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RESUMEN (en espaiiol)

En esta tesis investigamos la estructura de vacios de la supergravedad maximal gaugeada
diénicamente con grupo de gauge [SO(1,1) x SO(6)] x R' en cuatro dimensiones y
encontramos nuevas familias de soluciones AdSs con supersimetria residual N=0,1 o 2,
extendiendo la solucion N=4 ya conocida en la literatura. Utilizando técnicas de Teoria de
Campos Excepcionales (ExFT), elevamos estas soluciones a la supergravedad diez-
dimensional de Tipo IIB en una geometria de la forma AdSs x S' x S°. Las configuraciones
resultantes se denominan S-folds. Estas son configuraciones no-geométricas de la teoria de
cuerdas que presentan una monodromia de dualidad S (de ahi el término S-fold) inducida por
un elemento hiperbdlico de SL(2,Z) al movernos alrededor de la S'.

Se conjetura que los S-folds son los duales holograficos de nuevas CFTs's fuertemente
acopladas, estrechamente relacionadas con las interfaces localizadas en SYMa. Con el fin de
caracterizar su espectro de operadores y explorar la posible existencia de una variedad
conforme de tales CFT3’s, estudiamos el espacio de modulos y el espectro de masas de los S-
folds. A continuacion demostramos que todos los S-folds con simetrias residuales continuas
admiten deformaciones marginales exactas que rompen algunas o todas las (super)simetrias
residuales. Estas deformaciones se generan en cuatro dimensiones al activar campos
axionicos que denominamos "deformaciones planas".

Al embeber estas deformaciones en la supergravedad Tipo IIB, éstas se clasifican en términos
del “mapping torus” y se muestra que codifican una monodromia geométrica de la S° sobre la
S'. Centrandonos en las deformaciones planas del S-fold con N=4 supersimetria, establecemos
la existencia de un espacio de mbédulos de soluciones no supersimétricas, pero
perturbativamente estables. También examinamos la estabilidad no perturbativa de las
soluciones no supersimétricas y no encontramos ningun canal de decaimiento. Estos
resultados desafian la conjetura de la no existencia de soluciones AdS no supersimétricas y
estables propuesta en la literatura.

Posteriormente consideramos los flujos de renormalizacién (RG flows) holograficos que
terminan, en el IR, en las soluciones de S-folds utilizando técnicas numéricas y semi-analiticas.
Mostramos que los S-folds son los puntos fijos en el IR desencadenados por deformaciones
anisotropas de SYMy (colocada en una S"), en concordancia con la interpretacion de interfaz de
sus CFT3’s duales. Ademas, presentamos un flujo de renormalizacién que conecta la solucién
N=1 en UV con la solucién N=2 en IR.

Finalmente, investigamos la existencia de S-folds posiblemente mas genéricos cuya
descripcion cuatridimensional efectiva no puede ser capturada por una supergravedad maximal
sino sélo por una supergravedad semi-maximal. Esto nos lleva a investigar una clase de
gaugeos del grupo ISO(3) x ISO(3) en supergravedad N=4. Dentro de esta clase, encontramos
una red de vacios que preservan supersimetria N=2 con un punto especial asociado a una
solucién exética con supersimetria N=4. La realizacion en teoria de cuerdas de esta solucion, si
es que la hay, es aun desconocida.




RESUMEN (en Inglés)

In this thesis we investigate the vacuum structure of the dyonic [SO(1,1) x SO(6)] < R'? gauged
maximal supergravity in four dimensions and find new families of AdS4 solutions with residual
N=0,1 or 2 supersymmetry, extending a well-known N=4 solution in the literature. Using
techniques from Exceptional Field Theory (ExFT), we uplift these solutions to Type |IB
supergravity on geometries of the form AdSs x S x S°. The resulting Type IIB backgrounds are
referred to as S-folds. These are non-geometric string backgrounds because they feature an
S-duality monodromy (hence the term S-fold) induced by a hyperbolic element of SL(2,Z) when
moving along the S™.

S-folds are conjectured to be the holographic duals of new strongly coupled CFTs's closely
related to localised interfaces in SYMas. In order to characterise the low-lying operator content
and explore the possible existence of a conformal manifold of such CFTs’s, we study the mass
spectrum and moduli space of the S-fold solutions. We then prove that all the S-folds with
continuous residual symmetries admit exactly marginal deformations breaking some, or all, of
the residual (super)symmetries. These deformations are generated in four dimensions by
turning on axionic fields which we dub “flat deformations”.

The Type IIB uplift of these flat deformations are then classified in terms of mapping tori and
shown to encode a geometric monodromy of the S® over the S'. Focussing on the flat
deformations of the original N=4 S-fold, we establish the existence of a moduli space of non-
supersymmetric, yet perturbatively stable, solutions. We also examine the non-perturbative
stability of the non-supersymmetric solutions and do not find any decay channel. These results
challenge a non-SUSY AdS conjecture existing in the literature.

Next, we construct holographic RG-flows ending, in the IR, at the S-fold solutions using both
numerical and semi-analytical techniques. We show that the S-folds are the IR fixed points of
anisotropic deformations of SYMa (placed on S"), in line with the interface-like interpretation of
their CFT3 duals. Moreover, we present an RG-flow connecting the N=1 solution in the UV to
the N=2 solution in the IR.

Finally, we investigate the existence of possibly more generic S-folds whose effective four
dimensional description cannot be captured by a maximal supergravity but only by a half-
maximal one. This leads us to investigate a class of gaugings of ISO(3) x ISO(3) in N=4
supergravity. Within this setup, we find a rich web of AdS4 solutions preserving N=2
supersymmetry with a special point of symmetry enhancement to an exotic N=4 solution. The
string theoretic realisation of this solution, if any, is still lacking.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
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Abstract

We investigate the vacuum structure of the dyonic [SO(1, 1) x SO(6)] x R1? gauged
maximal supergravity in four dimensions and find new families of AdSs solutions
with residual A/ = 0, 1 or 2 supersymmetry, extending the known N = 4 solution.
Using techniques from Exceptional Field Theory (ExFT), we uplift these solutions to
Type IIB supergravity on AdS; x S' x S§°. The resulting backgrounds are referred
to as S-folds because they feature an S-duality monodromy induced by an hyperbolic
element of SL(2, Z) around the S*.

S-folds are conjectured to be the holographic duals of new strongly coupled CFT3’s
closely related to localised interfaces in SYMy. In order to characterise the low-lying
operator content and explore the possible existence of a conformal manifold of such
CFTj3’s, we study the mass spectrum and moduli space of the S-fold solutions. We
prove that all S-folds with continuous residual symmetries admit exactly marginal
deformations breaking some, or all, of the residual (super)symmetries. These defor-
mations are generated in four dimensions by turning on axionic fields which we dub
“flat deformations”.

The Type IIB uplift of these deformations are classified in terms of mapping tori
and shown to encode a geometric monodromy of the S® over the S*. Focussing on the
flat deformations of the original N' = 4 S-fold, we establish the existence of a moduli
space of non-supersymmetric, yet perturbatively stable, solutions. We also examine
the non-perturbative stability of the non-supersymmetric solutions and do not find
any decay channel. These results challenge the non-SUSY AdS conjecture existing in
the litterature.

Next, we consider holographic RG-flows ending, in the IR, at the S-fold solutions
using both numerical and semi-analytical techniques. We show that the S-folds are
the IR fixed points of anisotropic deformations of SYM, placed on S', in line with
the interface interpretation of their CFT duals. Moreover, we present an RG-flow
connecting the A/ = 1 solution in the UV to the N/ = 2 solution in the IR.

Finally, we investigate the existence of possibly more generic S-folds whose ef-
fective four dimensional description cannot be captured by a maximal supergravity
but only by a half-maximal one. This leads us to investigate a class of gaugings
of ISO(3) x ISO(3) in N' = 4 supergravity. Within this setup, we find a web of
AdS, solutions preserving N' = 2 supersymmetry with a special point of symmetry
enhancement to an exotic NV = 4 solution. The string theoretic realisation of this
solution, if any, is still lacking.

This thesis is based on the work published in [1, 2, 3, 4, 5, 6, 7].



Resumen

En esta tesis investigamos la estructura de vacios de la supergravedad maximal
gaugeada diénicamente con grupo de gauge [SO(1,1) x SO(6)] x R'? en cuatro dimen-
siones y encontramos nuevas familias de soluciones AdS4 con supersimetria residual
N = 0,1 o 2, extendiendo la solucién N' = 4 ya conocida en la literatura. Uti-
lizando técnicas de Teoria de Campos Excepcionales (ExFT), elevamos estas solu-
ciones a la supergravedad diez-dimensional de Tipo IIB en una geometria de la forma
AdS4xzS'2S°. Las configuraciones resultantes se denominan S-folds. Estas son con-
figuraciones de la teorfa de cuerdas que presentan una monodromia de dualidad S (de
ahi el término S-fold) inducida por un elemento hiperbdlico de SL(2,Z) al movernos
alrededor de la S*.

Se conjetura que los S-folds son los duales holograficos de nuevas CFT3’s fuerte-
mente acopladas, estrechamente relacionadas con las interfaces localizadas en SYM4.
Con el fin de caracterizar su espectro de operadores y explorar la posible existencia
de una variedad conforme de tales CFT3’s, estudiamos el espacio de modulos y el es-
pectro de masas de los S-folds. A continuacién demostramos que todos los S-folds con
simetrias residuales continuas admiten deformaciones marginales exactas que rompen
algunas o todas las (super)simetrias residuales. Estas deformaciones se generan en
cuatro dimensiones al activar campos axioénicos que denominamos "deformaciones
planas".

Al embeber estas deformaciones en la supergravedad Tipo IIB, éstas se clasifican
en términos del “mapping torus” y se muestra que codifican una monodromia ge-
ométrica de la S® sobre la S'. Centrdndonos en las deformaciones planas del S-fold
con N = 4 supersimetria, establecemos la existencia de un espacio de médulos de solu-
ciones no supersimétricas, pero perturbativamente estables. También examinamos la
estabilidad no perturbativa de las soluciones no supersimétricas y no encontramos
ningun canal de decaimiento. Estos resultados desafian la conjetura de la no existen-
cia de soluciones AdS no supersimétricas y estables propuesta en la literatura.

Posteriormente consideramos los flujos de renormalizacién (RG flows) holograficos
que terminan, en el IR, en las soluciones de S-folds utilizando técnicas numéricas y
semi-analiticas. Mostramos que los S-folds son los puntos fijos en el IR desencadena-
dos por deformaciones anisétropas de SYMy (colocada en una S'), en concordancia
con la interpretacion de interfaz de sus CFT3’s duales. Ademaés, presentamos un flujo
de renormalizacién que conecta la solucién N' =1 en UV con la solucién N = 2 en
IR.

Finalmente, investigamos la existencia de S-folds posiblemente més genéricos cuya
descripcién cuatridimensional efectiva no puede ser capturada por una supergravedad
maximal sino s6lo por una supergravedad semi-maximal. Esto nos lleva a investigar
una clase de gaugeos del grupo ISO(3) x ISO(3) en supergravedad N' = 4. Dentro
de esta clase, encontramos una red de vacios que preservan supersimetria N = 2
con un punto especial asociado a una solucién exdtica con supersimetria N' = 4. La
realizacién en teoria de cuerdas de esta solucién, si es que la hay, es ain desconocida.

Esta tesis estd basada en los trabajos publicados [1, 2, 3, 4, 5, 6, 7].



Résumé

Nous étudions la structure des solutions vides de la théorie de supergravité maxi-
male en quatre dimensions jaugée dyoniquement par le groupe [SO(1, 1) x SO(6)] x R!2.
Nous trouvons de nouvelles familles de solutions AdS; avec une supersymmétrie
résiduelle de N' = 0, 1 ou 2, qui s’ajoutent & la solutions déja connue avec N = 4
supersymétries. En utilisant des techniques de la théorie des champs exceptionelle
(ExFT), nous réinterprétons ces solutions comme des solutions de la supergravité de
type IIB sur AdSy x S x S°. Ces solutions sont appellées “S-folds” car elles présen-
tent une monodromie de S-dualité, par un élément hyperbolique du groupe SL(2, Z),
autour du S*.

Ces S-folds ont été proposé comme les duaux holographiques de nouvelles théories
des champs conformes, fortement couplées et pouvant étre interprétées comme des
interfaces dans SYM,. Afin de caractériser les opérateurs de ces CFT et d’étudier
I’existence d’une possible variété conforme associée, nous avons étudié le spectre de
masse et 'espace des moduli des solutions de type “S-fold”. Nous avons prouvé
que tous les “S-folds” avec des symmétries résiduelles continues admettent des dé-
formations exactement marginales brisant tout, ou une partie, des (super)symétries
résiduelles. Ces déformations sont générées, en quatre dimensions, en activant des
champs axioniques et nous les avons appelées “déformations plates”.

Les solutions de Type IIB ainsi induites sont classifiées en termes d’un “tore
d’application” et encodent une monodromie géométrique de S° sur S!. Les défor-
mations plates du N = 4 “S-fold” établissent 1’existence d’un moduli de solutions
non-supersymétriques et pourtant pertubativement stables. Nous avons aussi exam-
iné la stabilité non-perturbative de ces solutions sans trouver de canaux de désinté-
gration. Ces résultats remettent en cause la conjecture concernant les solutions AdS
non-supersymétriques existant dans la littérature.

Ensuite, nous considérons, holographiquement, les flots de renormalisations se ter-
minant, dans I'infrarouge, aux solutions “S-fold”. Nous utilisons a la fois des méthodes
numériques et semi-analytiques. Nous montrons que les S-folds sont les points fixes
dans I'IR de déformations anisotropiques de SYM, dans 'ultraviolet, ce qui était
attendu étant donné 'interprétation de leurs CFT duales. Nous présentons aussi un
flot de renormalisation connectant la solution avec N' = 1 dans 'UV a la solutions
avec N' = 2 dans I'IR.

Enfin, nous explorons des S-folds qui pourraient étre plus génériques et dont la
description effective en quatre dimensions ne serait pas capturée par une supergrav-
ité maximale mais seulement par une supergravité demi-maximale. Nous étudions
donc une famille de théories de supergravité demi-maximale avec un groupe de jauge
ISO(3) x ISO(3). Dans ce modele, nous trouvons un réseaux de vides de type AdSy
préservant A/ = 2 supersymétries avec une augementation de supersymétrie & un
point exotique de N/ = 4. La réalisation en théorie des cordes de ce vide, si elle
existe, est encore manquante.

Cette theése est basée sur les articles publiés dans [1, 2, 3, 4, 5, 6, 7].
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Chapter 1

Introduction

The modern interpretation of the laws of Nature is based on two pillars: quantum
mechanics and general relativity. Quantum mechanics, and its generalisation to rela-
tivistic theories: quantum field theory (QFT), is the modern framework to understand
physics at subatomic scales. A QFT describes how fundamental particles interact and
propagate at the quantum level. It is the tool that allowed the physics community to
build the standard model of particle, a model describing all known particles and their
interactions in the absence of gravity. This has been a massive undertaking spanning
several decades whose predictions have been successfully tested up to energies of the
order of the TeV. However, it is a descriptive model, with several parameters that
must be adjusted to fit with experiments.

A fundamental prediction of QFT concerns the renormalisation group. It de-
scribes how QFT’s do behave differently at different scales. This is what makes it
difficult to work with them as a QFT that is well understood in its UV or IR limits
might have a completely different behaviour at other scales. The only mathematical
tool that reliably produced predictions, for the standard model for example, is per-
turbative QFT. It consists in taking a well understood QFT, in general a free QFT,
and perturbing it with a certain operator, encoding interactions. Then any quantity
in the QFT can be expressed as a Taylor expansion around the free QFT in terms of
Feynman’s diagrams. This method is only valid up to a certain scale, at which the
perturbative expansion breaks down. It has thus been a long-standing problem to
understand QFT outside of their perturbative regimes.

The other pillar of theoretical physics concerns the largest scales of our universe
and gravity. We have a good understanding of the classical description of gravity
since the beginning of the 20th century through the theory of general relativity. This
theory gives small but measurable corrections to Newtonian gravity by postulating
that space and time are not static objects but dynamical ones. In this framework,
the “force” of gravity that we experience in everyday life is just a consequence of the
curvature of space-time itself. This theory has produced incredible predictions as the
existence of black-holes or the big-bang theory, and even real-world applications in
the GPS.

The issue that we now face is that those two facets of Nature are fundamentally
incompatible. The issue is that the perturbative QFT approach, applied to GR,
breaks down. This is because GR is a non-renormalisable theory. This is in part why
building a unified theory of Quantum Gravity is so hard. However, it is certain that
a unified theory of quantum gravity should encompass both general relativity and
quantum field theory. The common lore is to understand both the standard model
and general relativity as effective description of a more fundamental quantum theory
of gravity emerging at energies of the order of Planck mass ~ 10'® TeV.

Currently, the best! known candidate for such a fundamental description of our

1Some people might disagree, but we will largely ignore them for the purpose of this thesis.



2 Chapter 1. Introduction

universe is string theory. String theory postulates that fundamental particles are not
just points but are extended objects, strings, propagating in space-time. If these
strings are small enough, their low energy description would be that of point-like
particles interacting i.e. a QFT. These strings can be excited along different modes,
each of these modes corresponding to a specific particle of a certain charge, mass,
spin etc. Amongst the possible excitations of the string, there is a spin-2 excitation
which would propagate the gravitational interactions. As such, string theory can
describe both quantum field theories and gravity in a unified framework. Moreover,
for consistency reasons (anomaly cancellations), string theory depends only on a
unique parameter.

Since nothing comes for free in life, string theory also has some drawbacks. First,
for a string theory to describe both bosonic and fermionic particles, which are present
in the standard model, consistency requires some amounts of supersymmetry. This
supersymmetry, which is an extension of usual Poincaré invariance, is a symmetry
exchanging bosonic and fermionic degrees of freedom. Although it has been used
to a great extend to produce results beyond the perturbative regime in QFT, it has
not, at the moment, been observed in Nature. This implies that there must be a
mechanism for supersymmetry breaking embedded in string theory at low energies.
Secondly, supersymmetric string theory, in its simplest regime, predicts the existence
of ten space-time dimensions whereas, as we are writing this thesis, we only observe
four. We must thus propose a mechanism that removes these extra-dimensions in the
low energy limit.

Supergravities

The incompatibility between string theory and our experiment might be resolved by
finding a low-energy description of string theory. Such descriptions exist at weak cou-
pling and are called supergravities. Supergravities naturally appear when we consider
the gaugings of supersymmetry. They are theories invariant under local supersym-
metry transformations and also describe gravity. There is a large zoo of such theories
labelled by their dimension, field content, number of supersymmetry transformations,
extra gauge symmetries,... and they will be the main subject of this thesis.

Two of these supergravities have a clear interpretation as low energy limits of
superstring theory. They are called Type ITA and Type IIB supergravity. While the
first one is non-chiral, the second is and they both appear as the perturbative limit
of their corresponding theory of superstrings. They describe a theory of gravity in
ten dimensions, invariant under two local supersymmetry transformation (which the
maximal amount of supersymmetry possible in ten dimensions). A third maximal
supergravity exists in eleven dimensions. This last one offers a description of Type
ITA superstrings in the strong coupling limit. We will refer to them here as the high
dimensional supergravities.

Supergravities, even if they were not related to string theory, are worth studying
because they have some very desirable properties. For example, extended supergrav-
ities (with more than one supersymmetry transformations) are highly constrained
theories. For example, the Type IIB and 11d supergravities depend on only one
parameter, the gravitational coupling constant. As such these supergravities could
be a path to a grand unified theory, encoding the field content, gauge groups and
interactions of the standard model in a unified manner. However, it should be noted
that this approach has not met much success so far.
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Another very important aspect of supergravities is that they enjoy a better be-
haviour under perturbative quantum corrections. Whereas pure supergravity already
has divergences at the 1-loop order, maximal supergravity in four dimensions has
been proven to not have such divergences before the 5-loops corrections [8].

Finally, supergravity is exceptionally useful in the context of the gauge/gravity
correspondence [9, 10, 11]. This correspondence relates the strong coupling limit of
gauged quantum field theories to solutions of string theory, in its weak coupling limit.
This implies that one can infer a lot of information on strongly coupled field theories
from solutions of supergravities. Finding new solutions of supergravity of gravity and
studying their properties such as masses, moduli spaces, RG-flow,... is of paramount
importance to better understand the properties of gauge theories.

Compactification and ExFT

The easiest way to obtain a four dimensional description of the high dimensional su-
pergravities, following the original idea of Kaluza and Klein, is to compactify them
on tori. For example, let us consider Type IIB supergravity on a space of the form
My x TS. The four-dimensional manifold My is referred to as the “external” space
while the six-torus is referred to as the “internal” space. This splitting of coordi-
nates allows one expand the different fields of Type IIB supergravity in their Fourier
modes on the torus. Performing this expansion, one gets a four dimensional theory
with infinite towers of fields, called “Kaluza-Klein” modes. To obtain a honest four-
dimensional theory, with a finite number of fields, one can truncate (i.e. set to zero)
all the higher modes. The result of this procedure is a four-dimensional ungauged
N = 8 supergravity where N refers to the number of independent supersymmetry
transformations. This theory describes a subsector of the full Type IIB supergravity
on 7.

Surprisingly, the A/ = 8 d = 4 ungauged maximal supergravity enjoys a global
E7(7) symmetry. This observation suggests that it is possible to reexpress the field
content and the equations of motion of Type IIB supergravity in a way that is not
explicitly invariant under the SO(1, 9) Lorentz group, but under the E7) group.
This reformulation exists and is called E7(7)-Exceptional Field Theory (ExFT). This
theory allows one to perform consistent truncations of Type IIB supergravity on more
generic spaces (e.g. spheres, hyperbolic spaces,...). Moreover, it also gives us access
to the masses of the higher KK modes, which can be hard to compute directly in the
Type IIB language. The resulting four-dimensional field theories obtained with this
method are gauged maximal supergravity.

The goal of this thesis will be to use this four-dimensional description of Type IIB
supergravity to produce new solutions and apply these results to the holographic cor-
respondence. More precisely, we are going to study the vacuum solutions of dyonically
gauged maximal supergravity in 4d with gauge group [SO(1,1) x SO(6)] x R'2. The
vacua of this theory uplift to solutions of Type IIB supergravity on AdS; x S! x S°
featuring an S-duality monodromy induced by an hyperbolic element of SL(2, Z)
around the S'.

Plan of the thesis

In chapter 2, we review basic results concerning quantum field theories. First, we
focus on four dimensional A' = 1 supersymmetric field theories, we review its action,
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gaugings and supermultiplet structure. We then move on to conformal field theo-
ries which are the IR and UV fixed point of RG-flows. We present their possible
deformations and review the notion of Zamolodchikov metric on their moduli spaces.
Finally, we combine these results to study superconformal field theories with a fo-
cus on N = 2 in three-dimensions. We present some known results concerning their
operator contents and their exactly marginal deformations.

Chapter 3 is a review of selected supergravities and their gaugings. To introduce
the subject, we start by presenting the N' = 1 d = 4 supergravity and its gaugings.
This supergravity illustrates some of the difficulties that comes with the gauging
procedure in supergravity. We then describe the construction of extended supergrav-
ities. To do so we must first introduce some generic geometric constructions. We
then construct the gauged maximal supergravity in four dimensions. This construc-
tion is based on the embedding tensor formalism which encodes the gauge coupling
constant and structure constant. We also discuss several aspects of four-dimensional
electromagnetism duality in this context. We present briefly the main aspects of half-
maximal supergravity and how it connect to truncations of maximal supergravity.
Finally, we review the bosonic sector of Type IIB supergravity and its equations of
motion. This chapter concludes with a presentation of the holographic dictionary in
the AdS;/CFTj3 context.

In chapter 4, we define the four-dimensional supergravity under investigation in
this thesis. This theory is the dyonic [SO(1,1) x SO(6)] x R'? gauged maximal
supergravity. We study its AdS, vacua structure. To do so, we focus on a Z3 invariant
subsector of this theory. In this subsector, we find four families of solutions presented
in Table 1.1.

SUSY | number of moduli | max. res. sym. | min. res. sym. | stability
0 3 SO(6) U(1)? unstable
1 2 SU(3) U(1)? stable
2 1 SU(2) x U(1) U(1)? stable
4 0 SO(4) SO(4) stable

TABLE 1.1: Summary of the solutions found in the Z3 invariant sector

of the dyonically gauged [SO(1,1) x SO(6)] x R*? maximal supergrav-

ity. We present the amount of residual supersymmetry, the dimension

of the moduli space, the maximum and minimum number of residual

symmetry on the moduli space and the perturbative stability of these
solutions.

For each of these families, we compute the mass spectrum of the scalars, the vectors,
and the gravitini.

In chapter 5, to relate the vacua we found in four dimensions to solutions of
Type IIB supergravity, we review the E77-Exceptional Field Theory. This allows us
to reformulate Type IIB supergravity in an FEr) covariant way. Then, we present
the generalised Scherk-Schwarz ansatz that truncates the full Type IIB supergravity
down to a 4d gauged supergravity. In particular, we review how this ansatz relates
our dyonically gauged supergravity to Type IIB compactified on S! x S°. Using
this ansatz, we uplift the solutions found in the previous chapter to ten-dimensions.
These solutions feature an S-duality monodromy around the S*. The presence of this
monodromy, generated by an hyperbolic element of SL(2, Z), shows that they are
part of families of solutions called “S-folds”. S-folds are extremal limits of solutions
known as “Janus solutions”. We present the connection between the N = 4 Janus
solutions, its CFT3 duals, and our N = 4 solution.
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In chapter 6, we investigate systematically the presence flat direction in the scalar
potential around our S-folds. Using the E7(7) duality group of maximal supergravities,
we prove that all the S-folds with a continuous residual symmetry group belong to
moduli space of solutions. This moduli space has the same dimension as the rank of
the residual symmetry group. Not only does this construction allows us to build the
AdS counterpart of the moduli spaces of CFT’s, it can also be used to break some
or all of the residual (super)-symmetries of the seed solution. This would imply the
existence of moduli spaces of CFT, even in the absence of supersymmetry.

To expand on this idea, we present an equivalent result for solutions of super-
gravity with continuous isometries and a S factor in their geometries. We construct
explicitly the flat deformations of our S-folds in 10d which allows us to reinterpret
these deformations as “mapping tori”. Focussing on the N' = 4 S-fold, we show that
it is a point of supersymmetry enhancement in a 2 dimensional non-supersymmetric
moduli space. Moreover, the non-supersymmetric solutions are perturbatively stable
at all order in their KK spectrum and have passed several test of non-perturbative
stability. This challenges the non-SUSY AdS conjecture.

In chapter 7, we go back to the 4d description of our theory and build, numeri-
cally and semi-analytically, RG-flow connecting our S-folds in the IR to anisotropic
deformations of the D3-brane solutions, dual to the SYMy SCFT. We also present
RG-flows between the N'=1 and N = 2 solutions.

In the final chapter of this thesis, we present the first steps to, perhaps, build
new S-fold solutions. In particular, we want to build S-folds which do not admit
a description in a maximal supergravity theory but admit one in a half maximal
supergravity theory. To build such S-folds, we start studying the Z, invariant sector
of the dyonic SO(1,1) x SO(6) x R'? gauged maximal supergravity. This procdure
results in a specific ISO(3) x ISO(3) in N = 4 supergravity specified by its associated
N = 4 embedding tensor. By deforming the embedding tensor of this supergravity,
without changing the gauge group, we show that there exists a web of solutions
preserving N = 2 supersymmetry. This web contains a special point of symmetry
enhancement to an exotic NV = 4 solution. The string theoretic realisation of this
solution, if any, is still lacking.






Chapter 2

Superconformal field theories

The d-dimensional quantum field theories we will study are always Poincaré invariant.
This means that they are invariant under the action of Lorentz transformations,
generated by the rotations and boosts, M1 and the translations, P*. These span
the algebra so(1,d — 1) x RY3 with the usual commutation relations

[P*, Pl =0,  [M", PPl=i2 Py, (2.1)
(MM, MP) =2 (Mu[anp]v _ M”["np}“) .

This algebra can be extended by a global internal symmetry algebra g. A celebrated
theorem by Coleman and Mandula [12] states that in order for the S-matrix of a
theory to be non-trivial, the two algebras must commute, i.e. g must transform as a
scalar. Thus, the total symmetry group must be of the form (so(1,d — 1) x RY3) x g,
notice the direct product between g and the factor corresponding to the Poincaré
algebra. This means that g can only act on internal degrees of freedom. As such, it
does not seem possible to get more insight on QFTs by requiring invariance under ex-
tended symmetry groups, others than usual gauge and global symmetry groups, while
preserving Poincaré invariance. Fortunately, there are two very important exceptions
to this theorem: supersymmetric field theory and conformal field theories'.

In this chapter, we will start by studying global N' = 1 SUSY theories in four
dimensions. To do so, we will study representations of the N/ = 1 superalgebra and
build invariant actions for two multiplets: the chiral multiplet, containing matter
fields such as scalars and spin-1/2 fermions, and the vector multiplet, containing
vector fields. We will then study the gaugings of global symmetries in SUSY theories
to illustrate how non-trivial this procedure is, even in very simple setups. This will be
put to good use when studying theories with local SUSY invariance: supergravities.

Then, we will present generalities about conformal field theories and their defor-
mations. This will become useful in light of the AdS/CFT correspondence. This
correspondence conjectures that vacua in theories of gravity of the form AdSy x Mipt
should be dual to conformal field theories in d — 1 dimensions. This conjecture relates
for example masses at a vacuum of the gravity theory to the conformal dimensions
of operators in the CFT. This will naturally lead us to the study of exactly marginal
deformations which are deformations preserving the conformality of a theory. These
deformations are better understood in supersymmetric theories where several theo-
rems constrain the type of allowed exactly marginal deformations. With this in mind,
we will focus on the study of deformations of three-dimensional supersymmetric the-
ories which should be dual to vacua of four-dimensional supergravities.

LOther exceptions concern higher-form symmetries and non-invertible symmetries, but this is not
the subject of this thesis.
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2.1 N =1 supersymmetry in D =4

In the case of supersymmetry, on top of requiring Poincaré invariance, we require
invariance under a certain superalgebra exchanging bosonic and fermionic degrees of
freedom. The UV behaviour of supersymmetric theories is generally tamer than that
of a generic QFT. There even exists some nonrenormalisation theorem [13] stating
that some quantities in supersymmetric field theories do not get renormalised. This
can naively be understood in perturbative QFT as the fact that for each loop diagram
with bosonic particles there will be a corresponding diagram with fermionic particles
whose masses and coupling constant compensate that of the bosons.

The supersymmetry superalgebra avoids the Coleman-Mandula theorem because
it is not an algebra and is generated, in part, by fermionic generators Q.. Here a
is a spinor index in four dimensions and the index I = 1, ..., A/ is the number of
supersymmetries. For simplicity, we will first focus on N/ = 1 and suppress the I =1
index. The Q. is a four-component Majorana spinor’. These new operators obey
anti-commutation relations between themselves

- 1
{@a, @} = -5 (W)a"Py. (22)
and transform as spinors under the other Poincaré transformations i.e.
1 8
[Qaa Muu] - _5(7;11/)04 QB . (23)

The 7 are the usual gamma-matrices in four-dimensions while @ is This means that
we no longer have a Lie-algebra of symmetries but a superalgebra, where the brackets
are commuting or anticommuting depending on the bosonic/fermionic nature of its
arguments. For a theory preserving this superalgebra, its operator content must be
organised in N/ = 1 supermultiplets (i.e. representations of the superalgebra). For
global supersymmetry there are three relevant multiplets that we will discuss: the
chiral multiplet, the vector multiplet and the real multiplet. The result presented in
this section are based on [14, 15].

2.1.1 The chiral multiplet

The chiral multiplet contains a complex scalar z and a Weyl spinor Py x. To this field
content we add an auxiliary field F, which is a complex scalar. This auxiliary field
allows us to simplify the transformation rules of the chiral multiplet under supersym-
metry and to easily write supersymmetric actions for this multiplet. The set of fields

(z, Pp x, F) constitutes a chiral multiplet while (z, Pg x, F') constitutes an anti-chiral
multiplet. The supersymmetry transformations of the chiral multiplet are given by

0z = \}EHDLX’ (2.4)
0Py = \}ﬁ(ﬂz—i—F)e, (2.5)
OF = igaPLx, (2.6)

2which in four dimensions is equivalent to a Weyl spinor, we will switch back and forth between
the two equivalent representations
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and the variations of the anti-chiral multiplets are obtained by complex conjugation.
The most basic action for the chiral multiplet consists of a kinetic term of the form

Skin = / d*z [8“26“2 +XPPr, x + FF} , (2.7)
and an interaction term of the form
Sp = / d*z {FW’(z) — ;XPLW”X] , (2.8)
for any holomorphic function W(z). The complete action is then

SZSkin-l-SF—i-SF. (2.9)

This action is invariant under the SUSY transformation but can be generalized as we
will see in the next sections. Moreover, in this action, the field F' can be integrated
out, leaving us with a theory of a complex scalar z and its superpartner y. This
integration procedure makes clear that the theory possesses a scalar potential given
in terms of the derivatives of W (z). This is the reason we often refer to W(z) as the
superpotential.

2.1.2 The vector multiplet

The vector multiplet contains massless vector gauge fields AMA and their superpartners
M| Majorana spinors called the gaugini. Once again, we add auxiliary fields D4 for
simplicity, which are pseudo-real scalars. All these fields transform in the adjoint
representation of a gauge group G, labelled by the index A (we sometimes suppress
this index when not needed). The transformation rules for this multiplet are

1_
0A, = —QefyuA,
1, 1.
o\ = (47” E,, + 2@7*D> €, (2.10)

1.
0D = E’LEWJDN)\.

The simplest SUSY-invariant action for this multiplet, generalizing the Yang-Mills
action, can be written as

1 1< 1
Sponse = [ ' [—4FWAFWA ~ MDA DDA 2
where
F=dA+AANA, (2.12)
DAY =90 + fpc A BN (2.13)

where fpc? are the structure constants of the gauge algebra g. Once again, the
auxiliary field D can be safely integrated out.
2.1.3 Gaugings with global supersymmetry

At this stage, we have a theory with matter fields in the chiral multiplet, and a the-
ory with vector fields in the vector multiplet. Let us introduce the gauging procedure
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and its challenges. The usual gauging procedure would be to specify some represen-
tation R in which the chiral multiplet transforms, and to replace partial derivatives
by covariant derivatives. However, this simple prescription breaks supersymmetry.
To preserve it, one must also modify the SUSY transformation rules and introduce
couplings in the supersymmetric action to preserve supersymmetry. In the end, one
gets

S = Sgauge + Skin + SF + Sﬁ + Scouplings ) (2-14)

where
Seouplings = / Ay [—ﬁ (XA ZtaPrx — YPrta z)\A) 1iDA%ty, z} (2.15)

and ¢4 are the generators of g in the representation R. This gauging procedure only
requires the superpotential W and the kinetic terms of the chiral multiplet to be
invariant under the gauge transformations. The transformation rules for the chiral
and anti-chiral multiplets in the presence of gaugings are now

1

0z = EEPLx, (2.16)
0Py = \2(12)2 + Fe, (2.17)
6F = \}§€PR (]Dx — V22t Az) . (2.18)

Notice also that, upon solving for the auxiliary fields D and F', the scalar potential
gets two contributions, one from S and one from the (D)? terms in Sgauge- In more
complicated models, the gauging of symmetries will always have the properties we
observe in this very simple model:

e For the action to be SUSY and gauge invariant, one must introduce new cou-
plings in addition to the minimal coupling procedure: 9,, — D,,.

e The supersymmetry transformation rules must be corrected in the presence of
gaugings.

e The scalar potential gets corrections from the gaugings.

2.1.4 The real multiplet

The last supermultiplet we will consider is the real multiplet. It contains two real
scalars C' and D, a complex scalar H, two Majorana spinors ( and A and a real vector
B,,. Its transformation rules are

50:%@’6%67

SPLC= S PLGH B —i#C)e,  6PaC=  Pa(~iH — B +idC)e,

6H = —ie PR(A + C) §H =ie PL(A+JC), (2.19)
6B, = —%é(%/\ +9,0) oA = % (V77 0pBy + i« D)e,
5D:%¢€7*<?A.

It is possible to fix some of these fields to zero while preserving supersymmetry by
shifting them in a specific manner using the components of a chiral superfield. This
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allows us to go to the “Wess-Zumino” gauge in which only three fields remain: a
vector A, a gaugino A, and an auxiliary field D, which is precisely the field content
of the vector supermultiplet. We are not going to go into the details of this procedure
here. Although, as a fundamental field the real multiplet is not of much use, its
transformation rules (2.19) can be used to introduce interactions in N' = 1 SUSY
theories.

2.1.5 Generic N =1 SUSY actions

The introduction of the real multiplet allows us to build, in a systematic way, SUSY
actions without gaugings. This procedure relies on the properties of the supermulti-
plet structure and will be very useful when discussing deformations of superconformal
field theories in the next chapters. Observe that both 6F in (2.4) and 6D in (2.19)
are total derivatives. This means that the integrals

SF:/d4:cF and SD:/d4a:D, (2.20)

are invariant under supersymmetry transformations. The two terms F and D are
called the “top-components” of their supermultiplets.

Let us now start with any number of elementary chiral supermultiplets (2%, x©, F¢)
and vector multiplets (Aﬁ‘, M, DA). Generic actions with this field content can be
built by considering certain functions as the lowest components of a supermultiplet
and acting repeatedly with the SUSY transformations to identify the corresponding
top-component. For example, consider a holomorphic function W (z®) as the lowest
component of a chiral multiplet. Its SUSY variation is

_ L

W) = 5

OaW € PLX™ . (2.21)

Comparing with (2.4), we find that
X(W) =0 W x. (2.22)

Repeating this procedure, we get that
1
F(W) = 0,WF* — ixaPLWaﬁXﬁ : (2.23)

Because of the supersymmetry algebra, 6 F(W) will be a total derivative. Moreover,
it happens that the definition of Sp in (2.8) is equivalent to the one we provide here
with Sg = [ d*xz F(W). Such an interaction term is called an “F-term”.

In the same way, starting with a real function K (2%, z%) and considering it as the
C-term of a real multiplet we can define the D-term associated to it using the equa-
tions (2.19). The integral of D(K), which is SUSY invariant, gives a generalisation
of the kinetic term of the chiral multiplet (2.7). Kinetic terms obtained in this way
are called “D-terms”.

Finally, considering the lowest component of a chiral multiplet as

Z(f) = i fap\APLAE (2.24)

for a symmetric matrix fap, the associated F'(f) gives a generalisation of (2.11). Al-
though this method allows one to write very general actions for various field contents,
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the gauging procedure cannot be obtained directly from this method and requires
more care since the minimal coupling is not sufficient to preserve supersymmetry.

2.2 Conformal field theories and exactly marginal defor-
mations

In the case of conformal symmetry, we require invariance of the quantum field theory
under conformal transformations. These are the transformations that preserve angles,
and in particular, they contain rescaling. The conformal group is the extension of the
Poincaré group

SO(2,d) > SO(1,d — 1), (2.25)

and it is generated by the usual Poincaré generators M, and P, with the addition
of the dilatation D and the special conformal transformation K. These generators
obey the commutation relations of the Poincaré algebra supplemented by

[Da KM] = _Kuv [-Da Pu] - Pu (226)
[K;M PI/] = _2(77;WD - iMuu) ) (2'27)
[ija Kp] =142 np[uKu]) ) (228)

with all the other commutators being zero.

Amongst quantum field theories, conformal field theories (CFTSs) play a distin-
guished role. For example, CFTs are important in statistical mechanics, where they
provide a description near phase transitions where there are no scales involved. More-
over, CFTs are fixed points of the renormalisation-group flow, because of their invari-
ance under the rescaling D, thus introducing a notion of universality. Finally, because
of the constraints imposed by conformal invariance, strongly-coupled CFTs can pro-
vide an insight into non-perturbative QFTs more generally. Free massless theories
are an almost trivial example of CFTs and usually serve as a starting point for per-
turbative renormalisation, where the free theory is understood as the UV theory.
On the other end of the RG flow, in the IR, CFTs are usually thought of as being
non-Lagrangian theories.

They are fully characterized by their operator content {O(x)}, organized in con-
formal multiplets (i.e. in representations of SO(2, d)) and by their n-point correlation
functions, from which all other quantities in the CFTs can be computed. These con-
formal multiplets can be organized as follow: up to translations, they are built from
an operator O(0) called the conformal primary which is annihilated by the K. This
is the operator of the conformal multiplet with the lowest conformal dimension A.
This number encodes its properties under rescalings. The conformal primary is also
characterized by other quantum numbers (ji, ... ), encoding its transformation under
the Lorentz group in d dimensions. All the other components of the multiplet, the
“descendants”, are then built by repeatedly acting with P, on the conformal primary.”

The n-point functions of the operators are also constrained by the conformal
symmetry, and they must respect certain consistency relations. For example, the
two-points function of two conformal primary operators is always of the form

<(91 (0) 02(1‘» = 5A1A2 ’mc‘gil . (2.29)

31t is important to note that in the CFT language we do not make any distinction between “fun-
damental” fields, e.g. the boson of a chiral multiplet z, and composite fields, like the superpotential
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The constant coefficient C'15 depends on the CFT and the two operators O and O of
conformal dimensions A; and As respectively. In the same way three-point functions
only depend on constants Cyp. and have specific space-time dependencies due to the
conformal symmetry. The set of operators, the operators conformal dimensions, and
the coefficients Cyp and Cgp. must also satisfy some extra consistency relations due
to unitarity or crossing symmetry of the four-point function. This is why building
generic CFT is usually a hard problem and there is no recipe to understand what will
be the IR fixed point of a given perturbation of a free UV theory.

One way forward, inspired by perturbation theory, is to study general deforma-
tions around a CFT. In particular we are going to focus on deformations that consist
in adding a scalar operator to the action of a CFT:

S\ = Scrr + )\/dde’)(x) . (2.30)

If O is not a primary operator, this deformation will be the integral of a total deriva-
tive and trivial. If O is a conformal primary, then we have a new theory S’ which
needs not to be a CFT. The conformal dimensions of O can teach us a lot about the
RG-flow of the new theory S:

o If A < d, this deformation is called relevant. This means that the coefficient A
will grow in the IR, signalling that the initial CF'T will flow in the IR to a new
fixed-point where non-perturbative effects will be important.

e If A > d, this deformation is called irrelevant because, as we flow to the IR,
the RG-flow makes the coefficient A\ disappear and we recover the initial CFT.
This flow can be understood as being the endpoint of the flow from another UV
theory down to the initial IR CFT.

o« If A = d, the operator is called marginal i.e. it is not acted upon by the
RG-flow. However, it is marginal only in the initial CFT with A = 0. In the
theory with A # 0, S, this operator might get quantum corrections and obtain
an anomalous dimension making it either marginally relevant or marginally
irrelevant. The class of operators we are going to be interested in are called
exactly marginal and have conformal dimension equal to d even in the theory

Sy with A # 0.

The presence or not of exactly marginal operators in a CFT tells us whether
they are isolated fixed points of the renormalisation-group flow, or if they belong
to a family of CFTs, known as a conformal manifold. The conformal manifold is
spanned by exactly marginal deformations of the CFT, i.e. marginal operators whose
B-functions vanish exactly to all orders. Over the last decades, much insight has been
gained into local properties of conformal manifolds of supersymmetric conformal field
theories [16, 17, 18, 19, 20]. In particular, it is not uncommon for four-dimensional
N =1 and three-dimensional N' = 2 CFTs to possess conformal manifolds, whose
dimensions can be deduced from the symmetry of the CFTs, without the need to
compute S-functions or even to have a Lagrangian description.

On the other hand, no example is known of a non-supersymmetric conformal field
theory in more than two dimensions featuring a conformal manifold. Indeed, they
are widely believed not to exist, since it is unclear how the precise cancellations in
the B-functions will be achieved without supersymmetry. However, there are no “no-
go theorems” that forbid non-supersymmetric conformal manifolds. As a result, the
existence of non-supersymmetric conformal manifolds has been largely the subject of
speculation, with only few systematic analyses performed recently [21, 22, 23, 24].
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If we have several operators Or which do not break the CFT property of Syr
then we say that the A\ are coordinates on the conformal manifold, the manifold
parametrising the space of connected CFTs. On this space one can define a metric
called the Zamolodchikov metric gry defined as

(0;0)) = é%. (2.31)

The Zamolodchikov metric depends on the coupling constants A/ which play the
role of coordinates while the operators O! play the role of tangent vector on the
conformal manifold. Moreover, this metric transforms correctly under changes of
coordinates M = AT"(A). Notice that this construction only gives us access to the
local description of the conformal manifold and not to its global structure (e.g., we
cannot know from these information whether the conformal manifold is a circle or a
line).

2.3 Superconformal field theories

In this section, we are going to study theories invariant under both supersymme-
try and conformal transformations. This will allow us to infer exact information
about the local properties of conformal manifolds. The superconformal algebra is
generated by the conformal algebra, the supersymmetry transformations Q7 with
I =1,..., /N, and the special supersymmetry transformations SZ.* In the case of
extended supersymmetry, the bosonic algebra also includes a bosonic R-symmetry
algebra, commuting with s0(2, d), and acting on the index I. The specific form of
these superalgebras will depend on d and N.

A superconformal multiplet does not contain only one conformal primary. In fact,
the conformal primaries of a given superconformal multiplet fit in a representation of
the SUSY superalgebra. Still, a supermultiplet contains a unique operator called the
“superconformal primary” which is the conformal primary of lowest scaling dimension
of the multiplet. This operator is annihilated by both the K, and the S!I generators.
The full conformal multiplet is then built from its descendent under the repeated
action of P, and QL.

