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Resumen en espanol

Esta tesis estudia diversos aspectos de la teoria de cuerdas, siendo el nexo principal la
fisica de las D-branas, que constituyen objetos extendidos fundamentales sobre los que pueden
terminar las cuerdas abiertas y juegan un papel central tanto en la dindAmica no perturbativa
como en la conexiéon con modelos efectivos de baja energia. La motivacion del estudio de la
teoria de cuerdas surge del desafio de reconciliar el Modelo Estdndar de la fisica de particulas,
que describe tres de las cuatro interacciones fundamentales en términos de una teoria cuantica
de campos, con la Relatividad General de Einstein, que sigue siendo una teoria clasica de la
gravedad. Esta tension historica apunta a la necesidad de una teoria cuantica de la gravedad
consistente. La teoria de cuerdas, con su redefinicién de los constituyentes fundamentales de
la naturaleza como cuerdas vibrantes unidimensionales en lugar de particulas puntuales, aspira
no solo a ser una teoria cuantica de la gravedad, sino también a unificar todas las interacciones
fundamentales, lo que la convierte en una candidata natural a una teoria del todo. No obstante,
la consistencia matematica de la teoria de cuerdas requiere la existencia de dimensiones espa-
ciales adicionales méas alla de las cuatro que experimentamos en nuestra vida cotidiana, y la
fisica efectiva de nuestro universo depende de como se compactifican estas dimensiones extra.
La compactificaciéon no es, por tanto, un detalle incidental, sino una caracteristica central: la
geometria, la topologia y los flujos de los espacios internos determinan la fisica de baja energia
que observamos en cuatro dimensiones.

La tesis se estructura en torno a dos lineas principales de investigacion. La primera explora
aspectos de la holografia de precision mediante la construcciéon de nuevas configuraciones de
branas que proporcionan duales gravitatorios para teorias de campos de menor dimensiéon en
el contexto de la correspondencia AdS/CFT. Esta correspondencia, uno de los desarrollos més
influyentes de la fisica teérica moderna, propone una dualidad entre una teoria gravitatoria
en un espacio anti-de Sitter (AdS) y una teoria de campos conforme (CFT) situada en su
frontera. Aunque el ejemplo original y mejor entendido involucra la teorfa de cuerdas tipo I1B
en AdS; x S® siendo dual a la teoria de super Yang-Mills (SYM) N = 4 en cuatro dimensiones,
la extension a casos con menos simetria o en dimensiones inferiores sigue siendo un reto. Una
de las dificultades principales radica en encontrar configuraciones explicitas de D-branas cuyo
limite de horizonte cercano dé lugar a las geometrias AdS deseadas. Al investigar sistemas
de branas en teoria de cuerdas tipo IIB, este trabajo propone y analiza nuevas soluciones que
dan lugar a geometrias AdS;. Estas construcciones ofrecen realizaciones explicitas en teoria de
cuerdas de deformaciones de SYM bidimensionales.

La segunda linea de investigacion se centra en las compactificaciones con flujos en presencia
de D-branas y planos orientifold, considerando las excitaciones de cuerda abierta. Los escenarios
tradicionales de compactificacion en teoria de cuerdas consideraban principalmente sectores de
cuerda cerrada, pero la inclusion de cuerdas abiertas, ligadas a las D-branas, enriquece la
estructura de las teorfas efectivas resultantes. Las excitaciones de cuerdas abiertas dan lugar



a campos gauge asociados a simetrias locales, asi como a moduli dinadmicos que describen las
posiciones de las branas, mientras que la presencia de estas introduce flujos no triviales que
modifican el potencial escalar de la accion efectiva. Un analisis cuidadoso de estas contribuciones
es esencial para lograr modelos consistentes en dimensiones inferiores con moduli estabilizados.
En este marco, la tesis desarrolla una correspondencia entre las reducciones en variedades de
grupo con orientifold de la tipo IIB a seis dimensiones y las teorias de supergravedad gaugeadas
con N' = (1,1), demostrando una coincidencia exacta de los potenciales escalares. Esto incluye
contribuciones no sélo del sector de cuerda cerrada, sino también del sector de cuerda abierta,
incluyendo grupos gauge no abelianos y flujos internos de Yang-Mills. El resultado proporciona
un ejemplo de construcciones top-down provenientes de la teoria de cuerdas y clasificaciones
bottom-up de supergravedades gaugeadas ampliando anélisis anteriores que se habian centrado
exclusivamente en el sector de cuerda cerrada.

La tesis consta de siete capitulos. El primero introduce el marco conceptual de la tesis y
presenta de manera sintética las dos grandes lineas de trabajo que se desarrollan en ella: el
estudio de la holografia y el anélisis de compactificaciones con flujos desde una perspectiva
efectiva en supergravedad.

En el segundo capitulo se revisan los elementos fundamentales de la teoria de cuerdas rele-
vantes para el analisis posterior. La formulacién del modelo sigma no lineal mediante la accion
de Polyakov proporciona la base para describir la propagaciéon de cuerdas en “backgrounds”
curvos. La invariancia conforme, codificada en la anulacién de las funciones beta, en el régimen
perturbativo, conduce a ecuaciones que, a primer orden en o', reproducen las ecuaciones de
movimiento de las teorfas efectivas de supergravedad en diez dimensiones, estableciendo asi un
vinculo entre la teoria bidimensional de la hoja de mundo y la descripcion efectiva de los back-
grounds en el régimen de baja energia. Ademas, se revisa el papel esencial de las dualidades (en
particular la T-dualidad y la S-dualidad) al relacionar distintas teorias de cuerdas y conectar
regimenes de acoplamiento débil y fuerte. Estas dualidades establecen que lo que en apariencia
son teorias distintas son, en realidad, diferentes limites de un marco unificado.

Posteriormente, en el tercer capitulo se revisan los principales objetos cargados de la teoria
de cuerdas, en particular las D-branas y los planos orientifold. Se introducen las acciones efec-
tivas que describen las D-branas y los O-planos, y se analiza su interaccion en sistemas Op/Dp.
A continuacion, se presentan las soluciones de supergravedad asociadas a las Dp-branas, la
cuerda fundamental y la NS5-brana, que actiian como “backgrounds” clasicos generados por
estos objetos. Sobre esta base, se introduce la correspondencia AdS/CFT, destacando el papel
de las branas en la holografia. Finalmente, el capitulo concluye con una discusién sobre los
proyectores de supersimetria en la teorfa tipo IIB, que proporcionan un método sistemético
para caracterizar la supersimetria preservada por distintas configuraciones de branas.

El capitulo cuarto marca el final de la revisién bibliografica y estd dedicado al estudio de
los gaugeos en supergravedad y de su origen en dimensiones superiores. Tras revisar la es-
tructura de las teorfas de supergravedad no gaugeadas, con especial atencion a sus variedades
escalares en dimensiones inferiores, se introduce el formalismo del tensor de embedding como
una herramienta poderosa para describir supergravedades gaugeadas. Se explica el papel de los
desplazamientos fermiénicos y su relaciéon con las soluciones de vacio, seguido de un analisis de-

tallado de los potenciales escalares resultantes, incluidas las simplificaciones que se obtienen en



el origen de la variedad escalar. A continuacion, el capitulo explora el origen de estos gaugeos en
dimensiones superiores, abarcando compactificaciones en variedades de grupo, reducciones del
sector bulk de las teorias de tipo II, y la apariciéon de tadpoles y mecanismos de Green—Schwarz.
Todo ello sienta las bases para el posterior analisis de las compactificaciones con flujos y su
relaciéon con la supergravedad gaugeada.

Llegados a este punto, se presentan las contribuciones originales en los capitulos quinto y
sexto. El quinto capitulo esta basado en [57] y trata sobre la holografia de precision. En él se
estudian intersecciones de branas D3-D5-D7 y la forma general de las soluciones dentro de esta
clase. Tras argumentar la ausencia de geometrias AdS; de tipo horizonte cercano en este sis-
tema, se discute brevemente la interpretacion de estas soluciones como perfiles supersimétricos
dependientes de la posicion para el acoplamiento de Yang-Mills sobre las branas D3, debidos
a la presencia de branas de defecto D5-D7. A continuacion, se analizan las intersecciones D3~
D3-D7, donde se muestra como, al tomar el limite near-horizon, aparece una geometria de tipo
AdSs x S3 x T? envuelta sobre una superficie de Riemann Y. Finalmente, se considera una
configuracion més elaborada que preserva la misma simetria del espacio-tiempo y la misma
cantidad de supersimetria que los casos anteriores, en la que intervienen dos D5 y dos NS5
colocadas en disposiciones distintas, junto con branas D7. En este caso, las soluciones son de
tipo AdS; x S? envueltas sobre T3 x .

En el capitulo sexto, basado en [58], se amplia el anéalisis de las supergravedades gaugeadas
en seis dimensiones al incluir contribuciones de cuerda abierta. Se estudian en detalle las
reducciones orientifold de la teoria de cuerdas tipo IIB en presencia de sistemas O5/D5, O7/D7
y 09/D9. La novedad de este anélisis reside en la incorporaciéon de moduli dinédmicos de
posicién de brana y grupos gauge no abelianos con flujos asociados de Yang-Mills. Aunque
estos ingredientes son técnicamente complejos desde un enfoque top-down, pueden acomodarse
de manera natural en la clasificacion bottom-up de supergravedades gaugeadas mediante la
introducciéon de multipletes vectoriales adicionales. Un resultado clave de este trabajo es la
demostracion de que el potencial escalar obtenido de la accion efectiva de reducciones orientifold
de tipo IIB, incluyendo contribuciones de cuerdas abiertas, coincide de manera precisa con el
potencial escalar derivado de la supergravedad gaugeada con N' = (1,1) y el numero adecuado
de multipletes vectoriales. Esta correspondencia altamente no trivial confirma la consistencia
del enfoque y proporciona una realizacion concreta del principio de universalidad de cuerdas
en seis dimensiones. Ademas, el analisis revela modificaciones de los “field strengths” del “bulk”
originadas por los campos vectoriales de cuerda abierta, analogas al mecanismo de Green-
Schwarz en la heterdtica. Estas modificaciones, interpretadas como versiones U-duales de los
términos de Green-Schwarz.

La tesis enfatiza que tales efectos van mas all4 de un mero ejercicio matematico. Senalan la
necesidad fisica de incluir correcciones en o’ en cualquier descripcion realista de compactifica-
ciones con flujos y cuerdas abiertas. Aunque la consistencia de la coincidencia de los potenciales
escalares se establece a o finito, la cuestion méas amplia de la fiabilidad fisica permanece abierta
y constituye una linea de investigacion futura. Sin embargo, los resultados logrados representan
ya un paso importante en la construcciéon de un puente entre compactificaciones explicitas en
teoria de cuerdas y descripciones efectivas en supergravedad.

En conjunto, las dos lineas de investigacion desarrolladas en esta tesis subrayan el papel



central de las D-branas en la teoria de cuerdas. En el lado holografico, las construcciones con
branas proporcionan el origen microscopico de los vacios AdS y sus teorfas conformes duales,
permitiendo pruebas de precisién de la correspondencia AdS/CFT y sus generalizaciones a
CFTs con defectos. En el lado de la compactificacion, las D-branas introducen excitaciones
de cuerda abierta y flujos que amplian el paisaje de teorias efectivas en dimensiones inferiores,
enriqueciendo el espectro de vacios y conectando los escenarios de la teoria de cuerdas con las
clasificaciones de supergravedades gaugeadas. Ambos aspectos convergen en la idea de que
las D-branas son ingredientes fundamentales de la teoria de cuerdas, configurando tanto sus
dualidades holograficas como sus escenarios de compactificacion.

Las conclusiones de la tesis resumen los logros principales en el capitulo séptimo. En primer
lugar, se identifican nuevas configuraciones de intersecciéon de branas en teoria de cuerdas
tipo IIB que generan geometrias AdS3 en sus limites de horizonte cercano, proporcionando asi
realizaciones explicitas en branas de ciertas teorias conformes. En segundo lugar, se establece un
diccionario sistematico entre reducciones orientifold de tipo IIB y supergravedades gaugeadas en
seis dimensiones, incorporando no solo efectos de cuerda cerrada sino también de cuerda abierta.
La coincidencia exacta de los potenciales escalares en ambas descripciones demuestra la solidez
del enfoque. Estos logros no sélo profundizan nuestra comprension de la estructura de los vacios
en teoria de cuerdas, sino que también abren direcciones prometedoras para investigaciones
futuras, particularmente en lo que respecta al papel de las correcciones en o y la viabilidad
fisica de las compactificaciones con flujos inducidos por cuerdas abiertas.

En resumen, la tesis contribuye al esfuerzo mas amplio de comprender el paisaje de la
teoria de cuerdas al abordar dos problemas complementarios: la holografia de precision y las
compactificaciones con flujos de cuerdas abiertas. A través de construcciones explicitas de
branas y analisis detallados de teorias efectivas, aclara cémo las D-branas configuran tanto los
aspectos hologréficos como los de compactificacion de la teoria de cuerdas. Los resultados aqui
presentados refuerzan asi el estatus de las D-branas como bloques constructivos indispensables
de la teoria de cuerdas y ponen de relieve su papel como hilo conductor entre holografia y

compactificacion.
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Chapter ]_ -

Introduction

The twentieth century culminated in a remarkably precise understanding of the fundamen-
tal forces of Nature. The Standard Model of particle physics [I], validated by experiments at
the LHC and other accelerators, describes the electromagnetic, weak, and strong interactions
with stunning accuracy. Simultaneously, Einstein’s General Theory of Relativity has passed
every experimental test, from the precession of Mercury’s orbit to the recent direct detection
of gravitational waves by observatories like LIGO and Virgo [2]. These waves, ripples in the
fabric of spacetime caused by cataclysmic events such as merging black holes, provide a spec-
tacular confirmation of the classical dynamics of gravity. Yet, this very success highlights a
profound theoretical schism: while the Standard Model is a quantum field theory, General Rel-
ativity remains a stubbornly classical description of gravity. The search for a unified framework
that consistently describes all fundamental interactions, including gravity, within a quantum-
mechanical setting stands as the paramount challenge in theoretical physics.

This challenge is not merely philosophical; it becomes pressing in extreme environments
where strong gravity and quantum effects are inseparable, such as the singularities inside black
holes or the first moments after the Big Bang. String theory has emerged as a leading candidate
for such a unification. Its core premise is that the fundamental constituents of reality are not
point-like particles but tiny, vibrating one-dimensional strings. This simple shift in perspective
has profound consequences, one of which is the necessity of extra spatial dimensions for the
mathematical consistency of the theory. The specific configuration and dynamics of these extra
dimensions determine the effective laws of physic —the particle content, coupling constants,
and the nature of spacetime itself- in our observable four-dimensional universe. Therefore, a
central task in string theory is to classify and understand the stable, low-energy configurations,
or vacua, that arise from the compactification of these extra dimensions.

The journey from ten-dimensional string theory to a four-dimensional universe involves
the process of compactification. Early models used static, Ricci-flat internal spaces, but these
typically led to theories with massless scalar fields, or moduli, whose values were not fixed. This
is phenomenologically problematic, as moduli would mediate unobserved long-range forces. The
mechanism of flux compactifications resolves this by turning on background “fluxes” (generalized
magnetic fields). These fluxes warp the geometry and generate a potential that can stabilize
the moduli, lifting the degeneracy and selecting specific vacua. This mechanism unlocks a
rich landscape of possibilities, where the interplay between fluxes and geometry can produce
four-dimensional spacetimes with different cosmological constants, each with distinct physical
implications.

In this thesis we will address two central problems within the framework of string theory,
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both of which rely critically on the physics of D-branes. On the one hand, we will explore
aspects of precision holography, aiming to test and refine the AdS/CFT correspondence by
examining regimes where quantitative control can be achieved. On the other hand, we will
investigate flux compactifications in the presence of Dp-branes and orientifold Op-planes. In
this context, the inclusion of D-branes naturally introduces open-string degrees of freedom and
their associated fluxes, thereby enriching the structure of the scalar potential and leading to a
broader landscape of possible vacua. Together, these two lines of inquiry highlight the pivotal
role of D-branes both in holography and in the dynamics of flux compactifications.

Precision Holography. Flux compactifications aim at studying the physical properties of
all string theory backgrounds featuring lower-dimensional maximally symmetric geometries.
Depending on whether the spacetime curvature is zero, positive, or negative, the corresponding
backgrounds represent important playgrounds for string phenomenology. In particular, dS
vacua may be used in order to produce toy models for late-time cosmology, while Mkw vacua
provide effective models of gravity coupled to (non-)supersymmetric field theories and hence
can be very valuable in order to study mechanisms like SUSY breaking. On the other hand,
AdS vacua acquired great relevance ever since the very birth of the AdS/CFT correspondence.

Focusing on AdS in particular, an enormous technological progress has been made over the
last two decades in the search for vacua preserving some residual supersymmetry. The crucial
tool that has been widely employed in this context is the so-called pure spinor formalism [3] 4], [5].
It is based on the crucial interplay between background fluxes and geometry whenever SUSY
is at least partially preserved in the desired vacuum. This has already allowed us to map
out large portions of the string landscape of supersymmetric AdS vacua in various dimensions,
revealing interesting structures and providing us with many successful holographic checks, which
eventually taught us many things about the AdS/CFT correspondence.

However, an important missing piece in order to go beyond testing holography and put it
on more solid grounds is the existence of a brane construction for a given AdS vacuum. The
reason for this is that one may appeal to the aforementioned brane construction in order to
constructively map the two sides of the correspondence into each other. This is precisely what
was successfully carried out in the original work of [6] stating the correspondence between type
IIB on AdSs x S® and N/ = 4 SYM,. It may be worth mentioning that, besides a few other
examples, the vast majority of known SUSY AdS vacua do not yet admit a known brane picture.
The main reason for this is that, the lower the amount of preserved SUSY, the more challenging
it gets to find one.

Another advantage of possessing the brane description of a given vacuum is that it gives
us the opportunity to study holography even beyond AdS space and hence beyond conformal
theories. The first example of this is the so-called DW/QFT correspondence, which was pro-
posed in [7]. This correspondence relates an asymptotically AdS domain wall (DW) to the RG
flow of a QFT admitting a conformal fixed point. A crucially different physical situation of this
type is that of having an asymptotically AdS curved DW (e.g. with lower-dimensional AdS
slices). Such geometries were proposed in [8, 9] to provide a holographic description of defect
CFTs (see also [10]). This was originally illustrated in the context of Janus solutions describing
a conformal interface within N/ =4 SYM engineered by means of a position-dependent profile



for the gauge coupling. On the other hand, a hint towards explaining conformal defects from
branes had already been given in |11, 12], where it was shown how lower-dimensional AdS
interfaces occur in the probe limit when placing defect branes within the background of some
mother branes admitting a higher-dimensional AdS geometry in the near-horizon limit. A more
explicit relation between these two descriptions of conformal defects was further shown in, e.g.
[13, 14, 15], 16l 17, [18], though in the different context of 5d and 6d SCFTs.

A stack of D3 branes has (non-Abelian) N/ = 4 SYM, as a worldvolume field theory de-
scription. This theory enjoys conformal symmetry and maximal rigid supersymmetry. On the
supergravity side, an AdSs x S® geometry emerges when taking the near-horizon limit of the
D3 brane metric. By placing additional orthogonal branes on a stack of D3 branes, (1 + 3)D
conformal symmetry is broken and one expects a lower-dimensional field theory description to
emerge [19, 20, 10, 21]. In [22, 23], partially SUSY preserving deformations of N' = 4 SYM,
with 2-dimensional spacetime dependent profiles for the couplings were studied. It was argued
that their stringy origin is the presence of defect branes in the background. Consequently, a
brane system with D3 branes containing an AdS3; when taking the near horizon limit is expected
as a holographic description of such field theories.

In this context, the aim of this thesis is to provide novel brane constructions within a
particular setup in type IIB string theory that allow for the supergravity side description of the
aforementioned SYM deformations. That is to say, we explore a set of brane intersections (i)
containing at least one D3 brane, (ii) with no isometry directions along the orthogonal directions
of the D3 brane and (iii) admitting AdS; vacua (see e.g.|24] 25| 26] for wide classifications of well-
known classes of these vacua). In particular, some of these vacua preserving N' = (4,0) SUSY
are related to (massive) ITA via a T-duality. These latter backgrounds were extensively studied
in |27, 28] 29, 30, BT, B2]. We shall rely on the technique developed in [33] for constructing
supergravity solutions describing semilocalized brane intersections, ¢.e. where the different
brane charge distributions no longer obey the harmonic superposition principle. Such a tool
was used in [34] and [35] to engineer AdS vacua with a clear underlying brane interpretation.

Open string flux compactification. Extracting consistent low energy effective descriptions
from string theory is one the main challenges of theoretical high energy physics. Typically this
procedure involves dimensional reduction and (partial) supersymmetry breaking. Depending
on the mechanism used in order to realize them, a plethora of viable lower dimensional models
arises, with varying amounts of supersymmetry in different dimensions. Low energy effective
models obtained in this way are by construction UV consistent and belong to the string land-
scape.

On the other hand, by adopting a bottom-up approach instead, one could study different
lower dimensional (supersymmetric) constructions and assess whether or not they can be con-
sistently coupled with quantum gravity in a UV regime. This is the perspective promoted
by the so-called Swampland Program [36], 37|, which aims at identifying a set of consistency
requirements that any effective theory must comply with, in order for it to admit a UV com-
pletion.

By restricting oneself to theories enjoying extended supersymmetry, the range of possi-
bilities gets drastically reduced, up to the extent that UV consistency requirements in some
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instances may be even exhaustively analyzed. This certainly applies to the case of maximal
supersymmetry, ¢.e. 32 supercharges. In 10D, the only consistent maximal supergravities are
type IIA and type IIB supergravities and they exactly coincide with the low energy limits of the
corresponding superstring theories, respectively. This may be viewed as a prime manifestation
of string universality.

Now, still within 10D one may consider theories with half-maximal supersymmetry. In such
a situation, the aforementioned universality principle was verified in [38] by showing that the
only UV consistent half-maximal theories are N' = 1 supergravities with gauge groups given
by either SO(32) or Eg x Eg. Those are indeed the only gauge symmetries that may be ever
obtained by considering the low energy limits of heterotic or type I superstring theories.

In the last few decades we have learned a number of things concerning string theories with
16 supercharges and this allowed us to address the string universality issue in dimension lower
than 10. By now we can consider it to be fully verified up to dimension 8 [39, 40, 41]. Besides,
there have been recent developments even in dimension 7 and 6, the latter both with (2,0) [42]
and (1,1) [43] supersymmetry, as well as some preliminary studies on D < 6 cases [44], 45|, 46].

