

We think of a closed string parametrised as X (7,0) = (X*(1,0), X4(1,0)). We will
consider, as in the previous section, that we are in the conformal gauge so the metric is
nun- The mode expansion of the bosonic fields X is still given by (1.16) and (1.18) so
we can write

" o pM pi\_J . p mT M
X = - ma —ino
(o) =27+ T+ = \/WZ n +a,' e M), (1.48)
where we have defined u u
+
pM =P T (1.49)

2

Imposing the periodicity condition (1.17) on the X* coordinates leads us to p” = pl.
However, this condition may not be met for the circle coordinate X¢ as there may be
winding modes, namely

X1, 0+21) = XU1,0) + 2rwR  with w € Z. (1.50)

The winding number w is the number of times the string is wrapped around the circle and
its sign depends on the orientation of the string. Thus, now the linear momenta of the
two modes satisfy a more general condition,

Pl —p?

= . 1.51
T wR (1.51)

The classical string Hamiltonian in light cone coordinates is given by the following expres-
sion,

1 1 — . ,
where 1 = 2, 3, ..., d. Upon quantisation, the previous Hamiltonian must be modified in

order to contain the following normal-ordered variables,

Nsz::o/_nozm:, Nsz: LGt (1.53)
n=1 n=1
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which satisfy the matching condition associated to the periodicity condition (1.51),
N, — N, =nw. (1.54)

This along with (1.49) gives rise to the Hamiltonian below,

1 (i =p1)" e :
H=— |poip, + L) (N N—2>. 1.55
57 PPt ()| + (M N (1.55)
where a = 2, 3, ..., d — 1. For the previous computation, we have implicitly taken light
cone coordinates in the d-dimensional manifold,
1
Xt=—(X"2X") and X* with i=2,...,d—1. (1.56)
V2
In these coordinates, the spacetime metric is given by
Ny =n— =0, ny_=n,=—1, nj=20; (1.57)

and the mass of the d-dimensional string states can be computed as follows,

d d)2
— a p - p— 2 ~
(Ma)* = —p"pu = 20"p~ — p"pa = % + (p")" + 27T (Nl + N, - 2) . (1.58)
where we have used that
_ T _ H
p =T dod. X~ =2nT—. (1.59)
0 pt

The mass of states with no excited oscillators, i.e. N, + N, —2 = 0, is given by the
following expression,

(My,)> = (2)2+ whY* (1.60)
AR 2T ) ' ‘
where we have picked
d n

The reason why this is the most reasonable choice comes from the scalar field case. If
we consider a massless scalar field ® which lives on our D-dimensional spacetime, the
periodicity of the X lets us write it as a Fourier series,

o

XM= Y p(xM)e R (1.62)

n=—0o0

Also the n/R factor comes from dividing 27n by the length of the circumference 27 R and
it plays the role of p?. The field must satisfy a massless Klein-Gordon equation,

0=0y0"® = (0,0"+0]) . (1.63)
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Applying this equation to (1.62), we obtain an equation for the modes,

nA 2
[a,tau - <Tz> ] - (1.64)
which is the Kaluza-Klein equation for a d-dimensional field of mass
M, = —. (1.65)

This infinite tower of massive states is a simplified version of what we had for a closed
string (1.60). The only difference is that in this case we have no winding number.

We conclude this section by noticing that similar constructions can be done in the case
where the circle is substituted by a higher-dimensional compact manifold. For instance, we

could consider M1 = M3 x K22 in the bosonic string case and M'? = M3 x K in the
superstring case for certain compact manifolds K?? and K° of the appropriate dimensions.

1.3. The low-energy limit

We are interested in exploring the low-energy particle limit of the string theories.
In order to pursue this goal, we start by writing the most general action for a bosonic
string with up to two worldsheet derivatives. This is the following non-linear sigma-model
action,

B 1
4ol

Sp /d20 [( |hlgarn (X)hY + (B2)MN<X)€ij> XM XN+
>

o (1.66)
G VIITBCORD (1) |

which describes the evolution of scalar fields X™ on a worldsheet parametrised by o' =
(1,0) or, alternatively, the dynamics of a string embedded in the so-called D-dimensional
target space described by the X™ coordinates. It contains the action (1.3), but also
includes the 2-form potential By and dilaton ¢ which appear naturally in superstring
theories. The coefficient R (h) that multiplies the dilaton is the 2d Ricci scalar associated
to h;; and € is the 2d Levi-Civita symbol. One final remark, the string tension 7" is absent
in the action because we have defined the so-called Regge slope parameter

! 1 l2

C T o T

(1.67)

which has units of (length)? and thus introduces a fundamental length scale, namely the
string scale I, = v/o/. If we see string theory as a 2d field theory living in the worldsheet,
o' codifies the strength of the interactions of the fields X*. Thus, an expansion in o
provides quantum corrections whenever they are required.
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We observe that, although the first two terms in (1.66) are Weyl invariant, it is not
the case for the coupling of the dilaton. However, there is a case where this coupling is
Weyl invariant at the classical level. This happens when the dilaton is a constant

¢ =¢y. (1.68)

In this case, the last term in the action is purely topological because it turns out to be

%/Zdw\/W%R(z)(h) = % {%/EdQU\/WR@)(h)] — %X(Z), (1.69)

where y(X) is the Euler characteristic of the worldsheet. This result seems to suggest that
a genus expansion over the worldsheets may be useful. Indeed, equation (1.69) shows that
the constant mode of the dilaton fixes the so-called string coupling constant,

gs = e™ (1.70)

which encodes the strength of the string interactions and appears in the perturbative
expansions of string theory. Moreover, as the dilatonic term of the action (1.66) is purely
topological for a constant dilaton, this implies that an expansion in g5 is a genus expansion,
where the different topologies of the worldsheets are considered. The usual choice for ¢q
is simply

¢o = lim ¢(X). (1.71)

X—o00

However, action (1.66) is not Weyl-invariant in general at the classical level. If we want to
circumvent this issue at the quantum level, the coupling constants gn;n, Byy and ¢ must
be invariant under the Weyl transformation. In other words, their corresponding beta-
functions must vanish. Among other things, this provides that the energy-momentum
tensor becomes traceless. Without entering into detail, it is possible to compute said
beta-functions as a perturbative series in ', their lowest-order being as below [75],

1

B(9)mn =Run + 2V y0ned — Z(H:S)MPQ(H:'»)NPQ +0(d),
2¢
B(B)mn Z%VL (e7*(Hs)Lmn) + O(a) (1.72)
_ / 2
B(o) _D G 20 + % (—R + 4(0¢)* — 4V?¢ + %) +0(a?),

where Rj;ny and R are the D-dimensional Ricci tensor and scalar, respectively, and we
have defined

Hs = dB,. (1.73)

We have also used the following compact notations

H? = H"MNHieyn,  (09) = 0y00™ 0. (1.74)
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The difference in order between [(¢) and the other two beta-functions comes from the
fact that the dilatonic term in (1.66) is multiplied by o/, therefore, different orders are
required in order for the trace of the energy-momentum tensor to be zero. The vanishing
of the considered terms of these beta-functions yields a set of PDEs which constrain the
massless string states. Surprisingly, these are a deformation of the Einstein equations that
includes the string theoretical fields ® and Bs. This is highly relevant, as it shows that
(super)gravity arises in the low-energy limit of (super)string theory. Concretely, (1.72) are
the Euler-Lagrange equations of the D-dimensional Einstein-Hilbert action below,

1 D -2 H?
S = o /de lgle™2? <—(?)T6) + R+ 4(0¢)* — 1—23) . (1.75)
The first term in the action equals zero at the critical dimension D = 26, which reinforces
the idea that (1.75) is the low-energy limit (o/ — 0) of bosonic string theory. The &g
constant is not fixed by the equations of motion and it scales as ko ~ [2* = o/*2. In order
to relate kg with the D-dimensional gravitational coupling constant kp, we redefine the
dilaton so it has a vanishing expectation value,

¢
o €
e’ = —. 1.76
m (1.76)
The action now reads
1 D —2¢ (D —26) 2 H??
= _ 7 4(00)" — —= 1.
S 27 /d zv/|gle ( ™ + R+ 4(0P) ) (1.77)

where the D-dimensional gravitational coupling constant is defined as follows,

1 2m
254 g2(2mls)P2

(1.78)

The previous treatment can be repeated for the five superstring theories consistent at
D = 10, which gives rise to five different supergravity theories in their low-energy limits.
The supergravity theories preserve the same amount of supersymmetry as their string
theory counterparts. Moreover, these supergravity theories share a common sector, as in
the full superstring case. Their actions can thus be split in three parts,

Ssugra = 51+ S2 + Stermi - (1.79)

The bosonic sector is described by S; + S, where S; is common to the five supergravity
theories and S, is particular to each one. The term S is added to the action in order
to ensure anomaly cancellation. There are exactly five ways in which this term can be
written, corresponding to the five anomaly-free supergravity theories in ten dimensions.
Besides, Sermi describes the fermionic superpartners of the aforementioned bosons. We
will only present the first two parts of (1.79). The first part of the action describes the
fields common to all five supergravity theories and reads

1

S = —_
! 2K3,

/ 22/Tgle ™ (R + 4(99)) . (1.80)
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The action S5 describes the dynamics of the massless bosonic fields which are different for
each theory. We explain each case below:

= Type L. It contains an extra 1-form gauge potential A’ in the adjoint representation
of the SO(32) group and a 2-form potential Cy. Thus, we have the following action,

So(I) = L [, i i L leepiy (1.81)
? 262, 12 4 ) '
where we have defined the field strengths
1
F=dA+ANA, F3:dc*2+§Tr(A/\A). (1.82)

= Type IIA. This theory contains an RR sector consisting of two gauge potentials
{C1,C3} and the associated action reads [76]

1 H? F?2 F?
So(ITA) = = — [ d%x|/]g] (e >+ —F+ —F | +
4rK7, 6 2 4!
(1.83)
+ng/\dC3/\BQ ,
where we have defined
HgZdBQ, ngdcl, F4:d03—H3/\Cl. (184)

A deformation of this theory can be performed by adding a constant scalar m, which
plays the role of an RR O-form flux F{y. This new scalar receives the name of Romans
mass [77]. In this case (1.83) must be modified in order to include the new scalar [76],

1 H? F? F?
So(massive [TA) = — PN dPOr [\/\g\ <6—2<1>?3 +m2 4+ 72 + 4_"1) +
v , ' (1.85)

+dC5 A dC5 A By + %dog A (By)? + 7;—0(32)5] ,

where the topological term comes from a eleven-dimensional Chern-Simons term,

1

——/ F4/\F4/\H3::
2 M1

- i, (1.86)
__ _/ dCs A dCy A By + 2dCy A (B + 2 (By) ) .
2 S 3 20

The exponents of the B, indicate repeated wedge product by itself and we have
redefined the fluxes in order to include m,

F22d01+mBg, F4:d03—H3/\01+%B2/\B2. (187)

23



CHAPTER 1. STRING THEORY

Sometimes the democratic formulation of the theory is considered, which means that
the RR fluxes Fg, Fy and Fig are treated on the same footing as the lower-ranked
ones. Analogously, one can also define C5, C7; and Cy. In this formulation, the
Bianchi identities yield all the equations of motion except for the Einstein one. The
higher-ranked p-forms are related to the lower-ranked ones as follows,

E,= (-1« Fy,, (1.88)

where | x| stands for the floor function, i.e. the greatest integer smaller than or equal
to x, and « is the ten-dimensional Hodge star operator. In general, we will use the
following notation for a D-dimensional Hodge dual,

(*FP)ML..MD,p = %GML“MDFMDPJA'“MD ) (189)

where €p1.(p—1) = 1. In our conventions, we consider that
*x B, = s(—1)PPPE (1.90)
where s = (—1)" for a spacetime signature of (p,n).

» Type IIB. In this case, we have three RR gauge potentials {Cy, Cy, Cy} whose dy-
namics are codified by the following action [76],

1 A/ H2 F2 F?
S2(I1B) = — 2, d*x % (eng—f’ + F? + 3—?" + 5—?) +
(1.91)
+dCy N H3 N dCy|

where the fluxes are defined in a similar way as in the previous case,
ngdBQ, F1 :d007 ngdOQ—COHg, F5:d04—H3/\02. (192)

However, the action (1.91) is not enough to specify the theory, but an extra condition
must be imposed,
F5:*F5. (193)

This theory can also be described in the democratic formulation. Whenever the
higher-ranked RR fluxes F%; and Fy are required, they are related to the lower-ranked
ones as in (1.88). One can also consider the Cy and Cy gauge potentials when they
are needed.

= Heterotic string. As in the case of Type I, we have gauge potentials corresponding
to the appropriate group, namely SO(32) or Eg x Eg depending on the theory. The
specific piece of the action for these theories reads

S(H):—L d"z+/|gle ® £§+1}'I}‘ (1.94)
2 262, 12 747 ) '
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where F is defined as in (1.82) and we also have

H3; =dBy + %Tr(A NA). (1.95)

Before we conclude this section, 11d supergravity deserves a special mention because, as
we explained in section 1.1, it is the low-energy limit of M-theory. The eleven-dimensional
case is quite elegant as the field content consists simply on a metric g,y and a three-form
potential A3. The bosonic part of the corresponding action is given below [78],

1 G2 1
Slld(SUGRA) = —W dll.I |:\/ |g| ( — 4_84> + 6143 A G4 VAN G4 s (196)
11

where k17 is the eleven-dimensional gravitational coupling constant and as usual
Gy =dAs. (1.97)

This is the only possible supergravity theory in eleven dimensions and is connected to Type
ITA via dimensional reduction. It displays N = 1 supersymmetry, meaning it preserves
32 supercharges.

1.4. String dualities

It is a key feature of the string theories that they are related under certain transfor-
mations called dualities. We observe that the duality associated to the inversion of the
coupling constant (S-duality) is already present in quantum field theories like QED in the
presence of magnetic charges. However, string theory displays a new kind of duality called
T-duality, which is purely a consequence of strings having length (as opposed to point
particles).

As we will see in the next sections, all these relations between 10d and 11d string
theories can be summarised in a simple and visual manner, as done in figure 1.1

M-Theory

Dimensional Dimensional
Reduction Reduction S-duality

S-duality SO(32) T-duality ES X E8 Type IIA T-duality Type IIB J

Typel Heterotic Heterotic

Figure 1.1: All the relations between string theories.
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1.4.1. T-duality

T-duality can be applied when the theory is weakly coupled, i.e. at the perturbative
level with respect to g,. The basic idea comes from a construction that we have already
presented, indeed. As we saw in section 1.2, if we consider a closed string theory living
in a spacetime which has a circle direction of which all fields are independent, then the
ground states consist on an infinite tower with masses given by (1.60). Thus, we conclude
that this spectrum is invariant under the following transformation of the radius

R& R=—. (1.98)

This interchange relates a theory where the circle is small (stringy effects are relevant)
to another one with a big circle (stringy effects are irrelevant). In other words, T-duality
connects a theory where o is large to another one where it is small. The momentum and
winding numbers are also interchanged as below

(n,w) <> (n,w) = (w,n). (1.99)

The below discussion on T-duality follows in a certain way [79], so it can be consulted
if the reader is interested in the topic.

Abelian T-duality

Buscher first formulated Abelian T-duality for the non-linear sigma-model described
by (1.66) in [80,81]. However, for the purposes of this thesis, we are more interested in the
way it was developed by Rocek and Verlinde [82], as it provides a simpler link to its non-
Abelian extension. We start by assuming that the model presents an Abelian isometry, i.e.
all the fields are independent on one of the coordinates 6 of the D-dimensional spacetime.
We thus split the coordinates into X = (X*#, ), where u = 0,1,... D —2. The main idea
is to gauge the Abelian isometry 66 = e. This is done by introducing a gauge potential
A; on the worldsheet (with 0A; = —0;e) and substituting the partial derivatives of the
isometry coordinate by covariant ones,

These considerations are key to our derivation as we will obtain the T-dual theory upon
integrating the gauge potentials and fixing the gauge. We also add a Lagrange multiplier
to the action through a term proportional to A;. The resulting action can be interpreted
as that of a (D + 1)-dimensional non-linear sigma-model and reads

1
iy

Spi1 = / d’o [\/|h|hij (90 X 0; X" + 29,00, X" D;0 + gogD;,0D;0) +
>
(1.101)

/
+€ ((BQ)WaiX“an” + 2(By) 0 X" D;0 + 29@»&-) + %\/|h|q>7z<2>} .
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By construction, this action depends on 5, but not on its derivatives. This can be exploited
as it implies that 6 is a Noether charge, its associated equation being simply

€10, A; =0, A, — 0,A, = 0. (1.102)

In topologically trivial worldsheets the previous condition forces A to be an exact form,
i.e. it can be written as

A= dw (1.103)

for a certain function of the worldsheet w = w(7, ¢). In this case, we recover the original
theory upon fixing w = 0. On the other hand, we could compute the equations of motion

for AZ‘,

VIRIR (9,00, X" + goeAj) + €7 ((Ba)gu0; X" + 8j0~) =0. (1.104)
It is trivial to solve for A; and obtain the following,
A -t | ((B )0u0; X1 4 aé) G (1.105)
i oo \/W 2)6uly J 9ue i . .

If we substitute this solution in (1.101), assume that the boundary term associated to
0;(€90A;) vanishes and set § = 0, we obtain a new D-dimensional sigma-model,

1
Y

~ /
il ((BQ)WaiXMan” + 2(BQ)M581X“aj9) + %\/ |h|<I>R(2)} .

D =

/ o [\/ ||k <§W8iX“8jX” +2,30:X"0,0 + gééaiéa@ +
b
(1.106)

The new metric and 2-form potential are related to the old ones by the so-called Buscher
rules given below,

~ 9goudor — B 0 B Ov ~ B 9 _ 1
Joe Joo Goo
5 9o 2)0v — Gouv\D2)o = 9o
(B2)u =(B2) s — =+ S (Ba)g, =t
9oe Goo

A more delicate computation involving the path integral shows that the previous trans-
formation modifies the measure,

Vigle ™ = /|gle ™ = @e—ﬁ). (1.108)

9oo
This can be compensated by an appropriate shift in the dilaton,

~ 1

It can be proven that the fields given by (1.107) and (1.109) satisfy the conformal invariance
conditions at first order in o/ that we saw in (1.72).
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We observe that 6 is an isometry direction of the new theory, as the associated metric
depends on the fields of the original action (1.66), where 6 did not appear. We also
highlight the fact that the geometry of the new theory is completely different from that
of the old one. For instance, both non-diagonal terms in the metric and a 2-form gauge
potential can be generated via T-duality.

However, Rocek and Verlinde proved that the T-dual theories are indeed the same
one as conformal field theories [82]. The discussion begins by considering the (D + 1)-
dimensional action (1.101). This model displays two U(1) isometries and, therefore, the
isometry group can be written as U(1),xU(1)g. One can gauge (1.101) with respect to
the vector or axial subgroup, i.e. U(1),, = U(1), + U(1), or U(1), = U(1), — U(1),
respectively. The result is an action which is locally invariant under the subgroup that
was considered for the gauging. If we then integrate the gauge field, the actions (1.66)
and (1.106) are obtained for the vector and axial gaugings, respectively. This procedure
of gauging and integrating the resulting gauge field is usually referred to as a coset con-
struction, which presents some interesting properties. For instance, if one of the actions
(1.101), (1.66) or (1.106) is conformal, then the other two also are. This is due to the fact
that the vanishing of the beta functions at all orders in o/ (which is the condition for a
conformal field theory) provides the same set of restrictions for each of these three actions.
Also T-duality can be shown to act on the (D + 1)-dimensional action as a symmetry in-
terchanging vector and axial fields with one another. We conclude the equivalence of the
original and T-dual D-dimensional conformal field theories at all orders in «'.

We notice that the previous derivation is only valid for trivial worldsheets. A way to
see this is by noticing that, in order to show the equivalence between the actions (1.101)
and (1.66), we used that conditions (1.102) and (1.103) are equivalent, which is only
true if the worldsheet is simply connected. However, this can be generalised to arbitrary
topologies, at least in the Abelian case.

Let us consider the case where the sigma model presents no dilaton and let M and
M be the manifolds describing the original and dual spacetimes. We observe that the
Buscher rules (1.107)-(1.109) were given in a special set of coordinates which included the
isometry direction 0. However, in order to study the topological properties of the dual
theory (M .3, Bg), it is necessary to derive these rules in a general set of coordinates, which
enables the use of different charts for M and M. In order to perform the analysis in an
arbitrary set of coordinates, we consider the following D-dimensional sigma-model in the
conformal gauge without dilaton,

B 1
4ol
1
Y

Sp / o (gun + (B2)un) 0. XMO_XN =
>

(1.110)

/ o (gun XM XN + (Ba) yndXM NdX™)
%

where J1 are given by (1.39). The second term of the last line of (1.110) is a so-called
Wess-Zumino term. In the case where the worldsheet is a closed Riemann surface of
genus g, which we denote by ¥,, the Wess-Zumino term can be written as the integral of
an element of the set of harmonic three-forms on M, i.e. there is a certain Hy € H*(M,R).
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In particular, if 22 is the region of space enclosed by ¥, then the Wess-Zumino term reads

1

4o 22

r

Hs with 9%)=13,. (1.111)

We assume that Hj3 can be defined so that the ambiguity in I', due to the freedom of
choice of Eg, is 2mn for some integer n so that the theory is well-defined at the quantum
level. Let k™ be the Killing vector of the 10d metric gy;n associated to the isometry we
started with, meaning that

,CkgMNZVM]CN—‘rkaM:O. (1.112)

For the action to be invariant under XM = ek, the following requirement has to be
met,

1 €
ol = LiHy = di d)Hs = L Hs =0 1.113
F dra! /226 R Aol /gg el + ixd) H dra/ /Eg R ’ ( )
where we have used the notation
(ixHs)nunw = k™ (Hs) kuw (1.114)

and the generalised Stokes theorem in order to substitute

/dingz/ inHs (1.115)
0 S

as well as the fact that dH3 = 0. We observe that (1.113) vanishes if iy H3 = —dv for some
one-form v. This implies that

LBy =dw, w=1iBy—v, (1.116)

where we have used that locally Hy = dB;. According to Noether’s theorem, we have a
conservation law associated to this symmetry,

OrJy +0_J5 =0, (1.117)
where
JE=(kFixBs £w)y0: XY = (k Fo)y0: XY = (kFv) - 0:X . (1.118)

As we did in the trivial worldsheet case, we now gauge the isometry. This is accomplished
by introducing the gauge field Ay satisfying

0AL = —0ie, 0. XM = ekM(X), (1.119)
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where € is a function on the worldsheet. We observe that now the variation of the action
(1.110) is given by
1

4o

0.5p =

/dQO(Jk_&re—i— JFo e), (1.120)

which can be cancelled out by adding the term

1
 4na!

Sh /dQU(A+Jk +A_JH). (1.121)

However S}, is not gauge invariant, as J,;t change under gauge transformations. If we
include the term

1
/A 2 2
Sp = py— /d ok“ALA_, (1.122)
then the total variation is given by
1
5u(S0 + )+ 5h) = / PolA, D (k- v) — A D, (ck-v)]. (1.123)
TQ

This anomalous variation cannot be cancelled out unless extra fields are added to the
action. The simplest way to achieve this is by defining a real scalar field x over the
worldsheet which contributes to the action through the following term,

1

Y ted

N /d2a(A+a_X — A_0,x) (1.124)
and changes under the gauge transformation as
dex = —€k-v. (1.125)

Interpreting this new scalar field as a spacetime coordinate, we end up with the following
(D + 1)-dimensional action,

i [ (g + (Ba)aa)0. XM0_X 4 (] — 0,04+
>
+(Jy +O0_X)Ay + KPALA]

We observe that, if the genus of the worldsheet is ¢ > 1 and the gauge orbits are compact,
then multivalued gauge transformations may appear,

S p—
ot (1.126)

j{de =omvan(y) with n(y) € Z, (1.127)

where v is a cycle of non-trivial homology in ;. As we are only considering Abelian
isometries, we can restrict our study to the g = 1 case. Thus, the variation of (1.126) is
given by

1 1
0¢Spi1 :—/ d?c (04 xO_€ — O_xOy€) = / dx N de =
» 8ma T2

4o/

1
= (%d}(%de—%de%d}(),
8ma/ a b a b
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where a and b are the generator of the homology group of the torus T2. As € has a period
of 2rn(7y), in order for Sp,1 to be a multiple of 27, we must impose

]{dx = 8mva'm(y) with m(y) € Z, (1.129)

If the isometry is non-compact then the variation of (1.126) vanishes so the periods of x
may take any real value.

The original theory is recovered by setting the Lagrange multipliers in action (1.126)
to zero. They are closed forms and consequently can be decomposed as the sum of an
exact component plus a harmonic one in worldsheets with non-trivial topologies. Their
contribution to Spy; is given by

1
Sy = — /(dXO +xn) NA, (1.130)

4o’

where the closed 1-form has being written as dxo + Xxn, Xo is a scalar, y; is a harmonic
1-form and A = A, do"™ + A_do~. We can write this action as

1 1
SX: 47Ta//XOAdA_ Aol (éxhéA—£A£Xh> s (1131)

where we have integrated by parts the exact part and used the Riemann bilinear identity
in the harmonic one. Taking a look to this action, it is clear that the equations of motion
for xo imposes dA = 0, which implies that A is exact in trivial worldsheets. For arbitrary
topologies, we observe that the equation of motion for y;, imposes

7{/1:]{14:0. (1.132)

The Hodge decomposition theorem lets us write

A = dw + (ngd® + npe”) (1.133)
where ¢ and ¢® constitute the basis of harmonic 1-forms on the torus satisfying
]{W =0;; with 4,5 € {a,b}. (1.134)
This normalization lets us easily identify
n; = %A with i =a,b. (1.135)
We conclude that (1.132) sets the harmonic part of A to zero so A = dw, which is the
pure gauge solution. Fixing w = 0 the original theory (1.110) is recovered.

By construction the action (1.126) is invariant under changes of coordinates, meaning
that we can infer geometrical properties from it. It can be shown that the spacetime of
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the T-dual theory M is given by the product of the quotient of the original spacetime
M by the orbit of the gauge group and the space parametrised by y. If the isometry is
compact, this implies that

T 1y « 9 Ql

M = (M/S")*x"S,, (1.136)

113 2

as y describes a circle. Depending on the case “x” can stand for either a direct or
twisted product. We highlight that the structure of 71 (M) plays no role in the periodicity
properties of x, as all that matters is whether the isometry with respect to which we T-
dualise is compact or not. For toroidal compactifications 7 (T") = Z", meaning that there
are winding modes describing how closed strings are wrapped, apart from the momentum
ones. In that scenario, T-duality can be interpreted as a symmetry that exchanges both
kinds of modes.

In order to obtain the T-dual theory, one has to integrate the gauge fields and fix the
gauge. Fixing the gauge in this formalism is equivalent to picking a coordinate system.
After integrating the gauge fields, the following rules arise,

. 1 _ v _ k.k, —v,v,
Pox =130 gxu:k_gv gul/:gw'_%’
. k N Lo —u k B 1 (1.137)
(B2)xu :k_g ) (B2)W = (BQ);W - % , o= - § log(k2) )

where the T-dual set of coordinates is {#™} = {z*, ¥} and we have reincorporated the
dilaton to the original action. We can go back to the coordinate system that contains
the isometry direction 6 as coordinate and then fix § = 0. This yields the Buscher rules
(1.107)-(1.109), as in that case k* = ggg, v, = (Ba)e, and k, = go,..

Taking into account the fermions, one observes that T-duality relates the Type II
string theories to one another and also the Heterotic ones. The application of this duality
in the context of Type II supergravity is one of the most fruitful solution generating
techniques that was used in our original work. However, the previous derivation does
not provide a relation between the RR fields of the T-dual theories. The original way
in which these relations where derived consisted in truncating the Type IIA and Type
IIB supergravities to nine dimensions. As there is a single supergravity theory living in
nine dimensions, this procedure yielded a mapping relating the RR fluxes of the Type
ITA and Type IIB supergravities. However, S.F. Hassan devised an alternative method
that provides a simpler extension to the non-Abelian case [83,84]. Tt starts by writing the
original metric in terms of vielbeins,

gun = Napeme’N (1.138)

where a and b are Lorentz indices and we are taking some set of flat coordinates {y*}. It
is known that there are two vielbeins (ey), compatible with the T-dual solution. The
T-duality of the vielbeins are described by the transformations below,

(@ne = (QYy)seMy, (1.139)
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where the matrices ()4 are defined as

-1
Qy — ( 7900 F(9 F B2)ov , Q7' = T (9T Boo (1.140)
0 ]19 0 ]19

and we denote by I, the n-dimensional identity matrix. We now observe that the (e*5) .
vielbeins describe the same theory and, therefore must be related by a Lorentz transfor-
mation,

(e“am) =A% (e’ar)_ for A=e'Q'Qe. (1.141)

Using (1.140), we can write the Lorentz matrix more explicitly,

e“geqp
9oo

ANy =0% —2 with  det(A) = —1. (1.142)
Now let us shift our gaze to the transformation of spinors under T-duality. Let I'M =
eM ' be the 10d Dirac matrices living in the curved spacetime of the original theory and
I'* their flat spacetime counterparts. Similarly as before, after T-duality, there are two
possible sets of gamma matrices depending on the choice of the new vielbein,

Y = (M) e, (1.143)

a

Analogously to the bosonic case, these two sets are related by a matrix € as below,
MY =07 'TYQ  with Q7'T°Q = AT, (1.144)

It is clear that € is the spinorial representation of the Lorentz transformation (1.141). We
can deduce the concrete form of 2 as follows. Let us rewrite (1.141) as below,

A% = 69 — 2% with w® = ~2% (1.145)
9oo

It is clear that w%w?. w?., meaning that w®, is a projection operator of rank 1.

We observe that w = w(9/0X*)dX" projects the vector I' = I'*(9/0X?) along K =

\/ Goe €%0(0/0X®), which is the unitary vector that generates the isometry. In turn, the
projected component of I' is given by the scalar product

(K,wl) = (\/gg_eleag) (%Fb) = /953 Ts, (1.146)

where T’y is the curved space gamma matrix. Taking a look to (1.145), we observe that
A%, changes the sign of (1.146), while the other components of I" remain unchanged. This
implies that the spinorial representation of the Lorentz transformation must be given by

Q=T (K,wl') = 1/gpy T1110, (1.147)
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where 'y is the product of all the I'*. If we now take

69[1 = ‘/gggéga, (1148)
for certain flat spacetime coordinate y?, we can write
Q="' =TIy, (1.149)

as Ffl = I in Minkowski spacetime and I'y; commutes with the other gamma matrices.
Now, the RR fluxes of Type IIA/B supergravity can be combined into a polyform,

e® 4
P { S > o F2n+1 for Type IIA (1.150)

% ZZ:O F,, for Type 1IB,

where we have considered the democratic formulation of Type II supergravity and so we
have to take into account all possible RR fluxes. The slashed fluxes are given by the below
formulae,

1 1
Fn = ﬁFM1MnrM1Mn ) (F‘n)MlM7 = WFMI---MT-MT+1~~~MTLFMT+1“.M" ) (1151)

The polyform is a bispinor and thus transforms as follows under T-duality,
P=Q7'P. (1.152)

From (1.107) and (1.148), it is clear that

e) = \/gepdf, & = : (1.153)

Thus, if we write the original fluxes as

F =G0 +G,1né, (1.154)
then the dual RR fluxes read
B, = /09 (é;‘” + Gy A é9> — GGy + G A dd, (1.155)
where
GO =G, G,=GY. (1.156)

We observe that the rules in (1.156) imply that odd-ranked fluxes are transformed into
even-ranked ones. This was expected as T-duality relates Type IIA and Type IIB super-
gravities to one another.
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These considerations lead us to the rule of thumb that is usually applied when com-
puting the Abelian T-dual of RR fluxes: The RR n-form flux associated to a Type II theory
that presents a U(1) isometry along 6 can be written as
(Fn) (Fn)

SRR AN da 4 R g A A dat A (1.157)

F, =
n! (n—1)!

with p; = 0,...,8. Upon T-dualising along 0, F,, will contribute, when possible, through
two different kinds of components, namely

F, G T
e Y :
ﬁf“ bt (1.158)
Foi :(’l)#d:cm A ANdxP A dD.
n:

To conclude this dissertation, we observe that Abelian T-duality is only possible when
the theory is invariant under translations along the € direction. This is usually realised in
string theory and supergravity by considering a compact direction in the internal manifold.
As we explained in section 1.2, a solution cannot depend on the coordinate over which
we compactify. Thus, this compact direction is usually taken to be a circle encoding an
Abelian U(1) symmetry. The next natural step is to wonder whether or not this can
be generalised into a non-Abelian group of isometries, realised by a higher-dimensional
manifold.

Non-Abelian T-duality

For a reference for non-Abelian T-duality (NATD) with respect to a general isometry
group G, one can check [85]. The main idea is to rewrite the action (1.66) in a way that
emphasises the isometries,

1
4ol

S

/ d’o Q0+ X*O_X" 4+ Qn04+ X'O_ X"+
> iy (1.159)
+Quu0 X"OX" + Q0 X"0_X" + —+/[) @R | |

where we have taken light cone coordinates, as defined in (1.39). We have also defined
Qun = gun + (Bo)yn with XM = (X# X™) and assumed that there are N isometries so
w=01,...D—N—-1landn=D—N,...,D— 1. The matrix QJy;n in general depends
on the X™ and said coordinates transform under the isometries as

X" —g", X" for ¢", €G. (1.160)

Following what we did in the Abelian case, we are interested in gauging (1.160) in order
to obtain a new action upon integrating the gauge potentials and fixing the gauge. For
this purpose, the regular partial derivatives must be replaced by covariant ones in (1.159),

O X" = DiX" = 0. X" +i(Ay)" X, (1.161)
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where Ay = A4T, is a gauge potential with {7}, a basis of an N-dimensional repre-
sentation of the Lie algebra associated to G. Its transformation under the action of the
group is given by

Ar = g(Ay —i0u)g™t. (1.162)
Apart from substituting the regular derivatives with the covariant ones, we add the fol-
lowing term to the action

—i / d*o Tr(vFy), (1.163)

where v = v*T, with Lagrange multipliers v* and FL is the field strength defined below,
F:t - 8+A_ - 8_A+ - [A+7 A_] . (]_]_64)

We observe that the trace in (1.163) is simply the Killing form of the Lie algebra of G,
as both v and F are in the adjoint representation of said algebra. Now we must choose a
gauge. If we want to integrate on v, its equation of motion reads

Tr(T,Fy)=0 for a=1,2,...,N. (1.165)

For a semisimple group, this implies that F. = 0 and, therefore, A must be pure gauge
and we can set Ay = 0, recovering the original action (1.106). However, if the group is
not semisimple, the Killing form may be degenerate and Fy may not be zero. The v field
must be assumed to be in the dual basis of the T,. Upon the previous considerations the
action (1.159) becomes

1 14 n n
Synse = /E 0 [Qu 0 X"O_XY + Quu0: X' D_X" + QDo X"0_X"+

(1.166)
+Qun D X" D_X" — i Tr(vFy) + — \/\h CI)’R

In order to obtain the non-Abelian T-dual, we expand this action so that the AL appear
explicitly an integrate by parts in order to eliminate its derivatives,

Sgauge =S5 [X ]

s d*0 [higA® + h A% — AT MuA ] (1.167)

where S[X] is the original action (1.159) and
o =H(Qun0s X" 4 Qun0s X™)(T,)" X" £ iTp0sv, ,
Mab :an(Ta>mk(Tb)anle + Tvafabc .

We have used that [T, Ty] = if,T. and also Tr(7,T}) = TRéab in the semisimple case.
If G is not semisimple, we take Tr(T,T}) = Trda where {1/} | is the dual basis. The
equations of motion for A4 are

(1.168)

hio— A% My, =0, h_y— MyAL =0, (1.169)
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which fixes the gauge potentials as
AL = hyp (MY AY = (M H)Ph . (1.170)

If we substitute them in (1.167), then we obtain the non-Abelian T-dual action we were
looking for,

S =S[X]

4m/zd%{h_m( Hebh_y + 2 \AhAéR (1.171)

We observe that an explicit expression for the metric and NSNS 2-form potential cannot
be written down, as they depend on the isometry group. On the other hand, the new
dilaton is given by

~ 1
¢>:(I>+A(I>:<I>—§log(detM), (1.172)

which comes once again from the shift in the measure of the path integral. One needs to
fix a gauge in order to eliminate the original X™ coordinates. However, this cannot be
done in general as it again depends on the concrete isometry group. Once this is done,
the v® play the role of a new set of coordinates instead of the X™.

Although the non-Abelian T-duality seems like a straightforward generalization of the
Rocek-Verlinde formulation of the Abelian case, it is not so, as we encounter many diffi-
culties in the former one to the point that it is not clear that non-Abelian T-duality is an
exact symmetry of the theory. First although the non-Abelian NSNS sector we presented
satisfies the equations (1.72), we lack a complete proof of them satisfying the supergravity
equations at all orders in o’/. We also have that the isometry group is completely destroyed
by the non-Abelian T-duality (at least globally) and, therefore, this transformation is not
an involution. One more inconvenient that does not appear in the Abelian case is that,
while we derived the non-Abelian T-duality for a spherical worldsheet, we do not know
how to generalise it to arbitrary topologies. The main obstacle to this generalisation is
that, while in the Abelian case the isometry group of the dual theory is the representation
ring of the original one, this no longer holds in the non-Abelian case, as the representation
ring of a non-Abelian group is not even a group. This implies that we lose all global
information of the non-Abelian T-dualised geometry.

Non-Abelian T-duality for SU(2)

Let us now consider the case where the isometry group of a Type II supergravity
solution contains an SU(2) so we can T-dualise with respect to G =SU(2). We remark
that SU(2) is a simple group and, therefore semisimple, which was an important fact in
the general discussion. As some of our original solutions were obtained by doing exactly
this, it is convenient for us to go into the details. The main source followed for the below
derivation was [86]. For convenience, we will assume that the spacetime is described by
a manifold containing a group submanifold that realises the SU(2) symmetry. The non-
Abelian T-duality actually takes places in this submanifold. We start by considering the
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Pauli matrices,

1 (01 o (0 —1 3 (1 0
U_<10’0_i0 =1y 1) (1.173)

The infinitesimal generators for SU(2) are then taken to be

O.’L

V2

t =

(1.174)

and satisfy N ) o B
Te(t7) =0, [t 8] = if7 " = iv2et" . (1.175)

In general, the left-invariant Maurer-Cartan one-forms of a Lie group G are defined for
each group element g € GG as below,

L'=—i Tr(t g 1dg) ,  which satisfy dL' = §f A Lk, (1.176)

On the other hand, the Euler parametrisation gives us a way of writing any element of a

Lie group as the exponential of a vector in the associated Lie algebra. Thus, in the case
at hand, we can write any g €SU(2) as follows,

g =e297e302e397 with 0< <7, 0<d<2m, 0< ¢ < 2. (1.177)

In this parametrisation the left-invariants forms can be written explicitly,

Ly =——=(—sin(¢)) d + cos(v)) sin(f) do) ,

Ly =——(cos(1) df + sin(¢)) sin(0) d¢) , (1.178)

-5l

Ly =——=(cos(0) do + dvp) .

3

In these terms, we consider an SU(2)-symmetric Type II supergravity solution whose NSNS
sector displays the below form,

ds* =G, (z)da"dz” + 2G i (x)dx" L' + gi;(x) L' L7

) 1 . )
By =B, (x)dz" A dz” + 2B, (x)dx" N L' + §bij (x)L' N L7, (1.179)
O =P(x).
where 4 = 0,...,6. We will need to use the vielbeins for the transformation of the RR

sector, so we fix the notation as follows,

et = eﬁdaz“, e = k%L + Apdxt (1.180)
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In our case, the original action (1.159) takes the following form

S " / d*o [QW&FX“(?,X” + Q04 X" L' +
> o (1.181)
+Qiu Ly 0_ X" + Ey LY I + >V |h|@RP | |
where L. = —i Tr(t'g~'0+g) and we have conveniently defined

Q,uu = Guu + B/,LI/ ) Q,ui = G,ui + B,wi ) Qiu = Giu + Biu ) Eij = Gij + bij . (1182)
We observe that the action (1.181) is invariant under the global transformation
g—h'g, (1.183)

where g, h €SU(2) and h does not depend on the worldsheet coordinates. Now we can
apply the general proceeding by gauging the SU(2) symmetry and performing the following
changes,

0ig — Digzﬁig—Aig, Lg: — Lit—f—ZDﬂAzk, (1184)

where we have defined the matrix
DYV =Tr(t'gt’g™") (1.185)

Then we add the Lagrange multiplier term (1.163), which takes the following form after
integrating by parts,

—iTr(vFy) = Tr(i0,vA_ —id_vA; — A, fA ) with fi; = fifue. (1.186)

The total action is invariant under
g—htg, v—hwh, Ay —>h'ALh—hT'00h, (1.187)

where now h = h(c™,07) €SU(2).
The next step is to fix a gauge in order to simplify the next computations. The most
reasonable choice of gauge is § = ¢ = ¢ = 0, which implies that ¢ = I. In this gauge the
matrix D = I3 and the L% are set to 0. We end up with an action of the form (1.167),

where S[X] is no other than (1.181). As for the hy fields and the M matrix, they are
given by the expression below,

hii = iQmaiX“ + i@ivi s M=F + f . (1188)
The integration of the fields, given in general by (1.170), in our case are

AL =i(Qu04 XH +i0 v)) (MY, AL =i(M Y (Qu0-X" —id_v;).  (1.189)
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Finally, the dual action is given by

S =S+ — / d*o [—(Qui04 X" + 10,v,) (M) (Q,;0- X" — i0_v;)+
T
o > (1.190)
+E\/|h|A<I>R(2)} .
From this expression, it is easy to infer the NSNS sector of the new theory,
5 —1\ij -1
C%uu _Qw/ - Qm(M )JQ/L]' ) Eij - Mij 3 (1191)

Qm’ :QujMﬁl ) Qiu = _Mz‘;lQJ’u'

As for the dilaton, it is again given by (1.172).
We still need to address the transformation of the RR sector. The dual fluxes are
given once again by equation (1.152), but now we have

O = (A'TT? + ALy with a=1,2,3. (1.192)

The coefficients in (1.192) are given by

1 ce
Ag= ————, Ay= —— 1.193
e V1+C (1-198)
with
a kai i .
C = det ky with Y; = eijkbjk —+ v; (1194)

and k is the matrix that appears in (1.180). In order to obtain the new RR fluxes, we
write the original ones as

1
F,= Gz(jo) + Gy Ne + §GZ§2 Ae* Ael + G;3_)3 ANe' ANet Ae?, (1.195)

where G,(,O), Gp1s ng_Q and Gz(>3—)3 do not have legs along the three isometry directions.

Consequently, we have
a a 1 _ab a
¥, =@ + ¢ r + SEL + ¢ s (1.196)

where the $q are defined by contracting with the I'* matrices corresponding to the seven-
dimensional spectator spacetime. Upon using identities of gamma matrices and simplify-
ing, the transformation of (1.196) can be proven to be

FpQ_l = ﬁp—ﬁi + ﬁ‘p—l + ﬁ.‘p—‘rl + ﬁp+3? (1197)
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where

= 3
Fp73 = - A0$;()_)3 )

AO b abee b Aa (3) abcbe
prl :Aa$g_1 - 7@;_26 b I“— Aa$z_2].—‘b + 7$p_3€ b Fb ,

1.198
ﬁw _A d;(o)ra AO a achbc A $b Fab Aa $bc ach123 ( )
p+1 —4ta¥p + 9 p—1¢ — Agllr, L+ 9 p—3€ )
Fos =Ao@) T2
The new RR fluxes can be read off directly from this,
. _ . 1 - .
Fy=GY 4 Gy ne 4 3G net A+ Gl ne A NE, (1.199)
where
G = e (— A0 + 4,G2)
Ga _ e<I>—<i> (_ﬁeachbc +A Gab + A G(O) )
p—1 — 2 p—1 b p—1 aTp—1
(1.200)

(?2512 — 00 [eabc (ACG]E,S,)Q + AOGEJ) - (AaGZ_2 - AbGZ—2)}

~ 5 A
3 — abc be 0
Gy = e (S, + ALY, )
This transformation maps odd-ranked forms into even-ranked ones and vice-versa, sup-
porting the fact that T-duality transforms Type ITA into Type IIB and the other way
round also in the non-Abelian case with respect to SU(2).

The Wess-Zumino and DBI actions

Let us now take a look to what happens with open strings. As we saw in section 1.1
below equation (1.25), the coordinates of the ends open strings that evolve according to the
Nambu-Goto action (1.2) satisfy either Neumann or Dirichlet boundary conditions. These
open strings may have their ends fixed to so-called D-branes, which are the manifolds
described by the Dirichlet boundary conditions. Nevertheless, free strings are possible in
the bosonic string model.

Open strings can also appear in the Type II string theories, but they must always
end on D-branes. As we will justify below, the presence of these open strings render the
D-branes dynamical objects, which are described by worldvolume actions. An effective
version of such an action is given below [87],

Seff = Swz + Spar - (1.201)

We have that the first term is a Wess-Zumino action generalising that of (1.110) and it
reads

Swz(Dp) =T, O N ebetme'l (1.202)

Mpi1

41



CHAPTER 1. STRING THEORY

where T, is the tension of the Dp-brane, M, its worldvolume, C' is a formal sum of the
RR gauge potentials defined as

4 .
L, C Type ITA
€= { Lo G 0 Tvpe lIA, (1.203)
> im0 Cop in Type 1IB
and
F=dA (1.204)

with A the U(1) Born-Infeld gauge potential living in the brane. This action can be easily
generalised to the case where F is a U(N) gauge field by taking the trace of eB2+27'F in
(1.202), but we will not need it for the purposes of this thesis. We observe that, in the
particular case in which we are only considering a Dp-brane, the Wess-Zumino term reads

Swz(Dp) = Tp/ Cp+1 . (1205)
Mpi1

This simply means that the Dp-brane is charged under C,;; and, in this case, T, plays
the role of its charge density. In general, a Dp-brane can be coupled to all the present RR
gauge potentials, which is reflected by (1.202).

The second term in (1.201) is the Dirac-Born-Infeld (DBI) action, which is displayed
below

1
(2m)Pa/(P+1)/2g

Sper(Dp) = — /dPer_q) \/— det(Plg + Bo] + 2ma'F) ,, (1.206)

where x# denotes the worldvolume directions of the considered Dp-brane and
P[Q]m/ - QMNa,uyMauyN (1207)

the pull-back over it. This term can be obtained via T-duality of the following effective
action,

1
"I P,

Sty / d:cloe"p\/det(g + By + 27’ F) 1 5 (1.208)
which describes the aforementioned open strings charged under the Born-Infeld gauge field
F in the low-energy regime [88]. We take a coordinate system {z*} = {z*,0}, where 6
parametrises a circle of length 27v/a/. We also assume that all the coordinates of the

gauge potential Ay, are independent of #. Additionally, we assume that Ay is proportional

to the identity matrix so we can identify Ay = —y for some function y = y(z*). Thus, we
have
Fgu = 6914” — 6HA9 = —8MA9 = 6uy . (1209)
For an arbitrary 10d square matrix My, we have the following formula,
M9 Mo,
det(MMN) = M@g det (Muu - %) . (1210)
06
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Applying it to our determinant, we have
det(g + Bz + F)yy =Yoo det [(9 + Ba)w + Fuu + 3350uy00y + 0,y(3 + Ba)g,+

] (1.211)
+0,y(g — 32)@} )

where § and B, are the dual fields as given by (1.107). Taking this into account, one can
easily see that (1.208) can be rewritten as

1 » —
Seff = —W /dmge q)\/det <P[g + BQ] -+ 27TO/F> = SDB[(D8) s (1212)

v

where we have used that
~ 1
/d9 =2rva' and P = — 3 det(ggg) - (1.213)

We observe that (1.207) is valid for a brane with a general worldvolume given by the
equation below, 3
M =yM(2")  with {2M} = {a",0}). (1.214)

However, in our case we have considered y (z#) = y(z*) and y"(z") = 2.
This analysis leads us to a very interesting interpretation of open strings as D9-branes,
as (1.208) looks like the DBI action for a ten-dimensional worldvolume. Moreover, one

can iterate this process to obtain the DBI action for all the Dp-branes, which is precisely
(1.206).

1.4.2. S-duality

The second duality we must consider is S-duality. It is a duality that relates the
strong coupling limit of a theory with the weak-coupling limit of another or the same one.
This can be specified by the following relation of their string coupling constants,

. 1
Js & Js = — . (1.215)
This means that the duality is non-perturbative in g; and a general derivation is not
known. One interesting remark is that the role played by o remains unchanged by this
transformation, ergo an order by order expansion in said parameter could be written down.

One important example of S-duality is the relation between Heterotic SO(32) and
Type I string theories. Both of them are very similar, as can be appreciated at the
supergravity level by comparing (1.81) and (1.94). The similarities are even more obvious
if we write these actions in the so-called Finstein frame, as opposed to the string frame
that we used so far. They are related by the following expression for the metrics,

91]\341\1 = B_ﬁ(ﬁg%N- (1-216>
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In this frame, the bosonic part of the actions of the aforementioned theories read

1 1 ¢ 1
S(1) =g [ @/l [ R - 007 = 1 - et R
110 ) e . (1.217)
SE(H) =—5 [ d"° RE— Z(00) — S H2 — —e 3 F}Fy| .
(1) =g [ 4/l | RE = 500)* = 3 — et A

It is clear that one theory is mapped into the other by the following transformations

Taking this and (1.216) into account, one concludes that, in the string frame, the actions
of Type I and heterotic SO(32) supergravities are related by

b —O, Fye Hs, gun e Pgun (1.219)

Another important example is that of Type IIB. As it can be seen in (1.80) and (1.91), the
role played by Hsz and F3 in the overall action is quite similar. A more detailed analysis
shows that the SL(2,R) group can act intermixing these two fields in a concrete manner
that leaves the action invariant. Let us start by considering one such rotation

R= ( cos& —sing ) . (1.220)

siné  cosé

If we act with this transformation on the “seed” fields, denoted by F{,,, ®, and dsfoﬁ,
we obtain new ones with the aid of the following relations
~cos{ Ty —sing

Csiné 7, +cosé’ (5) = L(5).s 5 dsty = | cos & +sin &7l ds%o,s?

Fis cosé —siné Fs) s 2

< H((s)) ) _( sing - cos§ ) ( H((B)),s )  Fo =~ Cofs,
where 7 = Cg) + ie~® is known as the axio-dilaton. We observe that either a dilaton or
C(o) may be generated by these relations, even in cases where either of the seed ones were
zero, provided that 7, # 0. It must be also noticed that these transformations depend on
the parameter &; this parameter is real in principle, but quantisation of charges fixes it at
either £ =0 or £ = 7/2.

Beyond the supergravity limit, there is also heavy evidence that S-duality must hold.
Some non-perturbative checks has been made, usually considering BPS protected opera-
tors, i.e. those preserving some, but not all, of the supersymmetries. For instance, the
branes, as BPS states, have been used to collect evidence which supports this duality.

As a simple test, one can study the S-duality that relates a D1-brane in Type I string

theory to an Fl-brane of SO(32) heterotic string theory by comparing their tensions and
seeing if they agree [89]. The tension of a D1-brane in Type I string theory is given by

1
g2 (1§)*

(1.221)

T, = (1.222)
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where the I superscript emphasises that these quantities belong to Type I string theory.
Besides, the tension of an F1-brane of SO(32) heterotic string theory reads

1
H _

where the H superscript corresponds to SO(32) heterotic string theory. Now it is easy to
see that (1.222) and (1.223) are actually the same. As we saw in (1.219), the dilaton of
both theories is related by ® <» —®. We recall that, prior to the normalisation considered
in (1.76), the string action was written in terms of ¢ instead of ®. In that language, it is
clear that the dilaton must transform as ¢ <+ —¢ under S-duality. As the string coupling

is the vev of e?, we conclude that
1
I
g = —.
*ogl

On the other hand, the rescaling of the metric in (1.219) implies that, although the string
length is the same in both theories, it is measured in different ways. Consequently, we

observe that
L =1"/g. (1.225)

Finally, applying (1.224) and (1.225) to (1.222), one obtains (1.223). These supports the
idea that these two kinds branes are just two descriptions of the same object, which is the
cornerstone of all dualities.

(1.224)

1.4.3. M-theory and U-duality

Although it is not strictly a duality, it is important to know that M-theory arises
as the strongly coupled limit of Type ITA string theory. If we start with a solution to
eleven-dimensional supergravity which presents a circle direction x, on which all the fields
are independent, it can be truncated to obtain a Type ITA supergravity solution. The
formulae that relates these two solutions is given by the expression below,

ds?| =e 2%3ds?, + /3 (dx + C(l))z ,

(1.226)
Gy =Fu) + Hp) A (dx + Cy) -

Furthermore, these equations relate the actions of 11d and Type ITA supergravities.