There is one more important subtlety: some multiplets can shorten if one of
the descendents has zero norm. For example, this kind of shortening happens for
conserved currents where d,J#* = 0. This allows us to label every superconformal
multiplet by the conformal dimension and the representation of its superconformal
primary under Lorentz and R-symmetry, with the addition of an extra information
signalling whether or not the supermultiplet shortens.

We now have the necessary tools to discuss deformations of superconformal field
theories. For a deformation of the type (2.30) to preserve supersymmetry and con-
formality without being trivial, the deforming operator must obey three conditions:

o Non-triviality: it must be a conformal primary.

e Preserve supersymmetry: its transformations under the ()’s must be a total
derivative (i.e. it is the top component of a supermultiplet).

e Marginality: it must be of conformal dimension A = d.

Only supermultiplets containing such operators and satisfying unitary conditions can
produce exactly marginal deformations preserving supersymmetry. This does not

4Colloquially speaking, these generators are to the QX what the K,, were to the P,.
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leave a lot of room for such operators. Moreover, supersymmetry can protect the
conformal dimension of an operator. For short multiplets, the shortening condition
can only happen at specific values of A. This means that the conformal dimension
of a short multiplet cannot vary on the conformal manifold unless it can combine
with other multiplets to form a long multiplet (whose conformal dimensions is not
constrained by supersymmetry). When such a recombination is not possible, and
the conformal dimension of the deformation is d, the deformation must be ezactly
marginal. Let us illustrate this discussion with the example of d = 3 SCFTs.

2.3.1 d =3 N =2 superconformal multiplets

In three dimensions, the superconformal algebra is 0sp(AN]4) and contains the bosonic
sub-algebra s0(3,2) x s0(N)g (N < 8 for non-trivial interacting theories). Following
the general strategy we have already sketched, the Table 2.1 lists the possible de-
formations of theories preserving various amounts of supersymmetry [25, 26]. These
deformations are named by analogy with the d = 4 case (2.20).

N Relevant Marginal | Irrelevant
1 D-term D-term | Apin > 3
2 Flavour current, F-term F-term | Apin >3
3 Flavour current — 4
4 Stress Tensor, Flavour current — 4
5<N <6 Stress Tensor — 5
8 Stress Tensor — 6

TABLE 2.1: Supersymmetric deformations in three dimensions

Notice that there are no marginal deformations for N' > 2, so let us focus on
the case N' = 2. The d = 3 N' = 2 superconformal algebra is 0sp(2|4) and contains
an R-symmetry algebra u(1). Details concerning this particular superalgebra can be
found in [27]. Operators O are characterized by their conformal dimension A, their
R-charge (r) and their representation under the Lorentz group j € %N, denoting the

representation of dimension (2j 4+ 1). This is compactly denoted O € [j]g). There
are two supersymmetry generators:

—
—~
[N

Qely" ama Qef. (2:32)

N[
D[

As a results, there are two possible types of shortening conditions, depending on
whether the Q or the Q produces a zero-norm operator. For each Q and Q there are
four shortening conditions listed in Table 2.2.

Putting these two information together, we get the conformal primary and unitar-
ity bounds presented in Table 2.3 for all possible superconformal multiplets in N = 2
d = 3. Some of the short multiplets can be understood in the following way:

e The B1B; [O]go) only contains the identity operator.

« The free chiral multiplets are encoded in Ay B;[0] 51/22) and its complex conjugate

ABi[0){,").

e The AyA, [0] go) supermultiplet is a flavour current multiplet signalling the pres-
ence of global symmetries in the theory.
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Name Primary Unitarity bound
L %) A>j—r+1
Ay JWandj>L | A=j—r+1
Ay 0% A=1-r
B, 0% A=—r
Name Primary Unitarity bound
L %) A>j+r—1
A, JWandj>L] A=j+r+1
Ay o] A=1+r
Bi o] % A=r

TABLE 2.2: Shortening conditions for Q and Q in d = 3 N = 2
superconformal theories.

E Al 1212 Bl

r T . r r I

I % i >120% | =08 | [j=g0?
A>j+r|+1 | A=j+r+1 A=r+1 A=r
A, | 2128 | 21257 - -

A=j—r+1 A=j+1

MRS ) G=0%" | =0
A=1-7 A=1 A=1

. r<—1/2 r= 2 . r=0

B, | =057 . G=08 ] =0
A= —r A:— A=0

TABLE 2.3: Supermultiplet of d = 3 N' = 2 superconformal theories.

o The A1 A [1/ 2]3 /o is an extra SUSY-current, signalling the presence of super-
symmetry enhancement in the theory.

e The Alfll[l]éo) is the stress-tensor multiplet.

The possible deformations of d = 3 N/ = 2 superconformal field theories presented in
Table 2.1 can be read from this supermultiplet structure:

o The relevant deformations are contained in the flavour current multiplets Az A5[0] go)‘
This multiplet contains a scalar of conformal dimension 2 which does not break
supersymmetry. It is the QQ descendent of the superconformal primary.

o The chiral multiplets B; L and LB, which are related by complex conjugation,
each contains a deformation equivalent to the F-term in ' = 1 d = 4. The
deforming operator is the Q% or Q? descendent of the conformal primary and
has conformal dimension A = 3 +r > % As such, this multiplet can contain
irrelevant, relevant or marginal operators.

o Finally, the LL supermultiplet contains a supersymmetric deformation of con-
formal dimension A > 3 which is irrelevant. This deformation is generated by
the operator which is the top component of the supermultiplet of conformal
primaries. Moreover, the conformal dimension of this operator is not fixed by
supersymmetry, it is expected to vary along the RG-flow or when moving along
the conformal manifold.



2.3. Superconformal field theories 17

For the deformation in the LB [0]&2) supermultiplet, the conformal dimension is
fixed by superconformality to be exactly A = 3. Naively, it would then be expected
that the marginal deformation coming from that multiplet is exactly marginal. How-
ever, this multiplet can pair up with a flavour current multiplet A, A, [0] go) to make
a long multiplet LI_J[O](O), which is not protected. The correct statement is that if
the marginal deformation does not break any global symmetry, then it is exactly
marginal. Indeed, in that case, the flavour current must stay conserved and cannot
pair up with the marginal deformation to produce a long multiplet. This is the man-
ifestation in three dimensions of an equivalent result for d = 4 N' = 1 theories (see.
18]).

This concludes our introduction to superconformal field theories in three dimen-
sions. In the next chapter we will see, using the AdS/CFT correspondence, how to
compute the multiplet structure of certain CFT3’s as well as their conformal manifolds
and its associated Zamolodchikov metric.
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Chapter 3
Supergravity

Supergravity theories are theories at the junctions of two fundamental ideas of math-
ematical physics: supersymmetry and gauge symmetries. As such, supergravities are
the theories invariant under local supersymmetry. To gauge the supersymmetries,
one must introduce gravitini: fermionic fields carrying a vector index and denoted
. The super-partner of these gravitini is a spin-2 particles describing gravity, hence
the name “supergravity”. There is a whole zoo of supergravities up to eleven dimen-
sions with different amounts of supersymmetries. When these theories present global
symmetries, they can be gauged, modulo some constraints we will explore in this
section. As such, a specific theory of supergravity is often labelled by its dimension,
the number of supersymmetries N and its gauge group G. When several different
matter contents are possible, we also use them to label the supergravity.

In four dimensions, we can build supergravities with an arbitrary number of grav-
itini /' < 8 each being the gauge field of a local supersymmetry transformation. In
general, it is hard to build invariant actions for extended supergravities because the
allowed couplings between the different fields of the theory are highly constrained. In
particular, it is only possible to build a minimal model for supergravity with just a
graviton and a gravitino in A/ = 1 supergravity. This allows us to use techniques from
SUSY field theory to add matter fields and gauge multiplets and correct the trans-
formations rules and the action by factors proportional to the gravitational coupling
constant. In the same spirit, the gauging of symmetries in N' = 1 supergravity can
be done by correcting the action and the SUSY transformations order by order in the
gauge coupling constant. Once again, this is only possible because the gravity, vectors
and matter fields appear in different supermultiplets. For extended supergravities in
four dimensions it is usually more challenging to build such supergravities and they
require more advanced geometrical tools to be build.

Concerning maximal supergravities in four dimensions, the ungauged version was
first built by Cremmer and Julia in 1978 [28]. This theory was obtained by com-
pactifying eleven-dimensional supergravity on a torus. Surprisingly, when performing
the dualisation between p-form and (2 — p)-forms in four dimensions, an E7(7) global
symmetry group appears. This hidden symmetry groups was shown to appear in
[29]. Following the first ungauged supergravity theory, the SO(8)-gauged maximal
supergravity was obtained by the compactification of 11d supergravity on a 7-sphere
in [30]. The construction of these supergravities relied on building compacification
of higher-dimensional supergravity. The systematic study of maximal supergravities
became possible only after the introduction of the embedding tensor formalism which
allowed to build the most generic gauged supergravity possible without referring to an
uplift [31]. Here, we will present the modern construction of maximal supergravity.

In this chapter we will review the structure of classical theories of supergravity.
As an introduction, we will start with A/ = 1 supergravity in four dimensions and its
gauging. We will then review some facts about coset geometry and electromagnetic
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duality that will prove useful to describe extended supergravities in four dimensions.
We will spend some time reviewing the structure of maximal supergravity in four
dimensions. Finally, we will provide a quick review of ten-dimensional bosonic sector
of Type IIB supergravity and its equations of motion.

There are no original results presented in this section. The reference used for
four-dimensional N' = 1 supergravity is [14] (see also the more recent work [32]).
Regarding extended supergravities and their gaugings in four dimensions, see the
excellent review [33]. For the duality-covariant formulation of maximal supergravity
in four dimensions see [34].

3.1 The N =1 supergravity in four dimensions

3.1.1 The gravity sector

Pure N/ = 1 supergravity describes a multiplet comprising the graviton, a spin 2
particle encoded in the vierbein, and its supersymmetric partner, a spin 3/2 field
1, called the gravitino. The gravitino plays the role of gauge connection for the
supersymmetry transformations. The transformation rules for the vierbein and the
gravitino are

1_ a
de," = 5 € Yy (3.1)

1
0y, = Dye = Ope + 1 wuab’yab € (3.2)
where the w4 is the spin connection. The simplest action containing gravity that is
invariant under this transformation, called the “universal part of supergravity” is

S =59+ 53/2 (3.3)

1 4 1 4 7 v,
2= 52 /d reRw)  Syp= —@/d z e PP Dy, (3.4)

The action Sy is the Einstein-Hilbert action while the action S3/, is the Rarita-
Schwinger action. The pure supergravity action S is invariant under local supersym-
metry transformations in four dimensions (although a proof for the exact cancellation,
including four-fermions terms is a bit lengthy). The algebra generated by the gauge
transformations 3.2 includes both diffeomorphisms and local lorentz transformation.

3.1.2 Adding matter

Now that we have an action for pure supergravity, we want to couple matter fields to
this theory. The matter field content fit into a representation under the supersym-
metry algebra. There are two relevant supersymmetric multiplets here: the chiral
multiplet and the real multiplet. We start by reviewing the action for the chiral
multiplet with N' = 1 supersymmetry.

The chiral multiplets are made of a complex scalars z, and their supersymmetric
partners, o, which are spin-1/2 fields. The « is an index parametrising the different
chiral multiplets. Supersymmetry imposes the complex scalars to parametrize a Kéh-
ler manifold Mg, i.e. a complex manifold with extra structure given by an hermitian
metric K o and a compatible closed symplectic form w. Locally, on Mg, they can
both be described by a Kéahler potential K(z, z) which is a real-valued function on
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Mg . In terms of the Kéhler potential, the hermitian metric on Mg is
ds® = (0a05K) dz* dz° = K, 5dz"dz". (3.5)
and the closed symplectic form is
w=—iK,;dz* NdZ . (3.6)
Both are invariant under Kéhler transformations
K — K+ f(z)+ f(3) (3.7)

specified by a holomorphic function f. Since the Kéhler potential is only defined
locally on My, its expression on different coordinate patches are related by such
Kaéhler transformations.
The kinetic terms of the scalars are entirely determined by the K&hler potential
and read )
Liin = —K 5 0,2°0"5". (3.8)

Scalar fields can interact via a scalar potential compatible with SUSY. To specify
it, one needs to specify a holomorphic function W(z) called the superpotential. This
superpotential is a scalar under holomorphic coordinate transformations in the target
space and transforms under Kéhler transformations as

W(z) = e 7O W(z). (3.9)

From this superpotential, supersymmetry allows us to build a scalar potential of the
form

V="K (KD WDaW — 3K WW) (3.10)

where Dy, = 0, W + (0, K) W is the Kéhler covariant derivative of W and K aB ig the
inverse of the Kéhler metric. This potential is a scalar under both reparametrization
of Mg and Kéhler transformations. Moreover, it is strikingly different than the scalar
potential obtained from rigid supersymmetry. This scalar potential is not positive-
definite as it contains a negative piece proportional to k2. The k? coefficient translates
the fact that the negative definite term appears to compensate for the supersymmetric
variations of the gravitino. Of course, in the limit where gravity decouples (k — 0),
we recover the scalar potential of global supersymmetry.

We can already present the quadratic terms of the action for an ungauged super-
gravity theory with chiral multiplets:

Lehiral = 7Ka,§ (@M,aauzﬁ + %)ZalD(O)XB + %)ZBE(O)Xa) V4. (3.11)

where we have omitted for the moment mass terms, mixed terms and four-fermion
terms. In the next subsection, we will review in detail the action and transformation
rules of NV = 1 supergravity in four dimensions with chiral multiplets, real multiplets,
and gaugings. However, this requires an understanding of the symmetries of a Kéhler
manifold.

Symmetries are diffeomorphisms that preserve the metric on the target space.
Since we are working with compler Kéhler manifolds, we are only going to look at
symmetries preserving the complex structure of our manifold. Infinitesimally, these
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symmetries are generated by holomorphic Killing vectors
0z = k%(z). (3.12)

These Killing vectors must preserve the metric. Equivalently, they must also preserve
the symplectic form. This implies that:

EkKaB:O y Ekw:O. (3.13)

Using the fact that w is closed, for each infinitesimal transformation, there exists a
moment map P, which is a real function on My satisfying

ipw=—2dP. (3.14)

Notice that these moment maps are only defined up to a constant. The Killing
condition on k can be re-expressed in terms of the moment maps as

VadsP(2,2)=0 and k* = —i K°P9;P, (3.15)

where the moment maps determine the killing vectors. It is possible to invert this
relationship using the Kéhler potential leading to

P =i(k®0.K(z, 2) —r(2)), (3.16)
where we assumed that the Kéhler potential transforms as
WK =k-K(z, z) = (ri(z) +71(2)) . (3.17)

Indeed, although the metric is invariant under the infinitesimal transformations, the
Kaéhler potential can change by a Kéhler transformation.

If there are several Killing vectors on Mg, we can endow them with a Lie algebra
structure by using the Lie bracket. Upon choosing a basis of Killing vectors k4 for

this algebra, we can compute its structure constants f4 ¢ as

[ka, kp] = fap“kc. (3.18)

They can be used to fix the additive constant of the moments map P4 by requiring
that
kaPp = fap“Pc (3.19)

for all simple non-abelian subgroup of the symmetry groups.

Up to this point, we have only considered the terms containing only the Ké&hler
metric. If there is a scalar potential in the theory, parametrized by a superpotential
W, we must ensure that such a superpotential transforms appropriately under (3.12)
to yield an invariant scalar potential. Since the Ké&hler potential transforms as in
(3.17), the superpotential must transform as

k-W=—r,W. (3.20)

In conclusion, infinitesimal transformations of the chiral supergravity Lagrangian
are generated by conformal Killing vectors satisfying (3.13) and (3.20). They are
dual to moment maps P defined as (3.16). We have now all the tools to add real
supermultiplets to our action and study its gaugings.
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3.1.3 Adding vector multiplets and gaugings

The N = 1 vector multiplet contains a real vector field Al’j‘ and its supersymmetric
partner A\?, the gaugino. The index A enumerates the real multiplets. We are going to
use the vector fields A2 to gauge possible symmetries of the Kihler manifold spanned
by the chiral scalars introduced in the previous subsection. To do so, we must specify
two things: a basis of vectors k4 generating the symmetry group G of transformations
of the chiral sector discussed above, and a holomorphic symmetric matrix fap(z®)
transforming in the symmetric representation of G i.e.

5(a0kc)fAB(Z) =:a%k¢ - fap(z)= 2ach(ADfB)D(z) . (3.21)

This matrix will generalise the usual metric for the kinetic term of Yang-Mills theory
x fapFA A+ FB where fap = 045.

We start by writing the full D = 4 N' = 1 gauged supergravity action before
making explicit all our definitions. The Lagrangian is

Le! = # (R(e) - vuR") (3.22)
— K5 [0,200"2 + 3 DO + 10N - v
+ (Refap) [—%Fﬁ,F‘“’B — DAPOAT]
i [(mfap) B PP+ (9uTmfan) My 2]
L (Refap) 0y (Fab+ Fip) 72"
T [\%Kaﬁ— D I AP + h.c.]

fapa M APELR a+h.c.}+ﬁm+£mm+£4f.

[4f

We have used the compact notation

1 3
R = ye (8p + 595" (€)Yab — 2@'Ap7*) o - (3.23)
The derivative
O™ = 92" — ALK (3.24)

is the gauge covariant derivative of the scalar fields. The equivalent for their super-
symmetric partner is

0k% (2)
a A A
DELO)X <8 + —w,®(e)yap + Z.A > — A, 9.5

hatl
The Christoffel symbol I'g, on a Kahler manifold Mg simplify to

x? + g, x" 927 . (3.25)

Iy, = Ka‘;aﬂ (3.26)

and the Kahler connection A, is explicitly

1 R o
A = Gin? (0,20, — 8,206 K + A (ra —7a)] (3.27)
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The scalar potential V' is an extension of the scalar potential in the ungauged model
where we must add an extra term to compensate for the gauge transformations:

V=V_+V, (3.28)

V.o = —3x2e" KWW (3.29)
e 1

Vi = e KV WKV W + 5 (Re B PPy, (3.30)

We have separated the positive and the negative definite part of the scalar potential
in V and V_ respectively and we recall that

D W = 0, W + k20, K)W . (3.31)

Observe that we recover scalar potential induced by the F' and D terms of N = 1
SUSY in the limit where x — 0. Finally, the kinetic terms of the real multiplets are
written in terms of the quantities

DIONA = (9 + Fw, e = § i Auye) N = AGNP fpo (3.32)
and the supercovariant gauge curvature F reads

Ey™ = eliel (200, A% + foo AR AT + v (3.33)

a

The Hodge dual of the field strength is F4 = «F4.

The last three terms of the Lagrangian, £, + Lz + L4y, correspond, respectively,
to a mass term for the fermions, a mixing term between the gravitino and the other
spin-1/2 fermions and a 4 fermions interaction term. Since we will mostly be working
only with the bosonic part of the Lagrangian, we only present the mass terms:

1 7 v

Lo =5mzs2 Y PRV Yy (3.34)

1 -a. B —ayA 1 YA B
aMap X X Maa X“A 3MAB APrLA” + h.c. (335)

The gravitino and spin-1/2 mass matrices are

My = K2 K12 W (3.36)
Mag = ¢ K2 DDy W (3.37)
map = — 3" K2 fap . KO DWW (3.38)
(3.39)

Maa = iV2 [&ﬂ’A — 2faBa (Ref)™1 B¢ 7’0} = MAq -

As we will see, computing the mass of the gravitino will be useful to check whether
or not a given vacua of the theory breaks the supersymmetry.
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The gauge transformations, generated by #4, and the local supersymmetry trans-
formations, generated by €, act on the fields as:

1
dey, :§E’y“¢“ (3.40)
L 3. L, k2K /2
P, = 0u+ 1 (€)Vap — 51.,4“ Pre+ SR e W Pre

1

ZHZPqueA(fA —r4) + cubic in fermions
1

§52% =——&v® + 92K
V2 A
1 ~ 2 3 — _

S o _ 2K/2 0B
X" =P (920 — e K250 51 ) €
A(OKG 5 L2 5o o

+0 98X + 1" (ra —ra)x® ) + cubic in fermions

1
SAY = — iey,x‘ + 0,04 + 0 A fpo?

1 1
A = (47’“’F/ﬁ, + §i'y*(Re f)_lABPB) €

1
+ 68 ()\CfCBA + ZHZ% (rp — TB))\A> + cubic in fermions
These transformation rules reduce to the rigid supersymmetric case in the limit where
Kk — 0.

3.1.4 Supersymmetric vacua

The study of the vacua of N/ = 1 supergravity is a very rich subject and, provided
the theory can be embedded in string theory, it has many important applications in
the AdS/CFT context. To study vacua of the N/ = 1 theory, i.e. Lorentz-invariant
solutions, we start by truncating all degrees of freedom with the exception of the
metric and the scalar fields. The action then reduces to'

Lot =L1R— K, ;50,200"° — V. (3.41)

One can study minima of the scalar potential and the metric will be that of dSy,
M3, or AdSy, depending on the sign of V' at the minima: V;. The dS or AdS radius
is computed from the scalar potential at the minima and reads L? = £3/Vj.

Concerning residual supersymmetry at the vacua, one must turn to the super-
symmetry transformation in (3.40). For Lorentz-invariant configurations, the bosonic
fields are invariant under supersymmetric transformations because fermions have been
turned off. Conversely, since the fermions vanish at the vacua, the corresponding su-
persymmetry transformations must also vanish at a SUSY vacuum. This imposes
some constraints on the possible supersymmetric solutions.

For the gaugini, dsusyA? o« PBe. Since dgugyA? vanishes, we have that at a
supersymmetric vacuum, P = 0. For the chiralini, dx* x K aﬁDBW. This implies
that, at a supersymmetric vacua, D,W = 0. The transformation of the gravitino is a
bit more subtle as it gets a contribution from the curvature w”“b and from e®/2W that
can compensate for each other. It happens that for the maximally symmetric solution
we consider, the supersymmetry is preserved exactly when the renormalized mass of
the gravitino is mg/, L = 1. Thus, supersymmetric vacua are the points in Mg such

'In this section, and most of the thesis, we work in the natural units where x = 1.
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that P = 0 and D,W = 0. At such points, the scalar potential is necessarily negative
or null which means that de Sitter supersymmetric vacua do not exist in a theory of
supergravity.

When an embedding of the N' = 1 theory in string theory exists, the holographic
dictionary relates the masses of the different excitations with the conformal dimen-
sions of operators of the dual CFTj. In particular, the gravitino of normalized mass
equals to 1 is dual to a conserved supersymmetry current in the dual CFT.

3.2 The geometry of extended supergravities

We can extend the previous N' = 1 model by requiring invariance under more than
just one supersymmetry transformation. As we add supercharges, the supermultiplets
get bigger. To keep consistency, the supermultiplets should not contain particles of
spin greater that 2. This restricts the number of supersymmetries in four dimensions
to N < 8, equivalently to at most 32 supercharges in any dimensions. The more
supersymmetry we impose, the more constrained the theory becomes. In analogy
with the A/ = 1 case, these constraints will materialise as constraints on the field
content of the theory, the allowed scalar manifold and restrictions on the possible
interaction terms in the theory.

However, all the extended supergravities share some common properties. Their
bosonic sector contains a graviton e, (equivalently a metric g, ). It can also contain
a number n,, of vector fields Ai} and a number n of scalar fields ¢5. These scalars will
parametrise a non-linear o-model from which we can read the scalar kinetic terms.
The vectors kinetic terms can, in all generality, couple to the scalar in the same spirit
as in N' = 1 supergravity. The most general form of ungauged supergravity will
always have an action with kinetic terms of the from

1., R 1

1
L=——= —
e 2 2

SQRAg(qﬁ)e“”"”FA F> | (3.42)

Gor(0)3,0°0"6' + {Tan(O) L + P
where R is the Ricci scalar of the metric, G4 is a metric on the scalar manifold, F/i\l,
is the field strength of Aﬁ and the matrices Z and R are symmetric and Z is negative
definite. Once again, the specifics will depend on the number of supercharges, the
number of vector fields and the number of scalar fields. For N' = 2, the scalars will
parametrize a direct product of a special Kéhler manifold and a quaternionic Kéahler
manifold. When A/ > 2, the scalars will parametrize homogeneous symmetric spaces.
In this section, and in preparation for the study of maximal gauged supergravity,
we will study homogeneous symmetric spaces. After that, we will consider the vector
sector and the electro-magnetic duality, which is very important for theories in four
dimensions. Finally, we will study the global symmetry of the action (3.42).

3.2.1 Homogeneous symmetric space

A homogeneous spaces M is a manifold that admits a transitive action of a group G.
The stabiliser of a point p is called the isotropy group H, C G. Due to the transitive
property of the G-action on M, this group does not depend on p and allows us to
write the scalar manifold as the quotient space M = G/H. In the context of N > 2
supergravity, we can assume that G is a semi-simple group while H is its maximal
compact subgroup. We define the Cartan-Killing metric on g as

g(t®, %) = Te(t?)  vir, P ey (3.43)
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which induces a pseudo-metric on G. This metric is non-degenerate because G is
semi-simple. This metric allows us to split g into two orthogonal pieces g = h & K
where b is the Lie algebra generating H and K is its orthogonal complement. For
symmetric reducible spaces we have the property that h and R satisfy the conditions

b, bl ch b, Al C & and R/l ch . (344
——— —_——— —_—————
b is a subalgebra of g the pair (b, R) is reductive G/H is symmetric

This implies that £ admits a H-representation. Then, one can canonically identify the
tangent space on G/H to £ and the Cartan-Killing metric on G induces a Riemannian
metric on G/H. In particular, this suggests that we can build the quotient space by
exponentiating K.

Let us review useful parametrisations of G/H. The first one consists in defining
an element of G/H as an element of exp(f). In this parametrisation:

L(¢") = exp(¢"K;) (3.45)

for {K,} a basis of R. There is no group structure using this parametrisation since &
does not close as an algebra. However, the action of H on the scalar fields is linear.
The second useful parametrisation is the solvable parametrisation. It is built by
first selecting a maximal abelian subspace of K. These will generate a non-compact
maximal abelian subgroup of G. Let us denote ST the vector space generated by
the positive roots of g with respect to this choice of non-compact Cartan generators.
The union of ST and the Cartan generators yields a solvable algebra S. In this
parametrisation

L(¢") = exp(¢"T;) (3.46)

for {T,} a basis of S. Since the algebra S closes and is solvable (i.e. it can be
described as upper-triangular matrices), this parametrisation has a natural group
structure. However, S is no longer orthogonal to f and thus does not admit a natural
representation of H.

The quotient of G by H has endowed the group G with a structure of H-principal
bundle. Moreover, the Cartan-Killing metric has induced a natural splitting of the
tangent space of GG, identified with g, into h & K. This allows us to decompose one-
forms on G as a vertical part, coming from the b factor, and a horizontal part, coming
from a one-form on G/H. For example, the left-invariant one-form

Q=L"'dL (3.47)
splits uniquely into two parts P € R and Q € b as
Q=P+ Q9. (3.48)

The one-form @, in the horizontal space has the interpretation of a H-connection
on G/H. In these notations, the metric on G/H can be interpreted as kTr(P - P)
which is invariant under both G and H action. There is thus a local symmetry-group
H which will be identified with the R-symmetry group for theories with enough
supercharges. The non-linear sigma model for the scalars, expressed in terms of
functions ¢ : M3 — M. can be written in terms of the pull-back of P on the
exterior 4 dimensional space: P, as

Lo, = —gk: 9" Tr(P,Py) (3.49)
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for a specific coefficient k.

3.2.2 Vectors and E-M duality

In four dimensions, we can define a notion of electro-magnetic duality for vector fields.
Let us start with Maxwell equations in four dimensions for an abelian gauge field.
The equations of motion and Bianchi identities can be written as

dF =0 and d*xF =0, (3.50)

where * denote the Hodge duality operator. These equations are invariant under the
transformation F' — x F' which is the usual electro-magnetic duality. We can rewrite
these equations in a Sp(2) invariant way in terms of a vector of two-forms G = (F, G).
The Maxwell equations are equivalent to the equations

dg =0 with the constraint +«G=Q¢ (3.51)

where €2 is the antisymmetric symplectic invariant matrix. In particular, the con-
straint, which is called the “self-duality condition”, imposes that G = % F.

This discussion generalizes in the context of the supergravity action (3.42). We
must now consider the couplings of the scalars to the vectors in the kinetic term. We
associate to the abelian electric field strengths F* their magnetic dual G defined as:

oL

Ras F> — )y, « F> . (3.52)

The Maxwell case is the one obtained upon fixing Z = 1,,, and R = 0,,. With these
definitions we can restate the equations of motion for the vectors in a way that is
Sp(2n,) covariant. To do so, we first define a 2n,, dimensional two-form

G = (gi) . (3.53)

The equations of motion read dG = 0. However, the constraint becomes the “twisted
self-duality condition”:

*G=-QMG (3.54)
where 2 is the 2n, symplectic metric and
_ RIT'R+T —(RIY
M = ( —(T7'R) 7-1 (3.55)

which is a symplectic negative-definite matrix. The equation (3.54) is called the
“twisted self-duality equation” and is not Sp(2n,, R) invariant unless M transforms
in the symmetric representation of the symplectic group. However, the M matrix is
a function of the scalars on which only G acts, not Sp(2n,, R). We can thus extend
the G-symmetry group to be a symmetry of the whole action (3.42) provided that we
specify an embedding

G — Sp(2n,, R). (3.56)

Such a choice is called a choice of “symplectic frame”. If we denote R, the fundamental
representation of Sp(2n,), under which the vectors transform, the G-invariance of the
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equations of motion and the self-duality condition is ensured if M transforms as
Mg * ¢) = Rulg] ™" M(¢)Rulg] ™" (3.57)

The existence of a symplectic frame G — Sp(2n,) as well as the action (3.57) on
M are special properties of the scalar manifolds of extended supergravities. Math-
ematically, the scalar manifold is said to admit a flat symplectic structure which
amounts to our necessary conditions for global invariance under G. When N > 2, it
implies extra properties on the parametrisation of the coset space G/H.

In particular, for a given parametrisation ¢" of G/H, which is equivalent to a
function L : G/H — G : ¢" — L(¢"), we can parametrise G/H as a subset of
Sp(2n,, R):

6" — Ry[L(6")]. (3.58)

Then, it is always possible to find a conjugation matrix S € Sp(2n,, R) such that the
equivalent representation R, = S™!R,S has the property that R,/ [H] C SO(2n,) N
Sp(2n,). With this representation we can define the hybrid coset representative:

L(¢) = Ry[L(¢)] - S . (3.59)
In terms of this coset representative, the matrix M is
M=q-L-LT.Q. (3.60)

It transforms as in (3.57) and it is invariant under the right action of H on the scalars.
The coset representative carries naturally a left action under the group G and a right
action under the group H which comes form the G/H coset structure. To make this
clear, we can write explicitly the matrix L with its index structure as

L(¢)" (3.61)

where the underlined index is acted upon by H and the normal index is acted upon
by G. Since this matrix is an element of Sp(2n,) this means that its inverse transpose
is simply LY where we use the symplectic matrix Q to raise and lower indices.

Supersymmetry ensures that the matrix M defined this way is the same as the
one coupling to the vector fields in (3.55). Moreover, we can rewrite the scalar kinetic
term as

L, = gk Tr (MMM M) . (3.62)

It is important to state that supersymmetry fixes completely the form of the action
(3.42) for extended supergravities ezcept for a choice of symplectic frame. Although
in the ungauged theory this does not change the physical theory, in the gauged theory
this choice is relevant. We will thus discuss which symplectic frames are inequivalent.
The choice of a symplectic frame can be understood as a change of matrix M by
a constant symplectic transformation. However, some of the choices of symplectic
frames are trivial if they can be reabsorbed by either the global symmetry group G or
by a local redefinition of the vector fields which forms a GL(n,, R) group. Symplectic
frames are thus parametrised by elements of

Gl(n,, R)\Sp(2n,, R)/R,[G]~T. (3.63)

Finally, notice that the equations of motion are invariant under the full group
G, but it is not the case for the Lagrangian itself. The reason is that to prove the
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G-invariance of the equations of motion one must use the self-duality condition. In
the action itself one cannot just exchange field-strength and their magnetic dual. The
Lagrangian is thus invariant under the smaller group G,; C G which are the element
of G whose action on the fields can be parametrized by matrices of the form

Rylg] = (é g) : (3.64)

Under such a transformation the Lagrangian only changes by a total derivative which
can be removed. This discussion must be corrected when adding fermions. Still, the
main results concerning symmetries and symplectic frames remains valid.

3.3 Maximal supergravity in four dimensions

The maximal supergravity field content consists only of the gravity supermultiplet
(all the other multiplets of A/ = 8 supersymmetry contain particles of spin > 2). The
gravity multiplet contains 70 real scalars ¢, 56 spin-1/2 dilatini x 4pc, 28 vectors Ai},
8 gravitini @Df and a spin-2 particle, the vierbein (or the metric). As discussed for
general supergravities, we will supplement this field content with 28 auxiliary vectors
A, A, playing the role of the magnetic duals to Aﬁ.

Doing so, the maximal supergravity enjoys a Er 7y global symmetry on top of the
local N = 8 supersymmetry. The R-symmetry group is SU(8) and it is the maximal
compact subgroup of Er7y. Some standard results on E;(7) have been collected in
Appendix A. The two groups Fr(7) and SU(8) will be used to organize the different
terms in the action of the maximal supergravity. In what follows, the index for the
fundamental 56 representation will be lowered and raised using the symplectic matrix
Qurn? while the index of the adjoint representations will be lowered and raised using
the Cartan-Killing metric of ey.

The 70 scalar fields parametrize a non-linear o-model on the Riemannian homo-
geneous symmetric manifold

Mgt = 210 (3.65)
scal SU(8) . .
The E7(7) global symmetry action on the scalars is realised as the left action on that
manifold. We will often denote a scalar configuration by V € Er7)/SU(8) with the
understanding that V € Ey7) C Sp(56) for a specific choice of representative and
symplectic frame.
The electric and magnetic vectors can be arranged in a vector

AN = (Al Ap) (3.66)

where M =1, ..., 56 is the index of the fundamental 56 representation of Eyy. It
is possible to use these vectors to gauge a subgroup Gy C E77y C Sp(56, R) and to
build a gauged maximal supergravity. The resulting gauged supergravity will have
a gauge group Gy but will still transform under a duality action of the E7) group.
This duality group is not an invariance of the action or the equations of motion, but
it relates different theories to one another.

2with the NW-SE conventions.
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3.3.1 Gauging and embedding tensor

As in the N/ = 1 case, the gauging procedure is more complicated than just replacing
the derivative with covariant derivatives for two reasons. The first one, is that the
covariantisation of the derivatives breaks supersymmetry. Thus, the gauged action
and the transformation rules needs to be further modified to ensure gauge and su-
persymmetry invariance (in the case of N’ = 1 supergravity this was manifest in the
addition of a term proportional to the moment map in the scalar potential). The
second issue with the simple covariantisation of the derivatives is that vectors do
not transform in the adjoint of E7(7) thus, they cannot be canonically identified with
generators of gauge transformation. We did not have that problem in the N = 1
case because we were adding vectors to the ungauged model, whereas in this case the
vectors are already part of the ungauged action and thus have specific transformation
rules under Er 7).

To solve these two problems, we introduce an object called the embedding tensor
which will play the role of both gauge group structure constant and gauge coupling
constant. This tensor, ©,;%, transforms in the 56 x 133 representations of duality
group E7(7) and it allows us to build covariant derivatives of the form

Dy =0, + A Oy . (3.67)

The embedding tensor can equivalently be rewritten in the 56 x 56 x 56 representation
of Er(7y as
Xun" = On*(ta)n" (3.68)

where the t, are the generators of e7. We also use the notation O = O, = Xs
where we suppress the last two indices.

There are three constraints on the embedding tensor which are imposed by the
closure of the gauge algebra, the supersymmetry invariance, and the locality of the

gauging.

e The gauge-algebra constraint requires O to span a Lie subalgebra of e7. This
implies that
[©a, On] = fun"Op (3.69)

where fyn7 are the structure constant of the gauge group Gg4. This can be

restated as
(Xar, Xy = —XuntXp (3.70)

where X [MN}P plays the role of structure constants. This also imposes that
X N)P Xp = 0. Moreover, the commutator must also satisfy the Jacobi iden-
tity.

e The supersymmetry constraint imposes that the embedding tensor lies in a
specific representation of E7(7): the 912 dimensional representation. The group
theoretical computation:

56 © 133 = 56 @ 912 @ 6480 (3.71)

shows that this constraint is equivalent to the following equations called the
linear constraints:

1
ta MN@Na =0 and (t/gta)MN@Nﬁ = —591\/]& . (3.72)
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In terms of the Xy;n? quantity, the linear constraints are

Xuve) =0, X(uvp) =0, and Xy n™ = Xyn™ =0. (3.73)

e The locality constraint imposes that there always exists a frame in which the
gauge connection is expressed using solely electric fields. This is encoded in the
equation

ouMNey =o0. (3.74)

This constraint prevents that an electric field and its magnetic duals gauge
two different symmetries. This equation is called the quadratic constraint and
shows explicitly how the gauge connection Aﬁ/[ Or, which a priori can depend
on all 56 vector fields, actually only depends on at most 28 linearly independent
vectors. This also imposes constraints on the possible gauge group of theory
which cannot have dimension greater than 28.

Using the linear constraint, it can be shown that this last constraint is equivalent
the the closure of the gauge algebra in (3.69). The condition (3.74) allows us to define
a tensor ZMe = %QMN@NO‘ which is orthogonal to @) in the sense that ZM0,; = 0
for an embedding tensor satisfying the quadratic constraints.

3.3.2 Building gauge invariant tensors

Now that we have a gauge connection Ai\f for a group G C Ey(7), we can write its
variation as

5 AN =DM = 9,7+ AT Xy pM P (3.75)
The associated gauge curvature reads
1
FM —qAM 5XNPMAN AN AL (3.76)

With these definitions, the first problem that arises is that the gauge curvature does
not satisfy the Bianchi identity

DFM = X poyM AP A (dAQ - éXRSQAR A AS) (3.77)

due to a term proportional to X, N)P . This term encodes, in some sense, the mag-
netic charges that we have put in our theory. The failure to solve the Bianchi identity
is related to the fact that F'™ is not covariant under gauge transformations i.e.

6 FM = —XnpMVEE 4 Xyp) M (2CVFF — AN A 6AP) # —XypMVFP L (3.78)

Once again the failure to transform covariantly is proportional to X, N)P . We must
thus add a Stueckelberg coupling to two-forms B, to compensate for this failure and
define new improved field strengths:

HM = FM 4 zMep, . (3.79)

We consider this particular compensating two-form because Xy N)P = -7 un
and thus it has the right form to compensate the gauge transformations. For HM to
be covariant we have to impose

0By = tanp(2CNHY — AN A SATY . (3.80)
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Consistency of the theory now requires the two-forms to be gauge invariant under a
1-form symmetry parametrized by &,. Our fields transform as

0¢Bo = D&y — ta np AN NS AT (3.81)
o AM = —zMag, (3.82)
(DE)o = déo +OnP (tg)aAM A E, . (3.83)

The three-form field strength for B, reads
Ho = DB, — to pgAT A (dAC + %XRSQAR A A%, (3.84)
In terms of the improved field strengths, we have the Bianchi identities
DHM = zMagy, and DHy = XnpMHN AHT . (3.85)

The need for this series of corrections using higher form fields due to the fact that the
embedding tensor X/ n " is not the structure constant of a Lie algebra but of a Leibniz
algebra. The construction we have reviewed here is called the “tensor hierarchy” [35].

3.3.3 The bosonic action and the scalar potential

Finally, the bosonic action of the gauge supergravity reads:

e e
Ebos = - §R - §gst(¢)pu¢spu¢t - BV((b) (386)
1
+ ZIAEH/I}V’H“”E + SRase H A,

1 1
+ geuupcr@Aan/a <2apAUA + XMNAAéVIA(JTV — 4@ABBpUﬂ>
1 1
+ e X A A (apAg + 4XPQAA§A§)
1 1
+ e Xy ntAM Al (apA,,A + 71XpPaa Ang?)

The third line is a topological term depending on the B fields and the last two lines
are Chern-Simons terms and are required by supersymmetry. The function V' (¢) is
a scalar potential which is uniquely determined by the embedding tensor and the
symplectic frame. It reads

2

where M=V VT, (3.88)

Notice that in the limit where © ;% — 0, the scalar potential vanishes. This is because
the ungauged theory cannot have a scalar potential and there is superpotential-like
deformations in N = 8 supergravities. The only way to deform the ungauged theory
is by introducing an embedding tensor and the associated gauging.

This scalar potential is obviously invariant under the combined action of E7(7) on
both the embedding tensor and the scalar fields as they will compensate each other.
This is more visible if one re-express this scalar potential in terms of the T-tensor:
Tunt = (V* X)un? = V0V yXps" V1t (3.89)
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This tensor transforms only under the local SU(8) R-symmetry group. In term of this
tensor, and dropping the underline, we can rewrite the scalar potential in a manifestly
SU(8) and Er(y) invariant way as

1

V(T) = 679

vnp Tors 0MQ (OGN §PS 1 7QRP QNS (3.90)
In the same way that the X-tensor can be written in term of the © tensor (3.68), the
T-tensor can be written as

Tun' = Zum [ta]NP with Eud =Vx0,°, (3.91)

where the x operation denotes the action of a group element of E7(7) both on the
fundamental and the adjoint indices. In terms of the scalar-dependent =-tensor in
(3.91) the scalar potential (3.90) can be rewritten as

1

V(Z) = 65 Em® En® (0ap + Tkap) (3.92)

where we made use of a normalisation condition on the generators ¢, of e7:
Tr(tath) =0as  and  kag = Tr(tats). (3.93)

Note that the first contribution in the r.h.s of (3.92) is positive definite (sum of
squares) while the second one has no definite sign due to the non-compactness of
E7(7). We can observe that, although the scalar potential is non-linear in the scalar
¢ parametrising the coset Er(7)/SU(8), it is actually a quadratic function of the T
and = tensors. This observation is going to be very useful when building solution
generating techniques in chapter 6.

The study of vacua of a particular ©-gauged maximal supergravity is often easier
to make when using the E7(7) duality of the N = 8 theories. Let us consider a maxi-
mally symmetric solution of the Lagrangian maximal gauged supergravity, namely, an
extremum of the scalar potential (3.92). As we observed before, the scalar potential is
invariant under the simultaneous action of E7(7) on the scalars and on the embedding
tensor. In other words, Vg € Er(7y, V € Ey(7)/SU(8) and embedding tensor © € 912
we have that

V(igxV,gx0)=V(V, ©). (3.94)

This means that if Vg is an extremum of the scalar potential with embedding tensor
© then g -V is an extremum of the scalar potential with embedding tensor g x © i.e.

8¢s V(V, g x @)| =0 < 6¢s V(V, @)| =0. (395)

V=g*xVq V=Yg

In other words, upon modifying the embedding tensor, we can always place a vacuum
of the theory at any point of the scalar coset space. This observation will prove itself
useful when studying the vacua of gauged maximal supergravities.

3.3.4 Fermions, T-tensor and masses

For the gauged supergravities, the SUSY transformation rules for the fermions are
encoded in two fermion shift matrices. These are complex matrices transforming in
specific representations of SU (8):

Aap € 36 and AP spc € 420 (3.96)
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where
Ajsp = Apa and ADABC = AD[ABC} with ADDBC =0 (3.97)

We will denote A48 = A, p and ApABCl = AD [ABC]- These matrices transform
under the local isotropy group SU(8) and not under the E7(7) duality group that acts
on the bosonic degrees of freedom as seen above.
The T-tensor determines these two matrices. Explicitly, under the branching
Er7y — SU(8), we have
912 — 36 ©420® c.c . (3.98)

In terms of SU(8) indices this means that
(TAB)CDEF _ 46[[gTF]D}AB :

1
T PAB — 7ACDAB + \/QAD[A(Sg]. (3.99)

F C

AAB _ ﬂ
21

1
V2
The two matrices Aap and A4 not only determine the supersymmetric transfor-
mations of the fermionic fields. They can also be used to compute the scalar potential
and its derivatives. In particular, they allow us to check if a point extremise V or to

compute the mass matrices. We collect here the relevant formuli. The scalar potential
is

VE(PADYBC ) and  ABOD = —_(Tjp,)FIBCDI (3.100)

BCD

1 3
= (=|A%cp> - S|A 2). 101
1% (24| sepl” = 7 1Aap] (3.101)
The gradient of the scalar potential is
1

DysV = —EPSBEFG (Cpra + c.c.) (3.102)

where 5
Cperc = A% perAca + ZAAD[BEADFG]A : (3.103)

A point in the coset space will extremise V' if and only if C is anti-self dual i.e.