Our present work is to be placed within such a context, from which it draws its main
motivations. We aim at building a bridge between top-down string theory constructions yielding
6D theories with (1,1) supersymmetry and the corresponding (gauged) supergravities, which
are classified by means of bottom-up based organizing principled!] In more concrete terms,
the stringy setup’s relevant here are compactifications of type I/heterotic strings on T?, as
well as orientifold reductions of type ITA/IIB on T*, or M theory on T®. Our interest towards
(1,1) supergravity rather than for the (2,0) one is due to the fact that none of the orientifold
projections respecting chiral extended 6D supersymmetry allows to turn on fluxes. This is,
on the other hand, consistent with the statement that (2,0) supergravities do not admit any
consistent embedding tensor deformations. Conversely in the non-chiral (1,1) case, we find a
wide range of flux compactifications.

In [52], an analysis of this sort was already presented and all the cases consistent with 6D
Lorentz symmetry and (1, 1) supersymmetry were discussed. In each single setup the dictionary
was obtained between 10D (11D) fields & fluxes on the one side, and 6D fields & deformations
on the other side. The approach used mimics that of [53, 54| designed for orientifold reductions
down to 4D. Focusing on compactifications over 4D twisted tori, a vacua scan performed with
the aid of the 6D gauged supergravity description showed the existence of a wide landscape
of Minkowski (Mkw) vacua, but no maximally symmetric backgrounds with non-vanishing
cosmological constant appeared.

In this context, the aim of this thesis is to extend the analysis carried out in [52] to include
open string effects such as dynamical brane position moduli and Wilson lines wrapped in
internal space, as well as non-Abelian brane gauge groups and non-trivial associated Yang-
Mills (YM) flux. While these ingredients are difficult to take into account from a top-down
perspective, we show that these are straightforwardly handled from a bottom-up viewpoint,
just at the price of including extra vector multiplets within the associated gauged supergravity
description. The reason for this is that Lagrangians of half-maximal gauged supergravities (see

e.g. [55] for the 4D & 5D cases) are fully determined for a given choice of embedding tensor

ISome related works in 4D exist for ' = 4 [47, 48, 49], N' = 2 [50], and more recently, [51].
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[56], simply out of imposing consistency and supersymmetry.

At a technical level, the work done in Chapter [0 proves the equivalence between the effective
scalar potential obtained from type IIB orientifold reductions and that of a suitable gauged
supergravity, with the appropriate amount of vector multiplets accounting for both closed and
open string excitations. The highly non-trivial result is a full matching between the scalar
potential obtained from gauged supergravity and the one arising from reduction of the bulk
action plus the contributions coming from the effective actions of the spacetime filling sources.
This matching works even in presence of open string effects such as non-Abelian brane gauge
groups and non-vanishing YM internal flux. It is worth remarking that such competing effects
between closed and open string sectors in some sense require working at finite o/. It still
remains to be understood whether this set of o effects is also physically reliable, besides being

mathematically consistent.

Structure of the thesis. This manuscript is organized as follows.

Chapter [2| provides a general overview of fundamental aspects of string theory that are
relevant for the rest of the thesis. It begins with the formulation of the non-linear o-model,
which describes the propagation of strings in curved backgrounds, and discusses the emergence
of effective low-energy actions through the vanishing of S-functions. These conditions natu-
rally lead to supergravity theories as the low-energy limit of string theory. The chapter also
reviews string dualities, focusing on T-duality and S-duality, which play a central role in con-
necting different regimes of the theory and unifying seemingly distinct descriptions of string
backgrounds.

Chapter |3| turns to the study of charged objects in string theory, most notably D-branes
and orientifold planes, which are indispensable ingredients in modern developments of the field.
The effective actions describing D-branes and O-planes are introduced, and their interplay in
Op/Dp systems is discussed. The chapter then presents the corresponding supergravity solu-
tions, including those of Dp-branes, the fundamental string, and the NS5-brane, which serve as
classical backgrounds sourced by these objects. Building on this, the AdS/CFT correspondence
is introduced, highlighting the role of branes in holography. Finally, the chapter concludes with
a discussion of supersymmetry projectors in type IIB theory, which provide a systematic way
to characterize the preserved supersymmetry of different brane configurations.

Chapter [ is devoted to the study of gaugings in supergravity and their higher-dimensional
origin. After reviewing the structure of ungauged supergravity theories, with particular atten-
tion to their scalar manifolds in lower dimensions, the embedding tensor formalism is introduced
as a powerful tool to describe gauged supergravities. The role of fermion shifts and their re-
lation to vacuum solutions is explained, followed by a detailed analysis of the resulting scalar
potentials, including the simplifications obtained at the origin of the scalar manifold. The chap-
ter then explores the higher-dimensional origin of these gaugings, covering compactifications
on group manifolds, bulk reductions of type II theories, and the appearance of tadpoles and
Green—Schwarz mechanisms. This sets the stage for the later analysis of flux compactifications
and their relation to gauged supergravity.

Chapter [5| is based on [57]. We discuss D3 — D5 — D7 brane intersections and the form of
general solutions in this class. After arguing for the absence of AdS3 near-horizon geometries in
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this setup, we briefly discuss the interpretation of these solutions as supersymmetric position-
dependent profiles for the YM coupling on the D3 branes due to the presence of D5 — D7 defect
branes. Next, we move to D3 — D3 — D7 intersections, where we show how an AdS; x S® x
T? geometry with warping over a Riemann surface ¥ is obtained by taking the near-horizon
limit. Furthermore, we consider a more involved setup, though preserving the same spacetime
symmetry as well as the same amount of supersymmetry as the previous cases. The objects
intersecting the original stack of D3 branes this time are two differently placed D5s and NSbs,
as well as D7 branes. This way, the resulting AdS; solutions feature a warping over T3 x X.

Chapter @ is based on [58]. We firstly review some salient features of Op/Dp systems, the
associated light dof’s, possible gauge groups and consistency requirements. In Sec. we spell
out the embedding tensor formulation of 6D N = (1,1) gauged supergravities coupled to an
arbitrary number of vector multiplets. Then, we analyze the case of IIB reductions including
spacetime filling O5/D5 sources and work out the dictionary between the 6D supergravity side
and the type IIB side. A parallel analysis is then carried out for O7/D7 sources and later for
09/D9, i.e. type I reductions. One of the key results of the paper is the discovery of bulk
field strength modifications sourced by the open string vector fields, just like in the heterotic
case, where this was due to the Green-Schwarz (GS) mechanism [59]. Indeed, the modifications
derived here could be heuristically understood as U-dual versions of GS terms.

Finally, in Chapter [7| we present our conclusions.



Chapter 2 -

Aspects of String Theory

In this chapter we will review some key aspects of string theory based on [60} 61, [62], (63, [64]
65]. It is structured around three main ideas. First, the non-linear sigma model is introduced
through the Polyakov action, which describes string propagation in curved backgrounds and
leads, via conformal gauge fixing and boundary conditions, to the equations of motion and
the definition of D-branes. Second, by requiring conformal invariance of the action describing
a string propagating in a NS-NS background, the vanishing of beta functions imposes some
conditions on the background fields, which can be derived from a low-energy effective action.
This provides a link between the worldsheet theory and the background dynamics. In this limit,
the five consistent superstring theories give rise to five different ten-dimensional supergravity
theories. Finally, we review T-duality and S-duality, which not only relate different regimes but
also provide insight into how the five superstring theories may be connected within a unified
framework.

2.1 The non-linear o-model

The relativistic string action can be understood as the extension of the action from rela-
tivistic point particles to one-dimensional extended objects. For a point particle, the action
is proportional to the proper length of its worldline, which minimizes the path in spacetime.
In analogy, the string action is proportional to the proper area of its worldsheet, the two-
dimensional surface swept by the string’s motion through a D-dimensional space endowed with
a metricﬂ gmn- This action was proposed by Yoichiro Nambu [66] and Tetsuo Goto [67], and

it is called Nambu-Goto action:

SnalzM(€)] = T /E 26/ et [ X MOy XV g (X)) . (2.1)

where the integral runs over the worldsheet manifold ¥. The coordinates on Y are ¥ =
(1,0), with M = 0,1; here, 7 is a time evolution parameter, similar to proper time, while o
parameterizes positions along the string at fixed 7, often taken in the range [0, 7] or [0, 27]
for closed strings. The fields X (¢), with M = 0,..., D — 1, are the embedding coordinates
that map points on the worldsheet to points in the target spacetime. The negative sign under
the square root ensures the expression accounts for the Lorentzian signature, yielding a real

value for timelike worldsheets. The constant T' represents the string tension, with natural units

IThroughout all this work we will adopt the mostly-plus convention, which corresponds to a metric with
signature (D — 1,1), where D denotes the dimension of the space-time manifold.
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of mass squared. In these units, length is measured as the inverse of mass, allowing T to be
interpreted as the mass per unit length of the string. This string tension is related to the Regge

slope o’ by the expression:
1
T=—— 2.2
2’ (22)
and o/ also fixes the fundamental scales of string theory: the string mass, my, and the funda-

mental length scale, ¢, of the theory.

S (2.3)

Mg

Quantizing the Nambu-Goto action is challenging due to its highly non-linear nature, even
in a simple background as Minkowski spacetime, where gyn = nan, where nan is the diagonal
matrix (—1,+1,...,+1). However, there exists an alternative action that depends quadratically
on the derivatives of the worldsheet fields X (¢) and leads to the same classical equations of
motion, but to construct this action one needs to introduce an auxiliary worldsheet metric hy;py.
This is the Polyakov action [68]:

SPIXM(E), harw(€)] = /E eI N 94 XMy XN g (X) | (2.4)

where h is the determinant of h,,y. This action is a non-linear o-model, and its variation is

given by:
6Sp =T /E 2/ —h 6 XM g [VQXN + WMV XM Oy XN TN v (g)}
T 1 N7
— E/ d2§v —h (WLMNgMN {8MXM8NXN - éhMNhM N 8M/XM8N,XN}
b

-T / dEMEX M XN g, (2.5)
()3

where d¥X™ is the boundary measure element, capturing both the infinitesimal boundary length
and the outward normal in the M-th direction. Since no kinetic term for the worldsheet metric
appears in the action, the variation of the action with respect to the metric imposes that the
energy-momentum tensor must vanish. This is known as the Virasoro constraint, and the

stress-energy tensor is

2 1 68 1 A
Tuy = = —— = Iy XMy XV — han RN 9y X MO XN . 2.6
MN T /—F, ShMN M NA GMN o/PMN M N IMN (2.6)
This constraint is used to eliminate h,;n from the Polyakov action by substituting:

2
hyn = WQMNa (2.7)

where the induced metric gy/n is defined as gy ny = aMXMaNXNgMN. Notice that the pro-
portionality factor g™ = gararh™N' remains undetermined because the energy-momentum

tensor is traceless off-shell. Moreover, the Polyakov action admits Weyl symmetry, meaning

8
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the worldsheet metric can be locally rescaled:

hMN — 92(5) hMN s (28)

where Q(¢) is an arbitrary, non-vanishing smooth function on the worldsheet.

In two dimensions, one can use reparametrizations together with Weyl symmetry to set

hynv = nan- This is the so-called conformal gauge.

T

Sp=3 / PEMN G XM XN grun. (2.9)
b

The equations of motion follow by performing the variation of the Polyakov action (in conformal

gauge) from 7; to 7y:

Ty oo
5p = =1 [ dr [ do (XM 0000 X g+ O (15X XN gp0r)] . (210
Ty 0

Although it is not necessary, it is a sufficient condition requiring that each term vanishes to
ensure that the overall variation 6Sp is zero. If the first term vanishes, this gives us the
two-dimensional wave equation:

oM XM = 0. (2.11)

Any solution of the two-dimensional wave equation can be written as the sum of independent
left and right-moving modes, X{(6) and X (o™) respectively:

XM(r,0) = XM(o_) + XM (o), (2.12)

where
om=T1+o0, o-=T—o0. (2.13)

To determine these functions, boundary conditions must be applied at the endpoints of the
string. The second term in (2.10)) is a boundary term, that can rewritten as

™ Tf T o0
—U daXMaTéXM} +V dT&XMﬁgXM} :[

0 Ti Ti 0

Tf g0
/ dréXMa(,XM} , (2.14)

0

i

where the first term in the left hand side vanishes because the endpoints are fixed at t; and
ty. We want the remaining term to vanish, to satisfy that we can distinguish two topologically
distinct cases, open strings and closed strings.

In the closed string case, the string forms a loop without endpoints and we adopt the
convention that the integration limit oy = 27. Since the string is closed, it must satisfy the
following periodic conditions:

XM(7,0) = XM(1,21),  9,XM(7,0) = 9, XM(7,2m). (2.15)

These conditions ensure that the boundary term vanishes, and therefore implies that §Sp = 0
on-shell.
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Dp-brane

-

Figure 2.1: Open strings attached to a Dp-brane. Dirichlet boundary conditions fix the endpoints
of the string onto the brane.

On the other hand, for the open string case, we adopt the convention oy = w. We will
impose the following condition at ¢ = 0 and o = 7

XM, X0 = 0. (2.16)

Therefore 9, X = 0 or 6X™ = 0 at those points. The behavior of open strings, especially at
their endpoints, is determined by boundary conditions. These conditions can be classified into
two types: Neumann and Dirichlet boundary conditions.

The Neumann (N) boundary condition imposes that the variation of the string’s position

along the direction normal to the endpoints of the string vanishes:
0, X1 =0, (2.17)

at 0 =0 and 0 = 7. So, as XM is free, the endpoints can move with no restrictions.
On the other hand, the Dirichlet (D) boundary condition fixes the string’s endpoints posi-
tion:
SXM =0, (2.18)

Let us discuss the case in more detail. The physical objects that constrain these open string
endpoints are characterized by their dimensionality. These objects are known as D-branes,
where the "D" is short for Dirichlet. A Dp-brane is defined as an object that has p spatial
dimensions. Thus, for open strings, we can rewrite the previous boundary conditions as:

0, XM =—-0_XM (Neumann condition), (2.19)
9y XM =0_XM (Dirichlet condition), (2.20)

where 0, = 0,, = 0, £ 0,.
Beyond the classical classification of open vs. closed and oriented vs. unoriented -which
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fixes the admissible worldsheet topologies- it is precisely the boundary conditions and orien-
tation that, after quantization, determine the physical content of the theory. The procedures
of quantization (canonical or path-integral/BRST), the modal expansion of the string, the Vi-
rasoro constraints and the various projection conditions (for example, GSO projections and
Chan-Paton factors) convert classical oscillation modes into quantum excitations and thereby
select the spectrum of states. Heuristically, different choices yield different spectra (open ori-
ented sectors can produce gauge vector states; closed oriented sectors include the graviton,
dilaton and antisymmetric tensor; certain formulations admit tachyonic modes that signal in-
stabilities), and consistency requirements such as anomaly cancellation and critical dimension

further restrict which spectra are physically acceptable.
Although these quantization and spectrum issues are important background for understand-

ing the implications of the geometric distinctions just described, they will not be developed
further in this thesis.

2.2 Low-energy limit string effective actions

Starting from the Polyakov action, we can include additional background fields such as the
Kalb-Ramond 2-form B, and the dilaton ®. The action describing a string propagating in
a background with the massless fields gy (X), Ba (X), and ®(X) is given by [62]:

1
4o

g —

/ Ao vV=h (BN 9y XMONXN gpun (X) + Ny XMOn XN B (X)

+ dRpy®(X)), (2.21)

where R ;) denotes the Ricci scalar associated with the worldsheet induced metric h.

2.2.1. Beta functions

In quantum field theory, the dependence of the coupling constants of a theory with respect
to the energy scale is governed by the so-called g-function. Therefore, a vanishing S-function
indicates scale-invariant behavior, meaning that the theory remains unchanged for everyenergy
scale.

In order to understand whether conformal invariance is preserved at a quantum level, one
considers the trace of the stress-energy tensor, 7™ ;. This trace may receive contributions from

three different types fields, each giving rise to a corresponding beta function [69, 62].
M L g o un M N I 5 _mun M N 1oe

where %,\, %, and 8% are the beta functions associated with the metric gay, the anti-
symmetric tensor By, and the dilaton @, respectively.

Although we will not enter into the calculations of the one-loop beta functions here, the
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results can be summarized as follows |70, 69, 62

1 / !’
ﬁ}q\/{/\/’ =—a <RMN + 2V VP — ZHMM’N’HNMN) + 0(05/2), (223)
]. / !/
Bf/(/\/ =a (—ivM HM’MN + VM P HM’M./\/) + O(Oélz), (224)
D — 26 1 1 /
pe = 5 + o (VM(I) VMo — §V2CI> — ﬁHMNM/HMNM ) + 0O, (2.25)

where the field strenght H in components is

HM./\/'P 538[/\/13_/\[73}. (2.26)

Conformal invariance holds when these beta functions vanish, i.e.,

B = B = B = 0. (2.27)

The conditions 3%y = 8% = 3% = 0 can be interpreted as the equations of motion governing
the background fields in which the string propagates. We therefore turn our attention to the
low-energy description that derives these relations from an action principle. This effective
action is given (up to o) by |70l 69, 62]

1 1

S=—— /d% —ge [R+4VM<I>VMCI> — —|Ha | —

(2.28)
22, 12

where ]H(g)\Q = HynpHMNP | g is the determinant of the target spacetime metric gun, R
is the Ricci scalar, and V is the covariant derivative associated with gyn. In D spacetime
dimensions, the gravitational coupling parameter xp takes the form
D—2

2 Y

1
kp = ——¢s(27ly) (2.29)

Var

with g, = limx_,, ®(X). This constant xp is related to the D-dimensional Newton constant
Gp as follows:

K7, =87 Gp. (2.30)

Note that the metric in the action ([2.28)) is the same as the one appearing in the non-linear
o model. For this reason, it is known as the string-frame metric. We can also perform the
conformal rescaling:

49

IMN = ED2 g (2.31)

By rescaling the metric this way, the dilaton no longer multiplies the Ricci scalar, yielding a
standard Einstein-Hilbert term. That is why g%, is called Einstein-frame metric.
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Closed only
Non-chiral

‘ N =2 SUSY

N =1SUSY N =2 SUSY
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Gauge SO(32) . Chiral
Superstring
theories
Heterotic Heterotic
SO(32) Es x Eg
N =1SUSY N =1SUSY
Closed only Closed only

Gauge SO(32) Gauge Eg x Eg

Figure 2.2: The five consistent superstring theories in 10D.

2.2.2. Supergravities

Bosonic string theory predicts the existence of tachyons, which are states associated with a
negative mass squared, implying an instability in the vacuum [71]. Additionally, as the bosonic
model does not incorporate fermionic fields, it is unable to describe particles like quarks and
leptons that are fermionic degrees of freedom. For these reasons, bosonic string theory alone
cannot serve as a fully realistic framework for Nature.

Fermionic degrees of freedom can be added through the introduction of supersymmetry,
which not only extends the bosonic framework but also eliminates the presence of tachyons,
leading to what is known as superstring theory. The requirement of anomaly cancellation and
consistency conditions in ten dimensions leads to exactly five consistent superstring theories:
type I, type IIA, type IIB, and two heterotic string theories based on the gauge groups SO(32)
and Fg x Eg [59,[72],[73]. These theories differ in several key aspects: the type of supersymmetry
they realize (type I and heterotic strings have N/ = 1 supersymmetry, while type II theories
have N’ = 2), the nature of the strings involved (open and closed in type I, only closed in the
rest), and the structure of their gauge symmetries (present only in type I and heterotic strings).
Moreover, type ITA and type IIB differ in the chirality of their fermionic sectors: type IIA is
non-chiral, while type IIB is chiral. These characteristics are summarized in Figure 2.2

Each of these theories includes the fields gy, ®, and, in all cases except type I, the
antisymmetric two-form By, and therefore are known as the common sector. In addition,
each theory contains a distinct set of Ramond-Ramond (RR) or gauge fields that distinguish
their low-energy spectra.
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CHAPTER 2. ASPECTS OF STRING THEORY

For each theory, the low-energy effective actionf| that governs the dynamics of these fields
in D = 10 dimensional spacetime decomposes as:

S = Sbos + Sfermi ) (232)

where Si,m; accounts for the interactions of the spacetime fermions, which we will not describe
here. However, we will briefly outline the low-energy bosonic action Sys for each of the five
supergravity theories [74), [65], [75].

e Type IIA: The additional bosonic fields in type IIA include a 1-form C(;) and a 3-form
C3y. The dynamics of these fields are governed by the Ramond-Ramond sector of the
action, which is written as

1 _ |Hs) |? 1(|Fol | |[Ful
Shos = =5 | [ d"xy/— AR+ 40pPOMO — 22 ) — =
bos = 9R2, [/ v g(e T a0Mm 2.3l s\ 2 T

1
— 5 /dC(g) VAN dC(g) VAN B(g) , (2.33)
where the field strengths are given by:
Flg) = dCyy, (2.34)
F(4) = dC(g) — H(g) A C(l), (2.35)

where d denotes the exterior derivative. Note that the last term in the action is indepen-
dent of the metric, and therefore is a topological term, that is known as the Chern-Simons
term.

It is possible to introduce a deformation by a mass parameter m into type IIA su-
pergravity, which is called the Romans mass. This theory is known as massive type ITA
supergravity. To incorporate the mass parameter, the definitions of the field strengths
are modified as follows:

Fay = dCu) +mB, (2.36)
m
Flay =dC) — Hiy AN Cay + 53(2) A By, (2.37)

and the bosonic action is

1 - [He ) 1 [Foy* | |[Fll®
Shos = —5— | [ d*zy/— 2 (R +40POMP — 2 ) — = (m?
Pos T k2, [/ e (6 oM 23 >\ T A1
1 m m?
— 5/ (dC(g) N dC(g) A By + gdC(g) A\ B?z) + 2—03(52)> , (2.38)
where B

(2) 18 the wedge product of n By forms.

2Each of these low-energy effective actions corresponds to a supergravity theory that shares its name with
the associated superstring theory. The concept of supergravity will be reviewed in Chapter
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Democratic formulation

Massive type IIA supergravity [76] admits a democratic formulation [77]. The bosonic
sector thereof contains the usual NS-NS fields {g, B(2), ®}, whereas the R-R degrees of

freedom are doubled {C5,11}p—0,1234. The following pseudoaction can be used to obtain

2) . (2:39)

It is worth mentioning that this expression is called a pseudoaction because it must be

the equations of motion in the boson part:

|Hs)|?

1 10 —29 M H(3) 1 |F
Sbos:ﬁ%0 A% =g [ e R + 40P OM® — 54l —420
p:

(2p |
(2p)!

supplemented by the following duality relations:
Foy=*Faoy . Foy=—*Fs), I =*Fe) - (2.40)

This way, the original number of degrees of freedom in the R-R sector is restored.