Let us now consider an eleven-dimensional supergravity solution with two circular
directions forming a torus, on which the fields are independent. The Type IIA back-
grounds that result after dimensionally reducing along each of the circles are related via
the so-called U-duality. It consists on a chain of T-S-T dualities linking both Type ITA
supergravity solutions as displayed in Figure 1.2.

Before moving on to the next chapter, let us briefly recall the most relevant concepts
that have been discussed in the current one. We have started by presenting the string
action and the boundary conditions for open and closed strings in section 1.1. Then
the concept of dimensional reduction has being described and illustrated with a simple
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11d Uplift to 11d

1 O d Trtgl(i%t('ion
Type ITA Type IIA
i T-duality T-duality
"Buscher’s rules Buscher’s rules‘
S-duality %
Type IIB SL(2, R)-rotation Type IIB

Figure 1.2: U-duality as a chain of T-S-T dualities coming from two Type IIA solutions with
the same 11d origin.

example in section 1.2. In section 1.3 we saw that a gravity theory is always recovered
as the low-energy limit of a string theory and, in particular, the five superstring theories
reduce to five different supergravity theories. Finally, section 1.4 was dedicated to the
review of the dualities connecting the different supergravity theories. We first explored
T-duality, how it arises naturally as the interchanging of the momentum and winding
numbers of string states, how the presence of an isometry (Abelian or not) in a Type
ITA /B supergravity solution can be exploited to derive a new background in Type IIB/A
string theory and how the DBI action of D-branes can be derived by applying this duality.
We also introduced S-duality as a strong-weak duality and displayed the formulae for its
realisation in Type IIB supergravity. We concluded this section by speaking of U-duality
as a chain of T-S-T dualities that connect Type ITA supergravity solutions that share the
same origin in M-theory.
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Chapter 2
Supergravity

In this chapter, we want to explore supergravity from another perspective. These
theories originally arose, not from string theory, but from the study of supersymmetry
as a gauge theory. With that in mind, we provide a brief introduction to the notions of
supersymmetry and superspace and how they can be gauged to obtain supergravity in
section 2.1. We then introduce some basic notions and explore some simple solutions of
Type II and 11d supergravities in sections 2.2 and 2.3, respectively. This will provide some
context when we present our original solutions in the second part of the thesis. Finally,
section 2.4 is devoted to introducing the notion of G-structure and how it is related to
supersymmetry.

If the reader wishes to study this topics in more detail, we recommend to take a look
at the references we used, namely [73,90,91].

2.1. Gauging supersymmetry

We begin by considering the D-dimensional Minkowski spacetime RV?~! with metric
nun characterised by a signature (—,+,4+,...,+). Its isometry group is the Poincaré
group and its infinitesimal transformations form the Poincaré algebra. The generators
of said algebra are Py, and M)y, related to translations and Lorentz transformations,
respectively. We recall that their commutation relations are the ones below,

My, Mpg| =nvepMyg — mupMyg + nuoMype — nvoMup

2.1
(Mpq, Pul =Ppnogm — Ponen, [Py, Pyl =0. 1)

We are interested in extending this Lie algebra to include supersymmetry in an intrinsic
way. This can be achieved by extending the spacetime (Minkowski in our case) into a su-
perspacetime by adding a set of anticommuting coordinates {1/*} to the regular "bosonic”
ones {x}. This mirrors what we did in section 1.1 when we built the superstring ac-
tion from the bosonic one. Supersymmetry then arises naturally as the invariance under
the interchange of both kinds of coordinates. This gives rise to a set of anti-Hermitian
fermionic generators of these new symmetries ()., where « is the spacetime spinor index,
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and receive the name of supercharges. If more than one set of fermionic coordinates is
present, there is more than one collections of supercharges. These are then labelled as Q7
with I = 1,2,..., N the index that runs over the different sets of fermionic coordinates.
Moreover, the symmetry that transforms the different supercharges into one another re-
ceives the name of R-symmetry. The new (anti)commutation relations depend on the
spacetime dimension D and on the number of supersymmetries A/. For instance, when
D =4 and N = 1, we have the below relations,

(Qu Q3 = —5Pur™ass [Qu Pul =0, My, Qul = —5 (i) @5, (22

where ¥M are the gamma matrices in four dimensions and

VMM = VM VMa - - - VM) - (2.3)

This new algebra is called the super-Poincaré algebra. Supergravity arises when we gauge
it by considering local supersymmetry transformations in the same way that General
Relativity appears when the regular Poincaré algebra is gauged. In more concrete terms,
this means that the constant spinor e parametrising the transformations in the global
case depends on the bosonic coordinates when we speak about supergravity. Supergravity
theories are non-linear and they contain a gauge or gravity multiplet and optionally matter
multiplets. The gauge multiplet consists in the graviton, given by the vielbein e$,(x) in
the second-order formalism, and a set of N spin 3/2 gravitino fields ¢{,(z) with I =
1,2,...,N. The concrete theory depends, as before, both on the dimension and the
amount of supersymmetry. However, there is a part of the supergravity action that is
shared by the N' = 1 case in all dimensions. It consists on the Hilbert action (written here
in the second order formalism) plus a Lorentz and diffeomorphism invariant extension of
the Rarita-Schwinger action for the gravitino,

S = Sy + Sy (2.4)

with
1 1 —
Sy = —5- dPzee™ "M Ryrnap(w) S3/9 = — 5 dP e, MNP Dypp . (2.5)
2K1 2K
where e is the determinant of the vielbein, '™ are the D-dimensional gamma matrices and
the I with more than one index are defined as in (2.3). The gravitino covariant derivative
reads

1
Dypn = Oy + ZwMab”YabiﬁN (2.6)
and wyqp(e) is the torsion-free spin connection below,
wyr™(e) = QeN[aa[MeN]b] —eNletlog,  Ave,C . (2.7)

Action (2.4) is invariant under the following local supersymmetry transformation,

1 1
Oc€hy = 537a¢M7 0y = Dyre = Onre + ZwMab'Yabe- (2.8)
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There is a matter that must be addressed now: the supersymmetry solutions are
never invariant under all the possible supersymmetry transformations. Those solutions
that preserve some supersymmetry are called supersymmetric or BPS states. The question
of how much supersymmetry does a particular solution preserve is a crucial one. Let us
consider generic bosonic and fermionic fields B and F. The infinitesimal form of the
supersymmetry transformation that interchanges them is given below,

0B ~€F, .F ~ Oe+ Be. (2.9)

As it is usually done in supergravity, we consider purely bosonic solutions, which cor-
respond to classical solutions. This is because in nature we only observe macroscopic
bosonic fields, while fermions behave as particles at the classical level. A solution is said
to be supersymmetric when (2.9) vanishes for some parameter €(x). As we are considering
F =0, the condition for the bosons is always met, while that for the fermions reads

5. F ~ de+ Be =0. (2.10)

These can be interpreted as an infinitesimal reparametrisation of the superspace. This
heavily resembles the general relativistic case, in which Killing vectors are those whose Lie
derivative leaves the metric invariant. For this reason, (2.10) is called the Killing spinor
equation and its solution is the product of the infinitesimal anticommuting scalar € and the
finite commuting spinor k, i.e. the Killing spinor. These spinors are the supersymmetry
generators and, therefore, the dimension of the solution space of (2.10) is the number of
preserved supersymmetries.

Each supergravity theory has a different Killing spinor equation. For instance, in
Type II supergravity theories, the fermionic fields consist of two gravitini ¢, and two
dilatini AT with I = 1,2 [92]. Thus, the Killing equation in these theories corresponds to
the vanishing of their infinitesimal variation with respect to said spinor,

Sty =0, 6A=0. (2.11)

More explicitly, these equations can be written in terms of a supersymmetry parameter €,

1 e?®
Oxtorr =Vare+ g HyPe+ > F.TuPue=0,
g (2.12)

1 e?® n
0\ = <$(I> + EHP) €+ 5 ;(—1) (5—n)F,Pe=0.
We have used that M = 0,...,9. In addition, n = 0,2,4,6,8 for Type ITA and n =
1,3,5,7,9 for Type IIB. Besides, ¥);, A and e are Majorana-Weyl bispinors of opposite
(same) chirality in Type IIA (Type IIB). As for P and P, they are 2 x 2 matrices as
depicted below,

- A Fg?mal in Type IIA |
P = { 113 H.l %/pe IIB’ P, = ol for "TH even . 1B (2.13)
—0°% in e in e )
P ’ io? for ”TH odd P

The slash represents contraction with gamma matrices following (1.151).
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2.2. Solutions in Type II supergravity

In our original work we explored, among other things, supergravity solutions in Type
II. Thus, it is convenient to review the most basic concepts and solutions related to these
theories.

First of all, we must talk about branes, which appear as solutions to the Type IIA/B
supergravities. As mentioned previously, they are extended objects that arise naturally in
non-perturbative string theory, but also play a role here. We already spoke of D-branes
when presenting the string boundary conditions in section 1.1 and presented their effective
worldvolume action in subsection 1.4.1. Moreover, they are the sources of the RR fluxes,
which were introduced in section 1.3. As only certain RR fluxes appeared in each kind
of Type II supergravity (either of odd or even rank), something similar happens with the
branes as summarised in Table 2.1. In addition, in Type II string theory the so-called
NS-branes appear. In the classical theory they are seen as the sources of the NSNS two-
form Bs. In more concrete terms, we have the fundamental strings F1, which are the
sources of the electric components of By and its magnetic counterpart the NS5-brane,
which are branes with five spacial dimensions and which are the sources of the magnetic
part of By. Let us now review the Type Il supergravity solutions associated to a single

Type ITA ‘ Type 1IB
NS-branes F1, NS5
D-branes | DO, D2, D4, D6, D8 ‘ D(-1), D1, D3, D5, D7

Table 2.1: Table summarising the branes that appear in Type II string theory.

stationary brane. The metric of these backgrounds can be written either in the string or
Einstein frames so we present both. For a set of fundamental strings expanding along the
x direction, we have the following fields,

3
1

_ 1
dst; =Hp* (—dt® + dz®) + HE dszs
ds? =Hg! (—dt* + dx?) + dsgs (2.14)
672(1) :le s BQ = Hglldt N dl’,
where the equations of motion and Bianchi identities boil down to the following,
ViHp = 0. (2.15)
In other words, the function Hp; which parametrises these solutions must be a harmonic
function of the coordinates of the R®. For instance, we can take

dr1

where 7 is the radial coordinate of R® and ¢p; is an integration constant. This function
describes the effect of a single fundamental string localised in the origin of R®. As we
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explained before, this solution contains an electric NSNS two-form potential. On the
other hand, if we consider parallel NS5 branes extending along directions parametrised by
Z5, the following Type II supergravity solution arises

_1
1

3
dsy, =Hyd(—dt* + dZ5”) + Higsdsha |
ds® = — dt* + di's* + Hyssds?a | (2.17)
e =Hys,, Bs= Hygsdt Ndz* A...Ad2®,
where, analogously to the previous case, we have the condition
V2,Hygs = 0. (2.18)
The solution corresponding to a single NS5-brane set in the origin of the R* is given by

Hyss =1+ % ; (2.19)

where r is the radial coordinate of said space. In this case the NSNS three-form flux is
purely magnetic and can be obtained as follows,

Hs = e*® % dBg , (2.20)

where *x is the ten-dimensional Hodge dual operator.
As for the Dp-brane solutions, they all display a similar form, only changing slightly
according to the concrete value of p,

2 2t 2 | g2 2 B2
dsy =Hp, (=dt* +d%,") + Hp, dsga,

_1 1
ds? =Hp,? (—dt* + dz,%) + Hp, dspo . , (2.21)
p—3

e *® =Hp2 | Cpp=Hp)dt Nda' A ... Ada?,

where, as always, 7, is the vector of spacial coordinates tangent to the Dp-branes and we
have that

V2, ,Hp, =0. (2.22)

We have that C), is the RR p-form potential and its relation to the corresponding RR flux
for the solutions (2.21) is given below

Fppy = dC, . (2.23)

As before, if r is the radial coordinate of R%77, the single brane solution localised at its
centre is given by one of the following harmonic functions,

qu

Hpy =1+ r7-p

for p<6, Hp;=1+gprlog|r|, Hps=1+ qps|r|. (2.24)
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As we saw in section 1.3, when p > 4 the contribution of the Dp-brane to the RR fluxes
is taken to be magnetic in the following manner,

Fy=—xFs, F,=xFy, Fy=xF;g in TypellA, 595

Fy=—xF;, F,=%Fy in TypellB. (225)
One last remark about brane solutions (either Neveu-Schwarz or Ramond) is that the H
functions of said objects are defined so that they go to 1 in a certain limit (r — oo in our
case) and to infinity in the opposite limit (r — 0). This can be physically interpreted as
the observer either approaching the brane or distancing from it. In the latter case, the
warping associated to the brane disappears, as expected. On the other hand, when r — 0,
which is often referred to in the literature as the near-horizon limit, one is zooming in the
brane, thus observing it as a singularity.

There are a couple of objects appearing in Type II backgrounds, which are interesting
in spite of not being branes. They are the KK-monopoles and pp-waves. As we see below,
they only contribute to the metric, but not to the other fields.

A Kaluza-Klein monopole (or KK-monopole) is a six-dimensional object that becomes
a monopole upon Kaluza-Klein compactification on a 6d fibre, hence the name. The metric
of a spacetime that only contains a KK-monopole localised at » = 0 reads

ds® =ds2, s + Hyk (dz + Apda™)? + Hyxds2s  with  Hyk = QKTK : (2.26)

where the monopole extends along R and z. We also have that {x™}3 _; parametrise the
R3, A, = A, (z") is a vector field on said space, their indices being uplifted and lowered

with the Euclidean metric, and r = 1/3.> _ (zm)2. The {z,2™} coordinates parametrise
a so-called Taub-NUT space, which displays a singularity at » = 0, where the monopole
is localised. We highlight that z is an isometry direction of this space. Additionally, we
observe that, in the absence of a dilaton, the metric is the same in both the string and
Einstein frames.

A pp-wave (or plane-fronted wave with parallel rays) is a kind of gravitational wave
characterised by a metric which admits a covariantly constant null Killing vector [,

meaning that
Vuly =0, P=iyl™=0. (2.27)

The metric of a pp-wave propagating along the z direction is given by
ds® = —Hy'dt* + Hyw(dz — Hy'dt)* + dszs (2.28)
where the equations of motion and Bianchi identities boil down to
VasHy =0. (2.29)

When we consider the solution associated to several of these branes and other objects,
we have to take into account the individual contributions coming from each one. For
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instance, the resulting metric comes from multiplying the H functions related to each
object and taking into account the non-diagonal terms (in the case of waves or KK-
monopoles). The dilaton is just the product of the individual ones, the NSNS three-form
flux is given by Hs = dB, and the RR fluxes are given by '

Fo=m, Fy=dC,+mB,, F4:ng—H3/\Cl—|—%Bg/\Bg in Type TIA |
F1 :dCO, F32d02—00H3, F5 :dC4—H3/\CQ in Type IIB,

(2.30)

where the gauge potentials By and C), are the sum of all the contributions (either electric
or magnetic). However the contribution to the RR fluxes coming from each brane may be
modified by the backreaction of the others. These ideas will be further exemplified when
our original work is presented.

There are a set of quantised charges associated to the D-branes, called Page charges
[93]. The value of each kind of Page charge in a region of space measures the number of
Dp-branes of a certain kind in said region. In order to compute them, we first need to
compute the Page fluxes, which are defined as

F=Fpne P2 (2.31)
where

1 1
F=>F and ™= — Bt 5B A By = By A By A Byt (2.32)

From now on we will use the notation

in order to simplify the expressions. Thus, we have the following definitions for the Page
fluxes,

Fy=F,, Fy=F,—FB,, F,=F,—FABy+—B2,

2!
~ 1 F
Fy=F5— FyABy+—=Fy N B} — —2B3

2! 3 (2.34)

" 1 , 1 5, Fo 4
F8:F8—F6/\B2+§F4/\BQ—ng/\BQ—I—ZB27
A 1 1 1 F
FlO:Flo_FB/\BQ+EFG/\BS—anl/\BS—l—@FQ/\B;’L—5—?33

for massive Type ITA and

R R A 1
F\=F, I5=F—~FABy, Fy=Fy—F3ABy+ —F, ABj,

2!
R 1 1
Fy =Fr — Fs A By + 5 Fy A B3 — 5 FA B3, (2.35)
A 1 1 1
Fy :Fg—F7ABQ+5F5AB§—§F3AB§+ZF1AB§

'We have adopted the notations of [76].
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for Type IIB. In the case that these new fluxes may be confused with the ones in (2.30),
the latter ones will be referred as Maxwell fluxes. The Page charge of a Dp-brane is thus
given by [93,94]

1 m
QDP = (27T)7—pgsa/(7—p)/2 /Es— FS*IJ’ (236)

p

where F ' is the magnetic part of the corresponding Page flux. On the other hand, the
integration of Hj results directly into quantised charges,

1 1
— _ Hm - H" 2.37

where the higher-ranked NSNS flux is given by
H; = e ?* x Hs. (2.38)

All the previous charges are called magnetic, as they have being defined as the integral of a
magnetic flux. This mirrors how the electric charge is defined in classical electrodynamics
as the integral of the Hodge dual of the electromagnetic tensor. However, sometimes the
computation of their electric counterparts is more appropriate. The electric Page charges
are defined as follows,

e 1 .
@by = (27 )Ptlg,a/(e+1)/2 /J\/Ip+2 Fpyas (2.39)

where M, is the worldvolume of the Dp-brane and the superscript e is used to show
that the charge and flux are electric this time. As for the electric quantised charges of the
NS-branes, they are given by

1 1
— . He e — HS. 2.4

2.3. Basic solutions in 11d supergravity

When compared to Type II, supergravity in eleven dimensions seems far simpler and
more elegant. For instance, only two kinds of branes appear in this case, as opposed to
the many that appear in the ten-dimensional cases. These new branes are called M-branes
and have either two or five spatial dimensions. Furthermore, we now have a metric and
a 4-form flux G4 as the two only fields of interest. Concretely, the M2-branes couple
electrically to the G4, while the M5-branes couple magnetically to it.

Thus, the solution for M2-branes extending along the directions s is given by the
following metric and 3-form gauge potential,

ds? = Hy (—dt? + d7y°) + Hipdsss , Az = Hys dt Ada' A da? (2.41)
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where G4 = dA3 and the equations of motion and Bianchi identities are equivalent to
VasHyp = 0. (2.42)

As before, we can pick the solution of a single M2-brane disposed in the origin of R® by
setting

Hyo =14+ 22 (2.43)
T

where 7 is the radial coordinate of R®. As for the case of M5-branes, we have something
similar,

ds? = Hy2 (—dt? + dis°) + Hydsts,  Ag = Hyt dt Ada' A ... Nda®, (2.44)

with G4 = *dAg, * being the eleven-dimensional Hodge star operator. The condition now
is

VasHys = 0. (2.45)
As always, a single M5-brane in the centre of R® is given by the choice

Hys =1+ 20 (2.46)
T

with r the radial coordinate of R® in this case. The discussion regarding the limits of the
Type II brane solutions is also valid here.

Although there are only this two kinds of branes in 11d supergravity, other objects
may appear. One of this is the KK-monopole, which is 7-dimensional in this case and
warps the spacetime giving rise to the following metric,

dSQ :dsilﬁ + lell( (dw + 2_1(]}([{&})2 + HKK (d?‘2 + T’Qdé’%z) ) (2-47)

where, as in the ten-dimensional case, 1 parametrises a circle, dw = volg2 and

qKK
Hyx = — 2.48
i = 20 (248)

We also have a wave solution, which is very similar to that of the ten-dimensional case. It
presents a propagation direction z and the associated metric can be written as below,

ds? = —Hy ' dt? + Hy(dz — Hy'dt)? + dspo (2.49)
where the equations of motion and Bianchi identities imply that

Vi Hy = 0. (2.50)
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2.4. (G-structure

In this section, we introduce and explore the concept of G-structures and their relation
to supersymmetry. Using G-structure as a solution generating technique in supergravity
has being quite fruitful in the last years. In more concrete terms, one considers a certain
family of solutions by fixing part of the geometry and fluxes and looks for a set of conditions
that ensures a certain amount of supersymmetry for said family.

Let us consider a frame bundle FFM, i.e. a bundle where the fibre is an ordered
basis. A G-structure is defined as a spinor or tensor field on a F'M whose stabiliser is
G everywhere [95]. The main property of a G-structure is that it reduces the structure
group of FM? from the whole GL(d, R) to one of its subgroups G. A G-structure can also
be thought as defining a subbundle of F'M.

A basic example is when the base manifold is Riemannian, as a metric can be used to
define a G-structure. This is because one can think of the subbundle OF M C FM that
has the frames that are orthogonal with respect to the metric as their fibres.

However, for the purposes of this thesis, we are not interested in the general formu-
lation of G-structure. On the contrary, we want to understand how it can be applied to
finding supersymmetry conditions for Type ITA/B AdS;3 backgrounds.

For this goal, we use yet another interpretation of G-structure: it can be thought of as
a generalisation of G-holonomy [96]. Let (M, g) be a D-dimensional Riemannian manifold,
let E be a vector bundle over (M, g) and V, a connection over E. We can think of a point
x € M and the parallel transport maps along the fibres p : E, — FE, corresponding to
closed loops with = at its base. The set of all these maps has a group structure and it
is called the Holonomy group of M wunder the connection V based at x € M, which we
denote by Hol(M, z). In our case, we take the spin bundle as our vector bundle and the
spin connection as our connection. As the parallel transport preserves the length of the
vectors, the holonomy group we are considering must be a subgroup of Spin(D).

In our case, we are considering a compactification space of dimension seven, which we
denote by M;. Taking a look to the Berger Classification, we observe that the only viable
candidate for 7d holonomy is the exceptional group Gy. Such manifolds are called Gy
holonomy manifolds or simple Go manifolds. Being a G, manifold is equivalent to having
a nowhere vanishing, globally defined 3-form ®3, which is both closed and co-closed, i.e.

d(I)g = O, d*7 (I)g = 0, (25].)

where 7 is the Hodge dual in M;. Gy manifolds first appeared in the context of 11d
supergravity with a Minkowski space of dimension four as external space. In other words,
if we assume that the the only non-trivial bosonic field is a metric of the form

ds}) = dsjus + ds3;, (2.52)

and then we demand 11d A/ = 1 supersymmetry, we have that M; must be a G, manifold
with its associated ®3. Curiously, those manifolds whose holonomy group is a subgroup

2The structure group is isomorphic to the group of transition functions that relate the open subsets
that define the open covering of the bundle.

56



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES

of Gy are automatically Ricci-flat, implying that a metric of the form (2.52) satisfies the
vacuum Einstein equations if M7 is a Gy manifold. Moreover, a G, structure generalises
this notion for the case where the 3-form ®3 is not closed or co-closed. In this case d®s
and x7d®3 can be decomposed into irreducible representations of Gs,

dPs = 10 x7 P3+ 311 A P3 + 4773, dx7 Py =471 A k7 D3 + 5772 (2.53)

These 7, are the so-called torsion classes [44]. We have that 7q transforms in the 1
representation of Gy, 7p in the 7, 75 in the 14 and 73 in the 27.

Let us now concentrate in this case and show how supersymmetry and G-structure are
equivalent. Following the conventions in [97], a solution of Type II supergravity preserves
some amount of supersymmetry if there are Majorana-Weyl spinors €; 5 that solve the
following spinorial equations

1 e®

1 e®
(vﬁ@m + Z(H?’)M) €+ 1—6>\(F)FM61 —0,

X (2.54)
<v<10> — Z—Lﬂg — d<I>) 6 =0,

1
<V(10) + ZH?’ _ dq>> € =0,
where H3 and ® are the NSNS 3-form flux and dilaton of Type IIA/B supergravity re-
spectively and the notation in (1.151) has being applied. We also assumed the Clifford
map and defined the spin covariant derivatives as

1
Vi = O + ZMMBQFEQ, deM + WMy ne =0. (2.55)

We have denoted by M the curved indices and by M the flat ones. Besides, the upper/lower
signs are taken in Type ITA/B. We also have the polyform F' defined as

o Fo+ Fy+ Fy + Fg+ Fs + Fig  1IA (2.56)
Fi+Fs+ Fs+ F,+ Fy, 1IB, '
which satisfies a self-dual constraint
ANF) =*F, (2.57)

where A(X},) = (=1)l5/ X}, 2] being the floor function. We will consider the following
3 + 7 split for the 10d gamma matrices,

L= ®03®13 for p©=0,1,2,

‘ (2.58)
[, =lh®o ®v, for a=1,...,7, iy 7 =1Ig,
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where v, = (i09, 01, 03), and are thus real.
If the spacetime can be decomposed as M;y =AdS3 x M7 and taking into account
(2.58), we can decompose the 10d spinors as follows,

6 =0Q0;0x1, =000z X2, (2.59)

where ( are real Killing spinors on AdS3 meeting the condition
m
Vi = (2.60)

where m is the inverse of the AdS3 radius, the Minkowski case being recovered for m = 0.
X1,2 are Majorana spinors on My;. Moreover, 61 are auxiliary 2d spinors necessary to
obtain the right dimensionality for the 10d spinors when decomposed into the 3d and 7d

ones. They are defined as
1 1 1 /1
0, = — ), e =—=1" 2.61
V2 <—2> V2 <Z> (261

and, therefore, €, are Majorana-Weyl spinors. The + signs denotes ten-dimensional
chirality and, as before, the upper/lower signs correspond to Type IIA/B. Plugging the
ansatz (2.59) in the conditions (2.54) and applying some identities, one ends up with the
following equations,

. 1
(me_A — ZdA)Xl + Z@q)ﬂifiXQ =0
1
e ZdA)X2 + Zeéﬁi)«fi)){l =0,

1y .
Vao—— Hs > X1+ geq)zﬁifiVaXZ =0,
) 1 (2.62)

X2 — ge Zﬁi)\(fi)%h 0,

(
(
|
|

Va—i-

3 , ?

§me_ @<§dA+V+Z—lH3—d<I>)} x1 =0,
1

gme_A +1i (gdA—FV—I— Z—LHg —d@)} X2 =0,

where
Br=1,6_=1. (2.63)

Let us consider the simplest case, which consists on taking y; = x2 = x and setting
Hs = f+ = 0 and assume constant dilaton and warp factor e#. Under these considerations,
the conditions (2.62) boil down to

Vax =0, m=0, (2.64)
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which, as mentioned before, corresponds to the case where the AdS; degenerates into a
4d Minkowski spacetime. Thus, we must have a metric of the form

dS%O = d8%1,3 + dS?\/h , (265)

which supports a covariantly constant spinor. It is possible to show that the condition
(2.64) is equivalent to (2.51). The main idea behind this equivalence is that a single
seven-dimensional Majorana spinor defines the 3-form of the Go-structure [98],

O3 = —Z'%XT%I)CXSG Ael A e (2.66)
Starting with this expression and applying (2.64), one obtains the condition (2.51).
In general, two Majorana spinors xi 2 define a G x G3-structure in seven dimensions,
i.e. a Gy structure for each spinor. This is usually referred to as their largest common
subgroup SU(3). In other words, one can decompose a general Ga-structure in terms of
an SU(3) as
O3 =J AU —1Im(Q), (2.67)

characterised by a real 2-form J and a holomorphic 3-form €2, both six-dimensional. The
two @3 corresponding to x; 2 share the same (J,€2) but have different U. The situation
where y; = X2 is an exception where both ®3 coincide and, therefore, the largest common
subgroup is the whole Gg. Thus, in that case we have a Gs-structure.

2.4.1.  G-structure in N = (1,1) AdS; solutions to Type ITA/B
supergravity

As an example, we now explore in more detail the case of N' = (1,1) Type IIA/B
backgrounds, as presented in [50]. Actually, the solutions that appear in our original
work are A/ = (0, 1) supersymmetric. However, a thorough justification of the equivalence
between supersymmetry and G-structure conditions in the N' = (0, 1) case is too advanced
and exceeds the purposes of this thesis. Thus, we restrict ourselves to the simpler N/ =
(1,1) scenario for this example. We start by assuming that the fields take the following
form,

ds? :€2Ad82(Ad83) + dSz(M7) , H= €3Ah0V01AdS3 + Hs,

‘ n (2.68)
F =fy +e3vol(AdS;) AxrA(fe)  with A(f,) = (=1)Lel £,

where we denote by m the inverse of the radius of the AdS;. We also consider that the
warp factor €4, the dilaton ®, the magnetic components of the NSNS flux Hs and the
RR polyform f. depend on the coordinates of M7, but are independent on those of the
AdS;. The sign in fy denotes whether the considered forms are of even (+) or odd (—)
rank, i.e. the former corresponds to Type IIA and the latter to Type I1B.
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We will realise the N' = (1,1) supersymmetry of our backgrounds through the two
ten-dimensional Majorana-Weyl Killing spinors €; 5. In more concrete terms, we assume
that they can be decomposed as follows,

a=0Go0,ox +®0,0x, ea=>0(00EEax]+ 000X, (2.69)

where (. are the two independent real Killing spinors on AdSs realising the N = (1,1)
supersymmetry and which are charged under the group SL(2)L CSO(2,2). Xf are four
independent Majorana spinors and, without loss of generality, their norms can be taken
to satisfy

L+ L =i+ 2 = 26
AL~ ) =~ A - ) = e,

where ¢ is an arbitrary real constant. Also the . are two dimensional vectors and codify
the ten-dimensional chirality labelled by the subscript (the subscripts in (4 and Xf are just
labels). Without entering into details, there are certain geometric necessary and sufficient
conditions for the existence of an N = (1, 1) solution. These refer to the following bilinears,

(2.70)

Ut 0t = @i, st =4, (2.71)
where
Tem 1
Xs ®X; = 3 > ;Xﬁ(%l...an)xieal ARERYAYC (2.72)
n=1

where v, are the flat space seven-dimensional gamma matrices, the e* is a vielbein of said
dimension and the subscript in U¥ refers to form degree once again. The aforementioned
conditions are displayed below,

_ & _ _ &
e*hy = —me,  dp,(e’*VIT) £ 5+ =0, A, (07 F /=0

1 1
(UEF, fo)r = 3F§€7¢ (m + —eAcho) vol(M;),

4
— L o L4
(Vi fo)r = :t§e m + 1€ chg | vol(My) , (2.73)
1.
dpy (4720 F 2m€A7¢‘P$+ = ge‘m *7 A(f1),
1
Ay, (247P07) £ 2me’ PV = ge?’A *7 A(fx),

where (X,Y); is the seven-dimensional Mukai pairing defined as

(X,Y)7 = X AA(Y) (2.74)
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and dy, = d — H3A. It can be shown that an N' = (1,1) AdS; gets enhanced into AdS,
at all regular points in internal space unless the following conditions are met,

I+ =0, it FadE =o. (2.75)

We assume these restrictions in order to obtain bona fide AdS3 solutions. However, im-
posing (2.75) gives rise to an additional set of conditions,

d(eg) +m& =0, dy, (" (VI +0ih) =0,
1-
day (™" (WLT = U37)) = SEA [,
1
st(equ)(‘Iéf +UIh) + me (Wi~ —Wit) = :Fggfi ) (2.76)
Ay, (¥ (U — W) £ 4 PR (VL™ — W) £3me (VL + Uy F) =
1 .~
=4 geBA A *7>\(f:|:) s
where .
9=t =3, E==ildhat £l et (2.77)

cannot vanish globally when N' = (1,1). Some of the equations (2.73) and (2.76) can
be shown to be redundant in the light of the relations for 7d spinors. Furthermore, if we

consider internal spinors that satisfy (2.70) and (2.75), the N' = (1, 1) AdSs solutions boils
down to the ones below,

*hy = —me, d(etg) +mE=0, dp, (e (VLT + V7)) =0,

dpg, (4P (ULT — W17)) F 2me P (VT — voT) =0,
dpry (AP (U — W) + gfi —0,
1
A (P (ULT +057)) F 2me " (WL + 07) = 2 A(fy), (2.78)

1
dpr, (e (UE™ + ULF)) £me (VI - ¥1F) = :Fggfﬂ: ,

1
(2" =0, fa)r = +e™® (m + Ze‘Acho) vol(My) .

From now on, we fix ¢ = 0 and so, according to (2.70), both internal bispinors have the
same norm. This means that hy = 0 now solves the first equation in (2.78). Without loss
of generality, we can parametrise the four internal spinors by two real unit norm vectors
(V, V), a set of three real functions (a,b, @) and a unit norm spinor y,

L =eM?x, X2 =M (a+iaibV)y, (2.79)
i :eA/Q(cos a+isinaV)y, x° = —eA/2(cos aFisinaV)(a+ ibV)X , '
where a®40? = 1. Substituting these spinors in (2.77), we obtain the following expressions,

g=2"cosa, &=2etsinalV, (2.80)
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where neither cos a nor sin a can be globally zero. A straightforward consequence of this
is that the second equation in (2.78) takes the following form,

d(2e** cos a) +me? sinaV =0, (2.81)

meaning that the internal manifold M; may be decomposed via a warped product of an
interval spanned by V' and a six-dimensional manifold Mg. In general the spinor y satisfies
the relations below,

1
X ® XT = \IJS_G2) + 1\1/(_G2) = g(l — 2(1)3 — *7(1)3 + 7:V017) ) cbg A *7(1)3 = 7V017, (282)

where ®3 is the 3-form associated to the Go-structure that a single seven-dimensional
Majorana spinor supports. The G-structure of an NV = (1, 1) solution will depend on
the relative orientation of V and V. If they are parallel to each other, then the solution
presents an SU(3)-structure on the Mg. If they are not parallel and b # 0, then an SU(2)-
structure is supported in the Mg. This reduction can be thought of as each x imposing a
restriction on the G-structure. Thus, the maximal group (SU(3) in this case) is obtained
only when V' and V are parallel.

Let us capitulate what we saw in this chapter before we conclude. We provided an
interpretation of supergravity as gauged supersymmetry in section 2.1. Then we explored
some basic solutions of Type IIA /B and 11d supergravities in sections 2.2 and 2.3, respec-
tively. We closed this chapter by introducing the notion of G-structure and exploring a
relevant example in section 2.4.
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Chapter 3
Holography

This chapter revolves around a key concept for this thesis, but also for the understand-
ing of the current research in supergravity and CFT. This is no other than the AdS/CFT
correspondence, which conjectures that a Type IIA /B string theory which lives in an Anti-
de Sitter space is related to a CFT whose fields are defined over the conformal boundary
of said space. It is a remarkable application of the holographic principle, which tells us
that the information contained in a volume V,; is actually encoded in its boundary Ag.
The motivation behind this principle is the so-called Bekenstein bound for the maximum
amount of entropy enclosed within a certain volume: Sy.. = Aq/(4Gy), where A, is the
area of the boundary (measured in units of the Planck area [¢) and Gy is the Newton’s
constant.

Although this may be surprising the first time one hears about it, there is a historical
background suggesting that the conjecture is quite likely to be true. In particular, the
holographic principle first appeared in the context of the black hole information paradox. In
1975 Hawking published a paper suggesting that black holes are not completely black, but
radiate due to quantum effects in their horizons [99]. This result raised some controversy
as it seemed to violate the unitarity of time evolution, a fundamental postulate of quantum
mechanics that estates that quantum systems evolve according to unitary operators and,
therefore, information cannot be destroyed when a system changes from one state to
another. For this reason, this contradiction was called the black hole information paradox.
Almost two decades later, in 1993, Stephens, t” Hooft and Whiting proposed a solution
to this paradox: the entropy of a black hole must be proportional to the surface of its
horizon because the degrees of freedom of a black hole are duplicated in the Hawking
radiation [100]. This statement is the seed of the holographic principle, which was later
formulated in general by 't Hooft [101]. Maldacena’s 1998 paper [17] then introduced
the AdS/CFT correspondence with the support of the particular example of D3-branes in
Type IIB string theory, constituting a very exciting example of the holographic principle.
Moreover, in the past decades, other such examples regarding different brane configurations
in Type ITA /B have been studied. Another hint that suggests that the AdS/CFT duality
should be correct is related to the isometry group of AdSy.1, which is the Lorentz group
SO(d,2). This group is isomorphic to the conformal group Conf(d — 1,1), which is the
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symmetry group of a CFT living in R%4~1,

Furthermore, the AdS/CFT correspondence is a strong-weak duality. This means
that it relates a strongly coupled field theory with a classical and weakly curved gravity
theory. This provides a path for the study of strongly coupled field theories, as some
observables can be computed on the gravity side. This also applies the other way around,
relating weakly coupled field theories to strongly coupled and heavily curved string theory.
Roughly speaking, at the heart of the correspondence lies the dual nature of D-branes.
On the one hand, they are objects on which the open strings must end. However, they
are also extremal p-branes, which are supergravity solutions.

The main sources consulted for this chapter were [102,103].

3.1. The original AdS;/CFT, correspondence

We consider the original case of D3-branes, which was devised by Maldacena in 1997
[17]. In the D3-brane case, the correspondence relates 4d A" = 4 Super Yang-Mills (SYM)
and Type IIB string theory on AdSs x S°. In its strongest formulation, the AdS;/CFT,
conjecture states that both theories are dynamically equivalent and matches their free
parameters in the following way,

oy = 2mgs and 293 N = L'/, (3.1)

Here gy is the coupling constant of the gauge group SU(NV) that describes the interactions
in the SYM theory and A = g3, is referred to as the 't Hooft coupling. We also have
that g, is the string coupling constant over AdSs x S®, the radius of curvature of both
the AdS5 and the S° is L and there are N units of Fy flux on the S°. Thus, we observe
that gyyr and N of the SYM theory are mapped to gs and L?/a’ on the string theory side.
The two theories being dynamically equivalent implies that they describe the same physics
from two different perspectives. But this implies that string theory, a theory of quantum
gravity, is mapped to a quantum field theory where gravity does not appear at all. In
other words, the gravitational degrees of freedom of the former theory have to transform
into something else in the latter one. Furthermore, as we presented in the introduction to
this section, the information of the 5d theory obtained upon Kaluza-Klein reducing the
Type IIB solution on the 5-sphere is actually encoded within the conformal boundary of
the AdSs.

It is quite difficult to perform general computations applying the AdS;/CFT, cor-
respondence. The idea then consists on taking certain limits on both sides of the corre-
spondence. This provides a more applicable version of the conjecture, albeit a weaker one.
In particular, as string theory is not fully understood at the non-perturbative level, it is
reasonable to take the weak coupling regime (gs < 1 and constant L/v/a/) on that side
as our start point. By considering only the leading order in g5, we obtain classical string
theory, meaning that only the tree level diagrams are regarded instead of the whole genus
expansion. We now turn our attention to CF'T side of the correspondence. If the mapping
in (3.1) holds, we must have gy < 1 and g3, N must stay finite. In other words, we are
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in the large N limit (N — oo) for a fix value of the 't Hooft coupling A. This corresponds
to the so-called planar limit of the gauge theory, meaning that the scattering amplitudes
are dominated by Feynman diagrams that can be described by planar graphs. This implies
that the AdS/CFT conjecture is an example of a conjecture proposed by 't Hooft, which
states that the planar limit of a gauge theory is a string theory [104]. We conclude that a
1/N expansion of the CFT can be mapped into a genus expansion of the string theory, as
1/N g5 for constant A, according to (3.1).

We must focus on the strongly coupled limit on the CF'T side, which corresponds to
sending o/ /L? — 0, as it is the one we can work with. In this regime, we are considering
that the string length is very small when compared to the AdS curvature radius. Thus, we
are in the point particle limit. This fact jointly with the tree level truncation we already
considered implies that we are dealing with classical supergravity. On the field theory side,
we are in the strongly coupled, A\ — oo, regime. This is the weak form of the AdS/CFT
correspondence, with relates Type IIB supergravity on a weakly curved AdSs x S° to
strongly coupled A = 4 Super Yang-Mills in four dimensions. For our particular example,
we will consider this form of the conjecture.

As we anticipated in the introduction to this chapter, the AdS/CFT correspondence
arises in the context of string theory as a consequence of the dual nature of D-branes. We
will address these two points of view as the open string and closed string perspectives.
Which one of these two cases is applicable relies completely on the value of g, which
determines the strength of the interaction between strings and, therefore, the regime we
are in.

The open string perspective corresponds to the viewpoint where we consider D-branes
as the region of space where open strings may end. For this interpretation to make sense,
we must be in the perturbative string regime, i.e. g; < 1. In particular, we are interested
in the low-energy case (E < o'~%/2), when the dynamics of the open strings can be
described via a supersymmetric gauge theory defined within the worldvolume of the D-
branes. The gauge potential in play, A, accounts for the open string excitations along the
worldvolume directions of the D-branes, while scalar fields ¢° describe those excitations
transverse to the D-branes. The case where N D-branes coincide gives rise to a U(NV)
gauge group. Therefore, we conclude that the effective coupling must be g,/N in this case.
Furthermore, the condition gs/N < 1 must be met for the open string viewpoint to be
reasonable considered.

As for the closed string point of view, it is the completely opposite one. In this case,
D-branes are regarded as solutions to supergravity, i.e. as p-branes, as we presented in
section 2.2. In this case, we must consider that D-branes curve the surrounding spacetime,
which we completely ignored in the open string perspective. The radius of curvature L
is taken to be large so that we are in the low curvature scenario and we can apply the
supergravity approximation. When N D-branes coincide, we observe that L*/a? o« g,N
according to (3.1). Thus, this perspective is only trustworthy when g;N > 1.

These two perspectives motivate the AdSs;/CFT, duality when applied to a stack
of N D3-branes in Type IIB string theory embedded in flat spacetime. As we explained
earlier, this will provide a connection between strongly coupled N' = 4 Super Yang-Mills
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Theory in 4 dimensions and a Type IIB supergravity solution displaying an AdSs x S°
geometry. The first step is to specify how the D3-branes are embedded in ten-dimensional
spacetime. We will consider that they extend along 2°, 2!, 22 and 2% and, without loss of
generality, we also consider that they satisfy 2* = ... = 2% = 0. These specifications are
summarised in Table 3.1.

branes‘ 0 {L‘l ZE2 3‘ 4 5 6 7 8 9

x xr
D3 [ x x x x|—- — — — — -

Table 3.1: Description of the worldvolume and transversal directions of the D3-branes. The
former ones are represented by x and correspond to Neumann boundary conditions for open
strings, while the latter ones are depicted by — and coincide with the Dirichlet ones.

3.1.1. The open string interpretation

We start with the open string perspective, thus considering the perturbative case
gsN < 1. In principle, for the considered kind of backgrounds in perturbative string
theory, we can have open strings with both ends attached to the stack of D3-branes
and closed strings. The former ones can be regarded as perturbations of the D3-branes,
while the latter ones are viewed as excitations of the 10-dimensional flat spacetime. We
will only consider massless excitations and ignore the higher energy ones by assuming
E < o/~'2. As the brane configuration preserves half of the supersymmetries, we have
sixteen supercharges. Because of this, the massless closed string states are grouped into a
10d N = 1 supergravity multiplet. As for the massless open string modes, they combine
into a four-dimensional N' = 4 supermultiplet consisting of a gauge field A, six real
scalar fields ¢* and their corresponding fermionic superpartners. As a consequence of the
D3 coinciding in a single stack, the strings ending on them are massless and all the open
string modes must be in the adjoint representation of U(N).

After the previous discussion, we can write down the general form of the action
describing all massless excitations,

S - Scl + Sop + Sint ) (32)

where S contains the closed strings alone, S, is the analogous for the open ones and
Sint describes the interactions between both kinds of modes. We remark that S, is the
supergravity action with some extra higher derivative corrections,

1
2/@'%0

1

Sel /dlox\/—geQ(I’[R + 40y POM D] + -+ ~ -5 / dx0yho™h + O(k), (3.3)

where h is the lowest order fluctuation of the metric, i.e. g = n+ xh. The actions S,
and Si,; can be derived from the DBI and Wess-Zumino actions. The former one can be
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written as follows for the case of a single D3-brane,

Sppr = 1 ! /d‘lxe(I> v/ —det(Plg] + 2/ F), (3.4)

277)30/295

where B, has been set to zero and F' is the field strength of the gauge potentials A, living
on the worldvolume of the D3-branes. We now consider the static gauge. This means
that we will denote by x* with = 0,1, 2, 3 the worldvolume coordinates and identify the
remaining ones, x‘, with six real scalar fields ¢,

7 =2ra’¢" for i=1,...,6. (3.5)

We also have that P represents the pullback to the worldvolume and, according to what
we have just seen, the pullback of the metric takes the following form,

’P[g],uu = g;w + (27Ta/)(gi+3 l/au¢i + g,u j+3au¢j) + (27Ta/>2gi+3 j+38u¢iau¢j . (36)

If we expand the metric and dilaton in (3.4) at leading order in o/, we get the following
effective actions,

1 1 1 ia i
Sop = — / d'z | —Fu F" + - 0,0'0,¢' + O(d) | |
2mgs 4 2 (3.7)
1 1 '
= — d4 P_F UF/W Ce
S t, 87Tgs / x 4 I +

These actions are for a single D3-brane. If we want to generalise to the case of NV coinciding
D3-branes, we have to take into account that the scalars and gauge potentials are U(N)-
valued in that case. In other words, in general we have

¢ =¢"T,, A, = ANT,, (3.8)

where T, are the Lie algebra generators. We also have to take the trace whenever the T},
appear in order to have gauge invariance. For instance, ), F*" becomes F,, F“*. One
last consideration, we need to replace the partial derivatives with covariant ones and add

an scalar potential
1 72
V= Tr (o .
270, E r[¢", ¢ ] (3.9)

ihj

to Sop to lowest order in /.
Finally, if we take o/ — 0, we observe that S,, becomes the bosonic part of the N' = 4
Super Yang-Mills action with
27 s = Ganp - (3.10)

For S, we observe that k19 o< /> — 0 in this limit so we recover the action of free 10d
supergravity. As for the interaction term, we have that ® must be rescaled by ki for
renormalisation reasons. We conclude that Sj,; vanishes in the o — 0 limit and both
open and closed strings decouple.
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3.1.2. The closed string interpretation

Now we explore the opposite limit by considering a stack of N D3-branes in the
strongly coupled regime (gs N — 00). Thus, we must switch to the closed string perspective
and regard the D3-branes as massive sources of the Type IIB supergravity fields. The
supergravity solution preserves once again half of the supercharges (sixteen) and, as we
saw in section 2.2, it takes the following form,

ds* =H(z")"'n,, de"da” + H(2")/26;dx'da? | (3.11)
Cuy =H(2") " da® Adat A da® A da?® .
where H(z') is a harmonic function in the z* coordinates and the dilaton is constant so
we can take it to vanish. In our case, we are interested in the most symmetric solution,
which consists in taking
L4
H=1+ e (3.12)
where r is the radial coordinate of the R® parametrised by the z°. As we already explained
in section 2.2, this particular choice of H interpolates between two different behaviours in
two separate regions of spacetime. First we have that H(r) ~ 1 when r > L; the observer
is far away from the sources so the spacetime is asymptotically flat. On the other hand,
H ~ I;—4 when r < L, i.e. when the near-horizon limit is taken; this region is shaped like
a throat. In this latter regime, the metric reduces to

T2

L2 . .
ds? :ﬁnw,dx“dx” + ﬁéijdxldxj —

L? '
= 2 (%udl‘“d:l:” + dZ2) + L2d8§5 = (3 13)
V4

2 2 2
:dSAd85 + L dSSB 5

where we have gone to spherical coordinates in the second line and defined z = L?/r. We
highlight the fact that we have arrived at the conclusion that the geometry of our solution
is AdSs x S® in the near-horizon limit and flat in the outermost region. Thus, we have to
differentiate between closed strings propagating in each of these two regions. Furthermore,
in the low-energy limit, both kinds of closed strings decouple. This can be reasoned by
considering a string excitation. An observer positioned at a fixed r will measure an energy
E, for the excitation, while another one at infinity will measure E.,. These two measures
of the energy are related as below,

E.=H'E,. (3.14)

As H™Y* ~ r/L when r — 0, we conclude that E,, goes to zero in the throat region
independently on the value of FE,. Therefore, these string excitations are in the low-energy
regime for an observer at infinity. They would conclude that there are two decoupled
low-energy modes: the supergravity modes propagating in flat ten-dimensional spacetime
and the string excitations in the throat corresponding to the AdSs x S° geometry.
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3.1.3. The comparison of both interpretations

If we compare the two perspectives, we observe that both present two decoupled
effective theories in their low-energy regimes. Both perspectives are equivalent in the
sense that the underlying physics are the same in spite of being described in two very
different ways. As expected, they share the presence of Type IIB supergravity on R,
However, while in the open string perspective we also observe N’ = 4 SYM theory in R'3,
the closed string perspective contains Type IIB supergravity on AdSs x S®. Thus, these two
theories have to be related in some way. This is what motivated Maldacena to propose the
AdS/CFT conjecture [17]. If we ignore the low-energy condition, the conjecture proposes
the equivalence between N =4 SYM in flat 4d spacetime and Type IIB string theory on
AdSs x S°.

Without entering into details, this correspondence also proposes a map between the
operators of the 4d A/ = 4 Super Yang-Mills theory and the spectrum of states of string
theory. The underlying reason for this map to exist is that the symmetry group of both
theories is the same, namely PSU(2,2/4), allowing certain representations of said group
that correspond to operators in the gauge theory to be mapped into string states on the
AdS in the same representation. In the weak form of the conjecture, the map relates the
operators of the CFT to supergravity fields. This field-operator map enables a formulation
of the AAS/CFT correspondence as as a relation between generating functionals in both
theories.

All these results can be extended to other dimensions by considering different branes
or brane configurations. In more concrete terms, whenever an AdS,,; solution arises in
the near-horizon limit of some brane set-up, one can study if it is holographically dual to
some CF'T, which lives in said brane set-up. To illustrate this, we present an example of
the p = 2 case in the next section.

3.2. An example of AdS3;/CFT; correspondence

In this section, we will explore a D1-D5 bound state. Its holographic properties
were already studied by Maldacena in [17] and it gives rise to the simplest example of
AdS;/CFTy duality. This case of the correspondence (p = 2) is particularly relevant for
our purposes, as we explored it in our work. We start by considering the brane set-up
depicted in Table 3.2. In this brane configuration, the D1- and D5-branes are taken to

1 2 3 4 5 6 7 8 9

branes \ t zt oz x> ozt oz 2 ' x® =z
D1 X - - - — X - - - =
D5 X —-— — — — X X X %X X

Table 3.2: D1-D5 brane configuration. The (2%, 27,28 2°) coordinates parametrise a four-fold
My, which is taken to be either a T or a K3.

share a worldvolume direction, z°. Besides, we have a four-dimensional internal compact
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manifold M, = T* or K3, and the D5-branes are wrapped around it.

On the field theory side, we have Type IIB string theory on R%* x S x M, if we take
2% to parametrise a circle. This theory preserves 16 out of the 32 supercharges of Type IIB
string theory. When the size of M, is small compared with the length of S!, the low-energy
dynamics are given by a field theory living in the (1 4+ 1)-dimensional brane intersection.
Standard weak coupling open string quantisation determines that this is a U(N;)xU(N5)
supersymmetric gauge theory that flows in the IR to a non-trivial CFT. Here N; and Nj
are the number of D1- and D5-branes in the considered intersection, respectively. The
theory presents N' = (4, 4) supersymmetry in (1+ 1) dimensions, meaning that it displays
4 right-handed and 4 left-handed supercharges. The central charge of the associated
superconformal algebra can be proven to be

C = 6N1N2. (315)

On the supergravity side, the D1-D5 brane system depicted in Table 3.2 gives rise to
the following solution to Type IIB supergravity,

ds? =Hp P Hpd? (—dt? + da?) + HYPHY dolda + HY Hyr?ds?,

(3.16)
Fy =0, Hp} dt Ada® Adr — 0, Hps rvolgs,  ¢® = HYPHp)?.