1
Capcp + ﬂEABC’DEFGHCEFGH 0. (3.104)

Concerning the mass matrices, we have

e The gravitni mass matrix:

M2 =245 (3.105)
o The spin 1/2 mass matrix:
1/2 V2
MAGBC, EFG = Ty <€ABC nispric™ (3.106)

G H
+ - Z (\AP V01]> A" apcA EFD)-
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where the sum Y over G and H only goes over the broken supersymmetries
(i.e. when Ap is diagonalised, these are the entries for which |A|?gy # —%).

e The scalars mass matrix:
Mapcpy [EFGH] _g (AAIJEAFUB _ %AIJEFAIJAB,) oGH (3.107)
+ (%AIJKLAIJKL - %AIJAU) it
- %AAEFG A pep,

where the antisymmetrisation on the indices [ABCD] and [EFGH] is implied
on the Lh.s.

e The vector masses are more easily computed from the gauge transformations
and gives the E7(7) covariant expression:

1
Myar™ = = o (Te(XarXp) + Te(M T X M(Xp)T) ) MPV . (3.108)

This matrix has 28 zero eigenvalues because of the locality constraint. The other
eigenvalues are the masses of the physical vector fields. This can of course be
reexpressed in terms of A matrices.

These formuli will be the only informations we will need. The full N/ = 8 action is
a relatively long action. This action and the SUSY transformations can be found
explicitly in [33].

3.4 Aspects of N =4 gauged supergravity

The half-maximal N = 4 gauged supergravity in four dimensions was constructed in
[36] where the reader can find all the details about its construction. In this section,
we will review the main aspects of the bosonic sector of half-maximal supergravity
and compare wiht the possible truncation from maximal supergravity performed in
[37].

The bosonic sector of half-maximal supergravity consists of the gravity super-
multiplet, containing the metric, six vectors as well as two real scalars. This field
content can be enlarged by adding n vector multiplets, each containing a vector and
six scalars. As in maximal supergravity, the half maximal supergravity is charac-
terised by a specific duality group G = SL(2) x SO(6,n) where n is the number of
vector multiplets to which the supergravity multiplet is coupled. Promoting a sub-
group G C G from global to local, i.e. performing a so-called gauging, the duality
group G is generically broken and only the local gauge symmetry G is left in the
gauged supergravity. Still, the commutant (if any) of G inside G remains as a global
symmetry of the theory after the gauging procedure.

In this section, we will consider the case n = 6. This is the largest value for
which the duality group of half-maximal supergravity can be embedded into the
one of maximal supergravity, i.e. SL(2) x SO(6,6) C Er(7), and the half-maximal
supergravity Lagrangian can be embedded into the maximal one provided certain
quadratic constraints on the couplings in the theory hold (see eq.(3.112) below).

In the duality-covariant formulation of [36], the bosonic field content of the half-
maximal supergravity consists of the metric g, , 12 (electric) plus 12 (magnetic)
vector fields AMC“M , and 2 + 36 scalar fields ¢’s serving as coordinates in the coset
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space geometry
SL(2)  S0(6.6)
SO(2) ~ SO(6) x SO(6)

and being parameterised by a coset representative V(¢). Already at this level we have
introduced a fundamental SL(2) index a = £ as well as a fundamental SO(6,6)
index M. These are raised/lowered using the e,3 and myn invariant tensors of
SL(2) and SO(6,6), respectively.

Having set the bosonic field content of the theory, all the interactions compatible
with N =4 supersymmetry and induced by gaugings are encoded into two embed-
ding tensors f,anp) and §, p which have the same role as the embedding tensor
of maximal supergravity. In this thesis, we will not need to use the £ embedding
tensor, as such we will fix it to zero and only study the half maximal supergravity
with f,nnp) gaugings. This tensor lives in the (2,220) irreducible representation
(irrep) of G. It also specifies the non-Abelian gauge structure of the half-maximal
gauged supergravity, namely,

Meeal = (3.109)

[Tart s Ton ] = faun® Tsp (3.110)

where T,ps are the generators of G that couple to the vector fields AMO‘M in the
gauge connection. Consistency of the gauging procedure requires a set of quadratic
constraints on the embedding tensor of the form [36]

(3,495) : fopun™ fspqir =0 and (1,66+2079) : ¢*® fourn® fapgr =0,

(3.111)
where we have included the irrep of G where each constraint lives. In addition, there
are two additional constraints given by

(3,1): famnpe f5MF =0 and (1,462") : € founp fﬁQRS]‘SD =0,
(3.112)
where SD refers to the self-dual projection of the SO(6,6) six-form. These two
additional constraints (3.112) are not required by N = 4 supersymmetry but must
hold for the half-maximal Lagrangian to be embeddable into an N = 8 maximal
gauged supergravity [37]. Whenever these two additional constraints are satisfied,
the half-maximal supergravity can be viewed as a subsector of the maximal gauged
supergravity.
As a consequence of the gauging procedure, the fermions in the theory develop
scalar-dependent mass terms and supersymmetry requires to introduce a non-trivial
scalar potential. This is given by

vV = é faMNP fBQRSMaB {% MMQ pfNR pfPS + (% nMQ _ MMQ) nNRnPS}
— 157 €0 famnp faors MMNFPRES
(3.113)
where
1 |27/ Rezq
M,g=— L(2 114
ap Imz; ( Rez; 1 €8L(2), (3 )

encodes a complex scalar z7 spanning the SL(2)/SO(2) factor in (3.109). Together
with this, the potential depends on additional scalars spanning the SO(6,6)/(SO(6) x
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SO(6)) factor in (3.109). These are 36 real scalars which can be assembled in a matrix

G! -G~ 'B

where G and B are arbitrary symmetric and anti-symmetric 6 X 6 matrices account-
ing for 21 and 15 scalars, respectively. As for any NV > 2 supergravity, the kinetic
terms for the scalar fields serving as coordinates on the scalar geometry (3.109) are
constructed using standard coset techniques and read

1 1
Liin = g OuMag MM 16 DuMarn DFMMN (3.116)

where M and MMN are the inverse of M,p in (3.114) and My in (3.115),
respectively. The general covariant derivatives are

D,uMMN = ayMMN+2AuaP fap(MQ MN)Q . (3.117)
Lastly, the scalar potential (3.113) depends on a specific SO(6,6) six-form®
MyiNPQRS = €mnpgrs VM VN" VPP Vo1 VR" Vs* | (3.118)

that is constructed from the SO(6,6)/(SO(6) x SO(6)) coset representative Vy
such that My ny = (W V)N (see [36] for more details).

3.5 Type IIB supergravity

Type IIB supergravity is the low energy description of Type IIB superstrings. It is
a ten-dimensional theory with chiral (2,0) supersymmetry (i.e. both gravitini have
the same chirality). The bosonic massless spectrum of ten-dimensional (chiral) type
IIB supergravity contains the universal NS-NS sector: the metric G, a two-form B»
with field strength Hs = dBjy, and the dilaton ®. It also contains a R-R sector
consisting of a set of even p-forms i.e. a fourth-rank antisymmetric self-dual tensor
C4, a two-form C5y and a scalar Cj.

The bosonic part of the type IIB supergravity action in the Einstein’s frame
consists of the three terms:

Shos = Sns-Ns + Sr-R + Scs - (3.119)

It contains the Sng.ng term accounting for the fields in the universal sector, namely,
1 _

SNSNS = 5 3 /dl% V-G (R —10M20) @ - Le q’yHgy?) . (3.120)

The Sgr.r term in the action controlling the dynamics of the R-R fields Cy, Co and
Cy is given by

]_ ~ ~
Sir =55 /dl% V=G (=5 |R P = L | B - L B) (3.121)

3Due to the €mnpgrs tensor with m,n,...=1,...,6 in the definition of the SO(6,6) six-form
(3.118), the components V™ entering (3.118) must be extracted from the coset representative V¥
using a Lorentzian basis (for the column index N ) of SO(6,6) where nyn = diag(—1ls,ls) -
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where the tilded field strengths are defined as

F’g = F3—-—CyNH;s,

. 3.122
Fs = F5+%(B2/\F3—CQ/\H3), ( )

in terms of the standard ones Fj,11 = dC,, . Additionally, the self-duality condition

Fy = +Fy | (3.123)

=~ 1 / N Pl
with (*F)MNOPQM = MNOPQM'N'O'P'Q Fyiveorprgy has to be supple-

- 5V-G°

mented by hand in order to have the correct number of bosonic degrees of freedom.
The type IIB theory also incorporates a topological Chern-Simons term Scg in the
action given by

1
Scs=——5 [ C4 NH3 N F3 . 3.124
cs =73 [ ConHsAFy (3:121)

The equations of motion that follow from the action (3.119) with the various
contributions in (3.120), (3.121) and (3.124) are given by

dxFy = %eag[ltl]a/\ﬂt[lﬁ,
dx(e"®Hs —e®CyF3) = —F5A(F3+CoHs),
dx(e® F3) = FsAH;s, (3.125)
VM(62<I> OCo) = _% e® Hynp FMNP ’
00 = ®|FP - Le®|Hs?+L1e®|Ry)?,

where H® = (Hs, 153) and O® = VM9,,® , together with the Einstein equation

Ryn Oy ®oNd + %€2© O Co ONCh

+
[~

= = PP 1 & =Py P
(Parpyopy ENT P = 3 Fpy gy P75 Gy )

N

!

(3.126)
- (HMP1P2 HyPP — & Hp, p,p, HP1 P2 GMN)

+ o+
L LN LN i T
®

e® (ﬁMPng EyDiPe - L Fp, pyp, FT1P2Ds GMN) .
In addition, the set of Bianchi identities for the various gauge potentials reads
dHs=0 , dFy,=0 , dFs=-Fy\AHs , dFs=HsAF;. (3.127)

Note the equivalence between the first equation of motion in (3.125) and the last
Bianchi identity in (3.127) for the self-dual Cy potential.

The action (3.119) has a global SL(2, R) invariance which becomes manifest
when combining the axion Cp and the dilaton ® into a coset representative Vs €
SL(2, R)/SO(2) such that the axion-dilaton matrix mqs reads

e 2% 4 002 —Co
. (3.128)

ma:VVta:e(b
g = (V2 V2 )ap ( ¢, .

In terms of this matrix the second and third equations of motion in (3.125) are re-
expressed in an SL(2, R) covariant form

d* (masH?) = —eo5 Fs NHP | (3.129)
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where H* = (Hs, F3).
This SL(2, R) is the supergravity remnant of the type IIB superstrings “S-duality”
group: SL(2, Z). todo.

3.6 The holographic dictionary

In the previous chapter, we discussed how superconformal symmetry constrains the
possible deformations and the field content of a SCFT. In particular, given the set
of all operators in 3d N = 2 SCFT, we can compute the number of exactly marginal
deformations explicitly. But how can we gain access to the operator content of a
SCFT, especially in the strong coupling regime? In the same spirit, when a CFT
admits a conformal manifold, how can we compute the Zamolodchikov metric on
such a manifold? In this thesis we will provide answer to these questions using the
AdS/CFT correspondence [9, 10, 11].

This correspondence maps CFTy_; to vacua of string theory on AdSy, at least
in the “large-N limit” where the rank of the gauge group of the CFT is taken to be
large. Taking the low energy limit of string theory to describe the gravity side of this
correspondence, there is an holographic dictionnary relating the masses of excitations
at a given AdS solution of a supergravity to the conformal dimensions of operators in
the dual CFT. Moreover, the correspondence maps the conformal manifold of a CFT
to a continuous family of AdS solutions of string theory known as the “moduli space”.
The metric on the conformal manifold can also be obtained from the supergravity
approximation of the gravity dual.

More precisely, the relation between the normalised mass mL of a supergravity
field of spin [j] in a given AdS, solution and the conformal dimension A of the dual
operator in the CFTj is given by

[%] : mL=A— % ,
[1] m2L% = (A - 2)(A—1),
(3.130)
[%] : mL=A-— % ,
0] : m?L?=A(A-3),
with the graviton [j] = [2] being massless. Concerning scalar operators, this means

that excitations with normalised mass m?L? < 0 correspond to relevant operators,
m?L? = 0 to marginal operators while m?L? > 0 correspond to irrelevant operators.
As such, using the effective four-dimensional supergravity approach, we can explore
the landscape of CFT3’s. In particular, the set of operators can be arranged into
superconformal multiplets of the osp(N|4) superconformal algebra for AdS, solu-
tions preserving A supersymmetry. This allows us to compute the dimension of the
supersymmetric conformal manifold and predict patterns of symmetry breaking.

In the same way, the Zamolodchikov metric on the conformal manifold can be
obtained from the supergravity data. Since the dual of a CF'Tj3 is an AdS, solution,
a conformal manifold is dual to a moduli space of solutions in supergravity. Since the
scalar manifold, in supergravity, is endowed with a metric it is possible to take the
pull back of this scalar metric on the moduli space of solutions. This pullback is the
holographic dual of the Zamolodchikov metric.
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Chapter 4

The [SO(1, 1) x SO(6)] x R™ model

In this thesis, the strategy to find new solutions of Type IIB supergravity is to first
study vacua of maximal supergravity in four dimensions. For large classes of these
supergravities, it is actually possible to uplift their solutions to IIA, IIB or 11d su-
pergravities using tools of Exceptional Field Theory that we will describe in the next
chapter. In this chapter, we will study solutions of the [SO(1, 1) x SO(6)] x R!2
dyonically gauged maximal supergravity.

To motivate this specific choice of gauging, we will firstly review known solutions
of maximal supergravity with different gauge groups in section 4.1. In section 4.2,
we will build the specific gauging we are interested in by writing its embedding ten-
sor. This completely determines the theory. In order to find vacua, we will study
consistent truncations of the theory, i.e. subsectors where some of the scalar field
are set to zero. In particular, section 4.3 describes a Z3 consistent truncation of this
maximal supergravity which can be expressed as a A/ = 1 model with seven chiral
multiplets. Finally, in the last section, we will present the solutions we have found in
this truncation as well as the masses of the excitations around these vacua.

4.1 Gaugings and vacua of maximal supergravity

Using the Ey7) duality, it is always possible to put a vacuum at the origin of the
scalar manifold. This procedure might however change the embedding tensor. One
can thus study solutions of all gauged supergravities by studying which embedding
tensors admit vacua at the origin, possibly preserving certain properties. For example,
in [38], the authors studied all the gauging admitting a vacua with a residual N' > 2
supersymmetry. This allowed to classify all such solutions for all gauged maximal
supergravities in four dimensions. They found three families of such solutions. One
with A/ = 8, which is just a point, as well as one with N' = 4 and one with ' = 3.
There is no solutions with exactly 4 < N < 8 residual supersymmetry.

The N' = 8 AdS, point is a solution of the de Wit-Nicolai SO(8) gauged super-
gravity [30]. It appears as a compactification of 11d supergravity on the round S7.
This was expected since the only maximally supersymmetric solutions of the form
AdSy x M7 is the standard Freund-Rubin solution of 11d supergravity [39, 40]. This
solution was identified as the holographic dual to the ABJM theory [41].

The N = 3 solutions appear for the gaugings SO(8),,, SO(1, 7) and ISO(7). This
family of solution is parametrised by an angle ¢ which determines the gauge group
and the symplectic frame of the theory.

o For ¢ < 7/6 we get a family of SO(8), gaugings where both electric and
magnetic vectors are used to gauge SO(8). The w-family of SO(8) gaugings
was first described in [42]. The simple SO(8) gauging, coming from the S”
compactification of 11d supergravity, appears at w = 0 and admits the N' =8



42 Chapter 4. The [SO(1, 1) x SO(6)] x R'2 model

solution. However, the value w = 0 in not reached in the N' = 3 family of
solution. When w # 0, there exists no-go theorem [43, 44] proving that there is
no uplift to 11d supergravity (at least using the usual methods of generalised
Scherk—Schwarz reductions). If such an uplift were to exists, it would be non-
geometrical, meaning that it would appear as the compactification of a theory
in more than 11 dimensions.

o For ¢ > 7/6 the gauge group is SO(1, 7), this family of gaugings has not been
studied extensively although it is known to uplift to M-theory compactified on
the hyperboloid H(®7) [45].

o Finally, at ¢ = 7/6, The gauge group is ISO(7). This gauging has been shown
to uplift to massive type IIA supergravity compactified on AdS; x S [46].
Moreover, the holographic dual of this family has been identified as a Chern-
Simons theory at level k. This level is related to the Roman mass of the Type
ITA uplift.

The N' = 4 solutions are found in theories of maximal supergravities with gaugings
SO(1, 7) or [SO(1, 1) x SO(6)] x R12. These gaugings are parametrised by a variable
€ [0, 2nr[. When 0 < ¢ < 27, these are solutions of gaugings of the group SO(1, 7).
As in the N = 3 case, these solutions can be understood as compactifications of 11d
supergravity on HL7 . At ¢ = 2, the gauge group degenerates and reduces to
[SO(1, 1) x SO(6)] x R'2.

This shows that A/ = 4 solutions in maximal supergravity are quite rare and thus
deserve to be studied in more details. Moreover, the position of the [SO(1, 1) x
SO(6)] x R'? gaugings in the NV = 4 family of solutions mirror the position of the
ISO(7) point in the N' = 3 family of solution. Since the solutions for the ISO(7)
gauging could be uplifted and have a precise CFT3 dual, it is interesting to see
whether or not the N/ = 4 solution and other solutions of the same theory have these
properties. For these reasons we will study the vacua of this theory and their uplift
as well as possible holographic interpretations.

4.2 The [SO(1, 1) x SO(6)] x R'? embedding tensor

The [SO(1, 1) x SO(6)] x R'? dyonic gauging of supergravity is part of a large family
of gaugings of the form

[SO(p, q) x SO, ¢)] x N, (4.1)

which are subgroups of SL(8) C E7(7). This class of gaugings can be built by branch-
ing representations of E7(7y under SL(8). There are three representations of particular
interest: the fundamental 56 (index M), the adjoint 133 (index «), and the 912
(the representation of the embedding tensor). They decompose as

56 — 28 + 28’ (4.2)
133 -+ 63 @ 70, (4.3)
912 — 36 ¢ 420 & 36’ B 420" . (4.4)

In terms of fundamental SL(8) indices A =1,...,8 one has that

AM = (AlAB] Alan) and ta=(ta"”, tiaBcn)) (4.5)
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with t44 = 0 and where the square brackets denote antisymmetrisation. We have
collected in the Appendix A various results regarding the E7) generators in the
SL(8) basis. For the gauge group (4.1), the embedding tensor transforms in the
36 @ 36’ and can be expressed in terms of two 8 X 8 symmetric matrices:

@[AB}CD = 4\/55[6;4 HB}D and @[AB}CD = 4\/55[5‘ QNB}C. (4.6)

This shows that where 645 turns on gaugings using the electric vectors of the theory,
048 uses the magnetic vectors. An explicit computation of the quadratic constraints
(3.74) shows that they are satisfied if

045 0°¢ =0. (4.7)

Using an SL(8) duality transformations, the # and § matrices can be set to a scalar
multiple of their signature. The quadratic constraints are solved for

p q
——
04 = gdiag(1, ..., 1,~1, ..., —1,0, ..., 0) (4.8)
6P = cdiag(0, ..., 0,1, ..., 1,1, ..., —1) (4.9)
—_———— —-—
P’ q

with p+ ¢+ p' + ¢ < 8 leading to the gauge groups (4.1). The dyonic gauging
of G = [SO(1,1) x SO(6)] x R'? amounts to a choice of embedding tensor ©,;®
determined by the matrices

045 = gdiag(0, Ig, 0) and 048 = cdiag(—1, 05, 1) . (4.10)

To better understand this gauging, let us further branch the Ey(7) irreps in (4.2)-(4.4)
under the group SL(6) x SL(2) x SO(1,1) C SL(8). The result is

56 — 28 @ 28’ (4.11)
—[(6,2)_1®(15,1); d(1,1)_3] (6, 2)1® (15", 1)1 & (1, 1)3] ,

133 - 63® 70 (4.12)
— [(85,1)0 & (6,2)2 @ (6',2)_2 & (1,3)0 & (1,1)0]
@ [(15,1)_2 @ (20, 2)p @ (15',1)] ,

912 — 36 © 36’ © 420 © 420’ (4.13)
—[(21,1)1 @ (6,2)-1 @ (1,3)_3] @ [(21,1)-1 ® (6',2)1 @ (1, 3)3]

®[(35,1)_3 D (84,2)_1 @ (6,2)_1 @ (105,1); ® (15,3); @ (15,1); P (20, 2)3]

® [(35,1); @& (84',2), & (6',2); @ (105',1)_1 & (15',3)_1 & (15',1)_1 & (20,2)_3] .

Under this decomposition the electric component of the embedding tensor in 36 cor-
responds to (21,1); C 36 whereas the magnetic one in 36’ corresponds to (1,3)3 C
36’. Similarly, the fundamental SL(8) index decomposes as A = (i, a) with i =2,...,7
being a fundamental SL(6) index and a = 1,8 a fundamental SL(2) index. As a con-
sequence

[AB] = ([18], [ad] , [5]) , (4.14)
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and, from the embedding tensor components in (4.6)-(4.10), one gets

Omta — O =2V3g(t7 —t;1) , 0¥ =2V3c (t,® +t5!) |
Ou = 2V3 gty , 0% =2V3ct,". (4.15)

Then the compact SO(6) factor of the gauge group is gauged by electric vectors A%
whereas the non-compact SO(1,1) factor is gauged by the magnetic vector A;g and the
R'2 translations are gauged dyonically, i.e. use both electric and magnetic vectors,
provided gc # 0.

4.3 Vacua and consistent truncations

To study maximally symmetric vacua of the N’ = 8 theory, one can truncate away
the vectors and the fermionic fields resulting in a Lagrangian of Einstein-scalar type

R 1 )
5:(2—V>*1+96Tr(d./\/l/\*d/\/l ) , (4.16)

where V' is the scalar potential in (3.87). It will be convenient to use the solvable
parametrisation of the scalar coset representative

v=emp(xte) - exp (h) (1.17)

where #, are the 7 generators of the maximal non-compact torus R7 ¢ SL(8) C
E7(7y (Cartan subalgebra) and ts are the 63 positive roots of E(7) (computed with
respect to a choice of basis for the maximal torus). We will refer to the associated
scalars as dilatons ¢ and axions x°.

The coset representative )V is a non-linear function of the 70 scalar fields used to
parametrise our coset space Er) /SU(8). As such, even if the scalar potential is just
a quadratic function of the T-tensor, it is a complicated function of the scalars. To
find vacua, of (4.16), one would have to extremise this scalar potential i.e. solve

BgsV =0. (4.18)

For general solutions, this is out of computational reach even if some progress has
been made in that direction using techniques from machine learning, see for example
[47, 48, 49).

To find extrema of the scalar potential, we will first perform a consistent trunca-
tion of the theory to reduce the number of scalars degrees of freedom. The “trunca-
tion” part consists in setting to zero some scalar fields, before solving the equations
of motion. However, one must be careful when truncating away degrees of freedom
because a solution of the truncated theory might not be a solution of the full theory.
This can happen if a field set to zero is sourced by a field kept in the truncation.
Truncations which do not suffer this problem are called consistent truncations. To
ensure that the truncation is consistent, we will choose a group in the symmetry group
of the theory and focus uniquely on the fields which are invariant under this group,
following the original idea in [50]. This ensures that the solutions of the truncated
theory are solutions of the full theory. For maximal supergravities, after the gauging
procedure, the residual symmetry group is the group leaving the embedding tensor
invariant. We will thus use such groups to produce our consistent truncations.
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The first truncation we could focus on is a truncation by a Zs subgroup of SL(8)
acting on its fundamental index as

75 VA (=D)AL AA (4.19)

This truncation has been studied in [37] and describes a half-maximal supergravity
coupled to six vector multiplets. We will study in more details this truncation and
deformation thereof in chapter 8, following [7].

4.3.1 The Z3-invariant model

The N = 4 model can be further truncated to a Zj-invariant enlarging the Z} de-
scribed in (4.19) with two other generators acting on the fundamental representation
of SL(8) as

Zgl) = {1, diag(1, 1, 1,-1,-1,-1,-1,1)} ,

4.20
252) - {ﬂa dlag(:l) _17 _1) 17 17 _17 _17 1)} : ( )

The resulting Z3 invariant sector describes a A' = 1 supergravity coupled to seven
chiral multiplets (and no vector multiplets). These chiral multiplets parametrize the
Kahler space

SL(2))7 Erer) (4.21)

SO(2) SU(8)"

Following the solvable parametrisation of the scalar coset space (3.46), we associate
the fourteen real spinless fields with generators 47 (scalars) and tapep) (pseudo-
scalars) of E7(7y in the SL(8) basis. The former have associated generators of the
form

Mscal = (

Gor = —tit —t? =13+t 155 160+ 17T —t5°
G = —tit+ta?+13® — gt — 157 16" + 177 — 155
Gos = —tit+t2+ts® a0 — 6" — 177 — 15,
Gou = tit—t2+td +tat — 55 +t® — 1T — %, (4.22)
Gos = tltta? —t3® —tyt + 155 160 — 177 —ts®
gpo = bt Ftd =t iyt =15 — 1S+ 17—t
Jor = ' =02+t by 15" — 1O+t 1

whereas the latter correspond with generators given by

91 = t1238 y 9xa = tosrs )
Iy = luass s 9xs = tarss s Oxr = ts2e - (4.23)
9xs = tiers y 9xe = t6358 )

Exponentiating (4.22) and (4.23) with coefficients ¢; and x; as

7

Y = Exp l—lQ ZXZ' 9xi
i=1

1 7
Exp L D %idei| (4.24)
=1

yields a parameterisation of the matrix M = V V! on the coset space [SL(2)/SO(2)]".
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This sector of the theory can be reexpressed as a N = 1 theory because only one
gravitino is invariant under the Z3 action. The kinetic terms in the resulting A" = 1
sector follow from (3.62) and (4.24), and are given by

1o .
Luin = =3 2[00 + > (9x:)°] - (4.25)
i=1
These match the standard kinetic terms Ly, = —(afi,zj K)dz; N *dz; for a set of
seven chiral fields
zi=—xit+te ¥ (4.26)
with Kéhler potential
7
K ==Y log[—i(z — %)] . (4.27)
i=1

Lastly, when restricted to the Z3 invariant sector entering (4.24), the scalar potential,
as computed from (3.87), can be recovered from a holomorphic superpotential

W =2g | z12526+222426+232425+ (21244 2225+ 2326) 27 | +2 g ¢ (1—z4252627) , (4.28)

using the standard N = 1 formula in (3.28). Note that only the last term in the
superpotential (4.28) turns out to be sensitive to the electromagnetic parameter c.
Moreover, this model is invariant under the discrete group S, generated by the three
permutations acting on the index i =1, ..., 7 as

f:(1,2)(4,5) , ¢:(1,2,3)(5,7,6) , h:(1,3)(4,56,7). (4.29)

4.4 Vacua in the Z3}-invariant sector

In the Z3-invariant sector, we are going to focus on four different families of vacua.
Each of these families is labelled by the most symmetric point of its moduli.

4.41 N =080(6) = SU®3) x U(1) = SU(2) x U(1) — U(1)?
There is a three-parameter family of A/ = 0 solutions that preserves in general U(1)3

and is located at

1
2123 =2¢ <—X17273 +1 ) and W=z =2=27=1, (430)

V2

with X123 being arbitrary (real) parameters. This family of solutions has a vacuum

energy given by
Vo=-2v2g%ct. (4.31)

It proves convenient to introduce a set of four variables w4 with A =1, ..., 4 such
that

Xi=wj+wp (i#75#Ek) and witwetws+ws=0. (4.32)



4.4. Vacua in the Z3-invariant sector 47

In these variables, the scalar masses can be written very symmetrically as
m?L? = 6 (x2) , =3 (x2) , 0 (x28), —2+6w} (x2),

3 4 3watwp)?, —3+6(watws)?, (4.33)

w

—3+4 5 (wa —wp)? (with A # B) ,

where L? = —3/V is the AdS; radius. This family of solutions is perturbatively
unstable due to the mass eigenvalue —3 lying below the Breitenlohner-Freedman
bound for stability in AdSy [51] . The computation of the vector masses yields

m2L? = 0 (x3) , 6 (x1), 2+ 3 (wa+wp)
(4.34)
%(WA—WB)Q (with A#B) .

Note that a generic solution in this family preserves a U(1)® symmetry as three vec-
tors are generically massless. Therefore, out of the 28 massless scalars in (4.33), only
3 of them correspond to physical directions in the scalar potential. Imposing a pair-
wise identification between the free axions X123 results in a symmetry enhancement
to SU(2) x U(1)2. A further identification y; = x2 = x3 # 0 implies a symmetry
enhancement to SU(3) x U(1). Lastly, setting x1,2,3 =0 enhances the symmetry to
SU(4) ~ SO(6) . This SO(6) symmetric solution was first found in [52] and was latter
extended to the full (x1, x2, x3) moduli in [1].

4.4.2 N =1 vacua with U(1)? - SU(2) x U(1) — SU(3) symmetry

There is a two-parameter family of A/ = 1 supersymmetric AdS, solutions that
preserves U(1)? and is located at

V5 1 :
2123 =C¢C <—X1,2,3 +1 ? and 24 =25 =26 = 27 = %(1 +1 \/5) , (4.35)

subject to the constraint
X1+x2+x3=0. (4.36)

This family of AdS,4 solutions has a vacuum energy given by

162
Vo=——=¢*c !, (4.37)

and a spectrum of normalised scalar masses of the form

m2L? = 0 (x28) , 446 (x2) , -2 (x2),

—M sl A48y (x2) i=1,2,3,
—M a2 L16+45x7 (x2)  i=1,2,3, (4.38)

s+ (x2)  i=123,

24+ 306—x)? (x2)  i<j,
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where L? = —3/V; is the AdS, radius. The computation of the vector masses yields

m2L? = 0 (x2), 6 (x1), 2 (x1),

W oy2+ 3y/64+45x2 (x2) i=1,2,3,

(4.39)
2
%45 (x2)  i=1,2,3,
Thi—xp)? (x2) i<y,
The rescaled gravitini masses are
1 .
m?2=1, 4, §6+ 51“ (x2) i=1,23. (4.40)

Note that a generic solution in this family preserves U(1)? because only two vectors
are generically massless. Therefore, out of the 28 massless scalars in (4.38), only 2
of them correspond to physical directions in the potential. The residual symmetry
gets enhanced to SU(2) x U(1) when imposing a pairwise identification between the
axions X123 so that a total of four vectors become massless. Finally there is a
symmetry enhancement to SU(3) when setting X123 = 0 so that a total of eight
vectors become massless. The SU(3) symmetric solution and its moduli was first
found in [1] in a U(1)-invariant sector of the theory. Similar vacua had been found
earlier in SO(8) or ISO(7) gaugings of the N/ = 8 theory see [53, 54].

4.4.3 N =2 vacua with U(1)2 — SU(2) x U(1) symmetry

There is a one-parameter family of N = 2 supersymmetric AdS, solutions that
preserves U(1)? and is located at

1 1
7n=—2z3=c|l—x +1— , 29=1c , z4=25=1 and z5 =2y =—(1+1).
1 3 ( X \/§> 2 4 6 5 7 \/i( )

(4.41)
This family of AdS4 solutions has a vacuum energy given by
Vo=-3g%c", (4.42)
and a spectrum of normalised scalar masses of the form
m2L? = 0 (x30) , 3+V17 (x2) , =2 (x4) , 2 (x6) , —2+4x? (x6)
—14+432 V162 +1 (x2) , x2E£VX2+2 (x8),
(4.43)
where L? = —3/Vj is the AdS4 radius. The computation of the vector masses yields
m2L? = 0 (x2) , 6 (x2) , 4 (x2) , 2(x4), (4.44)
4.44
4x? (x2) , 2+ xPEVX2+2 (x8).
The gravitni masses are
m2L* =1 (x2) , 4 (x2), 24+x* (x4) . (4.45)

Note that a generic solution in this family preserves U(1)? as only two vectors are
generically massless. Therefore, out of the 30 massless scalars in (4.43), only 4 of
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them correspond to physical directions in the scalar potential. However, the residual
symmetry gets enhanced to SU(2) x U(1) when x = 0 and two additional vectors
become massless.

4.4.4 N =4 vacuum with SO(4) symmetry
This family is just a point with N' =4 and SO(4). It is located at

_ 1471
21 =29 =23 =1cC 24 =25 =26 = —27 = ) (4.46)
V2
This AdS4 solution has a vacuum energy given by
Vo=-3g%c!. (4.47)

as for the previous solution, and a spectrum of normalised scalar masses of the form

m?L? = 0(x48) , 10(x1) , 4(x10) , —2(x11), (4.48)
where L? = —3/Vp is the AdSy radius. The computation of the vector masses yields
m?L? = 0(x6) , 6(x7) , 2(x15), (4.49)

This N = 4 solution was first reported in [38], and then uplifted to a ten-dimensional
family of type IIB S-fold backgrounds in [55].

4.5 Remarks

In the next chapters, we will study the uplift of these solutions to Type IIB supergrav-
ity. We will start by uplifting the most symmetric points of each moduli in section
5.4. We will then study in more details the axionic deformations and their uplifts
in chapter 6. This discussion about the uplift will allow us to make some conjecture
about the would be CFT3 duals of these solutions. However, before presenting these
results let us make two remarks, one concerning a family of solutions not presented in
the main text and one concerning the moduli of our solutions parametrized by axions

X’s.

The p-family of solutions

We have not presented an important family of solutions present in our Z3 invariant
sector. This family is parametrized by a parameter ¢ € R and was found in [56]. In
this p-family of solutions, the scalars take the vev:
icyvp?+1
21:,22:L , zZ3=1ic (4.50)
V2
141 _ —p+1
4 = Zr = s R = — = — .
4 5 o) 6 7 Tt

This family interpolate between the N =4 SO(4) solution (4.46) at ¢ = 1 and the
N =2 S5U(2) x U(1) solution of (4.41) at ¢ = 0 (up to the action of an S symmetry
as presented in (4.29)). The whole family preserves N’ = 2 supersymmetry as well
as a U(1)? global symmetry. This family of solution is stable, and its spectrum has
been computed and organized as osp(2|4) supermultiplets. However, it has not been
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uplifted to Type IIB supergravity yet. The issue with the uplift is not a conceptual
one but a computational one. It would be worth making some efforts in this direc-
tion because, although the moduli seems to be non-compact in four dimensions, this
behavior might change from a ten-dimensional perspective (e.g. see the flat deforma-
tions of chapter 6). From unpublished preliminary works, we expect that, as ¢ — oo,
the solution should reach some (de)compactification limit where the supergravity ap-
proximation of this solution would break down, as the swampland distance conjecture
would suggest [57].

Axionic deformations

The N =0, 1, 2 vacua all include axionic deformations generated by scalars associ-
ated to generators of e7 of the form % t1;58. These deformations induce a pattern of
symmetry breaking

SU(n) = SUn—-1)xU1) — ---. (4.51)

In the first two solutions, N'= 0 and N = 1, there are as many axionic deformations
as the rank of the residual symmetry group. At this point, this observation might
seem accidental since this is not the case of the N' = 2 and N = 4 solutions. However,
since we are working in a consistent truncation of maximal supergravity, it is possible
that there are axionic deformations in the full theory which are not present in our
truncation. As we will see in chapter 6, this is the case. For each solution Vy with
a symmetry group of rank r, we will be able to build an r-dimensional family of
deformations.
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Chapter 5

Consistent compactifications
through exceptional field theory

In this section, we will review how to build consistent Kaluza-Klein (KK) compactifi-
cation of Type IIB supergravity down to four dimensions. A KK compactification of
any theory relies first on a splitting of the coordinates in a set of internal coordinates
and a set of external coordinates
XA (g oy ). (5.1)
~—

g
external ipternal

From this splitting, one provides an ansatz describing how the fields in the higher
dimensional theory can depend on the internal coordinates. For example, the relevant
ansatz to study compactifications on a circle would be the decomposition in Fourier
modes

Sa, y) =D pulah)e’ ™Y (5:2)

With this ansatz, the theory is described by an infinite number of fields ¢,, depending
only on the external coordinates x*. If one is simply interested in an effective descrip-
tion of the full theory, it is possible to truncate away massive modes and keep only
massless modes. This description would have a finite number of degrees of freedom
but it would only be valid in a low-energy limit because massless fields could source
massive fields. This means that solutions of the truncated theory might not uplift to
solutions of the full theory.

What we are interested in when uplifting low-dimensional solutions are consistent
truncations of supergravities. A truncation is consistent if the solutions of the low-
dimensional theory uplift to solutions of the higher dimensional theory at all orders.
To do this, the ansatz and the truncation procedure must conspire in such a way that
all dependencies in the internal coordinates factor out of the equations of motion.
For the compactification on a circle, this is what happens when keeping only the
U(1)-invariant modes, i.e. the massless modes.

In a generic setting, finding the right truncation and ansatz for a consistent com-
pactification on a general manifold is a surprisingly hard problem. A lot of progress
has been made in the case of consistent compactifications of type IIB and 11d su-
pergravity. This progress stems from the Fyq) global symmetries appearing when
compactifying these theories on tori. These symmetry groups indicate that there
should be a way to understand higher dimensional theories in an Eyg) covariant way.
The higher dimensional origin of these global symmetry groups is not completely
clear because the exceptional symmetry groups only appear after the dualisation of
certain degree of freedom (e.g. two-form to scalar in four dimensions). Since some of
these symmetries are not visible in the higher dimensional setting we refer to them in



52 Chapter 5. Consistent compactifications through exceptional field theory

general as hidden symmetries. Such hidden symmetries appear in a host of compact-
ification, the prototypical example being the compactification of pure 4d gravity on
circle which becomes SL(2)-invariant instead of the GL(1) x R-invariance expected
from geometric considerations (see [58] for a recent review on hidden symmetries in
the context of maximal supergravity).

The goal of Exceptional Field Theory (ExFT) is to reorganize the degrees of
freedom and the equations of motion of the higher-dimensional supergravity in a way
that is compatible with these exceptional symmetry groups. The emergence of ExFT
mirrors that of Double Field Theory (DFT), which describe heterotic string theory
studied theories with a SO(D, D) duality group.

The mathematical premises of DFT arises in the works [59, 60] devoted to the
study of generalized complex geometry. There, the authors studied the geometry of
vector bundles which are extensions of the tangent bundle of the form TM & T*M.
These admit an SO(D, D) structure on M. The reduction of this structure bundle
to an SO(D) x SO(D) bundle is equivalent to the presence of a generalized metric
M. This metric encodes the internal geometry of the NS-NS sector of string theory
compactified on M in a SO(D, D) covariant way. The equations of motion in the
internal manifold then reduces to the vanishing of a generalized curvature for the
metric M. Then, the DFT shows how to make this metric dynamical with respect to
the external space [61, 62, 63]. To do so, one writes a pseudo action on a formally 2D
internal manifold and then imposes section constraints. These constraints reduce the
effective number of dimensions on the internal manifold to D. Upon imposing these
section constraints, the DF'T is a reorganisation of the full NS-NS sector of string
theory in a SO(D, D) covariant way.

For the exceptional groups, the exceptional generalized geometry encodes the NS-
NS and R-R sectors of superstrings [64, 65]. The field theory of this geometry, ExFT,
was introduced in [66]. Now, some more refined setups exists which can encode both
generalized geometry and exceptional geometry in different dimensions in terms of
G-algebroid [67]. However, there is not yet an unified framework for the field theory
of G-algebroid encompassing both ExFT and DFT.

This chapter is organised as follows. In section 5.1, we will review E7(7)-ExFT
and its generalised diffeomorphism structure. In section 5.2, we will show how Type
1IB fields are encoded in E7(7)-ExFT by solving the “section constraints” of ExF'T. In
section 5.3, we will study how to consistently compactify ExFT down to a maximal
gauged supergravity in four dimensions using generalised Scherk-Schwarz compacti-
fications. We will focus on this procedure for the [SO(1, 1) x SO(6)] x R'2 gauged
maximal supergravity, which is the compactification of Type IIB supergravity on
St x S°. Finally, in section 5.4, we will uplift the solutions we found in the Z3
invariant sector of maximal supergravity.

5.1 FEyr-Exceptional Field Theory

The FEr7)-ExFT is a theory on a 4 + 56 dimensional space-time. The first four
coordinates, z*, parametrise the external space while the others, Y™ parametrise
the internal space. The internal coordinates Y™ are naturally in the 56-dimensional
representation of Er(7y. The field content of the ExFT is

{g/uu Mun, AM, Buya, B;WM} (5.3)
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where g,,, is a metric on the external space, My is an internal generalised metric
parametrising the coset space Fr(7)/SU(8), A,M will be a gauge connection and the
two-forms B, o and By, ) transform in the adjoint and the fundamental represen-
tations of F7 ) respectively.

What separates ExF'T from usual field theories is the presence of section con-
straints. They require that

(ta)MNOpONA =0, OMN9y AONB =0, (ta)MNO AONB =0, (5.4)

for any fields A and B of the theory. The symbols ¢, are the generators of e; and QMY
is the symplectic metric of Sp(56, R). This severely restricts the possible dependen-
cies of the fields in the internal coordinates. We will show later how to solve these
section constraints, the main result being that they admit only two inequivalent so-
lutions. In the first solution, the fields depend non-trivially on exactly 6 coordinates,
corresponding to a formulation of Type IIB supergravity. In the other solution, the
field depend on 7 coordinates, corresponding to a formulation of 11d supergravity.
The bosonic equations of motion of ExFT are completely determined by requiring
the invariance under the generalised diffeomorphism in both the external and internal
coordinates. The equations of motions can be computed from the pseudo-action

S — / Al &Y e (R + %g’“’DMMMNDyMMN (5.5)
- éMMNF’“’MFWN +e Loy — v) :
supplemented with the self-duality equations
FuM = —%e €uvpo QN My FPoE | (5.6)

for a field-strength .FWM we will define later. Notice how the ExF'T action is remi-
niscent of the action of N' = 8 supergravity in 4 dimensions (3.86).

The generalised diffeomorphisms are defined in terms of a generalised Lie deriva-
tive with respect to a vector parameter AM. A vector VM of weight A transforms
as:

SAVM =L\ VM = ARGV M — P MK e APV £ A0 ATV (5.7)

This is the usual definition of the Lie derivative of a vector of weight A up to two
important discrepancies. The first one is that, after solving the section constraints,
the derivatives Ok are non-trivial only for a subset of the 56 possible values of K.
The second is the presence of the projector Pq33:

Pras™ 0™ = (ta) ™ ()N, (5.8)

which projects on the 133-dimensional representation of e¢7;. The definition of the
generalized Lie derivative can be extended to an arbitrary number of fundamental
indices.
The section constraints implies that some gauge transformations parametrized by
a vector AN are actually trivial. For example, this is the case for all gauge parameters
of the form
AM = (to‘)MN ONXa or AM=0MNyy, (5.9)
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for xn satifying triviality conditions of the form

(P14133) N x00n = 0 = (P11133) MY xar xov - (5.10)

The triviality of the gauge transformations of the type (5.9) follows directly from the
section constraints. These trivial gauge transformations are what allows the algebra
of generalised diffeomorphisms to close. We can check this by computing that, up to
the section constraints, we have

[0A15 Ons] = 0y, A0 (5.11)
where the “E-bracket” is defined as
[Ar, Aol = 2 A O NS + 12 (ta) N (1%) ke A O AT (5.12)
1
- OMNQgr, On (A AY) .

This E-bracket, although similar to the Lie bracket, does not satisfy the Jacobi iden-
tity. It satisfies a weaker identity implying that the failure to satisfy Jacobi identity
is a term producing trivial gauge transformations. In other words, we have that

[[0[a15 a5 0a7] =0 (5.13)
only after applying the section constraints and despite the fact that
[[Ap, Aole, Agle #0. (5.14)

This is still sufficient for the internal diffeomorphism algebra to close.
Let us now discuss the action of the generalized Lie derivative on the adjoint
representation. We define:

LaWa = A0k W, +12 fo57 (7). K O AL W, + X O AR W, (5.15)

where f,37 are the ¢7 structure constant and (tﬁ ) M are the e; generators acting on
the fundamental indices. Because of the constructions we are going to study below,
we also want to study how the following quantity transforms:

VM = tMNoyw, . (5.16)

This quantity does not transform as a vector in the fundamental representation under
the generalised Lie derivative. To compensate, we have to add a field Wy, subject to
the “triviality constraints”:

(P14133) "N Waron = 0 = (Pr1133) MWy Wiy (5.17)

Then, if W, has weight A = 1, the sum
N 1
VM = tMNo W, + ﬂQMNWN (5.18)

transforms as a vector of weight A = %, provided that the compensating field W,
transforms as
AW = LaWar — 24(t%) KW, 0h 0k AL (5.19)

These results will be useful when describing the transformations of B, and Bjy.
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From the generalised Lie derivative, we can now define a covariant derivative w.r.t.
the gauge connection AMM defined as

Dy =08, —1La (5.20)

e

By definition, the covariant derivative should transform covariantly, this imposes the
gauge transformations of the connection to be

opAM =D, AM (5.21)

where the gauge transformation parameter AM is a tensor of weight A = % This
allows to define the Yang-Mills field strength associated to AHM as

Fo, M =20, A,M — [Au, Ay (5.22)

However, this field strength is not covariant under generalised diffeomorphisms. To
compensate for this, we define a fully covariantized field strength as

1
Fu = Fu M =120 N0 Bue — 59N By ¢ (5.23)

where we recognize the quantity BM as the compensator. Importantly, the two-form
B,,, m is also constrained by the triviality constraints:

(P11133) MY By mOn = 0 = (P14133) Y By By (5.24)

If one defines the gauge transformations of the two-forms to be
AABuua = (ta)KLAK]:uVL (525)

ANB = ~Qucr (FuOnAY = A0 Fu )

then, the field strength F transforms covariantly as a vector of weight % Finally the
two two-forms carry their own gauge transformations under which fields transform as

1
04, M =12t N ONE e + MY By
AB/U/Oé = 2D[/.LEV]OL (526)
ABMVM = Q'D[“EV]M + 48(ta)LK (8K6MA[uL) Ey]a

where 5, is of weight 1 and Z,, 5/ is of weight %

We now have all the information required to build the action of exceptional field
theory. First, we build the kinetic terms. These are given by a covariantized Einstein-
Hilbert term build out of an improved Riemann tensor:

A

R,"=R,"w)+F,,"ePore, (5.27)

where leab is the curvature of the spin connection given in term of the vielbein with
all derivatives being covariantized i.e.