The field strengths appearing in the pseudoaction (2.39) are given by
His =dBp), F=dC+me"® — Hg AC, (2.41)

where

F - Z F(Qn)y C - Z C(Qn—l)- (242)

Making the formal sums in (2.41)) explicit, we can write the field strengths of the R-R
fields as

F(o) =m (243)
Fg) = dCu) + Fo) By,
BQ)
Fluy = dCz — Hizy AN Cy + Floy— T
B3
F(6)2d0(5)— /\C +F0) 3(|),
B4
F(g):dC(7)— 3)/\C(5 +F (0) 4(|),

B
Faoy = dCo) — Hz) A Oy + Foy—

In particular, Roman’s mass contribution is encoded in ({2.43)), with constant m.

Because of their definitions, the field strengths naturally satisfy the modified Bianchi
identities

dH(g):O , dF =0 dF(2)+H(3)/\F(O):O ,
dF(4)+H()/\F =0 , dF(6)+H(3)/\F(4):0 ,
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CHAPTER 2. ASPECTS OF STRING THEORY

dF(8)+H(3)/\F(6) =0 , dF0) =0

Moreover, (2.40) maps the modified Bianchi identities to the equations of motion for the
form fields in the NS-NS and the R-R sector:

d*F(IO) =0 , d*F(g)—l-H(g)/\*F(lo) =0 ,
d*F(6)+H(3)A*F(8):O , d*F(4)—|—H(3)/\*F(6):0 ,
d*F(2)+H(3)/\*F(4)=O , d*F(O):O ,

4
. 1
d(e™ * Hi) = 5 Flo A *Flape) =0

p=0

The R-R sector can therefore be written as
d* F(Qp) + H(g) A\ *F(2p+2) =0. (244)

The equations of motions for the dilaton, instead, read

1
Vu VMO — vV, dVMO + TR ﬁ|H(3)|2 =0 , (2.45)
whereas those for the metric are
-2 1 MN! Lo o 1 2
0=e*"(Raw + QVMVN(I)_ZHMM’N’HN ) — E(F(2))MN - 2_—3!<F(4))MN+
1 1 1
+19MN(\F<0)|2+g\F(2)|2+@|F(4>|2) : (2.46)

e Type IIB: The additional bosonic fields include a scalar C(q), a 2-form Cy), and a 4-form
Ca). The action is expressed as

1

Shos = 2

2K7

H 2
[ / %z =g <e—2<1> (R+48M<I> oMP — —|2 (3;)" )

1 [Fiyl?  [Fis)l 1
_5 (|P’(1)’2 - :())') - (5') - 5 / 0(4) VAN H(g) AN dC(g) s (247)
where the field strength are
Fig) = dCa) — Cio)H), (2.49)
1 1
F(S) = dC(4) — 50(2) A H(g) + 53(2) AN dC(g). (2_50)

An additional condition in type IIB theory, which is not directly derivable from a La-
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2.2. LOW-ENERGY LIMIT STRING EFFECTIVE ACTIONS

grangian, requires this field to be self-dual:

F(5) = *F(5). (251)

Democratic formulation

We can rewrite type IIB supergravity in its democratic formulation [77] is described in
terms of the common NS-NS sector {g, B(2), ®} coupled to even form fields {Cop) } p—0,1,2,3.4-
ﬂ The (bosonic) dynamics of the theory can be derived from the following pseudoaction:

Spos = —— [ d0xy=g [ 2 (R +40 c1>aM<I>—|H(‘°’)|2 —1iw (2.52)
bos = g M 2. 3] 42« 2pr |

2/{%0 =0
As in the previous case of the type IIA, this expression is called a pseudoaction because
it must be supplemented by the following duality relations

|

! ! !
Foy=xFay, Fao=—xFg, Is=x*) . (2.53)

that yield the correct number of propagating degrees of freedom and hence allow for an
on-shell realization of supersymmetry.

The field strengths read

Fay = dC) , Figy = dCo) — H) A C)
Fi5) = dCuy — Hizy AN Cay Fzy= dC) — Hi) N Clay
Floy = dCs) — Hizy A Ce) Hy = dB) ,

which are designed to automatically satisfy the following (modified) Bianchi identities

dH(g): 0, dF(l):O, dF(g)—H(g)/\F(l):O ,
dF(5)—H(3)/\F(3) =0, dF(7)—H(3)/\F(5) =0,
dF(g) - H(g) VAN F(7) =0. (2.54)

By varying ([2.52)), one obtains the following set of equations of motion

1 1
O¢ — (00)* + Ro5a H? =0, (2.55)

for the 10D dilaton @,
d(*F(l)) + H(3) AN (*F(g)) =0, d(*F(g)) + H(g) AN F(5) =0, (256)

1
d(xF5) = Hoy N Fy = 0, d(e*" % Hiy) + Y Ky AFpo =0, (257)
p

3See [125] for a type IIB formulation where the SL(2, R) 2-form doublet and the scalar fields are democra-
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CHAPTER 2. ASPECTS OF STRING THEORY

for the form fields, and finally the (trace reversed) Einstein equations

N | —
e
<
=

1 ! !
0=e2? (RMN + 2V VA — ZHMM/N/HNMN) —

1 1 1 1
- ﬁ<F<23))MN - M(F(QE))>MN +ImN <\F(1)|2 + g\F(3)|2) : (2.58)

e Type I This theory arises when considering Type IIB in the presence of D9/09. While
the presence of the 32 D9 branes implies the existence of a set of non-Abelian gauge
one-form potentials Afl), transforming in the vector representation of the SO(32) gauge
group, the RR two-form potential C(,) survives the projection of the O9. At low energies,
the effective ten-dimensional action can be written as

_ 1 0. — [ Me Fl’) e T(IFeP)
Sbos - QK%O/d T\ —g (6 R+48M(I)a 0] 9.3 e 722' s (259)

where Tr, is the gauge trace in the vector representation, and the field strengths are
defined as

Foy = d.A(l) + iA(l) A .A(l) and F(g) = dC) — —w), (2.60)

where w3y is the Chern-Simons 3-form given by:
2i
wa) = Aqy NdA@q) — gTrv(A(l) NAqy N Awy), (2.61)

with Ay = A{l)tl, where t; are the generators of the SO(32) gauge group.

e Heterotic Strings: Both variants of the heterotic theory are given by the introduction
of non-Abelian gauge one-form potentials, .Afl), in the vector representation of the gauge
group SO(32) or Eg x Eg, respectively. The action Sy in this case is:

1 1 -~ /
Sbos = 3 9 dlol' —g 672(1) (R + 48/\4@ 8’M(I> _—— H(3)’2 — %

Tr, (|F 2 2)) . (2.62)
2K3, 2.3l (2)

The term ﬁ(g) appearing in the action is defined as ﬁ(g) = dBp) — o/ (w) — w(g;jw)/él,
where w3 and F(9) are the same as in the type I, and w(g?f;" ¥ is defined as the analogous to
equation ([2.61) but involving the spin connection instead, with dw(gg)a Vv =Tr Ré), where

R(2) is the curvature 2-form.

2.3 Dualities

Dualities in string theory establish equivalences between different formulations or regimes of
the theory or between different theories. In particular, they reveal that what initially appears
as distinct descriptions of physical phenomena can be reinterpreted as different perspectives on
the same underlying framework.

In this section we will study T- and S-duality. T-duality relates string theories compactified
on circles of different radii, showing that strings perceive large and small dimensions equivalently
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Type 1IB S-duality

T-duality
Ve

Compactification S*

M-theory

Compactification S* /7
> (11D)

Heterotic
Eg X Eg

T-duality S-duality

Heterotic
SO(32)

Figure 2.3: Web of dualities.

when momentum and winding numbeif]] are exchanged. S-duality connects theories at strong
and weak coupling, allowing for a unified treatment of interactions across different energy scales.
Another relevant duality that we will not discuss here is U-duality, that can be constructed
from T- and S-duality.

Hull and Townsend [78], along with Witten [79], proposed that these theories can be viewed
as different limiting cases of a more fundamental framework in eleven dimensions, known as

M-theory. The web of dualities relating the aforementioned theories is shown in figure [80].

2.3.1. T-duality

We begin by reviewing T-duality in the context of closed bosonic strings propagating in a
spacetime with one compactified spatial dimension.
The solution of the Polyakov action in the conformal gauge is, as we saw previously in
(12.12):
XM(r,0) = XM(o_) + XM (o), (2.63)

where the Fourier expansion is

M
XM(o_) = T_ o'pMo_ +iy [ — Z e o, (2.64)
n;éO
oM
XM(oy) = 7++04p+ o4+ = Z e o, (2.65)
n;ﬁO

4The winding number is the number of times the string wraps around the circular dimension.
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As XM is real, we need o™ = (aM)* and a™ = (a)*, because in this case, for each n:
LaMemino- 1 L qMemiome- — 9 Re ( Me mo) . (2.66)
n "

The case of @™ is computed in the same way.

If the string is closed and winds around a compactified spatial direction, X?, of radius R,
then

X(r,0+27) = X(1,0) + 21 Rw, (2.67)

where w is the winding number. Therefore

X9 (1 + (0 +2m)) = X9 S(oy +2m) (2.68)
(o0 &
:7+ap+ U++27T Z _’LTLU++27(
= X9(04) + 2ma/pl. (2.69)

In an analogous way,
X (r—(o+2m)=X(0_ —27) = X% (0_) — 2ma/p”. (2.70)
Therefore, substituting in (2.67)):

2rwR = X (1,0 + 27) — X(1,0) = 21’ (pf, — p?), (2.71)

and consequently

0 o wh

N (2.72)

Furthermore, the center of mass momentum is quantized due to the Kaluza-Klein compactifi-

cation, so
) ) n
Py +pl = T (2.73)
and therefore
n  wR
P! = AR (2.74)
n  wR
Pl = TR (2.75)

The spectrum of closed string states is determined by specific constraints and the mass formula.
One of these constraints is the level matching condition, which ensures the consistency of the
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T-duality .

L4

n <— w

a/

R il
R

Figure 2.4: T-duality: a bosonic string compactified on a circle of radius R is equivalent to
one compactified on o'/ R; winding states in the former correspond to Kaluza—Klein momentum
states in the latter, and vice-versa.

string periodic boundary conditions in compact dimensions. This condition is expressed as:

N — N = nuw, (2.76)

where N and N are the excitation numbers of the left- and right-moving modes of the string,
respectively.

A closed string compactified on a circle can both wind the circle and carry quantized mo-
mentum along it, so its mass receives separate energy contributions from the winding and
the Kaluza-Klein momenta obtained above. In addition, quantum oscillations of the left- and
right-moving modes contribute through their occupation numbers N and N. Considering this,
together with the Virasoro conditions, the mass of a closed string state is given by:

= (SR (Y 2y 77
=\|— —|—<—> + —=(N+N —2). 2.
(25) + () + 3¢ ) (2.77)
The first term on the right hand side corresponds to the contribution from the winding number.
This term grows with the radius R of the compactified dimension. The second term represents
the contribution from the quatization of the momentum n, which becomes more relevant as
the radius R decreases. The third term arises from the oscillatory excitations of the string.
Substituting the level matching condition we obtain that

OZ/

M2 — (@)Q + (%)2 + %(2]\] — 2 nw). (2.78)

This formula shows the invariance of the mass spectrum when the radius of compactification
transforms as R — o//R, and the roles of n and w are exchanged, leaving the mass spectrum

unchanged, i.e., the mass spectrum is invariant under the T-duality transformation:

n=w, w=n R =d/R. (2.79)
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Buscher’s rules

Buscher [81] derived the explicit transformation rules for the closed string sector under
T-duality, which applies to backgrounds with an isometry.

Assuming the existence of a isometry along a compact coordinate 6 ~ 0+ 27 R, and that the
background fields do not depend on 6, the Buscher rules describe how the NS-NS fields transform
under T-duality along #. Writing the ten-dimensional coordinates as X = (X £ X)), where
iw=0,...,D — 2 denote the non-compact directions, the dual fields gur, By, and @ are

given by:
B 1 _ By N 9090y — BouBoy
goo = —, g@u = _N7 guu - g,w - £ K 5 (280)
Joo Joo Joe
By, — B y
BGM == gﬂa B;u/ = B;u/ - geﬂ o 9#99 y (281)
9oo Joo
~ 1
b= — 5 In goo- (282)

These relations are known as Buscher’s rules.

In addition to these rules, in the context of type IIA and type IIB there is a generalization
of Buscher’s rules that relates the R-R potentials of both theories [82, 83]. From type IIA to
type IIB we have:

0/521??#271 o Cu?nzlz) o+ 2nB “1|9|C;(122n ulz)] (283)
_on(2n - 1)B[u19|9u29|0;5§~~ulzl]9 | (2.84)
9oe )
L=~ + on )28t 5
and from type IIB to type ITA:

Comh == CED L+ 2+ DBuC,

+2n(2n + 1) D0y , (2.86)
2n)999

R i+ 2. 0

2.3.2. S-duality

The S-duality is a duality between the strong and weak coupling regimes (g5 <« gi) A
paradigmatic case of this duality appears in type IIB string theory, which exhibits an SL(2,Z)
symmetry. In the context of the low-energy limit, in type IIB supergravity, the fields ® and
Cl0), and B(yy and C() are paired under SL(2,R). The R-R scalar C(py and the dilaton ® can
be combined to define a complex scalar, known as the axio-dilaton 7, which is given by

T = C(O) —f— ie_q). (288)
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The SL(2,R) symmetry of the equations of motion acts on 7 as a Mdbius transformation:

ar +b
ct+d’

T — (2.89)

where ad — bc = 1.
On the other hand, the R-R two-form potential C() and the Kalb-Ramond two-form By
transform under the SL(2,R) symmetry as a doublet:

B(Q) d —C B(g)
- , 2.90
<0<2>> <—b a ) <C<2> (220

where a, b, ¢, and d are elements of the SL(2, R) matrix that satisfy ad — bc = 1.

Considering the specific case in which the R-R scalar C(g) vanishes, we can take a = d =0

and b = —c = 1, leading to the transformation g, = e®* — g—ls. Under this transformation, the
fields transform as follows:
P — —Q)? B(g) — C(g), C(g) — —B(g). (291)

This transformation swaps the fields B,y and C(), essentially interchanging the roles of the
fundamental string and the D1-brane in type IIB string theory. Note that fundamental strings
couple to Bz but not to C(3), while DI-branes are charged under C(y) but not under Bs).
Therefore, S-duality relates these two configurations, illustrating a duality between fundamental
strings and D1-branes under strong-weak coupling duality.

Another important example of this duality is the relationship between the Heterotic SO(32)
and type I string theories. At the level of supergravity, their equivalence becomes evident by
comparing their actions.

In the Einstein frame, the metrics of these theories are related by the dilaton field & as:

_1
g =€ 2 Gy (2.92)

where g\ and g%,y are the Einstein frame and string frame metrics.

The bosonic parts of their actions in the Einstein frame are:

1 1 e® - 1
St =55 [ da/lgP] | R” = 5(09) — | Fl* — e Tr(1Fe ) | (2.93)

k2, 2 12 4

E 1 10 e 1 TR 2
Si = = dPxy/|gF| | R® — z(09)° — —|H)|* — —e 2 Try, (| Fo)|9) | - (2.94)
2K7 2 12 4
The two actions are related by the transformations:

b — —(I), F(g) — ]:1(3). (295)

When these actions are expressed in the string frame, the metrics and fields are related by:

b — —P, F(g) — _ﬁ(g), IGMN — e_égM/\/. (296)
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Beyond the supergravity approximation, evidence for S-duality is also found in non-perturbative
effects. For example, the tensionﬂ of a D1-brane in type I string theory is

1
T, =—— 2.97
D1 9327T<ls)2 ) ( )
while the tension of a fundamental string (F1-string) in Heterotic SO(32) theory is
o L (2.98)
FL o (1,)2 '

Under S-duality, where g, <> 1/gs, these tensions are equivalent, providing further support for

the correspondence between these theories.

5The tension of a Dp-brane, which amounts to the generalization of the string tension for objects exhibiting
higher dimensional worldvolumes, will be defined in more detail in the next chapter.
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Chapter 3 -

Charged objects in string theory

Understanding the low-energy dynamics of D-branes and O-planes is important to string
theory, both for ensuring consistency and for applications to phenomenology. The effective
action of D-branes, given by the Dirac-Born-Infeld and Wess-Zumino terms, describes the in-
teraction between worldvolume gauge fields, background fields, and Ramond-Ramond charges.
Orientifold planes, defined by discrete worldsheet symmetries, are essential for building consis-
tent unoriented theories. Their presence alters the spectrum and gauge symmetries, especially
when combined with D-branes, enabling compactifications with reduced supersymmetry.

Beyond their effective worldvolume description, D-branes and O-planes also admit a dual
interpretation as classical solutions of ten-dimensional supergravity. Under this point of view,
D-branes appear as BPS solitonic objects sourcing specific R-R fluxes and inducing curved
spacetime geometries, while preserving part of the underlying supersymmetry. These super-
gravity solutions are essential for constructing flux compactifications and for realizing holo-
graphic dualities. In particular, the near-horizon geometry of D3-branes leads to the celebrated
AdS;5 x S® background, which underpins the AdS/CFT correspondence and connects type 1B
string theory to N = 4 supersymmetric Yang-Mills theory. This duality offers a profound
bridge between gravitational and gauge descriptions. In this chapter, we develop these ideas,
laying the groundwork for their applications in the next chapters. The content of this chapter
is based on [60, 611, 62} 63, 64].

3.1 D-brane effective action

As discussed in Section [2.1] D-branes are objects that impose boundary conditions on the
endpoints of open strings. If the string is charged, its endpoints couple to a worldvolume gauge
potential A with field strength F = dA. Let €M, M = 0,...,p, be the worldvolume coordinates,
with €% = 7 the time coordinate and the remaining p spanning the spatial directions of the
D-brane.

The bosonic part of a single Dp-brane action is given by the Dirac-Born-Infeld (DBI) action
[84] plus a topological contribution, that is known as Wess-Zumino (WZ) term.

Spp = Spp' + SBY, (3.1)

where the DBI action is given by:

SBEI = —Tpy / drtee® \/— det (P[Q]MN + P[B)|mun + 27TO/-7:MN), (3.2)
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F = dA and Tp, = (2n)Pa/~""D/2 s the tension of the Dp-brane. Here, Plg] and P[B]
represent the pullbacks of the metric gan and the Kalb-Ramond two-form field Bz onto the
Dp-brane worldvolume, respectively.

The pullback of the metric gan onto the D-brane worldvolume is defined as

OXMoXN
Plglun = WWQMN? (3.3)

where XM () are the embedding functions describing the location of the Dp-brane in the target
space.

On the other hand, the Wess-Zumino term appearing in ([3.1)) encodes the coupling between
the R-R potentials C{441) and the gauge invariant combination P[B)] + 2ma/F on the brane.
It is given by [62]:

Sty = ,Up/E Z P[Cgn)] A "Bl H2me s, (3.4)
p+1 q

A Dp-brane carries a positive charge up, = Tp, with respect to a RR (p + 1)-form field. The
corresponding anti-brane, denoted as Dp, will have the same tension, but carry opposite charge.

For type IIA theory, the introduction of D-branes is restricted to those with even spatial
dimensions, meaning that Dp-branes can exist only if p is even. On the other hand, the type
IIB theory allows only Dp-branes with odd values of p [85].

3.2 O-plane effective action

Besides Dp-branes, other charged objects are present in the spectrum, ¢.e. orientifold planes,
denoted as O-planes. These play an important role in defining consistent string backgrounds
that are free of anomalies. In turn, they impose some truncations that project out some of the
fields of the theory. Consequently, they play an important role in the construction of unoriented
string theories and models with reduced supersymmetry.

O-planes were introduced in [86], and are the loci of fixed points of a given orientifold Z,

action {lo,, which may be defined through
QOp =0 Oop OFy, (35)
where () is the worldsheet parity acting on the closed sector as
gMN — 9JMN ,
QO BMN — _BMN s C(k) — (_1)q+’rC(k) , (36)
d — D,

where k = 2¢ + r, with r = 0 (type 1IB), or r = 1 (type IIA). The second Z, factor oq, is a
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spacetime involution flipping the sign of all transverse coordinates

Op : X oo X — e = oop Y — —y' .
P | op 1Y Y

(p+1)D worldvolume  transverse y*

Finally, o, , that involves the so-called fermion number that appear in the GSO projection
[87[[] and is given by

(3.7)

L

(-)fr ,  p=2,3mod4 ,
O, —
1 , p=0,1mod 4

In the type IIA theory, O-planes, like D-branes, are restricted to even spatial dimensions. And
the type IIB theory allows only Op-planes with odd values of p.

Depending on the sign of charge and tension, there exist four different types of Op-planes.
The bosonic effective action of an Op(“t2)-plane in type II string theory, with €1, e, € {—1, +1},
is

DBI WZ
SOp(€1752) Op(€1,£2) _|_ SOp(517€2) ) (38)

where the DBI and WZ terms are
Soptren = — Top / "z e ® /= det(gun) | (3.9)

S =t0n [ Clprr) . (3.10)
WV(Op)

with
Top = 612" Ty, , fop = €227 pup,, (3.11)

When charge and tension coincide, these O-planes are conventionally denoted by Op™ &

Op~ and their tension T+ and charge ji,+ are therefore:
Topt = fiopt = £27'Tp, . (3.12)

An interesting example is the O9~-plane in type IIB theory. This plane has a tension of
Toy = —32Tpy and a corresponding charge related to the Uiy potential. This is important
in the construction of type I string theory, as its presence ensures charge cancellation when
combined with 32 D9-branes [8§)].

3.3 Op/Dp systems

Each Dp-brane has a massless vector multiplet associated with the light open string state
attached to it. Its low energy description is given by U(1) maximal SYM in (p+ 1) dimensions.

!The GSO projection is a type of truncation that tunrs the RNS string theory into a consistent theory by
projecting out a tachyon and preserving supersymmetry in 10D.
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Stack of Dp-branes
Stack of Dp-branes

~~ .
-
Op-plane

i

Figure 3.1: Representation of a stack of Dp-branes and an Op-plane.

Now, a set of N Dp-branes which are kept separated from one another at finite distance describes
an Abelian U(1)" gauge theory. However, in the limit where these are made to collide together
to form a brane stack, the system undergoes a gauge symmetry enhancement to the non-Abelian
gauge group U(N). In this case, the N? generators of U(NN) are in one-to-one correspondence
with light strings having each extremum on any D-brane within the stack. To study Dp-brane
actions on curved backgrounds with fluxes we will follow [89, 00]. In this section we review
some relevant aspects of the bosonic effective actions of an Op-plane and a stack of Dp-branes.