We have parametrised the transversal space to the D1-D5 system by 2! with [ = 1,2, 3, 4.
We have also used spherical coordinates for this space, denoting the radial direction by

r =4/ Z?Zl(xl)z and by volgs the volume form of the associated 3-sphere. Besides, we
assumed Hp; = Hpy(r) and Hps = Hps(r), which must be harmonic functions in R?
in order to satisfy the Bianchi identities and equations of motion. Let us consider the
particular solution

(27)%gs N1/

Vola, (3.17)
4dD5 . /
HD5(T’) =1 + 7’_2 Wlth dps = gsN5Oé 5

Hpu (1) :1+% with g1 =

where Volyy, is the volume of M,. Besides, gp1 and gps are two integration constants which
provide the length scale L = (¢p1qps)*/*. We can now take the near-horizon limit » — 0,
which yields the following fields,

ds? :ds?&dS;; + LQdS%s + Q]1:)/12Q]5é/2d5?\/[4 ) (3.18)
Fy =2qps (volaas, + volgs), e® = ‘]113/12(115;/2 ; |
where 2 12 r
dsiqs, = ﬁ(—dt2 + dw3) + ﬁdﬁ ,  Vvolaqs; = Zdt A dx® A dr (3.19)

are the metric and element of volume of an AdS; with radius L. We can compute the cen-
tral charge from this supergravity solution using holographic techniques. The holographic
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central charge is thus given by the formula below [105,106],

A 2p—1

(p = 1) b(r) "~ V2(H) "
Gy (H')p—

Chol = 3 : (3.20)

where Gy = 87%a’*¢? is the ten-dimensional Newton’s constant and we are considering a

generic metric and dilaton of the form
ds? = a(r,y")(dspip-1 + b(r)dr?) + gi;(r,y*)dy'dy’, & = ®(r,y¥) (3.21)

and

H= < / dyg_p\/e_4‘1> det(gq;)al(r, yk)p—1>2 : (3.22)

Here {y'} parametrise the space transversal to the AdS, ;. Applying (3.20)-(3.22) to our
background (3.18), we obtain the central charge below,

3L4VolgsVoly,
2Gy ‘

(3.23)

Chol =

This can be further simplified taking into account the values of ¢p; and gps that appear
in (3.17). The final result is

Chol = 6N N5, (3.24)

which coincides exactly with the central charge obtained via the field theory computation.
This further supports the AdS/CFT conjecture.

We point out that this comparison between the central charge computed from the
supergravity solution and the dual field theory has being used in our work. In particular,
the agreement of both quantities in the IR has being used to support the hypothesis that
we will introduce in the next chapter, which states that the quiver field theories we built
flowed in said regime into the CFTs dual to the AdS supergravity solutions.

In this chapter we have introduced the notion of holographic duality. We concentrated
in particular in the weak form of the correspondence, which relates a strongly coupled field
theory with supergravity. We then illustrated the correspondence with the AdS;/CFT,
case that was originally devised by Maldacena [17]. The idea was to consider D3-branes
from two different perspectives. From the so-called open string perspective, D-branes are a
region of space where open strings may end, which is only valid in the perturbative limit of
string theory (gs < 1). On the other hand, D-branes can be regarded as objects that warp
the spacetime they live in. From the so-called closed string perspective, a brane set-up is
described by a supergravity solution. The comparison of both perspectives provides a link
between the CFT that arises from the open string viewpoint and the supergravity solution
that appears in the closed string one. Furthermore, these ideas can be used to build a
map that relates the fields of the supergravity solution to the operators in the CFT. This
conjecture can be generalised to other dimensions by taking into consideration different
brane set-ups, as we saw for the AdS;/CFTy through a D1-D5 bound state. Furthermore,

71



CHAPTER 3. HOLOGRAPHY

one can compute the central charge of the CFT and then compare it to the one obtained
from the supergravity solution in order to obtain evidence for the Maldacena conjecture.
As we explain in the next chapter, the brane solutions to Type II supergravity are dual to
quiver field theories. In some regime these field theories are expected to flow into CFTs
which are dual to the AdS solutions that appear in the near-horizon limit of the brane
ones.
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Chapter 4

Quiver field theories on brane
systems

In the previous chapter, we introduced the idea of holography as a duality that links
Type II string theory in an AdS space with CFTs living in the boundary of said space.
However, AdS solutions usually appear only as near-horizon limits of more general ones.
Thus, the next logical step is to wonder whether there is a way of relating supergravity
solutions associated to certain brane set-ups with quantum field theories living in their
worldvolume. This idea has being explored in the literature (in our work in particular) by
building quiver field theories living in brane systems, which are dual to the supergravity
solutions in this sense. These are theories which can be described in a graphic manner
through quivers where the nodes and edges represent the different multiplets that encode
the field theory. In more concrete terms, the best understood case are Dp-NS5-D(p + 2)
brane intersections for some non-negative integer p. They have being found to realise
p-dimensional field theories with 8 supercharges that flow to CFTs in the IR (for p < 4),
in the UV (for p > 4), or are conformal per se (for p = 4) [107]. These CFTs are dual
to AdS,4; solutions in Type IIB supergravity with 16 supercharges that arises as near-
horizons of the aforementioned brane intersection. Thus, these constructions have being
useful in the study of the AdS/CFT correspondence.

For more complicated brane set-ups, the dual CFT may be difficult to describe,
sometimes even lacking a Lagrangian. Following what was explained above, the solution
consists on building a quiver field theory, which does admit a Lagrangian and provides
an easy description of the fermions. In our papers we considered the AdS,;,/CFT, cor-
respondence with p = 1,2 and, therefore, it is hypothesised that the quiver field theory
flows in the IR into the CFT dual to the AdS supergravity solution, as happened in the
case of Dp-NS5-D(p + 2) intersections. In order to support this assertion one computes
the central charge both from the field theory and the supergravity solution in said limit
and compares both results.

The basics for the building of quiver quantum theories in brane set-ups were first
explored by Hanany and Witten in the case of a D3-D5-NS5 intersection in Type I1B
string theory [108]. We revisit said paper in section 4.1 in order to provide the background
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to understand the construction of quivers in our original work. The references [91,107,
109, 110] were also consulted.

There are other Hanany-Witten brane set-ups that are relevant for this thesis, as they
appear as mother theories in our works. In particular, the D6-NS5-D8 brane intersection,
which is reviewed in subsection 6.2.1, and the D4-NS5-D6 brane set-up, which we revisit
in subsection 7.5.1. The former one gives rise to a N' = (1,0) 6d quiver field theory, while
the latter one corresponds to an N' = 2 4d quiver field theory.

4.1. Hanany-Witten brane set-ups

We start by reviewing the original Hanany-Witten brane setup. The ten-dimensional
coordinates are denoted to be 2%, z!',... 2% All considered branes extend along the R!?
associated to 2°, 2! and 2. The D3-branes also span the 2°® direction, which is transversal
to both D5- and NS5-branes. The remaining worldvolume directions for the NS5-branes
are 23, 2* and 2°, while for the D5-branes they are 27, 2% and z°. Table 4.1 should serve
as a summary for this brane setup. This configuration displays an interesting property:
it remains invariant upon performing S-duality and a rotation interchanging (x3, x4, 2°)
with (27, 2%, 2%). This combined transformation is often referred to as RS transformation.

If we take a look to the supersymmetry, of the solution at hand, it is a known fact
that Type II supergravity theories can present a maximum of 32 supercharges. It is also
known that a D-brane breaks half of the supersymmetries, as it imposes the following
condition on the left- and right-handed components of a Killing spinor,

EL:FOFM...FQPER, (41)

where %, ... x% are the worldvolume directions of the considered Dp-brane. Thus,
the presence of D5-branes in our brane system halves the number or supersymmetries
according to

e, = DT T T3 e . (4.2)

Analogously, the presence of NS5-branes halves again the number of supersymmetries, as
they are only invariant under those satisfying

er =TT %, ep = —TT' TP Pep . (4.3)
We also know that Type IIB is a chiral theory and therefore
I'ier=¢€r, Tier=c¢p. (4.4)
Combining (4.2), (4.3) and (4.4), the following condition can be derived,
e, = DT 1%, (4.5)

1 6

which corresponds to D3-branes stretching along 2°, 2!, 22 and 2°. It is quite straight-
forward to conclude that the addition of D3-branes in said orientation breaks no extra
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0 1 2 3 4 5 6 7 8 9

branes \ ' x xt x® ozt x° 2® ' 2 x
D3 X X X - - - X - - -
D5 X X X - — — — X X X

NS5 X X X X X X - - — -

Table 4.1: The %—BPS intersection of D3-, D5- and NS5-branes originally studied by Hanany
and Witten in [108].

supersymmetries. Thus, one ends up naturally with the brane configuration depicted in
Table 4.1 preserving 8 supercharges.

The presence of branes also breaks the isometry group from SO(9,1), the Lorentz
group corresponding to empty Minkowski space, to SO(2,1)xSO(3)xSO(3). The first
SO(3) acts on (23, x%, 2°) and is labelled as SO(3)y, while the second one acts on (27, 2%, 2%)
and it is labelled as SO(3)g. Their double covers SU(2)y and SU(2)y are symmetries of
the Coulomb and Higgs branches of the field theory. Thus, the R-symmetry group turns
out to be SO(4)~SU(2)y xSU(2) 4.

The field content of a theory living in a brane configuration is given by the quanti-
sation of open strings ending on the different branes. We consider only D3-branes that
are finite in the 2%, ending on D5- or NS5-branes. Thus, the field theories living on these
D3-branes is macroscopically 2 + 1-dimensional and the fields are independent on 2. In
order to see which are these theories, we start with a single infinite D3-brane. The theory
living in said branes is 4d N/ = 4 Super Yang-Mills, as we saw in chapter 3. It presents
a U(1) gauge group with an irreducible supermultiplet under the N' = 4 supersymmetry
transformations. Now, when the four-dimensional N = 2 (or three-dimensional N = 4)
subalgebra given by equations (4.2), (4.3) and (4.5), the supermultiplet decomposes into
a vector multiplet and a hypermultiplet. When the D3-brane ends on one of the other
branes, the resulting boundary conditions set to zero half of the massless fields that live in
the worldvolume of the D3-brane. The possible boundary conditions are described below:

1. A 3 + 1-dimensional scalar field can obey either Dirichlet or Neumann boundary
conditions. The former ones require that the field vanishes at the boundary, while
the latter ones set its normal derivative to zero.

2. For 3 + 1-dimensional vector fields, we can also have either Dirichlet or Neumann
boundary conditions, but they imply something different in this case. If we impose
Dirichlet boundary conditions on vector field A with field strength F' = dA, then we
must set F},, to zero at the boundary, where p,v = 0,1, 2 represent the directions
tangent to the boundary. On the other hand, Neumann boundary conditions imply
that the components F,s and Fg, vanish at the boundary; the direction 2% acts as
the normal direction of the boundary. A 34 1-dimensional vector field A decomposes
into a 2+ 1-dimensional scalar field b and a 2+ 1-dimensional vector field a. The new
fields are related to the old one by d,b = F};s and a, = A,. Thus, Dirichlet boundary
conditions set a to zero in the boundary, while Neumann boundary condition do the
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analogous for b.

We thus observe that the possible massless modes of the 2+ 1-dimensional field theory are
a, b and the fluctuations of the D3-branes along (23, 2%, %) and (27, 28, 2°). In particular,
the fluctuations along (x®, 2%, %) are set to zero at D5-branes and also a. On the other
hand, both fluctuations along (z7, 2%, z°) and b are set to zero at NS5-branes. Under our
algebra, (2*, 2%, 2°) and a, form the bosonic part of the vector multiplet, while (27, 2%, %)
and b form the bosonic part of the hypermultiplet. From now on, we refer to the three-
dimensional perspective when we speak about supersymmetry. These facts can be used to
identify the effective 2 4 1-dimensional field theory depending on the two branes on which

the D3 brane ends:

1. If the D3-brane terminates on two NS5-branes, then the theory is that of an N/ = 4
U(1) vector multiplet. In general, for a configuration with n, parallel D3-branes
suspended between two NSH-branes, the field content comes from considering strings
stretching between the different branes. The resulting field theory is that of n, N' = 4
vector multiplets and the gauge group is U(1)™, but gets enhanced at the classical
level into U(n,) when the D3-branes coincide.

2. When a single D3-brane is delimited by two D5-branes, then an N' = 4 hypermul-
tiplet arises. If we now consider n; parallel D3-branes stretched between the NS5-
branes, the resulting field theory consists of n; hypermultiplets in the fundamental
representation of U(1)™ if there is enough distance between the branes. When
the D3-branes coincide, the hypermultiplets are in the fundamental representation
of U(ny). This can be seen as a consequence of mirror symmetry interchanging the
Coulomb and Higgs branches. This is because a combination of S-duality and a rota-
tion transforms the NS5-branes into D5-branes and, therefore, the vector multiplets
that appeared in the previous case (where the D3-branes were stretched between two
NS5-branes) are now hypermultiplets.

3. Let us now consider a D3-brane delimited by a D5-brane on one side and by an
NS5-brane on the other. In this case, the (2?, 2% 2°) coordinates of the D3-brane
are fixed to match those of the D5-brane. Similarly, the (z7, 2% 2%) coordinates of
the D3-brane are fixed to match those of the NS5-brane. Also a, and b are set to
zero. Thus, there are no massless modes in the worldvolume theory.

We now explore the particular brane picture in Figure 4.1 as an example. In this case we
have a chain of NS5-branes, a set of K parallel D3-branes linking the j-th and (5 + 1)-
th NS5-branes. We assume that the D3-branes of each interval are close enough to one
another to consider them coincident. Additionally, F; D5-branes are added in the space
between the j-th and (j + 1)-th NS5-branes. In this scenario, the open strings that have
both ends on the same stack of D3-branes contributes, as in the case of a single stack, with
an N = 4 vector multiplet with U(Kj) as gauge group. Thus, the gauge group of the whole
theory is H;:ll U(K;). Besides, open strings can also end on adjacent stacks of D3-branes,
going through an NS5-brane. The result is an N' = 4 hypermultiplet, which becomes
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1 2 3 n—1 n
K1 D3 Ko D3
’ K’nfl D3
ros
® - -®
F, D5 Fn1 D5
NS5 NS5 NS5 NS5 NS5
—_—

20

Figure 4.1: A brane picture for the D3-D5-NS5 brane setup.

massless when the two stacks meet at the NS5-brane. The open strings with one end on a
D5-brane and the other in the stack of D3-branes contribute in each interval with F; N = 4
hypermultiplets. Finally, open strings with both ends on D5-branes of the same interval
give rise to massive modes, which decouple in the low-energy limit. Thus, the gauge group
corresponding to the D5-branes of each interval becomes an U(F;) global (or flavour)
group. This information was summarised in a graphic manner in Figure 4.2. Circles
represent N = 4 vector multiplets in the adjoint representation of the corresponding U(K)
colour group. Boxes, on the other hand, represent F; hypermultiplets in the fundamental
representation of U(K;). Thus, each colour group has a flavour one attached to it. Besides,
lines are NV = 4 hypermultiplets in the bifundamental representation of the groups at their
ends. As for the coupling constants g; of the gauge groups, let x? be the 2% coordinate of

Fl F2 Fn—l

Figure 4.2: Quiver representation of the quantum field theory living in the D3-D5-NS5 brane
setup depicted in figure 4.1.

the j-th NS5-brane, we have the following,

1 g}6 1—;[;6
_Q_M‘ (4.6)

9j 2mgs

This effective coupling can be obtained by integrating along the 2% direction in the first
action in (3.7). As we have assumed that all the fields are independent on that direction,
the result is just a:? e x?. Following the same reasoning as in section (3.1) one then finds
that the coupling is (4.6).
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In [111], Gaiotto and Witten explored the fact that a choice of two partitions p and

p of an arbitrary positive integer N completely determine the data of the field theory,

namely {K, F;}. In particular, they conjectured that the 3d field theory associated to

the quiver in Figure 4.1 flows to a non-trivial CFT in the IR if the following inequalities
hold,

Pl >p = pl >p. (4.7)

Let us start by writing two useful parametrisations of p,

p: N=lh+lb+.. .. +l=
=14 +14+2+...+2+..., (4.8)

~ N

Fy Fy

where the [; are a set of integers such that [; > I, > ... > [, > 0 and Fj is the number of
times the integer j appears in the decomposition. The [} are then non-negative integers
satisfying > jF; = N. One can associate a Young tableaux to p with rows of lengths
ly,ls,...,lg. Something similar can be done to the partition p,

~

P N:Z1+i2+-..+ik=
=l+...+1+2+...+2+..., (4.9)

Fl F2

With these parametrisations, we observe that the F}; are precisely the number of hyper-
multiplets in the fundamental representation of the jth gauge group, while the rank of
each of these groups reads

~

Klzk’—il and Kj:Kj_1+mj—ij j:2,,l{3—1 (410)

Here m; is the number of /; greater than or equal to j in the first line of (4.8). Consequently,
my = k and my; = my — K;. It can be seen that the m; are a non-increasing sequence
of positive integers that define a partition p?, which associated Young tableau is the
transpose of that of the partition p. The condition (4.7) is a shorthand way of writing the
following strict inequalities,

ims>iz; Vi=1,... 1. (4.11)
s=1 s=1

We observe that, due to (4.10), these inequalities are equivalent to imposing that the ranks
K of the gauge groups are positive integers. This condition also implies that F; = 0 when
Jj > k so that there are not hypermultiplets associated to empty gauge group factors. We
conclude that (4.11) is necessary for (p, p, N) to properly define a quiver field theory. We
observe that if one of the inequalities in (4.10) is replaced by an equality, then the quiver
splits into two disconnected components. We conclude that what Gaiotto and Witten
proposed is that all such quiver field theories flow in the IR into non-trivial CFTs.
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4.1.1. Hanany-Witten brane creation effect

Before this chapter concludes, we must review a very important phenomenon con-
cerning the study of Hanany-Witten-like brane set-ups and their associated quivers. This
is no other than the so-called Hanany-Witten brane creation effect depicted in Figure 4.3.
Let us consider a brane configuration where a D3-brane connects two NSH-branes with
a Db-brane between them as in Figure 4.3a. The branes are oriented as in Table 4.1.
Open strings connecting the D5-brane with the right portion of the D3-brane give rise
to hypermultiplets with mass proportional to | — Z|, where ¥ and m are the (23, 2%, 2%)
coordinates of the transverse position of the D5- and D3-branes respectively. We want to
interchange the D5-brane with the NS5-brane on the right. In order to do this, we move
the Db-brane to the right and the NS5-brane to the left so they intersect at some point
in this procedure. In that position, the hypermultiplet becomes massless. Finally, the
two branes “go through” each other creating a second D3-brane linking the interchanged
branes. Thus, we end up with Figure 4.3b. A way to give a logical explanation to why
the described intersection should generate a new brane is that only in this way we have a
massless multiplet when we approach the NS5- and D5-branes in Figure 4.3b. Without the
new D3-brane, there would be no reason to have any kind of singularity upon intersecting
these two branes.

|
| |
! I
! I
l |
i D3 !
| D3 :
T |
| |
! I
: |
I D3 :
! i
1 :
I I
|
N D5 N !
5 55 NS5 NS5 D5
E— —_—
a8 6
(a) Original set-up (b) Final set-up

Figure 4.3: Example of a Hanany-Witten move.

This phenomenon has been observed in more general situations with other branes
and it has proven useful when it comes to finding the quiver for the quantum field theory
living in a brane set-up. Furthermore, if we consider a brane system in Type II including
an NSb-brane and a Dp-brane under analogous circumstances as before, then a chain of
T-dualities shows that a D(p—2)-brane linking them is generated if they cross each other!.
S-duality also suggests that, in the same conditions, the crossing of a D3- an a D5-brane

'Regarding the circumstances, no D(p — 2)-brane can end on both branes before the crossing. Also
the orientations of the NS5- and Dp-branes cannot be arbitrary, but they must be related via the chain
of T-dualities to the NS5- and D5-branes depicted in Table 4.1, respectively
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produces a fundamental string. In general, these crossings of branes are called Hanany-
Witten moves and can be used to relate a certain brane set-up to another one where the
branes are located at the positions we need.
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Chapter 5

Outline of the Original Results

This chapter may serve as an introduction to the original work developed for this
thesis and explored in further detail in chapters 6 and 7. The papers that collect this work
are the ones below:

[65] Y. Lozano, N. Petri and C. Risco, “New AdS, supergravity duals of 4d SCFTs with
defects,” JHEP 10 (2021), 217,
doi:10.1007/JHEP10(2021)217 [arXiv:2107.12277 [hep-th]].

[66] Y. Lozano, N. T. Macpherson, N. Petri and C. Risco, “New AdS3/CFT, pairs in
massive I[IA with (0, 4) and (4, 4) supersymmetries,” JHEP 09 (2022), 130,
doi:10.1007/JHEP09(2022)130 [arXiv:2206.13541 [hep-th]].

[67] Y. Lozano, N. Petri and C. Risco, “Line defects as brane boxes in Gaiotto-Maldacena
geometries,” JHEP 02 (2023), 193,
doi:10.1007/JHEP02(2023)193 [arXiv:2212.10398 [hep-th]].

[68] Y. Lozano, N. Petri and C. Risco, “AdS2 near-horizons, defects, and string dualities,”
Phys. Rev. D 107 (2023) no.10, 106012,
d0i:10.1103/PhysRevD.107.106012 [arXiv:2212.11095 [hep-th]].

They share common goals: building new AdSs and AdSj3 solutions of Type IIA/B
supergravity and, if possible, their holographically dual CFTs. Roughly speaking, they
were achieved by following some general steps:

1. Obtention of a new AdS, or AdS3; Type ITA /B background.

2. Computation of spatial distribution of the quantised charges and derivation of the
underlying brane set-up.

3. Construction of the dual field theory living in the brane set-up.

4. Computation of the central charge and test of the duality.
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CHAPTER 5. OUTLINE OF THE ORIGINAL RESULTS

We highlight that not all the steps are always attained and, even when they are, the path
taken and the concrete tools employed depend greatly on the case. For instance, we were
not always able to give a brane interpretation to the solutions nor in all cases we were
able to derive the quiver field theory. In the next sections, we will explore these steps and
briefly comment on the particular results we obtained.

5.1. Construction of new low-dimensional AdS solu-
tions

The new AdS solutions have being obtained in several ways:

» Starting with a known solution describing a brane intersection, one can sometimes
add extra branes in order to obtain a new solution. The AdS solution then arises in
the so-called near-horizon limit.

» If a Type ITA/B or 11d background is known, one can derive new ones by per-
forming T- or S-duality or applying the truncation/uplifted formulae that relate
eleven-dimensional and Type ITA supergravities, as explained in section 1.4.

= From a general class of AdS solutions with a certain amount of supersymmetry
(usually computed using G-structure technology), one can either study a certain
subclass of it or generalise the geometry.

In the first case, the new branes were taken to be fully localised within the worldvolume
of the original system of background branes, but smeared along the other directions and
they are called defect branes. As shown in [46,58], this requirement is crucial (at least for
AdS,; and AdS; vacua) in order to decouple the field equations of the defect branes from
those of the background ones.

In Figure 5.1 we present a summary of the AdS, solutions of Type ITA/B computed
in this thesis. As for the new AdS3 classes of solutions we obtained a single one of massive
Type IIA, characterised by an AdS; x S® x M, geometry. In particular, we constructed
two subclasses: the first one corresponds to My = S? x 35, with ¥y a Riemann surface,
and appears in the near-horizon limit of D2-D4 branes ending on a D6-NS5-D8 bound
state; while the second one satisfies My = T? x I and arises in the massless limit when
one takes the near-horizon limit of D2-D4-NS5.

NATDgs NATDgs
AdSy x 8% x §2 x §L x I x I, S AdSy x §% x % x 8 x I x I, AdSs x §? x R® x §%/Z,
Type 1IB CUx T <> DR A
v F1-D1-D3 on NS5-D5 DI-F1-D3 on D5-NS5(-D7) DI-F1-D5-NS5 on D3-KK
AdS; x §% xR x §°

D1-F1-D5-NS5 on Ds

AdSy x 8% x §2 x B2, ) x S} x I AdS, x 82 x §2 xR x I,
sy X Sy X Ir
F1-D2-D4’-NS5’ on D4-NS5 D2-F1-D4'-NS5’ on D4-D6-NS5

AdSy x §2 x 8% x S x I x I x I

AdSy x §% x §% x 8L x I x I x I,

NATDgs

Figure 5.1: Summary of the AdSs solutions built in the thesis.
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5.2. Computation of quantised charges and deriva-
tion of the dual field theory

As explained in section 2.2, once one has a supergravity solution, the fluxes can
be used to compute quantised charges that reveal the presence and distribution of the
branes and other objects that underlie the background. In particular, we are interested
in Hanany-Witten brane set-ups, as these have been mapped to quiver field theories. The
key feature of these considered theories is that they can be seen as defects embedded in
higher-dimensional field theories dual to the background brane set-up. The multiplets of
these defect theories can be obtained by considering the massless modes of open strings
ending on the branes of the set-up'. The main idea is to take into account which multiplets
are compatible with the dimension and supersymmetry of the considered theory and then
impose the boundary conditions associated to the branes on which the strings end. This
determines the multiplet associated to each set of boundary conditions, as we saw in
chapter 4. We remark that the branes themselves can end on other branes, which limits
and breaks down the multiplets living in them. In particular, we explore the N' = (0, 4)
two-dimensional case. We also study the A/ = 4 one-dimensional case, but we consider
the notation and knowledge of the N' = (0,4) two-dimensional one.

On the other hand, sometimes, the massive open F1-strings present in the brane set-
up admit a so-called baryon vertex interpretation. For this to be possible, we need to have
a stack of extra D-branes at a distance L from the stack of colour D-branes with both
kinds of branes oriented in such a way that we can stretch Fl-strings between them. A
set of (I1,ls,...,ln) Fl-strings stretched between the stacks have as their lowest energy
excitation a fermionic field. It was shown in [113,114] that this produces a half-BPS
Wilson loop in an antisymmetric representation labelled by a Young tableau (depicted in
Figure 5.2).

ny

n2

I lo * o o 5%

Figure 5.2: Young tableau labelling the irreducible representations of U(N).

The coupling describing a baryon vertex is an effective version of the Wess-Zumino
action, which reads [115]

SDp:Tp/ E, N A, (5.1)
M,

p+1

1See, for instance, [49,108,112].
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where Fp is the appropriate Page flux, A; is the time component of the gauge potential
living in the string and M, is the worldvolume of the Dp-brane. We now assume that
M, 11 can be locally written as M, x R;, where R; parametrises time. The action (5.1)
tells us that Fp contributes with N units of A;-charge, where

/M =N (5.2)

P

is the amount of Page charge produced by the considered Dp-brane. As the total amount of
Ay-charge must vanish in a closed universe, there must be another source which produces
a charge of —N. As we said above, the source turns out to be N fundamental strings
ending on the Dp-brane. As they are charged under A; with either 1 or —1 depending
on the orientation, we must have N fundamental strings with the same orientation in
order to cancel the contribution of ﬁ’p. The fundamental strings are then perceived as a
gauge-invariant combination of N quarks within the worldvolume of the Dp-brane. This
explains why we say that the Dp-brane is called a baryon or anti-baryon vertex, depending
on the orientation.

5.3. Computation of the central charge and test of
the duality

We are interested in AdS, and AdS3 backgrounds, which are holographically dual to
SCQMs and CFTss, respectively. In order to study these dualities, we constructed quiver
field theories living in the underlying brane set-ups. As explained in chapter 4, one such
theory is expected to flow in the IR into the CFT dual to the considered AdS solution. In
order to support this hypothesis, we can compute the central charge of the field theory in
two ways and compare them in the IR. The first way consists on computing the holographic
central charge from the AdS supergravity solution via the formula given by (3.20). On
the other hand, one can compute the central charge directly from the field theory, as we
explain below. In the IR, both results should coincide with the central charge of the CFT.

Let us start by considering AdS3 backgrounds. In particular, in our papers we com-
puted the central charge of 2d N' = (0,4) CFTs from the R-symmetry anomaly (see for
instance [116]). This is a so-called t” Hooft anomaly, meaning that it is scale-independent.
Therefore, it makes sense for us to compute the central charge of the quiver field theory,
which is a UV deformation of the CFT, and then study its IR limit. This is because its
expression must remain valid at all scales/energies. The formula we considered is give by

crR=3 Tr(v%)%) , (5.3)

where the trace is over the Weyl fermions of the theory, v3 is the 2d chirality matrix and
Qr is the R-charge under U(1)g. We recalls the following facts:

= N = (0,4) vector multiplets contain two left-moving fermions with R-charge 1,
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» N = (0,4) twisted hypermultiplets contain two right-moving fermions with R-charge
0,

= N = (0,4) hypermultiplets contain two right-moving fermions with R-charge -1,
= N = (0,2) Fermi multiplets contain one left-moving fermion with R-charge 0,

» N = (4, 4) hypermultiplets contain an N = (0, 4) hypermultiplet plus an N' = (0, 4)
Fermi multiplet and also provide 2 units of charge to the R-symmetry anomaly.

Substituting these R-charges in (5.3), one gets the well-known expression below [116],

cr = 6 (Nhyp — Nyee), (5.4)

where ny,, stands for the number of N' = (0,4) untwisted hypermultiplets and n,.. for
the number of NV = (0,4) vector multiplets.

In the AdS, case this computation involves some caveats, as defining a central charge
for a one-dimensional CFT is known to be a subtle issue ?, which we did not had in the
two-dimensional case. The main difficulty lies in its interpretation, as the central charge of
a CFT is its free energy. However, as the trace of the stress-energy tensor of a conformal
field theory must vanish, the free energy of a one-dimensional CFT (its central charge)
must be zero. It is, in principle, not clear if we can compute a non-vanishing central
charge or what its interpretation should be. The central charge in this case has being
argued to be counting the degeneracy of ground states of the system. Some proposals
exist in the literature for computing this degeneracy. In [119-121] the number of ground
states of quiver quantum mechanics with gauge group [[,U(N,) with the U(V,) subgroups
connected by bifundamentals (so-called Kronecker quivers) was computed by quantising
the classical moduli space in the Higgs branch. The result is

M= NN, - Y N} +1, (5.5)

where N, stands for the rank of the gauge groups adjacent to a given colour group of rank
N,.

Alternatively, it was shown in [62,64] that when the AdS, solution dual to an N' = 4
SCQM can be obtained from an AdS; space through a null compactification (the so-called
null orbifold construction) the dual SCQM corresponds to the chiral half of the 2d CFT
dual to the AdS; solution. The AdS; spaces considered in [62,64] preserve N' = (4,4)
supersymmetries, but the result can be extrapolated to the case in which they preserve
N = (0,4), where the SCQM simply arises upon compactification of the 2d dual N' = (0, 4)
CFT. In these situations the obvious interpretation of the central charge of the SCQM is
as counting the excitations of the 2d CFT, and the caveats mentioned above do not apply.
Moreover, one can use the expression (5.4) to obtain the central charge of the SCQM.
This was done explicitly for the class of AdS, solutions constructed in [42], obtained by

2See for instance [63,117,118]
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T-dualising a sub-class of the AdSs solutions to Type ITA supergravity with N' = (0, 4)
supersymmetries constructed in [38]°. The central charge computed this way was shown
to agree with the holographic calculation in the holographic limit.

Remarkably, in [43,45,65] other classes of AdS, solutions with N' = 4 supersymmetry
were constructed that do not bear any relation with AdSs. Still, the expression that gives
the central charge of a 2d /' = (0,4) CFT was used to compute the central charge and
it was shown to agree with the holographic result. This agreement is a remarkable result
and deserves further research. It could be related to the fact that the 2d expression can
be shown to agree to leading order with the 1d expression given by (5.5), when applied to
the same type of quivers.

There are several arguments supporting the fact that the central charge of a SCQM
can always be computed by applying (5.3) or (5.4), even when it cannot be obtained
via compactifying a two-dimensional CFT [63,117]. For instance, we have that the R-
symmetry anomaly comes from the superconformal symmetry. In this respect, we have
that the superconformal algebra of an AdS; geometry consists of two copies of the Virasoro
algebra, while that of an AdSy vacuum is one copy of the Virasoro algebra. These seems
to suggest that the tools used in the AdS3 case should still be valid when we consider an
AdS, geometry.

Besides, in [117] two actions we considered: both of them admitted an AdS, vacuum,
but while the first one could not be lifted up to an AdSs, the second one could. For both
of them it was observed that a twisted energy-momentum tensor was required in order to
have consistent boundary condition. The presence of said tensor then gave rise to a non-
vanishing central charge in both models. This seems to suggest that the 2d expression
for the central charge may be always valid for the SCQMs dual to consistent quantum
gravities in AdS,.

31t is straightforward to see that the Abelian T-duality transformation performed in [42] is equivalent
to the null orbifold construction in [62, 64].
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Chapter 6
AdS;3/CFT, in Type 11

This chapter presents the new results published in [66]. In said paper, the AdS3/CFT,
case of the holographic conjecture was explored. We start by presenting a new class
of N' = (0,4) AdS; solutions of massive IIA supergravity in section 6.1, as well as its
interpretation as brane intersection. We then move on to building the quiver field theory
living on said brane set-up in section 6.2. Section 6.3 is then devoted to the study of the
supergravity solution and its dual quiver in the particular case in which the Romans mass
vanishes and part of the spacetime is given by a T3. Finally, in section 6.4 we go back to
the massive case, embed the supergravity solution in Type I’ and explore its dual quiver
field theory.

6.1. A new class of N' = (0,4) AdS; solutions in mas-
sive ITA

We started by generalising a class of i—BPS solutions describing the D8-DG6-NS5 inter-
section developed in [122,123]. The original class presents a flat six-dimensional Minkowski
space as external space and no Fy. The generalisation was done by adding an RR four-form
flux that further breaks the isometries of the external space as follows,

RY® — AdS3 x S%. (6.1)

The general form of the fields of solutions in the new class are given below,

1
ds? =—L | ds?(AdSs) + ds>(S® } + [—d >+ \/5<d22 +dz5 + dZQ)} ;
NG ( 3) (%) g NG P 1 2 3
e ® —E Fy = ph Fy=2 (Vol(AdS )+V01(S?’)> Ad
\@, 0 g’ 4 q 3 P (6.2)

Fy = —(0,,hdzy N dzs3 + 0.,hdzz N\ dzy + 0.,hdzy A dzs)
H3 = (az1gd22 A dZ3 + 822gd23 A le + 82396121 A dZQ) A dp—|—
+ 0,(hg)dz N dzo N dzs,
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where the AdSs and S? are of unit radius and ¢ is a redundant constant that will be
useful later. Away from sources, the Bianchi identities for the fluxes demand that the Fj
is constant and

(02 4 02,4+ 02)g + 02(gh) =0, (82 + 0%, 4 02,)h + Fyd,(gh) =0, (6.3)

which are the same PDEs that appeared in [123]. These constraints give rise locally to
two classes of solutions depending on whether Fj vanishes or not. If F, = 0, then d,h =0
and the PDEs are those of a flat D6-NS5 intersection. On the other hand, in the Fy # 0
scenario, we can clear g from the definition of Fj,

d,h
= —. 6.4
9= "% (6.4)
Taking this into account, the equations in (6.3) boil down to a single one,
1
(02, + 02 4+ 02)h + éaﬁ(fﬂ) =0. (6.5)

6.1.1. Supersymmetry

Next we studied the amount of supersymmetry preserved by this new class of solu-
tions. Our solutions (6.2) are within the class (2.68), whose amount of supersymmetry was
studied in section 2.4 through the tools of G-structure for the case of N' = (1,1). We recall
that we considered N/ = (1,1) as an example in section 2.4 instead of the more general
N = (0,1) because the latter case needed tools and concepts that lie beyond the purposes
of this thesis. In any case, for our solutions (6.2), we applied the bi-spinor relations for
N = (0,1) first introduced in [33] and generalised in [124]. The 10d Majorana-Weyl spinor
for N'= (0, 1) supersymmetric AdS3 can be decomposed as follows,

61:C+®9+®X17 62:C+®9—®X2a (66)

where 6. are two-dimensional vectors and their subscript denotes the 10d chirality, (, is
an AdS; Killing spinor realising the N/ = (0, 1) supersymmetry and its label denotes the
SL(2), subgroup of SO(2,2) = SL(2) xSL(2)_ and x"? are two real Killing spinors with
support on M7. The aforementioned bi-spinor relations then take the following form,

1
iy (e 7PW) =0, dpg (700 ) — 264700 = §€3A *7 A(f+),
, (6.7)
(P_ AN = —§€7¢V01(M7) :
7

where
U, +i0_ =y, ® (6.8)

and the tensor product is defined as in (2.72). However, the explicit expression of Wy
does not matter, as we only need them to realise a GGy X (G9 structure. For this paper, we
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assumed that the intersection of the two Gy was SU(3), which lets us parametrise the W,
as

U, =-Im(e™)+V ARe, ¥_=-ImQ—V ARe(e"), (6.9)

where V is a real one-form whose dual vector is taken to define a direction in M; and
(J,Q) are defined in terms of another 3 complex vielbein directions Ey, Fs, Ej,

J:El/\E1+E2AE2+E3/\E3, Q:El/\Eg/\Eg (610)

We remark that the class of solutions (6.2) preserves N’ = (0,4) supersymmetry if
it preserves 4 independent SU(3)-structures satisfying (6.7). Exploiting the fact that the
class presents an S3 factor, we defined 1-forms (L4, R,) (with a = 1,2, 3) such that

1 1 20q3y _ L 2 2
dL, = §eabCLb ANL., dR,= —§eabCRb AR., ds*(S°) = Z(La) =—(R,)". (6.11)
L, behaves as a singlet /triplet under the SO(3).,r subgroup of SO(4)=SO(3)xSO(3)g,
while R, transforms the other way round. We then considered the SU(3)-structure defined
through the vielbein

E, = —\/ghidr, + il V= \/?dp, (6.12)
2uh1 hz

which can be shown to solve (6.7), realising N' = (0, 1) explicitly. We highlight that V..
depends on the 3-sphere through L,,dL, (which are SO(3)g triplets) and vol(S*), which
is SO(4)-invariant, with only the latter one affecting the physical fields. This means that,
if (6.12) solves (6.7), then so does the SU(3)-structure obtained via performing a generic
constant SO(3)g rotation in (6.12), which only transforms the L,. One can apply this
to three independent SO(3)g rotations in order to generate three further independent
SU(3)-structures which solve (6.7) for the same physical fields. We then concluded that
N = (0,1) supersymmetry is always enhanced to small N/ = (0,4) in our class (6.2).
The fact that this one and no other superconformal group is the one realised for (6.2)
comes from the realisation that any other such group would require the presence of other
isometries that do not appear in the class in general. Another way to see this would be
to realise that the class of solutions can be related through Abelian T-duality to that of
section 3.3 of [51], for the particular case where the coordinate z parametrises an isometry
directions.

The presence of the round 3-sphere in (6.2) raises the question of whether or not an
enhancement to N = (4, 4) is possible and under which restrictions. We noticed that
said enhancement, if possible, would require four additional ' = (1,0) SU(3)-structures
to be supported by the background. They should satisfy the equation which results after
performing the substitution ¥_ — —W¥_ in (6.7) '. Analogously to the ' = (0, 1) case,
the new SU(3)-structures must span the S in terms of R,. This is because each N' = 4

Tt must be noticed that this map does not hold in general, but only for the restricted case at hand.
See [50] for full details.
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sub-sector must be a singlet with respect to the R-symmetry group of the other one. Let
us consider the following vielbein,

1
B, = Jghtde, +i——R,. v =-Y24 (6.13)
2uhs hx

It can be shown to give rise to an SU(3)-structure that satisfies the A” = (1,0) conditions.
The same train of thought used before implies that another three SU(3)-structures can
be built by using SO(3) rotations. However the Fy now changes sign with respect to
the one in (6.2). This implies that the physical fields of our class of solutions are only
compatible with both sub-sectors if they satisfy dh = 0, rendering F5, Fy trivial. However,
in the general case only N' = (0,4) supersymmetry is preserved. A last and interesting
remark is that, in the case where h # constant S® can be replaced by the lens space S3/Z;,
without breaking any further supersymmetry. Nevertheless, when h = constant the Lens
space does break N' = (4, 4) into N' = (0, 4).

6.1.2. The brane picture

The next matter that we addressed is that of the interpretation of (6.2) as the near-
horizon limit of a brane intersection defined by D2-D4 branes ending on D6-NS5-D8 bound
states, as depicted in Table 6.1.

Branes | 2° 2t r o' ©* p ¢ 01 0* 03
D2 X X - — — X - - — =
D4 X X X X X = - - -
NS5 X X - - — — X X X X
D6 X X - - — X X X X X
D8 X X X X X — X X X X

Table 6.1: %—BPS brane intersection giving rise in the near-horizon limit to the N' = (0,4)
AdS;3 solutions described by (6.2). (20, 2!) parametrise an R}, where the 2d dual CFT lives,
(r, %) are spherical coordinates that describe the same space that the Cartesian (z1, 22, 23),  is
the radial coordinate of AdSs and the § parametrise the S3.

The supergravity solution for D6-NS5-D8 had already being explored by Imamura
in [122]. By adding the D2- an D4-branes to said solution, we arrived at the following
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fields,
ds® =h™"/? | Hp,"* Hpy ds?(RYY) + Hy? Hy (d6? + ¢ds™(S7))

n h,l/QgH];{f H521/2 dp® + h1/2gH5i/2 H11)/22<d7“2 + r2d32(82)),

e =h =3 g 2 g HOUY (6.14)
Hz = — 0.g7* dp Avol(S®) + Hpg Hpf 0, (hg) 7 dr A vol(S?),

Fy = — 9.hr?vol(S?),
Fy =0:Hpy vol(RM) A d¢ A dp — O:Hpy ¢ vol(S*) A dp

with the addition of a Romans mass Fy. The two-dimensional Minkowski space is described
by coordinates (z°, x'), the space transverse to D2-D4 by (¢, 6%) and (r, ¢') are spherical
coordinates parametrising the 3d space previously codified by (21, 29, z3). We assume that
the charges associated to D2-D4 are completely localised within the worldvolume of the
D6-NS5-D8 bound system. This is implemented by imposing that the corresponding warp
factors satisfy Hps = Hpa((¢) and Hpys = Hp4((). Besides, the D6-NS5-D8 intersection
is codified by h = h(p,r) and g = g(p,r). The Bianchi identities for the D2-D4 system
decouple from those of the D6-NS5-D8 bound state giving rise to

HD2 = HD4 and Vg HD4 = 0, (615)
are those for the former and

1
d,h="Fyg and VZh+ Ea,% h? =0, (6.16)

for the latter. In the previous PDEs, we have denoted by V7 and V¢ the Laplacian in
spherical coordinates on the spaces transverse to the D6-NS5-D8 and D2-D4 systems,
respectively. We notice that (6.16) is nothing else that (6.3) in the massive case, i.e. after
imposing (6.4) and (6.5). On the other hand, equation (6.15) can be easily solved by the
simplest 4d harmonic function,

Hpu(C) = Hpa(¢) = 1+ c% (6.17)
with ¢ an integration constant.
If we take the limit ¢ — 0, then ¢ becomes the radial coordinate of an AdS3, and the
fields of the brane solution (6.14) take the form below,?

dsTy =qh™'/? [ds*(AdSs) + ds*(S°)] + b~ ?gdp® + h'?g (di® + r’ds*(S?))
e® =h73/1g1 2 Hy = —0,g7*dp Avol(S?) 48, (hg) r?dr Avol(s?), (6.18)
Fy = —0.hr*vol(S?), Fy = 2qvol(AdSs) A dp + 2¢vol(S*) Adp

2The Minkowski coordinates have been rescaled as (t,z!) — ¢ (¢,2') in order to obtain an AdSs of
unitary radius.
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with the presence of the Fy and (h, g) solving (6.16). We observe that this is precisely (6.2)
with the three-dimensional space transverse to the D6-NS5-D8 intersection parametrised
in spherical coordinates (7, ") instead of the Cartesian (z!,22%,23). This allows for an
interpretation of our new solutions (6.2) as the low-energy regime of the D6-NS5-D8 bound
states wrapping an AdSs x S?® geometry, completely determined by the choice of h and
g, and the D2-D4 intersection is fully resolved into said geometry. Thus, the addition of
the D2-D4 branes break the isometries of the six-dimensional worldvolume common to the

D6-NS5-D8 intersection, as in (6.1).

6.1.3. An uplift of 6d minimal N = 2 ungauged supergravity

One last detail that we found interesting is the fact that governing PDEs (6.3) support
solutions with either a warped Minkg or an AdSs x S? factor. This led us to the idea that
it should actually work for any solution to 6d A/ = 2 ungauged supergravity with SU(2)
R-symmetry. The pseudo-action of said theory is displayed below,

/ d°x/—gg (R - _H;ggm W’C) (6.19)

where H©) is a closed self-dual 3-form, the latter constraint needing to be imposed after
varying the action. This theory can be embedded into massive ITA supergravity through
the following expressions for the 10d fields,

hi

1
ds® =—— [C_2ds§ + gdpﬂ + g\/E(dzf +dz5 + dzg) , e = ﬁ )

Vh
H3 = — (0,,9dzy N dzg + 0,,g9dz3 N\ dzy + O,,9dz1 A dzo) A dp
h
FO :% s FQ = —(8Z1hdzg VAN Cl23 + 822hdz3 AN le + az3hd21 N ng) R
F4 —262H A\ dp7

where ¢ is an arbitrary constant. We verified that the solutions of the form (6.20) satisfy the
10d equations of motion provided that they meet (6.3) and ds2, H® solve the 6d equations
of motion derived from (6.19). A complete classification for such supersymmetric solutions
was presented in [125].

6.2. Defects within N = (1,0) 6d CFTs

In this section, we expound a family within the class of solutions (6.2) characterised
by an asymptotically locally AdS; geometry and their dual interpretation as surface de-
fects within the 6d N/ = (1,0) CFTs dual to the AdS; solutions of massive Type IIA
supergravity constructed in [126].
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Our first aim was to derive the particular set of coordinates for which the AdS;
asymptotics is manifest. This can be done by direct calculation in ten dimensions or by
making use of the consistent truncation of massive ITA supergravity to minimal 7d N =1
gauged supergravity [127]. From the latter viewpoint, these supergravity solutions take
the form of a domain wall with AdS; x S3 worldvolume with a locally AdS; vacuum at
infinity, which arises upon consistent truncation from the AdS; x S? x I solutions of [126].
In ten dimensions one can see from the brane picture studied in subsection 6.1.2 that
D2-D4 branes break the isometries of the R worldvolume common to the D6-NS5-D8
intersection, as

R  —  AdS3 x S*, (6.21)

leaving intact the conformal symmetries of AdS3;. In the UV the AdS; vacuum emerges
as a foliation of the AdS; x S subspace over an interval.

With the insight coming from the supergravity analysis, we constructed 2d N' = (0, 4)
quiver gauge theories that flow in the IR to the CFTs dual to the AdS3 solutions and
showed that they can be embedded within the 6d quivers constructed in [128,129], dual
to the AdS7 solutions in [126].

6.2.1. The AdS; vacua of massive IIA and their dual 6d CFTs

Let us briefly review the main properties of the AdS; solutions of massive ITA super-
gravity and of their 6d dual CFTs.

The solutions in [126] are described by AdS; x S? foliations over an interval preserv-
ing 16 supercharges. They arise in the near horizon limit of a D6-NS5-D8 intersection,
constructed in [130]. In the parametrisation of [129] they take the form

N\ 1/2 '\ 1/2
ds?, :7T\/§|:8<——> dsid&—i—(—E) dy*+

OC//
a2 (—ad”)
+ <_J> a2 — 2aa”d8§2 ’
2% _3895/2.5 (—a/a”)*? (6.22)
a? — 2aa’’
aad/
By =n(—y+ ) ol
o mFyad! .
2 _<1627T2 + a2 — 2040/’>V0 52

The solutions are specified by the function «(y), which satisfies the differential equation
" = 1627 Fy . (6.23)

Let us now recall the main ingredients of the 6d quivers dual to these solutions. We
will follow [129] and [131]. The By in (6.22) (see below) implies that there are (colour)
NS5-branes located at given positions in the y-direction, which can be labelled by an
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integer number k. Piecewise a(y) functions defined in intervals [k, k + 1] between NS5-
branes can then be constructed, with continuous first and second derivatives, and third
derivative satisfying

o) = 8176y, . (6.24)

We thus have on a given [k, k + 1] interval
o= [ M= g [(By=k+D-Bay=0) =1, (629)

472 472 Jqo
where we have chosen units where o/ = g, = 1. Moreover, given that Qps = 27Fp,

equation (6.24) implies that
Qb = b (6.26)

on each [k, k+ 1] interval. 3, are therefore integer numbers, and (f_1 — (%) is the number
of D8-branes introduced at each y = k position. Integrating (6.24) one finds

27 1
ap(y) = —?wzﬂk(y —k)® + 5%(9 — k2 + 6y — k) + . for yelkk+1], (6.27)
where (v, Ok, i) are constants that are determined by imposing continuity of «, o/, a”.
The condition that o} = o, at y = k implies that

Vi = =817 Byt + Y1 = =817 (Bo + B+ - + Br_1) - (6.28)

This means that the D6-brane charge at each interval is given by

w_ 1 [ p 6.29
@os = 5 e 2 8lm?’ (6:29)

where 13’2 = F, — Iy A\ By is the Page flux, defining a charge that should be integer. In
turn, the conditions o) = o), and oy = aj_1 at y = k impose, respectively,

Op = —%72@21 + Yoo1 FOp—1, e = —%77T2ﬁk1 + %’Ykl + 0p—1 + fl—1 - (6.30)
The continuity conditions need to be supplemented by conditions at the boundaries of the
y-interval. For this to be geometrically well-defined, the asymptotic form of the metric
needs to approach one of 4 physical behaviours compatible with the metric factors, namely
a regular zero or singular D6, O6 or D8/O8 behaviour. Two of these arise generically:
one can choose the integration constants so that & = 0 at a boundary of the space, in
which case the behaviour corresponds to fully localised D6-branes, or one can impose
that o’ = 0, in which case one finds fully localised O6-planes. The other behaviours are
possible with specific tunings of a when Fj # 0. One can tune « so that in the boundary

interval @« = —qo(y)a”, for ¢, = ¢.(y) an order n polynomial; then, as long as ¢o has
non-degenerate zeros, the zero of o is regular. Likewise one can simultaneously impose
o’ =0 and (o/)? — 2aa” = g3, then the behaviour at the zero of o’ = 0 is that of a

localised O8, which may be coincident to additional DS8s.
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X
8
8
8
8
8
8
8
8
8

D6 X X X - — — X X X X
D8 X X — X X X X X X X
NSS [ x x — — — — X X X X

Table 6.2: i—BPS brane intersection underlying the 6d (1,0) CFTs living in D6-NS5-D8 brane
intersections. The directions (2%, 2!, 2% 27, 2% 2%) are the directions where the 6d CFT lives.
22 is the field theory direction, along which the D6-branes are stretched. (z3,z* 2°) are the

directions realising the SO(3) R-symmetry.
?
D6

Bo — B1 B1 — B2 Bp-1— Bp

Figure 6.1: Quiver describing the field theory living in D6-NS5-D8 intersections. The circles
denote N = (1,0) vector multiplets and the lines N' = (1,0) bifundamental matter fields. The

quiver has been terminated with (8p_1 — 8p) D8-branes at the end of the space, with p = 5155

and yp = —817? Z;:l B;.

The D6-NS5-D8 brane set-up associated to the solutions is the one depicted in Table
6.2. Here the D6-branes play the role of colour branes while the DS8-branes play the
role of flavour branes [132,133]. In 6d language the quantised charges give rise to the
quiver depicted in Figure 6.1, as discussed in [129,131]. One can check that 6d anomaly
cancellation is fulfilled given that at each gauge node of the quiver

k k— k k
2N, = 2Q%) = NF = QU + Q% + AQE), (6.31)

with AQP) = Bi1 — B

6.2.2. The surface defect ansatz

In this subsection we search for a solution within the class constructed in section 6.1
that is asymptotically AdS7. The first step is to decide on the form of the external 7d and
internal 3d spaces. For this purpose, we assumed the following form for the ten-dimensional
metric,

1
Edﬁ —12, /—%dSQ(MLG) + Ady? + Apds?(S?),

(6.32)
ds*(My ) =P {ds2(Ad83) + %dsQ(SB’) + Q*da?,
m
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where P, () depend on x alone, while A, 5 are functions of both x and y. In this section, we
fix without loss of generality the constant ¢ that appears in (6.18) to 1. Imposing SO(3)
symmetry in (6.2), we were able to substitute (21, 2o, z3) — (r,S?). The next step consists
on performing a change of coordinates (r, p) — (x,y) such that (6.32) emerges. It turned
out to be the one below,

r=q(x)a, p=—gr). (6.33)
This variable change was performed in (6.2) and the result was compared to (6.32), leading
us to certain constrains. In order for them to be met, we had to fix

1 ( Oé”) 4L87T4P6q%Q2

b — _— — 6.34
QPALAr2 « g (41)2(¢3 (/)2 — 2LAm2 PAg3 ) ( )

and take into account the condition
G161 = 2L 7° Plgags . (6.35)

With respect to the Bianchi identities, the condition Fjy = constant, jointly with equations
(6.23) and (6.35), gives rise to the following conditions
: ) ) 2 L8
ApnP =P, (1) = 3 P°Q%, (6.36)
and implies the remaining Bianchi identities. Up to diffeomorphisms, one can solve (6.35)
and (6.36) without loss of generality with

23/2 64L° 8L*
P=2, Q=-—"" g¢-= 1=l
o (c+at)s’ N 3t v BT 3

c+axt, de=0. (6.37)

With all the previous considerations in mind, we were able to write our class of solutions
(6.2) as displayed below,

d—SQ = {1 / e (xQ(dsz(AdS )+ ds*(S?)) + da” )—1—
8v2rL? o ’ Ve + xt
*/C—I—JZ4 /_O// ) oz2x4 o)
+ ZEQ a <dy + A dS (S )>:| )
VA A%

/i 1 4 /
e ® = <_a_) ., By=—L°r (— + roa ) vol(S?) ,
342%7rgx(c + x4)i Q ’ Y A )
1 o (6.38)
FQ = — WO/”, FQ = F()BQ — 1627r2 (162F07T3y + Oé”)VOI(S2>,
2414
F,=— 7 d(Ve+ z*a’) A (vol(Ad83) + Vol(S3)),
T
Fs = 24L6d V 4 A 1(AdS 1(S*) ) A vol(S?
T (Ve+at(a —ya')) A | vol(AdS;) + vol(S”) | A vol(S%)
+ F4 A B2 )
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where we have defined
A =2*((o/)? = 2a0”) — 2caa”. (6.39)

In the + — oo limit, we have that z7*A — 1 and the NSNS sector of the purely AdS;
solutions described in (6.22) is recovered, where the AdS; radius is set to 1. As for the
RR sector, Fy and Fy also behave as in the purely AdS; solutions, but the 4-form flux
does not vanish, indicating the presence of a D2-D4 defect. It can be checked that the
directions (AdSs, S?, z) tend to AdS; by computing the Riemann curvature tensor.