1
Dye,® = e, — A MOpre,” — §8MAMM6V“ : (5.28)

Considering the generalised metric M,y as a weight zero tensor, the first three
terms in the action of (5.5) are defined, giving a generalized Einstein-Hilbert action,
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a generalized o-model kinetic term and a generalized Yang-Mills action. The topo-
logical term in the ExFT action is more easily understood as the boundary term of a
manifestly gauge-invariant exact form in five dimensions:

1
Stop =~ 5, / d’z / 4y e o F, MDLF, (5.29)
X5

= / d*z / d°0Y Ly

035

We still need to specify the “potential” V', which is

1 1
V== qMM oy M oy Micp + S MM o ML oL Mk (5.30)

- %g_laMgaNMMN - iMMNg_lf?Mgg_laNg - iMMNaMgWaNgW-
We used the nomenclature of “potential” for this last term because the only derivative
present differentiate w.r.t. the internal directions. As such, if we can write an ansatz
for which the internal coordinates factorize, we would have a true scalar potential,
which do not depend on the derivatives of the fields.

The various pieces of the exceptional field theory action have been build by en-
forcing an invariance under generalised internal diffeomorphism. Now, the relative
coefficients of these pieces are determined by the generalised external diffeomorphism
that we are not going to review here. This bosonic action can be extended to include
fermions [68]. The fact that there is a completion of this action compatible with
supersymmetry is very surprising. The theory we have written is completely fixed by
the external and E7(7) generalised diffeomorphism and knows, a priori, nothing of the
supersymmetry of Type IIB or 11d supergravity it is supposed to encode. However,
a supersymmetric completion seems to be built in the structure of the exceptional

group.

5.2 Solving the section constraints

Now that we have a theory which is manifestly invariant under both external and
internal generalised diffeomorphisms, we want to relate it to the 10 and 11 dimensional
supergravities. This is done by solving the section constraints. It was shown that
there are two solutions of the section constraints of Er(7)-ExFT [69, 70] corresponding
to Type IIB and 11d supergravities. We will focus here on Type IIB interpretation
of E7(7)-ExFT. Since Type IIB supergravity is 10 dimensional, we expect to solve the
section constraints by imposing that the fields depend on only six specific internal
coordinates:

oat, YM) — p(at, y™) (5.31)

for a judicious choice of y™ C YM. In this way, the internal derivatives 0y are
effectively zero for M # m. To identify the six relevant coordinates y™, we first
study the branching of Er(7) under its subgroup GL(6) x SL(2) which encodes the
diffeomorphisms on the internal manifold and the SL(2) global symmetry of Type IIB
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supergravity. Under this branching we have

56 — (6, 1)42 + (6, 2) 41 + (20, 1)o + (6, 2)—1 + (6', 1)_2 (5.32)
133 — (1,2)43 + (15', 1) 40 + (15,2) 41 + (35 4+ 1, 1)o+
(1,2) 3+ (15,1) o + (15',2) 4

where the index denotes the GL(1) C GL(6) charge of each irrep. This branching
corresponds to the splitting of coordinates

{YM} - {ym’ Yma, Yemn, yma> ym} . (5.33)

Selecting the coordinates y™ to be the coordinates of highest GL(1) weight solves
the section constraints. Indeed, we have that QMN9,; AOnB = 0 because Qun is
composed of off-diagonal blocks, thus Q™" = 0. Moreover, (to)"N0yAONB = 0
because

(ta)™ =0. (5.34)

Indeed, (t,)MN0y0n transforms in the 133 of e7. Thus, for (t4)™ 9,0, to be non-
zero, (to,)™" should be of charge +4, to compensate for the charge —2 of 9,,. We can
check that there is no generators of charge +4 in the decomposition of the adjoint
representation. Hence, the coordinates y"* solve the section constraints.

Once the IIB solution of the section constraints is enforced, we must express the
degree of freedom of the ExFT in terms of SUGRA fields. For example, the generalized
metric M = V VT is parametrized in terms of the fields of the IIB supergravity
following the splitting of the adjoint representation of E7 ). To recover the equations
of motions of Type IIB supergravity we define

V = exp (¢ t(o)) Vs )Vo exp (cmna t’(ﬁ"ﬁ) exp (eklm”pqcklmn t(4+2) pq) exp (ca t‘(‘+3)) .
(5.35)
As an illustration, the scalar field ¢, has its origin in the internal component of
the two-forms doublet whereas c, originates from the dual of the two-forms: a six
form in six dimensions. Obtaining the explicit identification between Type IIB fields
and ExFT fields is not as straightforward and extra re-definitions and dualities need
to be made to recover the Type IIB equations of motion.

As a comment, notice that the decomposition of the ExFT vector AMM encodes
the the KK vectors A,™, coming from the metric, as well as part of the higher
dimensional forms A, ma, Aykmn and A, A similar reasoning holds for the two
form B,,, o. The discussion is a bit more subtle when considering the two-form B,,,, p/.
Indeed, By, is constrained by the same equations as the section constraints. As
such, only the B, components are non-vanishing once the section constraints are
imposed. Finally, we note that the self-duality equation with index M = m have no
interpretation in the context of Type IIB supergravity as these modes correspond to
off-diagonal modes of the ten-dimensional graviton.

Setting the vectors and the two-forms to zero (which can be done consistently),
the dictionary between Type IIB fields and ExFT fields is

MM = G2 gmn (5.36)
M =GTV2amE BY g, (5.37)
Minansg = G2 G mas + G V2GM B | B eayess (5.38)
(5.39)

MP

Imn

=-2 G_1/2 ka (Cklmn - g EO&,BBI?[I B?nn})
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These have to be supplemented by the self-duality condition for the four-form which
determine the external part of the four-form C),.... Of course, these equations can be
inverted to obtain the Type IIB fields in terms of the ExFT generalized metric see
(5.64).

5.3 Generalized Scherk-Schwarz reduction

Using the results of the previous sections, we have all the background necessary to
build consistent compactifications of Type IIB supergravity. In ExFT, there is a nat-
ural splitting of coordinates into internal and external coordinates and a formulation
of Type IIB which invariant under generalised diffeomorphisms. We still need an
ansatz for the compactification. The ansatz we are going to study is called a gener-
alized Scherck-Schwarz (gSS) ansatz. Its construction and properties were studied in
[45]. Guided by the covariance of the fields under FE7(7), we postulate that:

Quu(CUaY):P ( )guu() (5-40)
Mun(,Y) = Uy (V) Up*(Y) M () (5.41)
A# (@, V) = p ' AN (@) (U HM(Y) (5.42)

wal(z,Y) =p2(V)U(Y) B g(x) (5.43)

WM(:c, Y)==2p7(V) (U )" (V) 0nUp™(Y) Buva() (1) 5° (5.44)

The entire dependency in the internal coordinates is encoded in a Er7)-valued matrix
U™ (Y), called the twist matrix, and a scalar field p(Y) called the scale factor. This
ansatz will produce consistent compactifications only if, after solving the section con-
straints, the twist matrix and the scale factors satisfy the following set of differential
equations:

_ _ 1 N
(O "W 0pUQ ], = = PO (fa)n (5.45)
INU )N =3 Onp(U ™) N =2p0u

where © and 9 are constant vectors and [-]g;, is the projector on the 912 repre-
sentation of E7(7). These equations are called the consistency constraints. If the
gSS ansatz satisfies such constraints, the action of generalized diffeomorphisms with
parameter AM = p~1AP(2)(U~1)pM acts as gauge transformations on the 4d fields.
Moreover, if these equations are satisfied, the dependencies in the internal coordinates
YM factorise out of the equations of motion of the ExFT theory.

The remaining z#-dependent equations reduce to the ones of maximal supergravity
in four dimensions. The field content of maximal supergravity is precisely the set

{91 (@), Mun (@), 4™ (2), By ol(@) | (5.46)

that appears in the gSS ansatz (5.40) and the gauging is encoded in the embedding
tensor © ;% appearing in the condition (5.45).! All this detour by ExFT has allowed
to reduce the problem of finding a consistent compactification of Type IIB supergrav-
ity to the one of finding a triplet (p, U, ©) satisfying (5.45). This problem, although
it is simpler, is not simple. Indeed, given an embedding tensor ©,;% in maximal

'The vector ¥y is related to “trombone” gaugings and have to do with an extra possible GL(1)
gauging. We set it to zero in this work.
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supergravity, it is not always possible to find a twist matrix satisfying the consistency
constraints (5.45) and the section constraints (5.4). This was studied in [44].

The simplest example of un-upliftable theories is the class of SO(8),-gaugings for
w € [0, 7/4] we discussed in the introduction of chapter 4. At w = 0, there exists a
twist matrix U solving both consistency and section constraints to 11d supergravity.
At w # 0, the solutions of (5.45) always require more than seven extra-coordinates
to be solved [44, 43] and thus do not have a geometric interpretation as the compact-
ification of a supergravity. Whether or not these theories have an interpretation in
string theory remains an open question.

5.3.1 Solutions for dyonic gaugings

There is a large class of gaugings for which there exists twist-matrices U solving the
consistency condition as well as the section constraints [55]. These gaugings are the

[SO(p, q) x SO, ¢)] x N C SL(8) C Eq 7y (5.47)

gaugings studied in section 4.2. Their embedding tensors are built in terms of two
symmetric 8 x 8 matrices 6 and 6 -see (4.6)- of the form

p q

——
Oap=g(,...,1,-1,..., 1,0, ..., 0) (5.48)
08¢ =¢(0,...,0,1,...,1,—1, ..., —1). (5.49)
—_—
4 q

These gaugings are in general dyonic: the vectors gauging the SO(p, q) factor are elec-
tric while the vectors gauging the SO(p/, ¢') factor of the gauge group are magnetic.
The nilpotent group NV is in general gauged by both types of vectors.

Since the gauge group is a subgroup of SL(8), it is natural to decompose the 56
internal coordinates in a SL(8) basis as

YM vl g ¥, p with A, B=1, ..., 8. (5.50)

We will assume that there exists coordinates y* C Y4Bl called electric coordinates,
and y, C Y[ap, called magnetic coordinates, which solve the section constraints.
These coordinates can be taken to be

Yy =Y® Yo = Yar fori=1,...,p+q—1landa=p+gq,...,6, (5.51)

in the SL(8) basis. The twist matrix U will be an element of SL(8) C E7(;) that can
be expressed as

Wb 0 0 p2w,0
. L U A A 0
(U 1)AB = (pp 1)1/2 0 ﬁQVOj ,(34 0 (5'52)
P, 0 0 5t (1+ak(a, b)

in the fundamental representation of SL(8). We have used the notations:

A

Vol =mijy’ K(a,0)  V;% =nyy V.7 =09 + njy' K (@, 0) (5.53)
Wy = —i%y, W,% =y, K(u, 0) W, =0 (5.54)
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where 7;; and 7j%° are the invariant metrics of SO(p — 1, ¢) and SO(p’' — 1, ¢') and
a=y'y', 0=y, 0= YaYa 0= Yalil Yy (5.55)

In the same way that the twist matrix U factorizes, i.e. has the block diagonal form
of (5.52), the scale factor p factorizes as

p=py")p(ya)  where {._ (5.56)

The ansatz (5.52)-(5.56), solves the section constraints and the consistency constraints
provided that IA((@, 0) = K, (4, 0) and K(u, v) = Ky g (4, v), where Kp 4(u, v) is
the solution of a differential equation depending on p and ¢. For ¢ # 0 and p # 1 the
equation to solve is

2 (1 — r? sinh go) 0, Ky ¢ = ((1 +p—q)(1 —r*sinh ¢) — 2 cosh go) K, ,—1 (5.57)
for the variables u = 72 cosh ¢ and © = 72 sinh ¢. For ¢ = 0, K, o is defined as:
Ky,o=—2F1(1,(p—2)/2,1/2,1—q) (5.58)
and for p = 1, we have

Kig=q '0+a(l—q)F (1, (1+4q)/2,1/2, 1+47) . (5.59)

)

The solution (5.52) is given in the fundamental representation of SL(8). The
explicit form of U in the fundamental representation of E;7 is

[¢D]

U 0
Uy = | 8 [AB] _ [AB]) (5.60)
( 0 U™ ep) = U ey

where
Uag®? =U,UzP —Uz°U,P. (5.61)

There is a final subtlety when working with this gSS reduction. The coordinates
{y™, ya} are given in an SL(8) basis of Er7) whereas the interpretation of ExFT in
terms of SUGRA fields is done solving the section constraints using a GL(6) x SL(2)
or GL(7) basis of E7(7). There are thus extra changes of variables which are needed
to use (5.39). For p+ ¢ even, it is possible to embed the solution (5.51) in the solution
(5.33) which means that if p + ¢ is even, it is possible to uplift any solution of these
maximal supergravities to Type IIB supergravity.

5.3.2 The S° x S! reduction

According to the gSS ansatz we have just build, all the solutions in chapter 4 can
be uplifted to Type IIB supergravity. In this subsection we will give more details on
the uplift in the case (p, ¢, p/, ¢') = (6, 0, 1, 1). First of all, we have to identify the
coordinates solving the section constraints and transforming under GL(6) x SL(2)
in terms of the SL(8) coordinates (5.51). We identify both by their transformations
rules under their common SL(5) x SL(2) subgroup. The explicit identification is:
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GL(6) x SL(2) y" Yma yhme yme Ym
SLB)xSLE) | y' | ¢ | wia [wia | y7* 19" ] ¢ [y [ o |
SL(8) Vis | Y7 | €Y | Vi | €77V, | YU | €Yy | Vi | VI8 | vy

In these notations, m = 2, ..., 7 is the fundamental index of GL(6), « = 1, 8 is the

fundamental SL(2) index and i = 2, ..., 6 is the fundamental SL(5) index. The
magnetic coordinate § is identified with Yigs while the electric coordinates y' are
identified with Y17, This allows to read the SUGRA-ExFT correspondence (5.39) in
terms of the SL(8) coordinates. Finally, the functions K, K and the matrices n and
7 are

nij = 15 Tap = —1 (5.62)

A .

K==5F(1,2,1/2,1-yy)  K=1 (5.63)

Building new solutions of type IIB supergravity can thus be done by finding
matrices M(x) solving the 4d equations of motions. Then, using the gSS ansatz
(5.40), one can build the generalized metric M(z, y). Using the solution of the
section constraints, one can use the dictionnary (5.39), to get the Type IIB fields.
This dictionary can be inverted to give the Type IIB fields in terms of M(z, y):

o™= Gi M,
Biun® = G2 G e MP,g
Chimn — 3 €as Brg® Bo® = —3 G2 Gy MPny,
mag = &G (M Mopans + M7 Mbyg )

(5.64)

This is the method we used to build S-fold solutions of Type IIB supergravity of the
next section.

5.4 S-fold solution of Type IIB supergravity

In this section, we present the uplifts of the most symmetric point in each family
of solutions constructed in section 4.4. Although we will not deal with the uplift
of the ¢ parameter in this thesis?, we will provide an uplift of the x deformations
and a detailed discussion on their nature in the next sections. Since all the solutions
we are going to uplift are solutions of the same gauged maximal supergravity, it is
not surprising that they share some commonalities. Our uplifts, called S-folds, are
solutions of the source-less equations of motion and Bianchi identities of type IIB
supergravity in which the geometry is of the form AdS; x S x S°. The five electric
coordinates span the S® while the magnetic coordinate parametrise the circle S*.

Their main distinctive feature is that the non-trivial dependence on the coordinate
n = sinh Yjg along S! is totally encoded in an SL(2,R) twist matrix

e 0
= 2). e

2This uplift can be done using the method we have described. The uplift is rather lengthy and of
little interest as long as a geometric interpretation of the ¢ parameter is not understood.
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The ten-dimensional metric is given by
dsly = A Jdshas, + dsg] (5.66)

with A being the warping factor. The AdS, radius L? is fixed by the N' = 8
vacua and is in general proportional to g% which has been fixed to 1 in this section
for simplicity. A shift along 7 must be an isometry of the metric (5.66) as the
FEinstein-frame metric field is a singlet under S-duality. By the same token, the four-
form potential C4 cannot depend on 7 either. However, the two-form potentials

B* = (B2,(C32) and the axion-dilaton matrix

e +e?C2 —e*C
ma6:< —e? 0 o® °), (5.67)

have a non-trivial dependence on 7 as they transform under S-duality. The entire
dependence of these type IIB fields on 7 is encoded in the SL(2, R) twist matrix
(5.65). More concretely one has

B = A%5b” and Mag = (A7) ms(A7H)5 (5.68)

with A7t = (A1),
The coordinate n can be taken to be periodic with period 7. However, due to
the SL(2, R) twist in (5.65), there is a non-trivial monodromy

e T o
Mg = A () Aln+T) = ( 0 T) : (5.69)

e

of hyperbolic type when making a loop around the S!. This renders the S-fold
backgrounds locally geometric but globally non-geometric. The monodromy in (5.69)
can be brought into a generic hyperbolic monodromy J € SL(2, Z) of the form

Jk:<_k1 (1)>=—8T’“ with keN and k>3, (5.70)

provided the period T becomes k-dependent and given by
T(k) =log(k + Vk? — 4) —log(2) . (5.71)

This procedure fixes the global SL(2, R) symmetry of the initial solution and imposes,
in general, that both the axion and the dilaton run along 7.

The quotient by the above type of dualities prevents the S-fold solutions from
entering the non-perturbative regime [71]. In this paper, the authors explain that
higher derivative corrections of Type IIB supergravity are suppressed if R, and
gé‘sI;V#gbV,,qﬁ, for the metric g(4) in the string frame g = e? g, are small. These

. 1/2
corrections are bounded by a term proportional to (%) . The supergravity

approximation is thus valid in the limit where T is finite and L large. A more
intuitive way to understand this is to think of the string coupling as given by gs =
e® o e 2 myy , there always exists a frame in which g < 1 after repeated use of the
Ji action. This ensures that one can safely work in a perturbative regime of type I1B

string theory.
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5.4.1 N =4 and SO(4) symmetric S-fold

This S-fold solution appeared originally in [55] and has later been reinterpreted in [5].
Taking advantage of the SO(4) ~ SO(3); x SO(3)2 symmetry of the solution, which
is identified with the R-symmetry group of the dual N' = 4 S-fold CFT, it proves
convenient to describe the five-sphere S° as a product of two two-spheres S%=1,2
fibered over an interval I. Each of these two-spheres displays an SO(3) symmetry.
We choose coordinates such that the two-spheres are parameterised by standard polar
and azimutal angles (0;, ¢;) with 6; € [0,7] and ¢; € [0,27], and the interval is
parameterised by an angle a € [0, 5]. In terms of the electric coordinates y', these
angles are defined as

y! = cosa cos b, y? = sina sin 6 sin o,
y® = cosa sin b cos y* = sina sin 6y cos s, (5.72)

y5 = cosa sinf; sine; .
Then, the internal S' x S® metric in (5.66) is given by

cos? o 9 sin? o 9

dst = dn® + do® + ————d ——d :
% T det 2 + cos(2a) Ssp T 2 — cos(2a) °s3 - (5:73)

with
dség = df? +sin’ 0; dp? vol; = sin 6; d; A dy; | (5.74)
and the non-singular warping factor reads

A7 =4 — cos?(20) . (5.75)

The n-independent two-form potentials in (5.68) read

cos® o sin® o

=-2v2———vol =-2v2————vol 5.76
by V2 2 + cos(2a) volu by V2 2 — cos(2a) vol2 ( )

whereas the axion-dilaton matrix is

24-cos(2a) 0
m _ 2—cos(2a) (5 77)
op 0 2—cos(2a) ’ '
2+cos(2a)
The self-dual five-form is given by

Fy = A* sin®(20) (1 4 ) {—% vols + sin(2a) dn A voly A VOIQ} , (5.78)

where vols = da A vol; A voly. Lastly, the AdS, radius in the external part of the
metric (5.66) is set to L? = 1.

5.4.2 N =2 and SU(2) x U(1) symmetric S-fold

This S-fold was put forward in [2]. The SU(2) x U(1) symmetry of the solution
becomes manifest when describing the five-sphere S° as a three-sphere S fibered
over a two-sphere S2. We choose standard polar 6 € [0, 7] and azimutal ¢ € [0, 27]
angles to describe the two-sphere, as well as three angular coordinates « € [0, 27],
g € [0, ] and 7y € [0, 47| to describe the three-sphere. In terms of the electric
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coordinates 4, these angles are defined using the changes of coordinates

L w sl 5  w!'—w? 5 w?—wd g wrtuw? 5 5

Y :T, Y :T’ Y :Ta Y ITa y’=w’. (5.79)

w! = cosh sing cos(a —7), w? = cosf sing sin(a — ),
w3 = cos cosg cos(av +7), wt = cos cosg sin(a + ), (5.80)

w® = sinf sin .

The three-sphere is better described using a set o723 of SU(2) left-invariant one-
forms

ol = %(—Sinadﬁ—l—cosasinﬁdv) ,
oy = % (cosadf + sinasin 5 dy) (5.81)
o3 = 3(da+cosBdy) .

In terms of the above one-forms, the internal S' x S5 metric in (5.66) is given by
dsg = 3 (dn2 + dsZa + cos” 0 [8 At (Uf + a%) - ag] ) : (5.82)
with dség = df? + sin? 6 dp?, and the warping factor reads
A =6 —2cos(26) . (5.83)

The U(1) factor of the S-fold symmetry group is then realised as rotations in the
(01,02)-plane generated by translations along the coordinate «. This is identified
with the R-symmetry group in the dual AN/ = 2 S-fold CFT. The n-independent
two-form potentials in (5.68) are given by

by +ib, = “\;’;eil—w [(d@ — Lsin(26) d) A o3 — 4 A sin(260) o1 A ag} . (5.84)

and the axion-dilaton matrix reads

1 A2 (5 —cos(20) + 2sin Osin(2¢) 2sin? 6 cos(2¢)
Map = 3 & ( 2 sin? 6 cos(2¢) 5 — cos(20) — 2sin? fsin(2¢) ) (5:85)

The self-dual five-form flux takes the form

Fy =4A% cos® 0 (1 + %) {—3 vols + sin§ dn A Re [e*%‘z’(d@ — Lsin(20) dd))} A VOlg} ,
(5.86)
where vols = vols A volg with vols = sinfdf A d¢ and volg = —o1 A oo A og. The

radius of the external AdS, space-time turns out to be L? = 1 thus coinciding with
the one of the N'=4 S-fold.

5.4.3 N =1 and SU(3) symmetric S-fold

The N = 1 and SU(3) symmetric S-fold with internal geometry M = S° was
presented in [1]. Its generalisation to Sasaki-Einstein internal manifolds was discussed
in [72] (see also [73] for a local characterisation of this type of solutions). We will take
advantage of the SU(2)-structure of S° when viewed as a Sasaki-Einstein manifold,
and discuss S° as a circle S fibered over CP2. The SU(2) structure on S° is encoded
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in a real one-form m, a real two-form J and a complex (2, 0) form Q. These forms
have the properties that

dn=J , dJ=0 and dQ2=3inAQ. (5.87)
Moreover, they satisfy the algebraic relations
QAQ=IJAJ and JAQ=0. (5.88)
The coordinate on the S' is denoted ¢ € [0, 27r] and those on CP? are
0elo,n] , aecl0,2r] , pel0,n] , ~€l0,4n]. (5.89)

In terms of the electric coordinates y?, these angles are defined by

yt +iy? =sinf cosg exp [z (O‘Tﬂ + ¢> } , (5.90)
P +iy* =sind sin £ exp [z (% + ¢) ] , (5.91)
y® = — cosf sin. (5.92)

Introducing a basis of one-forms on S° of the form

To=df , 7, =sinfoy , o =sinfoy , ngésin@ﬂ)ag ., n=d¢ + sin®0os ,

(5.93)
with o123 given in (5.81) and 7 being the real one-form of the SU(2)-structure, the
internal part of the metric in (5.66) reads

) 3
dsg = 51\25 (3 dif® + dsgps + 2772) with dsgpe =Y Ta” (5.94)
a=0

and the warping factor takes the constant value

5
A= R (5.95)

The n-independent two-form potentials and axion-dilaton matrix in (5.68) are given
by

1 =
by —iby = 7 et Q and Mg = lag » (5.96)

with Q@ = €% (rp +i73) A (11 +i72) being the complex (2,0)-form of the SU(2)-
structure. The two-form € is charged under the U(1), isometry of the fibration
S® ~ CP? x S'. Therefore, the complex two-form potential in (5.96) breaks this
U(1)y isometry of the metric (5.94). The self-dual five-form reads

Fy = —3(1+ %) vols , (5.97)

with vols = volgp2 Am and volgp2 = —79 A 71 A T2 A 73. The AdS, radius takes the
value L% =53 .373.271,

5.4.4 N =0 and SO(6) symmetric S-fold

This S-fold first discussed in [1] is the simplest one. The internal S° is round and fea-
tures its largest possible SO(6) symmetry, although no supersymmetry is preserved
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by the solution. The internal metric, constant warping factor and self-dual five-form
flux are given by
1

dsg = g dn + 5dss . A=—p Fs=F4(l+x)vols,  (59)

with vols being the volume form of the round S of unit radius. The 7-independent
two-forms and axion-dilaton matrix in (5.68) read

b; =0 and Mas = lag . (5.99)

Finally, the AdS radius takes the value L? = 3- 273, The analysis of scalar fluctua-
tions performed in [1, 2] at the four-dimensional supergravity level showed that this
non-supersymmetric S-fold features perturbatively instabilities: various scalar modes
have a tachyonic mass m2L? = —3 lying below the Breitenlohner-Freedman (BF)
bound [51] for stability in AdSy.

5.5 Janus solutions and their holographic dual

In this chapter we have worked out the uplift of our four-dimensional solutions to
Type IIB supergravity in ten dimensions. Moreover, we have understood that the
magnetic coupling “c” appearing in the 4d gaugings is related to the S-folding of
the higher dimensional solutions. In this section, we will compare our solutions with
solutions found in the literature. In particular, we will see that our S-folds can be
understood as extremal limit of “Janus solutions™.

Janus solutions are a type of domain-wall solutions interpolating between two
AdS;5x S® asymptotic regions with different and finite dilaton value. The first example
of Janus solutions was built as a solution of Type IIB supergravity on S° x R x AdS,
where S° is the round five-sphere and R x AdS, is an AdSy slicing of AdSs [74].
Setting the three-form flux to zero, one finds solutions preserving SO(6) symmetry,
with an axio-dilaton varying along the R factor, and breaking all supersymmetry.
The holographic interpretation of this solution was given in [75] and is an interface
in SYMy allowing for a “jump” in the gauge coupling. Shortly after, a solution
preserving NV = 1 and SU(3) residual symmetry was build in an SO(6)-gauged 5d
maximal supergravity [76]. This solution was then uplifted to ten dimensions in [77].
Our solutions, before any S-folding, can be understood as an extremal limit of Janus
solutions where the dilaton interpolates between two diverging values at £oo.

A more in depth study of SYMy interfaces was carried in [78] where the maximal
symmetry group compatible with a certain amount of residual supersymmetry is
determined. The most symmetric interfaces are of the form: SO(4) if N' = 4 is
preserved, SU(2) x U(1) if N' = 2 is preserved or SU(3) if only N' = 1 is preserved
(notice that there are no N' = 3 interfaces in this classification). This started the
search for the dual of the N = 4 interface. An exhaustive classification of Type IIB
N = 4 Janus solutions was carried in [79, 80] by directly solving the equations of
motion of Type IIB supergravity on a manifold of the form

AdSy x S? x §? x X (5.100)

The two S? are the round two-spheres, reflecting the SO(4) R-symmetry of N = 4,
whereas 3 is a Riemann surface. One must also allow a warping of AdSy x 52 x 62
on ¥. The N = 4 Janus solutions are parametrised by two harmonic functions hi o
on X which obey specific boundary conditions on 0%. Interestingly, these boundary
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conditions allow for specific types of singularities on 0% reflecting the presence of
D5 and NS5 branes in the geometry. Away from such singularities, the boundary
conditions rescale the two S? such that the internal space has no boundary. On these
solutions, the axio-dilaton is not constant and only diverges when approaching the
singularities on 0X.

From this construction it becomes clear that the N’ = 4 Janus solutions appear as
the near-horizon limit of D3-branes intersecting NS5 and D5 branes. In its simplest

0-1-2 | 3 | 4-5-6 | 7-8-9
D3 - - X X
D5 - X - X
NS5 - X X -

TABLE 5.1: Hanany-Witten brane configuration on flat space. Branes
are extended in the “-” directions and point-like in the “x” directions.

form, this brane setup appears in the work of Hanany and Witten for a constant
axio-dilaton background [81]. The generalisation for the varying axio-dilaton value
was understood in [82]. Allowing for a varying azio-dilaton, and not just a varying
dilaton, is crucial to preserve N' = 4 supersymmetry. This construction provides CFT
dual to the Janus solutions as the IR fixed point of specific quiver theories. Indeed, to
each brane configuration, one can associate a specific quiver diagram, encoding how
the D3-branes intersect with the D5 and NS5 branes. Then, this quiver diagram can
be used to build the supergravity solutions, specifying the types of singularities and
their positions on 9% [83].

Up to this point, no S-folding was done and, away from singularities, the axio-
dilaton has a changing but finite value. To make the connection to the N’ = 4 solution
presented here, we will first restrict to the case where ¥ is an infinite strip. In this
case, ¥ ~ Rx [0, §] and, for concreteness, is spanned by two coordinates (1, ). Using
the correspondence between the brane setup and the singularity structure of h; and
he, prior to any S-folding, the Type IIB S-fold appears as a limit of the T[SU(N)]
brane configuration [84]. The T[SU(N)] gravity dual has two singularities located at

(—% In tan (5% ) , O) and (% In tan (5%) , g) which represent a stack of NS5 brane
and a stack of D5 brane localised at the boundaries of . In the large N limit, these
two stacks are sent to 7 = doo. Since near the branes, the dilaton diverges, this
procedure leads to an extremal Janus solution. This allows us to recover the solution
of section 5.4.1 prior to the S-folding procedure.

As we reviewed in the main text, this solution is now invariant under the combined
action of the translation n — n 4+ T'(k) and the S-duality element Ji. This allows
us to perform the S-folding, avoiding the dangerous limit where ¢ — oco. The new
solution is regular, smooth, and does not contain any branes. However, the S-folding
procedure is not trivial. From the CF'T point of view, it is equivalent to gauging the
U(N)? global symmetry of the T[U(N)] theory with a CS terms at level k. Precise
holographic comparison between the Type IIB action and the sphere partition func-
tion of T[U(N)] with both U(N) symmetries gauged has been performed in [71] using
localisation techniques with much success. Some more information can be recovered
from the E7(7)-ExFT formulation of the S-fold such as the spectrum of operators
which is accessible through the KK spectrometry techniques of [85]. It would be very
interesting to understand if the other S-folds we have presented in this work do have
well defined CFT3 duals and if tests of holography could be performed, in the spirit
of [71].
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Chapter 6

Flat deformations

In the previous chapters, various AdS, solutions have been found in the G = [SO(1,1)x
SO(6)] x R'? gauged maximal supergravity. These solutions were subsequently up-
lifted to S-fold backgrounds of type IIB supergravity. Except for the N/ = 4 and
SO(4) symmetric S-fold, the S-fold solutions contain moduli representing flat direc-
tions in the 4d scalar potential. These deformations are parametrised by axion-like
field, y, present in the Z3 invariant sector of the theory. The aim of this chapter is to
disclose the universal character of the axion-like deformations of the type IIB S-folds.
In particular, we will show that we can build such axion-like deformations without
the need of working in a specific invariant subsector of the full A" = 8 theory. This is
encoded in the first claim that we will prove in this chapter:

Claim 1. (4d) For any vacuum Vy € E77)/SU(8) of gauged mazimal supergravity
with gauge group [SO(1,1) x SO(6)] x R'2 | there exists an r-dimensional family of
solutions deforming Vy. The dimension r is the rank of the residual symmetry group
of Vo. At a generic point on the moduli space, the residual gauge group is U(1)".

Although we will focus on the dyonic gauging G, the proof of the claim also works for
the gauge groups [R x SO(6)] x R2 and [SO(2) x SO(6)] x R'? (where it was applied
in [86]).! We call the deformations of the seed solution Vg “flat deformations”.

As an illustration of the claim, we establish the existence of two flat deformations
x1,2 of the ' = 4 and SO(4) symmetric S-fold presented in subsection 4.4.4 which
lie outside the Z3-invariant sector studied in chapter 4. A generic choice of the two
parameters X1 o produces non-supersymmetric S-folds with U(1)? symmetry. We
show that these are perturbatively stable at the lower dimensional supergravity level.
Interestingly, these families of solutions are non-compact at the 4d level. As we will
see, the 4d interpretation of these flat deformations can be deceiving, and a 10d uplift
is necessary to understand them fully.

To prove the claim 1, we will use the duality invariance of N' = 8 supergravity
under the E7(7) group. This will allow us to show that a deformed solution V, - Vy €
Er(7)/SU(8), for Vy € Erpy, of the gauging G, specified by the embedding tensor ©,
is equivalent to a solution V, for an embedding tensor:

V,x0 =0 +09% (6.1)

where the embedding tensor 9% corresponds to the Cremmer-Scherk-Schwarz (CSS)

gaugings. This gauging was initially constructed as a way to introduce masses on the
T" compactification of 11d supergravities and appears from the compactification of 5d
ungauged supergravities on a circle [87, 88] (see also [52]). We will review how these
gaugings appear as duality twists. We will also show that, from a 5d perspective, we

IFor these gauge groups, the S-folding procedure of the uplift rely on non-hyperbolic S-duality
elements of SL(2, Z).
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can unify the description of the parameter ¢, gauging the SO(1, 1) group in G, and
the y-deformations.

Once the four-dimensional interpretation of the flat deformations is understood,
we will proceed to uplift the flat deformations (still using the gSS ansatz) to type
IIB solutions in 10 dimensions. This will show that the 4d families of solutions
parametrised by the x’s are actually compact and that the flat deformations intro-
duce a non-trivial y-dependent fibration of S° over the S}] of the undeformed solution.
This interpretation holds for all the vacua found in the Z3-invariant sector. The pa-
rameter x specify a monodromy element h(x) C SO(6)? and the patterns of symmetry
breakings are classified by the mapping tori 7}, (S®). This construction will lead us to
an equivalent claim for gravity theories:

Claim 2. (10d) For any solution of a theory of gravity (i.e. with diffeomorphism
invariance) on a manifold of the form M x S, and with a residual continuous sym-
metry group Go of rank r, there is a r-dimensional family of solutions classified by
Th(M), Yh € Gy. At a generic point on the moduli space, the residual symmetry
group is U(1)".

Once we have clarified the generic 10d interpretation of the flat deformations, we will
focus on their implications for the 10d N/ = 4 S-fold. We will study the perturbative
stability of the x deformed A/ = 4 solution, including higher Kaluza-Klein modes.
Usually, computing higher KK modes requires to compute the eigenvalues of compli-
cated differential operators. However, since our solution has a interpretation as the
gSS ansatz in ExF'T, one can use the KK spectroscopy techniques introduced in [85].
We will show that the x deformations do not introduce any perturbative instabili-
ties. Moreover, although the masses in the 4d truncation were not periodic in the x
deformations, the full tower of higher KK modes are periodic (as expected from our
geometric construction).

We will next investigate the non-perturbative stability of the N = 4 y-deformed
family of solutions. We will show that they do not suffer the probe-brane instabilities
described in [89]. Moreover, they also seem to be protected against bubble of nothing
instabilities, % corrections as well as semi-classical instabilities such as instanton
instabilities. For these reasons, this family of solutions seem to be a first example
of non-SUSY AdS solutions continuously connected to a supersymmetric solution.
Finally, we will try to make some educated guess on the SCFT interpretation of the
non-SUSY flat deformations.

This chapter is organised as follow. In section 6.1, we prove the claim 1. In section
6.2 we apply our findings to the N’ = 4 SO(4) S-fold found in four dimensions. In
section 6.3, we present the 5d origin of these flat deformations as duality twists. In
section 6.4, we present the 10d origin of the flat deformations in terms of mapping
tori. In section 6.5, we apply these results to the N' = 4 SO(4) S-fold in 10d and
study its perturbative and non-perturbative stability. We also interpret these results
in light of the swampland program and the AdS/CFT conjecture.

6.1 Flat deformations in 4d

Let us start by restating claim 1 and make it more precise. Starting from a vacuum
solution of the G-gauged maximal supergravity represented by Vo € Er(7)/SU(8), we
will build axion-like deformations. We will assume some residual symmetry Gg C

2To be precise h € SU(4), the double cover of SO(6), but this difference will not come into play
until we discuss fermions. We will thus ignore it for most of our discussion.
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SO(6) € G at the vacuum and parametrise an element of its algebra gy by an
antisymmetric constant matrix x% . The axion-like deformations will correspond to
the coset replacement

Vo — Vo with Vy = exp (% Xij th-j8> € Eyr) - (6.2)

What we have to show is that this new coset representative still describes a vacuum
solution of the G maximal gauged supergravity (with the same value of the cos-
mological constant V). The new vacuum solution V,Vy no longer belongs to the
Go-invariant sector of the theory, but nevertheless parameterises an entire family of
x-dependent solutions with Y% corresponding to flat directions in the scalar poten-
tial. We will refer to the x* parameters as axion-like flat deformations of the original
S-fold solution Vy. The residual symmetry group of V, V is denoted G{.

To prove the statement above we will take advantage of the E;(7)/SU(8) coset
structure of the scalar manifold of maximal supergravity. The solution with non-zero
axions V,Vp in the G-gauged maximal supergravity can be mapped into an axion-
vanishing solution in a different theory with different gauge group G # G specified
by an embedding tensor

éMQZVX*@MQZGMa+(5@)Ma , (6.3)

where the * denotes the action of the E7;) element V), in (6.2) on the embedding
tensor Oy® € 912 of the original G-gauged theory.

To understand correctly the action of te specific element V, in (6.2), it is useful
to study, as in (4.11), the branching of specific (7 representations under the group

SL(6) x SL(2) x SO(1,1) C SL(8) C Byq) (6.4)

which contains the compact part of the gauge group G. We rewrite the branching
here:

56 — 28 @ 28’ (6.5)
—[(6,2)_1®(15,1)1 @ (1,1)_3] & [(6,2)1 & (15", 1)_1 & (1, 1)3] ,

133 - 634 70 (6.6)
— [(357 1)0 ¥ (67 2)2 @ (6/> 2)72 ® (17 3)0 D (1a 1)0]
@ [(15,1)_2 & (20, 2) & (15',1)] ,

912 — 36 © 36’ © 420 © 420’ (6.7)
= [(21,1)1 ® (6,2)_1 @ (1,3)_3] @ [(21',1)_1 @& (6',2)1 @ (1, 3)3]
©[(35,1)_3 D (84,2) 1@ (6,2)_1 P (105,1); @ (15,3); & (15,1)1 D (20, 2)3]
@ [(35,1); & (84',2); & (6/,2); & (105',1)_; & (15',3)_1 & (15',1)_1 & (20,2)_3] .

At the linear level, the element V, is generated by 158 € (15, 1)2. Then, an inspec-
tion of Table 6.1 shows that, upon acting on the original embedding tensor compo-
nents in (6 and ), the action of V, only produces a single term 60 € (35, 1)3 C 420’
that originates from the electric piece (21, 1); C 36 in the 912 decomposition (6.7)3
Equivalently, only a linear term appears since the SO(1,1) grading in the decom-
position (6.7) solely allows for SO(1, 1)-charges —3, —1, 1 or +3, and not +5 or

3This implies that our argument holds in the limit where ¢ — 0 as well as for the magnetic
gauging of an SO(2) factor instead of SO(1,1).
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® rep € 912 0 0 e)
133 (21,1); (1,3)3 (35,1)3
ta! (6,2)2 X X X
t14j8 (15',1), (35,1)3 X X
s((2) (1,3)0 X (1,3)3 X
5((6) (35,1)9 | (21,1); & (15,1); X (35,1)3
so(1,1) | (1,1) (21,1), (1,3)3 (85,1)3
taijh (20,2)0 (84',2), (20,2)3 (20,2)3
t; (6',2) 2 (6,2) 1 (6",2)1 (84',2); & (6/,2);
tijkl (15,1) o (105',1)_4 (15,3); | (105,1); @ (21,1); @ (15,1);

TABLE 6.1: Group-theoretical action of the 133 representation of
E7(7) on the 912 using the SL(6) x SL(2) x SO(1,1) basis. Only
pieces belonging to the 912 are displayed.

higher which would be the ones produced beyond the linear level. As a result, §O is
invariant under the action of V, . An explicit computation of J© in (6.3) yields

((5@)Ma to, — 5(91] = 2X[i|k t1k|j]8 ) 5@(11‘ = —€ab in tbj , (5@18 = in tz‘j 5
(6.8)

where y;/ = 6;; x* with 0i; = go;; in (4.10). This comes from the fact that the
only terms in the product 56 ® 133 contributing to the (35,1)3 are precisely the
(15,1); ® (15/,1)2, the (6,2); ® (6,2)2 and the (1,1)3 ® (35,1)y (see Table 6.2).
It is also worth noticing that J© in (6.8) verifies the quadratic constraints (3.74) so
it defines a consistent gauging by itself.

It can now be proved that

V(@v VXVGé—inv) = V(é’ VGg—inv) = V(@7 VGg—inv) ) (6'9)

where ©3,% is given in (6.3) in terms of the tensors ©3;* and (60)y,% in (4.15)
and (6.8), respectively, and where VGa(_inV denotes the coset representative for the
G{-invariant sector of maximal supergravity with G§ C Go C SO(6). As already
emphasised, the first equality in (6.9) follows from the Er(7)-covariant formulation of
the maximal 4d gauged supergravities provided by the embedding tensor formalism.
Before proving the second equality in (6.9), let us note that, since ©=0+40,and
the scalar potential is quadratic in the embedding tensor, one has

V(0,Vax i) = V(O Vaxin) + 2B(6,60; Vax

+ V(60, Vg (6.10)

-inv) -inv) -inv) -inv) )

where B(0,00; V(}g-inv) accounts for the cross terms in the scalar potential (3.92)
which are bilinear in © and 0O .

To keep the discussion as general as possible, let us introduce a generic bilinear
form

B(©1,09; V) = B(E1,Z2) = — (Z1)m® (E2)u” (0ap + Tkags) , (6.11)
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where Z; = V « ©;. We will now argue that if 25 € (35, 1)3 C 912 (equivalently
=1 ) then only the projection of Z; (equivalently =5 ) onto the (35, 1)3 contributes
to the bilinear form (6.11). This is obvious for the first contribution to the r.h.s of
(6.11) as the 045 selects only representations of =; which are present in Zp. The
analysis of the second contribution to the r.h.s of (6.11) is more subtle as terms of the
form (21)m® (E2)u® appear by virtue of the Killing-Cartan matrix in (3.93). Then,
for any non-vanishing component of Zo € r with r belonging to the decomposition
of the 912 in (6.7) and originating from a pair (rj, rz) of irreps with r; belonging
to the decomposition of the 56 in (6.5) and re belonging to the decomposition of
the 133 in (6.6), only the non-vanishing components of =; originating from a pair
(r1, rh) contribute to the second term in (6.11). In the case of =9 € (35, 1)3 only
the piece of Z; originating from the (r1,r5) = ((1,1)s, (35,1)¢) and living in the
(35, 1)3 contributes to the second term in (6.11) as can be seen by inspection of
Table 6.2.

® ry € 133 ta’ t1ijs Lijki i £ taijk to 3t —ti'
r1 € 56 (6,2)y | (15,1)y | (15,1)_s | (6,2)_s | (35, 1) (20, 2)o (1, 3)o (1, 1)o
Qlat] (1,1)3 X X (15, 1) (6',2); (35, 1)3 (20, 2)3 (1, 3)3 X
15/, 1 84, 2 (15, 11 6, 2
O (15,1); | (20,2); | (35, 1) (18, 1)1 | (84, 2)- (21, 1), (6, 2h (15,3); | (15, 1)
(105", 1)_1 | (6,2)1 (84, 2);
(105, 1),
35,1 84, 2 15/, 1 6,2 (105, 1)
ol (. 2), | | (a0,2), | BF P [ (5D (62 (15,1); | (6,21 | (6,2)
(1, 3)3 (6,2)_1 | (21,1)_ | (84, 2)
(15~ 3)1
15,1 6, 2 35,1 6,2 (105, 1)1
@[m‘,] (6, 2)71 ( i )1 ( ) )1 (207 2)73 ( ) )73 ( ) )71 (15,7 1)71 (6, 2)71 (67 2)71
(21= 1)1 (84,» 2)1 (17 3)—3 (84 2)—1
(15, 3)_,
/ (15, 1),
ol (15, 1), (84, 2); | (105, 1); (85.1)5 | (20,2)5 | (21.1), (6, 2)_1 (15, 3)1 | (15, 1) 4
(6l7 2)1 (157 1)1 (847 2)71
(105, 1)_4
(-)[ab] (1, 1),3 (6, 2),1 (15/, 1),1 X X (35, 1),3 (207 2),3 (1, 3),3 X

TABLE 6.2: Contributions to the 912 originating from the tensor

product 56 x 133 . We have highlighted the three possible sources of

0Z € (35,1)3. Only the blue one contributes to the second term in
the bilinear B(dZ,dZE) in (6.11).