As mentioned above, open strings on a single Dp-brane are described by a U(1) gauge
theory. However, if we consider a stack of N coincident Dp-branes, from the viewpoint of
the string worldsheet, it is now possible to attach Chan-Paton factors to the endpoints of open
strings. These factors correspond to fixed, non-dynamical degrees of freedom on the worldsheet,
serving to label the strings according to the branes on which their endpoints lie. For instance,
a Chan-Paton label \;; can be assigned to an open string stretching from brane 7 to brane
J, with 4,5 € {1,...,N}. In this way, the set of matrices A associated to the strings can be
regarded as forming a representation of a certain Lie algebra. In the case of oriented strings,
the only compatible choice for this Lie algebra is U(/V), where N is the number of coincident
D-branes. In such a description, the Chan-Paton matrices A can be taken to be Hermitian,
with \;; representing their components. While these labels act as generators of a global U(N)
symmetry on the worldsheet, in the spacetime picture this symmetry is promoted to a local
gauge symmetry supported on the D-brane worldvolume. Therefore, the low-energy dynamics
of open strings ending on coincident D-branes is described by a non-Abelian gauge theory.

When considering a system made out of Dp-branes and parallel Op-planes, in order to fully
specify the dynamics, we also need to spell out the orientifold action on the open string states
living on the D-branes. This is done by identifying its action on the open string Chan-Paton
factors A. For N Dp’s and one Op [91], this reads

]IQN ) for Op77
Q —_1\T . .
M|Q M(Q h M[|Q] =
A = [ ] A [ ] s wit [ ] Ton = QN iy ,fOI‘ Op+
—ZI[N @N

The above difference in the orientifold action at the level of the Chan-Paton factors results in
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Op~ Op*

[V [V
VIV

—— —— N——— ——
N Dp’s N Dp’s N Dp’s N Dp’s

U(N) UN) U(N) U

Figure 3.2: (Left) In the presence of an Op~, a stack of N coincident Dp-branes realizes an
SO(2N) gauge group. Its N(2N — 1) light dof’s can be understood as all open strings with both
extrema on one side of the O-plane (type a, N* states), plus those with one extremum on each
side, with the Chan-Paton rule that i # j (type b, N(N — 1) states). (Right) In the presence of
an Op™, we still have open strings of type a € b (these are now N? states due to the absence of
the i # j rule), and in addition we find strings connecting each D-brane to the O-plane (type
¢, N states). This yields a total of N(2N + 1) light states realizing USp(2N').

different open string SYM gauge groups in presence of an Op™, or an Op~. In the former case
we have an USp(2N) group, while in the latter we have SO(2N) instead. The corresponding
conceptual picture in these two situations can be found in Figure [3.2]

For the most general system made out of Dp-branes & Op-planes in the absence of fluxes
and in flat space, the following tadpole cancellation condition is required for UV-finiteness of
the corresponding quantum description

!
NDp[LDp + Nﬁpﬂﬁp + Nop+,Uop+ + Nop—,uop— = 0, (313)

which can be written as

!

(Npp — ND—p) = 2" (Ng,~ — Nop+) (3.14)

where Np, = 2N accounts for the imagine branes as well. It is crucial to remember that the
above constraint originates from demanding that string amplitudes be free of divergences and
it refers to amplitudes calculated in flat space and in the absence of fluxes. In Chapter [6] we
will be considering more involved situations where the background fluxes may contribute in
several ways to the tadpole constraints for the corresponding spacetime filling sources. We
will therefore assume that the generalized versions of , despite not being shown in this
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manuscript, play an analogous role in guaranteeing UV-finiteness of string amplitudes.

If we now go back to the brane configurations obtained by setting Ng; = 0 in equation
(3.14), we find that it is actually possible to have both Op™’s & Op~’s at the same time, as
long as the constraint Ng,- > Ng,+ is respected, in such a way that tadpole cancellation
is realized. In this situation, tadpole cancellation would simply require adding the following

amount of parallel Dp-branes

Np, = 2°"*(Nop- — Nop+) - (3.15)

In this most general setup, if we furthermore allow for the possibility that these objects be
separated into smaller groups from one another, we find that the most general gauge group will
be of the form

Gym = (HU(A@) X (HSO(QNb)> X (HUSp(QNC)> : (3.16)

The corresponding total number of massless vector fields reads
N =D N2+ D NE2N,—1) + > NN +1), (3.17)
a b c

which will precisely coincide with the bare quantity appearing in the lower dimensional super-
gravity description. In Chapter[6] when discussing how these open string gaugings are embedded
within the effective lower dimensional gauged supergravity theories, we will no longer specify
an explicit form of the YM gauge group, nor specifically discuss concrete brane setup’s.

In what follows we adopt the notation in [23]. We denote by 2™ the worldvolume coor-
dinates, whereas the transverse coordinates to the branes are called y*. Therefore, the 10-

dimensional spacetime coordinates z* split into 2™ = (2 | /).

We will work in the static gauge, where the position of each brane reads y* = A Y!?, with
A = 2702, where /, denotes the string length and I runs in the number of branes. We will
consider the generators of Gyy to live in the fundamental representation of the Lie algebra.
Denoted by {t;}/=1,. m, they satisfy

tr,ts] = ig1s"™ ti Tr(tit;) = Nk, (3.18)

where k15 = grx’ gy’ is the Cartan-Killing metric of Gy.

The effective action governing the low-energy dynamics of bosonic fluctuations associated

with a stack of NV coinciding Dp-branes in type II string theory can be expressed as:

SB(I))SOHiC — ]]3)[})31 + SIX)}\;Z7 (319)

where S

branes under electromagnetic and gravitational influences, while S]Y)Z)Z is the Wess-Zumino (WZ)

represents the Dirac-Born-Infeld (DBI) term, which describes the dynamics of the

term, capturing the coupling between the branes and background Ramond-Ramond fields.
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The DBI part of the action is defined as follows:

Spyt = TDp/dex Str (ei’\/— det(M /) det((@é)) : (3.20)

where Tp, is the brane tension, ® is the dilaton field, M,y and @} are given by
My = P [ Buw + Bui (@71 = 0)” Bjn| + A\Furw, (3.21)
Q=05 +i) [V, YF] By (3.22)

The combined background field E M, incorporating both the gravitational and Kalb-Ramond
fields, is expressed as:

Eny = Gamn + B (3.23)

Here, grn denotes the background spacetime metric, while B M represents the Kalb-Ramond
two-form field.

The hat symbol over these fields implies they are evaluated at the location of the Dp-branes
= \Y? where Y? = YT, represents the transverse scalar fields. This position can be
expanded using a Taylor series as follows:

MY Z My Yo, 0, ®(M )| (3.24)

And F denotes the gauge field strength on the brane. On the Dp-brane, the field strength F
of the gauge field A is defined as:

1

where F);n represents the components of the gauge field strength tensor on the worldvolume
of the brane.

The P symbol refers to the pullback to the brane’s worldvolume, where ordinary derivatives

OuY'® are substituted by the covariant derivative DY
DyY' = 0yY' +i[ Ay, Y7, (3.26)

where A, is the gauge field associated with the brane. For example, the pullback of Fj/n onto
the brane is:

P[Eyn] = Evn + Ay DNY' + AEiy Dy Y + N2 E;; Dy Y DyY. (3.27)

And Str denotes the symmetrized trace. This operation implies that quantities such as Y
in the Taylor expansion, as well as terms involving Fyrn, Dy Y?, and the commutators [V Y],
are symmetrized before taking the trace.
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On the other hand, the WZ part is expressed as:

SWZ = M, / Str {P (d’mw > Cun 632>] A e } . (3.28)

n
where C, are the Ramond-Ramond potentials.

Finally, the symbol ¢y denotes the interior product with respect to the vector field Y*. For

instance,

1 ‘ A 1 o
Ly ly (§Czjd$1 VAN d(I)J) = —éC',-j [YZ, Y]] (329)

This operation effectively contracts the indices of the differential form with the components of

Y, yielding terms involving commutators of Y.

3.4 Supergravity solutions

An essential aspect of string theory is its low-energy limit, which is described by ten-
dimensional type II supergravity. Within this effective theory, D-branes admit a dual in-
terpretation: they are not only non-perturbative objects where open strings can end, but also
classical solutions of the type ITA or type IIB supergravity theories. This perspective provides
a bridge between the perturbative formulation of string theory and its gravitational, geomet-
ric description. In particular, D-branes emerge as BPS configurations preserving part of the
supersymmetry and carrying Ramond-Ramond (R-R) charges, giving rise to curved spacetime
geometries that reflect their presence.

Understanding D-branes as supergravity solutions is not merely a formal identification,
it has profound implications. It allows one to construct flux compactifications and moduli
stabilization scenarios in string phenomenology. Moreover, the explicit form of these solutions,
and their behavior in different regimes (such as the near-horizon limit), plays a central role in
formulating and testing conjectures like the AdS/CFT correspondence.

3.4.1. Dp-brane solutions

A Dp-brane is a solution in ten-dimensional supergravity that preserves half of the su-
persymmetry. Its worldvolume forms a flat hypersurface of p + 1 dimensions, which remains
invariant under the Poincaré group RP* x SO(1,p). The space perpendicular to the brane has
dimension 9 — p.

For a Dp-brane in ten dimensions, the symmetries are R x SO(1,p) x SO(9 — p). An
ansatz that satisfies the equations of motion of type II supergravity is given by:

d52 = H,(r) Y oyynda™da™ + Hy(r)2dy'dy’, (3.30)
— g H (r) 5P/ (3.31)
C(pﬂ) = (Hp(r)™' = 1) da® Adz' A+~ Ada?, (3.32)
Barw =0, (3.33)
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where 2™, with M = 0, ..., p, denote the coordinates along the brane worldvolume, while g
with 2 = p+1,...,9 correspond to the spatial directions transverse to the brane. The radial
coordinate r in the transverse space is given by

r? = Z yi. (3.34)

Substituting this ansatz into the supergravity equations of motion implies that
V2H,(r) = 0. (3.35)

So, for r # 0, the function H,(r) must satisfy the Laplace equation. The general spherically
symmetric solution can therefore be expressed as

p(r) =1+ (ﬁ)w. (3.36)

The constant 1 is chosen to ensure that, in the limit »r — oo, the geometry asymptotically
approaches ten-dimensional Minkowski space.

To fix the parameter L, in the ansatz, one needs to evaluate the total R-R charge () carried
by the Dp-brane. This can be obtained by computing the flux of the (p + 2)-form field strength
over an (8 — p)-dimensional sphere at spatial infinity, which encloses the source in the (9 — p)-

dimensional transverse space:

1
Q== | *Fypia). (3.37)

=~ 5.2
2670 Jgs-»

where x denotes the ten-dimensional Hodge operator. The charge @) is related to the number
N of coincident Dp-branes via ) = Np,, where p, is the Dp-brane charge. By evaluating the
integral and imposing () = N, one finds the relation

L77 = (4m)6-P/2T (%) gsNa/ T P/2 (3.38)

where I' is the Euler Gamma function. In the special case of N coincident D3-branes, which
play a central role in the AdS/CFT correspondence, one finds

L} = 4mg,No'*. (3.39)

Near horizon limit of a D3-brane

Let us now focus on the case of a D3-brane. The geometry can be separated into two
regimes: one at large distance (r > L3) and another close to the brane (r < Lj3). In the
asymptotic region, r > L3, equation reduces to H3 =~ 1, and the metric approaches to
a flat ten-dimensional Minkowski spacetime. In contrast, in the near-horizon limit r < L3, we
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have Hs ~ L3/r*, so the line element becomes
2

g L2
ds? ~ %(—dtQ + (da')? + (da®)” + (da®)?) + i + L3dOR, (3.40)
3

and considering the coordinate transformation r = L2/2° we will have

L2 L3
ds® ~ L S(—dt® + (dz')” + (da®)? + (da®)?) + (xo)Qﬁ(daco)Q + L3d$)3
42 0)\2 1\2 2\2 3)\2
yy dt® + (dz°)* + (dz')? + (dz*)* + (dz?) L 2dee, (3.41)

(20)?

which is an AdS; x S® solution.

3.4.2. Supergravity Backgrounds of the Fundamental String (F1) and
the NS5-Brane

Apart from the classical supergravity backgrounds generated by D-branes, one can also
consider other supergravity solutions. In particular, let us focus on solutions carrying charge
with respect to the Kalb-Ramond two-form field By, namely the fundamental string (F1) and
its magnetic dual, the NS5-brane. Both of these arise in type ITA, type IIB, and heterotic
supergravity theories, since they couple exclusively to the NS-NS sector.

In the Einstein frame, the fundamental string solution is represented by:

= Hl(r)’3/477MNd:EdeN + Hl(r)1/4(dr2 + r2dQ3), (3.42)
= Hl(r)_l/Qgs, (3.43)
By = (Hi(r)™" = 1) da° A da', (3.44)

where the function H;(r) is defined as

L6
Hy(r) =1+, L8 = 321220 (3.45)

The magnetic counterpart of the fundamental string is the NS5-brane, whose supergravity

description in the Einstein frame takes the form

ds* = Hs(r) "V *nunda™da™ + Hs(r)**(dr? 4 r2dQ3), (3.46)
(7")1/295, (3.47)
B(ﬁ) = (H5(T) "—1)da® A N daP, (3.48)

where the potential B is such that dB) = xHs), and the function Hs(r) is

2

L
Hs(r) =1+ = L? = Nd/, (3.49)

with NV denoting the number of NS5-branes in the configuration.

34



3.5. ADS/CFT CORRESPONDENCE

3.5 AdS/CFT correspondence

In 1997, Maldacena formulated a correspondence between string theory and a quantum field
theory. The conjecture states that type IIB string theory on a ten-dimensional background
AdS; x S5 is equivalent to a four-dimensional N = 4 supersymmetric Yang-Mills (SYM) the-
ory. This equivalence is motivated by the fact that a stack of N coincident D3-branes can be
described in two different ways.

In one description, the D3-branes are placed in a flat ten-dimensional Minkowski spacetime

RYY. with their worldvolume extending along the coordinates z°, 2!, 22, and 23:

on 1 2 3‘4 5 6 7 8 9
X

D3H><><><‘——————

Table 3.1: The symbol x denotes the directions along which the brane extends, while — indicates
the directions in which the brane does not extend.

In the low-energy limit, the theory only contains massless modes. The effective description
then involves the massless states of both closed and open strings, as well as any additional
massless states produced by their interactions. Therefore, the action can be expressed as

S = Sclosed + Sopen + Sint- (350)

The term Sypen comes from the excitations of N coincident D3-branes, which produce the
massless states of open strings. For a single D3-brane, the low-energy field content consists of
six scalar fields ¢!, the Kalb-Ramond fild By, a gauge field Ay, and a spinorial field. These
fields are described, as we saw in (3.2), by the Dirac-Born-Infeld (DBI) action:

1
Somr =~ / d'x e/~ det (Plglun + 27 Farn), (3.51)

2m)3gsly

where the Kalb-Ramond field is set to zero for simplicity. At low energies, F = d.A for a single
D3-brane, and the action simplifies to

1

4 912/1\/1

S:

/ d'z (FunF"N 1+ 0(o)), (3.52)

which corresponds to a U(1) Yang-Mills theory, with gi,, = 27gs,.

To generalize this to N coincident D3-branes, the open strings can have endpoints on any
pair of branes in the stack. As a result, the gauge symmetry becomes U(N), with scalar and
gauge fields transforming in the adjoint representation: ¢' = ¢*T,, Ay = A%, T,. The kinetic
term is promoted to F& yF*MY to maintain gauge invariance. Taking the limit o/ — 0, the
action Sypen reduces to the bosonic part of N' = 4 super Yang-Mills theory. The U(N) gauge
group decomposes as U(N) = SU(N) x U(1), where the U(1) part corresponds to the degrees
of freedom associated with the center of mass of the brane system. These degrees of freedom
decouple from the others, and one just consider the SU(NV) part.
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With respect to the interacting part, one can show that the interaction term is Si, ~ gsa/ 2,

and therefore vanishes in the low-energy limit [92].

Finally, as we mention in the previous chapter, the closed string sector is described at low
energies by type IIB supergravity.

The full system can be described in terms of two decoupled components: on the one hand,
type IIB supergravity in ten dimensions. And on the other hand, the gauge theory on the
worldvolume of the D3-branes. The open string excitations ending on the D3-branes form an
N = 4 vector multiplet, and the resulting effective theory is the four-dimensional N' = 4 super
Yang-Mills theory with gauge group SU(NV).

From another perspective, the N D3-branes can be interpreted as classical solutions to
the type IIB supergravity equations of motion. In this setup, the D3-branes act as sources
for the Ramond-Ramond 5-form flux and carry both charge and tension. The corresponding
supergravity solution is given by:

1

ds® = T )nMNddexN +VH(r) (dr® + r7dQ3) (3.53)
T
with
L 4
H(r)y=1+ <?> . L*=4mg NI (3.54)

This background contains a constant dilaton together with a self-dual Ramond-Ramond 5-form
flux Fi5). The geometry has two asymptotic regions, determined by the radial coordinate 7.
For r > L, the harmonic function approaches H(r) ~ 1, and the metric tends to flat ten-
dimensional Minkowski space-time. In the opposite limit, » < L, the background becomes
asymptotically AdS:

r? L? L?

ds® = ﬁnMNda:deN + ﬁ(dr2 + r2dQ2) = = (nunda™da™ + d2?) + L2dQZ.  (3.55)
This expression is obtained after the coordinate transformation z = L? /r. The resulting space-
time has the structure of AdS; x S®, with both factors with the same radius of curvature

L.

The excitations of the 3-brane are associated with closed string modes that propagate in a
ten-dimensional spacetime which is asymptotically flat, as well as with closed strings in the near-
horizon region. In the low-energy limit, these two sectors are decoupled. This decoupling can
be illustrated by considering a string mode of energy E, evaluated at a fixed radial coordinate
close to the region = 0. The corresponding energy as perceived by an observer at infinity,
FE, is given by

E. =H'Y*E,. (3.56)

For a fixed value of E,., taking the limit » — 0 leads to F — 0, showing that an observer located
at infinity would only detect low-energy excitations. From this viewpoint, the two decoupled
low-energy regimes observed at infinity are: on one side, fluctuations of type IIB supergravity
in flat spacetime; and on the other side, closed string modes near r = 0, corresponding to the
AdS5x S geometry. At sufficiently low energies, these two regimes are decoupled.
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The stack of N D3-branes admits two different descriptions. At low energies both lead to
type IIB supergravity in ten dimensions and another decoupled sector. By identifying these
remaining sectors, one is led to conjecture a duality: N/ = 4 super Yang-Mills theory with gauge
group SU(N) is dual to type IIB string theory formulated on an AdS;x S° background. This
is the statement of the Maldacena conjecture. The original formulation has been generalized to
a broader class of dualities relating conformal field theories in p dimensions and string theories
on backgrounds of the form AdS,,; x M.

3.6 SUSY projectors of type I1IB objects

Supersymmetry projectors are a key tool in studying the amount of preserved supersym-
metry in configurations involving BPS objects. This approach is particularly useful when
dealing with intersecting branes or other extended objects, as the preserved supersymmetries
correspond to the common eigenspinors of all involved projectors. Therefore, supersymmetry
projectors provide a simple and efficient method to determine the structure and fraction of
preserved supersymmetry in a given setup.

In (14 9)D, spinors admit a Majorana-Weyl (MW) representation in which the Dirac ma-

016 | M
M = (ilﬂ(} ) , (3.57)

O16
where the 16 x 16 blocks ¥™ & 5" are real and act on chiral spinors. Since the 32 real

supercharges of type IIB supergravity are represented by two distinct MW spinors of the same

trices are realized as

chirality, the same degrees of freedom can be rearranged into a single complexified chiral spinor
e =(+1in, (3.58)

where both ¢ and n are MW. In terms of such complex MW spinor, %—BPS objects admit sets
of Killing spinors spanned by the eigenspinors of a projection operator

o) = ~(I1 + 0), (3.59)

N | —

where the operator O is an involution acting on complex spinors such as €. The different SUSY

projectors for the various fundamental BPS objects in type IIB supergravity are summarized
in Table B.2

object F1 NS5 W3 | KKbp D1 D3 D5 D7 | D9
10) 50T 6 5 | 36789 6 5 | 5101 | 36789 | ;3701 o o | 7530023 | ;36789 o o | ;589 | 4%

Table 3.2: The different operators O appearing in the SUSY projector defined in (3.59)) for
the various fundamental BPS objects of type IIB string theory. We introduced the notation

Ytz = Yl .. -iim, while x denotes complex conjugation. All objects are assumed to fill the
first (p + 1) spacetime directions.
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When studying intersections of fundamental BPS objects, one has to find a set of common
eigenspinors simultaneously preserved by all projectors corresponding to the various objects
involved. Note that this will only be possible if the aforementioned operators commute. The
(real) dimension of the common eigenspace will then represent the number of preserved super-

charges.
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Chapter 4 -

(Gaugings and their higher dimensional
origin

In supergravity theories, the notion of gauging refers to the promotion of a subset of global
symmetries to local ones, thereby inducing non-trivial interactions among the fields and leading
to the generation of scalar potentials and mass terms. To fully understand the gauging proce-
dure, it is important to first consider the ungauged theories. These ungauged supergravities,
which often arise as consistent truncations of higher-dimensional theories, serve as the base
upon which the gauging is later implemented. In this context, the global symmetries play a
dual role: they constrain the dynamics of the scalar fields and, simultaneously, provide the
symmetry structure that can be gauged.

This chapter describes the construction of gauged supergravity theories and their relation to
higher-dimensional origins. We will begin with an overview of ungauged supergravities, includ-
ing the super-Poincaré algebra and the role of scalar fields, which parametrize a coset manifold
G/H. Then, the embedding tensor formalism is introduced to define consistent gaugings of
subgroups of the global symmetry group G, subject to linear and quadratic constraints. The
discussion continues with the compactifications on group manifolds, where the structure con-
stants appearing in the lower-dimensional theory are the objects that encode the information
of the internal space. A reduction Ansatz is employed to derive the lower-dimensional action.
The chapter also includes a dimensional reduction of type II supergravity theories, identifying
the contributions of fluxes and curvature to the scalar potential. Finally, the role of local-
ized sources is considered, presenting the structure of tadpole cancellation conditions and the
Green—Schwarz mechanism for anomaly cancellation. The content of this chapter is based on
[93, 94, 95, 60, O6].

4.1 Ungauged supergravities

Let us consider a D-dimensional Minkowski spacetime with metric 7,,, and coordinates z*,
and = 0,1,...,D—1; its isometry group is the Poincaré group, and its associated Lie algebra,
known as the Poincaré algebra, consists of the generators of infinitesimal translations, P,, and

infinitesimal Lorentz transformations, M,,. Their commutation relations are:

[M;un Map] = nuaMup - n;,LO'Ml/p + nupMVU - anMuaa (41)
[Pw P,,] =0,
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(M, Bpl = 1up P — Mpp P (4.3)

While this purely bosonic algebra encodes the kinematical symmetries of relativistic field theory,
it does not relate states of integer and half-integer spin.