The solution is bounded from below, but its behaviour at the lower bound depends
on c¢. In the ¢ > 0 case, x is bounded to the interval [0, 00). For ¢ = 0 there is a curvature
singularity at the lower bound z = 0 that we do not recognise as physical. On the other
hand, when ¢ > 0 the metric around the bound behaves as

ds? o
_— = —— ds*(AdS +d283)+ - (dz2? + 22ds*(S?)) | +
T~ V() S )+ ot s
o (6.40)
_ 2
+8\/Z ady’

where z = 23, If we had —a/o’ = 1, this would be the behaviour of a stack of D6 branes
localised within (AdSs, S*, y), with NS5-branes wrapped along (AdSs, S%) and smeared in
the y direction. However, —a /o’ # 1 in general and, therefore, we have a generalisation of
this instead. In our case, the NS5-branes are not smeared along y, making said direction
an isometry, but they form a y-dependent distribution. Finally, for ¢ < 0 we can fix
¢ = —b* and the metric is bounded from below at z = b, where one sees the behaviour of
ONS?5 fixed planes® that are smeared along y. The most interesting behaviour is that of
¢ > 0 and, therefore, we assumed it for the rest of the paper®.

Before constructing the 2d quivers dual to the solutions defined by (6.38), we present
the value of the holographic central charge computed using (3.20) for later comparison
with the field theory result,

6

2 3
Chol = W/dxdyx (—aa). (6.41)

6.2.3. Surface defect CFTs

In this subsection the 2d quivers that flow in the IR to the CF'Ts dual to the solutions
defined by (6.38) are presented. It is also shown how in a certain limit these quivers can
be embedded in the 6d quivers living on the D6-NS5-D8 intersection.

We start by analysing the brane charges associated to the D2-D4-D6-NS5-D8 brane
set-up underlying the solutions. One can see from the expressions for Fy and F; in (6.38)
that the D8 and D6 quantised charges of the AdS; solutions coincide with those of the
AdS; backgrounds, given by equations (6.26) and (6.29). In turn, for finite x there are

3The S-dual of O5-planes.
4See our discussion on smeared ONS5s below around equation (6.64).
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NS5-branes located at fixed values in y and also in z. Since we are interested in embedding
the 2d CF'T in the 6d CF'T associated to the D6-NS5-D8 subsystem, we will take x large
enough such that we can neglect the (H3),q2 component of the NSNS 3-form flux and take
the NS5-branes located at fixed positions in y, as in the D6-NS5-D8 subsystem. The fluxes
associated to the AdSs solutions are then compatible with the brane intersection depicted
in Table 6.1, that we repeat in Table 6.3 below in a generic system of coordinates for a
better reading. Note that the R-symmetry of the 2d field theory living in the brane set-up

0 1 2 3 4 5 6 7 8 9

T xr xXr s T xr xXr s A xr
D2 X X X - - - - — - -
D4 X X — X X X = - - =
D6 X X X - - — X X X X
D8 X X — X X X X X X X
NS5 | x x — — — — X X X X

Table 6.3: 1-BPS brane intersection underlying the AdSs solutions (6.38). (z%,z') are the
directions where the 2d dual CFT lives. a2 is the field theory direction, which we identify
with y, where the NS5-branes are located (for z sufficiently large). The D2- and D6-branes are

stretched in this direction. (23, 2% %) are the directions associated to the isometries of the S?

while (2,27, 28, 2°) are those associated to the S3.

is the SO(3)r CSO(4) symmetry group of the 53, while for the 6d field theory living in the
D6-D8-NS5 brane intersection it is identified with the SO(3) symmetry group of the S2.
This is exactly what happens for 2d N' = (4, 4) field theories arising upon compactification
from 6d (1,0) CFTs, where the SO(3) R-symmetry of the 6d theory becomes the R-
symmetry of the Coulomb branch of the 2d theory, and the SO(3),xSO(3)z R-symmetry
of the Higgs branch of the 2d theory arises in the dimensional reduction [134-136]. In our
N = (0,4) theories there is just a Higgs branch, since the Coulomb branch contains no
scalars, and the R-symmetry is just the SO(3)g arising in the dimensional reduction.

Let us now consider the Hanany-Witten brane set-up depicted in Figure 6.2. The
D2-branes in it play the role of colour branes. They are extended along the y-direction,
which is split into intervals of length 1 in our units, where the NS5-branes are located.
The D6-branes are stretched along the x and y directions, the former one coordinate being
non-compact and rendering these branes flavour ones. The D4- and D8-branes lie as well
along the x direction and, therefore, they also behave as be flavour branes. The quiver that
lives in this set-up is determined by the quantisation of the open strings stretched between
the different branes®. In our case and due to the presence of non-compact dimensions,
there are only four types of massless modes:

= D2-D2 strings: First we have to specify whether the two end-points of the string
lie on the same stack of D2-branes or on two different stacks, separated by an NS5-
brane. In the former case, D2-branes stretched between NS5-branes give rise to

This quiver gauge theory has been studied before in detail. The reader may consult [49], for instance.

100



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES
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Figure 6.2: Hanany-Witten brane set-up associated to the AdSs solutions (6.38).

an N = (0,4) vector multiplet and an N' = (0,4) adjoint twisted hypermultiplet,
coming from the motion of the D2-branes along the (2%, 27, 2% 2%) directions. The
scalars within the hypermultiplet are charged under the R-symmetry and, therefore,
they combine into a twisted one. The N = (0, 4) vector multiplet and the N' = (0, 4)

adjoint twisted hypermultiplet then combine into an N' = (4, 4) vector multiplet.

Now we discuss the case in which the end-points of the string lie on adjacent stacks
of D2-branes, separated by an NS5-brane. The massless modes arise from the inter-
section of the two stacks of D2-branes and the NS5-brane. This fixes the degrees of
freedom moving along the (2 27, 2%, 2%) directions, leaving only the perturbations
in the (23, 2% 2°) directions and the A, component of the gauge field. These fields
combine into an N’ = (4, 4) untwisted hypermultiplet in the bifundamental repre-

sentation, since the scalars are not charged under the R-symmetry of the solution.

s D2-D4 strings: Strings with one end on D2-branes and the other end on D4-branes
in the same interval contribute with fundamental N' = (4, 4) hypermultiplets. They
come from the degrees of freedom associated to the motion of the strings along the
(23, 2%, 2%) directions and the A, component of the gauge field.

= D2-D6 strings: Strings with one end on D2-branes and the other end on D6-branes
in the same interval between NS5-branes contribute with fundamental N' = (0,4)
twisted hypermultiplets, codifying the motion of the string along the (2%, 27, 2% %)
directions. These coordinates are charged under the R-symmetry of the solution,
thus explaining that the hypermultiplets are twisted. Strings with one end on D2-
branes and the other end on D6-branes in adjacent intervals contribute with N =

(0,2) Fermi multiplets in the fundamental representation.

= D2-D8 strings: Strings with one end on D2-branes and the other end on orthogo-
nal D8-branes in the same interval contribute with fundamental N = (0,2) Fermi
multiplets.

These multiplets are gathered in Table 6.4 for easier consult.
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String | Interval Multiplet Representation
D2-D2 | Same N = (4,4) vector Adjoint

D2-D2 | Adjacent N = (4,4) hyper Bifundamental
D2-D4 | Same N = (4,4) hyper Bifundamental
D2-D6 | Same | N =(0,4) twisted hyper | Bifundamental
D2-D6 | Adjacent N =(0,2) Fermi® Bifundamental
D2-D8 | Same N = (O, 2) Fermi Bifundamental

Table 6.4: Summary of the multiplets associated to the brane intersection in Table 6.3. The
column interval indicates whether the branes on which the string ends are on the same or adjacent

intervals [k, k + 1] interval in y = 2.

The previous fields give rise to a field theory that can be described via the quivers
represented in Figure 6.3. In these quivers the D6 and D8 brane charges are the ones

’617’82‘ ’ﬁ2753‘ R

Figure 6.3: 2d quivers associated to the AdSs solutions (6.38). Circles denote N = (4, 4)
vector multiplets, black lines N' = (4, 4) bifundamental hypermultiplets, grey lines N' = (0, 4)
bifundamental twisted hypermultiplets and dashed lines N' = (0, 2) bifundamental Fermi multi-
plets.

given by equations (6.29) and (6.26), while the D2 and D4 brane charges at each interval
are given by

1 - 4 2x
(k) _ B _* o
@pa (27m)5 /1%82183 6= 313 /]x dx /e o, (6.42)
and k
A & 1 B 4 . +1d i "
b1 = (2m)2 Jr, g8 T cta . Yoy (6.43)

As the z-direction is semi-infinite the D2-brane charges diverge, as one would have foreseen
due to their interpretation as defect branes. As for the anomaly cancellation for the gauge
groups associated to them, it is given by the following condition at each of these nodes,

2Q%0 = Qs+ Q5 + AQKS. (6.44)

50nly when vol(T?) is of stringy size.
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In order to obtain this condition, we took into account that N' = (0,4) fundamental
multiplets contribute 1 to the gauge anomaly, N' = (0,2) fundamental Fermi multiplets
contribute —1/2 and the remaining vector and matter fields do not contribute since they
are NV = (4, 4)7.

Let us now explore the computation of the central charge. For a 2d N'= (0,4) CFT
it can be computed away from criticality, since it equals the anomaly in the two-point
function of the R-symmetry current, as given by (5.4), which is a t’ Hooft anomaly. In
order to compute 7y, and 7., we first need to choose the precise way in which we would
like to close the y interval. The conditions we picked consist on setting o = o = o” to
zero at both ends of the interval, and to glue the quiver to a symmetric version of itself at
a given value y = P + 1, in a continuous way. The resulting quivers are the ones depicted
in Figure 6.4, where the notation is that of Figure 6.3. We remark that this is just one of

Zee I KR P TRED

o]
D6

AQY)

Figure 6.4: 2d quivers completed in a symmetric way.

many possible ways in which the y-direction can be globally defined. For this quiver, we
have the numbers below,

Nhyp = 2 Z QD2QD4 +Q PH)Q (P 49 Z Q;%Q (k+1) (6.45)
and .
k P
Moee =2 ( O+ Q5 )2, (6.46)
k=1

which lead to

P
e =6[(2- QBB+ Q™ ) + (Z@ b - @) (6am)
k=1

A prescription is needed in order to regularise the infinite D2-brane charge and render
it finite. The one we chose consists on evaluating all charges at a given value of x and
summing over all of them. Doing this, one can see that the contribution of the second

"The reader is referred to [49,94] for more details.
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big bracket in (6.47) to cg is subleading in x compared to that of the first big bracket.
The expression we arrived at diverges with the same power of x as the holographic central
charge computed in (6.41), and agrees with it to leading order in P, i.e. for long quivers.
More concretely, the leading order in P of (6.47) turns out to be

= 37 / dx o Z kY - (6.48)

Before showing the matching with the holographic central charge, we recall that it is given
by [137]

cr +cp
5 .

Thus, one needs to compute c; before comparing the central charges. The following
formula is useful for this purpose,

(6.49)

Chol =

cr, — cg = Ty, (6.50)

which leads to [49]
¢, — Cp = Qn(o A _ (0’2) , (6.51)

where ngA) refers to the number of isolated® AV = (0,4) hypermultiplets and n! F ) to the

number of isolated ANV = (0,2) Fermi multiplets. It can be proven that for our quivers the
expression (6.51) identically vanishes because of the anomaly cancellation condition (6.44)
and, therefore, ¢, = cg. Consequently, the leading order in P is given by the following
formula,

P

26
Chol = W/dmx?’[QZ

k=0

k+1 27 P
/ dy(—ozo/’)] —— | dxa? Z ek + .., (6.52)
k I

374
@ k=1

which exactly matches (6.48) to leading order.

As expected, these quantities diverge in = due to its non-compact character. This
shows that the 2d quiver QFTs associated to the (6.38) solutions are not well-defined by
themselves. Only in the UV, they have a physical meaning when the extra dimensions
where the 6d CFTs live emerge. Nevertheless, the previous analysis shows that, for z
large enough, the D2 and D4 defect branes can be non-anomalously embedded within the
6d quiver theories living in the D6-NS5-D8 mother brane intersection, giving rise to 2d
quiver theories.

6.3. N =(4,4) AdS; from D2-D4-NS5 branes

In this section we explore the subclass of the solutions (6.2) where the coordinates
(21, 29, 23) describe a 3-torus T? that the warp factors are independent of. We will see

8By isolated, we mean that they do not combine into a larger multiplet.

104



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES

that the brane intersection in Table 6.3 boils down to the N' = (4, 4) D2-D4-NS5 Hanany-
Witten brane set-ups studied in [138,139]. As we explained at the beginning of chapter
4, the Dp-NS5-D(p + 2) brane intersections describe Hanany-Witten brane set-ups which
realise p-dimensional field theories with 8 supercharges that flow to CF'Ts in certain limits.
Type II solutions displaying AdS,;; geometries with 16 supercharges dual to these CFTs
have been constructed in the literature for p = 6,5,4,3 (see [110, 126,128,129, 140-147])
and partially for p = 1 (see [40]). As for the p = 2 case, it was not fully understood
before’. This section is thus dedicated to solving this problem by presenting explicit
AdS; x S? duals to the quivers living in the N' = (4, 4) D2-D4-NS5 brane set-ups, albeit
with additional O-planes.

In subsection 6.3.1 we study the supergravity solution in (6.2) for the particular case
where (z1, 20, 23) parametrise a T3 and particularise for the massless case. In turn, the 2d
quivers living in the brane set-up are built in subsection 6.3.2. The duality of these quivers
and the supergravity solutions is supported by the agreement between the central charges
computed from both sides of the duality. Subsection 6.3.3 is dedicated to the discussion
of the the M-theory realisation of these solutions, which allows us to relate them to the
AdS; x S? x T* x I solutions of massless Type ITA supergravity constructed in [38]. We
show that they share a common M-theory origin, implying that they flow to the same 2d
dual CFT in the IR. This can be interpreted as a manifestation of mirror symmetry, as
discussed in [138,139]. Finally, in subsection 6.3.4 we apply T-duality in order to derive
new N = (0,4) solutions of Type IIB supergravity from the previous ones. One such
class is holographically dual to D3-brane boxes constructions [149] with small A" = (0,4)
supersymmetry.

6.3.1. AdS; x S3 x T? solutions with N = (4, 4) supersymmetries

Let us consider the condition that the coordinates (zi, 22, 23) of the solutions given
by (6.2) span a 3-torus T? of which the warp factors are independent. This leads one to
the following subclass of solutions,

ds? :% ds*(AdSs) + ds*(S%) | + % dp® + gV h ds*(T%)

3
e ? :% ., Hz = 0,(hg) vol(T?), (6.53)
F :% . Fy = 2gvol(AdSs3) A dp + 2qvol(S*) A dp,
Fy =2q ghvol(T?) A (vol(S?) + vol(AdS3)),
where g, h are functions of p and the Bianchi identities boil down to
d, (%) =0, 9(gh)=0, Fyd,(gh)=0 (6.54)

9In [148] a probe brane analysis revealed an AdS3 xS? geometry as gravity dual of an A" = (4, 4) CFT.
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and imply the equations of motion. We remark that both g and h have being delocalised
along the T®, thus simplifying the underlying brane intersection. As for the solution (6.53),
we no longer have an RR 2-form flux and the NSNS 3-form flux is simpler than in (6.2).
For the remainder of this section, we consider the massless limit Fy = 0, while the non-
vanishing Romans’ mass case is expounded in section 6.4. Once more, we point out that
Fy = 0 implies

h = hy = constant, (6.55)

and the second PDE in (6.54) yields the constraint
J' =0. (6.56)

As in the considered subclass of solutions both Fy and F, vanish, we are excluding the
D8- and D6-branes from the set-up of Table 6.1, thus obtaining the D2-NS5-D4 brane
intersection we are interested in. We recall that (6.55) implies that supersymmetry is
enhanced to N' = (4, 4), as discussed at the end of subsection 6.1.1. We thus obtain a
class of N' = (4, 4) AdS3 x S3 x T? backgrounds fibred over an interval whose underlying
brane intersection is the one depicted in Table 6.5. The quantised charges of the D2-

branes ‘ 20 2t oz om oz op (O 62 63
D2 X X - — — X - — - -
D4 X X X X X - — — — -
NS5 X X - — — — X X X X

Table 6.5: 1-BPS brane intersection underlying the solution (6.53) with Fy = 0. (29,2!) are
the directions where the 2d dual CFT lives, (21, 22, 23) describe the T? along which the D4-branes
are wrapped, ¢ is the radial coordinate of the AdSs, the #° parametrise the S and p is the field
theory direction.

D4-NS5 branes are computed from the Fy, Hs and Fyz magnetic fluxes. However, one
encounters a problem with the Page fluxes: a By cannot be globally defined, as it should
be invariant under the isometries of the torus, i.e. it should be proportional to vol(T?),
which is impossible. We then realised that the flux we had to use in order to compute the
quantised D2-brane charges is given by

fo = fs— Cs N Hy = 2q ho(g — pg’) vol (T?) A vol(5?), (6.57)

where fp stands for the magnetic component of F,. We assume that hy = 1 without
loss of generality, as it can be absorbed by rescaling p and the Anti-de Sitter radius. We
observe that the fﬁ, and consequently the Page charge associated to the D2-branes, is
gauge dependent because it is sensitive to the choice of (3. This is accounted for by
picking as representative of C3 the one satisfying the following condition in units with
o = gs =1,

1

W o Cs e {O, 1] . (658)
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We observe that (6.58) is analogous to the more familiar requirement of the NSNS 2-form
potential lying in the fundamental region. It can be implemented by the choice below,

C3=—2¢ (,0 - %ﬂk) vol(S?) (6.59)

for p € [%”k, 2?”(k +1)]. With these considerations the D4-brane charge can be computed,

1 .
QW = / Fy, (6.60)
P (2m)? 1,83

which gives Qgi =1for I = [27” k, 27” (k+1)]. This means that there is a single D4-brane
within each interval. If we take the whole interval spanned by p to be [0, 27”(]3 + 1)] for
some integer P, then the brane set-up contains a total of (P + 1) D4-branes.

The next step is to solve (6.56). In order to achieve this, we need to take into
consideration that g must be continuous, but ¢’ may present discontinuities at the locations
of the D4-branes, where p = %’rk. The most general solution is obtained by solving the
equation (6.56) at each interval p € [%’rk‘, 27“(16 +1)],

B 2m 2r . 27
— Zlp——k) f —k, — Dy 61
Ik ak+2ﬂ<p qk) or pe€ qk, q(k—i— ) (6.61)

Imposing that the space begins and ends at p = 0, 27”(1[’ + 1), where g vanishes, we find

2p, 0<p< i,

I q

gp) =4 ar+5(p—Ek), Zk<p<Z(k+1), k=1,.,P-1 (6.62)
ap+2L(p—2P), TP <p<F(P+1).

The condition ¢ (%”(P + 1)) = 0 imposes that

fp=—qap, (6.63)

while continuity across the different intervals gives rise to the following set of constraints,

k—1
1
ak:525j, k=1,...,P. (6.64)
=0

At the boundaries of the interval p = 0, 2f(P + 1), the solution behaves as an ONS5 plane
(the S-dual of an O5 plane) smeared over the T?. Said smearing is not really physically
allowed in string theory, as the plane should lie at the fixed point of the orientifold in-
volution. This is relevant because, although we are working in the supergravity regime,
when we approach the ONSH the curvature becomes large and that description must be
supplemented with o’ corrections. There is still the hope that these higher order effects
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conspire, producing a localised ONS5 in string theory '. If one insists in having fully

localised O-planes in the supergravity solution, there is still hope. Indeed, the compatibil-
ity of a class of solutions with smeared O-planes often suggests that it is also compatible
with localised ones. Such solutions are obviously harder to derive, but the one at hand
(6.53) provides a good foundation for this purpose. We expect such generalisations to
exhibit qualitatively similar physical behaviour, although the subtle effects caused by the
boundaries of the space should be taken into account.

The quantised charges in each interval p € [%’Tk, %’T(k + 1)} are thus given by

(k) o 1 / F o / 2 . o
= =qlg—9g(p——k))=qar=) B,
D2 (2w)5 —_ 6 <g g (p q )) k jzo j (6 65)

w o1 [y w_ 1 / B=1
NS5 (27T)2 /’]1‘3 3 Bk’? D4 (27?)3 L 4 .

Finally, the central charge computed with the formula (3.20) gives, for this class of solu-
tions, the below expression'!

3
Chol = ;qQ/dphg. (6.66)

This result will be compared to the field theory one in sections 6.3.2 and 6.4.

6.3.2. 2d dual CFTs

In order to compute the quiver QFTs living in the D2-NS5-D4 intersection underlying
the class of solutions (6.53), several considerations must be noticed. We need to take into
account the ordering of the NS5-branes along the p direction, the total number of D2-
branes ending on each of them and the D4-branes orthogonal to both types of branes.
As always, the massless modes, the ones that appear in the quiver QFT, are associated
to open strings stretching between the D-branes either in the same or adjacent intervals
between NS5-branes. We arrived at the three massless modes below:

= D2-D2 strings: This kind of strings behave as the analogous ones in section 6.2. As
before, there are two possible cases. Open strings with both end points lying on the
same stack of D2-branes give rise to N’ = (4, 4) vector multiplets, while those with
end points on stacks in adjacent intervals give rise to N' = (4, 4) hypermultiplets in
the bifundamental representation.

» D4-D4 strings: Whether these strings give rise to massless modes or not depends
on the size of the T3, as the D4-branes are wrapped around it. We remark that
there is a single D4-brane at each p = 2;”1{; and that D4-D4 strings are T-dual to

0Tndeed, this argument was pursued in [150], where it is suggested that smeared O-planes are a good
approximation to localised ones under certain circumstances.
"Note that this result is also valid when Fy # 0.
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D2-D2 strings. Thus, the considered strings would contribute an N = (4, 4) vector
multiplet in the scenario where the size of the T? is of the order of magnitude of the
string length.

= D2-D4 strings: Strings with an end on D2-branes and another on orthogonal D4-
branes in the same interval yield fundamental N' = (4, 4) hypermultiplets, associated
to the oscillations of the strings along the (21, 22, z3) directions plus the A5 component
of the gauge field.

In order to build the quivers associated to these massless modes we computed the linking
numbers of the D4-branes and the NS5-branes. Said numbers were defined thanks to the
fact that our brane intersection, described in Table 6.5, is T-dual to the Type IIB one
explored in [108]. The definitions we arrived at are the following,

I =n; + LfVS5, for the D4-branes,

A 6.67
lj =—n;+ RJD4, for the NS5-branes, (667

where n; denotes the number of D2-branes ending on the ¢th D4-brane from the right
minus the number of D2-branes ending on it from the left, 7; is the analogous for the jth
NS5-brane, LY¥5® is the number of NS5-branes lying on the left of the ith D4-brane, and
Rf 4 is the number of D4-branes lying on the right of the jth NS5-brane'?. An important
property of these linking numbers is that they are invariant under the interchange via
crossing of adjacent D4- and NS5-branes (Hanany-Witten moves) because of the Hanany-
Witten brane creation effect'®.

Similarly to what we did in chapter 4, we followed [111] in order to infer the QFT living
in the brane set-up from the linking numbers, namely, the gauge group G =U(N;) X - - - X U(Ny);
the bifundamental fields transform in the (N;, Nj41) representations, and the fundamen-
tal matter, under U(M;) for each group. The way to proceed is as follows. The linking

numbers define an integer N,
, A
N=>lL=>1, (6.68)

where p and p are the numbers of D4-branes and NSh-branes, respectively. In order to
understand the meaning of N, we first notice that any brane set-up of the kind we are
studying can be related via suitable Hanany-Witten moves to another one where the D4-
branes are located on the “left” and the NS5-branes, on the “right”. In this new brane
configuration, IV represents the number of D2-branes that end on the left on the collection
of D4-branes and on the right on that of NShH-branes. In order to derive the quiver, we
consider the partition N = Z?Zl Zj, where the order of the NS5-branes have to satisfy

Zl > Zg >0 > l;;, and a second partition defined from a list of positive integer numbers

120ur conventions are related through T and S dualities to those assumed in [111].

13We observe that the D2-D4-NS5 intersection presented in Table 6.5 is related to a D3-D5-NS5 brane
set-up through a T-duality along one of the 6 coordinates. The original brane set-up explored by Hanany
and Witten (see Table 4.1) is the flat space version of this D3-D5-NS5 brane set-up.
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satisfying ¢ > ¢ > -+ > ¢, with N = >"'_ M,q,, where M, are integers counting
how many times each g, appears in the partition. Let m; be the number of terms in the
decomposition equal or bigger than a given integer j, i.e.

k
mj =Y M, for ¢,<j<qu. (6.69)
s=1

Then the g5 are chosen to meet

> omp=> "l Vi=1,...,p. (6.70)
j=1 j=1

The ranks of the different U(N;) gauge groups of the quiver are given by

N; = i(mj — 1)), (6.71)

which are non-negative integers because of condition(6.70). On the other hand, the num-
bers M, convey the ranks of the fundamental matter groups that couple to each gauge
14
group .
Let us particularise this analysis to our solutions, parametrised by the function g(p)
in (6.62). The brane set-up we are considering can be built by considering the number of
branes at each p € [%’rk, 2?”(k‘ + 1)] interval, given by equations (6.65). Furthermore, as

discussed below equation (6.62), 8p anti-NS5-branes'® must end the space at p = 27”(]3—1-1).
The resulting brane set-up is then the one depicted in Figure 6.5. From it the linking

Bo NS5 B1 NS5 B2 NS5 Bp-1 NS5 Bp NS5
E E E E | ap D2
: : as D2 : :ap_1 D2 :
' o) D2 : : : |
D4 D4 D4 D4 D4

Figure 6.5: Brane set-up associated to the quantised charges (6.65), in units of q.

numbers for the D4-branes turn out to be the following ones,

1—2
L= B+28i, i=1,... P (6.72)
r=0

MFor a detailed derivation of this result, reference [110] can be consulted.
15The fact that we have anti-NS5-branes and not regular ones comes from the negative sign in (6.63).
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and for the NS5-branes we have the ones below,

h=l=-=lg =P,

lgor1 = lgpsz =+ =lpppp, =P — 1,

A . . (6.73)
Lgo+B1+-+Bp_a+1 = LgotpittBp stz = = Lot Bratpp_o = 2,
ZBO+61+"'+5P72+1 == Zﬁo+51+'“+6P71 =1,

Iyt prttsps1 = = lggysrttfprisp = 1.

From these linking numbers we can compute

28p

P
N=> 1= lj=pp. (6.74)
i=1 j=1

This value of N can be used to obtain the quiver field theory. The linking numbers of the
NS5-branes in our brane set-up are ordered as {1 > ly > -+ > lg 1 - 13,, thus defining a
partition N = Zjﬁ " 1;. Besides, for the D4-branes we take

N=Po +fo+bPitfotPr+Pot--+fot+bi+-+PFpat
T T T ™ (6.75)
+2(Bo+ P4+ Ppa)

. i
v~

from where we compute the m; numbers as in (6.69),
m1:m2:...:mﬂozp+17
Mgo41 = =0+ = Mpgpy = P,
(6.76)
Mot B1+-+Bp_g+1 = = MBy4 B4t fp_y = 3
MBy+Br+-t+Bp_gtl = *** = NPyt 4tfp_y = 2.
It is clear that these numbers satisfy the condition (6.70) Vi =1, ..., (Bo+ - -+ Bp).
The ranks of the gauge groups turn out to be the following ones,
leml—i1:P+1—P:1, N2:N1+m2—52:2, Nﬁozﬁo,
Ngyt1=Fo+1, ... Nagspitospp, =P+ i+ +Pp1, (6.77)
Nogotprt.Bpatt = Bo+Pr+--+Bp1—1, ... Naigir.pp+pp-1=1.

We observe that these ranks increase in one unit at a time, parallelly to the subscript, till
the value By + 1+ - -+ Bp_1 is reached, to then start decreasing, again in units of one, till
the gauge group of rank 1 is reached, corresponding to the D2-branes stretched between
the last pair of NS5-branes. From the partition (6.75) we read

Mﬁo = Mﬁo-ﬁ-ﬁl == Mﬂ0+,31+~“+ﬁp—2 =1, M50+51+~~~+,3P—1 =2, (6'78>
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which, as explained above, correspond to the number of times each [; appears in the
partition. We conclude from this that the gauge groups with ranks By = qay, By + 51 =
qas,... Bo+ -+ Bp_a = qap_y have U(1) flavour groups attached to them, while the
gauge group with rank By + fB1--- + fp_1 = qap has flavour group U(2). The rest of
gauge groups have no flavour symmetries. In Figure 6.6 the quiver is displayed. It can be

@@??’@@

Figure 6.6: 2d quiver associated to the brane set-up in Figure 6.5. Circles denote N' = (4, 4)
vector multiplets and black lines N' = (4, 4) bifundamental hypermultiplets. The gauge groups
with ranks oy, with £ =1,..., P — 1 have U(1) flavour symmetries. The gauge group with rank
ap has U(2) flavour symmetry. The rest of gauge groups do not have attached any flavours.

checked that, as expected, the number of gauge nodes equals the total number of NS5-
branes minus 1. In this quiver circles denote N’ = (4, 4) vector multiplets and black lines
N = (4, 4) bifundamental hypermultiplets. It must be noticed that it has been rescaled
so that the intervals have length [0, 27|, as it is more standard in the literature. In this
parametrisation we have that (6.64) reads

k—1
ap=>Y B for k=1,. P, (6.79)
j=0

We propose that the QFTs defined by these quivers flow in the IR to the 2d CFTs
dual to the subset of the class of solutions in (6.53) that satisfy A =constant and g given
by (6.62). We provided a non-trivial check of this proposal, consisting on the matching
between the field theory and holographic central charges. Nevertheless, before we can
present it, we should recall that the Higgs and Coulomb branches of 2d N = (4, 4)
theories are given by different CF'Ts. The different branches have different R-symmetries
and usually different central charges [134, 135]. Which of these branches is described
holographically by our class of solutions? In [135] it is argued that the scalars should be
singlets under the SO(4) R-symmetry of the 2d CFT. In our case this symmetry arises as
the isometry group of the 3-sphere in the internal space. The scalars in the Higgs branch
are singlets under this group and, therefore, the Higgs branch flows to a CFT with R-
symmetry coming from this SO(4). On the other hand, the scalars in the Coulomb branch
transform in the (2, 2) representation of SO(4). This implies that said branch must flow
to a 2d CFT with R-symmetry coming from the SU(2) associated to the S? within the
T3. This symmetry should be enhanced to SO(4) at strong coupling, as we will explore
in more detail in the next subsection. This argument points towards our solutions being
holographically dual to the Higgs branch 2d CFT. Accordingly, the holographic central

charge must match the central charge of the Higgs branch.
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As our theories display N' = (4, 4) supersymmetry, we can use the expression for the
central charge of the left- or right-moving SU(2) of R-symmetries to compute the central
charge of the Higgs branch via equation (5.4), ¢ = 6(nnyp — Nwec), Where nyp,, stands
for the number of N' = (0, 4) hypermultiplets and n,.. for the number of N' = (0, 4)
vector multiplets. We observe that they can be substituted, respectively, by the number
of N' = (4, 4) hypermultiplets and N = (4, 4) vector multiplets. This is more useful
for our purposes, as the N' = (0, 4) Fermi multiplets and N' = (0, 4) adjoint twisted
hypermultiplets do not contribute to the R-symmetry anomaly. For our quivers of Figure
6.6 we have

Oép—l pP-1 ap—l
Mhgp =2 > k(k+1)+¢ > ap+2gap and ne=2Y kK +ap, (6.80)
k=1 k=1 k=1
yielding a central charge of
P
c=06gq Zak. (6.81)
k=1

We want to compare this result with the holographic central charge in (6.66). Taking
h =1 and g as defined by (6.62) it turns out to be

P
Chol = 6¢ Z Q, (6.82)
k=1

after using (6.63) and (6.64), finding exact agreement with the field theory calculation.
An example of interest in our class of solutions is the scenario where the p interval is
periodically identified, rendering g constant. In this case the quantised charges read

27
@p2=4q9, @pa=1 for pe€ [0, 7} (6.83)

or alternatively
@p2=9, Qpa=gq for pel0,2n]. (6.84)

This solution is T-dual to the D1-D5 system in the particular case where the CY, is
a T*, and the T-duality takes place along one of the circles of the T*. The D5-branes
become D4-branes smeared on the T-duality direction and the quiver collapses to the one
describing the D1-D5 system, depicted in Figure 6.7 (for p € [0, 27]). Equation (5.4) gives
the well-known result ¢ = 6 Qpo@p4 for the central charge and agrees with the holographic
result.

6.3.3. Realisation in M-theory

We now shift our gaze towards the M-theory regime of the brane intersection in Table
6.5, which we studied in the previous subsection. At strong coupling the D4-branes become
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Figure 6.7: Quiver associated to the solution with g = constant, corresponding to the T-dual
of the D1-D5 system.

Mb5-branes, its extra worldvolume direction being the 11th one, while the NS5-branes give
rise to M5’-branes transverse to it. Consequently, from this viewpoint the Hanany-Witten
set-up consists on M2-branes stretched between M5'-branes with Mb5-branes orthogonal
to them. As the M5- and M5 '-branes are clearly equally non-perturbative, one could
alternatively consider the configuration in which the M2-branes are stretched between
the Mb5-branes with the M5'-branes orthogonal to them. In order to derive the field
content associated to this alternative configuration in weakly coupled string theory we
need to reduce to ten dimensions in a direction in which the Mb5-branes become NS5-
branes. According to Table 6.5 this can be achieved by reducing along the Hopf-fibre
direction within the 52, which is transverse to the M5-branes. This halves the number of
supersymmetries and creates a D6-brane. Furthermore, in the reduction the T® combines
with the S! that was the 11th direction (denoted by 1) to produce a T*. The resulting
brane set-up is summarised in Table 6.6, which is the one underlying the AdSs x S% x T* x I
solutions first presented in [38], restricted to the massless case. In the brane intersection

branes | 2° ' 2 » =z Y p ¢ O 6?
D2 X X - — — — X - -
NS5 X X X X X X - - — -
D4 X X - — — — — X X X
D6 X X X X X X X - — -

Table 6.6: 1-BPS brane intersection associated to the solutions in [38]. (20,2') are the di-
rections where the 2d dual CFT lives. (z1,22,23,%) span the T4 on which the NS5- and
D6-branes are wrapped. The coordinates ((,0',6) are the transverse directions realising the
SO(3)-symmetry of the S2.

underlying our solutions there are a; D2-branes'® and a D6-brane wrapped around the
T* stretched between NS5-branes, which play the role of colour branes. Nevertheless, the
number of D6-branes should be large in order to have a consistent Type ITA supergravity
background. This means that S® has to be modded by Z;, in the 11-dimensional solution,

6The a; defined as in (6.79).
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which gives rise to k& D6-branes upon reduction. At each interval, we also have (3;_1 — 3;)
orthogonal D4-branes, which play the role of flavour branes. The holographic central
charge can be particularised from the formula in [94], where this quantity was computed for
the general class of solutions in [38]. It can be checked that for our configuration it coincides
with the holographic central charge in (6.82), multiplied by k& due to the Zj, orbifolding of
the S3. The field theory living in the brane intersection can also be alternatively obtained
from the general study in [94]'". The result is the gauge theory whose quiver can be
found in Figure 6.8. In this figure circles represent N' = (0,4) vector multiplets, blue

Figure 6.8: 2d quiver associated to the AdSs x S? x T* x I solutions with aj; D2-branes and k
D6-branes wrapped on the T4. Circles denote N = (0, 4) vector multiplets, blue lines N = (4, 4)
twisted hypermultiplets, red lines N' = (0,4) hypermultiplets and dashed lines N' = (0,2) Fermi
multiplets.

lines V' = (4, 4) twisted hypermultiplets, red lines N' = (0, 4) hypermultiplets and dashed
lines N' = (0,2) Fermi multiplets. We remind that 2d N' = (0,4) theories do not have
a Coulomb branch, as N' = (0,4) vector multiplets contain no scalars. Besides, for the
Higgs branch one can use (5.4) to compute'®

P
cr=6qk Y a;. (6.85)
j=1

As the considered theory is N' = (0,4) supersymmetric, expression (6.51) can be used
to see that ¢, = cg = ¢, due to the condition of anomaly cancellation. This expression
agrees with the central charge of (the Higgs branch of) the quiver in Figure 6.6, given by
expression (6.81) times k (due to the orbifolding of the S* by Zj). This result shows that
the different light multiplets appearing in the quivers depicted in Figures 6.6 and 6.8, both
of which coming from precise derivations of perturbative string theory, lead to the same
central charge. Clearly the underlying reason for this agreement is the common origin
in M-theory of both classes of solutions. From the field theory perspective, we found a
realisation of the mirror symmetry of the dual CFT, in the precise sense discussed below.

17See also [49], where some corrections to the analysis in [94] were pointed out.
8The factor of g appears because the quiver needs to be rescaled by ¢ in order to be consistent with
Figure 6.6.
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6.3.4. Realisation in Type IIB

The common M-theory origin of both classes of Type IIA supergravity solutions
implies that they are related by a chain of T-S-T dualities, as explained in subsection 1.4.3.
This supports the idea of them flowing to the same CFT in the IR. Which deformation
of the field theory is more convenient to use away from the critical point depends on
the concrete value of the gauge coupling. Besides, both classes of Type IIB supergravity
solutions are N' = (0,4) supersymmetric. The reason behind this is that T-duality on
the Type ITA solutions in (6.53) takes place along the Hopf-fibre of the S3, halving the
supersymmetries to give NV = (0,4)'”. The resulting Type IIB solutions are interesting on
their own, since they provide explicit holographic duals to D3-brane boxes constructions
[149], realising in this case small N = (0,4) supersymmetry”’. In the remainder of the
subsection we explore this class of Type IIB backgrounds, and show that they are related
through an SL(2,R) transformation to the T-duals (along a circle within the T*) of the
AdS; x §% x T* x I solutions of massless Type ITA constructed in [38].

The brane set-up underlying the T-dual of the AdS; x S x T? x I solutions studied in
section 6.3 is summarised in Table 6.7, while that of the T-dual of the AdSs x S% x T* x I
solutions presented in [38] appears in Table 6.8. These brane set-ups can be proven to
be S-dual to each other. It can be seen that S-duality interchanges the N' = (0,4)

branes | 2% ' 2 2 =z p ¢ Y 6
D3 X X - — — X X - =
Db X X X X X - —- X - -
NS5 X X — — — — X X X X
NS5 X X X X X X — — — -

Table 6.7: %—BPS brane intersection T-dual to that of Table 6.5, realising a D3-brane box
model. (2%, 2!) parametrise the space where the field theory lives. (z1, 29,23) span the T3. p is
the direction where the NS5-branes are located. ¢ and #° are respectively the radial coordinate of
AdS3 and the angles that parametrise the S2. 1) describes the S! generated upon the dualisation,
where the NS5’-branes are located. (p, 1) are thus the two directions of the brane box.

hypermultiplets and N = (0,4) twisted hypermultiplets associated to the massless string
modes living in the studied brane intersections. This turns out to be the 2d manifestation
of the mirror symmetry. It is known that in 3d gauge theories [108,151] mirror symmetry
interchanges the scalars in the hypermultiplets and vector multiplets, and therefore the
Higgs and Coulomb branches. Since N' = (0,4) vector multiplets contain no scalars, 2d
N = (0,4) field theories lack a Coulomb branch. Therefore, 2d mirror symmetry cannot
result in the interchanging of both branches. Remarkably, mirror symmetry is realised in

19The 2d dual CFT is the same, independently on the number of supersymmetries appearing in the
UVv.

20The D3-brane boxes constructed in [149] have SO(4) g R-symmetry and consequently should be dual
to AdSj solutions with large N' = (0,4) supersymmetry instead.
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branes | 20 ' 2 2z oz Y p ¢ 6 6
D3 X X - — — X X - -
NS5 X X X X X X - - — -
D5 X X - — — X — X X X
D5’ X X X X X - X - — -

Table 6.8: %—BPS brane intersection T-dual to the brane intersection depicted in Table 6.6.
(20, 2') are the directions where the field theory lives. (21,22, 2z3) span a T3. 1 is the T-duality

circle and p is the field theory direction. This set-up is clearly S-dual to the configuration in
Table 6.7.

the set-ups of Tables 6.7 and 6.8 as the interchange between the scalars transforming under
the SU(2)r R-symmetry, i.e those belonging to the twisted hypermultiplets, with those
that are singlets under the SU(2)g, i.e the ones belonging to the untwisted hypermultiplets.
This extends very naturally the mirror symmetry present in 3d gauge theories to these 2d
ones and parallels the interchange between chiral and twisted chiral superfields inherent
to mirror symmetry in supersymmetric sigma models.

Solutions of Type IIB supergravity

We now complement the above holographic discussion with the explicit construction
of the Type IIB supergravity solutions. To attain this purpose, we start by presenting the
T-dual of the solutions studied in section 6.3. Namely, we T-dualise along the Hopf fibre
of the S? of the AdS; x S x T? solutions in (6.53), thus arriving at the following class of
Type IIB backgrounds,

ds® =qh™ '/ [ds®(AdSs) + 47" ds*(S*)] + ¢ " b2 dy+
+g [P7V2dp? + B ds*(TY)]
e ® =(gh)?g V2 Hs =9, (hg) vol(T?) — 2~ vol(S?) A dip, (6.86)
Fy=g'0,hdy, Fy=—2""gvol(S?) Adp,
Fy =2 qvol(AdS3) A dp A dp + 271 q g hvol(T?) A vol(S?),

where 1) parametrises the T-duality circle?’. In order to provide the local representation
of the brane set-ups of Tables 6.7 and 6.8 we need to focus on the particular situation

h = constant, ¢" =0, (6.87)

which corresponds to the massless solutions in Type ITA. In this case the metric exhibits
the characteristic behaviour of NS5-branes wrapped on an AdS; x S% x S! geometry.
Indeed, it can be verified that these solutions arise as the near-horizon limit of the brane

21This solution is a particular example contained within the class of solutions presented in [51] section
3.1: one should identify (h,g) and (P, G) there, restrict v’ = 0 and impose that 9., are all isometries.
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solution associated to Table 6.7. More concretely, this happens in the particular case
where the D3-D5-NS5" branes have been fully localised within the worldvolume of the
NS5-branes, as it was done for the Hpy(¢) and Hp4(¢) harmonic functions in subsection
6.1.2. We will restrict to this subclass of solutions, characterised by a vanishing axion, in
the rest of this subsection.

Let us now perform an SL(2,R) rotation of this subclass of solutions as described in
subsection 1.4.2. The result is a family of solutions parametrised by the angle £ € [O, %},

ds2 =A/2 [q B2 [dSQ(AdS:J,) 4471 ds2(82)} + q—l BL/2 d¢2—|—
+g [P2dp? + B2 ds*(TY)]]
A= +qhgts®, e ®=A1(hg)?g V2, Cop=scA™! (hqg_1 — 1) ,
Hz =chd,gvol(T?) — 27" evol(S®) A dip — 271 s g vol(S?) A dp, (6.88)
Fy=—2""qc A vol(S*) Adp — sqh®g ' AT19, g vol (T?)+
+ 27 sqh gt A7 vol(S?) A dvp,
Fy =2qvol(AdS;) Adp A dip + 27 q g hvol(T?) A vol(S?),

where s = siné and ¢ = cos %, In particular, the family of S-dual solutions is obtained
by setting { = 7 in (6.88). The result is displayed below,

ds2 _q3/2 -1/2 (ds (AdS;) + 4~ 1442 (S )) +q_1/2hg_1/2d1/12

+qY2g1 2dp? 1 g 2t ds? (TP,

=(qh)~2g1/2, Hs = —27 ¢vol(S?) A dp (6.89)
Fy=— hapgvol(']fg) + 27 1vol(S?) A dv,
Fy =2qvol(AdSs) Adp A dip + 27 q g hvol(T?) A vol(S?).

As expected, the 5-branes exchanged their roles. In turn, the metric exhibits the charac-
teristic behaviour of D5-branes wrapped on an AdSs x S? x S* geometry, originated by a
D3-D5-NS5 fully-backreacted intersection. These solutions can be proven to arise in the
near-horizon limit of the brane intersection depicted in Table 6.8, in the particular case
where the D3-D5-NS5 branes are fully localised within the worldvolume of the D5-branes.

The class of solutions presented in this subsection can be related to the Type IIB
N = (0,4) AdS; solutions constructed in [46], from slightly more general D3-D5-NS5-D5’-
NS5 brane set-ups. The easiest way to show this is by relating the solution with { = 7
given in (6.89) with equation (2.7) in [46]. One needs to impose that Hygy = 1, rename
Hps = g and smear the solution in [46] in such a way that Hpy = g is delocalised over
the internal R3 and it can be replaced by a T3.

22This generalised solution is an example contained in the class of [51] section 3.2: again one should
identify (h,g) with (P, G) there, restrict v’ = 0 and impose that 9., are all isometries.

118



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES

6.4. AdS;x S°x T? in Type I

We go back to the solutions constructed in section 6.3, but we now explore the massive
case Iy # 0. We recall that said backgrounds display AdS; x S® x T3 geometries fibred
over an interval given by (6.53), with defining functions satisfying the Bianchi identities
(6.54). In the massive case we can write (g, h) in terms of a certain positive real function

u as below,
c

h=u, v (6.90)

such that the Bianchi identities are satisfied with ¢ constant and u a linear function. The
solutions are accordingly rewritten as follows,

1 us
ds? =L {dﬁ AdSs) + ds?(S? } + < {d& T3 + ——d 2} et =
ui (AdSs) 59 ut ) Vu 0 Ve
/ \ (6.91)
Fo=5, Fi= 2q<vol(Ad83) + vol(S )) Adp,

Fs =2 qcvol(T?) A (vol(S?) + vol(AdS3)) .

The underlying brane set-up is the one in Table 6.9. As mentioned above, u has to be a

—

| 2" 2t oz oz oz op O 62 PP
D2 x x — — — X - - - -
D4 x X X X X - — — — -
D8| x X X X X — X X X X

Table 6.9: 1-BPS brane intersection underlying the geometry (6.91). (29, 2!) are the directions
where the 2d dual CFT lives. (z1,29,23) span the T3, around which the D4s and the D8s are
wrapped. p is the field theory direction, where the D2 branes are stretched and #° parametrise
the S3.

linear function in order to satisfy the Bianchi identities. We will take it to be piecewise
linear so that D8-branes can be inserted at the different discontinuities of its derivative,
according to the expression for Fy in (6.91). We take p to parametrise an interval which
begins at p = 0 and ends at pp, where u vanishes. At the zeros of u the solutions behave
as

5

ds® = % ds®(AdSs) + ds*(S?) + cds*(T?)| + dey/xda®, e ® = 7 (6.92)

where p = 22, which is the behaviour of a localised D8/O8 system on AdSz x S% x T3. We
will then define the solutions globally by embedding them into Type I’ string theory?’.

2Type I’ string theory is the T-dual of Type I along a circle direction. It can also be seen as the
orientifold of Type ITA compactified on a circle that results after gauging the worldsheet parity symmetry
and the reflection symmetry of the circle. These projections identify left- and right-moving modes on the
worldsheet and the opposite points on the circle, respectively. For further information, one can read [152].
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This is achieved by introducing O8 orientifold fixed points at both ends of the space and
16 D8-branes (together with their mirrors under Z,) at arbitrary positions in p. Taking
pp = p17 = 7 and the 16 D8-branes located at arbitrary points py,..., p1g between p =0
and p17 = 7, u(p) turns out to be

( ;112%0/7; 0<pi,
a—55(p—p1),  p1<p<p2,

u(p) = o + 2580 —p), o <p < g (6.93)

a5+ S5(p—p15),  p15 < p < pie,
0416—1‘12—?::@—7?), pre < p< T,

where for continuity the «a; must satisfy

2
o = Qg — 2—0(9 —k)(pr — pr—1) for k=1,...,16. (6.94)
T
Furthermore, the condition u(7) = 0 imposes that the positions of the D8-branes must

satisfy
17

2(9 — k)(px — pr—1) = 0. (6.95)
k=1
Note that this is trivially met when py;_ = 7 — p, for £k = 1,...,8, i.e. when the DS8-
branes are symmetrically distributed along the interval, and also when the D8-branes are
equally spaced, such that py — pr_1 = 7/16 for all k.
Besides the D8-brane charge increasing in one unit at the position of each D8-brane,
we have the following quantised charges

k 1 k 1 q
=g [ o=t e [ Aim g ia—n). (699
El P

The number of D2-branes must thus be the same in all intervals, with ¢ = Qpy/q, while
the jumps in the D4-brane charge are given by the second expression in (6.96).

Now one can take into account the previous results in order to build the quiver gauge
theories that flow in the IR to the CFTs dual to the solutions in (6.91). In order to infer the
different massless fields that appear in the quivers, we study the quantisation of the open
strings stretched between the different branes in the set-up of Table 6.9. Following [153]**
we find:

= D2-D2 strings: Open strings with both ends on the same stack of D2-branes give
rise to N = (0,4) SO(Qps2) vector multiplets and N' = (0,4) hypermultiplets in the
symmetric representation of SO(Qp2).

24Tn this reference the projection induced by the orientifold fixed points was carefully analysed for the
Type I D1-D5 system, T-dual to our D2-D4-D8 brane set-up.
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» D2-D4 strings: Open strings stretched between D2- and D4-branes give rise to N' =
(0,4) hypermultiplets in the bifundamental representation of SO(Q p2)XSp(2Qp4).

» D2-D8 strings: Open strings stretched between D2- and D8-branes give rise to N' =
(0,2) Fermi multiplets in the bifundamental representation of SO(Q p2)xSO(Qps)-

QDQ QD2 ’ QDQ

T T T

€] () (16)
D4 D4

Figure 6.9: Quiver associated to the AdSs x S3 x T? solutions in Type I’. In it the circles
correspond to N = (0,4) vector multiplets plus hypermultiplets in the symmetric representa-
tion of SO(Qp2). The dashed lines denote N/ = (0,4) hypermultiplets in the bifundamental
representation of SO(Qp2)*xSp(2Qp4) and the red lines are N' = (0,2) Fermi multiplets in the
bifundamental representation of SO(Qp2)xSO(Qps).

These massless modes give rise to the NV = (0, 4) disconnected quivers depicted in Figure
6.9. In these quivers anomaly cancellation imposes that

2Q%) = AQW) =1, (6.97)

as explained below equation (6.44). Given that D4-branes in Type I' carry 1/2 units
of charge [154], in order to obtain a consistent CFT in the IR the D4-branes must be
located in exactly the same positions in p as the D8-branes. This fixes the total number
of D4-branes to 16*°. This condition needs to be imposed on the supergravity solution in
order to describe a proper Type I’ background with a well-defined 2d dual CFT. Finally,
substituting (6.90) in (6.66), the holographic central charge for this class of solutions is
obtained,

Chol — 48 QDQ . (698)

We observe that this matches exactly the field theory result, obtained from (5.4), which
gives in this case

16
CRr = C[, = 62 QDQQ([])CEL = 48 QD2 . (699)
k=1

25Note that it is possible to consider the situation in which some of the p; coincide, such that a group
of D8-D4 branes are located at that position.
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Chapter 7
AdS,/SCQM in Type II

This chapter is devoted to presenting the study of the AdS;/SCQM correspondence
performed in [65,67,68]. In these works we built new AdSs Type II backgrounds. As
explained in section 5.1, this was achieved by either adding defect branes to a well-known
brane set-up or performing a duality transformation on a known (brane or AdS) solution.
In particular, we explored non-Abelian T-duality (NATD) as a solution generating tech-
nique that relates inequivalent backgrounds. This is quite relevant, as NATD is not fully
understood yet. On the other hand, whenever we knew the brane intersection underlying
a new supergravity solution, we built the quiver quantum mechanics living in said brane
set-up. We also addressed the problem of computing the central charge of a SCQM. As
we explained in section 5.3, it has been conjectured that the central charge of a 1d field
theory dual to an AdS, Type II supergravity solution can always be computed by using
the conventions and formulae of two-dimensional field theory. This hypothesis was tested
with our solutions by comparing the central charge so obtained with the one derived from
the dual AdS, solution in the IR.