Parametrising the two embedding tensors =i o in terms of two 6 x 6 matrices
&12 € (35,1)3 as

(Z12)i; = (&12)" tigjs — (€1.2);" tigis
(Ep,2)™ —€® (&10) 7 (6.12)
(E12)"® = (G2t
an explicit computation shows that
B(E1,5) = é Tr [(51 +&") (& + fzt)] : (6.13)
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As a result, whenever & or & are so(6)-valued (i.e. &2+ szt = 0), the bilinear
(6.13) vanishes identically.

The analysis above has been performed in terms of scalar-dependent =-tensors
living in the (35, 1)3 representation. However, flat deformations were introduced
in (6.8) in terms of ©-tensors living in the (35, 1)3 representation. Therefore, it
remains to be shown that having © € (35, 1)3 implies = € (35, 1)3. Using the
solvable parameterisation of the coset space Er(7)/SU(8) according to which scalars
are associated with non-compact generators carrying non-negative SO(1,1) charge,
we see from Table 6.1 that the scalars acting non-trivialy on © € (35, 1)3 separate
in three families:

1. Scalars associated with generators of SL(6) transforming in the (35, 1) .

2. A single scalar o associated with the generator of SO(1,1)
tsoany = V3Bt +1°) — (2 +t5° +ta + 157 + 165+ 477)),  (6.14)

transforming in the (1, 1)g.

3. Scalars associated with generators of e7(7y transforming in the (20,2)o. Note
that only scalars in the (20,2)p are of relevance as they could generate an
unwanted piece E € (20,2)43.

However, we computed that
E(O,V)=¢0c (35 1), (6.15)

provided © € (35, 1)3 and o
[V, x’t']1=0, (6.16)

with x;7 ¢, € go C 50(6). A way of understanding (6.15), provided (6.16) holds, is
by alternatively thinking about the relation = =V x © as the coset representative V
being acted upon by the embedding tensor © rather than the other way around. The
condition (6.16) severely restricts the scalar dependence of the coset representative
V so that 0,71V = 0. In particular V = Vgx y,, satisfies (6.16).

Applying the above results to the case of ©; = © € (21,1); © (1,3)3 in (4.6)
and the flat deformation Oy = §O € (35, 1)3 in (6.8) induced by s0(6)-valued axions
X9 = 6%y, 71 one has that

B(©,00; Vo) = 0,
0 (6.17)
B(56,605 Varim) = V00, Varum) = 0.
Therefore, (6.10) reduces to
V(é7 VGéc—inv) = V(@7 VGg—inv) ’ (618)

proving the second equality in (6.9). This implies that there always exist flat direc-
tions of the scalar potential at the vacuum ), parameterised by the axions Y% that
are not captured by the Go-invariant sector of the theory. Finally, gauge inequivalent
solutions of this type are parametrised by

g0/Go ~R"/T (6.19)

where 7 is the rank of the gauge group and I' is a discrete subgroup of Gy to be
computed. This finishes the proof of the Claim 1. This result is particularly useful
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to produce new solutions starting from a seed solution Vy because it does not rely
on building a specific truncation of the full N' = 8 supergravity. As such it allows
us to describe solutions that were out of computational reach before. Moreover, this
procedure will, in general, break the residual symmetry group Gg down to its Cartan
subgroup. When the residual symmetry group includes a continuous R-symmetry
group, this can be used to break some, or all, of the residual supersymmetry of the
solution as we will see in N' =4 SO(4) example.

6.2 Deforming the N' =4 and SO(4) symmetric S-fold
in 4d

A direct consequence of the claim 1 is the existence of two axion-like flat deformations®

Xo (@ =1,2) of the original N' =4 S-fold with Gy = SO(4) symmetry, which control

the pattern of symmetry breaking down to its Gy = U(1)? Cartan subgroup. These

flat deformations lie outside the Z3-invariant sector of the theory investigated in 4.4

and they specify a matrix x% of the form

00 O 0 0 O
00 O 0 0 0
j 00 0 0 x1 x2 2
ij
X 122 00 o 0 yo w1 €50(2)* Cso(4) . (6.20)
00 —x1 —x2 0 O
00 —x2 —xx 0 O

An explicit computation of the full scalar and vector mass spectra at the correspond-
ing AdS, vacua yields the following results. The normalised spectrum (masses and
multiplicities) of scalar fields is given by

m2L? = 10 (x1), 4 (x2), —2(x3), 0(x32) , x% (x2),
(xa£x2)? (x2) , 100 tx2)?” (x4) , 1+x2+V9+4x2 (x2),
1+ 1 (xa+x2)?£V9+ 0a +x2)? (x2),

1+ 200—x2)? £ V94 (x1 — x2)? (x2
(6.21)
in terms of the AdS, radius L? = —3/Vy = g~ 2c. The normalised spectrum (masses
and multiplicities) of vector fields reads

m2L* = 0(x2), 2(x3), 6(x3), 24+x2 (x2) , 2+ 10 £x2)% (x4) ,

34+ 10 +x2)? £V9+ O+ x2)? (x2)

3+ 100 —x2)? V94 (i — x2)?
(6.22)
and contains two massless vectors at generic values of .. Lastly, the computation
of the eight normalised gravitino masses yields®

WL = 4G £ LT (x2). (6.23)

4The index « in this section should not be confused with the E7(7) adjoint index in the previous
sections.

®In our conventions a massless gravitino associated with a preserved supersymmetry has m?L? =
1.
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X2

»
>

N =4 & SO(4) X1

FIGURE 6.1: Two-dimensional parameter space (x1,x2) of 4d S-fold

solutions induced by axion-like flat deformations of the N/ = 4 and

SO(4) symmetric S-fold (green dot). The blue and red lines corre-

spond to special choices of parameters x; o and produce supersym-

metry (blue, x2 = 0) and residual symmetry (red, x1 = x2 ) enhance-

ments. These two special lines define the boundary of the parameter
space.

By inspection of (6.21)-(6.23) we identify four different classes of flat deformations
of the N'=4 and SO(4) symmetric S-fold (see Figure 6.1):

o At generic values of x12 one finds non-supersymmetric S-folds with a U(1)?
symmetry which is interpreted as a flavour symmetry in the dual S-fold CFT’s.

o Setting x2 = 0 (equivalently x; = 0) produces a one-parameter family of N =
2 supersymmetric S-folds with U(1) x U(1) symmetry. These holographically
describe a subclass of the A" =2 S-fold CFT’s with a U(1) flavour symmetry
investigated in [56].

o Setting x1 = +x2 gives rise to a one-parameter family of non-supersymmetric
S-folds with SU(2) xU(1) symmetry. This implies a flavour symmetry enhance-
ment of the form U(1) x U(1) — SU(2) x U(1) in the dual S-fold CFT’s.

o Setting x1 = x2 = 0 gives back the original (undeformed) N = 4 supersym-
metric S-folds with SO(4) symmetry.

Note that x; and x2 enter (6.21)-(6.23) symmetrically, as expected, and that the
scalar mass spectrum in (6.21) does not display any instability associated with a nor-
malised mass mode violating the Breitenlohner—Freedman (BF) bound m?L? > —9/4
for perturbative stability in AdSy [51]. Therefore, this family of non-supersymmetric
S-folds discussed above turn out to be pertubatively stable at the lower-dimensional
supergravity level. This computation however does not protect us from having modes
with a mass below the BF bound in the higher KK modes of the theory. We will
come back to this issue when studying this moduli space in ten dimensions.

As a last remark, it is possible to do equivalent computations for the other families
of S-fold we have discussed here.

o For the N = 0 family, the Z3 truncation of the theory already captured the
three axionic deformations expected from the rank of the residual symmetry
group SO(6).
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« For the A = 1 family, the Z3 truncation of the theory captures the two axionic
deformations expected from the rank of the residual symmetry group SU(3).

e For the N' = 2 family of solutions, only one of the two deformations expected
from the rank of SU(2) x U(1) is present in the Z3 model. The missing axionic
deformation breaks the A/ = 2 supersymmetry down to A/ = 0 supersymmetry.

e For the ¢ family of solution that connects the N’ = 2 solution and the N' = 4
solution with residual symmetry group U(1)%, one can also build 2 axionic
deformations. A generic point on this moduli has in general A" = 0 and U(1)?
residual symmetry.

From these examples, it becomes clear that it is generally possible to break super-
symmetry by turning on the axions dual to the R-symmetry group (if such a group
is continuous i.e., N' > 1).

6.3 5d origin and CSS gaugings

The results in the previous section followed from the very specific flat deformations
introduced by the axions Y% which, as already emphasised, can be alternatively
understood in terms of the 60 deformation tensor in (6.8). The attentive reader
might have recognised in (6.8) a structure similar to a CSS gauging [90]. This type
of gaugings appears when compactifying 5d supergravity down to 4d. We will now
elaborate more on this point.

Let us start by recalling that there is a formally Eg(g)-covariant formulation of the
maximal 5d gauged supergravities provided by the embedding tensor formalism [91].
The bosonic sector of the maximal N = 8 supergravity multiplet in five dimensions
consists of the metric field g, , a set of 27" vector fields and 27 two-form tensor
fields, and 42 scalar fields parametrising the coset space Mical = Eg(6)/USp(8). The
embedding tensor is subject to a set of linear or representation constraints restricting
it to the 351 representation. In addition, it must also obey a set of quadratic
constraints in order to specify a consistent gauging of the theory. To establish a
4d <> 5d connection we will perform a group-theoretical decomposition of the Er ()
representations in 56, 133 and 912 under the maximal subgroup Ege) x SO(1,1) C
E7(7y. This yields

56 > 1 3327, ®27,,® 13, (6.24)
133 — 78 @ 10 ® 27_9 ® 27, , (6.25)
912 78 ;& 27 ,®351 |, ©351,1© 27,1 B 78,3 . (6.26)

In (6.26), we observe the embedding tensor 35141 of the 5d theory descends from the
embedding tensor 912 of the 4d theory. However, comparing SO(1, 1) charges, in
order to understand the embedding tensor © in (6.3), we will further need the 783
in (6.26). This becomes clear when looking at the group-theoretical decompositions
of the said representations under Eg) < SO(1,1) — SL(6) x SL(2) x SO(1, 1), namely,

35141 — (21, 1)41 ©(84),2)11 @ (105, 1)41 @ (15,3)+1 ® (6, 2)41,  (6.27)
—_——
SO(6) gauging

7813 — (35, 1)13 ©(20,2)138 (1,3)13 . (6.28)
———

——
flat deformation SO(1,1) gauging
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Importantly, while the 3511 captures the electric (21,1); piece in the 4d embed-
ding tensor © induced by g, it does not capture the magnetic (1,3)+3 and (35,1)43
pieces induced by ¢ and y;/. These two pieces are instead contained in the 78,3,
because they have matching SO(1,1) charge. A direct consequence is that the 4d
gauging © involving the (1, 3),3 C 78,3 (c-terms) and (35, 1) 43 C 78,3 (x-terms)
cannot be directly uplifted to an embedding tensor deformation in 5d. These terms
are instead generated dynamically by introducing an explicit dependence on the S*
coordinate (in the form of a duality twist [92]) in the reduction process from 5d to
4d.
A general duality twist takes the form [90, 88|

o(a”, 1) = M x p(a) | (6.29)

where 7 is the coordinate along the S!, M € 78 = ¢6(6) and ¢ is any field in
the 5d theory. This type of duality twists has been studied in the context of 5d
ungauged supergravity [93]. Within this context, the dependence on the 7 coordinate
factorises out in the reduction process as a consequence of M being chosen in the
global duality group Ege of the 5d theory. Moreover, choosing M in the maximal
compact subalgebra usp(8) C ¢g(6) makes the scalar potential vanish identically in
the reduced 4d theory. Our scenario, however, differs from the one just discussed:
the theory to begin with is the 5d SO(6)-gauged supergravity. The global duality
group Eg) is broken to a local SO(6) and a global SL(2), and the axion-like flat
deformation M = x;/ € go C s0(6) leaves invariant the embedding tensor of the
SO(6) gauging. Then, in our case, the flat deformations x,;/ are expected to describe
apparently trivial twists leaving the putative 5d backgrounds locally invariant.

The simultaneous study of axion-like y;/ and electromagnetic ¢ deformations
requires to investigate a general twist in the 78,3. From a 4d perspective, and by
virtue of (6.28), the most general contraction (§©)*t, € 78,3 takes the form

§0s = Xi*tinjs — X5 tikis + X taF €ijimn
5@(11' — _eab in tbj _ 6ab Xbc tci -3 6ab Xcijk’ tbjkc , (630)
501 = Xt + xa 6 + X taij

in terms of three tensors i/ € (35,1)43, xa* € (1,3)43 and x®7F = yelkl ¢
(20, 2)13. The embedding tensor JO© in (6.30) satisfies the quadratic constraint
(3.74) and therefore defines a consistent gauging of the maximal supergravity in 4d.
Since 6O € 78,3 carries the highest SO(1,1) charge in the decomposition (6.26) and,
when using the solvable parameterisation of E7(7)/SU(8), the coset representative V
in (4.17) solely involves E;(;) generators with non-negative SO(1,1) charge (Cartan
generators and positive roots), it follows that 6= € 783. Then, as for §O , the scalar-
dependent 6= tensor can be expressed in terms of three scalar-dependent tensors
0=/ € (35,1),3, 022 € (1,3) 3 and 624k = 5=kl € (20, 2),3.
An explicit computation of the scalar potential (3.92) gives

1]

V= 1;{%[ (5= + =) |+ (o= + 0=)1) ] (6.31)

—aijk 1 —bl 2
+3 Z ((5:(1” — QEQb €ijklmn o= mn) } s
aijk
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which is positive definite. From the potential in (6.31) we see that having an s0(6)-
valued 0Z;7 implies 0= + (0Z)! = 0 and thus a flat CSS deformation with V = 0.
This is only possible if x;/ = —x;. On the contrary, having an so(1,1)-valued 6=!b
yields 0=’ + (6Z')! # 0 and therefore V # 0. This explains why the axions x%
specifying a compact s0(6) twist produce flat deformations whereas the magnetic
parameter ¢ specifying a non-compact so(1,1) twist does not. In addition, there
is the contribution to the scalar potential (6.31) coming from §=%U* ¢ (20, 2),3.
The 20 linear combinations satisfying d=Z%7% — % €ab €ijklmn §=bmn — (0 belong to
usp(8) € egg) and, in combination with 627 € s0(6) and 6=!" € s0(2), they specify
the most general flat CSS gauging yielding V = 0.

To conclude, group-theoretical arguments put forward in [3], that we will study in
the next chapter, suggest that axion-like deformations should be related to one-form
deformations of N =4 SYM on R'2 x S! [94]. Such one-forms are often discarded
within the context of Janus solutions by a gauge-fixing argument without much regard
for large gauge transformations. Working out the explicit 5d oxidation of the AdSy
vacua with Y% # 0 would be the next step towards testing these ideas. In addition,
it would also be interesting to further investigate the interplay between embedding
tensor deformations (35141) and eg) duality twists (78.3) in S! compactifications
of other 5d gauged supergravities. Also to understand the physical meaning (if any)
of the rest of representations appearing in the group-theoretical decomposition of the
912 in (6.26).° We leave these and other related questions for future work.

6.4 Ten-dimensional uplift and mapping tori

To study the higher dimensional origin of the flat deformations, let us start with
presenting here the ten-dimensional uplift of the (x1,x2)-family of deformations of
the N' = 4 S-fold [95]. For x = 0, the internal S° was expressed as two S?’s,
parametrised by angular variables (6;, ;) fibred over an interval. The S! factor of the
compactification was parametrised by a coordinate . When uplifting the y-deformed
solution, choosing an appropriate Cartan subalgebra of so(4) to parameterise the
constant deformations (x1,X2), one finds the same ten-dimensional S-fold solution
as in section 5.4.1 with one crucial difference: the one-forms dy; along the azimutal
angles of the two-spheres SZ in (5.73)-(5.74) get replaced by new one-forms

dpi = doi + X dn. (6.32)
This change of one-form basis can be locally reabsorbed in a change of coordinates

Oi=pit+ xin . (6.33)

Since all the type IIB fields in the S-fold solution of section 5.4.1 are independent of ¢;,
the new backgrounds with y; # 0 obtained by the minimal replacement dy; — dy)}
automatically solve the equations of motion. At this stage, the reader might be
tempted to conclude that the solutions with x; = 0 and x; # 0 are simply the
same solution but in different coordinate patches. However, due to the periodicities
w; ~ @; + 27 and n ~ n+ T, there is no global diffeomorphism connecting the two
solutions unless y; = nz%ﬂ with n; € Z. This can be understood also from the fact
that ! is not a globally well-defined coordinate on S® x S'. Tndeed, the variable ¢!
gets shifted by the quantity x; 7 when making a loop around S'. And this quantity

becomes a multiple of 27 only when y; = n,%’r with n; € Z. Only in this case, ¢/

5Tt is tempting to speculate about the 27" ; and the .An1 """ components of the 5d vector fields.
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is a globally well-defined new azimutal angle. The U(1)? symmetries of the 4d theory
can now be understood as the translation along the two ¢; azimutal angles.

For the other Type IIB S-folds N = 0, 1 and 2, in a well-chosen basis, the axionic
deformations can be understood in a similar manner.

o For the AN/ = 0 solution, one starts by selecting the three angles 6; generating
rotations in the three orthogonal planes R? € R%. Embedding the round S° in
RS, the axionic deformations are equivalent to the replacement df; — df;+x; dn.

o For the V' = 1 solution, introducing the deformations x1,2,3 consist in making
the replacements

da — da+ (x1 —2x2+ x3)dn (6.34)
dy = dy+ (x1 —3xs)dn (6.35)
dop — do + x2dn (6.36)

This replacement only gives a solution when x1 + x2 + x3 = 0 because the
two-forms depend explicitly a4+ ¢ which get translated by a term proportional
to > x; upon the associated local changes of variables.

o For the N' = 2 solution, there are two axionic deformations parametrised by an
element of su(2) x u(1)g. The su(2) deformation replaces

dy — dy 4+ x1dn, (6.37)
and breaks SU(2) to U(1). The other deformation in u(1)g replaces
da — da+ x2dn. (6.38)

An explicit computation of the mass spectrum of the gravitons for these de-
formations shows that, while the y; transformation, associated with the SU(2)
flavour symmetry, does not break supersymmetry at the 4d level, the yo defor-
mation associated with the U(1)z symmetry does break the residual supersym-
metry.

We will now generalise the results obtained in specific examples and show that
they are just applications of Claim 2. This claim gives a more general and systematic
way of introducing flat deformations x for a seed solution of any diffeomorphism-
invariant theory involving a factorised geometry of the form M x S! [3]. Let us
denote such a seed solution @3 which encodes the metric and the various p-form
fluxes solving the equations of motion of the theory. Let us also assume that ®q is
invariant under the action of a Lie group Gg of rank r. Then, we claim that it is
always possible to construct an r-dimensional family of solutions generically breaking
Go down to its maximal Cartan subgroup U(1)". To do so, we first choose an element
h € Gog which, without loss of generality, can be chosen in a Cartan subgroup of Gy.
From the element A, we build the so-called mapping torus

M x [0, T]
(pa 0) ~ (hp7 27T) ’
where the equivalence relation holds for all the points p € M. The quotient intro-

duced in (6.39) is just a way of encoding different “boundary conditions” (periodic-
ities) for the angular coordinates ¢; on M which are associated with commuting

T(M), =

(6.39)
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isometries of the seed solution ®y. This amounts to introduce a non-trivial Gg
monodromy A when moving around the S' in the factorised geometry M x St

To construct the new solutions with non-zero flat deformations, x; # 0, we first
project the seed solution ®y defined on M x S! to a solution on the mapping torus
T (M)}, . This is done by the canonical projection

T MxSt s Mx[0,T] = T(M), . (6.40)

If h # 1, this projection is not a global diffeomorphism. Still, the projection 7(®g)
is well-defined and 7(®() is smooth as the action of h € Gy on ®q is trivial by
definition. Moreover, 7(®() continues being a solution of the theory as the equations
of motion are local. However the symmetry group of T'(M);, gets reduced to those
elements of Gg commuting with A. Otherwise, their action is not globally well-
defined.

Let us illustrate the above construction when selecting the N' = 4 and SO(4)
symmetric S-fold as the seed solution ®¢. In this case we choose h = exp(T x) with
x € u(1)?® C s0(4). We also introduce coordinates ¢} on the mapping torus T(M)y,
which get shifted by x; € u(1) and are subject to the identifications

(ism) ~ (Wi +xiT,n+T) and (g, ) ~ (¢ + 27, 1) . (6.41)

The projection from S® x S! to the mapping torus T'(S®);, is trivial: it is the replace-
ment ¢; — ¢}. Using the ¢} coordinates, the type IIB fields are y;-independent and
the flat deformations are totally encoded in the choice of periodicities in (6.41). How-
ever, there is an alternative coordinate system in which the deformations are encoded
in the type IIB fields and not in the monodromy h. Let us consider a diffeomorphism
of the form

My T(M)y — M xS (p, ) = (X7 p, ) (6.42)

The map m, is indeed a well-defined diffeomorphism, even globally, due to the differ-
ent choice of coordinates identification when moving around the S'. This corresponds,
locally, to a change of coordinates of the form

(s m) = (@i + xim m) (6.43)

where ¢; ~ ¢; +27 and n ~ n+T. Since m, in (6.42) is globally a well-defined
diffeomorphism, this implies that solutions depending explicitly on the x; deforma-
tions and involving an internal manifold with trivial monodromy h are equivalent
to solutions with no explicit dependence on the y; deformations but involving an
internal manifold with non-trivial monodromy h. For the confused reader (we were
t00), this is summarised in Figure 6.2. Finally, this construction shows that only
the conjugacy class of h € Gy is relevant in 10d because the following equivalence
relations are the same:

[(p, 0) ~ (h-p, 2m)] =[(g-p, 0) ~ (h-g-p, 2m)] (6.44)
= [, 0)~ (g hog-p,2m)]

This implies that the moduli space of solutions can be identified with the conjugacy
classes of Gp. This is why we could choose x € u(1)? C s0(4) without loss of generality.
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FIGURE 6.2: Schematic representation of the flat deformations from
four- and ten-dimensional perspectives.

6.4.1 Relation to TsT

It is instructive to compare the deformation of the AN/ = 4 S-fold solution anal-
ysed here, with the deformation, discussed in [96], of the maximally supersymmetric
AdSs x S® Type IIB background, which generalises the Lunin-Maldacena construction
[97]. The holographic dual to this solution is conjectured to be a non-supersymmetric
marginal deformation of N' = 4 four-dimensional SYM theory. However, [98] sug-
gested that conformal symmetry of this dual theory is absent, while [99, 100] hint at
the existence of a tachyonic instability in the corresponding superstring background.
In [96], the deformation parameters vr, I = 1,2,3, were the effect of shift transfor-
mations in the O(3,3) group acting on the three angular directions associated with
translational isometries [101] along internal angular coordinates. These shift transfor-
mations were, however, preceded and followed by T-dualities (“factorised dualities”)
of the kind R; — 1/R; along all the three directions. Just as S5 in the AdSs x S°
background, the internal manifold Z x S7 x S3 x S% of the N = 4 S-fold solution
features three angular coordinates ¢/ = o1, @9, 1 each associated with a translational
symmetry of the internal metric, although, in the latter case, a constant translation
along 7 is not a symmetry of the whole solution due to the SL(2, R)p-twist.

As opposed to the construction of [96], the x;-deformation discussed here only
results from a shift transformation in GL(3,R) C O(3,3), with no T-dualities. This
is effected by the GL(3, R) matrix

I 0 xa
A=l0 1 yl, (6.45)
0 0 1

which acts linearly on the I-component of all the fields. The components g = (g7s) of
the internal metric along the angular directions ¢/, for instance, transforms as follows:

g— AlgA. (6.46)
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Our y; deformations thus change the metric on the S° x S% compactification, while
leaving the fibration structure unchanged. This is analogous to complex structure
deformations of T? ~ S x S, which can also locally be absorbed by diffeomorphisms
which are, however, not globally well-defined. Indeed, our x; appear like the real
part of complex structure deformations of the ¢; x S,% tori. A more precise definition
is in terms of the mapping torus of S® [4]: the y; deformations imply that as we
move around S%, we end up in a different point on S°. If x; — x; + 27k; /T, k; € Z,
the deformation is in GL(3,Z) and the internal geometry is not affected. Invariance
of the full spectrum, however, due to the presence of states with half-integer ji, js,
extends the periodicity of x; to 47 /T, as will be discussed below.

6.5 More on the y-deformation of the N = 4 solution

Via the AdS/CFT correspondence, our family of non-supersymmetric AdS, vacua of
IIB string theory deforming the A/ = 4 solution suggests that the dual “J-fold” CFT3
should belong to a non-supersymmetric conformal manifold. However, this is not the
case if the non-supersymmetric AdS, vacua are unstable, as conjectured in [89]. These
instabilities could arise due to some scalar fluctuation in the Kaluza-Klein spectrum
violating the Breitenlohner-Freedman bound, or via a non-perturbative phenomenon.
Let us now address these concerns for the (xi, x2) family of deformations of the
N = 4 solution.

6.5.1 Perturbative stability and higher KK modes

First, we will prove that the Kaluza-Klein spectrum has no tachyons, i.e. the AdSy
vacua are perturbatively stable. To do this, we use the technology developed in
[85, 102] to compute the full Kaluza-Klein spectrum around the family of non-
supersymmetric AdS, vacua we consider here.

It is easiest to express the Kaluza-Klein spectrum as a deformation of the spectrum
of the N’ = 4 vacuum. The full /' = 4 spectrum was computed in [103, 95]. Note
that our S! radius differs from the convention of [95] such that Tipere = ThQ‘”e. The
conformal dimension of the highest weight state of each supermultiplet is given by

3 1 onr\
A_2+2\J9+2€(€+4)+4Z&‘(&"‘l)"'z(T> ) (6.:47)

i=1,2

where ¢ denotes the S° Kaluza-Klein level, n the S! level and /1, ¢ the SO(4) spin
of the highest weight state (in this case, the graviton). These N' = 4 supermultiplets
are counted by the generating function for their highest weight states:

1 1+s

il ) ey [ s g (6.48)

where the exponent of ¢ and s determine the Kaluza-Klein levels on the S°, £, and
S1, n, while the exponents of u and v count the SU(2) x SU(2) spins, #; and f5. The
effect of the x12 deformations is to shift the conformal dimension of each field by

replacing

2nm 2nm . . . .

- — 7 t (1 + J2)x+ + (1 — J2)x— (6.49)
in (6.47), where ji, jo are the charges of the field under the U(1) x U(1) Cartan of
SO(4) and we defined x4 = %(Xl + x2). Note from (6.48) that, while j;, jo are half-

integers, j1 & jo are always integers. Thus, we manifestly see that the full background



84 Chapter 6. Flat deformations

has periodicity x+ — x+ + 2%, upon which the Kaluza-Klein spectrum gets mapped
back to itself with an appropriate reshuffling of the fields amongst the S! level with
n — n — (j1 £ j2), just like in [95]. Notice that x1, x2 separately have period 47 /T,
which can only be seen from the spinors on the AdSy background which have half-
integers charges under the U(1) x U(1) Cartan. This means that, although we have
always written the N' = 4 solution to be SO(4) invariant, it would have been more
correct to write it as Spin(4) invariant when including fermions in the mapping torus
interpretation.

Even more importantly, we can see that the masses for all the fields are bounded
from below by the masses of the fields of the four-dimensional supergravity at the
N = 4 vacuum, i.e. where £ = {1 = {5 = n = x; = 0. This in particular implies that
all scalars have masses above the Breitenlohner-Freedman bound for any value of ;.
Thus, the non-supersymmetric vacua are perturbatively stable.

One may also wonder whether the AdS,4 vacua are secretly supersymmetric in 10
dimensions, with some gravitinos amongst the higher Kaluza-Klein modes becoming
light, akin to the “space invaders” scenario [104, 105, 95]. However, from (6.47),
(6.49), we can easily see that such gravitinos can only restore supersymmetry when
the combination Q”T“ 4+ j1x1 + J2x2 = 0. This can only occur when either n = 0 and
X1 = £Xx2, corresponding to supersymmetry enhancement that already occurs in the
four-dimensional supergravity, or x4+ = 2”7’,&, for k1 € Z when some gravitinos at
St level n = —(j1 + j2)ks — (j1 — j2)k_ become massless. This latter condition is
precisely when the background is mapped back to itself, so that for 0 < x4+ < 2%,
X1 # EXx2, the AdS4 vacua are not supersymmetric in the full Type IIB string theory.

In conclusion, our computation of the Kaluza-Klein spectrum (6.47), (6.49) reveals
the 4% periodicity of the exactly marginal deformations parameterised by y; as shown
in Figure 6.3. It also gives the anomalous dimensions of all operators of the CFT
dual to supergravity modes along the non-supersymmetric conformal manifold and
finally, it shows that the non-supersymmetric vacua are perturbatively stable.

X2
A
4
T
® ——
N =4 & SO(4) N =2 & U(1) x U(1) - X1

FIGURE 6.3: The moduli space of inequivalent flat deformations

around the N = 4 S-fold. The red arrow indicates a Zy symmetry

along the x; = x2 axis. The blue arrows indicate how to identify the
edges of the moduli space.
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6.5.2 Non-perturbative stability and the Swampland

Next, we investigate the non-perturbative stability of the non-supersymmetric AdSy
vacua. Since the AdS; vacua arise as near-horizon limits of certain brane config-
urations, one may worry that for the non-supersymmetric vacua the corresponding
brane configurations become unstable [106]. We search for signs of such instabili-
ties by considering single probe Dp-branes (and single probe NS5-branes) with rigid
embeddings in our AdS4 vacua. In particular, we check whether the branes are un-
stable due to a greater repulsive force of the fluxes coming from the WZ term than
the attractive (i.e. towards the interior of the AdS spacetime) gravitational force due
to the DBI term. Indeed, [89] conjectures that there should always be some branes
that are unstable in this way, see also [107]. However, we find that single probe Dp-
branes and NS5-branes without worldvolume flux remain stable when placed in the
non-supersymmetric backgrounds.

The stability of these probe branes can be understood in the following way. Firstly,
note that we can perform the diffeomorphism (6.33) to remove the x; deformation
from the metric. However, now the coordinates respect the deformed periodicities

‘P;—>90;+27T’

6.50
n—n+T, ¢—¢i+xiT. (6.50)

As a result, the only well-defined embeddings of branes wrapping 1 must also wrap
¢, In particular, let us denote by £ ~ & + T the relevant wrapped worldvolume
coordinate on the brane. Then, the only well-defined embeddings are given by

n€) =q¢, 0 (&) = (pi2m +qx:i) &, (6.51)

with ¢, p; € Z. We see that as x; is turned on, a brane wrapping S% must also wrap
increasing amounts of ¢}, so that the DBI part of the action increases. At the same
time, for p-branes, with p # 5, the WZ coupling is insensitive to wrapping along ¢/,
unless the brane is completely internal. Therefore, these branes either become more
stable as y; are turned on or they are completely internal branes, which cannot trigger
non-perturbative instabilities in the usual way. Finally, an explicit computation for
NS5- and D5-branes shows that they also remain stable as y; are turned on in the
backgrounds our non-supersymmetric backgrounds.

Non-supersymmetric vacua may also decay due to bubbles of nothing [108], which
requires a circle or sphere [109] to collapse. However, our internal space S° x S,% is
topologically protected from such a collapse: the S° cannot collapse as it is supported
by flux, whereas the S}] cannot collapse since the spinors do not have anti-periodic
boundary conditions on it [108], but instead general periodicities along S%, provided
(X1, Xx2) # (35,0), (0,%F). This means that a straightforward bubble of nothing
cannot occur. Still, our vacua could decay semi-classically via more complicated
bubbles of nothing containing defects, e.g. a D3-brane in S° similar to [110, 111] or
an O7-plane in S* [112]. However, because the volume form of the compactification
is independent of the x; deformations, our non-supersymmetric AdSy vacua are likely
to be stable against the instanton decay constructed in [111], which is delocalised on
the compactification space. On the other hand, constructing the localised instanton
solutions is extremely technically challenging. Moreover, the mechanism of [111]
treats a shrinking dilaton as equivalent to a shrinking S'. Aside from the validity
of this equivalence, a similar shrinking dilaton would be problematic for our S-fold
vacua, where the dilaton is not well-defined due to the SL(2,Z) monodromy along
s!



86 Chapter 6. Flat deformations

So far, we have proven that our AdS; vacua are perturbatively stable and have
provided evidence that they may also be stable against semi-classical decay. How-
ever, one may worry that while our AdS; geometries are solutions of 1B supergrav-
ity, the higher-derivative corrections of IIB string theory will spoil our solutions. In
the dual CFT, this would imply that some % corrections lift the conformal mani-
fold. However, the deformations y; can always be locally absorbed by the coordi-
nate redefinition (6.33), even if it is not globally well-defined. Therefore, all local
diffeomorphism-invariant quantities are independent of the x;. In particular, this
means that each term of the higher-derivative corrections of string theory, involving
powers of the curvature tensor or the fluxes, are also independent of x1 2. Thus, our
non-supersymmetric AdS, vacua are equally valid solutions of IIB string theory as
the N/ = 4 vacuum. Moreover, the y; deformations actually correspond to parity-
odd (pseudo) scalars in the maximal supergravity [4], so the potential 1/N tadpole
destabilisation of [113] cannot take place for our backgrounds.

There could still be some string corrections, e.g. from branes wrapping the com-
pactification, which are sensitive to y; and which could thus spoil our solutions. For
example, Dp-instantons could wrap some (p + 1)-cycle of the compactification, and
depend on x;. However, our solutions are also protected against such instanton cor-
rections, since the compactification S° x S% only has non-trivial 1-, 5- and 6-cycles.
Therefore, we can only have D5-instantons wrapped on the full S° x S%. But since the
volume form is independent of y;, these instantons give no corrections to our solutions.
Nonetheless, one could expect some other extended state to do so, corresponding to

some % correction in the dual CFT.

6.5.3 The holographic interpretation

As was discussed in section 5.5, the SCFT dual to the N' = 4 SO(4) background
emerges as the effective IR description of a 3d T[U(N)] theory [84] in which the
diagonal subgroup of the U(N) x U(N) flavour group has been gauged using an
N = 4 vector multiplet [71]. In addition, a Chern-Simons term at level k must be
introduced which is defined by the J, = —S 7% € SL(2, Z);;g monodromy along the
S%. The effective N' = 4 superpotential Weg = (2 /k) Tr(pp o) [114] is marginal in
the IR and, in [56], a shift

West = Wegg + A Tr(ug pe)  with A eC (6.52)

was proposed as an exactly marginal deformation preserving N/ = 2. The scalar su-
perconformal primary operators ug and puc are respectively described by the moment
maps of the Higgs and Coulomb branch of T[U(N)]. Each of the py and uc fields
is a component of a vector in the adjoint representation of the corresponding SU(2)
subgroup of the SO(4) R-symmetry group (to be denoted by SU(2)g and SU(2)¢, re-
spectively). We can therefore associate with pyg the quantum numbers j; = 1, jo =0
and with puo the values j; = 0, jo = 1, having identified j;, jo with the eigenval-
ues of the Cartan generators of SU(2)y and SU(2)¢, respectively. Note that xi
(x2) only breaks SU(2)x (SU(2)¢) to its U(1)y (U(1)¢) subgroup. The combination
(x1 — x2)/2 of these two parameters, for x; = —xz2, should already be encoded in the
A parameter of the /' = 2 exactly marginal deformation proposed in [56]. The second
real parameter in A € C should encode the ¢ deformation connecting the N' = 4 and
N = 2 families of solutions present in 4d.

We suggest that the orthogonal combination (x1 + x2)/2, be encoded in the con-

jectured exactly marginal deformation of the 3d Lagrangian:0,0 0“0, where O =
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Tr(pm fic) is an operator with j; = 1, jo = —1 and 0, denote the partial derivatives
with respect to the (real) scalar fields. As opposed to Tr(ug pc), the above term
does not originate from a holomorphic deformation of the superpotential and thus
would break all supersymmetries. The exact marginality of the operator 0,0 9O
is here conjectured in light of the holographic evidence we put forward. Note that
the resulting N/ = 0 theory would be parity symmetric in both the Higgs and the
Coulomb sector. By performing, for instance, a parity transformation in the Coulomb
sector which changes sign to the complex structure of the hyper-Kéhler manifold (de-
scribed as a complex Kéhler space), uc — fic, and O would be exchanged with the
exactly marginal operator Tr(upm pc) in the superpotential proposed in [56]. The
same transformation would correspond in the bulk to a parity 2 — —2 in S5 and,
correspondingly, to xo — —xo. It is therefore the simultaneous presence of the defor-
mations O, O and Tr(uy pc) in the Lagrangian which breaks supersymmetry. Also,
the x1 ¢ x2 symmetry of the supergravity backgrounds amounts to an exchange
symmetry between the Higgs and Coulomb branches in the dual non-supersymmetric
CFT’s.

6.5.4 Final remarks and generalisations

In this section, we provided the first holographic evidence for the existence of a
non-supersymmetric conformal manifold. We did this by constructing a 2-parameter
family of non-supersymmetric S-fold AdSs vacua of IIB string theory and proving
that they are perturbatively stable. Moreover, we excluded several potential non-
perturbative instability mechanisms, and showed that our solutions are even protected
against some higher-derivative corrections.

Our findings here can be generalised and applied to other settings. For exam-
ple, an analogous non-supersymmetric 2-parameter family of S-fold AdS, vacua can
be obtained by performing similar axionic deformations to the U(1) R-symmetry and
SU(2) flavour symmetry of the N’ = 2 SU(2) xU(1) AdS, S-fold vacuum of I1IB string
theory [2]. This moduli space has a one dimensional locus of N' = 0 deformations
of the N'=2 SU(2) x U(1) vacuum, also contains the supersymmetric deformation
studied in [95] and should be connected to our conformal manifold since there is an
exactly marginal deformation, parametrised by ¢, connecting the A’ =2 and N = 4
vacua [56]. We explicitly verified that this second 2-parameter family is also pertur-
batively stable and has the same protection against non-perturbative mechanisms as
was shown by our brane-jet computation and topological arguments. Moreover, the
axionic deformations can again be reabsorbed by local coordinate redefinitions that
fail to be globally well-defined [4], yielding the same space-invaders scenario as here
which leads to a T2 moduli space. This also protects this 2-parameter family of AdS,
vacua against higher-derivative corrections. Moreover, this same argument can be
applied to the recently-constructed moduli space of N' =1 CFTj’s [86], which would
suggest that also this N/ = 1 moduli space is protected against some higher-derivative
corrections of string theory. The methods laid out here should also apply to a related
class of S-folds where S° is replaced by a Sasaki-Einstein manifold.

The fate of our family of non-supersymmetric AdS,; vacua deserves further in-
vestigation. The brane-web whose near-horizon limit corresponds to the AdSy vacua
could still suffer from some other instability mechanism. For example, it could feature
some tachyon in its fluctuation spectrum, see e.g. [115, 116] for recent discussions.
However, because we do not know the brane-web that would give rise to the AdSy
vacua, it is currently unclear which probe branes to use for this computation. Still,
the existence of a continuous limit to the y; = 0 supersymmetric case could help in



88 Chapter 6. Flat deformations

taming such potential instabilities. Also, some non-perturbative string corrections
could lift the moduli space. Finally, the CFT3 interpretation of the y; deformations
deserves further exploration.
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Chapter 7

Holographic RG flows

In the previous chapter, we studied, holographically, exactly marginal deformations,
i.e. moduli space of vacua. In this chapter, we are going to discuss non-marginal
deformations of CFTs which trigger RG-flow. The holographic dual of these RG-
flows are Domain Wall (DW) solutions interpolating between two different asymptotic
behaviour in the deep UV or in the deep IR. In this chapter we will study such domain
wall solutions using their descriptions as solution of 4d [SO(1, 1)xSO(6)]x R'? gauged
maximal supergravity.

This model admits two kinds of asymptotic behaviours. The first one is simply
an AdS, vacua that can be either the IR or the UV fixed point of the flow. There is
another type of UV asymptotic behaviour which is the D3-brane solution. This D3-
brane solution appears in the limit where ¢ — 0 and it is a 4d DW which uplifts to the
usual AdSs x S° solution of Type IIB supergravity. We will show that, perturbing this
solution in power of ¢ correspond to perturbing it by adding anisotropic deformations.
Moreover, this expansion in powers of ¢ will actually depend only on @ meaning
that the ¢ — 0 limit is equivalent to the z — oo which is the UV limit. As such the
D3-brane is a well defined asymptotic behaviour of the flow in the UV

Depending on their asymptotic behaviour, two types of holographic RG flows
appear in the [SO(1, 1) x SO(6)] x R'? gauged maximal supergravity:

i) SYMy to CFT3 flows connect various AdSs vacua (dual to J-fold CFTj3’s)
in the IR to c-deformation of the D3-brane behaviour in the UV (dual to an
anisotropic deformation of SYMy).

i1) CFT3 to CFT3 flows connecting two AdS, vacua of the theory. These two
asymptotic regions uplift to S-fold solutions reviewed in chapter 5.

A summary of these new supersymmetric domain-walls is also displayed in Figure 7.1
where the notation N & Gy labels the various AdS, vacua. The RG flow we built
here are numerical solutions of the equations of motion starting from an IR fixed
point with vanishing axion fields (i.e. maximal symmetry group). However, the UV
fixed point has in general non-vanishing axions. In particular, although the CFT3 to
CFTs flow depicted in the diagram corresponds to the case with vanishing axions in
the UV, i.e. with SU(3) residual symmetry, there also exists CFT3 to CFT3 flows
that reach A/ =1 AdS, vacua in the UV with non-vanishing axions so that a smaller
SU(2) x U(1) € SU(3) symmetry is realised in the UV.

The RG flows of type i) will involve a set of sub-leading corrections in the pa-
rameter ¢ inducing anisotropy in the UV. Type IIB examples of such an anisotropic
behaviour of SYM, have previously been obtained in terms of a charge density of
dissolved D7-branes [117] or backreacted geometries corresponding to the intersection
of D3- and (smeared) D5-branes along 2 + 1 dimensions [118, 119]. The type IIB
background in [118, 119] involves non-trivial RR fluxes F3 and F5 and involves a
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FIGURE 7.1: Network of domain-walls connecting the D3-brane be-

haviour (anisotropic SYM,) and the known supersymmetric AdSy so-

lutions (J-fold CFT3’s) of the dyonically-gauged [SO(1,1) x SO(6) ] x

R'? maximal supergravity. Domain-walls connecting AdS; solutions

are denoted by solid lines. The marginal p-family of solution is de-
noted by the grey dashed line.

stack of N, D3-branes and N; flavour D5-branes. Here we obtain anisotropy in a
purely closed string setup without sources — sourceless Bianchi identities are satis-
fied in ten dimensions as the effective four-dimensional supergravity enjoys maximal
supersymmetry — by implementing the locally geometric SL(2)1p twist that gener-
ates the S-fold background in the IR. As a by-product of the mechanism the results
preserve SL(2)yp covariance.

The chapter is organised as follows. In section 7.1, we will review the construction
of DW in N/ = 1 supergravity and their holographic interpretation. In section 7.2, we
will study the 4d description of the D3-brane solution at ¢ = 0. We will then study
how the ¢ parameter deforms this solution and triggers a flow. We will also study how
flat deformations can be interpreted in this context. In section 7.3, we will construct
the flow presented in Figure 7.1. In section 7.4, we perform the uplift of the UV
behavior of the RG-flows. We will conclude with some remarks and interpretations
of our results.

7.1 SUSY-domain walls A/ = 1 and holographic RG-flows

We start by reviewing Domain-Wall (DW) solutions in supergravity. Domain-walls
are solution of the supergravity equations of motion corresponding to the ansatz

dsQDW4 = 24(2) Mo dz®da? + dz? with Nag = diag(—1,1,1) ,  (7.1)

V(x?, z) =V(2) (7.2)

where z € (—00,00) is the coordinate transverse to the domain-wall and A(z) is the
scale factor. In this ansatz, vectors and fermions have been consistently set to zero.
By plugging this ansatz in the equations of motion of the Einstein-scalar Lagrangian,
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on get a set of second order equations of motions describing how the scale factor and
the scalar vev’s can change along the z direction.

This set of equations can be greatly simplified in two ways. The first one is
simply to consistently truncate away certain scalar degrees of freedom. For example,
restricting to the Z3-invariant sector of section 4.3 gives us a ' = 1 model with “only”
14 real scalar fields. The second simplification only appear for N’ = 1 supergravities.
Since they can be expressed in terms of a superpotential (see (4.28) for our model),
the second order equations of motion we obtained from the DW-ansatz can be greatly
simplified. This simplification yields the decoupled first order equations:

0.A=FW| and 9.5 = £ K o5, W), (7.3)
K
where W=e2W =mgz (7.4)

and where 37 are the real field build out of the complex scalar z® and we will refer
to them as flow equations. Solving the flow equations implies solving the full set of
equations of motion. In particular, one can first solve for ¥/ and then integrate the
solution for the scale factor A(z) to obtain domain-wall solution. However, for generic
superpotential, these solutions are usually found numerically. The flow equations ares
equivalent to requiring the vanishing of the supersymmetry variations of fermions
(gravitino and chiralini) in the N = 1 supergravity model. The BPS flow, solving
the flow equations, will preserve at least N/ = 1 supersymmetry, which is why they
are also called the BPS equations. It is important to note that there are also DW
solutions of the full equations of motion which are not BPS and do not solve (7.3).