Supersymmetry provides a controlled and essentially unique extension which remedies this
limitation by introducing transformations that relate particles of integer and half-integer spin. |I|
The goal is now to expand the Poincaré algebra to include supersymmetry, to do this we enlarge
the Minkowski spacetime with anticommuting coordinates 1, where « is a spacetime spinor
index, apart from the bosonic previous ones, x*, in what is called the superspace. Supersym-
metry can be understood as the invariance of the theory under transformations that relate the
bosonic coordinates and the fermionic coordinates in superspace. This leads to the appearance
of fermionic symmetry generators of this kind of symmetries known as supercharges, denoted as
(Qo. When there are multiple such fermionic directions, one obtains several sets of supercharges,
labeled as Q! where I = 1,2,..., N indexes the different sets of fermionic coordinates.

The structure of the (anti)commutation relations among these generators depends on the
spacetime dimension and the number of supersymmetries . For example, in four spacetime

dimensions with /' = 1, adopting the conventions

1 _
=20 = 5wl Qs = Q5" (4.4)

the relations are:

~ 1 1
{Qom QB} - _§PH<7M)O¢3’ [QOH PN] =0, [M/wa Qa] = _5(%1&)046@57 (45)

where y* are the gamma matrices in four dimensions, and the antisymmetrized product of

gamma matrices is given by:
Yereopn = YV Yoz =" Vun]- (4.6)

This algebraic structure is known as the super-Poincaré algebra. Supergravity theories emerge
when this algebra is gauged, much like how General Relativity can be seen as a gauge theory
of the Poincaré algebra. Ungauged supergravity theories are those in which the gauging is
limited to the super-Poincaré algebra itself, without promoting any additional internal global

symmetries to local gauge symmetries.

The simplest nontrivial example of an ungauged supergravity theory is N/ = 1 supergravity

!The appearance of supersymmetry as the (essentially) unique nontrivial extension of spacetime symmetries
is tightly constrained by structural results in axiomatic S-matrix theory. The Coleman-Mandula theorem
[124] shows that, under standard assumptions (existence of a nontrivial analytic S-matrix, a finite number of
particle types below any mass, cluster decomposition, etc.), any nontrivial combination of internal and spacetime
symmetries within an ordinary Lie-algebraic framework must be a direct product of the two, thereby forbidding
nontrivial mixing.

Supersymmetry circumvents this no-go result by relaxing the hypothesis that all symmetry generators com-
mute (i.e., by admitting odd generators and anticommutators). The Haag—Lopuszanski-Sohnius theorem [123]
makes this possibility precise and classifies the admissible extensions: allowing for spinorial generators, the only
consistent enlargement of the Poincaré algebra that yields nontrivial mixing with internal symmetries is the
supersymmetry algebra (possibly augmented by central/tensorial charges and an associated R-symmetry). That
is to say, supersymmetry constitutes the unique, highly constrained mechanism to relate bosons and fermions
while preserving the fundamental axioms of relativistic quantum field theory.
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in four dimensions. Its gauge multiplet contains the vierbein e, %, where as usual a denotes a
flat index, and a Majorana gravitino 1, which is the spin-3/2 gauge field associated to local
supersymmetry. The on-shell action is given by the Einstein—Hilbert term in the second order
formalism plus the covariantized Rarita—Schwinger term [95]:

1 _
S=— (/ d*ree™ e Rya(w) — /d4xe¢uvu”pDV@/)p) : (4.7)

T g2
where K = 87 is the gravitational coupling constant in four dimensions, e = dete,* = /=g,
R,vap 1s defined as

c c
Rw/ab = auwyab - al/w,uab + Whae Wy b — Woac Wy b, (48)

and D, is the spacetime covariant derivative including the spin connection

1
Du¢p = u¢p + Zwuabryabwp‘ (49)

Here w,q is the torsion-free spin connection, defined by
w,(e) = 2eM0e,)" — e*eMe 0,0, (4.10)

The local supersymmetry transformations that leave this action invariant (up to total deriva-

tives) are

1 a
oe,” = 557 Yy, 0Py = Dye, (4.11)

with €(x) a local Majorana spinor.

4.1.1. Supergravities in lower dimensions

Supergravities with 32 supercharges are referred to as mazimally supersymmetric theories,
while those containing 16 are named half-mazximal supergravities. When N = 1 in dimension D,
such models are commonly regarded as minimal, although the actual number of supercharges
associated with minimal theories varies with D. This number increases with the spacetime
dimension, culminating at D = 11, where the minimal and maximal formulations become
identical. A more exhaustive classification of supergravity theories across different dimensions
is available in references such as [97), 98] 99, [100} [101], and can be summarized in Table

4.1.2. Scalar Manifold

The bosonid?] field content of ungauged supergravity in D dimensions includes the metric
9w, where Greek indices correspond to spacetime coordinates, a set of n, scalar fields ¢*, with
t=1,...,n,, and n, vector fields Afy , with M =1,...,n,. Additionally, the theory includes

antisymmetric tensor fields B, of various ranks p, where I labels different antisymmetric

Vp

2The fermionic part of the action will be fully specified by supersymmetry once the bosonic part has been
established.
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D Supergravities (\) Number of supercharges
11 1 32
10 (1,0)=1 (1,1) = IIA, (2,0) = 1B 16, 32, 32
9,87 1,2 16, 32
o (L0 =i (L) =iia, (2,0) = iib, 8, 16, 16,
(2,1), (3.0), (22), (3,1), (4,0) 24, 24, 32, 32, 32
5 1,2,3, 4 8, 16, 24, 32
4 1,2,3 4,5, 6,8 4,8, 12, 16, 20, 24, 32

Table 4.1: Classification of supergravity theories by dimension and supersymmetry

forms present in the theory. The dynamics of these fields are governed by a Lagrangian of the

form:

1 1 , |
'Cbos =€ (§R — EG”(QS)OMQSZOMQS] - ZMMN(Qb)FI%FNMV + - ) ) (412)

where R is the Ricci scalar and the field strengths F)) are defined as F)) = 9,A)" — d,A).
Ellipses denote the kinetic terms for the higher-rank forms and potential topological contribu-
tions.

The scalar fields ¢ serve as local coordinates of a non-compact, differentiable Riemannian
manifold endowed with a positive definite metric G;;(¢), this manifold is known as scalar
manifold, and we will denote it as Mcaar- The kinetic term in the bosonic Lagrangian results
from the pullback of this metric via the map defined by ¢':

¢ M — Mgatar, T o(x)= (gbl(x), o, O (a:)) , (4.13)

where M is the spacetime manifold and Mg,1.r is the scalar manifold. This leads to a descrip-
tion of the dynamics of the scalar fields through a non-linear sigma model. The kinetic term
of the Lagrangian density is therefore expressed as:

‘Cscalar = §G1J(¢) augblauqu (414)

It is clear that the non-linear o-model remains unchanged under global symmetries of the
scalar field manifold. Therefore, the isometry group G of the scalar manifold defines the global
symmetries of the scalar action.

Gii(¢) 0,0 0" = Gij(9) ' ¢ (4.15)

The isotropy group H of the scalar manifold can be generally expressed as H = Hr X Hpatt,
where Hp denotes the automorphism group of the supersymmetry algebra, commonly referred
to as the R-symmetry group, and H,. is a compact group that acts on the matter fields. For
N > 2 we have that the scalar manifold is both homogeneous and symmetric and therefore:

G
Mscalar = E >

where G is the semisimple non-compact Lie group of isometries. The isotropy group H in this
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context is its maximal compact subgroup. In (half-)maximal supergravity theories, the scalar
fields ¢ are represented within a G/H coset space. In Table we show the global symmetry

groups and their maximal compact subgroups for maximal and half-maximal supergravities in

various dimensions.

D Grnax Hpax Ghalt-max Hhyalt-max

9 GL(2) S0(2) GL(1) x SO(1,1 + n) SO(L + n)

8 | SL(2) x SL(3) SO(2) x SO(3) | GL(1) x SO(2,2 + n) SO(2) x SO(2 +n)

7 SL(5) SO(5) GL(1) x SO(3,3 +n) SO(3) x SO(3 +n)

6| SO(,5)  SO(5) x SO(5) | GL(1) x SO(4,4 +n) SO(4) x SO(4 + n)

5 Eg6) USp(8) GL(1) x SO(5,5 + n) SO(5) x SO(5 + n)

4 Eqny SU(8) SL(2) x SO(6,6 +n) SO(2) x SO(6) x SO(6 + n)
3 o S0(16) SO(8,8 + 1) SO(8) x SO(8 + )

Table 4.2: List of global symmetry groups and their maximal compact subgroups arising in
maximal and half-mazximal supergravity theories in different spacetime dimensions.

A convenient approach to formulate the previous sigma model consists of representing the
scalar fields via a G-valued matrix V (evaluated in some fundamental representation of G), and
using the left-invariant current J, defined as

J,=V719,V €y, (4.16)
where g = Lie G, such that Lgcalar = —5Tr(J,J"). This Lagrangian is invariant under global ¢

and local H transformations, which act on the scalar matrix V as follows:

V=AYV —-Vh(z), Aeg, h(x)eh. (4.17)
Then J, transforms as:
0J, = —0,h(z) + [h(x), J,). (4.18)
To respect the structure of the coset space, J,, is split into
Ju:Qu+Pua Que h’ P,uep7 (419)

where h = Lie H and p is its complement, i.e., g = § L p, orthogonal with respect to the
Cartan-Killing form. So the variations of P, and @), are

0P, = [h(z), P, 4.20)

0Q, = —0,h(z) + [h(x), Q,]. 4.21)
The scalar Lagrangian can be expressed as
1

Lyin = —zeTr(P,P") (4.22)

2
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where e is determinant of the vielbein.

The global g transformations can be expressed as A = A%t,, expanded in a basis of genera-
tors t, that satisfy the usual Lie algebra commutation relations

[ta, tg] = wa/g’y t,y, (4.23)

where A® are the constant parameters, w,g” are the structure constants and o = 1,...,dimG.

To clarify this, it is beneficial to express equation (4.17)) in terms of indices as follows:
SV = A (to) ™" Vi — Varfhi Y, (4.24)

where t, are the generators of (G, and the underlined indices K, N indicate their transformation
properties under the subgroup H.

In order to construct the full supersymmetric action, it is generally convenient to keep the
local H gauge freedom. However, when one restricts attention to the purely bosonic part of the
theory, it is useful to express the theory in terms of H-invariant quantities. A typical example
is provided by the scalar fields, which may be encoded through a symmetric, positive-definite
matrix M defined by

M=VAVT (4.25)

where A denotes a constant, positive-definite matrix invariant under the action of H (for
example, for the coset SL(N)/SO(N), with V in the fundamental representation, A reduces to
the identity). By construction, M is invariant under H, while its transformation under G is
given by

SM =AM + MAT, (4.26)

while the Lagrangian, as shown in equation (4.17)), takes the form
1
Lycalar = gTr(auMauM_l). (4.27)

In ungauged supergravity, scalars and vectors transform under a global symmetry group G in
the following way:

5V = A“t,V, (4.28)
SAY = —A%(ta)V ALY (4.29)

In addition, the n, vector fields exhibit an Abelian gauge symmetry U(1)™:
SAY = 9,AM, (4.30)

with AM = AM(z) being the coordinate-dependent parameters. Higher-rank p-forms also pos-
sess corresponding Abelian tensor gauge symmetries.
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4.2 Embedding tensor mechanism

Gauging a subgroup Gy C G, with G a global symmetry, consists of promoting Gy to a
local symmetry. These generators can be made local by introducing covariant derivatives. If

we denote as t, the generators of G and X, the generators of GGy, then
Oy — Dy =0, — gAY X, (4.31)

where ¢ is the gauge coupling constant and M =1, ..., n,, with n, the number of vector fields.
Thus a general set of gauge generators, X, is parametrized as:

XM = @Mata cg, (432)

where the term ©,,% is the so-called embedding tensor. This object determines what is the linear
combination of global symmetry generators hat assemble the gauge group Ggy. For simplicity,
©n® can be seen as a constant (n, X dim G) matrix, with o and M as indices in the adjoint

representations of G and the representation in which the vectors transform, respectively.

By parametrizing the gauge group generators with ©,,%, we maintain G-covariance through-
out the construction. This approach allows us to express every single quantity related to the
gauge group entirely in terms of the embedding tensor ©,,%. The gauge group Gy is only
specified when a particular ©,,% is chosen, thereby breaking the global symmetry G.

Having introduced covariant derivatives, the theory must remain invariant under combined

transformations:

5V = gAM XV, (4.33)
5143/[ = DMAM = OMAM + gAl]AVXNpMAP, (434)
where AM(z) is the local transformation parameter and Xyp = Oy*(t,)p*. However, not

every O, ensures this covariance. To do so, the generators must close into a subalgebra of g,

leading to non-trivial constraints on ©,,;*.

The first constraint is quadratic in ©,,“ and ensures that the tensor is invariant under the
action of the local gauge symmetry:

0=0x,00" = XpuNOn® — Xpp®Ou® = Op’ (t5) s ON + Op ws, 07, (4.35)

where Xpg? = Op*(ta)s” = —Op“wapg”. This invariance implies that the generators form a

closed algebra:

[XMyXN] == —XMNPXP, with XMNP == @Ma<ta)NP. (436)

On the other hand, an additional linear constraint on ©,,% is generally imposed by super-
symmetry to ensure consistency with the deformed supergravity theory. The specific form of
this constraint depends on the space-time dimensions and the number of supersymmetries.
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The embedding tensor resides in the tensor product:
O Ry ® Ragj = Ry @ -+, (4.37)

where R denotes the dual representation to R,, the representation in which the vector fields
transform. The linear representation constraint takes the form:

PO = 0, (4.38)

restricting © to certain representations on the right-hand side of the tensor product.
To summarize , the process of gauging a subgroup Gy within the global symmetry group

@ gsatisfies both quadratic and

G a theory relies on the fact that the embedding tensor ©,,
linear constraints. This guaranteeing the consistency and supersymmetry closure of the gauged

supergravity theory.

4.2.1. Fermion shifts

Despite the introduction of covariant derivatives is crucial for the new gauge symmetry, it
generates some tension with supersymmetry. To solve this problem it is necessary to consider
additional terms in the action: a scalar potential, fermion masses, modified field strenghts,. ...
However, this is not sufficient: we actually need to extended the supersymmetric transforma-
tions of some fields. Let us note that, because these modifications are a consequence of the
gauging procedure, they all depend on ©,,% and, consequently, disappear when going back to
the ungauged theory.

Let us consider the following schematic modifications of the ungauged Lagrangian:
L= Ly[0— D, Fy = H| + Liop + Lierm.mass + Lpot - (4.39)

Here Ly is the ungauged Lagrangian where every derivative must be substituted with a covariant
derivative, and all p-form field strengths F, must be replaced with the covariant ones H, L
is a topological term, Lermmass. are all the bilinear couplings of fermions that do not involve
p-form gauge fields or derivatives and L, is a scalar potential.

In the gauged theory, these couplings are required to cancel terms in the supersymmetry
variations of the Lagrangian that arise due to the new gauge field couplings. However, this
process is not enough to compensate all the new terms. We also need to change the variation

of the fermions in this way

0cy;, = ungauged terms + gAY, (4.40)
0.x™ = ungauged terms + gA,," €%, (4.41)
0\ = ungauged terms + gA,, €, (4.42)

where €*(z) is the parameter of supersymmetry transformations, and 1y, are the gravitini, Y are
the matter fermions from the gravity multiplet and A\° are the matter fermions from the vector
multiplets. Here the indices a, m and c are related with some representation of the holonomy
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group. The holonomy group is expressed as H = Hr X Hyat, A€ acts as a vector under H a4,
and 1/},‘1 and x™ act as a singlet under H .. A1 and A, are tensors that generically depend on
scalar fields and are linear on the embedding tensor. These tensors are called fermion shifts.

The reason for this name is that, as we can see in (4.40)),(4.41) and (4.42)), they parametrize a
shift with respect to the ungauged theory.

Substituting (4.40)), (4.41) and (4.42)) in Lerm.mass when the variation is performed, we find

terms of order g2. To cancel these terms we need to introduce a scalar potential of the form
6_1£P0t = _92V = 292 (Alia _CILb - A%Agm - AgaAgC) ) (443)

where the bar means complex conjugate. Supersymmetry demans the following quadratic
constraint on A; and As:

- - - 1
AtlzaAll)c - A%Agm - AgaAgc = _2_52‘/7 (444)
T

where r = 07 is the dimension of the gravitini representation. Let us note that, despite Ly
can have a highly non linear dependence on the scalar fields, it is quadratic in the embedding

tensor.

4.2.2. Vacuum solutions

We usually assume that a vacuum state must be Lorentz and translation invariant. While
the former requirement requires the gauge fields and fermions to vanish, the latter implies that
the kinetic terms of the scalar fields must be discarded and the scalar fields can be constant.
Consequently, the classical approximation to the vacuum state is obtained by finding extrema
of the scalar potential V' (¢). The values of the scalar fields at the critical points are usually
called ‘vacuum expectation values’.

The scalar potential V(¢) takes the role of the effective cosmological constant once the
scalars sit at a critical point:

0,V (¢) = 0. (4.45)

At such a point the energy momentum tensor reduces to a spacetime constant, so that Einstein
equations are solved by a maximally symmetric metric with an effective cosmological constant
Aegt o V(o). The sign of V(¢g) selects Minkowski (V' = 0), Anti de Sitter (AdS) (V < 0) or
de Sitter (dS) (V' > 0) backgrounds.

If, for instance, we consider an AdS vacuum solution, the Riemann curvature tensor is given
by:

2
R;wp)\ = _Eg,u[pgl/])\a (4'46)

where « is the AdS radius.

The radius « can be related to the scalar potential V' through the relation:

o2 = P _219)2(5 — 2), (4.47)

where D is the dimension of spacetime and ¢ is a coupling constant.
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Therefore, the Riemann curvature tensor becomes:

4
Ry = 2V GuipGuix- 4.48
,u,p>\ (D—l)(D—2)g gu[pg ]/\ ( )
For d = 4, this simplifies to:
2
R,uz/p)\ = §g2vgy[ng]>\' (449)

Finally, vacua preserving some supersymmetry satisfy the above conditions and the fermionic

supersymmetry variations vanish for some nonzero Killing spinor(s) e:

5wu(¢07F> = 07 5Xl(¢O7F) = 07

typically leading to first—order differential /algebraic conditions on the scalars and fluxes (rather
than just the second—-order extremality conditions). Supersymmetric AdS vacua are the paradig-
matic examples: their preserved supercharges often guarantee perturbative stability and pro-
vide extra control over the spectrum, and they frequently require nontrivial flux configurations
rather than a completely vanishing p—form sector.

In supersymmetric theories, the amount of supersymmetry preserved by a given solution is
determined by solving the so called Killing spinor equation, which originates from the super-

symmetric transformations of the fermionic fields.

For a solution to be supersymmetric, both bosonic and fermionic supersymmetric variations
must vanish. In general, the variation of the bosonic fields is proportional to the fermionic fields,
while the variation of the fermionic fields is proportional to the bosonic fields. The propor-
tionality factor involves a spinor parameter €, which encodes the details of the supersymmetry

transformation.

However, if we are interested in vacuum solutions, then the condition dbosons = 0 is trivially
satisfied, as dbosons o € fermion. Thus, we only need to solve the equation dfermions = 0 in
terms of the Killing spinor e. This willdetermine the number preserved supersymmetries.

Additionally, by considering the Killing spinor equation and evaluating the fermionic vari-

ations in the vacuum, we obtain:

. 2
0= 6yl = 2D,é — 94T e, (4.50)
0=0x'= —gng; €, (4.51)
0= 6N, = 2igAlle,. (4.52)

From the Killing spinor equation for the gravitini, we have:

1

Dyé =
.“6 3

gAVT e (4.53)
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Let us compute the commutatorﬂ
i Lo i
Dy, DyJe* = Dy | 5941 e
Lo i iy
= Dy ggA1 L B(e)
= 294/ T B(Dye’)

3

= §gQA1]F[V|B(A{kF|M]€k)

1

992F[V|BP|#]A ](Al Ek)
= _§92F[uBFi}A1J(A1JkEk) ;

On the other hand

. 1 .
[D,,D,] € = —ZRMVPAFP)\EZ

1 .

= 7 Bw/ T, BUS B¢
1 T AT * 4

= Z—lgﬂ 9" Ruverl', BTy B*e
1 po )\7'4 2 * % 1

= Z_Lg g 69 Vg,u[agu}rr[pBr)\]B €
1 P SA PA * 1

= E(%& — 9wg™)g*VT, B} |Bre
1 A

= 1—g2VT BT, B*€'.

Therefore
BI A7 (AyFe,)" = — VLB Be.

If we take Alijej = ,/—%Vei, we can check that (4.54]) is satisfied:

BIy AY (A)%e,)*

Il
|
INJ oV

I
|
INJ oV

VT BU AY B(e))

I BLy B AYe;

Il
<

B*¢

»-lklw

—2VT,,BT

V]

3Tn the chiral representation of the Gamma-matrices, we define B = i, = (Oe

VI, BLyB*AYB(¢)*

(4.54)

(4.55)

(4.56)

(4.57)

), with € being the

two-dimensional Levi-Civita symbol. Consequently, we have B = B* = B~!. Moreover, we use the relation

€; = B(e")*.
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Thus, from (4.51)) and (4.52)) we conclude that

g [ 3 . 3 3
Alwﬁj = —ZVEZ, A;lﬁj = O, Aézaﬁj =0. (458)

That is to say, these are the required conditions on €’ for a vacuum solution to preserve
some supersymmetry.

4.3 Scalar potential

The explicit form of the scalar potential in a gauge supergravity theory is determined by
the choice of gauge fields and their couplings. Generally, the scalar potential V' (¢) can be
expressed as a non linear function of the scalar fields ¢ which is quadratic in the embedding
tensor. Since the scalar potential is quadratic in the fermion shift matrices, and these matrices
depend linearly on the embedding tensor, the potential can always be written in the form

V = g*ViNey, 0k, (4.59)

where the potential is written in terms of the embedding tensor and a scalar-dependent matrix
V3N, Let us review some examples.

In the case of N' = 8 D = 4 supergravity, the scalar potential can be equivalently written

as [122]
V = ¢* (Xun"Xpo " MM MNC Mps + TXunXpo" MMP) (4.60)
with X/n% defined in equation (4.36]) as a function of the embedding tensor, and the positive

definite scalar matrices M,y defined in (4.25)).

In N =1 D = 4 supergravity, the scalar potential is given by:
V= K <K"3DiWD3V_V - 3|W|2> , (4.61)

where W is the superpotential, K is the Kihler potential, K% is the inverse Kihler metric,
depending on the geometry of the moduli space of the scalar fields, and D;WW = o;W + (0; K)W
denotes the Kéhler covariant derivative of the superpotential.