In sections 7.1-7.3 we explore new AdS, x S? Type ITA/B backgrounds, the last
section also containing the field theory interpretation. Section 7.4 is devoted to presenting
a new class of Type IIA solutions obtained via non-Abelian T-duality. Its field theory
interpretation as defects is then performed in section 7.5. Finally, in sections 7.6-7.8 we
revisit another new class of Type IIB brane solutions also obtained via NATD.

7.1. The F1-D2-D4'-NS5'-D4-NS5 brane system

In this section we present a new class of solutions to Type ITA supergravity that can
be described by a set-up consisting of F1-D2-D4’-NS5" branes ending on a D4-NS5 bound
state. In the near-horizon limit, these solutions are characterised by N' = 4 AdS; x 52 x
52 x R2 x S* geometries foliated over a line. We show that an appropriate distribution
of charges of the D4-NS5 branes produces a non-compact solution within this class that
asymptotes locally to an AdS; vacuum. Moreover, these AdS; solutions are associated
to the D4-NS5 brane intersection and belong to the class of so-called Gaiotto-Maldacena
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geometries introduced in [143]. This can be used to resolve the divergences associated
to the non-compactness of the internal space within the AdS5 geometry, and to interpret
the solution as describing a line defect CFT within the NN = 2 4d CFT dual to the
aforementioned AdSs vacuum.

7.1.1. The brane solutions to Type ITA

We first consider the brane set-up depicted in Table 7.1. This is a BPS/8 brane inter-
section that can be regarded as a F1-D2-D4’-NS5’ brane intersection ending on a BPS/4
bound state of D4-NS5 branes. We assume the F1-D2-D4’-NS5’ system of defect branes

branes

t p o Qrly oz Y| r 6

D4 X X X X |—- - X|—=- = =
NS5 | X X X X |X X —|— — =
F1 X — — —|—=- %X —-|= = =
D2 X — — — | X - X|- - =
D4/ X — — —| X — —|XxX X X
NSy | x — — —|— X X|X X X

Table 7.1: %—BPS brane intersection describing F1-D2-D4’-NS5’ branes ending on a D4-NS5
bound state. The field theory living in this brane set-up can be regarded as an N = 4 line defect
SCQM within the N’ = 2 4d CFT living in the D4-NS5 branes.

to be completely localised within the four dimensional worldvolume of the orthogonal D4-
NS5 background. This condition makes the equations describing both sets of branes to
decouple from one another. This prescription leads to the condition that their associated
warp functions Hgy, Hps, Hpy and Hyss must depend only on p. Moreover, we assume
that the D4- and NS5-branes are completely localised in their respective transverse spaces,
except for the latter ones being smeared along the circle direction . This requirement
implies that we must have Hpy = Hpy(y, z,7) and Hxss = Hnss(r).

Under these restrictions, the fields generated by this brane set-up display the following
form,

sty =H [ HR g B a6 + Y Hoso (07 + 7d5%)
+ Y [Hy P Hyl Hysy dy? + g HY Y d2°)
+ HNS5HI;i/2HI;21/2H]1){5 dyp? + HNS5H11)/42H113/22H541/2 (dr? +r?ds,)
1/2 p7—1/4 17—1/2 171/4 77—1/4 171/2
€q> :HN/S5HD4/ HFl/ HD/2 HD4// HN/SS” (71)
H(3) = aPHPTlldt Ndp Ndz + a;J}INSS’ ,02 volgz A dy + O, Hnss r? dyp N\ volga ,
Fla =8pH521dt Ndp N\dy N dy+ 0,Hpy p2 volg2 A dz N di+

+ 0, Hpar?* dy A dz A volg, + HDQHI\?Sls,HNSg,ayHm r?dz Adr A volgs
- HFlH]Si/HNSEJazHDZL T2 d’y Adr A VOIS«Q .
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Here S? is the 2-sphere spanned by the coordinates (p',¢?) in Table 7.1, and S? the
one parametrised by (6',6?). It can be seen that, as mentioned above, the equations

of motion and Bianchi identities for (7.1) decouple into two groups. The equations for
F1-D2-D4’-NS5’ defect branes are equivalent to the PDEs below,

V%EHDQ = O Wlth HNSE)/ = HD2 y

2 . (7.2)
VR%HFl =0 with HD4/ = le s
while the D4-NS5 system satisfies the following equations,
VisHpa + HNS5V§<2 )HD4 =0 and VggHxgs =0. (7.3)

We observe that the PDEs in (7.2) do not impose any warping within the 2d subspace
]R%y’z) parametrised by y and z. This is a direct consequence of the defect branes being
completely smeared within this subspace. Besides Hpy(y, z,r) and Hygs(r) describe a
D4-NS5 bound state localised in the subspace R%y,z) x R? with R? parametrised by r and
52,

In order to derive the background with AdSs geometry we first choose the particular

solutions below,

Hpo=1+2% and Hp =1+ 21 (7.4)

p p

where gps and qp; are integration constants related to the quantised charges of the defect
branes. Taking the near-horizon limit p — 0 we arrive at the desired solution',

dsty =qdly aph Hpy'? (dshas, + dske) + apy " Hyy (dy? + d2?)
+ s 2qi? Hss Hp? dv? + Huss HY2qH2ant (dr + r2ds%,)
e =qily am | HygsHpy', (7.5)
H3) = — gpa(volaas, A dz + volgz A dy) + 0, Hyss ° dip A volge
Flay =qr1(volaas, A dy — volg2 A dz) A dip+
+ 1% [0, Hpa dy A dz + Hxss0,Hps dz A dr — Hyss0. Hpa dy A dr] A volg. .

This is a new class of backgrounds characterised by a geometry AdS, x S2 x S2 x R%y,z) X S}p,
fibred over an interval parametrised by r. We have that Hp4(y, z,7) and Hygs(r) must
satisfy the equations (7.3). These new backgrounds constitute a vast class of N' = 4
solutions to Type IIA string theory, determined by the charge distribution of the D4-NS5
system.

In the next subsection we will explore a solution in the class (7.5) associated to a par-
ticular choice of Hp, and Hygs in which the AdS, x S? geometry reproduces asymptotically
locally an AdSs vacuum related by T-duality to AdSs x S°/Z,.

In order to reproduce unitary AdSs at the horizon we rescaled the time as ¢t — gpogrit.
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7.1.2. F1-D2-D4'-NS5’ line defects within AdS;

As we have mentioned several times before, a key property of the brane system de-
picted in Table 7.1 is the possibility of decoupling the dynamics of the F1-D2-D4’-NS5’
defect branes from that of the D4-NS5 bound system. This is manifest at the level of
the equations of motion, with the PDEs in (7.2) describing the F1-D2-D4’-NS5" subsys-
tem and those in (7.3), the D4-NS5 bound state. At the level of the solution (7.1), this
property can be exploited by taking the p — +oo limit in (7.4), thus “zooming out” the
F1-D2-D4'-NS5" defect branes and recovering the background associated to the D4-NS5
branes. This D4-NS5 brane system was explored in [155], where an explicit AdSs5 solution
was derived by applying an appropriate change of coordinates and taking a concrete limit.
This AdS5 solution falls within the class of so-called Gaiotto-Maldacena geometries.

The Gaiotto-Maldacena backgrounds are a class of Type IIA supergravity solutions
first introduced in [143])%. They preserve N' = 2 supersymmetry, display an AdS; factor
and can be parametrised by a potential V(o,n). Denoting V' = 0,V and V= 00,V, a
generic Gaiotto-Maldacena solution can be written as follows [146, 147],

DN 1/2 :
2V -V 2V"V
ds® =a/ < ) [4ds2AdS5 + MQTds§2+

V//
2V 4V" 52
+ 2* d0'2+d2 + 2—d 2:| s
W n°) + p AT
el® :4W, By = 24%d/ < AT n) volge ,
T ey
Cy =2p*Vo! P Vdﬁ, Cy = —4,u40/3/2Td6 Avolgz |,

A =02V -V)V"+ (V)2

where the radius of the space is u?a’ = L?. The problem of writing a solution in this
class then boils down to finding a function V' that solves a Laplace equation with charge
density A(n),

Oo[00,V]+ 00,V =0, Ao) = 00,V],_, . (7.7)

We remark that the metric, dilaton and fluxes depend on V, V/, V and V" = —o2V.
Hence, a choice of V determines a solution in the class of Gaiotto-Maldacena backgrounds.
Regarding the boundary conditions, Gaiotto and Maldacena found them by imposing a
correct charge quantisation and the smooth-shrinking of some submanifolds. They can be
summarised as below [146, 147]:

= V(o =0,1) = A\(n) must vanish at n = 0.

= A(n) must be a piecewise linear continuous function A\ = a;n + ¢; with a; an integer.

2Reference [93] was consulted for the following description of these solutions.
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= The change in slope between consecutive intervals must be a negative integer, i.e.
a; — a;—1 < 0. A kink in which the slope changes by k units is associated with the
presence of D6-branes.

» The positions of the kinks must be integers in the n-axis.

» Some solutions satisfy A(N,) = 0. In that case,  is bounded in [0, N,]. The
associated electrostatic problem can then be understood as a line charge density
A(n) bounded by two ‘conductive plates’ located at n = 0 and n = N..

Let us now come back to the more general situation in which we have F1-D2-D4’-NS5’
defect branes ending on the D4-NS5 system. In particular, we are interested in the p — 0
limit of (7.4) and, therefore, in the N’ = 4 backgrounds defined by (7.5). We remark
that these solutions display the crucial property: the backreaction of the F1-D2-D4’-NS5
branes on the D4-NS5 system modifies only the 4d worldvolume space of the D4-NS5
solution, keeping intact its R%y’z) x R3 transverse space. This follows from the fact that
the equations of motion associated to the F1-D2-D4’-NS5 branes, given by (7.2), and
those of the D4-NS5 system, given by (7.3), are completely independent. This implies,
among other things, that the PDEs for the D4-NS5 intersection must coincide with the
equations in (7.3). Consequently, we can still consider the semi-localised warp factors

AT qpagNss and  Hyss = qnss (7.8)

(y? + 22 + 2qngs7)? 2r

Hp, =1+

which were introduced for the D4-NS5 bound state in [155]°. We then introduce the
following new coordinates (p, a, ¢) [155],

Yy = pusinacos ¢, 2= psinasing and r=2""! q§§5 12 cos® o (7.9)

Nevertheless, the presence of the defect branes breaks the isometries of the 4d worldvolume
of the D4-NS5 intersection, giving rise to an AdS; x S? backreacted geometry. It is useful
to change from the (y, z,7) coordinates to (u,a, @) as in (7.9). This brings to light an
asymptotically locally AdS; geometry when g — 0. The fields in said coordinates and

3We remark that there are some precedents of similar semi-localised warp factors in [156-158].
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limit are the ones below,

locally AdSs geometry
o\

Ve

_ . d 2
dé’%o :q]lg/g2qF11/2(47TCINS5QD4)1/2 (47TQNS5QD4) 16]132 QF1M2 (d52Ad82 + d3§2) + u_'ug +

+ q]13/22<]1;11/2(47TQN85QD4)1/2 [da? + de* + qpyarianss (4mgpa) " e 2dip*+

+47'Pds] |
e =qily ay a5 (4mapa)
H 3y = — qpa (5 volaqg, + ¢volg2) A (sdp + preda) — qpajis (€volags, — 8 volg2) A dg
— 27 gngsdi) A volg. ,
Fluy =gp1 (€volaas, — 5vols2) A (sdp + peda) A dip
— qr1/15 (3volags, + Evolgz) A dg A dip + dmqpy s dé A da A volgs , Adu

~1/4 1

)

(7.10)

with s = sina, ¢ = cosa, § = sin¢ and ¢ = cos¢. We remark that the internal space
of the above solution is the same one of the AdSs vacuum that arises as the near-horizon
limit of the D4-NS5 bound system studied in [155].

Summing up, the previous analysis has brought to the fore that the general class of
brane solutions in (7.1) with the particular profiles (7.4) for the F1-D2-D4’-NS5’ branes
and the semi-localised profile (7.8) for the D4-NS5 system gives rise to two interesting
regimes. The first remarkable behaviour appears in the p — 0 limit. In this case the
defect branes are resolved, producing a fully backreacted AdS, x S? geometry within the
4d worldvolume of the D4-NS5 system, displaying explicitly the breaking of its isometries.
The second regime becomes manifest in the system of coordinates introduced in (7.9)
when, after taking the p — 0, one also sends p — 0, thus approaching the origin of the
R%w) plane. In this regime the metric is split into a 5d “external” part, asymptotically
reproducing a locally AdS5 geometry, and a 5d internal manifold, which coincides exactly
with that of the pure AdS; vacuum geometry associated to the D4-NS5 brane system
studied in [155]. The isometries of the AdS; vacuum are however broken by the background
fluxes, as shown by their expressions in (7.10). The extra terms show that a 5d observer
located at p — 0 feels the effect of the global charges of the defect branes. They backreact
warping the 5d geometry to give a curved domain wall with AdS, x S? slicings, which
is only asymptotically locally AdSs. It is clear that the presence of the extra terms in
the fluxes prevents the supersymmetry to enjoy an enhancement to the (four-dimensional)
N = 2 supersymmetry displayed by the AdSs solution found in [155]. These two limits
of the solution (7.1), underlying the F1-D2-D4’-NS5-D4-NS5 brane intersection of Table
7.1, along with the p — 400 regime, are collected in Figure 7.1

We observe that our class of solutions (7.5) realises in Type ITA supergravity a con-
formal line defect within the 4d N' = 2 SCFT that results by orbifolding the 4d N' = 4
SYM CFT by Z,. This is the 4d field theory dual to the AdSs solution in [155]. The
defect is described by a superconformal quantum mechanics that is holographically dual
to an AdS, geometry with N' = 4 supersymmetries (in one dimension). In the g — 0
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Pure D4 - NS5 system: Defect within D4 - NS5:
AdSs x M locally AdSs x Ms
p—+oo pu—0

F1-D2-D4 - NS5 - D4 - NSH
intersection p—0

AdS, x 8% x §? x R2

(y,2

)><]

Figure 7.1: The p — +o00 and p — 0 limits of the F1-D2-D4’-NS5-D4-NS5 brane configuration
depicted in Table 7.1, along with its defect structure. The p — 400 limit zooms out the F1-
D2-D4’-NS5’ branes, leaving behind the AdSs x M3 solution associated to the D4-NS5 bound
system. The p — 0 limit, on the contrary, zooms in the defect branes, giving rise to an AdS»
geometry in the near-horizon. In turn, this geometry asymptotically approaches AdSs x M3 in
the p — 0 limit, allowing one to interpret the F1-D2-D4’-NS5’ brane intersection as describing a
defect within the 4d SCF'T associated to the D4-NS5 system.

limit, where this class of solution asymptotes to AdSs, the defect is perceived by a 5d
observer as an angular wedge located at the conformal boundary of AdS,. This can be
made explicit by rewriting the asymptotically locally AdSs part of the metric in (7.10) as
below,

dsi ~ 72 (—=dt® + dp® + pPdsee + p7dN?) | (7.11)

where 72 = p?p~2, d\ = pu~?dp and p parametrises the radial direction of the AdS, in
Poincaré coordinates. From the above expression one can see that the metric in the (g, A)
plane develops a conical defect at p = 0. This fixes the locus of the defect and allows one
to interpret p as an angular coordinate parametrising the wedge in which a 5d observer
probes the defect geometry.

7.2. The D1-F1-D5-NS5-D3-KK brane system

This section is dedicated to the Type IIB realisation of the constructions in the pre-
vious one, where the main features already discussed become more transparent. For this
purpose, we built a new class of AdS, solutions to Type IIB supergravity with N’ = 4 su-
persymmetry, and showed that such solutions find an interesting line defect interpretation
within AdSs x S°/Z,. Tt is critical to notice that the AdSs solution that arises far away
from the Type ITA defects is the T-dual of the Type IIB AdSs x S°/Z,, background. This
latter solution arises in the near-horizon of a semi-localised system containing D3-branes
and KK-monopoles. The appropriate change of coordinates in which the AdS; x S°/Z,
geometry becomes manifest appears in [159] and we recommend the reader to check said
reference if they are not familiar with the solution. In our case, the T-duality of the D4-
NS5 brane intersection should be performed along the circular v direction, transforming
the D4-branes into D3-branes and the NS5-branes into KK-monopoles. This latter objects
produce a foliation of the circle and the emergence of the Lens space S°/Z,. When the
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KK charge is one, the round S® is recovered and the D3-branes become isotropic.

We start in subsection 7.2.1 with the thorough analysis of the T-dual realisation of the
F1-D2-D4/-NS5'-D4-NS5 intersection discussed in subsection 7.1.1. This becomes a bound
state of F1-D1-D5-NS5 branes ending on a D3-KK intersection, of which we provide both
the full brane solution and its near-horizon limit. Said limit gives rise to a new class of
N = 4 Type IIB backgrounds characterised by AdS, x S? x 82 x R? x S! geometries
foliated over a line. Then in subsection 7.2.2, we show that a suitable prescription for
the distribution of charges of the D3-KK system yields a solution within this class that
asymptotes locally to the AdS5 x S®/Z,, vacuum. This allows us to interpret this solution
as holographically dual to a line defect CFT within N' = 4 SYM modded by Z,. In the
absence of KK-monopoles the solution describes a line defect CFT within 4d N' = 4 SYM,
which preserves 1/4 of the supersymmetries.

7.2.1. The brane solution to Type IIB

Let us consider the Type ITA brane set-up of Table 7.1. By T-dualising it along the
) circular direction, the F1-D2-D4’-NS5’ defect branes become a D1-F1-D5-NS5 brane
system localised within the common worldvolume of the D3-KK branes. The background

branes t p ' ©*|ly =z | v r 01 02
D3 X X X X |- —| = = — =
KK X X X X |x x|ISO — — -
D1 X — — —|xX - = = - =
F1 X — — —|—- X| - = - =
D5 X — — —|xX —1] X X X X

NS5 x — — —|— X| X X x X

Table 7.2: BPS/8 intersection describing D1-F1-D5-NS5 branes ending on the D3-KK system.
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fields generated by these brane configuration are the ones below,

ds?y =Hpy" [—H];j/ ?Hy Hpdt? + HYPHY Hyss (dp® + p2ds§2)} +
b 12 [Hot ol Hyssdy? + H2 B 2] +
Y [k (46 -+ 2 )’ + Hia (0% +%05%,)]

1/2 77—1/2 17—1/2 171/2
e’ :HN/S5HD5/ HFI/ HD/l ;

H) = — 0,Hpdt Adp A dz + 0, Hyss p>volge A dy (7.12)

Fi3y = — 0,Hpdt Ndp A\ dy — 0,Hps p* volgz A dz,

F(sy =HpsHxssp® dt A dp A vols2 A (0, Hpy dr + 0,Hps dy + 0. Hpy dz)+
— 720, Hpsdy A dz A dip A volg+
- HF1H551HKKT282HD3dy A d A dr A\ volg,+
+ HDIHI\?SlE)HKKTZayHngZ N dlp Adr A VOlsvz y

where dw = volg, and gk is the KK-monopole charge. The warp factors of the background
system are taken to be Hxkx = Hgk(r) and Hps = Hps(y, z,7). Besides, the defect branes
are taken to have charge distributions localised within the worldvolume of the D3 branes.
In other words, they only depend on p and read Hpi(p), Hr1(p), Hxss(p) and Hps(p).

As usual, the equations of motion and Bianchi identities decouple into two groups of
PDEs. Those for the D1-F1-D5-NS5 defect branes are given by

V?R{%HDl =0 with Hygs = Hp,

2 . (7.13)
ngHFl =0 with HD.S == HFl N
while for the D3-KK bound system we have
2 2 . 4KK
VR§HD3 + HKKVR? )HDg =0 with HKK == 7 . (714)

Mirroring what we did in section 7.1, we are interested in studying the near-horizon limit
of the solution at hand. In order to achieve this, we consider the particular solution for
the defect branes,

Hoy =1+ and Hpy =1+ &1 (7.15)

P P

where ¢p; and gp; are integration constants related to the quantised charges of the re-
spective branes. As in the Type ITA case, the p — 400 limit corresponds the situation
in which the defect branes are taken far away from D3-KK, recovering the background
associated to this latter subsystem. In turn, the p — 0 limit gives rise to a new class of
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N =4 AdS, backgrounds® of Type IIB string theory,

dsty =y 4 Hp* (dkas, +dste) +apiam’ " Hyy (dy* +d=°)
g HY; (Hick (a6 + 27 qcw)” + Hice (dr® +1%ds%,) ) |

e® =qpi1gp; H ) = —qp1volags, A dz — gpivolg: A dy,

F3y = — grivolaas, A dy + grivols: A dz (7.16)

Fis) :ql%lq%ﬁTHg; volags, A volgz A dr + q%lq%ﬁyHgé volags, A volgz A dy
+ G, qp1 0> Hpyz vOlaas, A volgz A dz — 1?0, Hpady A dz A dip A volgs
— Hyxr?0,Hpsdy A dip A dr A volg, + HKKTQ(?yHngz Adp Ndr Avolg, ,

where Hpg solves the master equation (7.14). These geometries represent a new class of
solutions to Type IIB supergravity, displaying AdS, x 52 x S% x R% x S* foliations over
a line. A simple check shows that these backgrounds are related by T-duality along the
1 direction to the AdS; one in (7.5), which describes the near-horizon of the F1-D2-D4'-
NS5-D4-NS5 brane intersections discussed in section 7.1.

7.2.2. Defects within 4d SCFTs in Type IIB

In this subsection we draw inspiration from subsection 7.1.2 to provide a defect inter-
pretation for the background (7.16). As in the aforementioned subsection, the key feature
that allows to find such an interpretation is the decoupling between the dynamics of the
D1-F1-D5-NS5 defect branes and that of the D3-KK system. In other words, the equations
of motion and Bianchi identities of the two groups of branes, given by (7.13) and (7.14),
respectively, are completely independent. Since we are searching for a possible completion
within an AdS; vacuum, we choose the semi-localised solution for the D3-KK system [157],

AT qp3qKK dKK
Hps =1 d Hyk = . 7.17
o " (y? + 2% + 2qkkr)? o KK™ Top (7.17)
and introduce the new coordinates (u, «, ¢) [155,159],
Yy = psinacos ¢, z = psinasin ¢ and r=2"" g i cos® . (7.18)

With these considerations in mind, the backgrounds (7.16) take the form of a stack of
D3-branes wrapping the AdS, x S? backreacted geometry. The D3-branes are intersected
with n KK-monopoles, orbifolding the S® transverse space into S°/Z,,
3/2 1/2 p7—1/2 1/2 —1/2 771/2
At =3P g (Ashas, + dske) + aifaed “Hy (dp? + pdsteys, )

4mqxK D3 (7'19)

ds§5/zn =da?® + s*d¢® + c2ds§3/zn , Hpz3=1+ o

4In order to obtain a unitary AdS, at the horizon we rescaled the time as ¢t — gp1qr1t.
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Analogously to what happened in the Type ITA case, the defect branes do not modify
the space transverse to the D3-branes. Thus, the defect branes are only manifest by
curving the worldvolume of the D3-branes in the fully-backreacted AdS, x S? geometry.
Interestingly, in these coordinates the geometry of this background locally asymptotes to
AdSs x S°/Z, in the p — 0 limit,

locally AdSs geometry

™~

_ _ dp?
ds?, :(47TCIKKQD3)1/ZQ]13/12(]F11/2 [(47TQKKCID3) "aorarip’ (dshas, + dsse) + ,u_,u?
+ (rauccans) il g, [da? + 540" + sy, |
e® =qo1gp; (7.20)

H 3y = — qp1 (5volags, + ¢volg2) A (sdp + pieda) — qpypus (6volags, — Svolg2) A dg,
F3) =qr1 (—&volaas, + §volgz) A (sdp + pedor) + grips (5volaas, + évolgz) A dé,
F5) =461 b1 (4mqrigps) " *volaas, A volgz A dp

— 47TqD303sdq5 A do A dip Avolg ,

where s = sina, ¢ = cosa and § = sin ¢, ¢ = cos ¢.

In complete analogy with the Type ITA analysis of section 7.1, the constructions in
this section show that starting with the general brane intersection specified by the solutions
(7.12) and taking the particular profiles (7.15) for the D1-F1-D5-NS5 branes and the semi-
localised profile (7.17) for the D3-KK system, two interesting regimes emerge. The first
regime appears in the p — 0 limit. In this case the defect branes are resolved into a fully
backreacted AdS, x S? geometry within the 4d worldvolume of the D3-KK bound state,
making manifest the breaking of its isometries. The second regime becomes manifest in
the system of coordinates introduced in (7.18), when apart from taking the p — 0 limit
one also sends p — 0, thus approaching the origin of the ]R%y’z) plane. In this regime the
metric is split into a bd “external” part, reproducing locally an AdSs; geometry, and a 5d
internal manifold, which coincides with that of the pure AdS5 x S®/Z, vacuum [159]. The
isometries of the AdS; vacuum are however broken by the background fluxes in (7.20).
The extra terms show that a 5d observer placed at p — 0 feels the global charges of the
defect branes. They backreact into a geometry described by a 5d curved domain wall
with AdS, x S? slicings that is only asymptotically locally AdS;. We observe that the
presence of the extra terms in the fluxes forbids any supersymmetric enhancement to the
(four-dimensional) N' = 2 supersymmetry of the AdSs solution.

Similarly to what we obtained in subsection 7.1.2, our construction realises a confor-
mal line defect in 4d N/ = 4 SYM modded by Z,, this time in terms of D1-F1-D5-NS5
branes. Nevertheless, the Type IIB realisation allows one to study the interesting case
in which these defect branes are introduced within 4d N' = 4 SYM, breaking the super-
symmetries to 1/4 BPS. In this case it should be possible to interpret the D5- and the
Fl-branes as realising the baryon vertex of 4d N' = 4 SYM, and the AdS, solutions as
describing the corresponding backreacted geometries. In the IR the gauge symmetry on
the D3-branes would become global, turning them into flavour branes, with the D5-branes
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becoming the new colour branes. However, we highlight that in the backreacted geometry
there are as well D1 colour branes. These should find an interpretation in terms of instan-
tons within the worldvolume of the D5-branes. The possibility of such an interpretation
will become clearer after our field theory analysis in the next section.

7.3. The F1-D2-D4'-NS5-D4-NS5-D6 brane system

In this section we generalise the F1-D2-D4’-NS5-D4-NS5 brane intersection studied in
section 7.1 to include D6-branes localised within the R% plane. We will see that adding
D6-branes challenges the construction of a solution Wlth AdS5 asymptotics. However, by
taking a simplified ansatz, we will see that it is possible to construct an explicit quiver

quantum mechanics that can be interpreted as describing D2-D4" baryon vertices within
the 4d SCF'T living in the D4-NS5-D6 brane intersection.

7.3.1. Adding D6-branes to the brane set-up

The brane set-up thoroughly explored in subsection 7.1.1 can be extended by includ-
ing D6-branes localised within the ]R%y’z) plane. The result is the extended brane set-up
depicted in Table 7.3. This generalisation does not imply any further breaking of su-

branes t | p ' |y =z Y |r O6Y 62
D6 X | X X X |- - = X X
D4 X | X X X |- — X|—=- - =

NSS) X | X X X |x X —|— — =
D2 X|— —-— —]/%xX - X|- - =
F1 X|—-— —-— —]—=- X —|= = =
D4’ X|— — —|xX — —|xX %X X

NSY x| —-— — — |- X X|Xx x X

Table 7.3: BPS/8 intersection describing F1-D2-D4’-NS5’ branes ending on a D4-NS5-D6 bound
state.

persymmetries. However, as we mentioned above, finding an AdSs completion is a more
difficult task in this case.

For simplicity, we consider that the D6-branes are smeared along the 1 direction.
Consequently, the associated warp factor is Hpg = Hpg(y, 2). The resulting background

134



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES

is given by the following fields,

sty —Hpg*Hot* | = He Hi ™ i lf? di? + B HYE sy (dp? + pdste) | +
o+ HYSHYS [ Hy Holf* Hysy dy? + Hel HPHYS d22) +
+ HY? Hygs Hp 2 Ho M HYZ dyp?+
+ Hpo* Hss Hy Hiy Ho ot (dr® + 12ds,)
e =Hpg Hyss Hpy' Hy " Hyy' Hiyy/ HYGy
Hy = — 0,Hg'dt Adp A dz + 8,Hnss p° vols2 A dy + 0, Hxss 72 dip A volgs, (7.21)
Flay = — Hp1 Hpy 8. Hoedy A dip + How Hygs 0y Hpedz A dip+, :
Fluy =Hpe0,Hpydt A dp A dy A dip + HpeOpHpa p° volse A dz A dip+
+ HpgHygs Hnss0, Hpa % dz A dr A volg,

— HFIH]Si/HN%@sz r2dy A dr A volg, + HpeOr Hpa r?dy A dz A volg, ,

Fls) =Hpy Hyss p° (ayH];jdy VO HS dz + 6TH5jdr> Adt A dp Avolgz A dip+
— HNS5HD43PHD2r2p2V0152 Adz A dr A volg+
— HD4HNS5r28pH5i,dt Ndp Ndy Ndr Avolg .

As in the absence of D6-branes, the equations of motion and Bianchi identities decouple
into two groups of PDEs, one associated to the F1-D2-D4’-NS5" defect branes,

vﬁgﬂm =0 with Hpy = Hxsy = Hp1 = Hpo, (7.22)

and an independent one describing the D4-NS5-D6 brane system,

HpoVigHps + HyssVie  Hpi =0, VigHyss =0 and Vi Hpg=0.  (7.23)

In order to extract the AdSs near-horizon geometry we make the following choice for the
warp factor describing the defect branes,

Hpy =1+ 22

; (7.24)

where ¢ps is an integration constant related to the quantised charges of the defect branes.
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We then obtain the near-horizon limit of the considered background by sending p — 0°,

dsty =aboHpg *Hpy'? (dshas, + dsk) + Hyg HY? (dy? + d=?)
+ Hyi Hyss Hpy > d? + Hpg? Hyss Hyy (dr? + r2ds?,)
e® =Hpg' ' HygsHpy "
Hz) = — qpavolaas, A dz — gpavolsz A dy + 0, Hxss 7 dip A volgs
Floy = — 0, Hpedy A dip + O, Hpedz A di (7.25)
Flay =qn2Hpgs(volags, A dy — volg2 A dz) A dyp + HpeOp Hpar? dy A dz A volg,
+ Hyss0y Hpa r2dz A dr A volgs + Hys50.Hpa r?dy A dr A volg, ,

Flo) =, (8yH]5idy + 0. Hp,dz + angjdr) A volags, A volgz A dip

+ gpoHps Hnssr? (—VOlAdS2 A dy 4 volgz2 A dz) Adr ANvolg, .

These fields define a new class of N = 4 AdS, x 52 x S2 x R2 x S! geometries fibred over a
line, parametrised by r. The functions Hpy(y, z,7), Hxss(r) and Hpg(y, z) are solutions to
the equations in (7.23), and describe a D4-NS5-D6 bound state localised in the subspace
R?, .y xR}, where R} is spanned by /, and 52, A solution in the class given by (7.25) is thus
specified by the D4-NS5-D6 charge distributions that solve these equations. The explicit
study of the solutions becomes more involved than in section 7.1, due to the logarithmic
behaviour of Hpg. Moreover, the defect interpretation found in that section in terms of
semi-localised D4-NS5 branes is lost in the presence of the D6-branes, making challenging
the construction of an explicit solution that asymptotes to an AdSs; vacuum.

In order to proceed further with an explicit analysis of the solutions we take the y
direction inside the R%W) plane as a circular direction, and the D6- and the D4-branes
smeared along it. Under this assumption the background (7.25) turns out to be driven
by the functions Hpy(z), Hnss(r) and Hpg(z), and their master PDEs take the following

simpler form,
0Hpy =0, 0%Hpe=0 with Hygy = > (7.26)
r

Even if in this case we could not construct a solution with AdS; asymptotics, we show in
the next subsections that it is possible to interpret a wide subclass of these solutions in
terms of D2-D4’ baryon vertices within the 4d CFT living in D4-NS5-D6 branes.

7.3.2. Quantised charges

The most general solution to the equations of motion defined by (7.26) consists on
Hps and Hpg being piecewise linear functions of z. This allows one to introduce D4 and
D6 source branes in the geometry. This is compatible with the quantised charges obtained
from the Page fluxes, as we show below.

°In order to reproduce unitary AdSs at the horizon we rescaled the time as ¢t — gd,t.
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We start by computing the F1-strings charge. The F1-strings are electrically charged
with respect to the NSNS 3-form. Their quantised charges in units with o/ = g, = 1 take

the following form®,
1

Q%l = (277')2 Ads o H(S) . (727)

Regularising the volume of AdS, as Volpagg, = 47" we find that

1
Ry = ;QDQ(Zf - 2), (7.28)

where this must be computed at both ends of the I, interval. Therefore, there are k gps
Fl-strings in the z € [0, kx| interval. We set gpy = 1 for simplicity, so that one Fl-string
is created as we move in z-intervals of length 7. This is equivalent to imposing that B
lies in the fundamental region when it is integrated over AdS, (see [43]),

1
— By| € [0, 1], 7.29
12 /Ad82 | €10,1] (7.29)
therefore we must take
Blyy = —(2 — km)volags, with 2 € [k, (k + 1)7] (7.30)

for the electric part of B(s). The large gauge transformation parameter % affects the electric
components of the RR Page fluxes, F = F A e B®  as follows,

Fyy — Flyy — knFp o) Avolags, for z € [km, (k+ 1)7]. (7.31)

In particular, we have that

F(64) - (HDG — (- ]W)azHD(s) volaas, A dy N di, 7
7.32
g = — Hygsr? (HD4 —(z— kw)@sz) volags, A dr A volg,

for z € [km, (k + 1)m]. These electric fluxes give rise to D2 and D4’ electric quantised
charges, respectively. In units with o/ = g, = 1, they can be computed by applying

e 1 e
=y (759

For the D4- and D6-branes it will be more convenient to compute their magnetic charges,
associated to the magnetic components of Fy) and F{z), respectively, which are given by

F}) = —Hygs0. Hpar’dy A dr Avolg, ,  Fig) = —0.Hpedy A dip . (7.34)

6We use the superscript e to explicitly indicate that this is an electric charge.
"This regularisation prescription is based on the analytical continuation that relates the AdSs space
with an S2.
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In the presence of sources the Bianchi identities in equation (7.26) are modified so that
dFgy = 0?Hpadz Ady Adr Avolg,, dF(o) = 02 Hpedz Ady A dy) . (7.35)

Therefore, the D4- and D6-branes provide sources localised in the z direction. They are
thus flavour branes. They span, respectively, the AdS; x 5% x Sy and AdS; x 5% x I,. x 52
subspaces of the solution (see below).

We need to specify now the linear functions Hps and Hpg. We take both to be
piecewise linear in the different z € [k, (k + 1)7] intervals, with the space starting and
ending at z = 0 and z = 7w(P + 1), where both Hp, and Hpg are assumed to vanish.
This parallels the analysis performed in [42,43] for the AdS;y solutions presented in said
works, which, in turn, was based on the field theory interpretation in [94,160] of the AdSs
solutions constructed in [38]%. In this way the singularity structure at both ends of the
space is given by

ds® ~ a7 (dsRggs, + dse:) + x(dy® + da®) + dv* + dr® + rPds%,, e® ~a7",  (7.36)

where ¥ = z close to 2 = 0 and x = 7(P + 1) — z close to z = (P + 1). It corresponds to
a superposition of D4-branes wrapped on AdS, x S? x S1lp and smeared on (y,7,S?), and

D6 branes wrapped on AdS; x 52 x I, x 52 and smeared on (¢,y)°. The Hp, and Hpg
functions then read

%z with 0<z<m,
Hpi(z) = ap+2:(z —7k)  with 7k<z<nw(k+1), k=1,.,P—1, (7.37)
ap — *L(z—7P) with 7P <z<7(P+1),

2z with 0<z<m,
Hpe(2) = § i + 2(2 —7k)  with 7k <z<w(k+1), k=1,..,P—-1, (7.38)
pp — (2 —mP) with 7P <z<nm(P+1),

where oy, B, pur and v are integration constants. They must satisfy the following condi-
tion (see [43]),

k—1 k—1
a=> B, m=y v with k=1 P (7.39)
=0 =0

which comes from the requirement of continuity of Hps and Hpg. Their continuity ensures,
in turn, that of the metric and dilaton. However, the fluxes can have discontinuities, which
give away the presence of branes.

Note that in order to find well-defined quantised charges from the electric and mag-
netic fluxes in (7.32) and (7.34), we need to globally define the r-direction. This is done

80ne can check [161], a review article which summarises these developments.
9Note that the same behaviour is obtained from a superposition of O4 and O6 orientifold fixed planes.
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by taking the I, x S? space to span a 3-torus 7°. The resulting quantised charges are
given by

e(k e(k e(k m(k m(k
QW — e, QW) =, QW =1, QI =5, QnP =y, (7.40)

in the different z € [k, (k + 1)7] intervals. Here we have also used that y € [0, 7]'". The
charges in (7.40) show that the integration constants oy, B, . and v, must be integer
numbers. Moreover, the conditions (7.39) imply that the D2 and D4’ charges at each
z € [km, (k 4+ 1)7] interval equal the sum of the D6 and D4 charges, respectively, in the
previous [0, k7] intervals. We will find an explanation for this fact when we give a field
theory interpretation to these solutions in the next subsections. The number of D4 and
that of D6 source branes present at each interval are given, respectively, by

Fe=Br1—Br, Fo=ve—w, (7.41)

consistently with the derivatives

1 & 1 &

O’Hpy = - > (Beot = B)d(z —wk),  PHpg ==Y (ko1 —n)d(z — k), (7.42)

m
k=1 k=1

which follow from (7.37) and (7.38).

Finally, we would like to briefly discuss the role played by the NS5- and NS5'-branes
in the brane set-up. As we have discussed, the D2- and D4’-branes play the role of colour
branes of the configuration. The D2-branes are wrapped on the two circular directions
(y,v). Furthermore, they are stretched in the y direction between NS5'-branes, which
are located at y = 0,7 and are periodically identified, and between two NS5-branes'! in
the 1 direction, located at ¢y = 0,27 and periodically identified. The field theory that
lives in them is therefore one-dimensional at low energies. In turn, the D4’-branes are
wrapped around y and the 7°. In the y direction, they extend between NS5-branes. The
field theory that lives in them is, therefore, also one-dimensional at low energies. Our
conjecture is that the N/ = 4 quantum mechanics that lives in the D2-D4’ branes flows to
a super conformal quantum mechanics in the IR that is dual to the backgrounds defined by
the functions (7.37), (7.38). We turn to this analysis in subsection 7.3.4, after discussing
the holographic central charge in the next subsection.

7.3.3. Holographic central charge

Although, as mentioned before, the definition of a central charge for a conformal
quantum mechanics is a subtle issue, there is a notion of holographic “central charge” that
can be computed by applying the formula that we introduced in (3.20) to the supergravity

10The reason for this particular periodicity will become clear in the conclusions when we discuss the
relation between these geometries and the double analytical continuation of the AdSs x S? geometries
studied in [46].

HWe take gngs = 1 for simplicity.
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solution. In the case of a Type ITA /B supergravity solution with two-dimensional external
space this formula boils down to

_ 3 g | .—4® y
Chol = nCn /de/e det(gi;), (7.43)

where Gy is the ten-dimensional Newton’s constant, Gy = 87°, gi; is the metric of the

inner space and 0 are coordinates defined over it. For our class of backgrounds we find
6 w(P+1)
Chol = %/ HD4HD6 dz . (744)
0

Substituting here the expressions for Hp, and Hpg given by (7.37) and (7.38) we arrive at
the final result,

P

1 1

Chol = 06 Z (Oék,uk + 5Bk + (v + ﬁkﬂk)) . (7.45)
P 3 2

We will compare this value with the “central charge” of the superconformal quantum

mechanics built in subsection 7.3.5.

7.3.4. Dual quiver quantum mechanics

In this subsection we propose quiver quantum mechanics supported by our solutions.
The dynamics of the quivers is described in terms of the matter fields associated to the open
strings that connect the different branes. We will follow closely the detailed description
of the matter fields given in [43] (see Appendix B therein), since our brane system is
related by two T-dualities (along the y and ¢ directions) to the D0-D4-F1-D4’-D8 brane
intersections studied there. As in that reference we will use 2d N' = (0, 4) notation for the
1d N = 4 matter fields.

As all D-branes are localised in the z-direction, strings stretched between branes in
adjacent [rk,m(k + 1)] intervals are long, thus describing massive states. Therefore, they
will not contribute to the quiver quantum mechanics. We will discuss their role in the
field theory in subsection 7.3.6. Therefore, the full Hilbert space of the system is given by
the sum of the individual Hilbert spaces of the D2-D4’-D4-D6 branes in each |7k, 7(k+1)]
interval, whose degrees of freedom we summarise next:

s D2-D2: Given that the D2 branes are wrapped on the y and 1 directions they are
effectively point like. They contribute with a N = (4,4) vector and a N' = (4,4)
hypermultiplet in the adjoint.

» D4’-D4’: Given that the D4’ branes are wrapped on y and on the 7% they are
also effectively point like. They contribute as well with a N' = (4,4) vector and a
N = (4,4) hypermultiplet in the adjoint.

» D2-D4’: The D2-D4’ subsystem is related by two T-dualities to the D0-D4 system
in [43]. They contribute with a N = (4,4) hypermultiplet in the bifundamental
representation of the two gauge groups.
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» D2-D4: This subsystem is related by two T-dualities to the D0-D4’ system in [43].
They contribute with a A" = (4, 4) bifundamental twisted hypermultiplet.

» D2-D6: This is related by two T-dualities to DO-D8. They contribute with a N =
(0,2) bifundamental Fermi multiplet.

s D4’-D4: This is related by two T-dualities to D4-D4’. They contribute with a
N = (0,2) bifundamental Fermi multiplet.

» D4’-D6: This is related by two T-dualities to D4-D8. They contribute with a N' =
(4,4) bifundamental twisted hypermultiplet.

These multiplets were summarised in Table 7.4. Considering this table, along with the

String Multiplet Representation
D2-D2 | N = (4,4) vector and N = (4,4) hyper Adjoint

D4-D4" | N = (4,4) vector and N = (4,4) hyper Adjoint

D2-D4/ N = (4,4) hyper Bifundamental
D2-D4 N = ( ,4) twisted hyper Bifundamental
D2-D6 = (0,2) Fermi Bifundamental
D4’-D4 = (0,2) Fermi Bifundamental
D4’-D6 (4, 4) twisted hyper Bifundamental

Table 7.4: Summary of the multiplets associated to the brane intersection in Table 7.3. The
considered open strings end on the specified branes, which lie on the same z € [k, 7(k + 1)]
interval.

ranks of the gauge and flavour groups associated to the D2-D4’-D4-D6 branes in a given
z € [rk,m(k+1)] interval, which are given by py, ax, Br—1 — Bk and vg_; — vy, respectively
(see equations (7.40) and (7.41)), we get the field content depicted in Figure 7.2. In
this figure circles represent N/ = (4,4) vector multiplets, black lines N' = (4,4) twisted
hypermultiplets, grey lines ' = (4, 4) hypermultiplets and dashed lines N' = (0, 2) Fermi
multiplets. We remark that this is the same quiver quantum mechanics discussed in [43]
(see section 3.3 therein), now associated to a different brane system. As in said paper, the
quantum mechanics will find an interpretation as Wilson lines (more specifically, baryon
vertices) within a higher dimensional QFT, once we introduce the massive Fl1-strings
stretched between the branes in the z-direction. Before turning to this description in
subsection 7.3.6, we briefly address the computation of the quantum mechanical central
charge.

7.3.5. Quantum mechanical central charge

In this subsection we address the computation of the central charge, following closely
[43]. The usual caveats involved in the definition of a superconformal quantum mechan-
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Figure 7.2: Disconnected quivers describing the SCQMs dual to the class of solutions (6.14).

ical central charge are present in our current set-up. The central charge should then be
interpreted as counting the degeneracy of ground states of the system.

Following the reasoning presented in section 5.3, we arrived at the conclusion that
expression (5.5) could be used to compute the dimension of the Higgs branch of the quivers
depicted in Figure 7.2, as they are Kronecker. It is straightforward to check that for these
quivers the dimension of the Higgs branch so obtained agrees with the central charge
computed using (5.4), up to a factor of 1'? and the global normalisation. The quantum
mechanical central charge computed from (5.4) was shown to agree to leading order with
the corresponding holographic expression in a number of examples [43].

We will thus use (5.4) to compute the central charge of our quantum mechanics
described by the quivers in Figure 7.2. In this computation, as remarked in [49], np,,
counts the number of ordinary (as opposed to twisted) N' = 4 hypermultiplets, since the
U(1)g-charge of the fermions in twisted hypermultiplets vanishes. For the case at hand,
we have that

P P
Mhyp = Z(O‘kﬂk + g + pp), Nyee = Z(O‘i + 1), (7.46)
k=1 k=1
and, therefore,
P
c=6 Z Qg g (7.47)
k=1

identically. Keeping in mind the definitions of ay, p, given by (7.39), we find that this
expression agrees in the large number of nodes limit, i.e. P — oo, with the holographic
expression (7.45). Moreover, the agreement is exact in the absence of any of the two types

12This factor of 1 is irrelevant in the holographic limit, but we are lacking a precise understanding of
the origin of this discrepancy.
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of flavour branes. It would be interesting to have a more precise understanding of this
exact agreement.

7.3.6. Baryon vertex interpretation

In this subsection we explore the interpretation of the massive F1-strings. The dis-
cussion will again follow very closely the field theory interpretation given to the AdS,
solutions constructed in [43]. The key point is to realise that the orientation between the
D4- and the D4’-branes is such that one can consider Fl-strings stretched between said
branes, which is also the case for the D6- and D2-branes. These strings have as their
lowest energy excitation a fermionic field, which upon integration leads to a Wilson loop.

In [113,162] it was shown that a half-BPS Wilson loop in a U(N) antisymmetric
representation of 4d N' = 4 SYM can be described by an array of M D5-branes with
fundamental strings dissolved in their worldvolumes. This is the realisation in the near-
horizon limit of a configuration of M stacks of Db5-branes separated a distance L from
N D3-branes, with (mq, ma,...mys) Fl-strings stretched between the stacks. The brane
set-up is depicted in Table 7.5. It can easily checked that this is precisely the relative

branes t ‘ A L v S T A L L e
D3 X | X X X - - - - — =
D5 X| — —-— — — X X X X X
F1 X|[—- - — X - - - - -

Table 7.5: Brane set-up associated to the D3-D5-F1 brane configuration that describes Wilson
loops in antisymmetric representations of 4d U(N) N =4 SYM.

orientation between the D4-, the F1- and the D4’-branes in Table 7.3 and the D6, the F1
and the D2 branes. Indeed, the couplings that describe Wilson lines in the worldvolumes
of the D4’ and D2 colour branes are, respectively,

Spar = T4/F(4) NAy,  Spe = Tz/F@) NA; . (7.48)

In the first expression the D4’-branes are wrapped on y and the T3, therefore they capture
the F7}) magnetic flux given in (7.34). In turn, the D2-branes are wrapped on y and v,

so they capture the F(’g) magnetic flux. Substituting these fluxes in the [7k,w(k + 1)]
z-interval we arrive at

SD4/ = ﬂkTpl /tht; SD2 = VkTpl /tht . (749)

These expressions describe, respectively, B and v, Wilson lines. If we add now the con-
tributions of the F1-strings stretched between the D4’-branes in the k-th interval and the
D4-branes in all previous intervals, and the same for the D2-branes and the D6-branes, as

143



CHAPTER 7. ADS,/SCQM IN TYPE II

vy D6 v D6 vp_1 D6
& & &
® ® ®
By D4 4 D4 Bp_1 D4
[e5] D4/ (o5} D4, ap D4,
—_—

z

Figure 7.3: Hanany-Witten brane set-up associated to the quantised charges of the solutions.

depicted in Figure 7.3, we find Wilson lines in the (5o, 51, ..., fk_1) and (vo,v1, ..., Vk_1)
antisymmetric representations of the U(ay) and U(uy) gauge groups. This is precisely the
realisation of the baryon vertices associated to these gauge groups.

Indeed, the brane set-up depicted in Figure 7.3 can be related after the combination
of a T-duality, an S-duality, successive Hanany-Witten moves and a further T-duality to
the brane set-up depicted in Figure 7.4. This relation is carefully explained in [43]. For

%g vo D6
s %, D6

i D2 pp D2
Bo F1 fo F1
Fo 7o Sy D4
5 F1 B F1 4, D4
Y. B
Bpa F1 \ Bp_, Di
ay; D4 ap D4’

Figure 7.4: Hanany-Witten brane set-up equivalent to the brane configuration in Figure 7.3.

the D4’-F1-D4 brane subsystem it follows directly from the analysis of the D4’-F1-D4
brane system in [43]'*, while for the D2-F1-D6 subsystem it follows from the analysis of
the DO-F1-D8 subsystem therein after two T-dualities. The reader can find more details
about this description in that reference.

Our previous description is consistent with an interpretation of the AdSsy solutions
given by (7.25), with the profiles specified by (7.37) and (7.38), as describing backreacted
baryon vertices within the 4d NV = 2 CFT living in the D4-NS5-D6 branes. In this
interpretation the SCQM arises in the very low energy limit of a D4-NS5-D6 brane system
in which one-dimensional defects are introduced. The one-dimensional defects consist on
D4’ baryon vertices, connected to the D4-branes with Fl-strings, and D2-brane baryon
vertices, connected to the D6 by Fl-strings. In the IR the gauge symmetry on the D4-
branes becomes global, turning them from colour to flavour branes. In turn, the D4’

3Note that the D4’- and the D4-branes are interchanged in that reference.
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and D2 defect branes become the new colour branes of the backreacted geometry. This
interpretation goes in parallel with the proposed defect interpretation for the classes of
AdS, solutions found in [43] and [45]. Interestingly, for the first class of geometries the
AdSg solution of Brandhuber-Oz [140] was shown to arise locally far away from the defect
[34]. In our case we should be able to find the AdS; geometry dual to the D4-NS5-D6
brane intersection far away from the defect. This deservers further research.

7.4. A new class of AdS; x S? x S? solutions to Type
ITA via non-Abelian T-duality

In this section we take as our starting point the class of AdS, x S x S? solutions to
Type IIB supergravity we presented in (7.16)'. In the previous subsection we explained
how some evidence was gathered supporting the proposal that the line defect operators
these solutions are dual to are baryon vertices in N' =4 SYM. These operators would be
realised in string theory as (p, ) strings stretched between stacks of (¢, p) 5-branes and D3
colour branes, generalising the constructions in [113,114] by acting with SL(2,7Z). We also
showed in subsection 7.2.1 that these solutions are mapped through Abelian T-duality to
AdS, x S? x S? solutions to Type IIA supergravity arising in the near-horizon limit of
F1-D2-D4’-NS5’ defect branes embedded in the Type IIA realisation of 4d N’ =4 SYM,
namely the semi-localised D4-NS5 brane intersection studied in [93, 155-158, 163].

Now we want to construct more general AdS, geometries in Type ITA supergravity,
admitting a similar holographic interpretation as line defects within 4d N/ = 2 SCFTs
dual to Gaiotto-Maldacena geometries. We obtain these new backgrounds by acting with
non-Abelian T-duality on the class of AdS, x S? x S? solutions to Type IIB supergravity
constructed in (7.16). The new backgrounds are fibrations of AdSy x S% x S% over four in-
tervals and contain a particular solution that asymptotes locally to the Gaiotto-Maldacena
geometry introduced in [164]. We will show that it is possible to give an explicit interpre-
tation for this AdS, solution as a baryon vertex defect embedded in the 4d N'= 2 SCFT
dual to the Gaiotto-Maldacena geometry studied in [93].

Let us go back to our results. We start by rewriting the class of solutions (7.16) in
the absence of KK-monopoles as below'®,

dsty =qpy ) Hy'? (dshas, + dsd) + apy e Hyy (dy? + d=? + dr® + r?dss) |
e® =qp1gp; . Hz = —qoivolags, A dz — gpivolsz A dy,
F3 = — gp1volags, A dy + grivols: Adz, (7.50)
Fy =d[qp a5 Hpg volaas, A volg2]+
+ 73[(0, Hpsdy — 0, Hpzdz) A dr — 9, Hpsdy A dz] A volgs ,

14Tn the next sections we restrict ourselves to the n = 1 case. This does not affect the number of
preserved supersymmetries.