The simplest solutions to the BPS equations (7.3) are supersymmetric AdSy vacua.
These solutions have constant scalars and thus satisfy (7.3) provided

dsr|W| = 0 and A(z) = F W 2+ C | (7.5)

where [Wy|™2 = L? = —3/Vp corresponds to values evaluated at the AdS, vacuum
and C' is an arbitrary constant that can be reabsorbed by a rescaling of the coordi-
nates =% in (7.1). These types of solutions are the start- and endpoint of DW which
makes DW the right ansatz to interpolate between a region where A(z) ~ z/L when
z — 0o and A(z) ~ z/L' when z — —o0, i.e. between two CFT3’s.

The AdS4/CFTj3 holographic dictionary then states that, at an AdS,; vacuum,
scalars fields with a normalised mass m?L? < 0 correspond to relevant operators,
m?L? = 0 to marginal operators and m?L? > 0 to irrelevant operators in the dual
field theory. Each scalar field comes along with two modes with conformal dimensions
Ay, where A (A_) is the larger (smaller) root of

A(A —3) =m*L* . (7.6)

The conformal dimension of the dual operator is then identified with A, . The
question about which of the two modes is selected by supersymmetry is answered by
the diagonalisation of the matrix

Aly =L K™ oy W) . (7.7)

From a field theory perspective, A_ is interpreted as a source for the operator
whereas A, is interpreted as a vacuum expectation value (VEV) for the opera-
tor. There is an ambiguity with this interpretation whenever the masses lie within
the window —% <m?L? < —%, for which an alternative quantisation of the scalar
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field is possible that interchanges the source and the VEV [120].

Summary of the A/ = 1 model

For the N/ = 1 model we will consider, see section 4.3 for its construction, the real
scalar fields ! = {yi, xi} for t =1, ..., 7 parametrize the complex scalar fields as

Zi=—Xi+ 1y y; > 0. (7.8)
The superpotential W is

W =2g [212526 + 292426 + 232425+ (2’12’4 + 2025 + 2326) 27] (7.9)
+2gc(l—24252627) .

Finally, the kinetic matrix for the real fields reads

11 11
K, = dia ( = ) 7.10
7 S\1y? 12 Ay2’ 42 (7.10)

7.2 The D3-brane anisotropic deformations

In this section we will obtain (semi-)analytic non-AdS, solutions of the BPS flow
equations (7.3): first in the purely electric case with ¢ = 0, and then turning on the
electromagnetic deformation ¢. We will see that the expansion in powers of ¢, around
c = 0, can be reinterpreted as a UV expansion in powers of Z% around z = oo.

7.2.1 Analytic flow at ¢ =0

when the gauging in the maximal theory is purely electric, namely, ¢ = 0, there is a
simple solution of the BPS equations given by

2
21,23 = —ng)—i—i (982) , 4= 25 = 26 = 27 = ie 3% and A= (g 2)3 , (7.11)

subject to the constraint’

3 3
Y Rez = —> " =0, (7.12)
=1 i=1

and with ®( being an arbitrary constant. The four-dimensional solution (7.11) with
arbitrary (constant) values of the axions xﬁ?%,g has an uplift to a ten-dimensional
background of type IIB supergravity that is locally equivalent to the D3-brane solution
as we will show in section 7.4.

The N =1 scalar potential (3.28) evaluated at the solution (7.11) yields

g2V (2) = - (92;)2 , (7.13)
whereas the A/ =1 gravitino mass (7.4) reads
-2 2 9 64 & (0) i
g Mg = (92)2 + W (; X; > ) (7.14)

!The axions ch,)%,s must be constant by virtue of the BPS equations (7.3) when setting ¢ =0.
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thus being independent of the arbitrary parameter ® in (7.11). Lastly, the constraint

(7.12) further eliminates the dependence of (7.14) on the axion fields Xg?%,g .

The amount of four-dimensional supersymmetry preserved by a solution can be
assessed by direct evaluation of the eight gravitino masses, namely, the eigenvalues
of |A1]? = AlA]i, where A1(z;) = Aap(z;) is the scalar-dependent gravitino mass
matrix in the maximal theory 7.4. Substituting the analytic BPS solution (7.11) into
the expression for Aj(z;) one finds a set of (normalised) eigenvalues given by

9 64
—2 9 —2 1 2

g "m3, = g ~Eigen(|A]7) = +

302 (147) (92)% * (92)°
where the £ signs are not correlated. Note that the (+,+,+) and (—, —, —) eigen-
values in (7.15) precisely reproduce the N' =1 gravitino mass (7.14) belonging to the
Z3-invariant sector of the maximal supergravity by virtue of the constraint (7.12).
However, such an algebraic constraint does not eliminate the dependence of the six

(0)

remaining gravitino masses in (7.15) on the axions Xiz2g3- And we have explicitly

verified that the analytic flow in (7.11) with X%,g # 0 is BPS only with respect to
two gravitino masses (superpotentials), thus reducing the amount of supersymmetry
of the solution by a factor of 1/4.

It is worth mentioning that the condition (7.12) is required by the BPS equations
(7.3) but not by the second-order equations of motion.

2
(= £ £87)" (7.15)

7.2.2 Semi-analytic flows at ¢ # 0

Let us now focus on the BPS equations (7.3) when the gauging in the maximal theory
is of dyonic type, namely, ¢ # 0. In this case there is no simple analytic solution of
the BPS equations. However, we will be interested in perturbing the analytic solution
(7.11) and solve the flow equations (7.3) order by order in powers of the deformation
parameter c. We will refer to the resulting power series solution as the deformed
D3-brane solution.

At zeroth order the analytic solution in (7.11) is recovered, which depends on the

(0)

arbitrary parameters (X102 3, ®g) subject to the constraint

Xi%5=0. (7.16)

3
=1

(2

Following the discussion below (7.15), we will set Xg?%,g = 0 in the zeroth order solu-

tion so that the largest possible amount of supersymmetry is preserved at this order
and the ten-dimensional AdSs x S° geometry of the D3-brane is globally recovered.

First order corrections and universality

At first order in the deformation parameter ¢, an uneventful integration of the BPS
equations in (7.3) yields

2
(gz
2123 = ¢ Xglgs(z) + 1M[1 +c yg,lz),:s(z)] ;

34y 8
1 o1 1
aser = ¢ Xyaen(2) Tie 2 [14eyion(2)],

e = (g2 [1+cj(»)],

(7.17)
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in terms of a set of z-dependent functions

ng,s(z) = £sinh®)—p1o3— (;:)4 ,
st = TR
Xihg7(z) = e 2% cosh G p(;’i’;j’; - 926)6 , (7.18)
Yiner(2) = X+ '?4’2’;47 ,
i) = dotjot,

which in turn depend on a set of integration constants

(p1,..7, K1,..7) and (o, Mo1.46) - (7.19)

These are subject to the following constraints

dpi=0 , D pi=0 and S ki=0 , > mi=0. (7.20)

It is worth noticing that the c-deformed solution in (7.17)-(7.18) does not reduce to the
purely electric (¢ = 0) solution in (7.11)-(7.12) upon adjustment of the integration
constants (7.19). The obstruction to have Xf&gﬁj(z) = 0 and X%%’?)(z) = 0 (the

latter whenever ®( # 0) is caused by the first two constraints in (7.20). This in turn

implies a generic breaking of the SO(6) symmetry of (7.11) when ©, = 0 down to
p g g Yy y X1,2,3

an SU(3) € SO(6) subgroup. Moreover, while the parameters (Ao, X0,1,4,6) preserve
such an SU(3) symmetry, the parameters (p1, .7, k1,..7) do not, thus causing a
further breaking of flavour symmetries in the dual field theory.

In the following we will analyse in more detail the case where all the integration
constants are set to zero, both flavour breaking and SU(3)-preserving constants in
(7.19). Then the solution (7.17)-(7.18) acquires a universal form (to first order in the
parameter c) given by

2
2123 = %c sinh &g + ¢ (982) ,
24567 = 4e~3% cosh i @ + ie—3%0 , (7.21)
et = (g92)%,

which necessarily induces a deviation from (7.11) that is linear in the parameter ¢ and
sub-leading around (gz) — oo (UV). However, (7.21) does not capture corrections in
Imz1 23, Imzs 567 or the scale factor e, To get those one must go to higher-orders
in ¢. Finally, it also follows from (7.21) that

3
Z Rez; = ¢ sinh @ , (7.22)

i=1

in contrast to the relation (7.12) obtained at ¢ =0.
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Higher-order universal corrections

The power series procedure can be iterated to solve the BPS equations (7.3) to any
desired order in the deformation parameter c. Setting all the integration constants
that appear to zero, the general structure of the universal nth-order solution is

oo n—1
Z123 = %c sinh @ (1 — 384 cosh? ®g 2 log(gz) + Z Z Frm(®g) p?" logm(gz)>

n=2m=0

co n—1
+ (g 2)’ (1 + 32 cosh? &g p? + Z Z Frm(Po) 1 2n logm(gz)> ,

8 n=2m=0

24567 = 4¢-3%0 cosh Dy 1 (1 + 64 (1 — 3cosh(2<1>g)) u? log(gz)

co n—1

£35S um(@o) 20 mgm(gz))

n=2m=0
co n—1

+ de” (1—8 (cosh2<I>0—2s1nh 2®) )u ) gum(®0) 1™ log™ (g )) ,

n=2 m=0

oo n—1
ed = (g2) (1 + 16 cosh? ®q p? + Z Z Jrm (o) 2" logm(gz)> .

n=2m=0
(7.23)
Note that (7.23) actually becomes an expansion in powers of the quantity
c
= , 7.24
(92)? (r24)

around g = 0. Therefore, the original expansion in powers of ¢ around ¢ =0 can
be re-interpreted as an expansion in powers of ¢/(gz)? around the UV (z — o).

Although we are not displaying the p?" higher-order corrections with n > 2 (it
turns out that some of them vanish identically), we have explicitly computed the solu-
tion up to n = 6. At quadratic order, two corrections of the form u? log (gz) involv-
ing non-vanishing functions of ®( appear in the axions Rez123 and Rezss67. At
quartic order, three corrections of the form p* log(gz) involving three different non-
vanishing functions fo1(®o), g2,1(®o) and jo1(Po) appear in Imzio3, Imzss67
and the scale factor e, respectively. These are the relevant orders at which the
logarithms enter the universal solution to (7.3) when ¢ #0.

In what follows we will consider a truncation of the universal solution (7.23) to
cubic order in the deformation parameter ¢, namely,

2

(gCZ)4 1og(gZ)>
2 > (7.25)

2123 = %c sinh & (1 — 384 cosh? @

-(93)2 2
1+32 h* ®
+ 3 + Cos 0(92)4
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1 C C2
= 4e 2% cosh®y —— (1+64(1— h(2®g)) — 1
24,5,6,7 € 2 COos 0 (92)2 ( +6 ( 3 cos ( 0)) (92)4 Og(gZ))
2
. _lg 2 . c
+ 4e 279 1—8 (cosh”®y — 2sinh(2P ,
( ( ' 200) (92)4>

2
A 3 (1416 cosh? ®y — .
e (92) ( 16 cosh® ®o

(7.26)
This order suffices to capture the first relevant terms in each of the scalar fields as
well as in the scale factor for the deformed D3-brane solution. From (7.25) one has

that
3

ZRezi = ¢ sinh ® <1 — 384 cosh? @,
i=1

CQ

(92)

i log(gz)) , (7.27)

which picks up a dependence on the coordinate z in contrast to the relation (7.22)
obtained at linear order in ¢ = 0.

7.3 4d RG-flows

In this section we numerically construct BPS domain-wall solutions that interpolate
between the supersymmetric AdSy4 vacua of Section 7.2 in the IR (z — —oo) and
the anisotropic D3-brane solution of Section 7.2 with ¢ # 0 in the UV (z — o0).
We will also present an example of a domain-wall that interpolates between the AdSy
vacuum with N = 2& SU(2) x U(1) symmetry in the IR and the AdS; vacuum
with N/ = 1&SU(3) symmetry in the UV. All these domain-walls in supergravity
correspond to holographic RG flows in the field theory side.

Let us discuss the system of first-order and non-linear differential equations in
(7.3). The set of equations for the scalars can be solved independently of the one for
the scale factor, which can be readily integrated once the profiles for the scalars are
known. This means that we must set one boundary condition per (real) scalar field.
Moreover, it proves more efficient to numerically shoot from the IR and flow up to
the UV.

Perturbing around an AdS, configuration dual to the J-fold CFTj in the deep IR
with scalar VEVs 297 translates into a choice of boundary conditions of the form

S =nOF (14 X1 (7.28)

restricted to the set of modes with Ay < 0 in the AdS, spectrum, as demanded by
regularity of the flow in the deep IR (2 — —o0). After imposing (7.28), the BPS
equations will determine the set of permitted A ;. However, generic values of the
permitted A ; will end up in a singular flow for which some scalars diverge at a
finite radial distance. We will thus have to perform a scan of the A ; parameter
space in order to determine the region yielding regular flows between the IR and the
UV. In summary, for a given choice of parameters A’ in the IR boundary conditions
(7.28), we will obtain two different possible types of UV behavior. For type i), the
field will flow deformed D3-brane solution (7.17)-(7.18) around the deep UV. The
choice of IR boundary conditions will translate into a specific choice of parameters
(XEO) , @0, P23, Ao ;\0), as well as of subleading ones (K17, pa..7, A1, M, X6)
in the first-order deformed D3-brane solution. For type ii), the BPS flow will stabilise
around another vacuum of the theory leading to CFT3 to CFT3 flows. The type of
flow will depend on the choice of IR boundary conditions.
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7.3.1 SYM, to CFT; with A/ = 1& SU(3)

We will solve the BPS equations (7.3) numerically by perturbing around the N =
1& SU(3) AdS4 vacuum (4.35) in the IR (z — —o0). This will generate generic flows
towards a non-conformal behaviour in the UV (z — o00).

IR boundary conditions

By virtue of (7.6), the set of normalised scalar masses in (4.38) implies a set of
conformal dimensions Ay for the dual operators given by

m?L? = -2 (x3) , —-2(x2) , —-¥(x3) ; 0(x2) ; 4-V6(x2) , 4+V6(x2) |,
Ap = 2(x3) ., 2(x2) , g8 3 5 1+V6(x2) 246
A = 3, 1, 3(x3) 5 0(x2) ; 2—-v6 , 1—-V6(x2) .

(7.29)

The highlighted conformal dimensions in (4.38) appear as eigenvalues of the ma-
trix (7.7) and will play a role in fixing the boundary condition (7.28). Around the
N =1&SU(3) solution, there are two irrelevant modes in the spectrum (7.29)

A =1-+6(x2), (7.30)

that are compatible with regularity of the flows in the IR (2 — —o0 ). The linearised
BPS equations then allow for two arbitrary real parameters (A, A) specifying the IR
boundary conditions (7.28), which read

Imz103 = c% (1 - Ae_(l_‘/é)%) ,

Imziser = /2 (1-2BE@+VOA+(VE-2)A)e 0V0F)

31
cxe(1-VOZ (v31)

ReZLQ,g =

Rezss67 = % -4 (3 (\/6—1— 3) A+5 (\/6 - 3) A) o—(1-V6) 2

)

Note that, whenever non-vanishing, one of the parameters A or A can be set at will
by a shift on the coordinate z. We will set A = —1 without loss of generality?, which
translates into a one-dimensional parameter space to be scanned.

Behaviour of the flows

Fixing A = 0 implies Rezj 23 = 0 in the IR boundary conditions (7.31). In this case
we obtain the numerical flow? depicted in Figure 7.2 that approaches the deformed D3-
brane solution in the UV (z — o0). As previously discussed in Section 7.2.2, the UV
behaviour of this flow is understood as a sub-leading correction in the electromagnetic
deformation ¢ of the D3-brane solution in (7.11) with

ReZl’2,3 =0 and ‘I)(] =0. (7.32)

2Setting A = 0,1 does not produce regular flows.
3All the figures presented in this work are produced by setting the initial value of the radial
coordinate to zin; = log(10™2). Note that this value can be set at will by virtue of (7.28).
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04l
0.31
02}
0.1
0.0 ) ) i ; . . . .
0 10 20 30 0 10 20 30
z z
— Re(z1,23) — Im(z123)
----- D3-brane
Re(z456,7) IM(z4,5,6,7)
FIGURE 7.2: Holographic RG flow from A =4 SYMy (UV, right) to
N =1&SU(3) J-fold CFT3 (IR, left) with A= -1 and A =0.
04r
0.2+
0.0F
-0.2+
—04}
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z z
— Re(z1,23) — Im(z123)
————— D3-brane
Re(z456,7) Im(z4,567)

FIGURE 7.3: Holographic RG flow from N =4 SYM, (UV, right) to
N =1&SU(3) J-fold CFT; (IR, left) with A = —1 and A = —0.16.

Activating the parameter A makes the axions Rezj23 run along the flow. In this
case, the UV region is reached with

3
. _1
ZRezi ~csinh®y , Imzise7~e 2P0

i=1

and  ®g £0 . (7.33)

This agrees with (7.22) obtained at first-order in the deformation parameter c¢. One
such generic flows is depicted in Figure 7.3.
Study of the parameter space

We have performed a numerical scanning of values for the parameter A, and found
regular flows only within the interval

A€ [—0.171,0.171] . (7.34)

Outside this range, singular flows occur with some scalar fields diverging at a finite
radial distance.
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Gravitino masses and supersymmetry

The N = 1&SU(3) AdS, vacuum in the IR realises an SU(3) flavour symmetry
group in the dual J-fold CFT3. Under this SU(3) symmetry the eight gravitini of
the maximal theory decompose as

SU) > SU(3)

_ (7.35)
8 — 1+3+3+1

For generic BPS flows with the parameter A within the range (7.34), an explicit
evaluation of the eight gravitino masses, namely the eigenvalues of Ary A’ | shows
that only one of them is compatible with the IR value of the A/ =1 gravitino mass
(7.4) belonging to the Z3-invariant sector. More concretely, the eight gravitino masses
of the maximal theory turn out to split as

A#£0 - 8= 1+3+3+[1],

7.36
A=0 8= 1+46+[1], (7:50)

when evaluated along the numerical flows. In (7.36) we have boxed the N = 1
supersymmetry realised at the AdS4 vacuum in the deep IR and highlighted (in blue)
those gravitino masses with respect to which the numerical flows are BPS. Note that
the IR boundary conditions in (7.31) are compatible with an SO(6) symmetry when
A =0 (so that Rez;23 =0), thus yielding the decomposition in (7.36).

7.3.2 SYM, to CFT; with A = 2& SU(2)

Let us now solve the BPS equations (7.3) by perturbing around the N' = 2 & SU(2) x
U(1) AdS4 vacuum (4.41) in the IR (2 — —o0). This will cause again the appearance
of generic flows towards a non-conformal behaviour in the UV (z — o0).

IR boundary conditions

Upon solving (7.6), the set of normalised scalar masses in (4.43) implies a set of
conformal dimensions Ay for the dual operators given by

m2L? = —2(x4) , 3—VIT(x2) ; 0(x2) ; 2(x4) 34+V1T(x2)

Ay = 2(x2) , 3(1+VIT)(x2) ; 35 3B+ VIT)(x2) 36+VI7)

Al = 1(x2) 3(6=VIT) 5 0(x2) ; 3(8-V1T)(x2) , 3(1-V1T)(x2)
(7.37)

Around the N = 2& SU(2) x U(1) solution, there are four irrelevant modes in the
spectrum (7.37)

A =1(1-V17) (x2) and A_=13-V17) (x2), (7.38)

that are compatible with regularity of the flows in the IR (z — —o0 ). The linearised
BPS equations then allow for four parameters (A1, A2) and (A1, A2) specifying the
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IR boundary conditions (7.28) which read

Imz 3 = c%(l—HT‘/ﬁAle 3(1-VINE )

Imzg = ¢ (1 — A eié(lfﬁ)% — A9 67%(37\/ﬁ)%)

Imz6 =
IIl’lZ577 - 2\/» (2+ (A2 —Al)e 2(1 W)% ()\2 —)\1)6 2(3 \/7)%) ,

Rezl,g = \\/[7)\ e %(3 \/ﬁ)%

Rezy = —c (A2 eii(lfﬁ)% + A1 67%(37\/ﬁ)%>

1\/7)\62(\/7)

(7.39)

e

Reze =
Rezsr = 55 (24 (A1 +Ag) e 207VINE — () 4 2g) e 2(VIN)E)

As before, and whenever non-vanishing, one of the parameters A;2 or ;2 can be
set at will by a shift on the coordinate z. We will set Ay = —1 without loss of
generality”, which leaves us this time with a three-dimensional parameter space to be
scanned.

0.7F —
0.6 1 100 Tt 3
50F wtats
05F -
0.4F i el
10} s
0.3fF sk /
0.2F , I/
/
01F 1l /
L
00 L L L L 1 057 1 ! 1 1 1
0 10 20 30 0 10 20 30
z z
— Re(z1234,6) — Im(z13) Im(z)
————— D3-brane
Re(zs,7) Im(z46) — Im(z57)

FIGURE 7.4: Holographic RG flow from A =4 SYM, (UV) to N =
Q&SU(Q) J-fold CFT3 (IR) with A1 = -1 , A2 =0 and (/\1,)\2) =
(0,0).

Behaviour of the flows

Fixing A2 = 0 and A1 2 = 0 implies Rez; 23 = 0 and Rez 6 = 0 in the IR boundary
conditions (7.39). In this case we obtain the flow depicted in Figure 7.4. The UV
(z — o0) behaviour of this flow is again understood as a sub-leading correction in
the electromagnetic deformation ¢ of the D3-brane solution in (7.11) with

R6217273 =0 and (I)o =0. (740)

Now we can explore the UV behaviour of the flows when activating the parameters
Ag and A; 2 in the boundary conditions (7.39). As it can be directly seen from there,
the parameter A\; controls the pair-wise identified perturbation of Rez; = Rezs

4Setting Ay = 0 or = 1 does not produce regular flows.
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whereas Ay subsequently controls the perturbation of Rezy. Turning on just the
parameter Ay generates flows reaching the UV with

3
Z Rezi = csinh®y , Imzys67~ e~3%  and Dy £0, (7.41)
i=1

in agreement with (7.22). Turning on the remaining parameters \; makes more
scalars run along the flow. Flows of these types are presented in Figure 7.5.

0.5 ] 100} T
501 ozl
0.0F 1 ) ,//’
10¢ %
-0.5r 8 5f //
/
/
/
_1.0f ] 4
’I
-15L : : : . ] 0.5¢ , , , ;
0 10 20 30 0 10 20 30
z z
— Re(z1,346) Re(z2) — Im(z13) Im(z;)
————— D3-brane
Re(zs,7) Im(z46) — Im(zs,7)
0.8

0.6F ﬁ
04
0.2 /

0.0F
-0.2F
0 10 20 30 0 10 20 30
z z
— Re(z1,346) Re(z2) — Im(z4,3) Im(z2)
————— D3-brane
Re(zs,7) Im(z46) — Im(zs,7)

FIGURE 7.5: Holographic RG flow from N =4 SYM, (UV) to N =

2&SU(2) J-fold CFT3 (IR). Top plots: (A1,A2) = (—1,0.7) and

(A1, A2) = (0,0). Bottom plots: (A1,As) = (—1,0) and (A1, A\2) =
(0.307,0.011) .

Study of the parameter space

This time we must perform a numerical scan of flows in a three-dimensional parameter
space (Ag2; A1, A2). Various sections of the parameter space can be taken which are
depicted in Figure 7.6. The three parameters Ay and ;2 simply turn out to control
the values of the axions when generically approaching the D3-brane solution in the
UV.

Let us discuss in more detail some features of the parameter space depicted in Fig-
ure 7.6. The borders of the various sections delimit the region of the three-dimensional
parameter space producing regular flows. Outside this region the flows have some
scalar field diverging at a finite radial distance. Importantly, the region around the
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FIGURE 7.6: Three sections of the parameter space showing the

region accommodating regular holographic RG flows involving the

N =2&SU(2) J-fold CFTj in the IR: Ao =0 (top), A1 =0 (bottom-
left) and Ay =0 (bottom-right).

upper corner in the (A1, A2)-projection is very special as it produces flows passing
arbitrarily close to the A" =1 J-fold CFT3’s before continue flowing to SYMy in the
deep UV. This limiting CFT3 to CFT3 holographic RG flows are presented separately
in Section 7.3.4.

Gravitino masses and supersymmetry

For the N'=1& SU(2) x U(1) AdS4 vacuum in the IR the flavour symmetry group
realised in the dual J-fold CFT3 is SU(2). Under this SU(2) symmetry the eight
gravitini of the maximal theory decompose this time as

SUS) > SU(2)

(7.42)
8 — 2+4+24+14+1+1+1

For generic BPS flows with parameters Ay and (A1, A2) in the regions shown in
Figure 7.6, the evaluation of the eight eigenvalues of A4p AP shows that, as before,
only one of them is generically compatible with the IR value of the N’ = 1 gravitino
mass (7.4) belonging to the Z3-invariant sector. However, specific choices of the
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parameters (A1, A2) this time yield different splittings of the eight gravitino masses

M+A£0 0 84+ 1+1+[1+1],

(7.43)
N4NB=0 :  8—=4+24[2],

when evaluated along the numerical flows. In (7.43) we have boxed the N = 2
supersymmetry realised at the AdS4 vacuum in the deep IR and highlighted (in blue)
those gravitino masses with respect to which the numerical flows are BPS.

7.3.3 SYM, to CFT; with N =4

Lastly we will solve the BPS equations (7.3) by perturbing around the N' = 4 & SO(4)
AdS, vacuum (4.46) at ¢ = 0 in the IR (¢ — —o0). This will trigger again the
appearance of generic flows towards a non-conformal behaviour in the UV (z — o).

IR boundary conditions

At ¢ = 0, the spectrum of Z3-invariant normalised scalar masses is of the form
m?L* = —2(x3) , 0(x6) , 4(x4) , 10(x1). (7.44)

Solving (7.6) for the set of normalised scalar masses in (7.44) yields a set of conformal
dimensions AL for the dual operators given by

m2L? = —-2(x3) ; 0(x6) ; 4(x4) , 10(x1) ,
Ay = 2(x3) ; 3(x3) ; 4(x1) , 5, (7.45)
A = 1 ; 0(x3) ; —1(x3) , —2(x1)

The highlighted conformal dimensions in (7.44) appear as eigenvalues of the matrix
(7.7) and will play a role in fixing the boundary condition (7.28). Around the N =
4& SO(4) solution, there are again four irrelevant modes in the spectrum (7.45)

A_=-2 and  A_=-1(x3), (7.46)

that are compatible with regularity of the flow in the IR (z — —o0). The linearised
BPS equations then allow for four parameters A and A;, with ¢ = 1,2, 3, specifying
the IR boundary conditions (7.28). These read

Imz, = 6(1—2A62%) )

Imzgy = = (1 — AT — T(A+N) e%> ,
Imz; = % (1 —Ae’T — %)\e%) , (7.47)
Rez; = %c)\ie% , '
Rezzy; = % (1 + AT — i A+ )\i)e%) ,
Rez; = —% (1+A62% —%/\e%) ,

with A = A1 + A2 + A3. Note that the parameters A; enter the IR boundary con-
ditions (7.47) in a symmetric manner and fully specify Rez;. As before, one of the
parameters, either A or )\;, can be set at will by a shift on the coordinate z. We



104 Chapter 7. Holographic RG flows
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FIGURE 7.7: Holographic RG flow from N =4 SYM, (UV) to N =4
J-fold CFT3 (IR) with A = —1 and X\; =0.
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z z
— Re(z1) Re(z2,3) Re(z4) — Im(z123) Im(z47)
————— D3-brane
— Re(zsg) — Re(z7) Im(zs.6)
FIGURE 7.8: Holographic RG flow from N =4 SYM, (UV) to N =4
J-fold CFT3 (IR) with A = —1 and (A, A2, A3) = (—0.8,0,0).
will set A = —1 without loss of generality®, which leaves us also this time with a

three-dimensional parameter space to scan.

Behaviour of the flows

The IR boundary conditions (7.47) are highly symmetric. Fixing A; = 0 in (7.47)
implies Rez123 = 0. In this case we obtain the flow depicted in Figure 7.7. The UV
(z — o0) behaviour of this flow is again understood as a sub-leading correction in
the electromagnetic deformation ¢ of the D3-brane solution in (7.11) with

R6217273 =0 and (I)O =0. (748)

Turning on the parameters \; activates the asymptotic values of the axions Rez; in
the UV. More concretely, the UV region is again reached as

3
Z Rez; = csinh®y , Imzser~ 3% and by #£0 . (7.49)
i=1

5Setting A = 0,1 does not produce regular flows.
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FIGURE 7.9: Section of the parameter space with A\; = 0 showing

the region accommodating regular holographic RG flows involving the

N =4 J-fold CFT;3 in the IR. Sections with Ay = 0 or A3 = 0 are
equivalent due to the exchangeability of the parameters A; .

This agrees again with (7.22) obtained at first-order in the deformation parameter c.
A generic flow with A1 # 0 and Rez; # 0 in the UV is depicted in Figure 7.8.

Study of the parameter space

The fact that Xj23 enter the IR boundary conditions (7.47) symmetrically ren-
ders the three parameters completely interchangeable as far as the induced flows are
concerned. In Figure 7.9 the section of the parameter space allowing for regular holo-
graphic RG flows with Ay = 0 is depicted. Similar figures are obtained upon setting
A2 =0 or A3 = 0. Finally, within our numerical precision, we do not observe flows
reaching the A/ = 1 family of AdS, vacua (4.35) in the UV. The three parameters
A1,2,3 simply turn out to control the values of the axions Rez1 23 when approaching
the D3-brane solution in the UV.

Gravitino masses and supersymmetry

The N =4&S0O(4) AdS, vacuum in the IR realises a trivial flavour symmetry group
in the dual J-fold CFTj3. For generic BPS flows with parameters A; in the parameter
space of Figure 7.9, the evaluation of the eight eigenvalues of A p ABC shows that,
as in the previous cases, only one of them is generically compatible with the IR value
of the N/ = 1 gravitino mass (7.4) belonging to the Z3-invariant sector. Specific
choices of the parameters \; yield again a different splitting of the eight gravitino

masses
A#£ N Vi : 8= 1+4+3+[1+3],
A= )\; (for one \;) : 8—>4—|—,

A=\ (for two A; and Aj) : 8—>1+3+,
A=\ Vi & N=0 Vi . 8 4+][4],

(7.50)

with A = A1 + A2 + A3 when evaluated along the numerical flows. In (7.50) we
have boxed the N = 4 supersymmetry realised at the AdS; vacuum in the deep IR
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and highlighted (in blue) those gravitino masses with respect to which the numerical
flows are BPS. Note that the IR boundary conditions in (7.47) are compatible with
a symmetry that ranges from SO(3) (A # \;) to SO(4) (A, =0).

7.3.4 CFT3 to CFT3

We now present an example of CFT3 to CFTj3 holographic RG flow that connects
the J-fold CFT3 with N/ = 1& SU(3) symmetry in the UV to the J-fold CFT3 with
N =2&SU(2) symmetry in the IR (see Figure 7.1). This flow requires an extreme
fine tuning of the IR boundary conditions in (7.39) and is depicted in Figure 7.10.

07f ‘ ‘ ‘ ‘ ‘ 1of
0.6
0.5¢ 091
04r
0.3F

08
0.2r

01F
0.0F ] /

L L 1 1 1 1 0.7 I i i 1 17
-5 0 5 10 15 20 -5 0 5 10 15 20

z z
— Re(z13) Re(z) — Im(z13) Im(z2)
Re(zs) — Re(zs7) Im(z46) — Im(z5;7)

FIGURE 7.10: Holographic RG flow from A = 1& SU(3) J-fold CFT}3
(UV, right) to A" = 2& SU(2) J-fold CFT (IR, left) with (A1, As) =
(—1,-0.1566939789) and (A1, As) = (0.0042958950 , 0.3421361222) .

This extremely fine-tuned flow is actually a limiting case within a more general
class of flows connecting the N'=1& SU(2) x U(1) CFT3’s in the UV to the N =
2&SU(2) CFTjs in the IR. Such flows are described by domain-walls connecting the
associated AdSs vacua in (4.35) and (4.41) at x = 0, and approach the UV with
non-vanishing axions satisfying >, x; = 0 with

Rez; = Rezs = —1Rez , (7.51)

as shown in Figure 7.11. Therefore, the UV symmetry enhancement to SU(3) does
not take place.

Finally, a more detailed study of CFT3 to CFT3 holographic RG flows including
the axions Rez; 23 dual to exactly marginal deformations in the corresponding J-fold
CFTj3’s could be studied in the future.
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FIGURE 7.11: Holographic RG flow from N = 1&SU(2) x U(1) J-
fold CFT5 (UV, right) to N = 2& SU(2) J-fold CFT; (IR, left) with
(A1, As) = (—1,0) and (A1, ) = (0.0364510166 , 0.3417265522) .

7.4 10d RG Flows

In Sections 7.3.1, 7.3.2 and 7.3.3 we numerically constructed holographic RG flows
across dimensions connecting (c-dependent deformations of) A'=4 SYMy in the UV
to different J-fold CFT3’s in the IR. The latter with various amounts of supersymme-
try and the largest possible flavour symmetry by turning off any axionic deformation:
N =1&SU@3), N =2&SU(2) x U(l)g and N =4& SO(4)r. These holographic
RG-flow were build in 4d, and can be uplifted to Type IIB supergravity using the gSS
ansatz which offer a more natural setting to study their holographic interpretation.

In ten dimensions, these RG flow present a geometry interpolating between the
S-folds reviewed in section 5.4 in the IR and a the solution that asymptotes the c-
dependent subleading correction of the AdSs x S° geometry. In this section, we will
review the uplift of the ¢ = 0 DW solution and show that it is a 4d description of the
AdSs x S® solution. We will then comment on the role of the axionic deformations
in this context. We will then uplift the deformed D3-brane solution in Section 7.2.2.
To do so, we will restrict to an SU(3) invariant deformation of the D3-brane which
captures the most relevant features of this flow in the UV.

AdS, x S' x §° — AdSs x S (c-deformed)
ds%o = % AI_R1 (dsQAds4 +2 f(z) d772) ds%o = % Aﬁ\l/ (ds%W4 +2Ayy H(z) dnz)
+g72 ds§5 +972 d8§5

FI1GURE 7.12: Type IIB geometry describing an holographic RG flows
across dimensions from (c-dependent deformations of) N =4 SYMy
in the UV to different J-fold CFTj3’s in the IR.

7.4.1 Uplifting the UV: D3-brane at ¢ =10
(0)

Let us first set the three axions x; 53 =0 so that the largest amount of symmetry is
preserved. The four-dimensional solution contains two arbitrary parameters (g, ®¢)
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and uplifts to a ten-dimensional type IIB background with a factorised internal geom-
etry of the form S!xS® in the limit of an infinite radius for S' so that S* — R. The
five-sphere is round and displays its largest possible SO(6) symmetry. The various
ten-dimensional fields are given by

ds?y = 3A~ Vdspyy, + A% dn® + g2 ds2 8%
Fy = 4g(1+4%)vols ,
(7.52)
Mag ( > with Py =cst
H* = 0,
where dsQDW4 is the domain-wall metric displayed in (7.1) and vol; = ¢g—° V°015 is a

rescaled volume form on the round five-sphere. The warping function A(z) takes the
simple form

2
A= (QSZ) =Imzi23 . (7.53)
At first sight the DW4 metric in (7.52) seems to break conformal invariance. However,
the five-dimensional piece of the metric (7.52) spanned by the domain-wall and the
coordinate n can be recast as an AdSs metric

s A7 dspy, + A%dn* = (92)* (4nap dz® da® +270di’) + (gj)z dz?
= gTQ( dt® + da? + dy? + dw? + dr?) (7.54)
= d32Ad85 J
upon a change of coordinates
t=22", z=22", y=222, w=273n, r= 9" , (7.55)
(92)°

thus recovering the maximally supersymmetric AdSs x S° near-horizon geometry of
the D3-brane with Lags, = ¢~ '. This is nothing but the holographic dual of N' = 4
SYMy.

The axion deformation have the same interpretation as in the case of the N’ = 0
SO(6) symmetric solutions we discussed in the previous chapter. One can parametrise
the three commuting orthogonal rotations of S° by angles #; with i = 1, ..., 3.
Turning on the axion correspond to the local change of coordinates®

0, =60 +9x\"n. (7.56)

This is what was expected from our discussion on flat deformations. However, there
is a subtlety due to the ¢ = 0 limit we have taken here. When we were working on the
5’,7 circle, the coordinate change 7.56 was not well defined because of global effects,
namely periodicities issues when going along the S; ! circle. Such issues do not arise
in the case where S, 1 decompactify to R,,. However one should still be careful when
using the change of coordmates 7.56 as 1t is not a small gauge transformation either.

5These angles must be chosen judiciously to correspond to the u(1)® C so0(6) generated by the
axions.
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It does not vanish as n — co. We do not, at the moment, have 10d interpretation of
these axionic deformations as good as on S! x S° case.

7.4.2 Uplifting the UV: deformed D3-brane at ¢ # 0

In this section we investigate various aspects of the Zs x SU(3) invariant sector of
the [SO(1,1) x SO(6)] x R'? gauged supergravity which is obtained upon identifying
the scalar fields in the Z3 invariant sector as

21 =22 =23=2123 and 24 =25 =26 = 27 = 2456,7 - (757)

This two scalars model is of particular interest as it allows us to capture the most
interesting features of the D3-brane deformation we discussed earlier. Perturbing
the four-dimensional incarnation of the D3-brane solution in (7.11), and solving the
BPS equations perturbatively in the parameter ¢, we found the universal solution in
(7.23) which, as already emphasised, is compatible with (7.57). Using the notation
of section 5.4.3, we now present the uplift of this sector.

For Re(z1,2,3), the ten-dimensional metric takes the form

dsly = $ A7 (dshyy, +2(90) 2 A H(z) dif? ) + 972 F(z1) [dstp, + F(z) 2 n?] ,
(7.58)

in terms of a four-dimensional space-time given by ds%w4 in (7.1) and an internal
space Mg = S,li x S° with S® = CPy x S'. As a result of the type IIB uplift, the
metric in (7.58) depends on two scalar-dependent functions

-1 Im2475,677 and H(Zl) = F(Zi)_l (Im2172’3)2 , (759)

F(z) = |za56,7

and the warping factor
A= F(ZZ) ImZLQ’g . (7.60)

Introducing the axion Re(z1,2,3) # 0 is equivalent replacing d¢ — d¢ + x1,2,3dn.
The complex combination of the two-forms is independent of Re(z 2,3) and reads

*b' = —ig ?Rezse7 2. (7.61)

[12 +1 ‘Z47576,7
Equivalently,
201 —2 202
g b = —|Z4,57677| ReZ4757677 Reﬂ s g [l = Rez4757677 ImQ . (762)

The associated three-form field strengths H* = dB® = (Hs, F3) are directly computed
from (5.68), (5.65) and (7.61). They take the form”

HY = A% (dn ABY60,°% +db’ ) | 7.63
B ol

with b® given in (7.62) and

R R
G2dbt = —d | 58T ) A Re@ + 3 ——25T (1) _ Rezy 5 5dn) ATmQ
|24,5.6,7] 24,567

g2 db? = dReZ475,677 AImQ + 3 R€Z4’5,677 (T] - Rez1’273 d?]) A ReQ2 .
(7.64)

"We have used the relation 9,4 = A9 = A0.
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In (7.63) we have introduced the constant matrix

0 1
97/3: (1 0) , (7.65)

and used the third of the SU(2)-structure relations in (5.87).
The axion-dilaton matrix is given by

2
—t\ 16 . |24,5,6,7] 0
Mmag = (A7")a T mys (A77)%3 with mys = ( 0 raser]-2) (7.66)

Finally the self-dual five-form field strength is given by

Fs = g(14%) [(4=6(1 = F(z)?) ) volcp, A df
+ (4 R62172’3 + (Rez’4,576,7)2 (1 — ‘2'4,5,6,7’74) ) VOlq:[]::2 A dn (7.67)
— dRezipg AdnA (TUATEA A+ 20 AdB)]

with the frame fields on CPy given in (5.93). This concludes the type IIB uplift of the
Z5 x SU(3) invariant sector of the [SO(1,1) x SO(6)] x R'? maximal supergravity.

In order to recover the ten-dimensional geometries for the S-folds and the D3-
brane, we will express the metric (7.58) as

ds¥y, = %F(zi)—l {eB(p) Nag dz®da? 4 (ge) 2 eC0) du? + dpz}
(7.68)
+ 972 |:F(ZZ) dS%PQ + F(Zi)il 772:| 9

with a = 0,1,2, in terms of a rescaled coordinate w = 2737, a new radial coordinate
p defined as

dp = (Imzl,zg)_% dz = p= /(Imzl,g,g)_% dz (7.69)

and the functions

B

P = (Imzy93)71 e and e’ =27 (Imzy93)% . (7.70)

IR and c = 0 limits

Let us first consider the deep IR region of the BPS domain-walls constructed in
Section 7.3. VVlhen approaching this region the scalars get a constant value. Then
p=(Imz193)" 22 and A= L2 so that

1
P
eB ~ g2(Imz123)2 L™7p e“ ~ cst (7.71)

)

and the metric (7.68) boils down to the AdS, x S! xS metric for the A/ =1 S-fold in
Section 5.4.3. On the other hand, substituting the analytic D3-brane solution (7.11)
obtained at ¢ = 0% yields F(z;) =1 together with

eB =8eVZr) | O =9eV2(90) with e’ = (gz)g\/§ . (7.72)

8Note that the factor (gc) 2 in the metric (7.68) becomes pathological in this limit and must be
just removed. Also, the A-twist matrix in (5.65) must be taken to be the identity when ¢=10.
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Then the expected AdSsx S® local geometry with a round S° metric d§§5 = ds%PQ +
772 is recovered. Note also that, since Rezj 23 take constant values in the D3-brane

solution (7.11), one must turn on the axionic deformations to reach the UV solution.

Recovering the deformed D3-brane

Let us investigate the ten-dimensional type IIB uplift of the domain-walls constructed
in Sections 7.3.1, 7.3.2 and 7.3.3 when approaching the UV (z — oo). We will
holographically relate such a UV behaviour to having an anisotropic deformation of
SYMy.

It is instructive to first study the uplift of the UV in five dimensions. Setting
¢ # 0 modifies the AdS5 metric in (7.54) so that it acquires a dependence on the
scalar fields

ds? = AGY (dsb, +2(9¢) 2 Auy H(z) dn? ) (7.73)

in terms of the functions F(z;) and H(z;) in (7.59) and the warping factor A in
(7.60). Consistently, F(z;) =1 and H(z;) = A? when ¢ = 0 so that the undeformed
AdSs metric in (7.54) is recovered. Note that the deformed AdSs; metric in (7.73)
singles out the coordinate 1 which, in the deep IR, will span the S' factor of the
AdS, xSt xS® S-fold geometry [55, 1, 2]. This is the same coordinate along which the
type IIB fields acquire a dependence on as a consequence of the SL(2);;5 monodromy
in (5.65). However, the RG flows constructed in Section 7.3 occur along the radial
direction gz. Therefore, the dependence of the type IIB fields mq3 and B® on the
n coordinate induced by the S-folding (equivalently by the parameter c) is ultimately
connected to having an anisotropic deformation of N’ =4 SYMy (see, e.g. [117, 121]).
Let us look at this issue in more detail from a ten-dimensional perspective.

In order to present the ten-dimensional metric (7.58) in a suitable form to be
compared with previous results in the literature regarding holographic anisotropy in
SYMy (see [118, 119]), it is convenient to first perform a redefinition of the radial
coordinate as

9¢=(92), (7.74)

and then introduce a set of metric functions
h=4Abve 4 | 2m =92 MAuH |, & =2"A%y e (g0)?, (7.75)
so that (7.58) conforms with

ds?, = hz (Uaﬁ dz®dz? + (ge) =2 ¥ dn2)
X ) X (7.76)
+ h3 [(gg)2 e 2 A+ g2 h3 F dsip, + g 2h™3 F~) 772} .
It then becomes transparent that the function e?™ in (7.76) will be responsible for
anisotropy in the dual 4D field theory. Using (7.59) and the four-dimensional universal
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solution in (7.25) the three metric functions in (7.75) read

1 2
h = ———(1—16cosh?® +...,
16 (g¢)* ( * (90)2 )
2
e?m = 2e724(Imz23)° = 278 [ 1 + 64 cosh? &g ¢ st (7.77)
(9¢)
2 2
2l = & 1+ 16 cosh? ® Ci—k... .
4 * (90)?
2m

As a result the anisotropy function e?™ acquires a non-trivial ¢?/(g¢)? correction
in the UV. Note that this correction does not occur at linear order in c¢, as can be
checked by direct substitution of the four-dimensional solution in (7.21) instead of
the one in (7.25)7.10

Note that, upon dimensional reduction on the five-sphere S°, the three-form field
strengths H® in (7.63) give rise to an SL(2);1g doublet of one-form field strengths

Fo*=A%dpn 070, | (7.80)
——
purely along S°

along the dn direction in the (external) geometry (7.73). From the expressions of b*
in (7.62), and using the four-dimensional solution in (7.25), one finds

g’ = — <4e§(b0 cosh @ % +> ReQ? |
1 g (7.81)
g’b? = (46_5% cosh ®g ——i—) Im© .
9¢

Importantly, the dependence on the coordinate 7 through the twist matrix A(n)
will factorise out due to the contraction with the axion-dilaton matrix mqg in the
ten-dimensional kinetic term mq,g HY A *HP .