4.3.1. Going to the origin

Let us explore the procedure introduced in [102] to find extrema of the scalar potential
V(¢). As we will see in Chapter @ this method turns out to be pretty useful for a systematic
exploration of vacua. That is to say, it is an efficient method for identifying extrema of the
scalar potential V(o).

As we have mentioned earlier, the scalar potential depends on scalar fields ¢, represented
by coset elements L(¢) € G/H, and an embedding tensor O:

V(g) =V (L(¢),0). (4.62)



4.3. SCALAR POTENTIAL

3,V (L(4),0) =0
U

T Q

Figure 4.1: Going to the origin

Due to the non linear functional dependence of the scalar fields in V', solving these equations di-
rectly can be difficult. Typically, one simplifies the problem by considering symmetry-invariant
subsets of scalars (consistent truncations) or using numerical techniques.

A more elegant alternative exploits the geometric nature of the scalar manifold, a ho-
mogeneous coset space GG/H. Any scalar configuration can be related to the origin through
transformations in the global symmetry group GG. The scalar potential remains invariant under
simultaneous transformations of the scalar fields and the embedding tensor, allowing it to be
expressed only in terms of L™(¢)0O:

V(9) =V (0,L7(¢)0) . (4.63)

This implies that any critical point can be mapped to the origin (¢ = 0), where the scalar
potential and its derivatives simplify to quadratic expressions in ©. Thus, finding vacua reduces

to solving quadratic algebraic equations involving only the embedding tensor.

Let us see this in more detail. Consider a transformation U € G acting linearly on the coset
representatives:

UL(¢) = L(¢)h(¢.¢'), he H, (4.64)

with a simultaneous transformation of the embedding tensor:
© -0 =U6. (4.65)
Since the scalar potential involves only H-invariant quantities, these transformations imply:
V(L(#),0") = V(L(¢), ©). (4.66)

Therefore, this expression enables us to explore the homogeneous scalar manifold by evaluating
the potential at the reference point and systematically varying ©. The invariance of this point
under the compact subgroup H ensures variations of © along non-compact directions of G
corresponding to distinct scalar configurations.

This process of finding extrema of the scalar potential is called "going to the origin”.
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4.4 Higher dimensional origin

Some gauged supergravities in lower dimensions can be obtained from compactifications of
higher dimensional theories[] In this subsection we study compactifications on group manifolds
for a purely gravitational theory as a toy model and for type II theories. For further types of
compactifications we refer to [121, [120].

4.4.1. No twist no party: compactification on group manifolds

We will consider a D-dimensional gravitational theory compactified to d dimensions, with
the spacetime coordinates split as 2™ = (z#,y™), where M =0,1,...,D — 1, u =0,1,...,d,
and m =d+1,...,D — 1. The internal compact space is taken to be a group manifold, as
such geometries naturally induce a non-trivial scalar potential upon compactification, which
can contribute to the stabilization of the moduli. We will begin with the definition of group
manifold.

A group manifold is a differentiable manifold whose points can be identified with the ele-
ments of a Lie group G. If we consider coordinates y™, then each group element is written as
g(y™), and the dimension of the manifold, D, is equal to the dimension of the group. The struc-
ture of the group naturally induces coordinate transformations on the manifold through group
multiplication. More precisely, left and right multiplication by a constant group element, i.e.,
g+ Apgor g — gAg, define maps that move points along the manifold. These transformations
act transitively, meaning that any point can be reached from any other one by applying them.

However, these transformations are not in general isometries of the metric on the manifold.
To guarantee that left multiplication defines an isometry, one can introduce a special type of
metric. We define

dsg; = gmn o™ 0™, T,n0™ = g 'dyg, (4.67)

where g,,, is an arbitrary metric, 7, are the generators of the Lie algebra associated with G,
g = g(y™) are elements of the group, and ¢ is a set of one-forms known as Maurer—Cartan
forms. In terms of the coordinates y”, one can write o™ = o™ (y?) = U™, (y*) dy™, for some
matrix U™,, depending on the point of the manifold.

Since the Maurer—Cartan forms are invariant under left multiplication, the metric defined
above is also invariant under such transformations. For this reason, it is referred to as a left-
inwvariant metric. A manifold equipped with this type of metric possesses a transitive group
of isometries generated by left multiplication. The corresponding infinitesimal generators are
Killing vector fields L,, which satisfy the Maurer-Cartan equations:

[Lim, L] = wmn® Ly, (4.68)

4See [T19] for a systematic analysis of geometric and non-geometric gaugings in (half-)maximal supergravities
for D > 7.
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where the structure constants w,,,” are given by
Wn? = —2(U)",, (U5, 0,(UPy). (4.69)

These constants are the structure constants of the group G and are independent of the coordi-
nates y™, as guaranteed by Lie’s second theorem.

It is worth noting that while left multiplication defines isometries of the metric , right
multiplication does not, in general, preserve it. Nevertheless, if the components g,,, are chosen
to coincide with the Cartan—Killing metric of the group G, then the metric becomes invariant
under both left and right group actions. In this case, the full isometry group is given by G x G,
where GG and G denote the actions of the group from the left and the right, respectively.

To understand how these group manifolds appear in dimensional reductions, one can start
by considering a toroidal reduction Ansatz. In such case, the higher-dimensional metric can be

decomposed as
ds” = e2®ds? 4 200, (dy™ + Ajrdat) (dy" + Aldz) (4.70)

where o and [ are defined as:

) D—d (d—2)a

C=smona-2 T

(4.71)

and M,,, encodes the moduli of the internal space.

One can introduce a local transformation matrix U™, (y?) and reinterpret the toroidal
Ansatz

Cisg _ egaxdeQ + 62,B<I>UmpanMpq (dym + (U_l)mrA;diL‘“) (dyn + (U—l)nSAidxM)
= **%ds” 4+ 7" My (0™ + Al'dat) (0" + Aldat), (4.72)

where the new one-forms are defined as o™ = U™, dy".

The internal part of the metric now becomes
ds% = e**® M,,0™ o™, (4.73)

which corresponds precisely to a left-invariant metric on a group manifold.

The reduction of the higher-dimensional Einstein—Hilbert term then yields the following
Lagrangian:

L=+=g[R+iTe(DMDM™") — 3(09)* — 12D E" M F"™ = V] | (4.74)
with field strengths and covariant derivatives defined by

F™ = 20A™ — w,,™ A" A\ AP, (4.75)
DMy = OMyy + 20g(m” AT M,y (4.76)
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CHAPTER 4. GAUGINGS AND THEIR HIGHER DIMENSIONAL ORIGIN

In addition to the kinetic terms, a scalar potential emerges in the reduced theory:

V= %62(5*“)‘1’ [2M ™ w0, " wer P 4+ MMIM™ Moy wer ] - (4.77)

The field strengths are deformed by the presence of structure constants, and the scalar
sector acquires a nontrivial potential. These deformations reflect the non-Abelian nature of the
internal space, and depend linearly and quadratically on the structure constants, respectively.

4.4.2. Bulk compactification of type II theories
The pseudo-action for type II supergravities in the string frame can be expressed as:

1

St 9,2
Ko

!
2p p!

1 1 Foy |2
d"z/—g <e—24’ (R + 4(09)? — E|H(3)|2) -y M) +Swz, (4.78)

where p = 0, 2,4 corresponds to massive type IIA, and p = 1, 3,5 applies to type IIB theory.
Here, Sy 7 represents a topological term, with different explicit forms for the ITA and IIB cases.

In order to carry out the dimensional reduction of type II down to d dimensions, we
parametrize the ten-dimensional metric gy in terms of the d-dimensional one and the moduli
describing the (10 — d)-dimensional internal metric. In particular, by picking

ds%lo) = gy deM @ deV = 772 gg‘f) dz" @ dx” + pds?w_d) , (4.79)

the universal moduli p and 7 are singled out. The rest of the moduli, which describe volume-
preserving deformations of the internal geometry, are contained within ds%lo_ i) In addition to
that, we introduce local indices m, n as follows:

ds?m_d) = My 0" Q0" (4.80)

where M,,,, parametrizes the coset SL(10 — d,R)/SO(10 — d) with det M = 1.

To obtain the d-dimensional gravity action in the Einstein frame after compactification, we
impose the constraint:

—dj2 ! -
5-d/2 L 20 _d-2

e

p : (4.81)

which implies that p and 7 fix the internal volume and the string coupling.

Now, let’s break down the type II effective action. The determinant of the metric reduces

as follows:

V—g=T14p? vV —9(@)\/9(10-d) - (4.82)

Reducing the Einstein term in the original action ([{.78) yields}

5Note that R(10) = 72 R(@) 4 p=1 R(10-d),
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4.4. HIGHER DIMENSIONAL ORIGIN

/dlox s 02272 (10) :/ddl, — (7_2—d p5—d/2 e 22 R(d) 4 o —d p4—d/2 020 R(lo-d))

= / d'z /=g (R = V,) , (4.83)
where V,, = —p~ 1772 R19-9)_ In case of twisted toroidal compactifications, R10~9 is giving
by:

R(lofd) _ 1 M. M AMPS q m 1 M q m 4.84
= _Z mq wnp Wrs  — 5 Wmn wqp ) ( . )

where M™” is the inverse of M,,,, and w,,,” are the structure constants entering the Maurer-

Cartan equation
m 1 m,n D
dv™ + JWnp U AP =0 . (4.85)
This, in turn, implies the Jacobi identities as an integrability condition,
w[mn’" wp}rq =0. (4.86)

In addition to this, we will ask the structure constants to fulfill the unimodularity condition
wmn" = 0 for consistency, as we are performing the compactification at the level of the action.

Next, considering the scalar potential from the Hs) flux. Reducing the corresponding term

of the action (4.78]) yields
1

1
/d”’x V=g <_E e |H<3>|2> = /ddfc NS <—§ mnp H™ p~° T‘2> , (4.87)

giving a contribution of Vi = 5 Hypnp H™ p=2 772

For the R-R p-forms, their contribution to the scalar potential is:

1 1
/dmw\/—g (—2—]9! |F(p>|2> = /ddfﬁ V=) (—2—]3! oo, F700 g5 =02 7_6) , (4.88)

wich results in Vp, = QLp, Foppyomy Fm e ppmp=d/2 776,

Finally, as the 10-dimensional Chern-Simons term does not contribute to the potential, the
reduced d-dimensional theory is given by the following action:

Sd = /ddLE\ / —g(d) (R(d) + 2£kin — V) N (489)

where the full scalar potential arising from the bulk is composed of:

V=V,+Vu+ ) Vi, . (4.90)
p

The kinetic term for the moduli, which span a R} x RF x SL(10 — d,R)/SO(10 — d) geometry,
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CHAPTER 4. GAUGINGS AND THEIR HIGHER DIMENSIONAL ORIGIN

is given by

10—d\? (9p)2 [2—d\*(0r)* 1 _
Ekm:—( 3 ) 7 —( 1 ) 5+ T (OMoM™) (4.91)

4.4.3. Tadpoles and Green-Schwarz mechanism

In type II theories, the Bianchi identities for the Ramond—-Ramond fluxes are modified in
the presence of localized sources such as D-branes and orientifold planes. To treat these fluxes
in a unified way, it is useful to employ the democratic formulation [77]|, where all RR potentials
are included as part of a formal sum. The RR field strengths are given by

F =dC+me”® — H A C, (4.92)
where
5,9/2 5,9/2
F= ) Fay C= > Caon. (4.93)
n=0,1/2 n=1,1/2

and m = Fg) in massive type IIA. These field strengths satisfy a duality condition given by
Fiay = (=) % Fuo-n), (4.94)

where x denotes the Hodge dual in ten dimensions and |n/2] is the floor function applied to
n/2. The Bianchi identities for the RR field strengths then are

dF — Hi ANF = 0. (4.95)
When localized sources are included, the Bianchi identities are modified [64] as

dF ) = Hegy A F_gy + 20Va!)" 1ol (4.96)

where pi° denotes the dimensionless charge density of the 8 — n-dimensional (in space only)

magnetic source for F,y, which contains a 6"*(Z — ;).
Integrating the Bianchi identity over a compact cycle leads to a global consistency condition,
known as the tadpole cancellation condition. This condition ensures that the total RR charge

(from fluxes and sources) vanishes on compact internal manifolds.

Example (Type ITA): For D6-branes and O6-planes extended along spacetime and wrapped
on a three-cycle Y3, integration of the Bianchi identity for F{3) over the dual cycle Y3 yields
the condition

- = Flo)
Nps(23) — 2Nog(33) + — 2 [ Hy =0, 4.97
p6(23) 06(23) oo . (3) ( )

where NDﬁ(ig) and N06(i3) are the number of D6-branes and O6-planes wrapped on 23,
respectively.
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4.4. HIGHER DIMENSIONAL ORIGIN

Example (Type IIB): Similarly, in type IIB, D5-branes and O5-planes wrapped on a two-
cycle ¥y act as sources for F(3). Integrating the Bianchi identity over the dual four-cycle X4

gives
~ ~ 1
ND5<22) — NO5<22) + W/E H(g) VAN F(l) =0. (4.98)
4

We can connect the tadpole cancellation conditions with the original Green—Schwarz mech-
anism in heterotic string theory.

In the heterotic case, the bosonic part of the ten-dimensional effective action contains the

term

OZ/

2.2l

1 10 —29 M 1 r7 2
Sboszf%o d>x —ge R+48M®8 (I)_T3'|H(3)‘ —

Tr, |]-"(2)]2) : (4.99)

The crucial point is that the field strength of the NSNS two-form is not simply dB ), but is
modified by gauge and gravitational Chern—Simons terms:

O/

Hiz) = dBy - 7 (ws —wg™), (4.100)
where
w3 = Tr, (A/\dA—%A/\A/\A) , dws = Tr, F N F, (4.101)
and
dw§™ =Tr R A R2), (4.102)

where R () is the curvature 2-form.

Therefore the Bianchi identity for H, (3) is modified to

Oé/

(Tr R(g) VAN R(z) — Tr, F A f) . (4.103)

This modification is directly related to anomaly cancellation. Ten-dimensional heterotic
string theories are chiral and therefore may suffer from gauge, gravitational and mixed anomalies
from one-loop hexagon diagrams. The potentially anomalous one-loop hexagon diagram gives

a contribution whose relevant factorized structure is schematically
Apex > Try, F* A (Tr Ry — Tr, F2) (4.104)

The Green—Schwarz mechanism cancels this anomaly through the exchange of the Kalb-Ramond
field. In ten dimensions, this degree of freedom can be described electrically by the two-form
potential B(y), or magnetically by its dual six-form potential Bg). Inserting the modified defi-
nition of H, (3) into its kinetic term produces a cross coupling between dBy) and the gauge and
gravitational Chern-Simons three-forms. After dualizing B(y) to B and integrating by parts,
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CHAPTER 4. GAUGINGS AND THEIR HIGHER DIMENSIONAL ORIGIN

this coupling can be written schematically as
/ By A (Tr Ry — Tr, F?) . (4.105)
10d

On the other hand, there is also a one-loop correction coupling the two-form to four gauge field
strengths,

Sp,Fi = / By A Tr, F*. (4.106)
10d

The combination of these two contributions has precisely the same factorized structure as the
hexagon anomaly, and cancels it.

Thus, in the heterotic theory, anomaly cancellation is encoded geometrically in the modified
Bianchi identity

/

dH s = % (Tr R A Ry — TroF A F). (4.107)

Upon compactification on a compact internal manifold, the modified Bianchi identity gives a
global consistency condition, in close analogy with the RR tadpole conditions discussed above.
The point is that the right-hand side of the Bianchi identity acts as a magnetic source for
H 3)- If there are no localized NS5-brane sources, then H, (3) 18 smooth on any closed internal

four-cycle >4, and Stokes’ theorem gives

/ dHg = | Hg =0. (4.108)
34 034

Integrating the Bianchi identity over >, therefore gives
/ Tr R(Q) VAN R(g) = / Tr, F N F. (4.109)
24 E4

Thus the gravitational and gauge contributions to the magnetic charge of ﬁ(g) must cancel

globally. This is the heterotic analogue of a tadpole cancellation condition.

o8



Chapter 5 -

New 1IB intersecting brane solutions

This chapter marks the beginning of the original results of this thesis. We study genuine
supersymmetric brane intersections in type IIB string theory that preserve (1 + 1)-dimensional
Lorentz symmetry. The full supergravity solutions are obtained in explicit analytic form, and
their main physical properties are analyzed. The Ansatz for the spacetime dependence of the
brane warp factors goes beyond the harmonic superposition principle. From the associated
near-horizon geometries, we construct new families of AdSs vacua in type IIB and relate them
to existing classifications in the literature. Finally, we discuss their holographic properties.

5.1 D3 — D5 — D7 brane systems

In [22], deformations of N = 4 SYM, with partially SUSY preserving spacetime dependent
profiles for the SYM couplings and the mass terms were studied. In particular, the field theory
enjoys a rigid ISO(1, 1) x SO(3) x SO(3) symmetry and the deformation parameters generically
depend on two coordinates. It was argued that their stringy origin is the presence of defect
branes in the background [23].

On the supergravity side, an AdS; x S° geometry emerges when taking the near-horizon limit
of the D3 brane metric. By placing D5 and D7 branes within the aforementioned as depicted
in table preserve four real supercharges, i.e. it is %—BPS, (1 4+ 3)D conformal symmetry is
broken and one expects a lower-dimensional field theory description to emerge. Even though
no lower-dimensional CFT is expected to emerge in the (new) near-horizon limit, we look for
the supergravity description of the field theory construction illustrated in [22].

object H t vy ‘ r1 X ‘ roo91 ¢ ‘ p 01 6
D3 X X | X X|~ ~ ~|= — =
D5 X X | X —]|X X X|~ ~ ~
D7 X X|— —|XxX X X |X X X

Table 5.1: The % BPS brane system underlying the intersection of D5 — D7 branes intersecting
D3 branes. The symbols are x for directions the brane spans, ~ for smeared (homogeneously
distributed) directions, and — for directions the brane does not extend into.

When we analyze the Killing spinor projections for the D3, D5, and D7 branes, we require
that

! ! !

II(Ops)e = II(Ops)e = 1I(Opr)e = €. (5.1)
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CHAPTER 5. NEW IIB INTERSECTING BRANE SOLUTIONS

This condition ensures that four real supercharges are preserved because admits a space of
solutions parametrized by four independent real parameters, thus giving rise to a % BPS brane

intersection.

The 10D supergravity Ansatz we consider isE|

12 5 p—1/2 7 p—1/2 12 51/2 [ 77—1/2 1/2
dsi, :HD3/ HD5/ HD7/ dSi/{ka + HD3/ HD/7 (HD5/ dai + HD/5 dxg)

+HYHRYPH? (dr® + r2ds2s) + Hyy HYZHod? (dp? + p*ds,) (5.2)

Clay = HprHpg Volutiaw, A dzy A dalsp (5.3)
Ce) = HS; Volykw, A dzq A Volgs | (5.4)
C(g) = HD3H1571 VOleW2 A\ VOlR:s A\ VOle y (55)
e = HpHy! (5.6)

where ds¥y,, = (=dt* + dy?), dsi, = (d¢] + sin® ¢1de3), dsk, = (d6F + sin®6,d63), and
(+-+)|sp denotes projection onto the self-dual field. The warp factors appearing in the above

Ansatz are respectively assumed to have the following spacetime dependence: Hpsz = Hps(p),
Hps = Hps(v2) and Hpr; = Hpq (21, T2).

The complete set of Bianchi identities (2.54)) and equations of motion (2.55) — (2.58) is

satisfied upon imposing the following differential equations

|
92 Hps =0, (5.7)

2 |
AgsHps = 8*Hpy + ~OpHng =0, (5.8)
Hps 02 Hpr + 02 Hpr = 0 (5.9)

It may be worth mentioning that, while the first two differential conditions impose harmonicity
and can be integrated in fully generality, the third one admits non-harmonic solutions for Hpz,
and in particular its explicit form crucially depends on the choice of Hpys.

Equation (5.7)) is solved by
Hps = hps + Qpsra , (5.10)

where hps and Qps are some real integration constants, while ([5.8)) yields

Hps = hps + % , (5.11)

hps and (Qp3 being yet new real integration constants. The last condition to determine where
Hpy; is generically only solvable term by term in its Laurent expansion. However, there are
special cases that allow for a resummation of the resulting solution. For example, when the

'We adopt the string frame all throughout this chapter.
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5.2. D3 - D3 - D7 BRANE SYSTEMS

D5s are nearly cored (i.e. hps = 0), (5.9)) is solved by

hp7 + Qb7 (xl - %1‘2) )

Hp, = or (512)

~1/6
hpr + Qb7 (55% + &%) ;

(

\

in terms of two extra integration constants hp; and Qp;. When hps # 0, simple solutions are
of course found by solving 8§1HD7 =0 and 8;32 Hp; = 0 separately. Otherwise, more non-trivial
possibilities are

2
Hpr; = HI()07) + % - HI()_52) ) (5.13)

where the function HD7 satisfies 02 Hy, = 07 H D7 = 0, and HD5 denotes the second primi-
tive of Hps, i.e. satisfying 8§2H](352) = HD5.

The class of solutions presented here does not contain any obvious AdS3 solutions to be
obtained by means of an appropriate near-horizon procedure. Nevertheless, they have a possible
interesting physical interpretation as the gravity duals of the position dependent configurations
of the coupling within A" =4 SYM, which were studied in [23].

5.2 D3 — D3’ — D7 brane systems

Let us now move to a different brane configuration in type IIB. Motivated by the SYM
deformation with ISO(1,1) x SO(2) x SO(4 ) symmetry and 2D spacetime dependent couplings
obtained in [22], we propose the following §-BPS brane configuration.

Within the same D3 brane background, we place this time orthogonal D3 branes (denoted
by D3’) as well as D7 branes in such a way as to leave (14 1)D Lorentz symmetry intact. This
procedure, which is illustrated in detail in table[5.2] turns out to preserve four real supercharges
by imposing

H(ODg)E ; H(OD7)€ ; H(ODgl)é ; €, (514)

we realize that the three projections are perfectly compatible and each of them halves the space
of invariant eigenspinors in such a way that the resulting solution again depends on four real

parameters. This means that this brane system is % BPS, as in the previous section.

object H t Y ‘ Tr1 X9 ‘ r §Z§ ‘ P 91 92 93
D3 X X | X X|=- |- = = =
D3’ X X|~ ~|X X|[—= — — =
D7 X X|— —|X X|xX X X X

Table 5.2: The % BPS brane system underlying the intersection of D3’ — D7 branes intersecting
D3 branes.
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CHAPTER 5. NEW IIB INTERSECTING BRANE SOLUTIONS

Our Ansatz on the IIB fields is:

dsty = Hpy'* Hpy!* Hoy* dspe, + Hpg'* Hyly Hyf' (daf + da)
+ HY HoPH ™ (dr? + r2de?) + Hyg g Hot? (dp? + pPds?a) (5.15)
Cu = (HD7H5§ VOlntiaws A d1 A dg + Hpg volypia, A V01R2) |sp (5.16)
Ce)y =0, (5.17)
Cs) = Hpz Hp volyti, A volgz A volga | ( )
e = Hpy | (5.19)
where ds}y,, = (—dt? +dy?), ds%s = (df} +sin® 6,d03 + sin® 0, sin® 6,d03), and (- - - )|sp denotes
projection onto the self-dual field. The warp factors appearing in the above Ansatz are respec-

tively assumed to have the following spacetime dependence: Hps = Hps(r, p), Hpy = Hpz (p)
and HD7 = HD7(Q31,.I‘2).