15We have substituted the r coordinate in (7.16) as 7 — (2qxk)~'r? for convenience and then set
qkk = 1 in order to obtain the solution at hand.
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with Hps satisfying the master equation
Vi4HD3 + VIQR? )HD?) = O (751)
" Y,z

These solutions arise in the near-horizon limit of the brane intersection depicted in Table
7.6, and preserve small ' = 4 supersymmetry, with the SU(2) R-symmetry group realised
on the S2.

branes | t 2t 2?2 2 z y 2% 27 28 2°
D3 X X X X - - - — — =
D1 X - - - X - - - -
F1 X - - - X - - - — -
D5 X —-— — — — X X X x X
NS5 | x — — — X — X X X X

Table 7.6: BPS/8 intersection describing D1-F1-D5-NS5 branes ending on D3 branes. x!,z?, 23
are the coordinates realising the SO(3) R-symmetry.

We now perform a non-Abelian T-duality transformation (as explained in subsection
1.4.1) along the S3, that we parametrise as

2 wyz 1o,
ds2s = (dw+§) + 7ds,. (7.52)

After this transformation the S? group manifold is replaced by an open subset of R3. The
new class of solutions to Type ITA supergravity reads,

ds?, :CJ%/lzqny 12 (dsAdS + dssz) + q]13/12 F11/2H1/2 (dy +dz? +dr )

+ 4q 1/2q;/12HD§/27’ *(dp? +Hp2ds§2),

=8 11)/14 F_11/4H 3/4H1/2 —3
1GQF1P3
By = 1 g2 1:
2 =qo1(2 volaas, -y volse) + 16gr1p* + qp1 Hpsr? Yols
FQ = — 8_1T3[(8ZHD3 dy — 8yHD3 dZ) Adr — &,HDg dy VAN dZ] s (753)
Fy =(volags, A dy — volga A dz) A (qgeipdp — 8 *qp1 Hpsr® dr)+
16 3
1P V()lgz VAN F2 3

16gr1p* + qp1 Hpsr?
Fys =d[¢d,q5,pHps volags, A volgz A dp]+
+ p*Hr 2 d[qp1 pr® (volags, A dy — volgz A dz) A volg,],

where we have defined .
gp1 Hpar

 16gp1p? + g1 Hpar*

(7.54)
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Hps satisfies (7.51) and (p, S?) parametrise the open subset of R?® that arises after the
non-Abelian T-duality transformation. Note that, as it is common after non-Abelian T-
duality, the brane intersection from where the AdS geometry arises in the near-horizon
limit cannot be easily identified'®. The obvious candidate as brane intersection underlying
the solutions (7.53) would be the non-Abelian T-dual of the brane intersection underlying
the AdS, solutions (7.50). We will see that the brane intersection depicted in Table 7.7 is
fully consistent with the quantised charges associated to the solutions (7.53), ergo we will
take it as the starting point of our quiver constructions. Note that the solutions described
by (7.53) preserve the same amount of supersymmetry as the original class of solutions,
since the S? is left untouched after the non-Abelian T-duality transformation.

branes | t ' 22 23 2 y p 27 2% 2°
D4 X X X X - - X - - -
D6 X X X X - - — X X X
NS5 | X X X X X X — — — -
D2 X - - — — X X - - -
F1 X — — — X - - — — -
D4/ X —-— - — — X — X X X
NS | x — — — X — X X X X

Table 7.7: BPS/8 intersection describing D2-F1-D4'-NS5'— branes ending on D4-D6-NSh
branes, associated to the class of solutions (7.53). As before, 2!, 22, 3 parametrise the directions
realising the SO(3) R-symmetry.

In the next subsection we turn to the defect interpretation of the solutions.

7.4.1. F1-D2-D4'-NS5 line defects within AdS;

Analogously to what we did in subsection 7.2.2, we consider the semi-localised profile
defined by [157]

4mqps
Hpz =1 , 7.55
D3 + (y2 + 22 + 12)2 ( )
and perform the change of coordinates
y=psinacos¢, z=pusinasing, 1= pucosa (7.56)

16The reader is referred to [165], where this is discussed for the AdS5 geometry constructed in [164], by
performing non-Abelian T-duality on the AdSs x S° background. Even in this simpler example the non-
Abelian T-dual of the solution associated to N D3-branes cannot be easily interpreted as a D4-NS5-D6
brane intersection.
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in order to obtain a solution that asymptotes locally to an AdS; geometry in the u — 0
limit. This solution reads'”

locally AdSs geometry

~ N

dsty = p? (dsigg, + dste) + d_,uQ +da® 4 s*de* +4c? | dp* + LC4ds2~2 7
: w2 16p2+ct %

e® =21 gpdc T (16 p* + )72,

~ . 16 p?
BQ :[,[,S(SVOIAdS2 -+ CV0152) + m VOISQ s
Fh=-2 scda A do ,
2 T4D3 0 o (7.57)
Fy =d[4mqp3pps(cvolags, — Svolsz) A dp| + WZ—C“ volg, N Fo+

+ 27 wgpsc?[(Evolags, — Svolgz) A du A da+
+ s(5volags, + évolgz2) A d(pcde)],
Amgpzpct
1602+ A
+ 167 gpapp® volaas, A volgz Adu Adp.

Fs = d[ps(é volaas, — §volgz)] A d[log(pp*c?) volg]+

Note that in order to obtain this solution we could have alternatively non-Abelian T-
dualised the solution (7.16) that asymptotes to AdSs x S°.

The geometry defined by the metric in (7.57) asymptotes locally to the Gaiotto-
Maldacena geometry constructed in [164], by acting with non-Abelian T-duality on AdSs x
S5. The fluxes associated to said solution are the ones below,

Fy = — 2mgqpssc®da A do,
Fy = — 2°nqpgsc p* Hdo A dop A volg, ,

16 p3
H3 =d (W) A VOISQ .

(7.58)

However, the isometries of the AdSs solution are broken by the presence of the extra
contributions to the fluxes in (7.57), which are subleading in p. These terms give rise to
new global charges associated to the defect branes. These branes, in turn, backreact into a
geometry described by a 5d curved domain wall with AdS; x S? slicings that is only locally
AdS;s. The presence of the extra fluxes also forbids any supersymmetry enhancement. Note
that, as in the examples discussed in [46, 58, 66], the R-symmetry of the 4d N' = 2 AdS;
solution is realised on the internal space (in this case on the 52 x Sdl) subspace), while the
R-symmetry of the AdS, solution becomes part of the superconformal group of the higher
dimensional theory.
Let us now proceed with a detailed analysis of the solution described by (7.57).

I"We have fixed the constants such that the AdSs subspace has radius one.
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7.5. Line defects within 4d N = 2 SCFTs and brane
boxes

In this section we construct the brane set-up underlying the solution (7.57) and show
that it consists on D2 colour branes stretched between perpendicular NS5-branes. This
realises a one-dimensional brane box model from which the 1d quiver QFT can be read.
We show that this theory can be embedded within the 4d N = 2 SCFT dual to the
Gaiotto-Maldacena geometry arising in the asymptotics, described by a linear quiver with
gauge groups of increasing ranks [93]. Furthermore, we discuss in detail the interpretation
of the F1-strings present in the brane intersection, and show that together with the D2
and one of the families of D4-branes describe baryon vertices in the 4d SCF'T.

7.5.1. The 4d Superconformal Background Theory

As a Gaiotto-Maldacena geometry, the AdS; solution constructed in [164] is dual to
a 4d N' = 2 superconformal field theory living in a D4-NS5-D6 brane intersection. This
CFT was thoroughly studied in [93], to which the reader is referred for more details. The
D4-NS5-D6 intersection is described by the first three lines in Table 7.7. We start by
computing the quantised charges associated to the NS5-branes, following [93]. Integrating

5 = ool (7.59)

on the cycle defined by the 52 positioned at o = 7/2, we have,

1 52 P
m b o

Since this quantity has to take values between 0 and 1 in order to have a well-defined
partition function, the p direction must be divided in intervals of length 7, such that when
p € [nm, (n+ 1)7] a large gauge transformation of parameter n must be performed for
(7.60) to be satisfied. B5” must thus be modified as

32 < 16 ,03

“\162 + A nﬂ-)VOlSZ’ for p € [nm, (n+1)x]. (7.61)
P2 +c

5 =

One effect of this split into intervals is that upon crossing p = nm a NS5-brane is created,
generating a Hanany-Witten brane creation effect. Indeed, we have in each interval

Onss = —— /H L / Y (7.62)
— — =1 .
SN CZOEN S N GYSE 5

™

with ¥, the 52 located at a = /2. Moreover, the n term in (7.61) contributes to the
4-form Page flux with S? component such that

FS = nmvolg A Fy, (7.63)
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which, knowing that in units with g, = o’ =1,

1 A
QDP = (27T)7_p /E FS—p7 (764)
8—p
gives

Qps =nQpe with p € [nm, (n+ 1)7], (7.65)

where!®

T

@pe = 5Ds3- (7.66)

These quantised charges give rise to the Hanany-Witten brane set-up depicted in Figure
7.5, where the D4-branes play the role of colour branes and there are no D6 flavour
branes, as the D6-brane charge remains constant across intervals. Note that this brane

2Qpe D4

nQpe D4

Qps D4

7T 27 37 nmw (n+ )7

—_
P

Figure 7.5: Brane set-up associated to the 4d background theory. NS5-branes are located at
pn = nm and nQpe D4-branes are stretched between them in each [py,, pp+1] interval.

set-up extends infinitely in the p-direction, due to the non-compact character of the p-
coordinate. This happens because after the non-Abelian T-duality transformation the
S3 of the original solution is replaced by an open subset of R3 and due to our lack
of knowledge of how non-Abelian T-duality extends beyond spherical worldsheets it is
not possible to infer its global properties [166]. In view of this in [93] different ways of
terminating the brane set-up were discussed. Here we will choose the simplest scenario,
namely, we will terminate the brane set-up at pp = P7 by adding a set of PQpg D6-branes
(or semi-infinite D4-branes). The resulting quiver is the one depicted in Figure 7.6. One
can check that at each node of the quiver the condition on the ranks of the gauge groups,
li?

2, =y + 1, (7.67)
required for the S-function to vanish [109], is satisfied. Moreover, the field theory and holo-
graphic central charges can be shown to agree to leading order in P, i.e. the holographic
limit in these quiver constructions [93].

8Note that as usual the quantised charges need to be renormalised after a non-Abelian T-duality
transformation. This can be done through a redefinition of Newton’s constant. This will affect our
normalisation of the holographic central charge in subsection 7.5.4 (see for instance [93]).
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SU(PQps

Figure 7.6: Quiver describing the 4d N'= 2 SCFT dual to the background geometry.

7.5.2. The line defect theory

We proceed now to the description of the D2-F1-D4’-NS5’ defect branes whose back-
reaction in the AdS5 geometry generates the AdSs solution. We start focusing on the F1-
and NS5-branes. For this purpose, it is useful to define

y=pusinacos¢, z=pusinasing, (7.68)

as in equation (7.56). The Bj field then reads

3

16 p
Tvolgz . (7.69)

By = 1 | —_—
2 ZVOAdSQ+yVOSQ+16p2+C

The component along the S? is associated to the NS5-branes of the 4d background theory,
as we saw in the previous subsection, so we will no longer discuss it. In turn, the first
and second components are associated to the F1 and NS5 defect branes. Let us start by
looking at the NS5-branes. A very similar analysis to the one performed in the previous
subsection for the NS5-branes of the background theory shows that we must divide the
y-direction in [mm, (m + 1)x] intervals and perform a large gauge transformation of gauge
parameter m in each one of them to satisfy that Bs lies in the fundamental region. This
fixes

BY = (y —mm)volg:  for y € [mm, (m + 1)7] (7.70)

and creates NS5-branes along the y direction at each y = mm. Let us now turn our
attention to the electric component of By. The Fl-strings are electrically charged with
respect to the NSNS 3-form. Therefore, their charges are computed according to

S N ‘
O = (2m)2 /H3 -~ (27)2 /Ang & (7.71)

where we use the superscript e to denote that we are referring to electric as opposed to
magnetic charges. Regularising the volume of the AdS, space such that Volpygg, = 47!
and dividing the z direction into intervals of length [km, (k + 1)x], a single Fl-string lies
in each such interval. This is also implied by the condition that the integral of By lies
in the fundamental region, as previously discussed (see [43]) . In this case a large gauge
transformation of gauge parameter k& must be performed for z € [km, (k + 1)x], such that

BS = (z — km)volags, (7.72)

19This regularisation prescription is based on the analytical continuation that relates the AdS, space
with an S2.
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in this interval. We will come back to the physical interpretation of this condition after
we discuss the quiver quantum mechanics associated to the solution.

For this purpose, let us now look at the D2 and D4’ defect branes. The large gauge
transformations of parameters m and k modify the S? and AdS, components of the Page
fluxes, according to

F4 — F4 + mmFy A volgz + kmFy A volags, , (7.73)
F()- — FG + mnm?Fy A volge A volg, + knm?Fy A volags, A volgs , '

generating a Hanany-Witten brane creation effect. This affects the («, ¢) components of
the Page fluxes, where F; lies. Since, in the absence of large gauge transformations, we
have for these components that

1
F4 :Fg/\BQ and FG :F4/\BQ— §F2/\BQ/\BQ, (774)

we find that
ﬁ’4 =kmF5 A volags, +mmEy A volg: +nwFy A volg, ,
Fy =mnn?Fy A volgz A volg, + knm? Fy A volags, A volg.+ (7.75)
+ kmn?Fy A volags, A volgz .

Let us focus on the magnetic components. Equations (7.75) imply that D4’-branes are
created across NS5'-branes as we move in the y-direction, and D2-branes are created both
across NS5'-branes as we move in the y-direction and across NS5-branes as we move in
the p-direction. To this we have to add the D4-branes that were already created across
NS5-branes in the p-direction in the background theory. The corresponding quantised
charges in the y € [mm, (m + 1)7], p € [nm, (n + 1)7] intervals are given by

Qpy =mQps, @p2=mnQps, ps=nQps- (7'76)

We thus find a brane scenario in which two directions, y and p, play the role of field theory
directions. The D2-branes, stretched between both types of NS5- and NS5'-branes in these
directions, are interpreted as the colour branes where a 1d supersymmetric field theory
lives. In turn, the charges carried by the D4’- and D4-branes are induced by the D2-
branes they end on, with which they share the y and p field theory directions, respectively
(see Table 7.7). The brane set-up in the (p,y) plane is then the one depicted in Figure
7.7. Once we have identified the brane set-up we can proceed to construct the quiver
that describes the field theory living in the D2-branes. In order to achieve that goal, we
must look at the quantisation of the open strings that stretch between the branes in the
different boxes. As it is customary for 1d N' = 4 multiplets, we will use 2d N' = (0,4)
notation. We will follow closely [149], where the quantisation of open strings in D3-brane
box models realising 2d N = (0, 4) field theories was studied in detail. Our brane set-up is
simply related to the D3-NS5-D5-NS5°-D5’ brane intersection studied in [149] by Abelian
T-duality along the ! direction therein, and thus realises a 1d N' = 4 instead of a 2d
N = (0,4) field theory. Except for this subtlety, the analysis is completely analogous.
There are four types of D2-D2 strings to consider:
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(m+1)m
m D2 2m D2| - - - |mn D2 -
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2D2 [4D2 |- - - |2nD2]-
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1D2 | 2D2 |- - - |nD2|

T

T 27 3m nm (n+1)w y

P

Figure 7.7: Brane set-up associated to the AdSs solution (7.57) (in units of Qpg = 1).

= When the end-points of the string lie on the same stack of D2-branes, the projections
induced by both the NS5 and the NS5’ branes leave behind an N' = (0,4) vector
multiplet, since the D2-branes cannot move in any of the transverse directions.

= When the end-points of the string lie on two different stacks of D2-branes separated
by an NS5-brane, the degrees of freedom along the (27, 2% 2?) directions are fixed,
leaving behind the scalars associated to the (z!, 22, 23) directions. Together with
the A, component of the gauge field, they combine into an N = (0,4) twisted
hypermultiplet in the bifundamental representation, since the scalars are charged
under the R-symmetry.

= When the end-points of the string lie on two different stacks of D2-branes separated
by an NS5-brane, the degrees of freedom along the (z!, 22, 23) directions are fixed,
leaving behind the scalars associated to the (27, 2%, %) directions. The unconstrained
coordinates, together with the A, component of the gauge field, give rise to an
N = (0,4) hypermultiplet in the bifundamental representation, since the scalars are
uncharged under the R-symmetry.

= Finally, when the end-points of the string lie on two different stacks of D2-branes
separated by both an NS5- and an NS5'-brane, all the scalars are fixed, leaving behind
the fermionic mode associated to a bifundamental N = (0,2) Fermi multiplet.

These multiplets give rise to the planar quiver in Figure 7.8. This quiver consists of
two arrows of linear quivers, associated to the D2-branes stretched between NS5-branes
in the p direction and NS5-branes in the y direction, with mutual interactions consisting
of N' = (0,2) Fermi multiplets. The quiver is terminated in both directions with two
families of flavour groups, arising from nP’ D6-branes (or semi-infinite D4’-branes) placed
at p=nm, withn =1,2,..., P, ypr = P'm and mP D6-branes (or semi-infinite D4-branes)
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placed at pp = Pw, y = mm with m = 1,2,..., P’. This allows to construct a well-defined
one dimensional quiver quantum mechanics, from which one can compute the degrees of
freedom of the 1d SCQM that arises in the IR, as will be pursued in subsection 7.5.4.

Figure 7.8: Quiver quantum mechanics associated to the AdSs solution given by (7.57). Circles
denote N/ = (0, 4) vector multiplets, red lines N' = (0,4) bifundamental twisted hypermultiplets,
black lines NV = (0, 4) bifundamental hypermultiplets and dashed lines bifundamental N' = (0, 2)
Fermi multiplets. We have taken units in which Qpg = 1.

Our proposal is that the quiver depicted in Figure 7.8 describes a 1d field theory that
flows in the IR to the 1d SCQM dual to the AdS, solution. Note that, as a one-dimensional
field theory, there is no condition for gauge anomaly cancellation. However, it is striking
that the quiver mechanics satisfies the conditions for gauge anomaly cancellation of a 2d
N = (0,4) field theory. This can be checked right away in our 2d N' = (0,4) notation
for the superfields. For this matter, we need to recall the contribution from the different
fields to the U(N) gauge anomaly (see for instance [49,94,116,149]):

» NV = (0,4) twisted or untwisted hypermultiplets contribute with a factor 2N if they
are in the adjoint, or with a factor 1 if they are in the fundamental representation.

= N = (0,4) vector multiplets contribute with a factor —2N.

= N = (0,2) Fermi multiplets in the fundamental contribute with a factor -1/2.

With these contributions one can easily check that all nodes in the quiver in Figure 7.8
satisfy that the gauge anomaly vanishes. We will further discuss this property of the
quiver when we interpret our result for the central charge in section 7.5.4.
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Let us now explore another interesting property of the quiver in 7.8: it can be seen
as the result of embedding the D2-D4’-NS5-F1 defect branes in the 4d NV = 2 SCFT
living in the D4-NS5-D6 brane intersection. From the point of view of the 4d theory the
R-symmetry is realised on the 27, 2%, 2% directions, as mentioned in section 7.4. The 4d
quiver depicted in Figure 7.6 is then decomposed in terms of 2d NV = (0,4) matter fields
as shown in Figure 7.9.

Figure 7.9: Field theory living in the D4-NS5-D6 subsystem (in units of Qpg = 1) in terms of
2d N' = (0,4) multiplets.

In this decomposition the 4d N = 2 vector multiplet gives rise to a 2d N' = (0, 4) vector
multiplet with gauge field A,, o = ¢, z, plus a 2d N' = (0, 4) adjoint hypermultiplet, arising
from combining the reduction of the gauge field along the (x!,z? z?®) directions and the
fluctuations in the y-direction. In turn, the 4d N' = 2 bifundamental hypermultiplet gives
rise to a 2d N = (4,4) bifundamental twisted hypermultiplet, arising from combining the
A, component of the gauge field with the fluctuations in (27, 2%, z%). These decompositions

can be summarised as
4d N = 2 vector — 2d N = (0,4) vector + 2d N = (0,4) adjoint hyper,

7.77
4d N = 2 bifundamental hyper — 2d N = (4,4) bifundamental twisted hyper . (7.77)

We can consider in an analogous way the D4’-NS5'-D6 brane subsystem of the brane
set-up shown in Table 7.7. The 4d SCF'T living in this brane subsystem is again the one in
Figure 7.6, but this time y plays the role of field theory direction. However, in the decom-
position into 2d A" = (0, 4) matter multiplets, the 4d A/ = 2 vector multiplet decomposes
into a 2d N = (0, 4) vector multiplet plus a 2d N' = (0,4) adjoint twisted hypermultiplet,
arising from combining the reduction of the gauge field along the (27, 2% 2%) directions
and the fluctuations in the p-direction. It is well-known that these multiplets combine
into an N = (4, 4) vector multiplet. The difference with the decomposition of the gauge
field living in the D4-branes is that the scalars are now charged with respect to the SU(2)
R-symmetry. On the other hand, the 4d N’ = 2 bifundamental hypermultiplet gives rise
to an N = (4,4) bifundamental hypermultiplet, arising from combining the A, component
of the gauge field with the fluctuations in (2!, 2% 2%). Again, the difference with the de-
composition of the 4d hypermultiplet living on the D4-branes is that the scalars are now
uncharged with respect to the SU(2) R-symmetry. These decompositions are collected
below,

4d N = 2 vector — 2d N = (0, 4) vector + 2d N = (0, 4) adjoint twisted hyper,

7.78
4d N = 2 bifundamental hyper — 2d N = (4, 4) bifundamental hyper . (778)

The 4d quiver living in the D4’-NS5-D6 branes is represented in terms of 2d N' = (0, 4)
multiplets in Figure 7.10.
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iR

Figure 7.10: Field theory living in the D4-NS5-D6 subsystem (in units of Qpg = 1) in terms
of 2d N/ = (0,4) multiplets. Red circles represent N' = (4,4) vector multiplets.

The quiver depicted in Figure 7.8 can now be seen as the result of assembling the
two quivers represented in Figures 7.9 and 7.10. In this assembly the charges carried by
the D4 and D4'-branes are now carried by D2-branes, that stretch in both the p and y
field theory directions. Our proposal is that the 1d field theory described by this quiver
flows in the IR to the SCQM dual to the AdS, solution (7.57). We would like to stress
that the SCQM proposed in this section is far more elaborated than those previously
constructed in the literature [42, 43,45, 47,65, 167, 168], since it involves the highly non-
trivial brane box models constructed in [149], now realising an N/ = 4 supersymmetric
quantum mechanics. Moreover, we have at our disposal the explicit holographic dual, and
therefore a well-controlled string theory realisation that allows to study these constructions
geometrically. We will see that this is particularly useful when addressing the non-trivial
issue of computing the central charge. Our construction provides, to our knowledge, the
first example in which a brane box model has been described holographically?’. We would
like to emphasise the non-trivial role played by non-Abelian T-duality in making this
possible.

In the next subsection we turn to a more precise interpretation of the massive F1-
strings present in the defect sector of the theory. This discussion follows very closely
the analysis carried out in subsection 7.3.6. We recall that, although in that case we
were working with a class of AdSs solutions missing AdS5 asymptotics, the field theory
analysis allowed to interpret the D2-D4’-F'1 branes as baryon vertices for the D4-D6-NS5
subsystem. This suggests that a defect interpretation should still be possible. We will
show that the previous baryon vertex interpretation goes through, as expected, for our
AdS,/CFT; set-up, which finds in this way a defect interpretation from both the field
theory and the geometrical sides.

20See [46] for AdS3 solutions dual to D3-brane boxes with one circular direction.
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7.5.3. Baryon vertex interpretation

In this subsection we turn to the interpretation of the Fl-strings of the solution.
We show that, together with the D2- and the D4’-branes, they find a baryon vertex
interpretation within the 4d ANV = 2 background theory.

Let us start looking at the D2-branes by considering the below worldvolume coupling,

Sm:B/@A&. (7.79)

It shows that a D2-brane lying on (¢, ¢, &) behaves as a baryon vertex for the D6-branes,
since it carries ()pg units of F1-string charge. Analogously, the coupling

Spy =T} / Fy A A, (7.80)

in the worldvolume of a D4’-brane shows that a D4’-brane lying on (¢, ¢, o, 5?) and located
at a fixed position in p € [nm, (n 4+ 1)7] behaves as a baryon vertex for the D4-branes in
this p-interval. This can be understood as the D4’-brane carrying Qps = n@QQpg units of
F1-string charge. Indeed, the relative orientation between the D4’- and the D4-branes in
the brane set-up allows to create F1-strings stretched between them, as depicted in Figure
7.11. And the same can be stated about the D2- and D6-branes.

Qps F1 Qpa F1

Qpe D6 Qpa D4

Qp2 D2 Qpy DY
Figure 7.11: Wilson loop in the Qpg (@p4) antisymmetric representation of U(Qp2) (U(Qpy/))-
Coming back to our brane configuration, the relevant fluxes that give the quantised electric

charges of the D2- and D4’-branes playing the role of baryon vertices are the (AdS,, ¢, )
and (AdS,, ¢, a, S?) components of Fy and Fg found in (7.75), given by

Ff = km F5 A volags, , Fﬁe = nkw? Fy A volags, A volgs . (7.81)
These fluxes give rise to the quantised charges below,

QY =kQpe for =z € [km,(k+ 1)n],

7.82
Qhy =nQhy =nkQps for z € [kr, (k+1)n] and p € [nm, (n+ 1)7]. (7.82)

From these charges we can read the brane set-up along the z direction for constant y and
p, as depicted in Figure 7.12. In this set-up the stacks of D6-branes located at p = nm,
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ypr = P'm that terminated the quiver quantum mechanics in the y direction allow us to
also terminate the brane set-up in the z direction, if we locate them at zpr = P'm 2.

> (@ % (@ (@
D2 2 D2 P’ D2
K %) K
n D4 n D4 n D4
n D4’ 2n D4’ P'n D4’
—

z

Figure 7.12: Brane set-up in the z-direction, for y and p constants. The numbers of D4-
and D6-branes at each interval are given by their respective magnetic charges. Instead, for the
numbers of D2- and D4’-branes we give their electric charges (7.82) as these are the ones that
play a role in their interpretation as baryon vertices.

The brane set-up depicted in Figure 7.12 can now be related by a combination of a
T-duality, an S-duality, successive Hanany-Witten moves and a further T-duality to the
brane set-up depicted in Figure 7.13. This is carefully explained in [43] (see also [65]).

F1 ri F1 X
i F1 f)ﬁ"
.o £1 2 D6
D2 2 D2 P’ D2
Fi F1 Fl
1 F1 4%:; o
ot AN i S—— Y]
n D4/ 2n D4/ P'n DY
—>

z

Figure 7.13: Hanany-Witten brane set-up equivalent to the brane configuration in Figure 7.12.

In this description of the system the relation with the constructions in [113, 114]
becomes manifest. In our case the sum of the F1-strings stretched between each D2 (D4')
and the flavour D6 (D4) branes coincides with the rank of the gauge group of the D2
(D4’) branes. This implies that the Wilson lines are in the fundamental representation
of the gauge groups. Therefore, the D2-D4’ branes describe baryon vertices for the D6-
D4 branes of the 4d background theory. As we move in the p direction the NS5-branes

2INote that the relations (7.68) imply that z and y must reach the same maximum values.
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located in the different positions in p allow to create D4-branes stretched between them
in an increasing number in units of ()pg. Exactly the same phenomenon takes place for
the D4’-branes, which are created, orthogonal to the D4-branes, as the NS5-branes are
crossed, in an increasing number in units of Qf,, since they carry electric charge. In turn,
as the number of D2-branes varies as we move in the z direction, the same happens with
the D4’-branes. In this way one finds an analogous interpretation to that of the D2-branes
for the D4’-branes, as baryon vertices for the D4-branes.

The conclusion of our analysis in this subsection is that the AdS, solution can be
interpreted as describing backreacted baryon vertices within the 4d N/ = 2 CFT living in
the D4-NS5-D6 branes. Consistently with this interpretation the AdSs solution associated
to the D4-NS5-D6 intersection arises asymptotically locally far away from the defect. Even
if the baryon vertices are described in terms of D2-D4’-F1 branes, NS5'-branes need also be
introduced in the background so that a solution to Type IIA supergravity arises. The full
brane set-up allows then for a field theory description of the AdS, solution in terms of D2-
branes stretched between both the NS5-branes and the NS5-branes in two perpendicular
directions.

7.5.4. Computation of the central charge

In this subsection we show that the SCQM proposed in the previous sections provides
one further example in which the central charge computed from the 2d expression is in
agreement with the holographic calculation. If we now use the formula in (5.4) for our 1d
quiver in Figure 7.8 we find*?,

P-1P/—1 P-1P'—1
Nhyp = Z Z n2m(m + 1)Q2D67 Nyec = Z Z n2m2Q2D6 . (783)
n=1 m=1 n=1 m=1

We thus arrive at the following value for the central charge

CR = %P(P —1)(2P —=1)P'(P' —1)Q- (7.84)

In the large number of nodes limit, i.e. to leading order in P and P’, it behaves as
cr ~ PPP?Q3 . (7.85)

In order to compare with the holographic calculation, we need to compute ¢y, as well, since

1
Chol = §(CL +cgr) . (7.86)

It can be obtained cj, from the relation below,

e =cp+ Tr(v?). (7.87)

22Here we have reinstated Qpg # 1.
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We can easily see that Tr(v3) = 0 for our quiver in Figure 7.8, therefore ¢y = cp.
Let us compute now the holographic central charge. We remark that we need to apply
the proper normalisation of Newton’s constant, as mentioned previously, arriving at the

following,
3 3 > /
Chol = ﬁ‘fint = 258 /d9€ e det(gij) ) (7.88)

where g;; is the metric of the inner space and 0 are coordinates defined over it. Using
this expression and integrating p between [0, Pr] and p between [0, P'w|, we find that the
holographic central charge reads

Chol = P3PI2Q2D6, (789)

in perfect agreement with the field theory calculation, in the large number of nodes limit.

7.6. The D1-F1-D3-D5-NS5-D7 brane set-up

In this section we construct a new family of AdS, solutions to Type IIB supergravity
preserving N/ = 4 supersymmetries. We obtain these solutions as near-horizon geometries
of D1-F1-D3 branes ending on the D5-NS5-D7 brane system where the 5d Sp(/N) gauge
theory lives.

Such an intersection reproduces a class of AdS; x S% x S? x S geometries foliated
over two intervals in the near-horizon. We show that a subset of non-compact backgrounds
within this class flows asymptotically locally to the AdSg x S? x ¥y vacuum of Type IIB
supergravity constructed in [159, 169]. This AdSg vacuum geometry was obtained by
Abelian T-dualising the Brandhuber-Oz solution to massive Type ITA supergravity [140],
and it is the only explicit solution within the general classification of AdSg x S? x X,
solutions in [142,170,171] with ¥, an annulus (see [145]).

This asymptotic property of our AdSs solutions allows us to interpret them as holo-
graphic duals to line defects within the 5d Sp(/V) fixed point theory. In favour of this
duality we show that they are related by T-duality to the AdS, x S3 x CY, x I solutions
constructed in [43] (for CYy = R*), which were interpreted as line defects within the 5d
Sp(N) CFT, as shown in [43,58,161].

Let us consider the brane picture summarised in Table 7.8, consisting on D1-F1-D3
branes ending on a D5-NS5-D7 system. Under certain conditions, this brane set-up gives
rise to the aforementioned family of solutions to Type IIB supergravity, consisting on
AdS, x S% x S% x S! fibrations over a 2d Riemann surface.

Our first assumption consists on taking the D1-F1-D3 defect branes completely lo-
calised within the worldvolume of the orthogonal D5-NS5-D7 system of background branes,
i.e. the R* parametrised by p and the S3. In other words, the associated warp factors
Hpi, Hpp and Hps are just functions of the radial coordinate p. As we saw before, this
allows to decouple the field equations of the defect branes from those of the background
ones.

160



HOLOGRAPHIC DUALITY, THEORY OF DEFECTS AND BLACK HOLES

GH
©
™
©
w
I
<
=
=
>
o

branes
D7
D5
NS5
D1
F1
D3

X X X[
X X X
X X X
X X X

|

X

I

[

I

X X X X X X|=
|
|
|
|
|
X
|
|
|

Table 7.8: %—BPS brane intersection of D5-NS5-D7 background branes with D1-F1-D3 branes
ending on them.

The second assumption that we make is to take the D7 and NS5 charges smeared over
a shared transverse direction 1, which parametrises a circle. In terms of the warp factors
this implies that Hyss = Hngss(r) and Hpy; = Hpr(2)**. This condition restricts one to
the D5-NS5-D7 brane set-up where the 5d Sp(N) gauge theory lives, thus recovering the
asymptotically locally AdSg x S? x ¥ solution of Type IIB dual to this SCFT, constructed
in [159,169].

Finally, we take completely localised D5-branes, i.e. its warp factor satisfies Hp; =
Hps(z,r). Under these considerations, the brane set-up at hand gives rise to the fields
below,

st =Hpy " Hpg'* |~ ol Hyd il di? + HYPHYS (d® + pPdsi) | +
+ Hyy Hys i Hyly Hy d2* + Hyf Hog* Hyss Hyy Hyly d?+
+ Hp P HYP Hyss HY) Hyg? (dr? + r2ds?s)
1 pp—1/2 171/2 771/2 pp—1/2
e® :HD;HD5/ HN/S5HD/1 HFI/ g
Hg) = — 8PH§11dt Ndp A dz + 0, Hysgs r* dip A volge |
Fay =Hp| Hp1 0. Hpy dy),
Fsy = — Hp70,Hp{dt A dp A dip — Hpr 0, Hps 7°dz A volga+
+ Hyy Hpya Hyss 2 0, Hps dr A volgz
Fis) = — HpsHnss 9,Hps r*dt Adp A dr A volg: + Hpz0,Hps p° volgs A dz A dip .

(7.90)

For this background, the equations of motion and Bianchi identities of Type IIB super-
gravity decouple in two groups. One group is associated to the D1-F1-D3 defect branes,

VisHpr =0 with Hpy = Hypy = Hpy (7.91)

23In the absence of D1-F1-D3 branes, one can T-dualise the D7-D5-NS5 subsystem in Table 7.8 along
the v direction in order to obtain the D4-D8-KK system whose near-horizon geometry is the AdSg vacuum
of massive ITA (orbifolded by Zj, [144]). The KK-monopoles arise from the dualisation of the NS5-branes.
In the presence of D1-F1-D3 branes an extra D0-F1-D4’ bound state ending on the D4-D8-KK system
is obtained. AdSs solutions associated to these brane intersections were constructed in [34,43,46], and
interpreted as dual to DO-F1-D4’ baryon vertices within the 5d Sp(V) fixed point theory.
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and the other to the D5-NS5-D7 background branes,
HD7V%§HD5 + HNS5 8§HD5 = 0, V%@HNs5 =0 and azHD7 =0. (792)
If we now pick the following particular solution to (7.91),

Hpi =1+ % (7.93)

and we take the near-horizon limit by sending p — 0, the following family of backgrounds
epa2d
arises™”,

o' Hig!? [dshas, + 4ds%s] + Hy? HEd2>+

dsiy =4""qp1 Hy
+ HYP HOM? Hyssdd® + Hy Y 2 HY? Hyss (dr? + r2ds2s) |

Hegy = — 2_1q]g/12V01Ads2 A dz + 0, Hxgs 7"2d1p A volgz | e® = HS%HS;/QHIE/S% ,
Fuy =0.Hpr dy, (7.94)

Flg) = — 27 ¢t} Hprvolaas, A dip — Hpyrd, Hps r2dz A volga+
+ HNSE) 7“2 8ZHD5 dr N V0152 s

F(5) = — 2_1Q]1)/12HD5HNSS 7"2 VOlAdS2 Adr A VOlsz — 2(]D1HD7 V0153 ANdz N dw .

These backgrounds preserve A = 4 SUSY. The simplest way to infer this is to note that
they are related to the NV = (0,4) AdS; x S? solutions constructed in [46] through a double
analytical continuation®”. We thus obtained a class of N' =4 AdS, x S® x S? x St x I, x
I, geometries. Each solution of this class is characterised by a particular choice of the
three functions Hpr(z), Hps(z,7), Hngs(r), which are solutions of the equations (7.92)
and describe the dynamics of a D5-NS5-D7 bound state wrapping an AdSs x S® curved
geometry.

7.6.1. Line defects within AdSg x S? x 3, vacua

In our previous analysis we derived the supergravity solution describing D1-F1-D3
branes ending on a D5-NS5-D7 system. We also showed that in the near-horizon limit the
brane solution gives rise to a class of N' = 4 AdS, x §3 x §% x S x I, x I, geometries. These
backgrounds are defined by the functions Hpz(2), Hps(z,7), Hxss(r) solving the equations
of motion of the D5-NS5-D7 bound state, given by equation (7.92). We also mentioned
that our solutions can be related via double analytic continuation to the N/ = (0,4)
AdS; x S? solutions constructed in [46]. These other solutions originate from D3-D5-NS5
branes ending on a D5-NS5-D7 system, and under certain assumptions can be interpreted
as holographic duals to surface defects within the 5d Sp(N) fixed point theory. One can
check that the equations describing the D5-NS5-D7 subsystem of our brane set-up, given

24Tn order to have AdS, with unitary radius we performed the rescaling t — 2_1q]35/12t.

25See the solutions (5.13) of [46].
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by (7.92), are exactly the same ones that allowed to find such defect interpretation in [46].
Therefore, we can take the same profiles for Hp7, Hps and Hygs in order to find AdSg
arising in the asymptotics®®. These profiles are given by [159],

dps gnNss

Hps =1+ 573 Hxss = ——,  Hpr = qorz, (7.95)
(4gnss + 5qo722) / "

where the parameters ¢ps, ¢pr and gngs are the charges of the D5-, D7- and NS5-branes.
As in [46], the AdSg x S? x ¥y geometry constructed in [159, 169] comes out after the
change of coordinates,

r=9'gprp?® cosa?, z= qll\I/S?’5 p sin a?/? (7.96)

with ¢ > 0 and a € [0, §]. Indeed, rewriting the backgrounds (7.94), considering the warp
factors (7.95) written in this parametrisation and taking the p — 0 limit, one obtains,

locally AdSe geometry
ds?, =s~ 3[4 23 2 (d52 + 4d32[) + d_MZ +
10— 4p1 dNssH AdS, 53 2 (7.97)

4
+ §da2 + ks 28 Bdy? 4+ 971 Pds2s)

where the 6d external part of the metric asymptotes locally to an AdSg geometry with
unit radius. From this expression it is manifest that in the g — 0 limit, the solutions
take the form of a AdSg x S? x ¥y vacuum, where the Riemann surface 3, is an annulus
parametrised by the coordinates («, ). Note however that AdSg arises only locally since
extra, subleading, fluxes are also present in the solution that break the AdSg isometries.
We also remark that, as the internal space in (7.97) is non-compact along the p direction,
the holographic central charge for the dual superconformal quantum mechanics turns out
to be infinite. Indeed, using the formula for the AdS;y case (7.43)*" (see [105,106,172]),
one finds the following holographic central charge,

3
Chol = — | dPy\/gse** (7.98)

876 J s,
5 ayp b / dvp dovdp cos® o sin'/? o i?

where the integration has been performed along the Mg 8d internal manifold of the AdS,
spacetime. In this expression the divergence along the p direction (which plays the role of
AdSg radial coordinate) is manifest. This is exactly the situation one would expect for a 1d
CFT dual to a conformal defect embedded in a higher dimensional CFT (see [34,46,66]).

Finally, it is easy to check that the new AdS, x S x S? x St x X, solutions defined
by (7.94) are related by T-duality along the ¢ direction to the AdSy x S® x CYy x [

Z6For a detailed derivation see subsection 5.3 of [46].
2"We fixed the ten-dimensional Newton’s constant as G = 876.
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solutions to massive ITA supergravity constructed in [43] in the case where CY, = R*.
After the duality, the S? and the ¢ direction give rise to a second S3, which together with
the r direction build up the R*. As already mentioned, it was shown in [34,46] that these
Type ITA solutions describe D0-F1-D4’ branes ending on the D4-D8 system. Furthermore,
the detailed analysis of the dual field theory performed in [43] allowed to interpret the
DO-branes as baryon vertices associated to the D8-branes of the background, and the
D4/-branes as baryon vertices associated to the D4-branes®. Analogously, the D1-F1-D3
defect branes present in our AdS, solutions find an interpretation as D1 and D3 baryon
vertices for the D7 and D5 background branes, respectively. The T-duality symmetry that
relates these constructions guarantees that the 1d quivers constructed in [43], now built
out of D1-D3 colour branes and D7-D5 flavour branes, describe 1d QMs that flow in the
IR to the SCQMs dual to our solutions.

7.7. SL(2,R) rotation of the D1-F1-D3-D5-NS5 brane
set-up

In this section we focus on the subclass of solutions associated to the brane intersection
depicted in Table 7.8 in the absence of D7-branes. Acting with a rotation included in
the SL(2,R) S-duality group of Type IIB supergravity, we obtain a covariant class of
solutions depending on the parameter associated to the SL(2, R) transformation. As usual,
since only SL(2,Z) is a symmetry of Type IIB string theory, continuous transformations
determine new inequivalent backgrounds in the supergravity limit.

The exclusion of D7-branes is required so that a local analysis of SL(2,R) rotations
can be performed. This is because the NS7-brane (the S-dual of the D7-brane) is not
well understood due to its highly non-perturbative nature. Note that this leaves the
supersymmetries unaltered. Globally one is, of course, free to take the general brane
set-up depicted in Table 7.8 and perform an S-duality transformation involving the D7-
branes. However, we will refrain from doing this, as we are mainly interested in the local,
supergravity description.

Taking as seed solution the brane intersection described by (7.90), setting Hpy = 1
and applying rules introduced in subsection 1.4.2, we arrive at the following family of

28The field theory is described by quiver-like constructions involving different nodes, and therefore
different gauge groups, for both the D4- and the D8-branes. It is worth pointing out that in these
constructions the D4- and D8-branes turn from colour branes, where the 5d Sp(N) gauge theory lives, to
flavour branes, once the defect branes are introduced. The reader is referred to [43,161] for more details
on this description.
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backgrounds,

8y = Hol* (= Hol )+ 1 HI 0 + %))
B HE 02+ G Hss Y 0

+ H Hyss Hyy) Hpg " (dr? + r2ds§2)] :

—1/2 171/2 771/2 17—1/2 Hps Hy:
T =A HD5/ HN/S5HD/1 HFI/ , Co = AT <—_ - 1)
Hxss Hpr
Hg) = — cO,Hp'dt Ndp A dz + ¢ 0, Hygs r* dip A volge — s 8,Hp dt A dp A dyp
— 80, Hps r*dz A volgz + s Hpy Hpyy Hxss r° 9, Hps dr A volgz (7.99)
F(g) = — CA_lapHﬁlldt A dp A d?/) + CA_IleH]S;HNSE, 7"2 GZHD5 dr N\ V0152
Hps H,
— ¢ AT, Hps r2dz Avolge + s AT 22 L L HE dE A dp A dz
Hyss Hp1
Hps Hy:
—sA™! —0,.H 2 dap A volge
* Hygs Hpy 7" ¥ Avels
F(5) = — HDBHNS5 a HD3 T2 dt N\ d,O Adr A V0152 + 8pHD3 ,03 VOISS ANdz N\ d@Z) s
Hyss Hpr

where the family is parametrised by £ and we have denoted s = sin&, ¢ = cosé. The
equations of motion and Bianchi identities are preserved by the SL(2,R) rotation, therefore
Hps and Hygs must still satisfy equation (7.92) for Hp; = 1. We highlight that, in the
absence of D7-branes, we have that

vﬁﬁHm =0 and v;ngF1 =0 with Hps = Hp # Hpy (7.100)

are satisfied instead of (7.91). We can then choose the particular solutions

HD1:1+%, Hep =1+ &L (7.101)

P’

and send p — 0. In this way we get a new class of N' =4 AdS, x S? x §%2 x St x I, x I,
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backgrounds to Type IIB supergravity of the form*’

_ 1/2 1/2 y7—1/2 1/2 —1/2 771/2
ds?o =47IA? QD/1 QF/I HD5/ {dSQAdSQ + 4d3§3} + QD/1 QFl/ HD/s dz?

+ Hpg'* Hss apy a5 4 + Hy Hyssapy'ag,’” (dr” + Tadng)} ’

ar Hos

qp1 Hxss

Hgy = — 27 1e¢ q]13/12V01Ad32 A dz + ¢ 0, Hnss erw Avolgz —27ts qgi/qulvolAds2 A dy
— $0,Hps r2dz A volgz + sHyss 72 0. Hps dr A volg: |

e? :AH551/2H1§/S25 qllj/qu_ll/2 with A=c+

Y

F(l) =SC A_QHI\_IS%? 8ZHD5dZ + (&HDE, — H]\_Islg)HDBarHNSB) d’l“:| ,
D1

Flg) = — 27 e Ao P qrvolaas, A dib — ¢ A1 0, Hps r2dz A volga+

+ ¢ A" Hygs 12 0. Hps dr A volgs + 271 A~ Hps Hilqriqpy *volaas, A dz
— S A_lHDg)Hl\_ISlSqquBllarHng, T2d¢ N V0152 s

F(5) = — 2_1Q]13/12HD5HN85 T2 VOlAdS2 Adr A V0152 — 2(]1:*1 V0153 ANdz A d?/] .
(7.102)
Here Hps and Hygs must satisfy the equations

Vis Hps + Hyss 07Hps =0 and Vi Hyss = 0. (7.103)

The above class of solutions describes (p/, ¢’) strings and D3-branes ending on orthogonal
(p,q) 5-branes. It is in this sense more general than the class of solutions constructed in
section 7.6. This is reflected by the fact that the D5 and NS5 charges are now distributed
along the (z,1, p) directions while the D1 and F1 charges are mixed along (z,1). The
interpretation of these solutions should be as holographic duals to D3 baryon vertices
introduced in the 5d field theory living in D5-NS5 branes, with F1 (D1) strings in the
completely antisymmetric representation of the D5 (NS5) gauge groups stretched between
the D3 and the D5 (NS5) branes. It would be interesting to provide a concrete realisation
of this set-up, along the lines of [43,45,47,65].

It will be useful for our constructions in section 7.8 to have the explicit form of the

solutions (7.102) particularised to & = 0,7, that is, the two families of solutions in this

29As in the previous section we rescaled the coordinates as t — 2_1q]13/12qF1t to have AdS,; with unit

radius.
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class that are S-dual to one another. For £ = 0 we have
d310 =4~ lq]g/f ;‘/12H_1/2(dSAdS i 4d335) + qé/qu_f/QHl/?dz?

+ HD5 HNSS qD1/2q;/12d¢ + HD/52HNS5(1113/12QF11/2 (dr2 + T2d3§2) )

& pp—1/2471/2 1/2 —1/2
=Hps "Hyss 4pr e

Hes) = — 27" gl 2volaas, A dz + 0, Hygs r>dip A volge | (7.104)
Fgy =— Q_IQ];%/QQFIVOIAdSQ A dp — O,Hps r°dz A volgz+
+ Hyss0, Hps r* dr A volgz
Fs) = — 271‘]]1)/12HD5HNS5 7% volags, A dr A volgz — 2qp; volgs A dz A dip .
Note that this class of solutions is a generalisation of the backgrounds (7.94) with Hp; = 1.

In this case, Hp; # Hp; and therefore both ¢p; and ¢r; quantised charges are present. In
turn, for £ = 7 the fields read

dsjo =4~ qFlHNSB (dSAd82 +4dsgs) + HﬁslézHDfle +

+ qquDlH;I/S%d@D + H;I/S%HDE,(d’I“ +r dssz) ,

1/2 771/2 1/2 —1/2
:HNSE{ HD/BqF/lq /,

Hg =—2"" grap)’” volaas, A dip — 8, Hpsr2dz A volga+ (7.105)
+ Hyss0, Hpsr? dr A volge
Fis) =27} volaas, A dz — 8, Hpsr? dip A volge ,
Fis) =— 2_1q]13/12HD5HNS57“2 volaas, A dr A volgz — 2gpivolgs A dz A di.
Finally, we can provide a unified expression for the central charge of the whole family

of SL(2,R) solutions, since this quantity is SL(2,R) invariant. Substituting the metric
and dilaton of the backgrounds (7.102) in (7.98) we indeed find

3 3
Chol = ﬁ/ d®y \/_e = 6qD1 qr1 VolgsVolsz/ dip dr dzr? Hps Hyss,  (7.106)

which is independent on the &-parameter.

7.7.1. Web of dualities and M-theory origin

In this subsection we discuss the Type ITA realisation and M-theory origin of the
S-dual solutions to Type IIB that we built in the previous subsection. As we already
mentioned the defect interpretation within AdSg x S? x X, is lost. Instead, the solutions
allow for an interesting realisation as line defects within the 6d N' = (1,0) CFT dual to
AdS;/Zy, x S* in M-theory.

The two S-dual solutions with £ = 0, 7 in (7.104) and (7.105) are related by T-duality
to the AdS, x S% x R*/Z,, solutions Constructed in [43]*°, and to the AdS3/Z;, x S3 x S?

30Restricted to the massless case, since we are not allowing for D7-branes.
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solutions to massless ITA supergravity constructed in [58]*!, respectively. As shown in [58]
these solutions share a common origin in M-theory, in the form of AdS; x S3 x S3/Z,
backgrounds (AdSs/Z in our case), also classified in said reference. These solutions to
11d supergravity were shown to asymptote to AdS7/Z; x S* in the UV. Our solutions are
thus interpreted as duals to line defects in the 6d N' = (1,0) CFT dual to this background,
once uplifted to M-theory. The web of dualities connecting these classes of solutions is
depicted in Figure 7.14, that we now explain in detail. Starting with the bottom left

MO - M2 - M5 on M5’ - KK
AdS&/Zk/ X SS X R4/Zk X Iz

/ ¥

DO - F1 - D4’ on D4-KK wave - D2 - D4 on NS5 - D6
AdSy x S3 x RY/Zy, x I, AdS3/Zy x S3 x S?2 x I, x I,
Ty Tx
D1-F1-D3on D5- NS5 F1-D1- D3 on NS5-D5
AdSQXSsszxS}ﬂxIZXIT 5 AdSQXS?’xS?xS}(xIZx[T

Figure 7.14: Web of dualities that relate the new AdSs solutions in Type IIB written in (7.104)
and (7.105) to the Type ITA and M-theory solutions constructed in [43] and [58].

solution of Type IIB and performing a T-duality along the Sj, circle, an S* is built up
with the Sy, and the S*. This S® gives rise to an R*/Z;, space together with the I, interval.
Here the integer k is the number of NS5-branes present in the Type IIB solution, which
become KK-monopoles in Type ITA. The result is a Type ITA background contained within
the class found in [43], for CYy = R*/Z,;. The underlying brane set-up is described by a
D4-KK-F1-D4’-D0 intersection studied in [34] and it is depicted in Table 7.9a. We already
referred to this T-duality transformation in Section 7.6, for the more general situation in
which D7-branes were also present. If we now uplift the Type ITA solution to M-theory, the

o

brames | t | p o' ¢* &z 0 v 6 F branes |t x |p @' ¢* Sl v 6 F
D4 | x|[x x x xX|— — — = = NS5 | x X |x x Xx XxX|— — — -
KK [x|x x x x|x ISO - - - D6 |x X |x X X X|X
FI |x|- - - —|x — = - D2 |x x |- — — —|X - -
D4 |[x|- - - —]—- X X x X D4 |x x |- — — —|—- X x X
DO [x |- — — —|— — — — - W o|x ISO|- — — —|- — — -

(a) Brane intersection consisting on D0-F1-D4" branes ending (b) Brane intersection consisting on W-D2-D4 branes ending
on a D4-KK bound system. This Type ITA brane set-up is T- on a NS5-D6 bound system. This Type IIA brane set-up is
dual to the the original Type IIB one depicted in Table 7.8 in related by a chain of TST dualities to the the one in Table 7.8

the absence of D7-branes. in the absence of D7-branes, as it can be seen in Figure 7.14.