Similar one-form terms along the dn direction in the (external) geometry (7.73)
appear from the axion-dilaton matrix in (7.66) with

2

(9¢)?

+...,
(7.82)

mys = (“y n?) and  my =T (1 + 32 sinh(2®)

9This is also the case for the non-universal solution in (7.17)-(7.18) computed at linear order in
¢ provided the identifications in (7.57) hold.
1%Similarly, the functions occurring in front of the internal S® metric in (7.76) are given by

4
hWEF = 4(g¢)? <1 - % cosh? @y (f1(<1>0) + fa(®o) 1og(gg))(gcT)4 +.. ) ,
, (7.78)
R 2 F~t = 4(g¢)? <1+ 16 cosh? @ (QCTV +> ,
with

f1(®o) = 9+ cosh(2®¢) — 28 sinh(2®) and f2(20) =56 (1 — 3 cosh(2®¢)).  (7.79)
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and also from Fs in (7.67). From the axion-dilaton one finds

Fyas = —(lzaserl?+ |zaserl 2) (A0 A ) s dn
2 (7.83)
= —2cosh®q [ 1— 64 sinh? ® 5+ (A7t A ) op dn
(9¢)
whereas from the five-form field strength one gets

Fay = [%c sinh ®g [ 1 — 192 cosh? & —5 log(g¢) + ...
(9¢) - 84
. 02 ( : )

— | 16 sinh(2®) cosh ® GoR +... } dn A volep, .

We have verified the stability of the above results using the four-dimensional solution
computed up to twelfth order in the parameter c.

Other type IIB constructions have been put forward to generate holographic
anisotropy in SYMy. For instance, [118, 119] employ backreacted geometries in-
volving D3- and (smeared) D5-branes along 2 + 1 dimensions. Our setup involves
only closed strings (without source terms) and differs from the one in [118, 119] in
that it generates anisotropy in a purely geometric manner by implementing the locally
geometric SL(2)mp twist A(n) in (5.65). As a consequence of the mechanism here,
the various one-form sources of anisotropy, namely, (F1)*, F(1)a3 > .7?(1)), organise
themselves into SL(2)rp multiplets. The SL(2)ip covariance here could explain the
difference between the (-powers appearing in (7.77)-(7.78) and in [119]. Also along
these lines, it would be interesting to characterise the operators triggering SYMy
anisotropy in an SL(2)yg covariant setup of the type investigated here. To this end,
it would be helpful to have the oxidation of the RG flows presented in this work to
five dimensions.

Finally, let us remark that the UV flow does necessarily have a dependence in the
axion of the form

3
D "Rez; ~ ¢ sinh @ , (7.85)

i=1
in the deformed D3-brane solution controlling the UV behaviour of the RG flows
in Section 7.3. This necessarily causes an axionic breaking of the SO(6) symmetry
down to a subgroup of SU(3). In addition, we have also verified that the axionic
symmetry breaking on the D3-brane reproduces the patterns observed in chapter 6.

7.5 Summary and concluding remarks

Using the effective four-dimensional [SO(1,1) x SO(6)] x R'?2 gauged supergravity,
all the S-fold backgrounds were shown to be connected with a deformation of the D3-
brane solution, namely, a deformation of the AdSsxS® background, via a holographic
RG-flow. In other words, all the conjectured S-fold SCFT’s can be viewed as IR fixed
points of a supersymmetric RG-flow that starts from a deformation of A/ =4 super
Yang—Mills in the UV. This UV regime was found to correspond to an anisotropic
deformation of A/ =4 SYM. This is in agreement with the five-dimensional super-
gravity fields developing a dependence on the 1 coordinate along S', which becomes
a spatial coordinate of the deformed field theory living at the boundary.

The above RG-flows were also analysed from a ten-dimensional perspective aim-
ing at shedding some new light on their holographic interpretation. In this manner,
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the anisotropic deformation of SYM was interpreted in a purely geometric manner
and connected to the locally geometric SL(2) S-duality twist matrix A(n) in (5.65)
generating the S-fold background. Moreover, a set of five-dimensional one-form de-
formations (Fy*, F(1)as ]-2(1)) were identified as the sources of anisotropy, thus
coming in SL(2) representations. A more detailed characterisation of the operators
triggering such an anisotropy in an SL(2) covariant context is yet to be worked out.
Lastly, holographic RG-flows between S-fold CFT’s were also explicitly constructed
in [122].
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Chapter 8

Half-maximal deformations

In this chapter, we will produce a third type of deformation of our S-folds, using
a purely 4d perspective. This deformation will be a deformation of the embedding
tensor of the maximal supergravity we have studied so far. To do so, we will firstly
truncate our maximal supergravity down to a N' = 4 gauged supergravity. We will
then deform the embedding tensor obtained this way in a way which is not compatible
with an embedding in maximal supergravity. Let us start by motivate our choice of
such deformation.

We will concentrate on the holographic study of N'=2 CFT3’s with a potential
type IIB gravity dual of the form AdSs; x S? x S? x ¥. In order to be general but
still keep some control, we will make some assumptions on the effective 4d super-
gravity that could describe such a model. Firstly, we will consider four-dimensional
supergravity Lagrangians preserving half-maximal supersymmetry (16 supercharges).
Secondly, in order to be able to recover the conformal manifold of N = 2 S-fold
CFTj3’s constructed in the context of maximal supergravity [56], we will couple the
half-maximal supergravity multiplet to siz vector multiplets so that the field con-
tent of the half-maximal supergravity forms a subset of the (unique) field content of
maximal supergravity. Thirdly, in order to be compatible with a potential uplift to
a type IIB solution of the form AdSy x S? x S? x ¥, the gauging must contain an
SO(3) x SO(3) factor. It becomes then natural to investigate gaugings of the group

Ghaltmax = ISO(3) x ISO(3) C SL(2) x SO(6,6) , (8.1)

with ISO(3) = SO(3) x R3, as well as their possible group-theoretical embeddings
(8.1) into the SL(2) x SO(6,6) duality group of half-maximal supergravity coupled
to six vector multiplets. The most general such embeddings turns out to depend on
etght parameters. However, a full analysis of the eight-parameter family of gaugings
in (8.1) goes beyond the scope of this work. In this work we will even more simplify
this setup by choosing the same group-theoretical embedding for the two ISO(3)
factors in (8.1). This reduces the number of embedding parameters down to four.
We will study a specific three parameter family of gaugings (¢, g, ¢) which allows us
to identify this A = 4 theory with a Z, truncation of our [SO(1,1) x SO(6)] x R'2
maximal supergravity whenever ¢ = 1.

Turning on these three embedding parameters produces new multi-parametric
families of AdS, solutions, all of them with the same AdS, radius. Interestingly, for
any value of the three embedding parameters, the AdSy solutions still feature two
scalar moduli (¢, x) € R associated with non-compact flat directions in the scalar
potential. By adjusting the embedding parameters and the scalar moduli (¢, x) in the
AdSy solutions, these can preserve N = 2 (8 supercharges), N' = 3 (12 supercharges)
or N' =4 (16 supercharges) supersymmetry. Via the gauge/gravity duality, these
AdS, solutions are conjectured to be dual to new classes of strongly-coupled N = 2,
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N =3 or N =4 CFTy’s provided an embedding in string theory (yet to be worked
out) exists.

Theses results point at the existence of a web of N' = 2 CFTj3’s containing a
special “line" of N/ = 3 supersymmetry enhancement which, in turn, contains iso-
lated “points" where supersymmetry gets enhanced to N = 4. We will characterise
this web of N' = 2 CFTj3’s by arranging their set of low lying operators into su-
perconformal multiplet of o0sp(2]4), and by further discussing the phenomenon of
supermultiplet shortening that occurs at the special loci where supersymmetry gets
enhanced to N =3 or N = 4. Regarding the latter, two isolated points describing
N = 4 CFTj3’s are identified. The first one describes the AN/ = 4 S-fold CFT3 of
[71, 55] dual to the N/ =4 AdS, solution of the maximal supergravity with gauge
group'

Gmax = [SO(1,1) x SO(6)] x R'?, (8.2)

even if its realisation in A/ = 4 theory only shows a A/ = 3 residual supersymmetry.
The second point describes a novel N' =4 CFT3 — we will refer to it as the exotic
N =4 CFT3 — dual to an N/ = 4 AdS, solution of a half-maximal supergravity
with gauge group (8.1). This AdSy solution appeared originally in [123] where it
was argued to be a non-geometric solution still admitting a locally geometric type
IIB description. We now see that it is actually connected to the locally geometric
N = 4 S-fold solution of type IIB supergravity [55], at least at the effective four-
dimensional supergravity level. As a by-product, we will also present an additional
set of generically non-supersymmetric marginal deformations of the exotic N' = 4
CFT3 which resemble (without being the same) the axion-like deformations of S-folds
reviewed in chapter 6.

This chapter is organised as follows. In Section 8.1 we review a simple class
of ISO(3) x ISO(3) gaugings of N' = 4 supergravity which depends on a specific
deformation parameter ¢. We also show how this gaugings connects to maximal
supergravity when ¢ = 1. In Section 8.2 we construct the Z3-invariant sector of the
theory and present a (¢;@)-family of N = 2 AdS, solutions that incorporates the
¢ modulus dual to one of the two marginal operators spanning the conformal mani-
fold of A/ = 2 S-fold CFTj3’s. These AdS, solutions are holographically conjectured
to describe a web of N' = 2 CFTj3’s whose spectrum of low lying operators is ar-
ranged into superconformal multiplets of 0sp(2]|4). Supersymmetry as well as flavour
symmetry enhancements are discussed together with the corresponding shortening of
superconformal multiplets. In Section 8.3 we construct the U(1)g-invariant sector of
the theory in order to also incorporate the modulus x dual to the second marginal
operator compatible with N = 2 supersymmetry in the dual CFT3’s. We present a
(p, x; @)-family of N' = 2 AdSy solutions that generalises the results of [56] to the
context of half-maximal supergravity, and arrange the spectrum of low lying opera-
tors of the dual N' = 2 CFTj’s into superconformal multiplets of osp(2]4). After
a suitable treatment of vector fields and gauge redundancies in the U(1)g-invariant
sector, the Zamolodchikov metric on the conformal manifold of such N'=2 CFT3’s

is shown to be
1+ 202

dsiyg = —————

M 21+ ¢2)?

for arbitrary values of the half-maximal deformation parameter @. We conclude in
Section 8.4 with some implications and potential applications of the results presented

(d? + (14 ¢%) dx?) . (8.3)

!Note that Ghalf-max C Gmax - This makes it possible to rediscover an AdS, solution of a maximal
supergravity as an AdS4 solution of a half-maximal supergravity provided certain relations between
the couplings in the half-maximal supergravity Lagrangian hold, see (3.112).
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in this work. Appendix B discusses more general gaugings of ISO(3) x ISO(3) in
half-maximal supergravity.

8.1 ISO(3) x ISO(3) half-maximal supergravity

Our starting point is the four-dimensional maximal (AN = 8) supergravity with gauge

group
Gmax = [SO(1,1) x SO(6)] x R'? C Ey(7) . (8.4)

We are going to deform the corresponding embedding tensor of the four-dimensional
maximal supergravity in a way that do not satisfy the extra constraints required to
embed an half maximal supergravity in a maximal supergravity (3.74). To do so in
an interesting way, and following the prescription in [37], we will mod out the Gpax
-gauged maximal supergravity by a Z, discrete group to produce a very specific
half-maximal (N = 4) supergravity with gauge group

Ghaltmax = ISO(3) x ISO(3) € SL(2) x SO(6,6) . (8.5)

Then, we will introduce a specific deformation of such a half-maximal supergravity —
which we parameterise in terms of a continuous parameter ¢ € R — to produce new
gaugings of the group We investigate a specific class of gaugings of the group?

G =1S0(3); x ISO(3)2 , (8.6)
which is embedded in the duality group as
G C SO(3,3); xSO(3,3)2 C SL(2) x SO(6,6) , (8.7)

where we have attached labels ; and o in order to keep track of each indepen-
dent ISO(3) and SO(3,3) factor in (8.6) and (8.7). General classes of gaugings of
G C SO(3,3); x SO(3,3)2 in half-maximal supergravity [126, 127, 124] have been ex-
tensively investigated in the past, for example, with the aim of charting the landscape
of flux compactifications [128, 123].

8.1.1 From [SO(1,1) x SO(6)] x R!? to ISO(3) x ISO(3)

Starting from the Guax = [SO(1,1) x SO(6)] x R!? gauged maximal supergravity of
[55] and modding it out by a discrete subgroup Zs C Gmax [37], one is left with a
very specific gauging

G =1IS0(3); x ISO(3)2 , (8.8)

of half-maximal supergravity. In order to describe the resulting half-maximal super-
gravity, it will prove convenient to first perform a light-cone splitting M = (m,m)
with respect to the SO(6,6) invariant metric

NMN = 0 Oman with m=1,....6 , n=1,...,6, (89
Sin O

2The gauge group G = ISO(3); x ISO(3)2 is a particular example within the larger class of
G = CSO(p, q,7)xCSO(p’, ¢, ") gaugings investigated in [124, 125]. The case of ISO(3) corresponds
to (p,q,7) =(3,0,1) or (p,q,7) =(0,3,1) (and equivalently for the primed factor).
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and then a further splitting m = (a,i) and m = (a,7) with a = 1,3,5 and i = 2,4,6.
In this manner, the original SO(6,6) fundamental index M has a decomposition

SO(6,6) > SO(3,3)1 x SO(3,3)s

_ (8.10)
M - (a,a) & (i,1)
and the ISO(3);2 factors in (8.8) are embedded into SO(3,3)12 ~ SL(4)1,2, respec-
tively. An explicit computation of the resulting embedding tensor f,inp specifying
the half-maximal supergravity yields (using conventions in [123])

f+dbc:29 ) ffabc::l:2gc )

(8.11)
ik =29 ; [y =%£2gc¢

with all the other components vanishing. In what follows we are assuming a cyclic
structure in all the embedding tensor components of the same type, i.e. f, 135 =
fi351 = f1513 = 29, etc., so we are intentionally omitting epsilon symbols in (8.11)
to lighten the notation. Lastly, since the embedding tensor in (8.11) is the result
of halving the Guax = [SO(1,1) x SO(6)] x R2 gauging of maximal supergravity, it
automatically satisfies the extra constraints in (3.112) for a half-maximal supergravity
to be embeddable in a maximal supergravity.

8.1.2 Deforming ISO(3) x ISO(3) half-maximal supergravity

Following [125] (in the conventions of [123]), we will deform the G = ISO(3); x
ISO(3)2 gauging specified by (8.11) while preserving the A/ = 4 supersymmetry of
half-maximal supergravity. We are doing so by activating two additional embedding
tensor components

Jabe and [ ik - (8.12)

As discussed in [125, 123], turning on these two components modifies how the gauge
group G =1SO(3); x ISO(3)2 is embedded into the duality group, see (8.7). We
will change this embedding in a parametrically controlled manner yielding a one-
parameter generalisation of the gauging in (8.11).

Let us denote ¢ the new parameter entering the embedding tensor, which now
has components

. s
f—l—t_zbc = QI/E;Q b f—(le - i2\/§gc 1<i¢2 5 f+abc = —2\/§g C £2+1 ,
(8.13)
__ 2V2 o 5 o 5°—1
f_ijk' - 1+;]2 ) f—‘r’L]k - Zl:2\/§gC lsing 5 f—’ij‘ = —2\/§gc 22+1 ,

and, as we will see in a moment, accommodates a rich structure of new AdSy vacua.
The class of gaugings in (8.13) automatically solves the quadratic constrains in (3.111)
required by half-maximal supersymmetry. However, an explicit computation of the
additional quadratic constraints in (3.112) yields

~2
o -1
faranp f5MNF =0 and e’ fannp f,BQRS}}SD x g*c 7? 7 - (8.14)
(@* +1)>

As a result, due to the violation of the constraint living in the (1,462’) irrep, the
deformed theories do not admit an uplift to maximal supergravity unless @? = 1.
Note that, at $? = 1, the embedding tensor in (8.13) consistently reduces to the one
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in (8.11) and the theory becomes a Zs-invariant subsector of the Gpax = [SO(1,1) x
SO(6)] x R'? maximal supergravity.

8.1.3 The gauge algebra of the deformed N =4 models

It is instructive to take a closer look at how the precise N’ = 4 gauging specified by
(8.13) is realised at an algebraic level in terms of the generators

Tom = (Taaa Toa 5 T, Toj) (8.15)

entering the commutation relations (3.110). We will show that each of the ISO(3); 2
factors is at a different SL(2) angle in the spirit of [129]. Moreover, each ISO(3); 2
factor by itself involves a non-trivial SO(3,3);2 angle (both unbar/bar generators
are present) in the spirit of [125].

The algebraic realisation of the G = ISO(3); x ISO(3)2 gaugings specified by
(8.13) involves a set of 12 independent generators. For example, choosing them to
be (T'4q,T4+a) and (17,7 _;), the antisymmetry of the brackets (3.110) further sets

To=c¢pTia , Tyi=cgTy , Ta=Ty=0, (8.16)

and the independent generators satisfy non-trivial commutation relations of the form

1 1—¢%
[T+a7T+b] = 2\/59 (1_'_@2 €ab’ Tye + CTgQ €ab” T+c> )
1 _
|:T+G7TJ’-I;:| = 2\/§g /—1 T @2 Eal;c T+E ) (817)

[E%Tﬁ} - 0,

for the ISO(3); factor in the gauge group and, similarly,

1 P 1— @2
- _ — __k _ __k
[T_i,T—j} = 2V2yg <m€zj T p+ 1y G T—k) :
1 8.18
[T5T5] = 2v2g P (8.18)

[T*ivT*j] =0 ’

for the ISO(3)2 factor. There is the limiting case ¢ — £oo for which the embed-
ding tensor (8.13) stays regular and the ISO(3);2 factors become nilpotent. More
concretely, they reduce to the nilpotent algebra denoted n(3.5) in Table 4 of [130].
The drastic change in the four-dimensional algebra structure at ¢ — +oo suggests
a drastic change in the interpretation of the corresponding supergravity solutions as
well as of their possible uplifts to ten or eleven dimensions.

It is worth mentioning that the class of half-maximal G = ISO(3); x ISO(3)2
gaugings specified by the embedding tensor (8.13) depends on three arbitrary param-
eters (g,c,®). However the most general class of gaugings of G = ISO(3); xISO(3)2
in half-maximal supergravity involves eight parameters (up to gauge fixing) and is
discussed in detail in Appendix B. The study of the structure of AdS, solutions in
this more general class of models goes beyond the scope of this work and is postponed
for the future.
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8.2 Z3-invariant sector

As in our study of vacua in maximal supergravity, the scalar potential (3.113) is a
complicated function of the 2436 scalars spanning (3.109). We will thus again study
a simpler setup which is the direct generalisation of the Z3 sector of chapter 4 in the
context of half maximal supergravity. In this sector, only 2+ 12 scalars are kept and
the rest are set to zero. We will also consider a U(1)g -invariant sector with 2 4 12
scalars in the next section. Moreover, although we will find extrema of the scalar
potential in the setups with 2 + 12 scalars, we will provide the full mass spectrum
for all the bosonic and fermionic fields in half-maximal supergravity using [36, 131]
as we did for the maximal supergravity setup. This supergravity spectrum maps to
the spectrum of operators in the would-be dual CFTj3’s.

8.2.1 The N =1 seven-chiral model

The Z3-invariant sector of half-maximal supergravity was investigated in [132]. It can
be recast as a minimal N = 1 supergravity coupled to seven chiral multiplets. We
will denote z;, with I =1,...,7, the seven complex scalars in the chiral multiplets.
One of them, we choose it to be z7, is the one parameterising the M, € SL(2)
element in (3.114). The remaining six complex fields specify the G and B matrices
in (3.115) from which the My;n € SO(6,6) element is constructed. More concretely,

Gi 0 0 B, 0 0
G=| 0 Gy 0 and B=| 0 By 0 (8.19)
0 0 Gs 0 0 Bs

are block-diagonal matrices with components

i Imzi+3 1 Rez,- . 0 ReZH_g .
Gi = Imz; Rez; |zi]? » Bi= —Reziy3 0 » =123,
(8.20)
that depend on the complex scalars z1, ..., zg. The scalar kinetic terms for this sector

of the theory take the form
17
Lin=—-7 3 (def + 1 dx?) with 2y =—xs+ie® . (821
I=1

The scalar manifold invariant under the Z3 discrete symmetry is therefore identified
with the special Kahler (SK) factorised geometry

2 [SL(Q) } T SL(2) 50(6,6) (8.22)

2 J—
Ml = |50(2)] © 50(2) * S0(6) x SO(6)
In the ZZ2-invariant sector of half-maximal supergravity, the scalar potential takes a

lengthy but more tractable expression in terms of the seven complex scalars zy. We
will find families of N = 2 supersymmetric AdS; extrema analytically in this setup.

8.2.2 Warming up: the ¢-family of /' =2 AdS, solutions of [56]

The half-maximal gauged supergravity specified by the undeformed (¢ = £1) em-
bedding tensor (8.11) possesses a one-parameter p-family of N' = 2 supersymmetric
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AdS, solutions. This ¢p-family of solutions lies at the loci

Z1 = —2Z3 =1c¢C L+¢? 29 =1¢C z——i—ﬂ z—z—:F1+i
1 3 5 , 22 y 24 6 m, 5 7 N

(8.23)
where the F sign in (8.23) is correlated with the + sign in (8.11). Having Imz; 23 >
0 then requires ¢ > 0. The vacuum energy turns out to be independent of ¢ and
given by

Vo=-3¢%c!. (8.24)

Since we have fixed ¢ = =41, this solutions can be uplifted to A/ = 8 supergravity and
are exactly the ¢-family constructed in [56]. In the context of maximal supergravity,
this family possesses two extra flat-deformations we discussed at the end of section
6.2. We will come back to the axion-like flat deformation x in section 8.3 when
exploring a U(1)g-invariant sector of the theory. In the maximal supergravity setup,
this family of solutions presents symmetry enhancements at ¢ = 0 (to N = 2 &
SU(2) xU(1)), and at ¢ =1 (to N =4 & SO(4)) whose uplifts were constructed in
section 5.4.

However, in the Z5 truncated, N’ = 4 theory, these points manifest themselves as
enhancement to

e Point ¢ = 0: At this value the AdS, solution preserves N = 2 supersymme-
try and a U(1)g x U(1)p symmetry within half-maximal supergravity.

o Point ¢ = +1: At these values the AdS, solution preserves N = 3 supersym-
metry and an SO(3)r symmetry within the half-maximal supergravity.

This means that the vectors and gravitini responsible for the full (super)-symmetry
enhancement in maximal supergravity have been truncated away in this setup.

Marginal deformation and o0sp(2|4) superconformal multiplets

Being a flat direction in the scalar potential, ¢ was identified with a marginal defor-
mation specifying a direction in an N = 2 conformal manifold of S-fold CFT3’s [56].
Interestingly, there are unprotected operators in the N/ = 2 S-fold CFTj3’s whose
conformal dimensions depend on ¢.

According to the AdS4/CFTj3 correspondence, the mass spectrum of the full set
of half-maximal supergravity fields at the N' = 2 AdSy solutions in (8.23) can be
arranged into multiplets of the 0sp(2]|4) superconformal symmetry of the dual N' = 2
CFTjy’s. Following the notation® of [25] for a superconformal multiplet [j]X , where
j and R are the Lorentz and R-symmetry Dynkin labels of the highest weight state
(HWS) in the multiplet and A is its conformal dimension, the spectrum contains five
unprotected long multiplets

LLO]Y, , LL[3% LL0] (8.25)

0
+ ) Ay

3For the A = 2 supermultiplets in three dimensions, our conventions for the Lorentz and R-
symmetry Dynkin labels differ from the one in [25]: j = 3jj25 and R = rps).
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with conformal dimensions given by

2+ (pl)ep
2(1+¢?)

~ ~ 7 2
A= prpVIFRE A = eifEg

In addition there are one short and two semi-short protected multiplets with integer
conformal dimension A = 2, namely,

A _ 1 1 A _ 1
1 2T 2 1+p2 ) + 2
(8.26)

AA[1S , LB0)2 . BiL[0];?, (8.27)

where AjA;[1]9 is the stress-energy tensor multiplet of the A" =2 CFTj3's.

The multiplets in (8.25)-(8.27) describe a Zs-invariant subset of the spectrometry
performed in [56] within the context of the Guax = [SO(1,1) x SO(6)] x R*? maximal
supergravity. The two semi-short multiplets LB;[0]3 and B;L[0];?2 in (8.27) contain
the two real marginal operators investigated in [56]. They are Zs-even enabling us
to capture them also within the context of half-maximal supergravity. The scalar
modulus ¢ in (8.28) is dual to one such marginal operators. The other marginal
operator is dual to a different modulus y that will be studied in detail in Section 8.3.
Last but not least, the spectrum in (8.25)-(8.27) does not contain a u(l)p flavour
current multiplet Ay A5[0]9 present in [56]. This multiplet is Zs-odd and therefore
projected away when truncating from maximal to half-maximal supergravity. This
fact has some consequences we touch upon in the conclusions.

8.2.3 A (¢;p)-family of N =2 AdS, solutions

Let us now consider the effect of turning on the deformation parameter @, i.e.
@ # +1 in the embedding tensor (8.13). As already anticipated, turning on this
parameter produces new N = 2 supersymmetric AdS, solutions which can still be
found analytically.

At generic values of the deformation parameter ¢, the locus of the N'=2 AdS,
solutions in (8.23) changes to

21=—Z3=1c LSOZ zp=1cC 2’4:—56:L+Z z5:z7::':807—H
Vv 270 VT Vit
(8.28)
with the F sign in (8.28) being correlated with the + sign in (8.13). Notice that
having Imzj 23 > 0 still requires ¢ > 0, and also the reflection symmetry ¢ — —¢.
The vacuum energy turns out to be independent of the embedding tensor deformation
@ and, therefore, still given by

Vo=-3g%c!. (8.29)

Taking the limit ¢ — 0o becomes pathological as Imz 357 = 0 hinting at some
decompactification regime. This decompactification regime resonates well with the
fact that taking ¢ — +oo changes the gauge group to a new one being nilpotent (see
discussion below (8.17)-(8.18)).

8.2.4 o0sp(2|4) superconformal multiplets

The full half-maximal supergravity spectrum at this (¢;@)-family of AdS, solutions
can be arranged into multiplets of the 0sp(2[4) superconformal symmetry of the dual
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N =2 CFTjs’s. The spectrum contains five unprotected long multiplets

LL[0];

1 )

LIRS, . LID, . (330

with conformal dimensions given by

_ 1 1 [9+25@2+p2(1744952)
A =3+ 2\/ e +7)

Ar =1+

1[4t ro? (1332 49) +454 495245 A(p2+P2+1) 2805 P40p (262 +2—1/ (92 +1) (F7+1))
2 (p?+1)(p2+1) V(1) (@2 +1) ’

A, =141 5(1+@2)+8(p4+34) +¢2(F2+9)£41/408+8¢0 — 494 (44332 —1) — 40232 (3+3%) +(1+5%+2¢4)?
+ =272 (I+¢?)(1+2?) )
(8.31)
In addition, there are one short and two semi-short protected multiplets with integer

conformal dimension A = 2. These are the same as in (8.27), namely,
AA1)S , LBif0)3 ., BiLlo);?, (8.32)

where AjA1[1]9 is the stress-energy tensor multiplet of the dual A" =2 CFTj3’s.

8.2.5 Special loci

The (¢;@)-family of N'=2 AdS, solutions in (8.28) generically preserves a U(1)g
symmetry. The latter can be seen from the normalised gravitino masses which are
given by
1+ 2+ @2+ 9@
VAt (1487
As a result, the marginal deformation ¢ turns out to be compatible with the embed-
ding tensor deformation ¢. Moreover, they both enter the AdS, solutions (8.28) and
the normalised gravitino masses (8.33) in a very symmetric fashion.

A detailed inspection of the normalised gravitino masses in (8.33) singles out four
special cases to be further investigated:

mL = 1 (x2) (8.33)

i) e=¢=0 = mL=1 (x4) ,
2

L+e? (8.34)
i) =0 = mL=1 (x2) , 1+ (x2) ,

iv) ¢=0 = mL=1 (x2) , V/1+¢? (x2)

Note that the case i) sits at the intersection of the one-dimensional slicings i),
i7i) and ). A diagram of the (¢ ;@)-family of AdS, solutions in (8.28) is shown in
Figure 8.1. In the figure, and in the rest of the work, we have denoted by N & G the
number N of four-dimensional supersymmetries and the residual symmetry group
Gy of a given AdS, solution.

i) ¢=+3#0 = mL=1 (x3) , 3

N =3 line of supersymmetry enhancement

The two involutions ¢ = +¢ respectively yield Ax = % so that the corresponding

long multiplet in (8.30) hits the unitary bound. We will set ¢ = ¢ (red dashed line in
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Figure 8.1) without loss of generality by virtue of the reflection symmetry ¢ — —¢
of (8.28) and (8.31).
The conformal dimensions in (8.31) reduce in this case to?

A1:4—ﬁ . A=

[\J[et

;o Ay =

[\GIEN]

2 _ A 2

- W ) A_ -_— 2 ) A+ —_— 3 - m .
B (8.35)
As a result, the long multiplet LL[%]%i hits the unitarity bound and splits into one

short and two semi-short multiplets. The multiplets in (8.30) then reduce to

471+¢2
LLBIA @ LLGIA, — |AAlld @ AL @ LA & LL[)S .
1+¢
LLO)g © LE[O]OA+ — LL[0)) @ LL[0]° ,

(8.36)
The enhancement to N = 3 supersymmetry originates from the short multiplet
A1A1[3]9 in (8.36) which contains a massless gravitino.
2

Alternatively, the mass spectrum in (8.32) and (8.36) can be arranged into unitary
superconformal multiplets of the o0sp(3|4) algebra. Following closely the notation® of
[25], we find a set of multiplets

LS. . . BB . A (8.37)

with Al[%]% corresponding to the stress-energy multiplet of the dual A/ =3 CFTs.
2

The unprotected long multiplet in (8.37) is simply a rearrangement of the @-dependent
long multiplets in (8.36).

N =4 points of supersymmetry enhancement

There are two isolated points in the space of conformal dimensions (8.35) at which
A; and Ay corresponding to a [j] = [0] HWS are integer valued whereas AL
corresponding to a [j] = [3] HWS are half-integer valued.’ Let us look at these two
special points in more detail.

e Point ¢ = @ = 1: At this point (red/blue circle in Figure 8.1), the conformal
dimensions in (8.35) simplify to

Ar=3 , A_=3 | Ay=3 | A;=2. (8.38)

*One has that A_ =2 and Ay =3 — ﬁ for |@| > 1 whereas Ay =2 and A_ =3 —
for |p] <1.

50ur convention for the Lorentz and R-symmetry Dynkin labels differs from the one in [25]:
j = %][25] and R = %R[g;] .

SThere is also the limit ¢ — 400 for which the gauging changes drastically pointing at a decom-
pactification regime (see discussion below (8.17)-(8.18)). Studying this limit goes beyond the scope
of this work.

_2
1+32



8.2. Z3-invariant sector 125

f N =2&U(1)g x U1)g \

(0,1) @ maximal theory ::.:if ............ N =28 U1 x UL)p
N =2&U(1)g x SU(2)p ,."""(1, ) 56]
2] N = 4&80(4)R
' [55]
N =2&U(1)r
BE
(0,0)

N = 4&SO(4)r
[123] j

FIGURE 8.1: Web of N' = 2 CFTj’s dual to the (¢;@)-family of
AdS, solutions in (8.28). CFT3’s at ¢ =1 (dotted blue line) are dual
to AdS, solutions of the [SO(1,1) x SO(6)] x R'? maximal supergrav-
ity and have been studied and characterised in [56]. The green and
blue/red circles have a type IIB dual: the S-fold backgrounds in [2]
and [55], respectively. The N =4 CFTj sitting at ¢ = ¢ = 0 (red
star) is dual to an exotic AdS, solution originally presented in [123]
and classified as non-geometric therein. A generic CFT3 in the dia-
gram features N’ =2& U(1)g symmetry.

Therefore, there are no further long multiplets in (8.36) hitting the unitarity bound.
Instead, they simply reduce to

LL[O}OAl — LL[0]3

LL5IA @ LL3%, — [AA3]S @ A L0, @ LA 05| @ LL[3]

2

oS

@& LL[0)% — LL[0]3 (x2)
(8.39)
The multiplets in (8.32) and (8.39) precisely describe the Zs-even sector of the
N =4&8S0(4)g S-fold of [55]. In other words, the field content of half-maximal
supergravity only captures an N = 3 subsector of the N/ =4 S-fold CFTj of [55].
In osp(3]4) language, the unprotected long multiplet in (8.37) does not split and
the spectrum (8.37) simply reduces to

L0}y, Bif0); ,  Ai[d] (8.40)

WIS
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e Point ¢ = @ = 0: At this special point (red star in Figure 8.1) the conformal
dimensions in (8.35) reduce to
3 - -
A=2 Ai:i , A_=2 , Ay=1. (8.41)

This implies that the three long multiplets LL[$]Q . and LI_/[O]OA+ hit the unitarity

bound and split, each of them producing one short and two semi-short multiplets.
More concretely, the multiplets in (8.36) decompose as

LR, — (A4 & ALop e LA0] (<)
© LL0), — LL) @ (44,0018 © BiL[0];* © LB1[0J3]
(8.42)
There is this time an enhancement to N = 4 supersymmetry originating from the
two short multiplets A;A;[5]% in (8.42) each one containing a massless gravitino. In
2

addition, there is the shortening associated with A+ = 1 which provides an additional
massless vector multiplet.

In o0sp(3|4) language, the unprotected long multiplet in (8.37) hits the unitarity
bound and splits into two short multiplets as L[0]) — A3[0]¢ ®B1[0]3. The spectrum
in (8.37) then reduces to

Af0)) . Bi03 (x2) , Af3]%, (8.43)

WS

as a consequence of the supersymmetry enhancement to A’ =4 in the exotic CFTs.

U(1)r flavour symmetry enhancement

The identification ¢ = 0 (vertical axis in Figure 8.1) gives rise to a U(1)r flavour
symmetry enhancement in the corresponding CFT3’s. At this value it occurs that
A_ = 1, the long multiplet LL[O]OA_ in (8.30) hits the unitarity bound and splits

again into one short and two semi-short multiplets. The multiplets in (8.30) reduce
to

LL[YA, — LL[L]° (x2) (8.44)
218 2 1424 /54+4¢2—44/@2+1
LL0)% @ LL[0)%Y — |A2450)) @ LBi[0]3 @ BiL[0);%| @ LL[0)°
A Ay 2421Y]1 1[Y]2 1 2 l+l g 1651
272 1+2

where A3A5[0]7 is a massless vector multiplet reflecting the U(1)p flavour symmetry
enhancement in the dual N =2 CFTjy’s.
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Note that the two degenerated long multiplets LE[%]OAi in (8.44) hit the unitarity
bound at the special point ¢ = 0. At this point, each of them splits as

LIS — Ay @ AL0)" © LA[0) (8.45)
recovering the exotic N' =4 CFTj.

8.2.6 General axion deformations of the exotic N =4 CFT;

Setting ¢ = @ = 0 in (8.28) reproduces the exotic N' = 4 AdS, solution with
SO(4)r symmetry originally reported in [123] (red star in Figure 8.1). Let us recall
that it is located at the (rescaled by ¢) origin of the scalar geometry, namely,

2123 =1cC ; 24567 =1 , (8.46)
and preserves the compact part of the gauging, namely,
SO(4)r ~ SO(3); x SO(3)2 C ISO(3); x ISO(3)2 . (8.47)

Three new scalar moduli can be turned on at this AdS, solution which are parame-
terised by three axions xi123 € R of the axion-like type investigated for the S-fold
solutions in [95] and in chapter 6. Activating x123 changes the location of the AdSy
solution (8.46) to

2123 = ¢ (—x1,2,3 +19) , Za567 =1 (8.48)

keeping the vacuum energy at the value Vy = —3 g?c~!. Therefore, the moduli fields
xi (i = 1,2,3) are naturally identified with marginal deformations of the N = 4
exotic CFTj.

The explicit computation of the normalised gravitino masses at the AdSy solution
(8.48) yields

mL = \J1+w} | J1+wd | J14+wd |, J1+w], (8.49)
with
Xi =wj+wp (i #J#k) and witwe+wsg+ws=0. (8.50)

It proves very convenient to introduce a set wy = {wi,wa,ws,wys} of deformation
parameters subject to the constraint 2?4:1 wa = 0. The twelve normalised vector
masses can then be very symmetrically written as

m2L2:1+w3‘—|—w%:|:\/1+(w,4+w3)2+4w124w]23 with A< B, (851)

whereas the normalised scalar masses are given by

m2l? = —1+w%+w%i\/1+(WA+WB)2+4W%W% with A<B,

4, =2 (x2), 0 (x15), A8 (x1).
(8.52)



128 Chapter 8. Half~maximal deformations

We cannot provide a closed form for the eight normalised scalar masses A1 g. They
correspond to the roots of the degree-eight characteristic polynomial

8
Pw)=> pa A", (8.53)
a=0
with
po = —bed —36e3eq — 6e3 + 32e3e3 — 64ede? — 24e3ey
+60e2e3es + 30e2e3 + 64eae2 — 35¢3 + 96e3e3 — 80edeq + 256¢3 |
p1 = —20e3 — 64e3es — 40e3 + 60e3e2 + 32e3e? — T6e3eq — 14€3 + 48eqedey
+104eqed + 224ese3 — 16e2e4 — 16€5 — 128eZe? — 60e3es + 30e3 — 128¢3 + 128¢7 |
p2 = —16e3 +48e3es — Tdel — 40e3e3 + 64ede? + 16e3eq — 64e3 — 128eae3ey + 18eae3
—80ese? + 12e2e4 — 10e2 + 64ed + 120e3ey + 42¢% — 256¢; + 1283 + 8ey
p3s = 16¢e3 + 64e3eq — 16e3 — 64e3e3 + 96e3eqs — 823 — 120e2e3 — 192e262 + 56e2eq
—36eg + 64edes — 22e2 — 112e3 + 20e4 — 2,
ps = 16e3 +56€3 + 32edey — ded — 64ezed + 12e9eq — 40eg — 50€3 — 11263 + 8eq — 7,
ps = 32e3 + 52e3 — 16eaeq — deg — 16e3 — 12e4 — 8,
Pe = 246% + 18e9 — 8eq4 — 2,
pr = 2 + 862 y
ps = 1,
(8.54)
written in terms of the elementary symmetric polynomials
er(wi, we, w3, wy) = Z WA, WA, - (8.55)

1<A1<<A<4

Note that e; vanishes identically by virtue of the second equation in (8.50).

It follows from (8.51) that the number of massless vectors is given by the number
n, of pairs wgq = wp with A < B. This yields the following classification of CFT3
duals in terms of the four parameters wy :

o All four w’s are zero: N' =4 with SO(4)g symmetry

o Three w’s are zero: same case as before by virtue of > wyq =0

o

Exactly two w’s are zero: N =2 with SO(2)r symmetry

(@]

Exactly one w is zero: N =1 with

— SO(2)r flavour symmetry if two of the remaining w’s are equal

— no flavour symmetry otherwise

All w’s are non-zero: N = 0 with

o

— SO(2)r x SO(2)F if there are two pairs of w’s of equal value, one pair with
the opposite sign of the other

— SO(3)F if three w’s are identified
— SO(2)F if only two w’s are identified
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— no flavour symmetry otherwise

In summary, the number of supersymmetries (both of the AdS, solution and the dual
CFT3) matches the number of parameters wy = 0, and the AdSy solution features
an orthogonal symmetry group of dimension n,. Amongst the n, pairs, each pair
wq = wp = 0 adds one generator to the orthogonal R-symmetry group of the dual
CF'T3 whereas each pair wq = wp # 0 adds one generator to an orthogonal flavour
symmetry group in the CFTj3. Finally, observe that there is a case compatible with
a single axion, let us denote it y, that preserves N’ = 2 and SO(2)gr symmetry
within half-maximal supergravity. The consequences of turning on this axion y will
be investigated in detail in Section 8.3.

Relation to axion-like deformations of S-folds?

The way the x’s enter the AdS, solution in (8.48) is identical to the known examples
of axion-like deformations of S-folds discussed in chapter 6. However one must be
cautious about giving the same interpretation to all the y’s in (8.48). The reason is
twofold:

i) We find three different axion deformations xi23 for the exotic N' =4 AdS,
solution with SO(4)r symmetry and not two, as one would naively expect from
the number of Cartan generators of SO(4)g .

i1) Generic values of 123 totally break the SO(4)r symmetry of the undeformed
solution: the Cartan subgroup of SO(4)g is generically not preserved. As a
result, the pattern of symmetry breaking is very different from the one induced
by the axion-like deformations in the S-fold solutions.

As a result, while the N/ =0 case with SO(2)r x SO(2)r symmetry preserves the
Cartan subgroup of SO(4)gr and, therefore, stands a chance of having a geometrical
interpretation alike the axion-like deformations of S-folds, the other cases appear (at
first glance) to be different as the Cartan subgroup of SO(4)gr is not preserved. Of
special interest will be the case of the single axion x mentioned above, which we
move to discuss in the next section. This axion preserves N = 2 supersymmetry, an
SO(2)r C SO(4)r symmetry within half-maximal supergravity, and combines with
the modulus ¢ to generalise the conformal manifold of N' =2 CFTj3’s in (8.3) to
arbitrary values of the parameter .

8.3 U(1l)g-invariant sector

In this section we construct a particular U(1)r invariant sector of half-maximal
supergravity that suffices to capture the modulus x dual to the second marginal
deformation spanning with ¢ the N =2 conformal manifold in (8.3).

8.3.1 The N =2 three-vector and two-hyper model

To our knowledge, there is no explicit construction of the U(1)r invariant sector of
half-maximal supergravity of relevance for this work. So we will present it in some
detail. In order to construct it, let us first introduce the set of SO(6,6) generators
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where M =1...,6,1,...6 is a fundamental SO(6,6) index in the light-cone basis.
We choose the specific U(1)g generator to be

tuyg = (ts1 — t15) — (tez — tog) (8.57)
which is embedded in the duality group of half-maximal supergravity as

SL(2) x SO(6,6) D SL(2) x SO(2,2) x SO(4,4) D SL(2) xSO(2,2) xSU(2,2) x U(1)R -
(8.58)
From the commutant of U(1)g in the embedding chain (8.58), the scalar manifold
invariant under U(1)gr is identified with
v SL(2) SO(2,2) SU(2,2)

Maal” = 55(2) ¥ 50(2) x 502) “SU@) x U@)) (8:59)

[SL(Z) ] ’

SO(2)

This U(1)g-invariant sector of half-maximal supergravity can be described as
an N = 2 gauged supergravity coupled to three vector multiplets and two hyper-
multiplets. Within this A/ = 2 sector, the gauge group is

Gn=2=U(1)r x U(1)y x Rg x Rc C ISO(3) x ISO(3) , (8.60)

with all the fields being inert under the U(1)r factor. The three complex scalars in
the vector multiplets span the [SL(2)/SO(2)]® factor of the scalar geometry (8.59).
They are identified with 27 and (z9,25) in the Z3-invariant sector of Section 8.2.
The scalar matrix M, spanned by z7 was given in (3.114). The part of the Myn
matrix in (3.115) spanned by (z2,25) was constructed in terms of the 2 x 2 blocks
G2 and Bs in (8.20). Alternatively, it can directly be constructed from the coset
representative

VSO(Z,Z) = e X2 ty3+x5 ta3 67% [w2 (tya—ts3)+w5(tyg+ts3)] 7 (861)
such that zo5 = —x2,5+ie”¥25. There is also the part of the scalar matrix My that
depends on the scalars in the quaternionic Kéhler (QK) space [SU(2,2)/S(U(2) x U(2))] ~
[SO(2,4)/(SO(2) x SO(4))]. Following the coset construction of [133], we will first in-
troduce the generators

Hy = t17+ 155 +le5 + 123 ; Hy = ty7+1ts55 —tleg — loz
E? = —ti5 ; VB = iy
3 9 (8.62)
U = —ti2+ 156 +1t16 — t25 ; Ui® = o] +to5 + 1671 — tes
U = tia—ts + ti — tos ; U2 = to7 —tos —teg1 — tes
and construct the coset representative as
VSO(Q " _ Gﬁ U eaV23 6hE23 e—i [(¢2+¢1)H1+(¢2—¢1)H2] ’ (863)

with

U=—lo—C) U2 =P+ 02— (O - U+ (lo+ &) U . (8.64)
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The scalar matrix My y € SO(6,6) is then obtained as M = VV! using the fac-
torised coset representative

V =Vs0(2,2) Vso(2,4) - (8.65)

In order to complete the characterisation of the 2 + 12 scalars in the U(1)r-
invariant sector, we will now look at the metric on the scalar manifold (8.59) which
can be extracted from the kinetic terms in (3.116). An explicit computation gives

Lign = - (d@ + €27 dx2) — § (dp} + e*2 dx3) — 1 (d? + €25 dx3)

) ) 8.66
pb1—$2 DCO+DC ) +€¢1*¢2(DCO_D€1>2 ( )

ool

: i[d +e21(Da+ }(¢"DG + €' DG ~ D¢~ g )|
[

4 et (DO~ DC 4 h (DG~ DE))
+ 6¢1+¢2 (DEO + Dél —h (DCO + D<1))2] y

where we have introduced the kinetic term notation dX dY = 0,X 0*Y and DX DY =
D, X D*Y for two generic scalars X and Y. The covariant derivatives in (8.66) in-
clude a gauge connection for the gauge group in (8.60). They can be straightforwardly
computed from (3.117) and take the form

Doy = ddy —4g A h | Dh=dh—2gA" (6*2@ - h2) . Da=da—2gA"
(8.67)
together with

DO =d® —g A (Go+ ) —20A7 G, DC =d¢t — gAY (Go+ ) +20A7 G

Dy =dG—gA” (¢" =) +29A7 ", DG =d - gAY (0 —¢Y) —2947 (1,

in terms of three linear combinations of vectors AMO‘M given by (509
Ay = V2clEh A, +3+\/£7(A Biepa,)
A;j) = ﬂc% —44 \/% (Aﬁf4 + C@AHJFZI) , (8.69)
AS) - \/% (A“+3 + Au74) .