The complete set of BI (2.54) and equations of motion (2.55) — (2.58)) is satisfied upon

imposing the following differential equations

AR4HD3 + HDglARQHDg = /)738;) (pgﬁpHDgg) + HDgfrilar (T’@THD3> ; 0 y (520)
AR4HD3’ = p_3(9p (pgapHDgl) ; 0 s (521)
AZHD'y = 8§1HD7 =+ 8§2HD7 ; 0. (522)

In this case the above system can be e.g. solved byE|

1
Hps =14 Qps (E + Rilogr + kelog p + K3 (p2 — 27‘2)> , (5.23)
Hpy = 1+ Qij’ , (5.24)
HD7 =1+ QD? log(x% + l’%) y (525)

where Qps, Qps, Qp7, K; are real integration constants satisfying

K9 ; 4@])3//‘%3 . (526)

Near-Horizon limit and AdS;

As p — 0, one has the following asymptotic behavior for the warp factors

Hp; ~ <22 , (5.27)

2 )

2Note that, depending on possible boundary conditions chosen in the (x1,x2) plane, Hpy can be an arbitrary
harmonic function. The one we write here is the only rotationally invariant form for this function, but there
are infinite different solutions.
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while Hpr stays finite since it is a p-independent harmonic function of (x,z5). In this limit,
the solution in (5.15) — (5.19)), after rescaling the Minkowski worldvolumd?] takes the form

dsly =P H? (ds} s, + Qps Hdsy + Qpbdste + dsks) | (5.28)
0(4) = £2p2 VOleWZ N (QDg_lHVOIE —+ QB%,VOsz) ‘SD s ( )
Ce) =0, (5.30)
C(g) = £4QD3H71 volags, A volp2 A volgs | ( )
e =H1', (5.32)
where ds? g, = (‘g—zds%wsz + dpi;) is the metric of unit AdSs, with volags, = £ 2pdt Ady A dp
the volume element, ds$, = (dz] + da3) and dsz, = (dr? + r?d¢?), while the constant length ¢
is defined as ¢ = (Qp3Qpx)"/*, and finally H is an arbitrary harmonic function on X.
The above solution represents AdSs x S% x T? warped over a Riemann surface ¥. As usual
in these cases, besides an enhancement of spacetime symmetry, such a near-horizon geometry

also possesses enhanced supersymmetry, from 4 to 8 real supercharges.

Discussion

When turning off a D3 brane charge, namely either Hps or Hps are constant functions, a
global symmetry enhancement to an S° takes place and the resulting D3-D7 brane intersection
exhibits the near horizon geometry AdSs; x S° x T?. Precisely, a particular choice of the
deformation parameters of the SO(2) x SO(4) field theory obtained in [22] allows for such
symmetry enhancement, in such a way that the resulting action exhibits a rigid ISO(1, 1) x SO(6)
invariance |19, 20, 21].

Similarly, when turning off the D7 brane charge, the SO(2) x SO(4) remains and there is a
SUSY enhancement to 16 supercharges [103]. These solutions have been studied in [104], 105].

Despite a D3 — D7 — D7’ construction with the same rigid symmetry has been explored, we
have not found a supergravity solution without smearing along the (z1, xs) directions.

In light of the classification for probe branes in AdSs; x S® done in [103], it would be
interesting to study a stack of N D3 branes within a D3’ — D7 background in the probe

approximation.

5.3 D3 — D5 — NS5 — D5 — NS5’ — D7 brane systems

Let us now return to the first brane system that we considered. We argued that it did not
admit any special near-horizon geometry featuring lower-dimensional AdS factors. However, it
was already observed in [32] that more general intersections of this type do yield AdS3 vacua in
Type IIB supergravity with N' = 2 supersymmetry in 3D. The explicit brane setup considered
there is given in table [5.3| and it is originally obtained by performing a single T-duality on

3We take (t,y) — +(t,y).
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CHAPTER 5. NEW IIB INTERSECTING BRANE SOLUTIONS

the (massive) Type IIA setup given by D2 — D6 — NS5 — D4 — D8 — KK5. In [32] both the
supergravity brane solution and the dual 2d quivers are discussed.

object H
D3
D5

l T g g p 6 6
X
X
NS5 || x
X
X
X

X
X
D5’

NS5’
D7

X X X X X|X||<
|2 X X 2|x|®B
| X 2 2 X|x||8

|

|

|

X X X

X X X

X X X
|

X X X

Table 5.3: The % BPS brane system underlying the intersection of D5 — NS5 — D5 — NS5 — D7
branes intersecting D3 branes. The ~ denotes smearing directions.

Starting from the configuration showed in table [5.1, one might add D5 and NS5 branes as
shown in table Interestingly, even though one might expect this configuration to be way
less supersymmetric than the previous one, in the end none of the new projections are really
independent of the ones already taken above. As a result, a generic Killing spinor found earlier
will also be a good spinor for the new intersection of branes, which is therefore still % BPS.

We consider the same brane setup as in [32], but, as opposed to [32], we do not want to
keep any link with the (massive) ITA description. As a result, we will obtain a generalization
of the brane solution described there, where no isometric circle is left in order to perform the
T-duality back to Type ITA. Our solution will be genuinely Type IIB. Our Ansatz on the 1B
fields reads

~ B B B B 2 g2
ds3y = Hyy P Hod P HO )P Ho P sy, + Hpy HYY (%HN%dxf + 25 Hygydas
Hpyg Hpg
L [ HY? HY?
+ H$é2HD;/2 ( ]13/52 Hyss (dr® 4+ r’dse) + %HN%/ (dp® + p2d32§2) : (5.33)
Hys Hpy
0(4) = HD7H5§ VOlewz A dIl A dl‘2|sD , (534)
Hps Hysy HpsH:
Cloy = 25 01y, A dry A volgs — o252 vl A diy A volgs | (5.35)
Hps Hps
C(g) = HDBHNSSHNSS/H]S; VOleW2 A V01R3 A V01R3 5 (536)
Hps H Hps Hyss
B = Hor (LNSE’ VOlykw, A dzq A VOlgs + DY RSY VOlMiw, A dTy A V01@3> , (5.37)
Hyss Hxss
—1/2 77—1/2 771/2 771/2 77—
e? = HD5/ HD5/ HN/S5HN/SS’HD71 ; (5.38)

where ds3p,, = (=dt* + dy?), dsi, = (d¢] + sin® ¢1de3), ds%, = (d6F + sin®6,d63), and
(+-+)|sp denotes projection onto the self-dual field. The warp factors appearing in the above

Ansatz are respectively assumed to have the following spacetime dependence: Hpz = Hps(r, p),
Hps = Hps(r), Hxss = Hyss(r), Hps = Hpy (p), Hnss = Hyss (p) and Hpy = Hpr(w1, 22).

In order for the complete set of BI (2.54) and equations of motion (2.55) — (2.58) to be
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satisfied, the following identification turns out to be necessaryﬁ
HNS5 = HD5 s and HNS5’ = HD5/ i (539)

After taking (5.39) into account, one is left with the following set of differential equations

H3 H2., _
ARSHDS—‘I_ H2 ARdHDg = p 8 (p28pHD3) + H25 r 28 (’f’ 8HD3) ; 0, (540)
D5 D5
ApsHps = 1720, (r*0,Hps) = 0, (5.41)
ApsHpy = p 20, (p?0,Hpy) = 0, (5.42)
AZHD7 = 8§1HD7 —+ 852[-[]37 ; 0. (543)
Equations (5.40f - and ((5.42)) are respectively solved by
1 K
Hp3=1+0Qps |-+~ , (5.44)
rop
Q5
Hps = Hygs = 14+ — (5.45)
Q5
Hpy = Hyxsy = 1+ — p (5.46)

while we leave Hp; as an unspecified harmonic function on .

Near-Horizon limit and AdS;

As r — 0 (or identically p — 0, since the whole solution is completely symmetric w.r.t.
swapping 7 <> p), one has the following asymptotic behavior for the warp factors

Hps ~ % , and Hps = Hnss ~ % ) (5.47)
r r

while Hps, Hnsy and Hpr stay finite since they are r-independent harmonic functions on R3
and X, respectively. In this limit, the solution in (5.33)) — (5.38)), after rescaling the Minkowski
worldvolumeﬂ takes the form

KZ
ds?y =PH V212 (4d32Ad53 + 24— dsks + ds§2> : (5.48)

_HK

QD3Q5 > Q%

Cuy = 40*Qps ' Hr volygy, A vols|sp ,

Cle) = 40°Q5 " K?r volyiaw, A dy A volps + 80°Q5 K ~'volpgs, A dwa A volge |
Cr) = 8¢*QpsH 'K volpgs, A volgs A volys |

B) = 4°H (Q5 " K*r voluiiaw, A da A volyps — 20°Q5 K ~'volags, A dzy A volge)

4Tt is worth noticing that these conditions represent the most general way of solving for the dynamics of the
system if one aims at retaining a completely general (z1,z2) dependence of Hpy.
SWe take (t,y) — 57 (t,y).
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e =H", (5.53)
where ds3 g, = L tds}y,, + % is the metric of unit AdSy, with volaas, = £ dt A dy A dr the
volume element, ds3, = (dz? + da3) and dsi, = (d,o2 + p2ds%2), while the constant length ¢ is
defined as ¢ = (Qps@?)/*, and finally H & K are two arbitrary harmonic functions on ¥ and
T3, respectively.

The above solution preserves 8 real supercharges and represents AdSs x S? warped over
T3 x ¥. In particular, for a spherically symmetric choice for the function K, the resulting
geometry can be thought of as AdS; x 52 x 52 warped over I, xX.

Discussion

The solution (5.48) interpreted as AdSs x S2 x 52 warped over [ p X X is a straightforward
generalization of the one discussed in [32]@ The generalization consists in taking H as a general
harmonic function on ¥, rather than just being linear in one of the two coordinates, say x;.
As a consequence, since we have no Abelian isometries left in our background, we conclude
that our setup is genuinely type IIB, with no relation to (massive) type ITA any longer. On
the other hand though, the physical interpretation proposed there is directly carried through
in our more general situation. Let us summarize in what follows the salient steps.

In particular, one may use the existence of a consistent truncation of type IIB supergravity
on S? x ¥ [106] to land within minimal A" = (1,1) D = 6 gauged supergravity [107]. This theory
possesses 16 real supercharges and SU(2) gauge symmetry, and is often referred to as Romans’
supergravity. Its field content is given by the 6d metric, a real scalar field X, a 2-form gauge
potential By, three SU(2) vector fields plus one Abelian vector field. The scalar potential of
the theory admits a real superpotential formulation given as

V(X) = 16 (=5f(X)* + X* (Dx f)") (5.54)

where f(X) = 1 (3X + X *). Note that the theory admits a SUSY AdSs extremum at X =1
in the absence of vectors and 2-form.

Now, by using the uplift formulae in [I06], one can show that, upon specifying a choice
of harmonic function on >, the SUSY vacuum of the minimal 6D theory lifts to the class of
AdSg vacua described in [108] 109, 110], where a brane interpretation is provided in terms of
(p,q)5 brane webs and D7 branes. Furthermore, 6D BPS slicings of the form AdS; x S? were
studied in [I5]. The authors of [32] were able to map the solutions obtained when lifting these
configurations to type IIB to the near-horizon limit of D3 — D5 — NS5 — D5 — NS5 — D7 brane
systems for which Hp7 is purely linear in z;.

This implies that our solution may be interpreted holographically as the gravity dual
of a defect CFT; inside a 5d N' = 1 SCFT, which is engineered by placing within the background
(p,q)5 web and D7 branes, D3 branes and a new (p, ¢)5 web only sharing two directions with
the previous one. The more general (z1,z5) dependence present in our solution w.r.t. the one
in [32] simply suggests that the AdSg vacuum, which is reached asymptotically when moving

6Let us note that, in contrast with the brane intersection of [32], in this solution the D7 brane can be
lobectomized taking Hp7 — 1.
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at infinite distance from the defect branes, will no longer necessarily correspond to the annulus
as a choice for .
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Chapter 6 -

Open Strings in type IIB orientifold
reductions in d = 6

In this chapter, we explore Type IIB compactifications on general 4D group manifolds, con-
sidering both O-planes and D-branes that fill the six-dimensional spacetime. By turning on
background fluxes consistent with the orientifold projection, the lower-dimensional description
emerges as a 6D N = (1,1) gauged supergravity. We show how the dynamical open strings
on the D-branes are incorporated by introducing additional vector multiplets and embedding
tensor deformations, which modify the usual bulk field strengths and ensure consistency with
the source-corrected Bianchi identities. These modifications can be viewed as U-dual versions
of the Green-Schwarz terms. Finally, we show that the resulting scalar potential in six dimen-
sions exactly matches the dimensional reduction of the ten-dimensional bulk action, once the

contributions from O-planes and D-branes are properly taken into account.

6.1 Bulk Reduction

In order to carry out the dimensional reduction of type IIB down to six dimensions, we
parametrize the ten-dimensional metric gz in terms of the six-dimensional one and the moduli

describing the four-dimensional internal metric. In particular, by picking
ds%lo) = gy deM @ daN = 772 gl(ﬁ,) da" @ dz” + pdsa) , (6.1)

the universal moduli p and 7 are singled out, whereas the rest of the moduli are encoded inside
g™ and describe volume preserving deformations of the internal geometry. In addition to that,

we introduce local indices m, n as
dsa) = Mpp, 0" Q0" (6.2)

where the matrix M,,,, parametrizes the coset SL(4,R)/SO(4) and det M = 1.
To obtain the 6D gravity action in the Einstein frame upon compactification, we require
the constraint [TTT]

PP =t (6.3)

which implies that p and 7 fix the internal volume and the string coupling.
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Let us consider now each of the terms in the type IIB effective action. The determinant of
the metric reduces to

vV—g — 7178 p2,/g(4) VI - (6.4)

Then, the reduction of the Einstein term in (2.52) amounts to [[]
/dlox —ge PRI0 /le[E =g (e RO 1 776 p 28 RU)

= /d10$ vV —Y(6) (R(G) — Vw) s (6.5)

where V, = —p ' 772R®W. In case of twisted toroidal compactifications, where v™ are the
Maurer-Cartan 1-forms, R™ has the following expression [112]:
1

1
R(4) - _Z MqunrMps Wnpq Wrs' " — 5 M wflpm ) (66)

where M™" is the inverse of M,,,,, and w,,,,” are the structure constants entering the Maurer-

Cartan equation
m 1 m,n D
dv +§wnp VAP =0 . (6.7)
This, in turn, implies the Jacobi identities as an integrability condition,
w[mnr wp]rq =0. (68)

In addition to this, we will ask the structure constants to fulfill the unimodularity condition
wmn" = 0 for consistency, as we are performing the compactification at the level of the action.

Let us consider now the scalar potential arising from the H flux. Reducing the corresponding
term of the action ([2.52) yields

1 1
/dmx V=g (—E e 2® |H(3)|2) — /dﬁx\/—g(ﬁ) (—E H,ppp H™™ 3 7_2) , (6.9)

so that the contribution consists of Vi = & Hyppp H™P p3 772 and the contraction with the
indices is done with the internal metric g(¥.

Regarding the R-R p—formsEL their contribution to the scalar potential is

1

1
/dwx V=g <—— F(p)\z) — /dﬁm V=96 (—2—1)' Frnyom, F™ PP 7'6> , (6.10)

2p!

so that Vg, = 2Lp! Fymy F™ M0 270 776

Thus, as the 10D Chern-Simons term does not give any contribution to the potential, the

1Please note that R0 — 72RO 4 p=1R®)
2Please note that the numerical factor in (2.52)) is —4%! due to the simultaneous presence of the dual magnetic
fields F{10—p). Using the duality relations (2.53)), the factor SL- s trivially restored.

2p!
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reduced 6D theory is given by the following action

Sep = / d®z/~g® (RO + 2Ly, — V) (6.11)
where the full scalar potential arising from the bulk and the effective tension consists of

V=V+Vu+ ) Vg, . (6.12)

P

The kinetic term for the moduli, which span a R} x R x SL(4,R)/SO(4) geometry, is given
by

©p)* _ (07)°

1
12 5+ T (OMoM™) (6.13)

'Ckin = -

6.2 Non-Abelian Brane Actions and Reductions Thereof

6.2.1. Case O5/D5 & Open Strings

Let us compute the contribution of the sources to the scalar potential. Focusing on the
scalar sector and making use of egs. (6.91) and (6.92)), we find that the reduction of the DBI
action of Nps coincident D5-branes is given by

)\2
Spet = — Nps Tps / d°z/—g {0_17_4 (1 + EQIJKGmn:thqYImYJnYKp>
\2 (6.14)
T *915™ grc s My MY 'Y PY K1Y R0 } ,
where the dots mean subleading contributions in A (or, equivalently, in o) which cannot be
captured by the gauged-supergravity description together with other terms that will not enter
the scalar potential. On the other hand, for the O5 planes we get simply the contribution from

the tension

SoPt = —Nps Tos / dlar/—gp T+ (6.15)

Hence, the total contribution from the DBI action of the sources amounts to

2’£6)‘ ND5 TD5

VD51%)5 ptrt {2“625 (Nps Tps + Tos) + 5

9r1JK €mnpq hqy[my]npr:|

(6.16)
i pT (2’%6>‘ ND5 TD5

4 arj gKLMM M, YImYJpYKnYLq)-

This is not the only contribution of the sources to the scalar potential, as the Wess-Zumino
terms in the D5-brane action give additional contributions. These, however, have been already
included through the modification of the field strength (6.95)). Let us discuss this aspect in
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more detail. The Wess-Zumino terms in the D5-brane action include a coupling to Cg),
SO = pps / Tr <P [e“wwci“(g) AP A e’\f]) I (6.17)
WV(D5)

which modifies the Bianchi identity of C(py and consequently the form of the associated field
strength. Locally, we now have F{;) = dC(p + x(1) for some 1-form (). The effect of this in

our setup is that now the F{;)-flux is no longer constant,

since Af,, is a certain combination of the non-Abelian scalars Y/™. This will result in two
additional contributions to the scalar potential coming from the kinetic term of F{;), namely:
pr°

vF(l) - Tan (fm + Afﬂ%) (fn + Afﬂ) . (6'19)

By a standard argument, the term in the potential which is linear in Af,, can be read by
evaluating using the uncorrected expression for C’(S) . Let us do this explicitly in order
to show how one can get from a direct calculation the expression of the modified field strength
presented in the main text, .

First, we expand the integrand of (6.17)) at the relevant order in A:

MD5/Tr <P [emywé(s) A ePa e’\fD = Z‘>\ND5/TY LYLYC’(B) +.

iNiDs A (6.20)
- - /dx‘“ Ao Adzhe Tr (O(S)M,,,Wn[YM,Y”]) ¥
Now we insert the expression of é(g), which is the followin
A A
C(S)m---lte‘mn = g €H1---M6mnquqyp . (6.21)
Plugging this in (6.20)) yieldsﬂ
,uD5/Tr <P [ei’””yé(g) AeBerp e’\fD =
(6.22)

AZN,
= — 3? = /dﬁx\/—_gPT_G QIJKGmnquqrerImYJnYKp +

Comparing this with the term in the scalar potential (6.19) which is linear in Af,,, we obtain

_ 263\ Nps D5

3 gIJKEmnquInYJpYKq ) (623)

Afm:

3Namely, the one obtained solving dC(gy = *xdC gy, with Cgy given by (6.80).
4Our conventions are such that ey;. g—1 = +v/—¢(@.

561234 = 44/ detan = +1.
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as anticipated in (|6.95)).

6.2.2. Case O7/D7 & Open Strings

In this section we will explain how to obtain the modified field strengths F{;) and F3) in
(6.130) and from the WZ effective actions. We will study the case of F{;) and give
similar arguments for F(s).

Let us firstly consider the contribution of the C(g) potential in the bulk and the WZ actions.ﬂ

Using the type IIB democratic formulation (2.52), together with the duality relation Fig) =
xF{(1), the variation of

S = Sus + S]g\;z + S(\;V?Z (6.24)
with respect to Clg) is
1
0 Stotal = / —5 d*x Fgy+ (xJ)@) | N6Cls) , (6.25)
10 \ 2KTg

where we have rewritten the WZ action as
S&Z/Dp :/ W@ :/ wP+Y) AéS_”;Dp : (6.26)
WV (Op/Dp) 10

with 097 = §(a?*1) -+ §(aP*) daP*t A -+ Ada®. The quantity (xJ)«) is defined through the
WZ action as follows:

Spr = / Ciey N (xJ) @) - (6.27)
10
Therefore, the Cgy equation of motion becomes the modified Bianchi identity for F{y),
dF) = =25 (xJ)2) (6.28)

in such a way the source term is straightforwardly determined from the C'(s) couplings in
the expansion of the WZ action. On the other hand, taking into account that the product
007(—1)F2Q on the components (Cly...usabs Chig-psais Chuo-psij) 18, respectively, (+,—,+), only
the quantities (x.J)u and (x.J);; will be nonzero. Here, because the flux F, is allowed while F;
is projected out, we will focus on (xJ ).

In this case, we have to consider the following Cg) couplings:

) _ . 1
S]\)A]?Z :,U/D7/Tr (P[C(s)] + Z)\QP[LyLyC(g)] VAN .F§
1 A A
—5)\2].:)[<Lyby)20(8) A B A B] + .. > y (629)

S(\S\;Z = Uor / C(g) + ... (6.30)

SNote that the DBI action does not contribute to the equation of motion of the RR fields.
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The first contribution can be conveniently rewritten as

R 1 ~ ea €ii i
/ 1 (PCly)]) = / it T (P o ean) 510" 802 daro st A D (6.31)
where we have used the notation dz™Mn = daMi A .. A daMn,

The pullback of the 8-form potential is expressed as

~

R . A2 .
P[C(8)]uo~~~u5@ = CMO"'MstLb - )‘D[HOYE Cur-m@]h + 7D[M0YE DMYL Cuz---us@]ﬂ +ooy, (6-32)

where, moreover, C’(g) is Taylor-expanded around the position of the source, y* = 0,

N ) o
C#o-“%ab = CMO"-umb + A Yzai Cﬂo-"%aj + 7 Y* Ylai al Cﬂo---us@ o (6'33>

Here, C\y...psap 15 @ 10D field, which admits the Kaluza Klein decomposition

Cpsa.4) = Cragopnn (2) V"o (4) 0"0(y) + ... (6.34)

where ellipses account for other nontrivial terms entering the compactification Ansatz that
do not depend on the 8-form potential which will be omitted in this analysis without loss of
generality:.