Table 7.9: The é—BPS brane set-ups in Type ITA appearing in Figure 7.14.

result is an AdS3/Z space, built up with the AdS, and the M-theory circle (parametrised

31With the AdS; modded out by Zj/, but this is a trivial extension of the solutions in [58].
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by the x coordinate). Here k' is the number of Fl-strings in the Type ITA solution,
which become waves, or units of momentum, in M-theory. The M-theory intersection
underlying these solutions is depicted in Table 7.10 and it is defined by an intersection
of M5-KK-M2-M5-M0 branes. The corresponding class of AdS3/Z; x S® x R*/Z;, x I,

branes | t  x | p ' ©?* |z v r 0
M5’ X X | X X X X |- - - - -
KK X X X X x x |x ISO - — -
M2 X X |- = = —|xX = = = =
Mb X X |— — - —]—- X X X X
MO x ISO| - — — —]- - - - =

Table 7.10: 1/8-BPS brane set-up in M-theory consisting on M2-M5-M0 branes ending on M5'-
branes with KK-monopoles. The reduction to Type IIA can be performed over either x or 1,
giving rise to the Type IIA brane set-ups in Table 7.9 that parametrise the isometric directions
and are respectively associated to the momentum waves MO and the KK-monopoles.

solutions to M-theory was found in [173]. In turn, it belongs to the more general class of
AdS3 x S3 x S3/Z, x ¥y solutions presented in [58], in our case orbifolded by Z;.

Taking now these 11d solutions as our starting point, but reducing instead along the
S,/ Zy, Hopf fibre of the S*/Zy, contained in R*/Zy,, we obtain a solution in Type IIA in the
class constructed in [58]*%) with extra &’ waves, or units of momentum. The corresponding
brane set-up is presented in Table 7.9b and it is given by an intersection of D6-NS5-D4-
D2 branes with momentum waves W. T-dualising along the Hopf fibre of the AdS;/Z
subspace we finally arrive at the Type IIB solution shown at the bottom right of Figure
7.14, containing k' Fl-strings. As expected due to their common M-theory origin, both
solutions in Type IIB are related to each other by S-duality.

7.8. Non-Abelian T-duals to the S-dual solutions

In this section we present new AdS, solutions to Type ITA supergravity preserving
4 supercharges obtained by performing a non-Abelian T-duality transformation along the
S3 on the two S-dual backgrounds with ¢ = 0 and £ = 7/2 given in (7.104) and (7.105).
These Type ITA backgrounds depend on two defining functions Hps = Hps(z,r) and

32 And later generalised to the massive case in [66].
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Hyss = Hyss(r) satisfying the master equations below *%)

Vi Hps + Z“ Hyss @ Hps =0 and Vi Hyss = 0. (7.107)
D3

Under non-Abelian T-duality the S® of the original background is transformed into an
open subset of R®, parametrised by the radial coordinate R and the 2-sphere S2?. For
¢ = 0 the new class of non-Abelian T-dual solutions is given by,

ds3, =471 ]13/12 113/3211 1/2dsAds2 Jr61113/12(1113/32 F‘11H1/2dz n D1/2 I/QHD1/2HNS5 e
s His Hyss (dr® +r°dsa) + apy oy Hy AR + HR*dst)
€q> = 8q_1/4qF_11/2Q]5§)/4H1/4H11]/825 H1/2 7

H(3) =271 Q$/1QQ]13/:32qF1/ VOlAd82 ANdz + 0,Hnss T2d¢ A volge
+ 8ZHRCZZ N V01§2 + 3THRd7“ A\ VOlSvQ + aR((H — 1)R) dR N VOISQ , (7108)

F@) = —4"qpadz N dy,
= d[2 7 gp) P s (3/2 4+ (H — 1)"H) R*volags, A dif]
+ 4qD11HR Hpsdz A\ dip A\ volg, — A7 g Hps Hass 72 dz A dir A volga+
+ 1% R(qr1qp3 Hxss 0, Hpsdr — 0, Hps dz) A volge AdR =,

where we have defined the function below,

dDp14D3
H = . 7.109
¢p1qp3 + 16 R? Hps ( )

33Tn this section we restore the integration constant gps associated to D3 defect branes in the S-dual
Type IIB backgrounds (7.104) and (7.105). We recall that this parameter was fixed as gps = qr1 at
the level of the brane solution Hps = 1 + m , Hry = 1+ ’JF—; in (7.102) by the conditions Vf@ Hps =

VW Hpy = 0 and Hps = Hp; coming from the equations of motion for the defect branes (ertten in

(7. 100)). The freedom to keep gps unconstrained at the near-horizon is provided by the fact that the
condition Hps = Hyy is a particular realisation of the slightly more general condition HpsHfy = H{y3Hr1,
implied by the equations of motion. Outside of the near-horizon these two conditions are equivalent and
imply that gps = gr1, but in the p — 0 limit the absence of the “1” factor in the harmonic functions
Hps = qu“ Hpp = q;—; allows one to avoid any constraint on ¢ps in terms of the other integration
constants. The AdS, factor with unitary radius in the metrics of the S-dual solutions in Type IIB is

realised by the rescaling of the time direction ¢ — 27 1q]13/12q]g/32qé/12 t.
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In turn, for £ = § we find the new class,

dsty = 47" g arly Hygh dsas, + i s Hos Hysh 42 + HyGs a5y s dpi d*+
+ ¢ s’ Hos Hygs (dr” + 17ds%a) + g, a5’ Hey(dR? + HR?ds,)
e = 8Hyy Hyss apn ety H'/?,
Hisy = =27 a0y 4pr*volaas, A dio+
+ (gr1qpa Hyss 0. Hpsdr — 0, Hps dz) 72dy A volgs + d((H — 1)Rvolg,), (7.110)
Floy = =4 'qps dz N dip,
Fly = _d[Q_ICI%)/fq;/Q%g/??(?’/Q + (H = 1)"") R*volaas, A dz)+
+ 72 (4 gy Hps Hyss dr + RO, Hps dR) A dip A volge
— 47 gps RN (H — 1) dz A dp A volgs

where we have denoted

7 4r19D3
H = : 7.111
qr19p3 + 16 R? Hyss ( )
The fluxes of these solutions are compatible with the brane configurations shown in Table
7.11. We point out that, as usual for non-Abelian T-dual solutions, a clear prescription
to construct the full brane solutions describing the set-ups of Table 7.11 and reproducing
(7.108) and (7.110) in the near-horizon limit is not available. Nevertheless we can consider

branes | t | p R x' x*| 2z v |r 6' 02 branes | t | p R x' x*|z o |r 08 62
D4 X | X — X X |- x|- - D4 X | x — X X |Xx - - =
D2 X|x = = —| = x|= = D2 X| X - = —|x == = =

NS5 | X | X X X X |x —|— — — NS5 | x| x X X X |— X|— — —
D2’ X|— X — —|= xX|=- = = D2 X|— X - —|x == = =
D4’ X|— X X X|[|—=- xX|=- = = D4 X|— X X X|x —|= = =
F1 X|—- = — —|Ix —=|=- = = F1 X| - = = —|= X|=- = =
D4 | x | — x - — | X X X D4 | x| - x - — | X X X
D6 X|— X X X |- —|x x X D6 X|— X X X |- —|x X X
NS5 | x | — — X X | X x X NSy | x| — — X X | X x X

Table 7.11: Brane set-ups compatible with the fluxes of the non-Abelian T-dual solutions
(7.108) and (7.110). The coordinates (R, x!, x?) parametrise the open subset of R? generated by
the action of non-Abelian T-duality on the S® factor of the Type IIB backgrounds.

their M-theory uplifts. In subsection 7.7.1 we discussed the M-theory interpretation of the
Abelian T-duals of the Type IIB backgrounds with £ = 0 and { = 7, observing that
the two corresponding 11d solutions arise from the same intersection in M-theory (with
different smearing of brane charges). Even if for the non-Abelian T-dual backgrounds we
do not have full control over the brane solutions behind the AdSs backgrounds (7.108)
and (7.110), it is possible to show that their M-theory uplifts are related to each other,

provided that one makes some assumptions on the spacetime dependence of the function
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Hps, which implies a particular choice of the charge distribution of branes underlying the
non-Abelian T-dual solutions.

The backgrounds (7.108) and (7.110) can be uplifted to 11d supergravity by applying
(1.226). For the 11d backgrounds to be related, one needs to choose the same gauge
potential for the F{y) flux of the original Type IIA solutions, namely

Coy = % (Ydz — 2dy)) (7.112)

which is invariant under the following relabelling of the coordinates, (z,v) — (¢, —z). We
observe that the parameter ¢ps, whose inclusion in the non-Abelian T-dual backgrounds
was discussed in footnote 33, gains a natural interpretation in M-theory as KK-monopole
charge.

It was shown in [93] that the Abelian T-dual of a certain background can be obtained
from the corresponding non-Abelian T-dual one by sending the radial direction of the
dual space R? to infinity and further compactifying it to the interval [0, 7]. Taking this
limit in the solution (7.108), we recover the Abelian T-dual of the £ = 0 solution (7.104),
where now R € [0,7]. From this Abelian T-dual, we can take the uplift to 11d along
the y direction, rotate the coordinates as (y, R) — (R,—x) and go back to Type IIA.
This recovers the Abelian T-dual of the { = F solution. Such a procedure confirms the
reliability of the non-Abelian T-dual backgrounds, since the corresponding Abelian T-
duals are shown to be related to the S-dual solutions in Type IIB with £ = 0 and § = 7.
Furthermore, the two circular coordinates (x, R) parametrise the 2-torus in M-theory that
provides the geometrisation of the S-duality transformation in Type IIB.

As it was expected, the 11d uplifts of the solutions (7.108) and (7.110) are not related
anymore by a simple rotation of the coordinates as for their Abelian limits. This is
reflecting an “exotic” charge distribution as underlying the intersections depicted in Table
7.11, which modifies the standard chain of dualities connecting Type IIB string theory to
M-theory. Such an “exotic” charge distribution could be related to the presence of dyonic
membranes, which, as shown in [59], define an additional warping between the AdS factor
and the internal space, as in (7.108) and (7.110). A dyonic membrane is basically an exotic
bound state where a regular brane carries charge of another kind of brane dissolved in its
worldvolume. For instance, in the aforementioned reference the M5 dyonic membrane, an
Mb5-brane with M2 charge dissolved in its worldvolume, was explored.

172



Conclusions

In this thesis, we have built new AdSs and AdSs3 solutions to Type II supergravities
and explored the holographic correspondence through them.

As explained in chapter 5, this was attained by following a series of steps. The
first one is to obtain one of these low-dimensional AdS backgrounds. This was achieved
either by taking the near-horizon limit of brane configurations, via S- or T-duality of
known backgrounds or by restricting a more general class of solutions with a certain
amount of supersymmetry (computed using G-structure tools). After finding one such
solution, the next step consists on computing the quantised charges in order to obtain the
brane distribution and then consider a compatible Hanany-Witten brane set-up. Next one
considers the massless modes of open strings ending on the different branes, which gives
rise to the possible multiplets of the dual quiver theory. These theories are conjectured to
be UV deformations of the CFTs dual to the corresponding AdS supergravity solutions.
In order to support this hypothesis, one can then compare the central charge computed
from the supergravity solution to that of the quiver field theory living in the underlying
brane set-up. These two quantities coincide in the IR for our solutions, heavily implying
that the aforementioned hypothesis should be true.

Chapter 6 was dedicated to the AdS3/CFTy scenario. We started in section 6.1 by
presenting a new class of AdSsz x S x M, solutions to massive ITA supergravity and studying
its supersymmetry. We showed that in the most general case it arises in the near-horizon
limit of a D2-D4-D6-NS5-D8 brane intersection. Next we explored two relevant subclasses
of solutions.

The first one consists on the case where M, = S? x 5, where ¥, is a Riemann surface.
In section 6.2 we showed that such geometries in the UV flow asymptotically locally to the
AdS; x S? x I backgrounds built in [126]. We then embedded the 2d A = (0,4) quivers
associated to the AdSs solutions into the 6d quivers that describe the 6d ' = (1,0) CFTs
dual to the AdS; spaces. Our analysis proved the exact agreement between the field theory
and holographic central charges, even if both quantities are divergent due to the existence
of the non-compact direction inherent to the defect. The defect interpretation is based
on the fact that the presence of the non-compact direction allows to build up the AdS;
geometry asymptotically and therefore to complete the non-compact AdSs solutions in the
UV.

The second subclass of AdSs solutions takes place when M, = T3 x I. The study of
these backgrounds was particularised for the massless and massive cases. The former was
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explored in section 6.3, where we showed that supersymmetry is enhanced to N' = (4, 4)
and that this subclass arises in the near-horizon limit of a D2-D4-NS5 brane intersection
and is holographically dual to 2d CFTs with 8 supercharges. Although these set-ups were
studied long ago in [138,139], their dual field theories had not been explored and, therefore,
our results have contributed in filling this gap. We remark that the global description we
found for these AdSs3 solutions requires the presence of ONSH orientifold fixed planes.
Although they are well-defined objects in string theory, they must be fully localised and
not smeared, as they are along the T in our case. We argued that this smearing may
be just an artefact of the supergravity approximation which disappears in string theory.
Nevertheless, if one considers a more conservative approach, the existence of solutions
with smeared ONS5H planes suggest that there may be similar solutions where the ONSH
planes are localised, as it is often the case when O-planes are present. Such constructions
are much harder than the ones we used and lie outside the scope of this thesis, but our
results provide some hope of them being possible. Besides, we connected this class of
AdSj3 solutions of massless Type ITA with M-theory, thus relating our solutions to those
constructed in [38], characterised by an AdS3xS? x T* x I geometry. This realisation
provides a new interpretation for the dual N = (4, 4) quiver QFTs we built and also for the
N = (0,4) ones in [38] as deformations of a 2d N = (4,4) QFT whose amount of preserved
supersymmetry depends on how it is deformed in the UV. We have completed our analysis
with a study in Type IIB string theory, thus connecting our AdSs/CFTy pair with the one
studied in [38] by S-duality. The realisation in Type IIB shows that mirror symmetry in
2d interchanges the scalars in the hypermultiplets and twisted hypermultiplets, instead of
the scalars in the vector multiplets and hypermultiplets (and therefore the Coulomb and
Higgs branches) as in 3d [108, 151]. That mirror symmetry can still be realised in this
way in theories without a Coulomb branch is a remarkable output of our analysis. These
AdS;3 solutions in Type IIB provide concrete examples within the broad classification of
AdS;xS?xM; vacua with Ms supporting an identity-structure derived in [51].

Finally, in section 6.4 we studied the massive case of this class of AdSs x S® x T3 x I
solutions. We obtained solutions with non-compact parts glued together with localised
D8-branes, bounded between D8/08s. These solutions were globally embedded in Type I
string theory. This permitted us to propose a dual CFT, which was supported by the exact
agreement of the central charges of both theories. In this case the condition for anomaly
cancellation of the 2d quivers implies an additional constraint on the dual supergravity
background. We had to implement this condition by hand, but it would be interesting to
reproduce it with a gravity computation.

In chapter 7, we studied new AdS, solutions and, when possible, presented the un-
derlying brane intersection and constructed the dual quiver quantum mechanics. This
provides new evidence for the AdS,/SCQM correspondence.

In section 7.1 we built a vast class of AdSy x S% x S§% x R? x S x I solutions to Type
ITA supergravity preserving four supercharges. They arise in the near-horizon limit of
D2-F1-D4/-NS5’ branes ending on a bound state of D4-NS5 branes. A particular solution
within this class is determined by a choice of the D4-NS5 charge distribution. A particular
semi-localised profile for said branes gives rise to two interesting regimes. The first one
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consists on approaching the D2-F1-D4'-NS5’ defect branes, which are resolved into a fully
backreacted AdS, x S? x S? x R? x S x I geometry. The second regime becomes manifest
only after a non-linear change of coordinates of the previous solution, and allows one to
move away from the defect branes. In this regime an AdS5 geometry arises asymptotically,
which corresponds to the near-horizon geometry of the D4-NS5 branes. This particular
AdS; vacuum is the T-dual of the AdSs; x S®/Z, solution to Type IIB supergravity,
holographically dual to 4d N' = 4 SYM modded by Z,. This fact has allowed us to
interpret this class of solutions as dual to line defect CFTs within 4d N' = 4 SYM modded
by Z,.

We then turned to the Type IIB analysis in section 7.2 by considering solutions linked
via T-duality along a circle direction % to the ones studied in the previous section. In
this case we obtained a new family of AdS, x S? x S§% x R? x S! x I solutions with
the same supersymmetries as before, now emerging in the near-horizon limit of D1-F1-
D5-NS5 branes ending on a D3-KK system. We computed the analogue to the second
regime described above, where an AdS; x S®/Z,, solution of Type IIB supergravity emerges
asymptotically locally. The solutions thus admit as well a line defect interpretation, this
time in terms of D1-F1-D5-NS5 defect branes.

In section 7.3 we went back to the F1-D2-D4’-NS5-D4-NS5 brane intersection and
generalised it to include D6-branes. The choice of the semi-localised profile for the D4-
NS5 branes is no longer available so the regime where the solution asymptotes locally
to the AdSs vacuum is lost here. We then focused on a detailed analysis of the dual
quiver quantum mechanics, taking a simplified ansatz which consisted on taking y to be
a circle direction so the D4- and D6-branes are smeared along it. Remarkably, these are
the same quiver quantum mechanics that flow in the IR to the 1d CFTs studied in [43],
dual to the N' = 4 AdS; x S? x CY, x I solutions to massive Type ITA studied therein.
The underlying reason behind this agreement is that, when the branes are smeared on
y, our brane system is related by two T-dualities to the brane system discussed in [43],
consisting on a D0-F1-D4-D4’-D8 intersection. The 1d dual CFT associated to this class
of solutions was interpreted in terms of baryon vertices within 5d fixed point theories
living in D4-D8 intersections, and an asymptotically locally AdSg geometry was shown to
arise for certain solutions. Our findings show that the same quiver quantum mechanics
describe in the UV line defect CFTs associated to baryon vertices within 4d N' = 2 SCFTs.
However, in our case we are still lacking a defect completion within an AdSs; vacuum in
Type ITA. Nevertheless, the smearing in y allows to make connection with the class of
AdS3 x 8% x S? x S! x 3, solutions to Type IIB supergravity studied in [46], for which
an interpretation as surface defects within AdSg x S? x 35 Type IIB vacua was found.

We constructed in section 7.4 a new class of AdSs solutions to Type ITA supergravity
with A/ = 4 supersymmetry realised as AdS, x S? x S? foliations over 4 intervals. These
backgrounds arise after performing a non-Abelian T-duality transformation (with respect
to a freely acting SU(2) group) on the class of solutions to Type IIB supergravity of section
7.2.

We then focused on their defect CF'T interpretation in section 7.5. We saw that
for a particular brane profile the resulting background asymptotes locally to a Gaiotto-
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Maldacena geometry, which suggests that it should be dual to a line defect CFT within the
4d N =2 SCFT dual to this geometry. By computing the quantised charges, we realised
that the supergravity solution was generated by D2-F1-D4’-NS5’ branes ending on a D4-
D6-NS5 bound system. From this brane set-up we constructed a 1d quiver quantum
mechanics that, we propose, flows in the IR to the SCQM dual to the AdS; solution. We
stress that the 1d quiver field theory that we have constructed is an elaborated quantum
mechanics described by a D2-brane box model of the type constructed in [149]. It is, in
deed, the first holographic realisation of a general brane box. We showed that this quiver
can be interpreted as a result of embedding the defect branes of the solution in the 4d
N = 2 background theory. Following [43] we gave an interpretation to the massive F1-
strings present in the solution in terms of baryon vertices within the 4d NV = 2 SCFT,
analogously to what was done in section 7.3. This is consistent with an interpretation of
the AdS, solution as describing backreacted baryon vertices within the 4d N' = 2 SCFT,
living in a D4-NS5-D6 subsystem of the complete brane set-up. In this interpretation
the SCQM arises in the low energy limit of a system of D4-NS5-D6 branes in which one-
dimensional defects are introduced. These defects consist on D4’-brane baryon vertices,
connected to the D4-branes with Fl-strings, and D2-brane baryon vertices connected to
the D6 with Fl-strings. In the IR the gauge symmetry on the D4-branes, which played
the role of colour branes in the 4d SCFT, becomes global, turning them from colour to
flavour branes. In turn, the D2-branes, stretched between the two field theory directions
present in the brane set-up, become the new colour branes of the backreacted geometry.
Extra NS5'-branes present in the brane set-up make this possible.

We next considered in section 7.6 a class of N’ = 4 AdS; x S?® x S? x St backgrounds
fibred over two intervals in Type IIB supergravity. Such solutions arise in the near-
horizon limit of a brane solution describing D1-F1-D3 branes ending on the D5-NS5-D7
bound state, which is related by T-duality along the y direction to the F1-D2-D4’-NS5’-
D4-NS5-D6 intersection we studied in section 7.3. By choosing semi-localised profiles
for the background D5-NS5-D7 branes and taking the near-horizon limit, we arrived at
an asymptotically locally AdSg x S? x ¥y geometry, which is the Abelian T-dual of the
Brandhuber-Oz solution of massive Type ITA supergravity. This behaviour allowed us
to propose an interpretation of the AdS, solution as holographically dual to an N/ = 4
superconformal quantum mechanics realising a defect within the A" =1 Sp(N) 5d SCFT
dual to the AdSg geometry.

In section 7.7, we focused on the particular subclass of N' = 4 AdS, x S% x S? x
St solutions fibred over two intervals featured by the absence of D7-branes. Even if
this requirement implies that the defect interpretation in AdSg is lost, this subclass is
interesting since we could act locally with an SL(2,R) transformation to generate a vast
class of inequivalent backgrounds parametrised by a continuous parameter £ € [0, 7]. We
then considered the two S-dual backgrounds with £ = 0 and £ = 7, and studied their Type
ITA realisation by acting with Abelian T-duality along the S* present in both backgrounds.
In this way we constructed the entire chain of dualities providing the M-theory origin of
our S-dual pair of solutions. This allowed us to show that they belong to the general class
of N'=(0,4) AdS; solutions to M-theory classified in [173]. Remarkably, we showed that
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the T-dual of the £ = Z solutions is related to the AdS; x S* x S? backgrounds studied
in [58], which were shown to asymptote locally to the AdS;/Z; x S* vacuum geometry of
M-theory. Thus, in the absence of D7-branes we lost the line defect interpretation within
AdSg in Type IIB, but we recovered a surface defect interpretation within the N' = (1,0)
6d SCFT dual to the AdS;/Zy, solution in M-theory.

We concluded in section 7.8 by deriving the non-Abelian T-duals in Type ITA of the
S-dual pairs with § = 0 and § = 7 and discussing their embeddings in M-theory.

All in all, we have further the study of the holographic correspondence for low-
dimensional AdS backgrounds. In doing this, we have also opened new paths which can
be followed in order to obtain new interesting results. For instance, new AdS,; and AdS3
solutions to Type II supergravities have been constructed, but we still lack a complete
classification of these solutions. In particular, non-Abelian T-duality deserves a special
mention. It has being used to construct new AdSs solutions, also proving very useful for
holography. Furthermore, the success of its applicability in our work suggests that it may
be possible to use this tool to obtain a general classification of AdSs solutions that asymp-
tote to Gaiotto-Maldacena geometries in the UV. In more general terms, non-Abelian
T-duality still lacks a full understanding so it deserves further study.

It would also be interesting to construct a more general and systematic classification
of N' = 4 AdS, x S? solutions to Type IIB supergravity, containing those in sections 7.6 and
7.7. In particular including an additional warping between the AdS, and the S® factors.
One could try to search for these solutions in lower dimensional gauged supergravities,
as initiated in [34]. These more general backgrounds would be described in terms of a
brane intersection involving dyonic membranes, as it has been highlighted in M-theory for
AdS;3 x S? backgrounds [59]. Another interesting research direction is the construction
of the quiver defining the superconformal quantum mechanics dual to the AdS, solution
studied in subsection 7.6.1, following the ideas of [58,66,67]. Such a field theory would
explicitly describe a conformal line defect within the 5d SCFT dual to the AdSg x S? x ¥,
background emerging in the asymptotics.

We have also shown that mirror symmetry can be realised in the absence of a Coulomb
branch. In particular, we saw an example of a CFTy where S-duality interchanges twisted
and untwisted hypermultiplets. This is quite surprising and deserves more research.

Besides, the first example of a holographic dual of a general brane box system was
obtained for a particular AdS, solution. However, one expects that this interpretation of
the dual SCQM as line defect within a 4d N' = 2 SCFT should be possible for a class of
solutions which locally asymptotes to more general Gaiotto-Maldacena solutions.

With respect to the AdS;/SCQM correspondence, we have explored the concept of
central charge of a SCQM. In particular, we have followed the hypothesis that the same
formula that is valid for 2d CFTs should be valid for SCQMs. The agreement of the
central charges obtained in this way with that of the dual supergravity solutions provides
support for this conjecture. Nevertheless, more investigation is necessary in order to arrive
at a final conclusion.
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Conclusiones

En esta tesis hemos construido nuevas soluciones AdSs y AdS3 a las supergravedades
de Tipo II y explorado la correspondencia hologréfica a través de ellas.

Como se explica en el capitulo 5, esto se logré a través de una serie de pasos.
El primero es obtener uno de estos fondos AdS de dimensién baja. Esto se consigui
tomando el limite de horizonte cercano, mediante dualidad-S o -T de fondos conocidos o
restringiendo una clase mas general de soluciones con una cierta cantidad de supersimetria
(calculada usando herramientas de estructura-G). Tras encontrar una tal solucion, el sigu-
iente paso consiste en calcular las cargas cuantizadas para obtener la distribucion de branas
y luego considerar una configuraciéon de branas de Hanany-Witten compatible. Después
uno considera los modos sin masa de las cuerdas abiertas que acaban en las diferentes
branas, lo cual da lugar a los posibles multipletes de la teoria de quiver dual. Se conjetura
que estas teorias son deformaciones en el UV de las CFTs duales a la correspondiente
solucién AdS de supergravedad. Para apoyar esta hipdtesis, uno puede comparar la carga
central obtenida a partir de la solucién de supergravedad con la de la teoria de campos de
quiver que vive en la configuracién de branas subyacente. Estas dos cantidades coinciden
en el IR para nuestras soluciones, implicando que la hipétesis antes mencionada deberia
ser cierta.

El capitulo 7 se dedicé al escenario AdS3;/CFT,. Comenzamos en la seccién 6.1
presentando una nueva clase de soluciones AdSs x S® x M, de supergravedad masiva de
Tipo ITA y estudiando su supersimetria. Mostramos que en el caso més general aparece
en el limite de horizonte cercano de una interseccion de branas D2-D4-D6-NS5-D8. Tras
esto exploramos dos clases de soluciones relevantes.

La primera consiste en el caso donde M, = S? x X5 con ¥y una superficie de Riemann.
En la seccién 6.2 mostramos que tales geometrias en el UV fluyen asintética y localmente
a los fondos AdS; x S% x I construidos en [126]. Entonces embebimos los quivers 2d con
N = (0,4) asociados a las soluciones AdS3 en los quivers 6d que describen las CFTs 6d con
N = (1,0) duales a los espacios AdS;. Nuestro andlisis prueba la coincidencia exacta entre
la cargas central de la teoria de campos y la hologréfica, incluso siendo ambas cantidades
divergentes debido a la naturaleza no compacta del defecto. La interpretacion de defectos
se basa en el hecho de que la presencia de la direccién no compacta permite construir la
geometria asintoticamente AdS; y, por tanto, completar las soluciones AdS; no compactas
en el UV.

La segunda subclase de soluciones AdSs tiene lugar cuando My = T? x I. El estudio
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de estos fondos se particularizé para los casos sin y con masa. El primero fue explorado
en la seccién 6.3, donde mostramos que la supersimetria aumenta a N’ = (4,4) y que
esta subclase aparece en el limite de horizonte cercano de una intersecciéon de branas
D2-D4-NS5 y es holograficamente dual a CFTs 2d con 8 supercargas. A pesar de que
estas configuraciones fueron estudiadas hace mucho tiempo en [138,139], sus teorias de
campos duales no habian sido exploradas y, por tanto, nuestros resultados han contribuido
a completar esta laguna. Destacamos que la descripcion global que hallamos para estas
soluciones AdS3 requiere de la presencia de planos fijos orientifold ONS5. Aunque son
objetos bien definidos en teoria de cuerdas, deben estar completamente localizados y no
deslocalizadas, como lo estdn a lo largo del T3 en nuestro caso. Argumentamos que la
deslocalizacion podria ser simplemente un artefacto de la aproximacion de supergravedad
que desaparece en teoria de cuerdas. Sin embargo, si uno considera un planteamiento
mas conservador, la existencia de soluciones con planos ONS5 deslocalizados sugiere que
debe haber soluciones similares donde los planos ONS5 estan localizados, como suele ser
el caso cuando aparecen O-planos. Tales construcciones son mucho mas complicadas que
las que empleamos y estan fuera del alcance de esta tesis, pero nuestras soluciones proveen
esperanza de que son posibles. Por otro lados, conectamos esta clase de soluciones AdSs3 de
Tipo ITA sin masa con teoria M, de este modo relacionando nuestras soluciones con aquellas
construidas en [38], caracterizadas por una geometria AdS3x S?xT*x I. Este conocimiento
provee una nueva interpretaciéon para las QFTs de quiver duales con N' = (4,4) que
construimos y también para aquellas con N/ = (0,4) en [38] somo deformaciones de una
QFT 2d con N/ = (4, 4) cuya cantidad de supersimetria preservada depende de cémo haya
sido deformada en el UV. Hemos completado nuestro analisis con un estudio en teoria de
cuerdas Tipo IIB, conectando de esta manera nuestro par AdS3/CFEFTy con el estudiado
en [38] a través de dualidad-S. Este desarrollo en Tipo IIB muestra que la simetria especular
en 2d intercambia los escalares de los multipletes vectoriales y los hipermultipletes (y por
tanto las ramas de Coulomb y Higgs) como en 3d [108, 151]. Que la simetria especular
pueda aun llevarse a cabo de esta manera en teorias que carecen de una rama de Coulomb
es un resultado destacable de nuestro analisis. Estas soluciones AdS; en Tipo IIB proveen
ejemplos concretos dentro de la amplia clasificacién de vacios AdSs x S? x My con M;
compatible con una estructura de identidad derivada en in [51].

Finalmente, en la secciéon 6.4 estudiamos el caso masivo de la clase de soluciones
AdS; x S? x T* x I. Obtuvimos soluciones con partes no compactas pegadas entre si con
D8-branas localizadas, delimitadas entre D8/O8s. Estas soluciones pueden ser embebidas
globalmente en teoria de cuerdas Tipo I'. Esto nos permitié proponer una CFT dual,
la cual fue apoyada por la coincidencia exacta de las cargas centrales de ambas teorias.
En este caso la condicién para la cancelacion de anomalias de los quivers 2d implica una
ligadura adicional en el fondo de supergravedad dual. Tuvimos que implementar esta
condicién a mano, pero seria interesante reproducirlo con un céalculo de supergravedad.

En el capitulo 7, estudiamos nuevas soluciones AdS, y, cuando fue posible, presenta-
mos las intersecciones de branas subyacentes y construimos la mecanica cuantica de quiver
dual. Esto provee nueva evidencia para la correspondencia AdS,;/SCQM.

En la seccién 7.1 construimos una vasta clase de soluciones AdSs x S? x SZxR?x St x [
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de supergravedad Tipo ITA que preservan cuatro supercargas. Estas aparecen en el limite
de horizonte cercano de branas D2-F1-D4’-NS5" acabando en un estado ligado de branas
D4-NS5. Una solucion particular dentro de esta clase queda determinada por la eleccién de
la distribucion de carga D4-NS5. Cierto perfil semilocalizado para estas branas da lugar
a dos regimenes interesantes. El primero consiste en acercarse a las branas de defecto
D2-F1-D4'-NS¥’, las cuales se resuelven en una geometria AdS, x S? x S?2 x R? x St x I
completamente retrorreaccionada. El segundo régimen se manifiesta solo tras un cambio
de coordenadas no lineal de la solucién anterior, y permite a uno alejarse de las branas de
defecto. En este régimen, una geometria AdS5 emerge asintéticamente, lo cual corresponde
a la geometria de horizonte cercano de las branas D4-NS5. Este vacio AdS; en particular
es el dual-T de la solucién AdSs x S°/Z, de supergravedad Tipo IIB holograficamente
dual a SYM 4d con N' = 4 modulado por Z,. Este hecho nos ha permitido interpretar
esta clase de soluciones como duales a CFTs de defectos de linea dentro de SYM 4d con
N = 4 modulado por Z,.

Luego nos dedicamos al andlisis en Tipo IIB en la seccién 7.2 considerando soluciones
relacionadas via dualidad-T a lo largo de una direccién circular v a las estudiadas en la
seccién previa. En este caso obtuvimos una nueva clase de soluciones AdS, x S? x 52 x R? x
S1 x I con las mismas supersimetrias que antes, ahora emergiendo del limite de horizonte
cercano de branas D1-F1-D5-NS5 acabando en un sistema D3-KK. Calculamos el analogo
al segundo régimen descrito arriba, donde una solucién AdSs x S°/Z,, de supergravedad
de Tipo II emerge asintotica y localmente. Las soluciones entonces admiten también
una interpretaciéon como defectos de linea, esta vez en términos de las branas de defecto
D1-F1-D5-NS5.

En la seccién 7.3 volvemos a la interseccién F1-D2-D4’-NS5'-D4-NS5 y la general-
izamos para incluir D6-branas. La eleccién del perfil semilocalizado para las D4-NSb
branas ya no es valida, por lo que el régimen donde la solucién se aproxima asintética loca-
mente al vacio AdS5 se pierde aqui. Nos enfocamos en un analisis detallado de la mecanica
cuantica de quiver dual, tomando un ansatz simplificado que consistié en suponer que y
es una direccion circular de modo que las D4- y D6-branas estan deslocalizadas a lo largo
de esta. Es destacable que estas son las mismas mecanicas cuanticas de quiver que fluyen
en el IR a las CFTs estudiadas en [43], duales a las soluciones AdS; x S x CYy x I de
Tipo IIA masiva con N' = 4 alli estudiadas. La razén subyacente tras este acuerdo es que,
cuando las branas estan deslocalizadas en y, nuestro sistema de branas esta relacionado
mediante dos dualidades-T al sistema de branas discutido en [43], que consiste en una
interseccién DO-F1-D4-D4’-D8. La CFT 1d dual asociada a esta clase de soluciones fue
interpretada en términos de vértices bariénicos dentro de teorias de punto fijo 5d que
viven en intersecciones D4-D8, y se demostré que una geometria asintética y localmente
AdS5 emerge en ciertas soluciones. Nuestros descubrimientos demuestran que las mismas
mecanicas cuanticas de quiver describen en el UV CFTs de defecto de linea asociadas a
vértices bariénicos dentro de SCFTs 4d con N/ = 2. No obstante, en nuestro caso carece-
mos de una complecién de defecto dentro de un vacio AdS5 en Tipo IIA. Sin embargo, la
deslocalizacién en y permite conectar con la clase de soluciones AdSs x S? x S? x St x 3,
de supergravedad de Tipo IIB estudiadas en [46], para las cuales se hallé la interpretacion
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como defectos de superficie dentro de vacios AdSg x S? x ¥y de Tipo IIB.

Construimos en la seccién 7.4 una nueva clase de soluciones AdSy de supergravedad
de Tipo IIA con supersimetria N' = 4 realizada como foliaciones de AdS, x S? x S?
sobre 4 intervalos. Estos fondos aparecen tras realizar una transformacion de dualidad-
T no abeliana (con respecto a un grupo SU(2) que actia libremente) sobre la clase de
soluciones de supergravedad Tipo IIB de la seccion 7.2.

Después nos enfocamos en la interpretacion como CFT de defecto en la seccién 7.5.
Vimos que para un perfil de branas particular el fondo resultante se aproxima asintética
y localmente a una geometria de Gaiotto-Maldacena, lo cual sugiere que deberia ser dual
a una CFT de defecto de linea dentro de la SCFT 4d con N = 2 dual a esta geometria.
Calculando las cargas cuantizadas, nos dimos cuenta de que la solucién de supergravedad
fue generada por branas D2-F1-D4/-NS5" acabando en un sistema ligado D4-D6-NS5. Para
esta configuracion de branas construimos una mecénica cuantica de quiver 1d que, pro-
ponemos, fluye en el IR a la SCQM dual a la solucién AdS,. Recalcamos que la teoria de
quiver 1d que hemos construido es una mecéanica cuantica bastante compleja descrita por
un modelo de caja de D2-branas del tipo construido en [149]. El nuestro es, de hecho, la
primera descripcién holografica de una caja de branas general. Mostramos que este quiver
puede interpretarse como el resultado de embeber las branas de defecto de la solucion en la
teorfa de fondo 4d con N/ = 2 . Siguiendo [43] dimos una interpretacién a las Fl-cuerdas
masivas presentes en la solucién en términos de vértices bariénicos dentro de la SCFT
4d con N = 2, andlogamente a lo hecho en la seccién 7.3. Esto es consistente con la
interpretacion de la solucion AdSs como vértices bariénicos retrorreaccionados dentro de
la SCFT 4d con N = 2, la cual vive en el subsistema D4-NS5-D6 de nuestra configuracién
de branas completa. En esta interpretacién la SCQM emerge en el limite de baja energia
de un sistema de D4-NS5-D6 branas en el que se introducen defectos unidimensionales.
Estos defectos consisten en vértices barionicos de D4-branas, conectadas a las D4’-branas
a través de Fl-cuerdas, y vértices barionicos de D2-branas, conectas a las D6-branas con
Fl-cuerdas. En el IR la simetria gauge en las D4-branas, las cuales jugaron el papel de
branas de color en la SCFT 4d, se vuelve global, cambiandolas de branas de color a branas
de sabor. A su vez, las D2-branas, extendidas entre las dos direcciones de teoria de campos
presentes en la configuracion de branas, se convierten en las nuevas branas de color de la
geometria retrorreaccionada. Las NS5'-branas adicionales presentes en la configuracién de
branas hacen que esto sea posible.

A continuacién consideramos en la seccién 7.6 una clase de fondos AdSy x 53 x S? x S*
fibrados sobre dos intervalos en supergravedad Tipo IIB. Tales soluciones aparecen en el
limite de horizonte cercano de una solucién de branas que describe D1-F1-D3 branas aca-
bando en el estado ligado D5-NS5-D7, que esta relacionada mediante dualidad-T a lo
largo de la direccion y a la interseccion F1-D2-D4'-NS5-D4-NS5-D6 que estudiamos en
la seccion 7.3. Eligiendo perfiles semilocalizados para las D5-NS5-D7 branas de fondo y
tomando el limite de horizonte cercano, llegamos a una geometria asintética y localmente
AdSg x S? x Xy, que es la dual-T abeliana de la solucién de Brandhuber-Oz de super-
gravedad masiva Tipo ITA. Este comportamiento nos permitié proponer una interpretacion
para la solucién AdS, como dual holografica a una mecanica cuantica superconforme con
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N = 4 que describe un defecto dentro de la SCFT Sp(NV) 5d con N/ = 1 dual a la geometria
AdSg.

En la seccién 7.7 nos enfocamos en la subclase particular de soluciones AdS, x .53 x 52 x
S fibradas sobre dos intervalos caracterizadas por la ausencia de D7-branas. incluso si este
requerimiento implica que la interpretacién de defecto en AdSg se pierde, esta subclase es
interesante dado que podemos actuar localmente en ella con una transformaciéon SL(2,R)
para generar una vasta clase de fondos no equivalentes parametrizados por un parametro
continuo { € [0,7]. Entonces consideramos los fondos duales-S con { = 0y { = 7,
y estudiamos su realizacién en Tipo II tras actuar en ellos con dualidad-T abeliana a lo
largo de la S presente en ambos fondos. De esta manera construimos una cadena completa
de dualidades y proveemos el origen de teoria M de nuestra pareja de soluciones duales-S.
Esto nos permitié mostrar que pertenecen a la misma clase general de soluciones AdSs
con N = (0,4) de teorfa M clasificadas en [173]. Mostramos que la dual-T a la solucién
con £ = T estd relacionada con los fondos AdS3 x 5% x S? estudiados en [58], los cuales se
aproximan asintética y localmente al vacio AdS7/Z;, x S* de teoria M. De este modo, en
ausencia de D7-branas perdemos la interpretaciéon como defecto de linea dentro de AdSg
en Tipo IIB, pero recuperamos una interpretacion como defecto de superficie dentro de la
SCFT 6d con N/ = (1,0) dual al la solucién AdS7/Zy en teoria M.

Concluimos en la seccion 7.8 derivando los duales-T no abelianos en Tipo IIA del par
dual-S con § =0y £ = 7 y discutiendo su embebimiento en teoria M.

Para resumir, hemos avanzado el estudio de la correspondencia holografica para fon-
dos AdS de dimensién baja. Al hacer esto, también hemos abierto nuevos caminos que
pueden ser seguidos para obtener nuevos resultados interesantes. Por ejemplo, hemos con-
struido nuevas soluciones AdS, y AdSs de supergravedad Tipo II, pero atn carecemos de
una clasificaciéon completa de dichas soluciones. En particular, la dualidad-T no abeliana
merece una mencion especial. Se ha usado para construir nuevas soluciones AdS,, resul-
tando muy ttil para la holografia. Atin més, el éxito de su aplicabilidad en nuestro trabajo
sugiere que podria se posible usar esta herramienta para obtener una clasificaciéon general
de soluciones AdSy; que se aproximan asintética y localmente a geometria de Gaiotto-
Maldacena en el UV. En términos generales, la dualidad-T no abeliana carece de una
comprension completa y, por tanto, merece seguir siendo estudiada.

También seria interesante construir una clasificacién mas sistematica y general de
las soluciones AdS, x S® de supergravedad Tipo IIB, la cual contenga aquellas de las
secciones 7.6 y 7.7. En particular que incluya una distorsion adicional entre los factores
AdS, y S3. Uno podria intentar buscar estas soluciones en supergravedades gaugeadas de
dimensién baja, como se inici6 en [59]. Otra linea de investigacién interesante consiste en
construir los quivers que definen la mecanica cuantica superconforme dual a la solucién
AdS, estudiada en la subseccién 7.6.1, siguiendo las ideas de [58,66,67]. Tal teoria de
campos describiria explicitamente un defecto de linea conforme dentro de la SCFT 5d
dual al fondo AdSg x S? x 35 que aparece en las asintotas.

Ademas, el primer ejemplo de dual holografico a un sistema de cajas de branas gen-
eral se obtuvo para una solucion AdS, particular. Sin embargo, uno espera que esta
interpretacion de la SCQM dual como defecto de linea dentro de una SCFT 4d con N = 2
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deberia ser posible para una clase de soluciones que se aproxime asintoética y localmente a
una clase mas general de soluciones de Gaiotto-Maldacena.

Con respecto a la correspondencia AdS;/SCQM, hemos explorado el concepto de
carga central de una SCQM. En particular, hemos seguido la hipdtesis de que la férmula
valida para las CF'TS 2d deberia ser también valida para las SCQM. La concordancia de las
cargas centrales obtenidas de esta manera con aquellas de las soluciones de supergravedad
dual provee apoyo para esta conjetura. Sin embargo, se requiere de més investigacion para
llegar a una conclusién final.

184



Bibliography

1]

G. Veneziano, “Construction of a crossing - symmetric, Regge behaved
amplitude for linearly rising trajectories,” Nuovo Cim. A 57 (1968), 190-
197, doi:10.1007/BF02824451

Nambu, Yoichiro, Lectures on the Copenhagen Summer Symposium
(1970), unpublished.

T. Goto, “Relativistic quantum mechanics of one-dimensional mechanical
continuum and subsidiary condition of dual resonance model,” Prog. Theor.
Phys. 46 (1971), 1560-1569, doi:10.1143/PTP.46.1560

P. Ramond, “Dual Theory for Free Fermions,” Phys. Rev. D3 (1971), 2415,

A. Neveu and J. H. Schwarz, “Factorizable dual model of pions,” Nucl.
Phys. B 31 (1971), 86-112, doi:10.1016/0550-3213(71)90448-2

F. Gliozzi, J. Scherk and D. I. Olive, “Supersymmetry, Supergravity The-
ories and the Dual Spinor Model,” Nucl. Phys. B 122 (1977), 253-290,
d0i:10.1016/0550-3213(77)90206-1

A. M. Polyakov, “Quantum Geometry of Bosonic Strings,” Phys. Lett. B
103 (1981), 207-210, doi:10.1016,/0370-2693(81)90743-7

M. B. Green and J. H. Schwarz, “Anomaly Cancellation in Supersymmetric
D=10 Gauge Theory and Superstring Theory,” Phys. Lett. B 149 (1984),
117-122, doi:10.1016/0370-2693(84)91565-X

D. J. Gross, J. A. Harvey, E. J. Martinec and R. Rohm, “Heterotic String
Theory. 1. The Free Heterotic String,” Nucl. Phys. B 256 (1985), 253,
doi:10.1016/0550-3213(85)90394-3.

T. Kaluza, “Zum Unitatsproblem der Physik,” Sitzungsber. Preuss. Akad.
Wiss. Berlin (Math. Phys. ) 1921 (1921), 966-972,
doi:10.1142/S0218271818700017 [arXiv:1803.08616 [physics.hist-phl].

Klein, O. Quantentheorie und fiinfdimensionale Relativitatstheorie. Z.
Physik 37, 895-906 (1926), doi:10.1007/BF0139748]1.

185


https://link.springer.com/article/10.1007/BF02824451
https://doi.org/10.1143/PTP.46.1560
https://doi.org/10.1016/0550-3213(71)90448-2
https://doi.org/10.1016/0550-3213(77)90206-1
https://doi.org/10.1016/0370-2693(84)91565-X
https://doi.org/10.1016/0550-3213(85)90394-3
https://www.worldscientific.com/doi/abs/10.1142/S0218271818700017
https://arxiv.org/abs/1803.08616
https://link.springer.com/article/10.1007%2FBF01397481

[12]

[13]

[14]

[15]

[19]

[20]

[21]

[22]

[23]

K. Kikkawa and M. Yamasaki, Phys. Lett. 149B (1984) 357.

A. Sen, “Strong - weak coupling duality in four-dimensional string theory,”
Int. J. Mod. Phys. A 9 (1994), 3707-3750,
doi:10.1142/S0217751X94001497 [arXiv:hep-th/9402002 [hep-th]].

J. H. Schwarz, “Evidence for nonperturbative string symmetries,” Lett.
Math. Phys. 34 (1995), 309-317,
doi:10.1007/BF01872784 [arXiv:hep-th/9411178 [hep-th]].

C. Vafa and E. Witten, “A One loop test of string duality,” Nucl. Phys. B
447 (1995), 261-270,
d0i:10.1016/0550-3213(95)00280-6 [arXiv:hep-th/9505053 [hep-th]].

E. Witten, “String theory dynamics in various dimensions,” Nucl. Phys. B
443 (1995), 85-126,
doi:10.1016/0550-3213(95)00158-O [arXiv:hep-th /9503124 [hep-th]].

J. M. Maldacena, “The Large N limit of superconformal field theo-
ries and supergravity,” Adv. Theor. Math. Phys. 2 (1998), 231-252,
doi:10.1023/A:1026654312961 [arXiv:hep-th/9711200 [hep-th]].

J. Dai, R. G. Leigh and J. Polchinski, “New Connections Between String
Theories,” Mod. Phys. Lett. A 4 (1989), 2073-2083,
do0i:10.1142/S0217732389002331

A. Strominger and C. Vafa, “Microscopic origin of the Bekenstein-
Hawking entropy,” Phys. Lett. B 379 (1996), 99-104, doi:10.1016/0370-
2693(96)00345-0 [arXiv:hep-th/9601029 [hep-th]].

N. Kim, “AdS(3) solutions of IIB supergravity from D3-branes,” JHEP 01
(2006), 094,
do0i:10.1088/1126-6708/2006/01 /094 [arXiv:hep-th /0511029 [hep-th]].

J. P. Gauntlett, N. Kim and D. Waldram, “Supersymmetric AdS(3),
AdS(2) and Bubble Solutions,” JHEP 04 (2007), 005,
doi:10.1088/1126-6708/2007/04/005 [arXiv:hep-th/0612253 [hep-th]].

J. P. Gauntlett, O. A. P. Mac Conamhna, T. Mateos and D. Waldram,
“Supersymmetric AdS(3) solutions of type IIB supergravity,” Phys. Rev.
Lett. 97 (2006), 171601,

d0i:10.1103/PhysRevLett.97.171601 [arXiv:hep-th/0606221 [hep-th]].

E. D'Hoker, J. Estes and M. Gutperle, “Gravity duals of half-BPS Wilson
loops,” JHEP 06 (2007), 063,
doi:10.1088/1126-6708/2007/06/063 [arXiv:0705.1004 [hep-th]].

186


https://www.worldscientific.com/doi/abs/10.1142/S0217751X94001497
https://arxiv.org/abs/hep-th/9402002
https://link.springer.com/article/10.1007/BF01872784
https://arxiv.org/abs/hep-th/9411178
https://www.sciencedirect.com/science/article/abs/pii/0550321395002806?via%3Dihub
https://arxiv.org/abs/hep-th/9505053
https://www.sciencedirect.com/science/article/abs/pii/055032139500158O
https://arxiv.org/abs/hep-th/9503124
https://link.springer.com/article/10.1023/A:1026654312961
https://arxiv.org/abs/hep-th/9711200
https://www.worldscientific.com/doi/abs/10.1142/S0217732389002331
https://www.sciencedirect.com/science/article/pii/0370269396003450?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0370269396003450?via%3Dihub
https://arxiv.org/abs/hep-th/9601029
https://iopscience.iop.org/article/10.1088/1126-6708/2006/01/094
https://arxiv.org/abs/hep-th/0511029
https://iopscience.iop.org/article/10.1088/1126-6708/2007/04/005
https://arxiv.org/abs/hep-th/0612253
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.171601
https://arxiv.org/abs/hep-th/0606221
https://iopscience.iop.org/article/10.1088/1126-6708/2007/06/063
https://arxiv.org/abs/0705.1004

[24]

[26]

[27]

28]

[29]

[30]

A. Donos, J. P. Gauntlett and J. Sparks, “AdS(3) x (S**3 x S**3 x S**1)
Solutions of Type IIB String Theory,” Class. Quant. Grav. 26 (2009),
065009,

doi:10.1088/0264-9381/26/6/065009 [arXiv:0810.1379 [hep-th]].

O. Kelekei, Y. Lozano, J. Montero, E. 0. Colgain and M. Park, “Large
superconformal near-horizons from M-theory,” Phys. Rev. D 93 (2016)
no.8, 086010,

d0i:10.1103/PhysRevD.93.086010 [arXiv:1602.02802 [hep-thl]].

D. Corbino, E. D’Hoker and C. F. Uhlemann, “AdS, x S® versus AdSg x
S% in Type IIB supergravity,” JHEP 03 (2018), 120,
doi:10.1007/JHEP03(2018)120 [arXiv:1712.04463 [hep-th]].

G. Dibitetto and N. Petri, “BPS objects in D = 7 supergravity and their
M-theory origin,” JHEP 12 (2017), 041,
doi:10.1007/JHEP12(2017)041 [arXiv:1707.06152 [hep-th]].

C. Couzens, C. Lawrie, D. Martelli, S. Schafer-Nameki and J. M. Wong,
JHEP 08 (2017), 043,
doi:10.1007/JHEP08(2017)043 [arXiv:1705.04679 [hep-th]].

L. Eberhardt, “Supersymmetric AdSs supergravity backgrounds and holog-
raphy,” JHEP 02 (2018), 087,
doi:10.1007/JHEP02(2018)087 [arXiv:1710.09826 [hep-th]].

C. Couzens, D. Martelli and S. Schafer-Nameki, “F-theory and AdS3/CFT,
(2, 0),” JHEP 06 (2018), 008,
doi:10.1007/JHEP06(2018)008 [arXiv:1712.07631 [hep-th]].

D. Corbino, E. D’Hoker, J. Kaidi and C. F. Uhlemann, “Global half-BPS
AdS, x S8 solutions in Type IIB,” JHEP 03 (2019), 039,
doi:10.1007/JHEP03(2019)039 [arXiv:1812.10206 [hep-th]].

G. Dibitetto and A. Passias, “AdS, x S7 solutions from D0-F1-D8 inter-
sections,” JHEP 10 (2018), 190,
doi:10.1007/JHEP10(2018)190 [arXiv:1807.00555 [hep-th]].

G. Dibitetto, G. Lo Monaco, A. Passias, N. Petri and A. Tomasiello, “AdS;
Solutions with Exceptional Supersymmetry,” Fortsch. Phys. 66 (2018)
no.10, 1800060, doi:10.1002/prop.201800060 [arXiv:1807.06602 [hep-thl]].

G. Dibitetto and N. Petri, “AdSs solutions and their massive ITA origin,”
JHEP 05 (2019), 107,
doi:10.1007/JHEP05(2019)107 [arXiv:1811.11572 [hep-th]].