The vectors AS), ALG) and A/(Z) in (8.69) respectively gauge the factors R, and R,

and U(1), in (8.60). There is an additional vector field A;R) associated with the
U(1)r generator in (8.57) under which all the scalars in this sector of the theory are
invariant.

8.3.2 Warming up: the (¢, y)-family of ' =2 AdS, solutions of [56]

Let us start by recovering the two-parameter (¢, x)-family of N’ = 2 AdS, solutions of
the [SO(1,1) x SO(6)] x R'? maximal supergravity put forward in [56]. As explained
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in Section 8.1.2, we must first of all set (2 = 1 in order to make contact with the
maximal theory. Then, the two-parameter (¢, x)-family of N' = 2 AdS, solutions
of [56] is recovered within the U(1)g-invariant sector of half-maximal supergravity as
follows. The SK scalars are fixed to

_ Fl4i
V2

where, as before, the F sign in (8.70) is correlated with the + sign in (8.13). The
QK scalars are fixed to

z5 = 27 and 2z =1c, (8.70)

\/§ 6_¢1 —

h+ie‘¢2:im ) —%7
(8.71)
a=0 (02412% , §o=§1=\/1i7.
This A = 2 family of AdS, solutions comes along with a vacuum energy
Vo = —3g%c7 !, (8.72)

for any value of the moduli fields (p,x) thus identifying them with marginal defor-
mations in the dual CFTj3’s. It is worth emphasising that (8.70)-(8.71) provides an
explicit realisation of the (¢, x)-family of N'=2 AdSy solutions of [56] in a specific
supergravity model.”

Marginal deformation and osp(2|4) superconformal multiplets

The explicit computation of the normalised mass spectrum recovers the half-maximal
(Za-invariant) subset of multiplets within the maximal content of [56]. This consists
of five unprotected long multiplets

LLIOJA, , LL[3la, , LL[O, , (8.73)
with conformal dimensions®
2
Al - % + %\/ 171—:_3330 9
Ar = %4_—\/(24“?2)%07 (8.74)
2(1+¢2)

A 1 1 /949t 502+ P4 (et +x2—2)
Ai_§+§\/ww>§02+ls&s@x '

There are also the short and semi-short protected multiplets given in (8.27), namely,
ALAN) , LBi0)3 . BiL[0];?, (8.75)

where A;A;[1]) is identified with the stress-energy tensor multiplet of the A = 2
CFTg’S.

"This two-parameter (i, x)-family of solutions was constructed in [56] by applying a x-dependent
E7(7) duality transformation to the one-parameter p-family in (8.23).
8The conformal dimensions (A1, Ay, A_, A, A_) map into (83, Bs, B4, B1, B2) in eq.(4.5) of [56]

upon the identification x = /14 @2 x[56) with ¢ =1.
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8.3.3 A (p,x;¢)-family of N'=2 AdS, solutions

The two-parameter family of /' = 2 AdS, solutions in (8.70)-(8.71) can be generalised
to arbitrary values of the deformation parameter ¢. The SK scalars are given by

=27 = et and 29 =1icC, (8.76)

2r = =
5 = 27 it 2

whereas the QK scalars take the form

V1t o€

h + ’L €_¢2 = ’L _— e —_ -

c(l+¢%) 7 V1i+p2
(1+¢?) + ¢ (8.77)

cX p p ¥

a=0 ’ Cozclzf ) C(]:(l:i'
/1 + s02 /1 + @2
The vacuum energy at this A/ = 2 family of AdS, solutions is still given by

Vo = —3¢%7 ", (8.78)

for any value of the deformation parameter @ as well as of the moduli fields (¢, x)
dual to marginal deformations. It is worth highlighting that, at any value of ¢,
turning on (p,x) activates the hypermultiplet scalars (CO,Cl;fo,fl) spanning the
Heisenberg fiber of the QK geometry. Activating these scalars automatically breaks
the compact U(1), factor of the gauge group (8.60), as it can be seen from (8.68).

8.3.4 o0sp(2|4) superconformal multiplets

The half-maximal supergravity spectrum at generic @ of the N'=2 (¢, x)-family of
AdS, solutions can be arranged into multiplets of the osp(2|4) superconformal sym-
metry of the would-be dual N' =2 CFTj3’s. The spectrum contains five unprotected
long multiplets

LLIOJA, . LL[3la, , LLO), , (8.79)
with conformal dimensions given by
_ 1 1 [9425¢2 492 (174+4952)
Ar = g+ 2\/ AT
—o 2 2 -
Ay = L VOAFe2He) e .80
Y e R (8.80)
A _ 11 54801+ 02(3249)+851 4552 +8x2+4VE
A:t - 2+2\/ s e ¢(@2+1)(§2+1()p X )
where
0 = 4¢% 480 — 40t (p* + 307 — 1 — 2x?) — 4¢? (3* + 3¢* — 2)?) 5.51)
8.81

(32 (1+2@%) +1—2x2)° +4(32 — 1) x2.

In addition, there are one short and two semi-short protected multiplets with integer
conformal dimension A = 2. These are the same as in (8.27), namely,

AlA1S , LBy[0)3 , BiL[0]37, (8.82)
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where A;A;[1]J is the stress-energy tensor multiplet of the dual N = 2 CFTs’s. The
two moduli fields ¢ and x in (8.77) belong to the semi-short multiplets LB (0]
and B;L[0];>.

8.3.5 Special loci

The computation of the four gravitino masses in the half-maximal theory yields

VI+ P+ 92+ X2+ 9
VI + ) (1+¢?)

which consistently reduces to (8.33) when setting xy = 0. Notice that, even when
turning on x # 0, the marginal deformation ¢ and the embedding tensor parameter
@ continue entering the gravitino masses (8.83) in a symmetric fashion. A quick
inspection of (8.83) shows that supersymmetry enhancement to N > 2 is no longer
possible whenever y # 0. Still we will look at two special cases. The first case is
@ = 0 which accounts for the A/ = 2 marginal deformations of the N' = 4 exotic
CFTs. The second one is ¢ = 0 which describes the effect of the modulus x in a
genuine half-maximal supergravity at generic .

mL=1 (x2) |, , (8.83)

(p, x)-deformations of the N =4 exotic CFT;

Setting ¢ = 0 in the general expressions of the previous section one is left with the
N =2 (p,x) marginal deformations of the exotic N' =4 CFT3. More concretely,
we find in this case five unprotected long multiplets

LL[OY, , LL[3A (x2) ., LL[OY. , (8.84)

0
Ay

with conformal dimensions

_ 1 1 /9+17¢2
A1 = 3 + 2 1+<p€ )
_ 1 (14+¢%)° +x2
A - 2 + m ) (8.85)

A 548x2 48t +9¢p2+4+/ 1+4(pt +p2+x2)*
Ai_;_i_l\/sto (Pl +x?)”

2 142

Notice that, unlike for the N'=4& SO(4)r S-fold in (8.73), the multiplets Lf/[%]%i
get degenerated in this case. In addition, there are also the short and semi-short
protected multiplets given in (8.82). The long multiplets LL[1]% and LL[O]OAi hit

the unitarity bound at the special value ¢ = x = 0 and split as
LL[3)% — AtAi3)d @ AsL[0);" & LAs[0)
2

3
B B 2 - B (8.86)
LL0)Y — AyA50]Y @ BiL[0];% @& LB1[0)3

recovering the undeformed exotic N'=4 CFTs.

(x;@)-family of N'=2 AdS, solutions

In Section 8.2.3 we characterised the (p;@)-family of ' = 2 CFT3’s at x = 0.
Let us now take the complementary case ¢ = 0 and characterise the (x;¢@)-family
of NN =2 CFTj’s. Since the axion-like deformations are by now well understood
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geometrically for the S-fold backgrounds at ¢ = 1 [3], it would be interesting to
investigate whether a higher-dimensional geometric interpretation at arbitrary values
of ¢ is still be possible.

Setting ¢ = 0, the half-maximal spectrum of dual operators contains the five
unprotected long multiplets

LL[0]Y LL3A (x2) ,  LL[0] (8.87)

0
1 ’ Ay ?

this time with conformal dimensions given by

1 /912582

2V 11e?

V(1462 2
\ 1+¢

N 1\/8¢4+5¢2+8X2+5i4,/@w0
2

1+¢2 )

Ay =

+

1
2

A =

N[
_|_

Ar =

D=

with ) )
Op0 = (@* (1+20%) +1-2x) +4(@ —1) 12 (8.89)

There are also the short and semi-short protected multiplets given in (8.82). As a
check of consistency, the y-family of N’ =2 S-folds in [2] is recovered at @ =1. We
also recover the results of Section 8.2.6 upon setting ¢ = 0 together with x; = —x3 =
x and x2 =0 (up toa U(1), transformation (see eq.(8.91)) of angle v = —7).

8.3.6 On the conformal manifold of V=2 CFTjy’s

Given the supergravity model in Section 8.3.1, which includes vector fields and gaug-
ings of scalar isometries, the holographic Zamolodchikov metric on a conformal man-
ifold of CFT3’s cannot be obtained simply by direct substitution of the AdS, solution
(8.76)-(8.77) into the scalar kinetic terms (8.66). The reason being that a solution
like (8.76)-(8.77) can be brought to a different, but physically equivalent, form upon
a gauge transformation.

The infinitesimal U(1), x R, x R, gauge transformations entering the covari-
ant derivatives in (8.68) — recall that all the fields within this sector are invariant
under U(1l)g — can be integrated to finite transformations. To describe such finite
transformations we will introduce three complex fields

z=h+ie?® | do=C+il , Yi=C+il, (8.90)
in terms of which the compact U(1), transformation acts as
Yo — €7 1y and Y1 — ey, (8.91)
the non-compact R, acts as a shift
a—a+cg, (8.92)

and R, acts as a fractional linear transformation

z Yo -5 5 o
arn ™ <w>%<1+>(w> (5:95)
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As a result, the gauge-fixed solution in (8.76)-(8.77) can be gauge-released by acting
on it with (8.91)-(8.93). This action introduces three additional (yet unphysical)
parameters (7, cq,€) in the solution (8.76)-(8.77), and the naive pull-back of the
metric (8.66) on different gauge-fixed solutions will depend on the choice of gauge.
For example, choosing ¢, = f(p,x) in (8.92) and performing the pull-back of the
metric (8.66), one encounters different Zamolodchikov metrics for different choices
of the function f(¢,x). Of course, the catch is that we are considering solutions
which are gauge-equivalent, and therefore physically equivalent, as different. In order
to perform the gauge-fixing properly, one should not pick up a subspace within the
gauge-released space of solutions and perform the naive pull-back of the metric onto
it. Instead, one must study the quotient of the gauge-released space of solutions by
the gauge group. This quotient space is the one being dual to a conformal manifold
with a uniquely defined Zamolodchikov metric.

For the sake of concreteness, let us particularise to our specific gauge-released or
ambient scalar geometry as described by the kinetic terms in (8.66). We first need to
identify three independent one-forms on the scalar geometry which are to be declared
as “pure gauge" or unphysical, and then quotient the scalar geometry by them. How
to identify such three one-forms in field space is a physical question. And the answer
to that question comes from the vector sector which, despite being set to zero at the
supergravity solution, still provides equations of motion that must hold. In short, we
must quotient the geometry by the one-form currents J m, J and J"“ acting as
sources for the vector fields that have been set to zero at the supergravity solution.
This implies that we should first put those one-forms to zero in the kinetic terms
(8.66) before reading off the Zamolodchikov metric by performing the pull-back of
the ambient metric on any gauge-fixed subspace of solutions.

Let us illustrate the procedure described above by looking at the gauge-fixing of
the R, shift symmetry in (8.92) spanned by the vector field A The scalar a
plays the role of a Stiickelberg field for the massive vector A"~ recall that Da =
da+2gA“ in (8.67) — and the associated current computed from (8.66) reads

(a)
J

= ge2? 4 [Da +1(¢°Déy + ¢' D&y — {oDe0 - Zngl)} . (8.94)
Quotienting the scalar geometry by this (field space) one-form implies that (8.94) must
be set to zero identically, i.e. J @ = 0, when evaluating any quantity at a gauge-
fixed solution like (8.76)-(8.77). In particular, its contribution to the third line in the
kinetic terms (8.66) must be removed before reading off the Zamolodchikov metric
from it. Proceeding similarly with the contributions coming from the remaining
one-form currents J' and J acting as sources for A" and Am, the resulting
Zamolodchikov metric becomes independent of the deformation parameter ¢ and

reads
1+ 22

dsiog = — 1
OM = (1 + p2)2

This metric in the conformal manifold of N'= 2 CFTj3’s at generic ¢ agrees with
that of [56] upon the identification x = /1 + @2 xpzq) With @ =1.

The moduli (¢, x) belong to the hypermultiplet sector in the AdS, solution (8.76)-
(8.77). Recalling that, for AdS, solutions preserving N = 2, the hypermultiplet
moduli space must be a Kéhler submanifold of the quaternionic Kéahler geometry
[134], the conformal manifold in (8.95) must be Kahler. The Kéahlericity of the metric
(8.95) can be checked as follows. Let us first introduce a set of so-called isothermal
coordinates for which the metric is conformal to the Euclidean metric. These are

(dp? + (1 + ¢?) dx?) . (8.95)
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given by = x and y = arcsinh¢ so that the Zamolodchikov metric in (8.95) is

brought to the form

dsgn = & Qy)? (dac2 + dy2) with Q(y)? =1 + tanh?y . (8.96)
Introducing the complex coordinate z = x + iy one arrives at

ds%M =g.,sdzdz with oz = % (1 + tanh? [#D , (8.97)

where g,z = % can be derived from the real Kéhler potential

K(z, %) = |z|* — log [cosh2 (@)} . (8.98)

More on gauge-fixing and Zamolodchikov metric

The scalar manifold Mg, in (3.109) of half-maximal supergravity is endowed with
a canonical Riemannian metric g, prior to any gauge fixing, and a left action of a
gauge group G, e.g., G =ISO(3); x ISO(3)2 in our case. In general, the action of
G on Mg, is not free — there are fixed loci under the action of the compact part
of G — and thus the quotient space G\ Msgca1 is not a manifold. In supergravity, the
action of G on Mg, is well-behaved and we can chop the fixed loci out of Mgca
to define a new manifold My, on which G has a free action.

In order to establish a connection with the A/ = 2 supergravity model of Sec-
tion 8.3.1, we will focus on the U(1)g-invariant sector of half-maximal supergravity
for which G — Gy—2 = U(1)r x U(1)y X Ry x Re and Mgca in (3.109) reduces to
the one in (8.59). From (8.68), the U(1)r x U(1), compact part of Gar=2 leaves
invariant the scalar locus defined by the condition (o = ¢ = ¢% = ¢* = 0.7 Starting
from the gauge-released solution extending the gauged-fixed one in (8.76)-(8.77) with
three parameters (7, ¢4, €) (see discussion below (8.93)) and removing the fixed locus
under U(1),, we can finally define a manifold of supergravity solutions S C Meeal
on which Ga—2 acts freely. This gives a structure of principal bundle

m:S — Gy=2\S . (8.99)

The quotient space Gar—2\S is the object dual to the N'= 2 conformal manifold of
CFTj3’s, and it is on this quotient space that we must define metric goy dual to the
Zamolodchikov metric in (8.95).

We can always decompose the tangent space of S as TS = VS & HS where
VS = kerm, and HS = [VS]* is the orthogonal complement of VS with respect
to the metric g. The tangent space T'S should then be understood as the space of
all small deformations: HS corresponding to physical deformations and VS being
the space of unphysical deformations. The latter are exactly the infinitesimal gauge
transformations, and a projector Prys onto HS can be defined that projects them
away. Finally, for any x € Gy—2\S there is a p € S such that 7(p) = x. Then,
for any pair of vectors (v, v') in T(Gpa=2\S) we can choose vectors (w, w') in TS
such that m.,w = v and 7,w’ = v'. In this manner the Zamolodchikov metric can be
defined as the map

gom : T(Gn=2\S)®? = R:v®@v' — gom(v, V') = g (Prysw, Prysw’) . (8.100)

°In the gauge-fixed supergravity solution of (8.76)-(8.77), this locus corresponds to setting to zero
the marginal deformations, i.e., ¢ = x =0.
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This is a well defined metric on Ga=2\S and it is equivalent to the prescription we
have given in our example. Importantly, it does not depend on the choice of gauge
fixing nor the invariant subsector used to find the supergravity solution within the
full theory.

8.4 Remarks

In the present paper we have initiated a holographic study of new CFTj3’s with
N = 2,3,4 supersymmetry using an effective four-dimensional gauged supergravity
approach. The rich structure of multi-parametric families of supersymmetric AdSy
solutions we have just started to identify in the half-maximal gauged supergravities
with ISO(3); x ISO(3)2 gaugings raises some immediate questions.

Perhaps the most obvious question is whether or not the @-family of ISO(3); x
ISO(3)2 gaugings of half-maximal supergravity we have presented in Sections 8.1.2
and 8.1.3 (and, more ambitiously, its generalisation in Appendix B) describes consis-
tent truncations of ten- or eleven-dimensional supergravity down to four dimensions.
In this respect, since turning on the embedding parameter ¢ (i.e. @ # +1 in our
parameterisation) only affects the embedding of the non-compact translational gen-
erators in the gauge algebra (see e.g. (8.17)-(8.18)), the family of N' = 2 AdS,
solutions we have found may stand a chance of being upliftable to new (possibly only
locally geometric) type II or M-theory backgrounds. However, it could still happen
— as for the w deformation of the SO(8)-gauged supergravity [42] — that only very
specific values of ¢ enjoy a higher-dimensional interpretation, the natural ones being
@ = +1 and 0. The case ¢ = +1 is by now known to uplift to type IIB S-fold
backgrounds. Examples are the N' =4 S-fold of [55] and its marginal deformations
we reviewed in this thesis. The case ¢ = 0 remains to be understood. But it would
certainly be disappointing if a supergravity solution like the exotic AdS4 vacuum of
[123] with such a (conjectured but) highly symmetric N' =4 CFT3 dual — together
with its marginal deformations presented in Sections 8.2.6 and 8.3.5 — ended up being
in the Swampland.

Let us further comment on the exactly marginal deformation of the exotic N = 4
CFTj3 dual to the modulus x in (8.77) preserving N = 2 supersymmetry. As
discussed in Section 8.2.6, turning on x breaks the original SO(4)g symmetry down
to a U(l)r factor within the Cartan subgroup U(1)gr x U(l)p C SO(4)r. As a
result, the whole Cartan subgroup is not preserved and a geometric interpretation
of the modulus x along the lines of the axion-like deformations of S-folds seems
a priori unplausible within the context of half-maximal supergravity. However, the
situation is more subtle: when setting ¢ = 41, the embedding of this solution
into maximal supergravity provides an additional flavour current multiplet AsA5[0]?
that accounts for the U(1)p symmetry [56]. In this case, the U(1)p C SO(4)R is
actually not broken but projected out by the Zs symmetry truncating maximal to
half-maximal supergravity. Therefore, if a ten- or eleven-dimensional uplift exists for
the AdSy solution (8.76)-(8.77) at ¢ = 0 (or more generically at ¢ # 1), it is
still possible that some symmetries have been truncated away in the half-maximal
effective description. Needless to say, an uplift (if any) to ten or eleven dimensions is
required in order to settle this question.

The effective four-dimensional gauged supergravity approach adopted in this work
provides us with some guidance in order to guess what the potential higher-dimensional
realisation of the AdS, solutions could be. Remarkably, amongst the extra quadratic
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constraints in (3.112), only those in the (1,462’) irrep of SL(2) x SO(6,6) are vio-
lated in the AdS, solutions with @ # +£1.'° Assuming (as for the S-folds) a type IIB
origin, and since in a type IIB duality frame the SL(2) factor of the duality group
is identified with S-duality, one possibility is the presence of SL(2)-singlet branes
(or bound states) in the corresponding ten-dimensional backgrounds. It could be
interesting to look at possible uplifts incorporating such branes in a smeared limit.
For example, try to add smeared D3-branes to the S-fold setups previously investi-
gated in the literature. This could shed some light on how to incorporate sources
in S-fold backgrounds. Another possibility is that the breaking of supersymmetries
in the four-dimensional supergravity Lagrangian (from maximally to half-maximally
supersymmetric) is not related to the inclusion of sources but, instead, it stems from
geometry. This would be more in the spirit of the half-maximal consistent trunca-
tions of [137] and, perhaps, some generalised frame could be constructed for these
half-maximal supergravities along the lines of [135] in order to systematically uplift
any four-dimensional solution.

Another interesting line to explore is the possible relation between the AdSy so-
lutions of the ISO(3); x ISO(3)2 gaugings of half-maximal supergravity and vari-
ous classes of type IIB backgrounds of the form AdS4 x Mg that have been con-
structed directly in ten dimensions using different techniques: pure spinor formalism,
G-structures, non-abelian T-duality, ... (see [138, 139, 140, 141] for an incomplete
list). Identifying the field theory duals of these ten-dimensional solutions is a la-
borious and generically non-systematic task: one first makes an educated guess for
the field theory duals and then runs as many holographic tests as possible. Think-
ing along these lines, it would be interesting to establish whether or not the general
eight-parameter family of ISO(3); x ISO(3)y gaugings of half-maximal supergravity
we have presented in Appendix B describes classes of consistent truncations of type
IIB supergravity on Mg = S? x S? x ¥ with ¥ being a Riemann surface. If such a
connection exists and is well established via generalised geometry or extended field
theory techniques, then exploiting the four-dimensional effective description would
provide a way to characterise the CFT3’s dual to such type IIB solutions (presum-
ably related to IR fixed points of Gaiotto-Hanany—Witten-like brane constructions)
without having to work out their ten-dimensional uplift explicitly. For example, as
we have done in this work, the conformal dimensions of the low lying operators in the
dual CFT3’s could be extracted directly using four-dimensional data, namely, from
the mass spectrum of the supergravity fields in the half-maximal ISO(3); x ISO(3)s
gauged supergravity. Also the new techniques for Kaluza-Klein (KK) spectrome-
try put forward in [85] could be applied to the type IIB backgrounds of the form
AdSy x % x 82 x ¥ (see [95, 142, 5, 143] for a study of the spectrum of KK modes
around the type IIB S-folds at ¢ = £1) upon suitable adjustment of the techniques
to the context of half-maximal supergravity.

Finally, the analysis performed in Appendix B shows that the results in the main
text can be straightforwardly generalised to include different embedding parameters
@12 and ¢ 2, as well as independent gauge couplings g; o2, for each of the ISO(3); 2
factors in the gauge group. In particular, having two independent gauge couplings
g1,2 permits to collapse or flatten-out one S? while keeping the other S? at finite
size. This suggests an a priori much larger structure of supersymmetric AdSy solutions
with new potentially interesting CFT3 duals. Also going beyond the Z3 and U(1)g
invariant sectors investigated in this work could accommodate new families of AdSy

9The extra quadratic constraints in (3.112) living in the (3,1) irrep are not violated in our half-
maximal supergravity models. These constraints appeared as the four-dimensional incarnation of the
SL(2) extension [135] of the so-called section constraint in double field theory [136].
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solutions with additional flat directions dual to new marginal deformations in the
dual CFTj3’s. These are all open questions and aspects we plan to continue exploring
in the future.



141

Chapter 9

Conclusions

In this thesis, we have studied AdS, solutions of the dyonic [SO(6) x SO(1,1)] x R!?
gauging of maximal supergravity in four dimensions and uplifted these to solutions
of type IIB supergravity on AdS; x S! x S% with an SL(2, Z)-monodromy along the
St [1, 2]. This SL(2, Z)-monodromy is responsible for the non-geometric nature of
the type IIB backgrounds. These AdS, solutions are conjectured to be dual to new
classes of strongly coupled CFTj3’s dubbed S-fold CFTjy’s.

We have shown that the four-dimensional supergravity scalar potential features
flat directions allowing us to deform our S-fold solutions. Such deformations, dubbed
“flat deformations”, are conjectured to be dual to exactly marginal deformations of
the dual CFTjs, at least in the large N limit. Uplifting the deformed solutions, we
understood them geometrically in terms of an object called the mapping torus [3].
This mapping torus encodes a geometric-monodromy of the five-sphere on the S*
factor of the geometry. The mapping torus construction allowed us to show that such
deformations always exist when the internal geometry is of the form S x M, and
possesses a Lie group symmetry (independently of the theory of gravity considered).
Surprisingly, the flat deformations can break the residual (super-)symmetry of a given
solution. This method gives us a controlled mechanism for supersymmetry breaking
that could be used to extract exact results in non-supersymmetric field theories.

Focussing on the N/ = 4 S-fold, we have studied a specific 2-parameter mod-
uli space of solutions with no residual supersymmetry except at specific points of
(super)symmetry enhancement [4]. These moduli are dual to exactly marginal defor-
mations and provide holographic evidence for the existence of a conformal manifold
of non-SUSY CFT’s, at least in the large N limit. Using the recent method of
KK spectrometry [102], we have been able to study the full towers of KK modes of
these geometries and probe their perturbative stability at all KK-levels. These de-
formations do not lead to perturbative instabilities, and the deformed solutions have
passed a number of checks of non-perturbative stability [5]. Our arguments for sta-
bility mostly rely on our geometric understanding of these deformations. This poses
some challenges to the non-susy AdS conjecture [109]. This is also surprising from
the CFT point of view since it shows evidence for an exact result in the absence of
supersymmetry and known protection mechanisms.

We have also studied the domain-walls between the AdS, vacua using numerical
and semi-analytical methods [3]. We have found a CFT3 to CFT3 flow as well as a flow
that could be described, in the UV, as an anisotropic deformation of the compactified
D3-brane solution. These domain-walls are conjectured, in light of the AdS/CFT
correspondence, to be dual to RG-flows between the dual S-fold CFTj3’s.

Finally, we have started a study of possibly more generic S-folds admitting an
effective description within a half-maximal theory of gravity. In this setup we have
found a web of N/ = 2 vacua connected to a special point of supersymmetric enhance-
ment with A = 4. The string theory origin of this point, if any, is still lacking.
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Future work

¢ The most obvious path forward is to produce new examples of the flat de-
formations we have uncovered, both in a different number of dimensions and
in different theories of gravity (e.g. systematize the study we have started in
section 8.2.6).

e The p-family of solutions in the dyonic [SO(6) x SO(1,1)] x R2 gauging of
maximal supergravity in four dimensions (4.50) has not yet been uplifted and
could be of interest to run tests, for example, of the CFT distance conjecture
[57]. From unpublished results, we know that the ten-dimensional moduli space
seems to be non-compact and feature a strange behaviour as ¢ — oco. For
example, despite the uplift features a finite and non-zero internal volume, the
theory seems to include free operators as well as operators of diverging conformal
dimension. This requires more investigation since the global structure of the
moduli space of CFT3’s could be different from the structure of the moduli of
the AdS, vacua.

o It would certainly be interesting to known if the [SO(6) x SO(1,1)]x R'? gauged
maximal supergravity contains more N = 2 solutions and, if so, uplift them to
Type IIB supergravity. This would provide new examples of S-fold solutions.

e A proof of the non-perturbative stability of the non-supersymmetric solutions
obtained from flat deformations is still missing. It would be interesting to
understand if, and how, the axionic deformations appear in the D3-D5-NS5
brane systems and what is their interpretation from a holographic perspective.
We have proposed a CFT dual for our flat deformations of the N' = 4 S-fold.
Whether or not this proposition is correct, and the dual operator is exactly
marginal, is to be assessed within a strongly coupled field theoretic context.

o Finding a string theoretical embedding of the exotic N' = 4 solution discussed
in chapter 8 could lead to the construction of more generic S-folds. However,
this would require a better understanding of consistent truncations of ExFT,
for example along the lines of [137]. It is not yet clear if such a construction is
possible for the gauged half-maximal supergravity under consideration in this
thesis, or if the embedding tensor deformations are related to the presence of
sources in the uplift.

In the long term, one goal of this research is to refine the understanding of Ex-
ceptional Field Theory and Exceptional Geometry. Not necessarily regarding their
formal structure which has been fairly well studied, but regarding their interpretation
in the context of string theory and their predictions in light of the AdS/CFT corre-
spondence. In particular, I would like to understand how theories in four dimensions
do or do not fit in string theory, how the global structure of their moduli space of
AdS, vacua can or cannot be inferred from their 4d descriptions, and how to build
their dual CFT’s directly from a lower dimensional perspective. Understanding what
information is encoded, and how, in a lower dimensional effective supergravity would
simplify the study of solutions in string theory.
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Chapter 10

Conclusiones

En esta tesis hemos estudiado soluciones AdS, de la supergravedad maximal gaugeada
con grupo de gauge [SO(6) x SO(1,1)] x R'2 en cuatro dimensiones, y embebido estas
soluciones en la supergravedad diez-dimensional de tipo IIB resultando en geometrias
de la forma AdS; x S! x S° con una monodromia SL(2, Z) a lo largo de la S* [1,
2]. Esta monodromia SL(2, Z) es responsable del caracter no-geométrico de estas
configuraciones de tipo IIB. Por otro lado, se conjectura que estas soluciones AdSy
son duales a unas clases nuevas de CFT3’s fuertemente acopladas denominadas S-fold
CFTg’s.

Hemos mostrado que el potencial escalar de la teoria de supergravedad cuatridi-
mensional contiene direcciones planas a lo largo de las cuales podemos deformar
nuestras soluciones de tipo S-fold. Estas deformationes, denominadas “deformaciones
planas”, se conjecturan duales a deformaciones exactamente marginales de las CFT3’s
duales, al menos en el limite de N grande. Embeber las soluciones deformadas en
la supergravedad de tipo IIB nos ha permitido entender las deformaciones planas de
manera geométrica en términos de un objecto matematico llamado el mapping torus
[3]. Este mapping torus codifica una monodromia geométrica de la cinco-esfera sobre
el factor S de la geometria. La interpretacién en términos del mapping torus nos
ha permitido mostrar que las deformaciones planas siempre existen si la geometria
interna es de la forma S* x My y poseen la estructura de grupo de Lie (independien-
temente de la teoria de gravedad que se esté considerando). Sorprendentemente, las
deformaciones planas proporcionan un mecanismo para romper la (super-)symmetria
de una solucién de manera controlada.

Centrandonos en el S-fold con supersimetria A/ = 4, hemos estudiado un espacio de
modulos bi-paramétrico que contiene soluciones no supersimétricas excepto en algunos
puntos especiales donde la supersimetria se restaura [4]. Estos médulos son duales a
deformaciones exactamente marginales y proporcionan evidencia (holografica) acerca
de la existencia de una variedad conforme de CF'T’s no supersimétricas, al menos en el
limite de N grande. Utilizando técnicas novedosas de spectrometria KK [102], hemos
sido capaces de estudiar las torres completas de modos de KK en estas geometrias y
hemos probado la estabilidad de las soluciones frente a fluctuaciones perturbativas a
todos los niveles en la torre de KK. Las deformaciones planas que hemos investigado
no dan por tanto lugar a inestabilidades perturbativas, ni tampoco a varios tipos
de inestabilidades no-perturbativas que también hemos investigado [5]. Por ltimo,
nuestros argumentos acerca de la estabilidad de las soluciones no supersimétricas se
sustentan en la interpretacién geométrica de las deformaciones planas. Esto plantea
algunos retos a la conjectura acerca de la no existencia de soluciones AdS estables no-
supersimétricas [109]. Los resultados presentados también son sorprendentes desde
el punto de vista de las CFT’s duales, ya que muestran evidencia de la existencia
de resultados exactos en ausencia de supersimetria y, por tanto, de mecanismos de
proteccion.
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También hemos estudiado muros de dominio entre las soluciones AdS, usando
métodos numéricos y semi-analiticos [3]. A la luz del diccionario holografico, estos
muros de dominio describen flujos del grupo de renormalizacién que conectan dos
S-fold CFT3’s, asi como flujos de renormalizacién que conectan una S-fold CFT en el
infrarrojo con deformaciones anisotrépicas de la D3-brana (compactificada en la S1)
en el ultravioleta.

Finalmente, hemos iniciado un estudio acerca de la posible existencia de soluciones
tipo S-folds més generales las cuales admiten una descripcion efectiva en términos de
una teoria de supergravedad semi-maximal. En este contexto, construimos una web
de vacios con supersimetria N’ = 2 conectados de manera continua con un punto
especial con supersimetria A/ = 4. El origen en teoria de cuerdas de este punto
espacial, si es que existe, es aun desconocido.

Lineas de investigacion futuras

¢ Lalinea mas inmediata de continuacién consiste en identificar y construir nuevos
ejemplos de deformaciones planas, tanto en dimensiones diferentes a cuatro
como en otras teorias de supergravedad (v.g. sistematizar el estudio iniciado en
la seccién 8.2.6).

e La ¢-familia de soluciones en la supergravedad cuatridimensional maximal diénica
con grupo de gauge [SO(6) x SO(1,1)] x R'2 (4.50) no se ha embebido en teoria
de cuerdas y podria ser de relevancia para llevar a cabo tests, por ejemplo, de la
conjectura de la distancia en CFT [57]. A partir de resultados ain sin publicar,
sabemos que el espacio de médulos diez-dimensional parece ser no-compacto y
presenta un comportamiento extrafio en el limite ¢ — co. Por ejemplo, a pesar
de que la geometria diez-dimensional presenta un volumen interno finito y no
nulo, la teoria dual parece incluir operadores libres asi como operadores con
dimensiones conformes divergentes. Esto requiere un estudio mas profundo de
la estructura global del espacio de médulos de las CFT3’s ya que ésta puede
diferir de la estructura de médulos de los duales AdS, gravitacionales.

 Serfa interesante hacer una clasificaciéon exhaustiva de soluciones N’ = 2 en la
supergravedad maximal con grupo de gauge [SO(6) x SO(1,1)] x R'? y em-
beberlas en la supergravedad de tipo IIB. Esto podria proporcional ejemplos
nuevos de soluciones tipo S-fold con duales interesantes en teorfa de campos.

e La estabilidad no-perturbativa de las soluciones no-supersimétricas obtanidas
mediante deformaciones planas estd ain por demostrarse. Seria interesante
entender como aparecen estas deformaciones de cardcter axidnico en sistemas
de branas del tipo D3-D5-NS5 y cémo se interpretarian de forma general en
holografia. FEn esta direcciéon, hemos propuesto un dual en CF'T para las de-
formaciones planas del S-fold con supersimetria N = 4. Esta propuesta, asi
como la marginalidad exacta de las deformaciones planas, ha de ser ain confir-
mada/desmentida en el contexto de teoria de campos fuertemente acopladas.

¢ Encontrar cémo se embebe en teoria de cuerdas la solucién exética con super-
simetria N = 4 discutida en el capitulo 8 podria proporcionar una forma méas
general de construir soluciones de tipo S-fold. Sin embargo, esto requiere una
mejor comprension de las truncaciones consistentes en el contexto de las ExFT’s,
por ejemplo, en la linea de [137]. No esté claro a dia de hoy si construcciones de
este tipo son posibles para supergravedades gaugeadas semi-maximales del tipo
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a las estudiadas en esta tesis, en las que el tensor de embedding podria estar
relacionado con la presencia de fuentes en el background diez-dimensional.

A largo plazo, uno de los objetivos es el de refinar nuestra comprension de la Teoria
de Campos Excepcional asi como de la Geometria Excepcional. No necesariamente
en lo que respecta a su estructura formal, la cual ha sido estudiada en profundidad,
sino en lo que respecta a su interpretacién en teoria de cuerdas asi como a sus predic-
ciones a la luz de la correspondencia AdS/CFT. En particular, me gustaria estudiar
como las teorias efectivas cuatridimensionales se conectan con la teoria de cuerdas,
cémo la estructura global del espacio de médulos de los vacios AdS4 puede o no ser
inferida a partir de propiedades cuatridimensionales, y cémo construir sus CFT’s
duales directamente desde una perspectiva de baja dimensionalidad. Entender qué
informacién se haya codificada, y como, en una teoria de supergravedad de baja di-
mensién simplificaria en gran medida el estudio de soluciones en la teoria de cuerdas
completa.
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Appendix A
Ea)

The group Er7(7) is the split-real form associated with the e7 lie algebra. It is a 133
dimensional group whose maximal compact subgroup is SU(8)/Z. The fundamental
representation of FEr7) is the 56, its adjoint representation is the 133. Another
representation of interest for supergravity is the 912 C 133 ®56. The Cartan-Killing
metric on e7 is defined as Tr(t*t?), invariant under the action of E7(7y, which induces
a metric on Ey¢7). The pair (Ey(7), SU(8)) is reducible’ which means that we can
split the algebra e7 as

e7 =su(8) d E, (A.1)

with [su(8), su(8)] C su(8), [su(8), ¢] C ¢ and [, €] C su(8). Moreover, ¢ is orthogonal
to su(8) with respect to the Cartan-Killing metric.

In particular, this means that ¢ admits an SU(8) representation. Under the
branching E77) — SU(8) the adjoint branches as

133 — 63 @ 70. (A.2)

where 63 spans the su(8) algebra and the € = 70 is a representation of su(8). More-
over, this allows us to endow the quotient space E7(7)/SU(8) with a Riemannian
structure induced by the Cartan-Killing metric.

WiIn the SL(8) basis the adjoint representation of E;(7) splits into 133 — 63®70
under SL(8) C Ey(7). This implies a splitting of generators of the form ¢, — taP @
tapcp with t4? = 0 and tapep = t(ABCD) - The fundamental representation of
E7(7) branches as 56 — 28 © 28’ so the fundamental E7(7) index splits as y —[4p]
@48l Then, the 63 generators of SL(8) correspond with E;(7) generators of the
form

1 (2005 [ta) ") 0 1
taPN = — | 77IC ] with  [t4PoP = 465 68— 6B 50
[ta”]m \/ﬁ( 0 —26[[13 AP ] ta”lc 490p—5040¢
(A.3)
whereas the remaining 70 generators extending SL(8) to E;(7) take the form
0
taeplu® = V12, cppay  PORERCI (A.4)

They are normalized such that Tr(tatﬁt) = 0op - The Killing-Cartan matrix is then
given by
1 if pB=dad

Kag = Tr(tatg) = , A5
’ (fats) { 0  otherwise (A.5)

!This is always the case for a pair (G, H) where H is the maximal compact subgroup of G.
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where by a! we refer to the generator t,: = (t,)". With the generators in (A.3) and
(A.4) one has that

1
(tAB)t — tBA and (tABCD)t _ ? 6ABCDEFGH tEFGH - (AG)

Note that if ¢, is a positive root of the e7(7) algebra then ¢,: is the corresponding
negative root.
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Appendix B

ISO(3) x ISO(3) gaugings of
half-maximal supergravity

In this appendix we analyse the set of possible embeddings of an ISO(3); x ISO(3)s
gauging of half-maximal supergravity of the form

ISO(3)1 X ISO(3>2 C SL(Q) X 80(3,3)1 X 80(3,3)2 (@ SL(Q) X SO(6,6) . (B.l)

We have attached labels ; and o to keep track of each repeated factor. Following
the notation of [123], and building upon the results of [125], a gauging of this type is
totally encoded in a set of eight embedding matrices [144]. Since SO(3,3); ~ SL(4);,
the most general embedding' of the first ISO(3); factor is encoded in four 4 x 4
matrices given by

W _ [ —ag 0 ~1) _ (0 0
+_< 0 0><|]3> ’ QJF_(O 5/1><|]3 ’ (B.Q)
W [ —b 0 S0 _ (0 0

Q_< 0 OXUS) ’ Q_<0 d/1><|]3 ’ (BB)

with & # 0. Equivalently, the first ISO(3); factor is specified by four embedding
tensor components of the form

f—i—dbc = 6/1 €abe > J—abe = _b6 €abe > f—i—abc = _a6 €abe > f—abe = dll €abc -
(B.4)
Analogously, the second ISO(3)2 factor is encoded in another set of four 4 x 4
matrices of the form

@2 (0 0 ~(2) [ a3 0
Q+_<0 62><|]3> ’ Q+_(0 0><|13>’ (B.5)
@ (0 ~O ~2) [ b3 0
Q__<0 d2><[|3> ’ Q__<0 0 x I3 ’ (B.G)

with dy # 0. The components of the embedding tensor for the second ISO(3)s factor
are then given by

fgp=deegr, » famp=awan » fgn=bagm o fugr =g -
(B.7)

LThis is so up to equivalent solutions of the quadratic constraints in (3.111).



150 Appendix B. ISO(3) x ISO(3) gaugings of half-maximal supergravity

Together, (B.4) and (B.7) account for all the components of the embedding tensor
famnp that are activated in the class (B.1) of ISO(3); x ISO(3)2 gaugings of half-
maximal supergravity we investigate in this work.

B.0.1 Quadratic constraints and algebra structure

The embedding tensor components in (B.4) and (B.7) automatically satisfy the quadratic
constraints of half-maximal supergravity. However, the computation of the additional
constraints in (3.112) for this multi-parameteric family of ISO(3); xISO(3)2 gaugings
yields

b6 52 — CL6 JQ =0

bg 5’1 — as J’l =0
(B.8)

The antisymmetry of the commutators [Tuar, Tan | = famr N Tgp for this gen-

eral class of embeddings imposes a set of linear relations between the generators of
the form

MNP _

faMmnNP f5 and e’ fannp fBQRS}‘SD =0 < {

(@) Toa=dy & Tra+ (agdy =05 &) Thoa HTa=d Tia, (B.9)
and
(d~2)2 T+g = d~2 Co Tf; + (CL3 JQ — b3 52) T, , CZQ Ty, =¢c T . (B.lO)

Choosing the independent generators to be (1'14,715) and (T-;,7_;), one finds a
set of non-trivial commutation relations of the form

[Tra,Thp] = &eaThre—agea’ The
[Teas | = ey The, (B.11)
{T+a, T.H_; } = 0,

for the first ISO(3); factor in the gauge group and, similarly,

[T_E,T_E] = JQ 6;3]5 T_,*€ + b3 egjk T,
(T 5T ;] = doe* Ty, (B.12)
[T—ivT—j] = 0,

for the second ISO(3)s factor. Note that, for each of the ISO(3);2 factors, there
are two parameters entering the commutation relations in (B.11) and (B.12) and two

additional parameters specifying the linear combinations of generators in (B.9) and
(B.10).

B.0.2 N =1 superpotentials

It is also interesting to investigate the dynamics of the seven moduli fields z;, I =
1,...,7,in the Z2-invariant sector of half-maximal supergravity coupled to six vector
multiplets. This sector is described by the A" =1 supergravity multiplet coupled to
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seven chiral superfields with Kéhler potential

7
K == log[—i(z; — 21)] (B.13)
I=1
and a superpotential given by

W = [ — a3 + ap 242526 — C2 (2124 + 2225 + 2326) + € (212526 + 222476 + Z3Z4Z5)}

+ [ bs — b6 242526 + 652 (2124 + 2925 + 2326) — d/l (212526 + 202426 + 2:32425)} 27 .
(B.14)
Note that the eight gauging parameters in (B.4) and (B.7) enter the superpotential
of the model.

In this work we have made a simple choice of gauging parameters. More concretely,
we have chosen the same embedding for the two ISO(3),, factors in the gauging.
This choice drastically simplifies the analysis of supersymrfletric vacua. These vacua
satisfy the set of supersymmetric (or F-flatness) conditions

Fr=D/W =90/W + (0 K)W =0, (B.15)
with I =1,...7.

B.0.3 Back to our /SO(3) x ISO(3) gauging

The specific model discussed in Section 8.1.2 corresponds to a simple fixing of the
gauging parameters in (B.4) of the form d} = ¢ =0 and

N/:2\/§g _y - o 32—1
¢ S b iQﬂch . —ag 2\/§gc@2+1 ) s,
7 _ 2V2¢g — @ - _ @21 .
dy = T 0 0= +2\2gc =l b3 = —2v2gc ]
Plugging (B.16) into (B.14) yields a superpotential
22
;ﬁgﬂ |:2125Z6 + 22426 + 232425 + (2124 + 2225 + 2326) z7}
? (B.17)
— ﬂ c [:I: & (1 — z4252627) + 1_7952(242526 - 27)}
V1+ @2 1+ @2

We have verified that the AdSs solutions in (8.28) solve the F-flatness equations in
(B.15) constructed from (B.17).

Lastly, as a further check of consistency, setting ¢ = 1 recovers the maximal
theory. Namely, the superpotential in (B.17) reduces to

W =2g [zlz526 + 292426 + 232425 + (2124 + 2225 + 2326) 27} +2gc(1— z4252627)
(B.18)
in agreement with the result of [2].
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