187


https://iopscience.iop.org/article/10.1088/0264-9381/26/6/065009
https://arxiv.org/abs/0810.1379
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.086010
https://arxiv.org/abs/1602.02802
https://link.springer.com/article/10.1007/JHEP03(2018)120
https://arxiv.org/abs/1712.04463
https://link.springer.com/article/10.1007/JHEP12(2017)041
https://arxiv.org/abs/1707.06152
https://link.springer.com/article/10.1007/JHEP08(2017)043
https://arxiv.org/abs/1705.04679
https://link.springer.com/article/10.1007/JHEP02(2018)087
https://arxiv.org/abs/1710.09826
https://link.springer.com/article/10.1007/JHEP06(2018)008
https://arxiv.org/abs/1712.07631
https://link.springer.com/article/10.1007/JHEP03(2019)039
https://arxiv.org/abs/1812.10206
https://link.springer.com/article/10.1007/JHEP10(2018)190
https://arxiv.org/abs/1807.00555
https://onlinelibrary.wiley.com/doi/10.1002/prop.201800060
https://arxiv.org/abs/1807.06602
https://link.springer.com/article/10.1007/JHEP05(2019)107
https://arxiv.org/abs/1811.11572

[35]

[36]

[37]

[38]

[40]

[41]

[42]

[43]

[44]

[45]

C. Couzens, J. P. Gauntlett, D. Martelli and J. Sparks, “A geometric dual
of c-extremization,” JHEP 01 (2019), 212,
doi:10.1007/JHEPO1(2019)212 [arXiv:1810.11026 [hep-th]].

N. T. Macpherson, “Type II solutions on AdSsx S3x S? with large super-
conformal symmetry,” JHEP 05 (2019), 089,
doi:10.1007/JHEP05(2019)089 [arXiv:1812.10172 [hep-th]].

J. P. Gauntlett, D. Martelli and J. Sparks, “Toric geometry and the dual
of Z-extremization,” JHEP 06 (2019), 140,
doi:10.1007/JHEP06(2019)140 [arXiv:1904.04282 [hep-th]].

Y. Lozano, N. T. Macpherson, C. Nunez and A. Ramirez, “AdS3 solutions
in Massive ITA with small N' = (4,0) supersymmetry,” JHEP 01 (2020),
129,

doi:10.1007/JHEP01(2020)129 [arXiv:1908.09851 [hep-th]].

C. Couzens, “N = (0, 2) AdS; solutions of type IIB and F-theory with
generic fluxes,” JHEP 04 (2021), 038,
doi:10.1007 /JHEP04(2021)038 [arXiv:1911.04439 [hep-th]].

G. Dibitetto, Y. Lozano, N. Petri and A. Ramirez, “Holographic description
of M-branes via AdS,,” JHEP 04 (2020), 037,
doi:10.1007/JHEP04(2020)037 [arXiv:1912.09932 [hep-th]].

A. Legramandi, G. Lo Monaco and N. T. Macpherson, “All N' = (8,0)
AdS3 solutions in 10 and 11 dimensions,” JHEP 05 (2021), 263,
doi:10.1007 /JHEP05(2021)263 [arXiv:2012.10507 [hep-th]].

Y. Lozano, C. Nunez, A. Ramirez and S. Speziali, “New AdS, backgrounds
and N = 4 conformal quantum mechanics,” JHEP 03 (2021), 277,
doi:10.1007/JHEP03(2021)277 [arXiv:2011.00005 [hep-th]].

Y. Lozano, C. Nunez, A. Ramirez and S. Speziali, “AdS, duals to ADHM
quivers with Wilson lines,” JHEP 03 (2021), 145,
doi:10.1007/JHEP03(2021)145 [arXiv:2011.13932 [hep-th]].

A. Passias and D. Prins, “On supersymmetric AdSs solutions of Type II,”
JHEP 08 (2021), 168,
doi:10.1007/JHEP08(2021)168 [arXiv:2011.00008 [hep-th]].

Y. Lozano, C. Nunez and A. Ramirez, “AdS, x S* x CY solutions in Type

[IB with 8 supersymmetries,” JHEP 04 (2021), 110,
doi:10.1007/JHEP04(2021)110 [arXiv:2101.04682 [hep-th]].

188


https://link.springer.com/article/10.1007/JHEP01(2019)212
https://arxiv.org/abs/1810.11026
https://link.springer.com/article/10.1007/JHEP05(2019)089
https://arxiv.org/abs/1812.10172
https://link.springer.com/article/10.1007/JHEP06(2019)140
https://arxiv.org/abs/1904.04282
https://link.springer.com/article/10.1007/JHEP01(2020)129
https://arxiv.org/abs/1908.09851
https://link.springer.com/article/10.1007/JHEP04(2021)038
https://arxiv.org/abs/1911.04439
https://link.springer.com/article/10.1007/JHEP04(2020)037
https://arxiv.org/abs/1912.09932
https://link.springer.com/article/10.1007/JHEP05(2021)263
https://arxiv.org/abs/2012.10507
https://link.springer.com/article/10.1007/JHEP03(2021)277
https://arxiv.org/abs/2011.00005
https://link.springer.com/article/10.1007/JHEP03(2021)145
https://arxiv.org/abs/2011.13932
https://link.springer.com/article/10.1007/JHEP08(2021)168
https://arxiv.org/abs/2011.00008
https://link.springer.com/article/10.1007/JHEP04(2021)110
https://arxiv.org/abs/2101.04682

[46]

[47]

[48]

[50]

[51]

[52]

[55]

[56]

F. Faedo, Y. Lozano and N. Petri, “New N = (0,4) AdS3 near-horizons in
Type 11B,” JHEP 04 (2021), 028,
doi:10.1007/JHEP04(2021)028 [arXiv:2012.07148 [hep-th]].

A. Ramirez, “AdS, geometries and non-Abelian T-duality in non-compact
spaces,” JHEP 10 (2021), 020,
doi:10.1007/JHEP10(2021)020 [arXiv:2106.09735 [hep-th]].

C. Couzens, N. T. Macpherson and A. Passias, “N = (2, 2) AdS3
from D3-branes wrapped on Riemann surfaces,” JHEP 02 (2022), 189
doi:10.1007/JHEP02(2022)189 [arXiv:2107.13562 [hep-th]].

C. Couzens, Y. Lozano, N. Petri and S. Vandoren, “N=(0,4) black string
chains,” Phys. Rev. D 105 (2022) no.8, 086015,
d0i:10.1103/PhysRevD.105.086015 [arXiv:2109.10413 [hep-th]].

N. T. Macpherson and A. Tomasiello, “N = (1, 1) supersymmetric AdSs3
in 10 dimensions,” JHEP 03 (2022), 112,
doi:10.1007/JHEP03(2022)112 [arXiv:2110.01627 [hep-th]].

N. T. Macpherson and A. Ramirez, “AdS3xS? in IIB with small N' = (4,
0) supersymmetry,” JHEP 04 (2022), 143 doi:10.1007/JHEP04(2022)143
[arXiv:2202.00352 [hep-th]].

C. Couzens, N. T. Macpherson and A. Passias, “On Type IIA AdS3 solu-
tions and massive GK geometries,” JHEP 08 (2022), 095,
doi:10.1007/JHEP08(2022)095 [arXiv:2203.09532 [hep-th]].

M. Chiodaroli, M. Gutperle and D. Krym, “Half-BPS Solutions locally
asymptotic to AdS(3) x S**3 and interface conformal field theories,” JHEP
02 (2010), 066,

doi:10.1007/JHEP02(2010)066 [arXiv:0910.0466 [hep-th].

M. Chiodaroli, E. D’Hoker and M. Gutperle, “Open Worldsheets for Holo-
graphic Interfaces,” JHEP 03 (2010), 060,
doi:10.1007/JHEP03(2010)060 [arXiv:0912.4679 [hep-th]].

G. Dibitetto and N. Petri, “6d surface defects from massive type IIA,”
JHEP 01 (2018), 039,
doi:10.1007/JHEP01(2018)039 [arXiv:1707.06154 [hep-th]].

G. Dibitetto and N. Petri, “Surface defects in the D4 — D8 brane system,”

JHEP 01 (2019), 193,
doi:10.1007/JHEP01(2019)193 [arXiv:1807.07768 [hep-th]].

189


https://link.springer.com/article/10.1007/JHEP04(2021)028
https://arxiv.org/abs/2012.07148
https://link.springer.com/article/10.1007/JHEP10(2021)020
https://arxiv.org/abs/2106.09735
https://link.springer.com/article/10.1007/JHEP02(2022)189
https://arxiv.org/abs/2107.13562
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.086015
https://arxiv.org/abs/2109.10413
https://link.springer.com/article/10.1007/JHEP03(2022)112
https://arxiv.org/abs/2110.01627
https://link.springer.com/article/10.1007/JHEP04(2022)143
https://arxiv.org/abs/2202.00352
https://link.springer.com/article/10.1007/JHEP08(2022)095
https://arxiv.org/abs/2203.09532
https://link.springer.com/article/10.1007/JHEP02(2010)066
https://arxiv.org/abs/0910.0466
https://link.springer.com/article/10.1007/JHEP03(2010)060
https://arxiv.org/abs/0912.4679
https://link.springer.com/article/10.1007/JHEP01(2018)039
https://arxiv.org/abs/1707.06154
https://link.springer.com/article/10.1007/JHEP01(2019)193
https://arxiv.org/abs/1807.07768

[57] K. Chen, M. Gutperle and M. Vicino, “Holographic Line Defects in D = 4,
N = 2 Gauged Supergravity,” Phys. Rev. D 102 (2020) no.2, 026025,
doi:10.1103/PhysRevD.102.026025 [arXiv:2005.03046 [hep-th]].

[58] F. Faedo, Y. Lozano and N. Petri, “Searching for surface defect CFTs
within AdS,,” JHEP 11 (2020), 052,
doi:10.1007 /JHEP11(2020)052 [arXiv:2007.16167 [hep-th]].

[59] G. Dibitetto and N. Petri, “AdS3 from M-branes at conical singularities,”
JHEP 01 (2021), 129,
doi:10.1007 /JHEP01(2021)129 [arXiv:2010.12323 [hep-th]].

[60] J. M. Maldacena, J. Michelson and A. Strominger, “Anti-de Sitter frag-
mentation,” JHEP 02 (1999), 011, doi:10.1088/1126-6708/1999/02/011
[arXiv:hep-th/9812073 [hep-th]].

[61] A. Strominger, “AdS(2) quantum gravity and string theory,” JHEP 01
(1999), 007, doi:10.1088/1126-6708/1999/01/007 [arXiv:hep-th/9809027
[hep-th].

[62] V. Balasubramanian, A. Naqvi and J. Simon, “A Multiboundary AdS
orbifold and DLCQ holography: A Universal holographic description of
extremal black hole horizons,” JHEP 08 (2004), 023, doi:10.1088/1126-
6708/2004/08/023 [arXiv:hep-th/0311237 [hep-th]].

[63] T. Hartman and A. Strominger, “Central Charge for AdS(2) Quan-
tum Gravity,” JHEP 04 (2009), 026, doi:10.1088/1126-6708/2009/04 /026
[arXiv:0803.3621 [hep-th]].

[64] V. Balasubramanian, J. de Boer, M. M. Sheikh-Jabbari and J. Simon,
“What is a chiral 2d CFT? And what does it have to do with ex-
tremal black holes?,” JHEP 02 (2010), 017, doi:10.1007/JHEP02(2010)017
[arXiv:0906.3272 [hep-th]].

[65] Y. Lozano, N. Petri and C. Risco, “New AdS, supergravity duals of 4d
SCFTs with defects,” JHEP 10 (2021), 217,
doi:10.1007/JHEP10(2021)217 [arXiv:2107.12277 [hep-th]].

[66] Y. Lozano, N. T. Macpherson, N. Petri and C. Risco, “New AdS;/CFT,
pairs in massive ITA with (0, 4) and (4, 4) supersymmetries,” JHEP 09
(2022), 130,
doi:10.1007 /JHEP09(2022)130 [arXiv:2206.13541 [hep-th]].

[67] Y. Lozano, N. Petri and C. Risco, “Line defects as brane boxes in Gaiotto-
Maldacena geometries,” JHEP 02 (2023), 193,
doi:10.1007/JHEP02(2023)193 [arXiv:2212.10398 [hep-th]].

190


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.026025
https://arxiv.org/abs/2005.03046
https://link.springer.com/article/10.1007/JHEP11(2020)052
https://arxiv.org/abs/2007.16167
https://link.springer.com/article/10.1007/JHEP01(2021)129
https://arxiv.org/abs/2010.12323
https://iopscience.iop.org/article/10.1088/1126-6708/1999/02/011
https://arxiv.org/abs/hep-th/9812073
https://iopscience.iop.org/article/10.1088/1126-6708/1999/01/007
https://arxiv.org/abs/hep-th/9809027
https://arxiv.org/abs/hep-th/9809027
https://iopscience.iop.org/article/10.1088/1126-6708/2004/08/023
https://iopscience.iop.org/article/10.1088/1126-6708/2004/08/023
https://arxiv.org/abs/hep-th/0311237
https://iopscience.iop.org/article/10.1088/1126-6708/2009/04/026
https://arxiv.org/abs/0803.3621
https://link.springer.com/article/10.1007/JHEP02(2010)017
https://arxiv.org/abs/0906.3272
https://link.springer.com/article/10.1007/JHEP10(2021)217
https://arxiv.org/abs/2107.12277
https://link.springer.com/article/10.1007/JHEP09(2022)130
https://arxiv.org/abs/2206.13541
https://link.springer.com/article/10.1007/jhep02(2023)193
https://arxiv.org/abs/2212.10398

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

[76]

[77]

78]

[80]

[81]

Y. Lozano, N. Petri and C. Risco, “AdS2 near-horizons, defects, and string
dualities,” Phys. Rev. D 107 (2023) no.10, 106012,
d0i:10.1103/PhysRevD.107.106012 [arXiv:2212.11095 [hep-th]].

M. B. Green, J. H. Schwarz and E. Witten, “SUPERSTRING THEORY.
VOL. 1: INTRODUCTION,” 1988, ISBN 978-0-521-35752-4.

E. Kiritsis, Leuven U. Press, 1998, ISBN 978-90-6186-894-1, [arXiv:hep-
th/9709062 [hep-th]].

D. Tong, “String Theory,” [arXiv:0908.0333 [hep-th]].

E. Palti, “The Swampland: Introduction and Review,”
d0i:10.1002/prop.201900037 [arXiv:1903.06239 [hep-th]].

T. Ortin, “Gravity and Strings,” Cambridge University Press, 2015, ISBN
978-0-521-76813-9, 978-0-521-76813-9, 978-1-316-23579-9,
do0i:10.1017/CB0O9781139019750

N. Petri, “Supersymmetric Objects in Gauged Supergravities,”
d0i:10.13130/petri-nicolo-_phd2018-01-26, [arXiv:1802.04733 [hep-th]].

C. G. Callan, E. J. Martinec, M. J. Perry, and D. Friedan, Nucl. Phys.
B262 (1985) 593.

G. Itsios, Y. Lozano, E. O Colgain and K. Sfetsos, “Non-Abelian T-duality
and consistent truncations in type-II supergravity,” JHEP 08 (2012), 132
doi:10.1007/JHEP08(2012)132 [arXiv:1205.2274 [hep-th]].

L. J. Romans, “Massive N=2a Supergravity in Ten-Dimensions,” Phys.
Lett. B 169 (1986), 374, doi:10.1016/0370-2693(86)90375-8

E. Cremmer, B. Julia and J. Scherk, “Supergravity Theory in Eleven-
Dimensions,” Phys. Lett. B 76 (1978), 409-412,
doi:10.1016/0370-2693(78)90894-8

E. Alvarez, L. Alvarez-Gaume and Y. Lozano, “An Introduction to T-
duality in string theory,” Nucl. Phys. B Proc. Suppl. 41 (1995), 1-20,
d0i:10.1016/0920-5632(95)00429-D [arXiv:hep-th/9410237 [hep-th]].

T. Buscher, “A symmetry of the string background field equations”, Phys.
Lett. B 194 (1987) 59, doi:10.1016/0370-2693(87)90769-6

T. Buscher, “Path integral derivation of quantum duality in nonlin-
ear sigma models”, Phys. Lett. B 201 (1988) 466, doi:10.1016/0370-
2693(88)90602-8

191


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.106012
https://arxiv.org/abs/2212.11095
https://arxiv.org/abs/hep-th/9709062
https://arxiv.org/abs/hep-th/9709062
https://arxiv.org/abs/0908.0333
https://onlinelibrary.wiley.com/doi/abs/10.1002/prop.201900037
https://arxiv.org/abs/1903.06239
https://www.cambridge.org/core/books/gravity-and-strings/FD2B8C0CBAF4730C65B01B60AB52E417
https://air.unimi.it/handle/2434/545103
https://arxiv.org/abs/1802.04733
https://link.springer.com/article/10.1007/JHEP08(2012)132
https://arxiv.org/abs/1205.2274
https://www.sciencedirect.com/science/article/abs/pii/0370269386903758
https://www.sciencedirect.com/science/article/abs/pii/0370269378908948
https://www.sciencedirect.com/science/article/pii/092056329500429D
https://arxiv.org/abs/hep-th/9410237
https://www.sciencedirect.com/science/article/abs/pii/0370269387907696?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0370269388906028?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0370269388906028?via%3Dihub

[82]

[83]

[87]

[93]

M. Rocek and E. P. Verlinde, “Duality, quotients, and currents,” Nucl.
Phys. B 373 (1992), 630-646,
d0i:10.1016/0550-3213(92)90269-H [arXiv:hep-th/9110053 [hep-th]].

S. F. Hassan, “T duality, space-time spinors and RR fields in curved
backgrounds,” Nucl. Phys. B 568 (2000), 145-161 doi:10.1016/50550-
3213(99)00684-7 [arXiv:hep-th/9907152 [hep-th]].

S. F. Hassan, “SO(d,d) transformations of Ramond-Ramond fields and
space-time spinors,” Nucl. Phys. B 583 (2000), 431-453 doi:10.1016 /S0550-
3213(00)00337-0 [arXiv:hep-th/9912236 [hep-th]].

X. C. de la Ossa and F. Quevedo, “Duality symmetries from non-
Abelian isometries in string theory,” Nucl. Phys. B 403 (1993), 377-394,
d0i:10.1016/0550-3213(93)90041-M [arXiv:hep-th/9210021 [hep-th]].

G. Itsios, C. Nunez, K. Sfetsos and D. C. Thompson, “Non-Abelian
T-duality and the AdS/CFT correspondence:new N=1 backgrounds,”
Nucl. Phys. B 873 (2013), 1-64, doi:10.1016/j.nuclphysb.2013.04.004
[arXiv:1301.6755 [hep-th]].

M. B. Green, C. M. Hull and P. K. Townsend, “D-brane Wess-Zumino
actions, t duality and the cosmological constant,” Phys. Lett. B 382 (1996),
65-72,

d0i:10.1016/0370-2693(96)00643-0 [arXiv:hep-th/9604119 [hep-th]].

E. Alvarez, J. L. F. Barbon and J. Borlaf, “T duality for open strings,”
Nucl. Phys. B 479 (1996), 218-242,
doi:10.1016/0550-3213(96)00455-5 [arXiv:hep-th/9603089 [hep-th]].

K. Becker, M. Becker and J. H. Schwarz, Cambridge University
Press, 2006, ISBN 978-0-511-25486-4, 978-0-521-86069-7, 978-0-511-81608-
6 doi:10.1017/CB0O9780511816086

D. Z. Freedman and A. Van Proeyen, “Supergravity,” Cambridge Univ.
Press, 2012, ISBN 978-1-139-36806-3, 978-0-521-19401-3.

A. Ramirez, “Study of the AdS/CFT correspondence in low dimensions,”
PhD thesis.

M. Grana, “Flux compactifications in string theory: A Comprehensive re-
view,” Phys. Rept. 423 (2006), 91-158, doi:10.1016/j.physrep.2005.10.008
[arXiv:hep-th /0509003 [hep-th]].

Y. Lozano and C. Nufez, “Field theory aspects of non-Abelian T-duality
and N = 2 linear quivers,” JHEP 05 (2016), 107
doi:10.1007/JHEP05(2016)107 [arXiv:1603.04440 [hep-th]].

192


https://www.sciencedirect.com/science/article/abs/pii/055032139290269H
https://arxiv.org/abs/hep-th/9110053
https://www.sciencedirect.com/science/article/abs/pii/S0550321399006847?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0550321399006847?via%3Dihub
https://arxiv.org/abs/hep-th/9907152
https://www.sciencedirect.com/science/article/abs/pii/S0550321300003370?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0550321300003370?via%3Dihub
https://arxiv.org/abs/hep-th/9912236
https://www.sciencedirect.com/science/article/abs/pii/055032139390041M?via%3Dihub
https://arxiv.org/abs/hep-th/9210021
https://www.sciencedirect.com/science/article/abs/pii/S0550321313001880?via%3Dihub
https://arxiv.org/abs/1301.6755
https://www.sciencedirect.com/science/article/abs/pii/0370269396006430?via%3Dihub
https://arxiv.org/abs/hep-th/9604119
https://www.sciencedirect.com/science/article/abs/pii/0550321396004555?via%3Dihub
https://arxiv.org/abs/hep-th/9603089
https://www.sciencedirect.com/science/article/pii/S0370157305004618?via%3Dihub
https://arxiv.org/abs/hep-th/0509003
https://link.springer.com/article/10.1007/JHEP05(2016)107
https://arxiv.org/abs/1603.04440

[94] Y. Lozano, N. T. Macpherson, C. Nunez and A. Ramirez, “Two dimen-
sional N = (0,4) quivers dual to AdS; solutions in massive ITA,” JHEP
01 (2020), 140 doi:10.1007/JHEP01(2020)140 [arXiv:1909.10510 [hep-th]].

[95] A. Tomasiello, “Geometry of String Theory Compactifications,” Cam-
bridge University Press, 2022, ISBN 978-1-108-63574-5, 978-1-108-47373-6
do0i:10.1017/9781108635745

[96] A. Kennon, “Gg-Manifolds and M-Theory Compactifications,”
[arXiv:1810.12659 [hep-th]].

[97] A. Conti, Y. Lozano and N. T. Macpherson, “New AdS,/CFT; pairs from
AdS; and monopole bubbling,” [arXiv:2304.11003 [hep-thl].

(98] J. P. Gauntlett, D. Martelli and D. Waldram, “Superstrings with intrinsic
torsion,” Phys. Rev. D 69 (2004), 086002,
d0i:10.1103/PhysRevD.69.086002 [arXiv:hep-th/0302158 [hep-th]].

[99] S. W. Hawking, “Particle Creation by Black Holes,” Commun. Math.
Phys. 43 (1975), 199-220 [erratum: Commun. Math. Phys. 46 (1976), 206]
do0i:10.1007/BF 02345020

[100] C. R. Stephens, G. 't Hooft and B. F. Whiting, “Black hole evaporation
without information loss,” Class. Quant. Grav. 11 (1994), 621-648,
doi:10.1088,/0264-9381/11/3 /014 [arXiv:gr-qc/9310006 [gr-qc]].

[101] G. 't Hooft, “Dimensional reduction in quantum gravity,” Conf. Proc. C
930308 (1993), 284-296 [arXiv:gr-qc/9310026 [gr-qcl].

[102] M. Ammon and J. Erdmenger, “Gauge/gravity duality: Foundations and
applications,” Cambridge University Press, 2015, ISBN 978-1-107-01034-5,
978-1-316-23594-2

[103] H. Nastase, “Introduction to the AdS/CFT Correspondence,” Cambridge
University Press, 2015, ISBN 978-1-107-08585-5, 978-1-316-35530-5

[104] G.’t Hooft, “A planar diagram theory for strong interactions,” Nucl. Phys.
B 72 (1974), 461-473, doi:10.1016,/0550-3213(74)90154-0.

[105] 1. R. Klebanov, D. Kutasov and A. Murugan, “Entanglement as a probe
of confinement,” Nucl. Phys. B 796 (2008), 274-293,
d0i:10.1016/j.nuclphysb.2007.12.017 [arXiv:0709.2140 [hep-th]].

[106] N. T. Macpherson, C. Nufiez, L. A. Pando Zayas, V. G. J. Rodgers and
C. A. Whiting, “Type IIB supergravity solutions with AdS; from Abelian
and non-Abelian T dualities,” JHEP 02 (2015), 040,
doi:10.1007/JHEP02(2015)040 [arXiv:1410.2650 [hep-th]].

193


https://link.springer.com/article/10.1007/JHEP01(2020)140
https://arxiv.org/abs/1909.10510
https://www.cambridge.org/core/books/geometry-of-string-theory-compactifications/F65178AB15B1CCAAD7645BBF221E17B4
https://arxiv.org/abs/1810.12659
https://arxiv.org/abs/2304.11003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.086002
https://arxiv.org/abs/hep-th/0302158
https://link.springer.com/article/10.1007/BF02345020
https://iopscience.iop.org/article/10.1088/0264-9381/11/3/014
https://inspirehep.net/literature/358938
https://arxiv.org/abs/gr-qc/9310026
https://www.sciencedirect.com/science/article/pii/0550321374901540
https://www.sciencedirect.com/science/article/pii/S0550321307009510?via%3Dihub
https://arxiv.org/abs/0709.2140
https://link.springer.com/article/10.1007/JHEP02(2015)040
https://arxiv.org/abs/1410.2650

[107]

[108]

109

[110]

[111]

[112]

[113]

114]

[115]

[116]

[117]

[118]

A. Giveon and D. Kutasov, “Brane Dynamics and Gauge Theory,” Rev.
Mod. Phys. 71 (1999), 983-1084,
d0i:10.1103/RevModPhys.71.983 [arXiv:hep-th/9802067 [hep-th]].

A. Hanany and E. Witten, “Type IIB superstrings, BPS monopoles, and
three-dimensional gauge dynamics,” Nucl. Phys. B 492 (1997), 152-190
d0i:10.1016/S0550-3213(97)00157-0 [arXiv:hep-th/9611230 [hep-th]].

E. Witten, “Solutions of four-dimensional field theories via M the-
ory,” Nucl. Phys. B 500 (1997), 3-42 doi:10.1016/5S0550-3213(97)00416-1
[arXiv:hep-th/9703166 [hep-th]].

B. Assel, C. Bachas, J. Estes and J. Gomis, “Holographic Duals of D=3
N=4 Superconformal Field Theories,” JHEP 08 (2011), 087,
doi:10.1007/JHEP08(2011)087 [arXiv:1106.4253 [hep-th]].

D. Gaiotto and E. Witten, “S-Duality of Boundary Conditions In N=4
Super Yang-Mills Theory,” Adv. Theor. Math. Phys. 13 (2009) no.3, 721-
896,

d0i:10.4310/ATMP.2009.v13.n3.a5 [arXiv:0807.3720 [hep-th]].

D. Tong, “The holographic dual of AdSs x 5% x S3 x S1.” JHEP 04 (2014),
193 doi:10.1007/JHEP04(2014)193 [arXiv:1402.5135 [hep-th]].

S. Yamaguchi, “Wilson loops of anti-symmetric representation and D5-
branes,” JHEP 05 (2006), 037,
doi:10.1088/1126-6708/2006/05/037 [arXiv:hep-th/0603208 [hep-th]].

J. Gomis and F. Passerini, “Holographic Wilson Loops,” JHEP 08 (2006),
074,
doi:10.1088/1126-6708/2006/08 /074 [arXiv:hep-th/0604007 [hep-th]].

E. Witten, JHEP 07 (1998), 006,
doi:10.1088/1126-6708,/1998 /07 /006 [arXiv:hep-th/9805112 [hep-th]].

P. Putrov, J. Song and W. Yan, “(0,4) dualities,” JHEP 03 (2016), 185,
doi:10.1007/JHEP03(2016)185 [arXiv:1505.07110 [hep-th]].

M. Alishahiha and F. Ardalan, “Central Charge for 2D Gravity on AdS(2)
and AdS(2)/CFT(1) Correspondence,” JHEP 08 (2008), 079,
doi:10.1088/1126-6708 /2008 /08,/079 [arXiv:0805.1861 [hep-th]].

M. Cadoni and S. Mignemi, “Asymptotic symmetries of AdS(2) and con-

formal group in d = 1,” Nucl. Phys. B 557 (1999), 165-180,
d0i:10.1016/S0550-3213(99)00398-3 [arXiv:hep-th/9902040 [hep-th]].

194


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.71.983
https://arxiv.org/abs/hep-th/9802067
https://www.sciencedirect.com/science/article/abs/pii/S0550321397800302
https://arxiv.org/abs/hep-th/9611230
https://www.sciencedirect.com/science/article/pii/S0550321397004161?via%3Dihub
https://arxiv.org/abs/hep-th/9703166v1
https://link.springer.com/article/10.1007/JHEP08(2011)087
https://arxiv.org/abs/1106.4253
https://www.intlpress.com/site/pub/pages/journals/items/atmp/content/vols/0013/0003/a005/
https://arxiv.org/abs/0807.3720
https://link.springer.com/article/10.1007/JHEP04(2014)193
https://arxiv.org/abs/1402.5135
https://iopscience.iop.org/article/10.1088/1126-6708/2006/05/037
https://arxiv.org/abs/hep-th/0603208
https://iopscience.iop.org/article/10.1088/1126-6708/2006/08/074
https://arxiv.org/abs/hep-th/0604007
https://iopscience.iop.org/article/10.1088/1126-6708/1998/07/006
https://arxiv.org/abs/hep-th/9805112
https://link.springer.com/article/10.1007/JHEP03(2016)185
https://arxiv.org/abs/1505.07110
https://iopscience.iop.org/article/10.1088/1126-6708/2008/08/079
https://arxiv.org/abs/0805.1861
https://www.sciencedirect.com/science/article/abs/pii/S0550321399003983?via%3Dihub
https://arxiv.org/abs/hep-th/9902040

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

127]

[128]

[129]

[130]

F. Denef, “Quantum quivers and Hall / hole halos,” JHEP 10 (2002), 023,
doi:10.1088/1126-6708,/2002/10/023 [arXiv:hep-th/0206072 [hep-th]].

K. Ohta and Y. Sasai, “Exact Results in Quiver Quantum Mechanics and
BPS Bound State Counting,” JHEP 11 (2014), 123,
doi:10.1007/JHEP11(2014)123 [arXiv:1408.0582 [hep-th]].

C. Cordova and S. H. Shao, “An Index Formula for Supersymmetric Quan-
tum Mechanics,” J. Singul. 15 (2016), 14-35,
doi:10.5427/jsing.2016.15b [arXiv:1406.7853 [hep-th]].

7

Y. Imamura, “1/4 BPS solutions in massive ITA supergravity,” Prog.
Theor. Phys. 106 (2001), 653-670, doi:10.1143/PTP.106.653 [arXiv:hep-
th/0105263 [hep-th]].

A. Legramandi and A. Tomasiello, “Breaking supersymmetry with pure
spinors,” JHEP 11 (2020), 098,
doi:10.1007/JHEP11(2020)098 [arXiv:1912.00001 [hep-th]].

A. Tomasiello, “Generalized structures of ten-dimensional supersym-
metric solutions,” JHEP 03 (2012), 073 doi:10.1007/JHEP03(2012)073
[arXiv:1109.2603 [hep-thl]].

J. B. Gutowski, D. Martelli and H. S. Reall, “All Supersymmetric solutions
of minimal supergravity in six-dimensions,” Class. Quant. Grav. 20 (2003),
5049-5078 doi:10.1088/0264-9381/20/23/008 [arXiv:hep-th/0306235 [hep-
th]].

F. Apruzzi, M. Fazzi, D. Rosa and A. Tomasiello, “All AdS; solutions of
type II supergravity,” JHEP 04 (2014), 064 doi:10.1007/JHEP04(2014)064
[arXiv:1309.2949 [hep-th]].

A. Passias, A. Rota and A. Tomasiello, “Universal consistent truncation
for 6d/7d gauge/gravity duals,” JHEP 10 (2015), 187,
doi:10.1007/JHEP10(2015)187 [arXiv:1506.05462 [hep-th]].

D. Gaiotto and A. Tomasiello, “Holography for (1,0) theories in six dimen-
sions,” JHEP 12 (2014), 003,
doi:10.1007/JHEP12(2014)003 [arXiv:1404.0711 [hep-th].

S. Cremonesi and A. Tomasiello, “6d holographic anomaly match as a
continuum limit,” JHEP 05 (2016), 031 doi:10.1007/JHEP05(2016)031
[arXiv:1512.02225 [hep-thl]].

N. Bobev, G. Dibitetto, F. F. Gautason and B. Truijen, “Holography,
Brane Intersections and Six-dimensional SCFTs,” JHEP 02 (2017), 116,
doi:10.1007/JHEP02(2017)116 [arXiv:1612.06324 [hep-th]].

195


https://iopscience.iop.org/article/10.1088/1126-6708/2002/10/023
https://arxiv.org/abs/hep-th/0206072
https://link.springer.com/article/10.1007/JHEP11(2014)123
https://arxiv.org/abs/1408.0582
http://www.journalofsing.org/volume15/article2.html
https://arxiv.org/abs/1406.7853
https://academic.oup.com/ptp/article/106/3/653/1833310?login=false
 https://arxiv.org/abs/hep-th/0105263
 https://arxiv.org/abs/hep-th/0105263
https://link.springer.com/article/10.1007/JHEP11(2020)098
https://arxiv.org/abs/1912.00001
https://link.springer.com/article/10.1007/JHEP03(2012)073
https://arxiv.org/abs/1109.2603
https://iopscience.iop.org/article/10.1088/0264-9381/20/23/008
https://arxiv.org/abs/hep-th/0306235
https://arxiv.org/abs/hep-th/0306235
https://link.springer.com/article/10.1007/JHEP04(2014)064
https://arxiv.org/abs/1309.2949
https://link.springer.com/article/10.1007/JHEP10(2015)187
https://arxiv.org/abs/1506.05462
https://arxiv.org/abs/1404.0711
https://link.springer.com/article/10.1007/JHEP12(2014)003
https://link.springer.com/article/10.1007/JHEP05(2016)031
https://arxiv.org/abs/1512.02225
https://link.springer.com/article/10.1007/JHEP02(2017)116
https://arxiv.org/abs/1612.06324

131]

[132]

[133]

[134]

[135]

[136]

[137]

138

[139)]

[140]

[141]

C. Nunez, J. M. Penin, D. Roychowdhury and J. Van Gorsel, “The non-
Integrability of Strings in Massive Type ITA and their Holographic duals,”
JHEP 06 (2018), 078,

doi:10.1007/JHEP06(2018)078 [arXiv:1802.04269 [hep-th]].

I. Brunner and A. Karch, “Branes and six-dimensional fixed points,” Phys.
Lett. B 409 (1997), 109-116,
d0i:10.1016/S0370-2693(97)00935-0 [arXiv:hep-th/9705022 [hep-th]].

A. Hanany and A. Zaffaroni, “Chiral symmetry from type IIA branes,”
Nucl. Phys. B 509 (1998), 145-168,
d0i:10.1016/50550-3213(97)00595-6 [arXiv:hep-th/9706047 [hep-thl]

D. E. Diaconescu and N. Seiberg, “The Coulomb branch of (4,4) super-
symmetric field theories in two-dimensions,” JHEP 07 (1997), 001,
doi:10.1088/1126-6708/1997/07/001 [arXiv:hep-th/9707158 [hep-th]].

E. Witten, “On the conformal field theory of the Higgs branch,” JHEP 07
(1997), 003,
doi:10.1088/1126-6708/1997/07/003 [arXiv:hep-th /9707093 [hep-th]].

O. Aharony and M. Berkooz, “IR dynamics of D = 2, N=(4,4) gauge
theories and DLCQ of ’little string theories’,” JHEP 10 (1999), 030,
doi:10.1088/1126-6708/1999/10,/030 [arXiv:hep-th /9909101 [hep-th]].

P. Kraus and F. Larsen, “Holographic gravitational anomalies,” JHEP 01
(2006), 022,
doi:10.1088/1126-6708/2006/01/022 [arXiv:hep-th/0508218 [hep-th]].

J. H. Brodie, “T'wo-dimensional mirror symmetry from M theory,” Nucl.
Phys. B 517 (1998), 36-52,
d0i:10.1016/S0550-3213(97)00755-4 [arXiv:hep-th/9709228 [hep-th]].

M. Alishahiha, “N=(4,4) 2-D supersymmetric gauge theory and brane con-
figuration,” Phys. Lett. B 420 (1998), 51-54,
d0i:10.1016/S0370-2693(97)01494-9 [arXiv:hep-th/9710020 [hep-th]].

A. Brandhuber and Y. Oz, “The D-4 - D-8 brane system and five-
dimensional fixed points,” Phys. Lett. B 460 (1999), 307-312,
d0i:10.1016/S0370-2693(99)00763-7 [arXiv:hep-th/9905148 [hep-th]].

F. Apruzzi, M. Fazzi, A. Passias, A. Rota and A. Tomasiello, “Six-
Dimensional Superconformal Theories and their Compactifications from
Type ITA Supergravity,” Phys. Rev. Lett. 115 (2015) no.6, 061601,
doi:10.1103/PhysRevLett.115.061601 [arXiv:1502.06616 [hep-th]].

196


https://link.springer.com/article/10.1007/JHEP06(2018)078
https://arxiv.org/abs/1802.04269
https://www.sciencedirect.com/science/article/abs/pii/S0370269397009350?via%3Dihub
https://arxiv.org/abs/hep-th/9705022
https://www.sciencedirect.com/science/article/abs/pii/S0550321397005956?via%3Dihub
https://arxiv.org/abs/hep-th/9706047
https://iopscience.iop.org/article/10.1088/1126-6708/1997/07/001
https://arxiv.org/abs/hep-th/9707158
https://iopscience.iop.org/article/10.1088/1126-6708/1997/07/003
https://arxiv.org/abs/hep-th/9707093
https://iopscience.iop.org/article/10.1088/1126-6708/1999/10/030
https://arxiv.org/abs/hep-th/9909101
https://iopscience.iop.org/article/10.1088/1126-6708/2006/01/022
https://arxiv.org/abs/hep-th/0508218
https://www.sciencedirect.com/science/article/abs/pii/S0550321397007554?via%3Dihub
https://arxiv.org/abs/hep-th/9709228
https://www.sciencedirect.com/science/article/abs/pii/S0370269397014949?via%3Dihub
https://arxiv.org/abs/hep-th/9710020
https://www.sciencedirect.com/science/article/abs/pii/S0370269399007637?via%3Dihub
https://arxiv.org/abs/hep-th/9905148
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.061601
https://arxiv.org/abs/1502.06616

[142]

[143]

[144]

[145]

[146]

[147]

148

[149]

[150]

[151]

[152]

[153]

154]

E. D’Hoker, M. Gutperle, A. Karch and C. F. Uhlemann, “Warped AdSg x
S? in Type IIB supergravity I: Local solutions,” JHEP 08 (2016), 046,
doi:10.1007 /JHEP08(2016)046 [arXiv:1606.01254 [hep-th]].

D. Gaiotto and J. Maldacena, “The Gravity duals of N=2 superconformal
field theories,” JHEP 10 (2012), 189,
doi:10.1007/JHEP10(2012)189 [arXiv:0904.4466 [hep-th]].

O. Bergman and D. Rodriguez-Gomez, “5d quivers and their AdS(6) du-
als,” JHEP 07 (2012), 171,
doi:10.1007 /JHEP07(2012)171 [arXiv:1206.3503 [hep-th]].

Y. Lozano, N. T. Macpherson and J. Montero, “AdSg T-duals and type
IIB AdSgx S? geometries with 7-branes,” JHEP 01 (2019), 116,
doi:10.1007/JHEP01(2019)116 [arXiv:1810.08093 [hep-th]].

R. A. Reid-Edwards and B. Stefanski, jr., “On Type IIA geometries dual
to N = 2 SCFTs,” Nucl. Phys. B 849 (2011), 549-572,
d0i:10.1016/j.nuclphysb.2011.04.002 [arXiv:1011.0216 [hep-th]].

O. Aharony, L. Berdichevsky and M. Berkooz, “4d N=2 superconformal
linear quivers with type IIA duals,” JHEP 08 (2012), 131,
doi:10.1007/JHEP08(2012)131 [arXiv:1206.5916 [hep-th].

H. Y. Chen and D. Tong, JHEP 06 (2006), 017,
doi:10.1088/1126-6708/2006/06/017 [arXiv:hep-th/0604090 [hep-th]].

A. Hanany and T. Okazaki, “(0,4) brane box models,” JHEP 03 (2019),
027 doi:10.1007/JHEP03(2019)027 [arXiv:1811.09117 [hep-th]].

S. Baines and T. Van Riet, “Smearing orientifolds in flux compactifications
can be OK,” Class. Quant. Grav. 37 (2020) no.19, 195015,
doi:10.1088/1361-6382/aba8e0 [arXiv:2005.09501 |[hep-th]].

K. A. Intriligator and N. Seiberg, “Mirror symmetry in three-dimensional
gauge theories,” Phys. Lett. B 387 (1996), 513-519,
d0i:10.1016/0370-2693(96)01088-X [arXiv:hep-th/9607207 [hep-th]].

J. H. Schwarz, “Some properties of type I-prime string theory,”
doi:10.1142/9789812793850-0023 [arXiv:hep-th/9907061 [hep-th]].

M. R. Douglas, “Gauge fields and D-branes,” J. Geom. Phys. 28 (1998),
255-262,
d0i:10.1016/S0393-0440(97)00024-7 [arXiv:hep-th/9604198 [hep-th]].

E. Witten, “Small instantons in string theory,” Nucl. Phys. B 460
(1996), 541-559 doi:10.1016/0550-3213(95)00625-7 [arXiv:hep-th/9511030
[hep-th].

197


https://link.springer.com/article/10.1007/JHEP08(2016)046
https://arxiv.org/abs/1606.01254
https://link.springer.com/article/10.1007/JHEP10(2012)189
https://arxiv.org/abs/0904.4466
https://link.springer.com/article/10.1007/JHEP07(2012)171
https://arxiv.org/abs/1206.3503
https://link.springer.com/article/10.1007/JHEP01(2019)116
https://arxiv.org/abs/1810.08093
https://www.sciencedirect.com/science/article/abs/pii/S0550321311002033?via%3Dihub
https://arxiv.org/abs/1011.0216
https://link.springer.com/article/10.1007/JHEP08(2012)131
https://arxiv.org/abs/1206.5916
https://iopscience.iop.org/article/10.1088/1126-6708/2006/06/017
https://arxiv.org/abs/hep-th/0604090
https://link.springer.com/article/10.1007/JHEP03(2019)027
https://arxiv.org/abs/1811.09117
https://iopscience.iop.org/article/10.1088/1361-6382/aba8e0
https://arxiv.org/abs/2005.09501
https://www.sciencedirect.com/science/article/abs/pii/037026939601088X?via%3Dihub
https://arxiv.org/abs/hep-th/9607207
https://www.worldscientific.com/doi/abs/10.1142/9789812793850_0023
https://arxiv.org/abs/hep-th/9907061
https://www.sciencedirect.com/science/article/abs/pii/S0393044097000247?via%3Dihub
https://arxiv.org/abs/hep-th/9604198
https://www.sciencedirect.com/science/article/abs/pii/0550321395006257?via%3Dihub
https://arxiv.org/abs/hep-th/9511030
https://arxiv.org/abs/hep-th/9511030

[155]

[156]

[157]

[158]

[159]

[160]

[161]

162]

[163]

[164]

[165]

[166]

Y. Oz, “Warped compactifications and AdS / CFT,” PoS tmr99 (1999),
039,
doi:10.22323,/1.004.0039 [arXiv:hep-th /0004009 [hep-th]].

A. Fayyazuddin and D. J. Smith, “Localized intersections of M5-branes and
four-dimensional superconformal field theories,” JHEP 04 (1999), 030,
doi:10.1088/1126-6708/1999/04/030 [arXiv:hep-th/9902210 [hep-th]].

D. Youm, “Partially localized intersecting BPS branes,” Nucl. Phys. B 556
(1999), 222-246,
d0i:10.1016/S0550-3213(99)00384-3 [arXiv:hep-th/9902208 [hep-th]].

A. Loewy, “Semilocalized brane intersections in SUGRA,” Phys. Lett. B
463 (1999), 41-47,
d0i:10.1016/S0370-2693(99)00949-1 [arXiv:hep-th/9903038 [hep-th]].

M. Cvetic, H. Lu, C. N. Pope and J. F. Vazquez-Poritz, “AdS in warped
space-times,” Phys. Rev. D 62 (2000), 122003,
d0i:10.1103/PhysRevD.62.122003 [arXiv:hep-th/0005246 [hep-th]].

Y. Lozano, N. T. Macpherson, C. Nunez and A. Ramirez, “1/4 BPS solu-
tions and the AdS3;/CF Ty correspondence,” Phys. Rev. D 101 (2020) no.2,
026014,

d0i:10.1103/PhysRevD.101.026014 [arXiv:1909.09636 [hep-th]].

Y. Lozano and A. Ramirez, “New Advancements in AdS/CFT in Lower
Dimensions,” Universe 7 (2021) no.7, 250,
d0i:10.3390/universe7070250 [arXiv:2106.12195 [hep-th]].

J. Gomis and F. Passerini, “Wilson Loops as D3-Branes,” JHEP 01 (2007),
097, doi:10.1088/1126-6708/2007/01/097 [arXiv:hep-th/0612022 [hep-th]].

M. Alishahiha and Y. Oz, “AdS / CFT and BPS strings in four-
dimensions,” Phys. Lett. B 465 (1999), 136-141,
d0i:10.1016/S0370-2693(99)01034-5 [arXiv:hep-th/9907206 [hep-th]].

K. Sfetsos and D. C. Thompson, “On non-abelian T-dual geometries with
Ramond fluxes,” Nucl. Phys. B 846 (2011), 21-42,
d0i:10.1016/j.nuclphysb.2010.12.013 [arXiv:1012.1320 [hep-th]].

R. Terrisse, D. Tsimpis and C. A. Whiting, “D-branes and non-Abelian
T-duality,” Nucl. Phys. B 947 (2019), 114733,
d0i:10.1016/j.nuclphysb.2019.114733 [arXiv:1811.05800 [hep-th]].

E. Alvarez, L. Alvarez-Gaume, J. L. F. Barbon and Y. Lozano, “Some
global aspects of duality in string theory,” Nucl. Phys. B 415 (1994), 71-
100 doi:10.1016/0550-3213(94)90067-1 [arXiv:hep-th/9309039 [hep-th]].

198


https://pos.sissa.it/004/039
https://arxiv.org/abs/hep-th/0004009
https://iopscience.iop.org/article/10.1088/1126-6708/1999/04/030
https://arxiv.org/abs/hep-th/9902210
https://www.sciencedirect.com/science/article/abs/pii/S0550321399003843?via%3Dihub
https://arxiv.org/abs/hep-th/9902208
https://www.sciencedirect.com/science/article/abs/pii/S0370269399009491?via%3Dihub
https://arxiv.org/abs/hep-th/9903038
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.62.122003
https://arxiv.org/abs/hep-th/0005246
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.026014
https://arxiv.org/abs/1909.09636
https://www.mdpi.com/2218-1997/7/7/250
https://arxiv.org/abs/2106.12195
https://iopscience.iop.org/article/10.1088/1126-6708/2007/01/097
https://arxiv.org/abs/hep-th/0612022
https://www.sciencedirect.com/science/article/abs/pii/S0370269399010345?via%3Dihub
https://arxiv.org/abs/hep-th/9907206
https://www.sciencedirect.com/science/article/abs/pii/S0550321310006681?via%3Dihub
https://arxiv.org/abs/1012.1320
https://sciencedirect.com/science/article/pii/S0550321319302196?via%3Dihub
https://arxiv.org/abs/1811.05800
https://www.sciencedirect.com/science/article/abs/pii/0550321394900671?via%3Dihub
https://arxiv.org/abs/hep-th/9309039

[167]

[168]

[169]

[170]

[171]

[172]

[173]

B. Assel and A. Sciarappa, “Wilson loops in 5d N' = 1 theories and S-
duality,” JHEP 10 (2018), 082,
doi:10.1007/JHEP10(2018)082 [arXiv:1806.09636 [hep-th]].

B. Assel and A. Sciarappa, “On monopole bubbling contributions to ’t
Hooft loops,” JHEP 05 (2019), 180,
doi:10.1007/JHEP05(2019)180 [arXiv:1903.00376 [hep-th]].

Y. Lozano, E. o) Colgain, D. Rodriguez-Gémez and K. Sfetsos, “Supersym-
metric AdSg via T Duality,” Phys. Rev. Lett. 110 (2013) no.23, 231601,
doi:10.1103/PhysRevLett.110.231601 [arXiv:1212.1043 [hep-thl]].

E. D’'Hoker, M. Gutperle and C. F. Uhlemann, “Warped AdSs x S? in
Type IIB supergravity II: Global solutions and five-brane webs,” JHEP 05
(2017), 131,

doi:10.1007/JHEP05(2017)131 [arXiv:1703.08186 [hep-th]].

E. D’Hoker, M. Gutperle and C. F. Uhlemann, “Warped AdSg x S? in
Type IIB supergravity III: Global solutions with seven-branes,” JHEP 11
(2017), 200,

doi:10.1007/JHEP11(2017)200 [arXiv:1706.00433 [hep-th]].

Y. Bea, J. D. Edelstein, G. Itsios, K. S. Kooner, C. Nunez, D. Schofield
and J. A. Sierra-Garcia, “Compactifications of the Klebanov-Witten CFT
and new AdS; backgrounds,” JHEP 05 (2015), 062,
doi:10.1007/JHEP05(2015)062 [arXiv:1503.07527 [hep-th]].

Y. Lozano, C. Nunez, A. Ramirez and S. Speziali, “M-strings and AdS3
solutions to M-theory with small N = (0,4) supersymmetry,” JHEP 08
(2020), 118,

doi:10.1007/JHEP08(2020)118 [arXiv:2005.06561 [hep-th]].

199


https://link.springer.com/article/10.1007/JHEP10(2018)082
https://arxiv.org/abs/1806.09636
https://link.springer.com/article/10.1007/JHEP05(2019)180
https://arxiv.org/abs/1903.00376
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.231601
https://arxiv.org/abs/1212.1043
https://link.springer.com/article/10.1007/JHEP05(2017)131
https://arxiv.org/abs/1703.08186
https://link.springer.com/article/10.1007/JHEP11(2017)200
https://arxiv.org/abs/1706.00433
https://link.springer.com/article/10.1007/JHEP05(2015)062
https://arxiv.org/abs/1503.07527
https://link.springer.com/article/10.1007/JHEP08(2020)118
https://arxiv.org/abs/2005.06561

	Introduction
	I Bibliographical Review
	String Theory
	String dynamics
	Dimensional reduction
	The low-energy limit
	String dualities
	T-duality
	S-duality
	M-theory and U-duality


	Supergravity
	Gauging supersymmetry
	Solutions in Type II supergravity 
	Basic solutions in 11d supergravity
	G-structure
	 G-structure in N=(1,1) AdS3 solutions to Type IIA/B supergravity


	Holography
	The original AdS5/CFT4 correspondence
	The open string interpretation
	The closed string interpretation
	The comparison of both interpretations

	An example of AdS3/CFT2 correspondence

	Quiver field theories on brane systems
	Hanany-Witten brane set-ups
	Hanany-Witten brane creation effect



	II Original Work
	Outline of the Original Results
	Construction of new low-dimensional AdS solutions
	Computation of quantised charges and derivation of the dual field theory
	Computation of the central charge and test of the duality

	AdS3/CFT2 in Type II
	A new class of N=(0,4) AdS3 solutions in massive IIA
	Supersymmetry
	The brane picture
	 An uplift of 6d minimal N=2 ungauged supergravity

	Defects within N=(1,0) 6d CFTs
	The AdS7 vacua of massive IIA and their dual 6d CFTs
	The surface defect ansatz
	Surface defect CFTs

	N=(4,4) AdS3 from D2-D4-NS5 branes
	AdS3xS3xT3 solutions with N=(4,4) supersymmetries
	2d dual CFTs
	Realisation in M-theory
	Realisation in Type IIB

	AdS3xS3xT3 in Type I'

	AdS2/SCQM in Type II
	The F1-D2-D4'-NS5'-D4-NS5 Brane System
	The brane solutions to Type IIA
	F1-D2-D4'-NS5' line defects within AdS5

	The D1-F1-D5-NS5-D3-KK brane system
	The brane solution to Type IIB
	Defects within 4d SCFTs in Type IIB

	The F1-D2-D4'-NS5'-D4-NS5-D6 brane system
	Adding D6-branes to the brane set-up
	Quantised charges
	Holographic central charge
	Dual quiver quantum mechanics
	Quantum mechanical central charge
	Baryon vertex interpretation

	A new class of AdS2xS2xS2 solutions to Type IIA via non-Abelian T-duality
	F1-D2-D4'-NS5 line defects within AdS5 

	Line defects within 4d N=2 SCFTs and brane boxes
	The 4d Superconformal Background Theory
	The line defect theory
	Baryon vertex interpretation
	Computation of the central charge

	The D1-F1-D3-D5-NS5-D7 brane set-up
	Line defects within AdS6x S2xΣ2 vacua

	SL(2, R) rotation of the D1-F1-D3-D5-NS5 brane set-up
	Web of dualities and M-theory origin

	Non-Abelian T-duals to the S-dual solutions

	Conclusions
	Conclusiones
	Bibliography