All in all, we find that the first term in (6.32)) gives the following contribution to (xJ)gs:

R A g g
CMO"'Mstb = Uag Ubb ? YIZ YJ] wai/k wbj/l CMO.A.;%M t] tJ . (635)

If we multiply both sides of the equation by €;; and use the Schouten identity on the kl and ij
indices, we have

A

AQ s/ -/
a ,b Ii J k l
CMO"'Msabeij =V 4aUp —2 Y-**y“s Wai' ™ Whj’ CMO.A.um‘jEkl t[ tJ . (636)

Let us consider now the second term of (6.32)). Using the twist matrices (6.121]), this term
contains the quantity

- 8- TN\
- )‘D[#OYE Cu1-~~u5@]E = —Uagvbb 5 9 QJK[

X AJM y KkyLi (wi‘b}j Clipepsjt + Wik CMO"'lts\b}C) trtp+... . (6.37)

Then, while the first term contributes to (x.J) (we need to use the Schouten identity on the
indices [ijk] and take the trace), the latter does not, due to the presence of the longitudinal
indices [bc] in the potential. In particular, the full term is given by

- 8.7 A2 ‘
Tr <—)\D[MOYE CNI"'NM&]E) = UGQUbQT ND7 ? JJKL T][a AJb} YKkYLZ C,uo---uski + ... (638)
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The last term in (6.32)) can be written as

k L A a b
_D[Moyf D#1Y7 CM"'MS@]M =V aUp

5 5 ?A a A7 YUY

X grx’ gy’ Cogpspitrty + ... . (6.39)

Multiplying by €;; and using again the Schouten identity, we have

A2 A
3D[HOYE Dy, Y Crageoisatii €35

* 2 ! ! !
= Uagv b J[a‘ A7 |b] y Kk y K gJKI gJ/K/I CMO"'Msij €ptrtp + ..., (6.40)
where we have omitted terms proportional to D,,.

Next, by studying the second term coming from the WZ action (6.29)), we observe that the
only contribution to (x.J)4, arises from
A A2 /
Tr (MQ Pliy 1y Cg)] A ~7:> = —Npy 5 ki 9’ g’
dto s vkl Uab

% AIGAJbYIiYJjEijCHO"'“5le/\i/\ﬁ_’_"' , (641)

where we have used the notation v = v™ A v™. Precisely, this term cancels the one in ((6.40)).

Finally, let us consider the third and last term in the WZ action ((6.29)), P[(ty ty)? C’(g)]. This
consists of the 4th interior product over the vector Y% of a 12-form. Because we are dealing
with codimension-2 objects, this turns out to be trivially zero.

Therefore, according to (6.27)), the final expression for (x.J)g is
2

A -/ 11 .
(*J)ab = Npr itD7 > (FGH' Y " YT war® wyit + gricr e Ay YKkYLZGki) ; (6.42)

which implies, using (6.28]),
2

2.2l

2 RS U
dF1y = —2 kg Npr pp7 (HH' €Y " Y weir” wyy

+9IKL Ma .AJb] YKkYLiGM) vEAV 4L (6.43)

Then, because generically its internal part is F(;) = F,v* + F;v' and wg' = 0, the only
contribution to (x.J), arises from F,. In particular,

1 . .
dFq) = =5 Fa (wy® vt Av 4w’ AU+ (6.44)

Equating the v*Av® components with (6.43)) and using the Jacobi identities (6.109]), in particular
the first equation in (6.133f), we obtain

)\2 ) ) .
Fo = ?7 (’faij kg Y1 YJkEjk — 9JKL A, YKkYLZEki) + A, , e A, m =0, (6.45)
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where \; = (2k2Tp7)"/2\. Precisely, the compactification Ansatz for C(0), together with the
integrability condition (6.111]) allow us to identify A, = F,, in such a way that (6.130) is

recovered.

A similar argument applies to the field strength F{3) in (6.131)). In this case we need to study
the couplings to Clg) in the WZ action, so that we can read off the current (xJ),;, which is
defined via this expression:

Spr- = /10 Cle) N (xJ) ) - (6.46)

Namely, as we are interested in the couplings to Cy,....s, from the WZ action we have the

following contributions:

S}g‘;z - MD?/Tr (P[C(G) A B(g)] + )\P[C(g)] NF + 5/\ P[LyLy(C(G) A B(22))]

) X X 1 )
-}-%/\2 P[LYLY(O((;) A B(g))] ANF — 5)\2 P[(LYLY)2(C(6) A B?Q))]) +.... (6.47)

The two terms in the second line do not contribute to the current: While the latter is trivially
zero because the D7 has codimension 2, the former is O(A\?) and the scalars B;; are projected
out by the O7 plane. Then, according to and the compactification Ansatz for é(g), it
is expected that only the first and second terms give nontrivial contributions.

6.2.3. Case 09/D9 & Open Strings

Let us firstly consider the D9/O9 contributions to the scalar potential. The two-derivative

action of a stack of Npg D9-branes is given by Spg = SB&I + SI%Z, where

/\2
SPST = — Npg T / Az —ge™® (1 + Z]-“IW}“I“”) + ... (6.48)
)\2
S]\)Agz :,UzDQ/Tr (C(lo)—i‘?C(G)/\f/\f) + ... (649)
On the other hand, the O9-plane contribution is
SOQ = — Tog/dlol’ —g 67(19 + MOg/C(l()) + ..., (650)
where the O9-plane charge is pog = 32 €gg pg- The tadpole cancellation condition,

Npoping + pog = 0, (6.51)
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requires Npg = 32 and egg = —1, which corresponds to an O9~ plane. Hence, the total
contribution from the sources, Spg/09 = Spy + Sog, amounts to

1
Spojos = —A*NpoThg / day/= [ FuF " + m6“1”'““’C(ﬁ)m...NGJ-“IWJWO} :
(6.52)

where adjoint indices are lowered using the Cartan-Killing metric, F; = x;;F”. Taking into
account the supergravity fields that survive the O9 projection (see Table , we can write
down the full action as

_ 1 10 —29 X oo rl i
S—%/d :c\/—g{e [R+4(09)%] — oy 7| |Fiz ‘ ¢ FuF
(6.53)
A ’
g @ Come T P ¢
where
A2 = 2k2 A2 Npg Thye - (6.54)

This is nothing but the bosonic effective action of type I string theory, written in terms of a
RR 6-form potential C(s). In order to write it down in the standard form, we dualize it into a
2-form potential C(9). To this aim, we integrate by parts the last term in and introduce
a Lagrange multiplier, as usual. Using differential-form notation, we have

)\2
S8 =5—-9 [ d(CeAs) + =5 [ Firy AdC
— 12 | 4G N) + 55 | Fy ndCl
1 1 ;\2
= _2’1%0 §F(7) NxFqy + Fr dCg) 3 Q(g) +... (6.55)

1 1
:_2/1%0/{5F<7)/\*F(7)+F(7)/\F(3)} ,

where we have defined the Chern-Simons 3-form 3),

1
Q fl/\AI 'g[JKAI/\AJ/\AK dQ(g) :fl/\f[, (6.56)

as well as the modified field strength Fis),

)\2
Fg) =dCo) — — Q(3>
5\2 . (6.57)
:dC(Q) — ?9 (J_"I ANAT + gg[JK.AI A A7 /\AK) .
The variation of S” with respect to F{7) (now considered non-dynamical) gives
F(g) = — % F(7) . (658)
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whereas the variation with respect to Co) gives the Bianchi identity of F{7), namely dF(7) = 0.
The Bianchi identity of F(3) is now modified as a consequence of the coupling of the open
string-sector to Cig). It reads

5\2
dF3) = —?9]-"1 A Fr. (6.59)

Finally, we substitute the duality relation (6.58)) back into the action. This yields the bosonic
action of type I supergravity, as anticipated:
A3

1 1
5o | d¢——g{ R+ 4007~ o [ 46—@f5ﬂ}_ (6.60)

2
2K70

When considering the reduction Ansatz (6.138]) and ((6.140)), the internal components of the
field strength F' are

1 /—
]-—I — 5 <]:Imn - gJKI Ajm AKn - AIP Wmnp> Um /\ Un + st (661)

where we have assumed that
I I 1 =1 m n
gryg o' =0, do zifmnv A", (6.62)
for constant ?Imn. The latter imposes the integrability condition
—I

F gim wnp)? =0, (6.63)

which turns out to be a quadratic constraint in supergravity (6.152]).

Similarly, the internal components of Fi3) result

Frnp = Frpp — 3 Cq{m wnp}q

— X2 (3 Al ?Inp — grg Al AT AR, — g W1 AL Alq) , (6.64)
where we have introduced
M r_ 1=
dy — 50 Ndo' = 3 Fornpt™ AN0" AN OP (6.65)
for constant F',,,,,. This leads to the integrability condition
% F o Fpg = Frtmn wpg” =0, (6.66)

which is again a quadratic constraint, ((6.152]).
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6.3 Gauged N = (1,1) Supergravities in 6D

Ungauged N = (1, 1) supergravity stems from dimensional reduction of type I supergravity
on a T*. In this case, the complete set of closed string zero mode excitations is contained in the
coupling between the gravity multiplet and four vector multiplets. Since the goal of this chapter
is that of using /' = (1, 1) supergravities as a tool for studying type IIB orientifold reductions
including an excited open string sector, we need to introduce their general formulation featuring
the coupling with an arbitrary number of vector multipletsﬂ. The (ungauged) theory enjoys the
following global symmetry

Gaoba = RT x SO(4,4+ ), (6.67)

where 91 is the number of extra vector multiplets. The physical (propagating) dof’s of the

theory are suitably rearranged into irrep’s of the little group and of the global symmetry group
as described in Table

| 6D fields | SO(4) = SU(2),, x SUQ2)r | R x SO(4,4 + M) irrep’s | # dof’s |

Guw (3,3) 10 9
B, (1,3) @ (3,1) 12 6
Al (2,2) 0D = (8 + M) 4(8 +M)

by (1,1) 1D 1
VL (1,1) adj® 4(4 4+ M)

Table 6.1: The (64+8M)p bosonic dof’s of the theory arranged into irrep’s of SO(4) jittie X G giobal;
the internal global symmetry being the one defined in . Note that, within the scalars
transforming in the adjoint, one should subtract the compact generators to get the correct number
of propagating dof’s.

In particular, the 17+49% scalar fields of the theory parametrize the following coset geometry

SO(4,4 + M)
Msca ar — ]RJF 7 ; 6.68
" T S~ 50(4) x SO + N (6.68)
H;;N
where the scalar coset representative H sy is written in terms of a vielbein V)M as
ViV = Yy VN2 + Vi 2VE + VAVt = Huw (6.69)

where the local SO(4) x SO(4 + M) index M has been split into (m,m,I), related to its
SO(4) timelikes SO(4)spacelike; and SO(N) parts, respectively. The kinetic Lagrangian is given by

1
Lin = —2572(0%)* + 1—68HMN6HMN : (6.70)

The deformations of the ungauged theory which are consistent with bosonic symmetry as

"We denote this number by (4 + 9), where the first 4 are needed in order to describe the closed string
sector, while the extra 91 accounts for the number of vector multiplets associated to the open string sector, just

as appearing in equation (3.17).
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well as supersymmetry can arranged into the following embedding tensor irrep’s

0 ¢ D(+3 = D ) @ @ (6.71)
CM f[MNP]
where (j; corresponds to a massive deformation inducing a Stiickelberg coupling for the two-
form B,,, while the remaining two irreducible pieces are traditional gaugings. In particular,
furnp purely gauges a subgroup of SO(4,4 + 1), whereas &)y gauges a combination of the Ry
generator and generators in the SO(4,4 + M) part.

Now, given a specification of the embedding tensor © transforming as in (6.71)), the consis-
tency of the deformed theory demands its gauge invariance, which is enforced by imposing the

following set of quadratic constraints (QC)

3 frpun fra)™ — 2 fiunprég = 0 Cmény = 0
fMNP CP - g[M CN] =0 > gM fM =0, (672)
funp&” = 0 u& = 0,

which include conditions for the closure of the gauge algebra, i.e. generalized Jacobi identities.
In ([6.72)), contractions are defined by means of the invariant SO(4, 4 + 0N) metric nyn and its
inverse ™" . In what follows, we will perform a lightcone (LC) basis choice within the SO(4,4)
sector, combined with a standard Cartesian basis along the remaining SO(1) directions. The
explicit form of 7 in this case is

Os | Ly | Oym
NN = Iy | Of |Ogm . (6.73)
Ona | Ong | In

It is perhaps worth mentioning that this choice of basis precisely matches the one made in [52]
within the (4,4) part, which will represent the closed string sector of our type IIB orientifold
compactifications. This choice is justified by the fact that closed string background fluxes have

a natural mapping into LC components of the embedding tensor.

Embedding tensor deformations turn out to induce Yukawa-like couplings between scalars
and fermions, which are parametrized by the so-called fermionic shift matrices. As a conse-
quence, supersymmetry invariance of the action requires the presence of a scalar potential,
which turns out to be quadratic in ©. Its explicit form in terms of embedding tensor irrep’s
reads

2 1 1 1
vV — QZ |:fMNP fQRSE_z (EHMQHNRHPS . ZHMQUNRHPS + 677MQ77NR77PS)

1 2 5
+ §CMCN26HMN + ngNPCQE2HMNPQ + ZfoNE_QHMN] ) (6.74)

where HM¥ denotes the inverse of H,y and g is the gauge coupling constant. For simplicity,
in the remainder of the chapter, we fix ¢ = 2. The four-index antisymmetric object HMNF?
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appearing above is instead defined through
HMNPQ = €mnpq f}Mmf)NﬁijBf}Qg , (6.75)

in terms of the Cartesian vielbein ]O/MM, which is in turn related to the LC one V32 through
f)MM = V¥ UEM, with

- \/%h \/%]LL O4m
UMM = %h %h @4,m ) (6-76)
Ong | Ong | In

transforming the LC metric into diag(—I4, +14, Iy).

In [52] all possible orientifold reductions yielding N' = (1, 1) theories in six dimensions were
studided within the closed string sector. The closed string dynamics turned out to be contained
within the theories with only the four (universal) vector multiplets included. In the next sections
we will select the type IIB cases of interest and include an excited open string sector. This will
require analyzing the 6D supergravity theories in the form presented in this section, ¢.e. with
the inclusion of O extra vector multiplets. Such an extension will allow us to study open string
dof’s like brane position moduli and/or Wilson line moduli, i.e. axions arising from internal
legs of the worldvolume gauge fields. Moreover, we will be able to consider possible physical
effects of a non-Abelian worldvolume theory, and/or the presence of worldvolume flux wrapping

internal space.

6.4 O5/D5 & Open Strings

Let us start by considering the minimal possible spacetime filling O-planes that respect 6D
Lorentz symmetry, i.e. O5-planes. These are placed as follows within 10D spacetime,

05 : X X X X XX | = — ——| oos Yy — =y,

J

VvV vV
6D spacetime ym

where 005 is the orientifold involution, whose action flips the sign of all transverse coordinates.
The O5 projection is realized at the level of the 10D supergravity fields by means of the simul-
taneous action of the aforementioned involution, together with the worldsheet parity operator.
Such a procedure yields the correct field content of a half-maximal supergravity in 6D. The
resulting details of this projection are collected in Table

In this case, due to presence of O5’s and D5’s, the reduction Ansatz can be formulated in
a SL(4,R) x Gy covariant way. The 10D bulk supergravity Ansatz containing the 17 closed
string scalars reads

dstio) = 72 gudatda” + p My, dy™dy" | (6.77)
¢’ =pr?, (6.78)

1
By = ¢ €mnpg Ny dy? Ndly® + ..., (6.79)
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| 1IB fields | 005 | Q|  # dof’s |

ey + |+ 16—-6 = 10
an + — e
P + |+ 1
Co) Ll —
Crn + |+ 6
Ctmnpq + _ e
IR N N

Table 6.2: The Zy parity of all internal components of the different IIB fields in the presence
of spacetime filling O5-planes. The allowed ones yield excitable 6D scalar fields. Note that the
total amount of resulting scalars correctly gives 17 4+ 4N, i.e. the dimension of the supergravity

coset ([6.68)).

O(O) = fmy™ + ..., (680)
1 mn
Clo) = (212 v Y dy” Ndy® + ..., (6.81)
0(4) =04 ..., (6.82)
where “+ ...” denotes that we are discarding the terms in the Ansatz that do not contribute

to the scalar potential. The scalars p, 7 represent the volume and dilaton would-be moduli,
My, is an element of SL(4,R)/SO(4) describing deformations of the internal metric, and ™"
is antisymmetric and contains the scalars coming from the R-R two-form C(y). These modes
add up to 17, as they should. The remaining 491 scalars are part of the open-string sector and
are denoted as Y™, where the index I labels the adjoint representation of Gy.

On the other hand, A™ and f,, are constants parametrizing the H(g) and F(l) fluxes within

the closed string sector,
Fm = fWL7 anp = Emnpq hq’ (683)

while in the open-string one we have the possibility of considering a non-Abelian gauge group
with structure constants g;;%. The consistency requirements on the aforementioned flux pa-

rameters purely reduce to the Jacobi identity for the Yang-Mills structure constants,

’

g[ul gK}[/L ; 0. (684)

Note that the flux tadpole induced by H(sy and F{;y does not have to vanish, since the Bianchi
identity for Cp) gets modified by the presence of O5/D5 sources:

dFs) — He) AFy = Gy (6.85)
—_~ N—
=0 #0
where ja‘;’/ D5 — Q5 volpy, is the effective current density. In the case at hands, we have that
Qs = 2k% (Nps pips + pos) = 26 s (Nps + 2€os) - (6.86)
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In the last equality we have made use of the relation between the D5 and O5 charges given in
(3.11)). The sign o5 = 1 precisely determines the type of O5* plane that we are considering.ﬂ
The tadpole condition imposes the following condition

h™ fm - Qs = 2k*Tps (Nps + 2€03) (6.87)

which must be taken into account when matching the scalar potential of the compactification
with that of supergravity, as the latter only knows about the fluxes.

The scalar potential of the compactification ignoring the open-string sector was previously
computed in [52]. Now we build on their results and also take into account open-string effects.
The worldvolume action of the D5 branes contains two pieces: the DBI and the WZ actions.
The first directly gives a contribution to the scalar potential, while the contribution of the
second secretly appears through the bulk scalar potential given in section The reason lies
in the fact that the WZ action contains couplings between the open-string fields and the R-R
potentials which in turn give rise to modified (bulk) field strengths associated to the dual R-R
potentials.

Let us consider each contribution separately, first focusing on the one coming from the DBI.
The DBI action of the D5 branes is given by (see section :

SpPt = —TD5/d6xTr (e‘é\/—det(MMN)det(QijO : (6.88)
where Tps = 27, is the D5 brane tension. The indices M, N, ... are worldvolume indices
whereas i, ,... denote the transverse ones. The matrices Ml and QQ are defined as

Myn = P [EMN + Ev(Q71 - 5)ijEA’jN} + AFun (6.89)
Q' = & +iA[Y' , YN Ey, (6.90)

where Eyvinv = gmn + B M NH Making use of the above compactification Ansatz, one finds that
the matrices Ml and QQ are given by

My, =72guw + ..., (6.91)

2

A
an = (SZL - A ngJKylmprMpntK + ? Enpqrhr gIJKylmprquthL =+ ... s (692)

where now the dots mean that we are ignoring terms that do not contribute to the scalar
potential and also the ones which are of higher-order in A\. The generators of Gy are denoted

by t7, and our conventions are such that [t7,t;] = i gr;% tx. Making use of (6.91)) and (6.92)

8We refer to eq. (?7) for further details.
YIM,N,... are ten-dimensional indices and the meaning of the hat on ten-dimensional fields is explained in

(?7).
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in (6.88]), we obtain the following contribution to the scalar potential,

2K%>\2ND5TD5

V]%BI :p—17‘_4 |:2K,§ND5TD5 + 6

gIJKemnpqthImYJnYKp]
(6.93)

262\2 Np5T;
+p7_4( %6 4D5 D5gIJMgKLManMquImYJpYKnYLq) )

where 2x2 = 167Gy, being Gg the six-dimensional Newton’s constant.

In addition to (6.93]), we will have the analogous contribution from the O5. Since the latter
is non-dynamical, its contribution merely reduces to tension term (namely, the first one in

(6.93)). Hence, the total DBI contribution from both types of sources is

21{%/\2ND5TD5

V(?S’]?}DE) :[)*17-*‘L |:2,‘<;§ (ND5TD5 + TO5) + 6

9rJK €Emnpq hqy[my]npr:|
(6.94)

262X2Nps T
+PT4( - 4D5 D5‘91JM9KLManMquImYJpYKnYLq> 7

On the other hand, the Wess-Zumino action contains a coupling between the scalars Y
and C(g), see (6.17). As shown in section|6.2.1, this can be understood through a modified field
strength F),, of the form,

F = F S\g YIn YJp YKq
m m y E€mnpq JITK 5 (695)
where \; = (262NpsThs)/2\ and g1k = grs" krx. Crucially now F,, is not pure flux, as it
has the second contribution from the open-string scalars. On the contrary, the field strength

H,,,p is not modified, so it simply reads

Hoinp = H oy - (6.96)
Finally, all that is left is to take the expression for the bulk scalar potential computed in
[52] (see also section and replace, according to ((6.99)),
— Y
Fo— Fp— 3—3" €mnpg 9rox Y'Y P YT, (6.97)

The resulting expression has to be added to (6.94)), which yields the following expression for

the full scalar potential,

1 ! ! / 1 !
Vos/ps = 510_37_2 Hypnp Hyryyry M M MPP 5,07'_6 Fy Foy M™™

5\2 ! /
2 i (207 gV YUY 4 30 g0y MY Y T0Y TN, M
+ 2K2 p 7 Tps (Nps + 2€0s) (6.98)

where the bulk and the WZ contributions correspond to the first line, while the rest come from
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DBI

Matching with N' = (1,1) gauged supergravity
Since the O5 reduction Ansatz respects SL(4,R) x Gy covariance, the fundamental index
M of SO(4,4 + M) is split accordingly

M — m & m & I ,

where m and m are (anti)fundamental indices of SL(4,R), while I is an adjoint index of Gyy.
The dictionary between flux parameters and embedding tensor components is summarized in
Table 6.3l With these non-vanishing components of the embedding tensor, the general form

’ I1B fluxes \ © components \ Dictionary ‘
Hmnp = Emnpg N G CGm = h"™
Fm = fm fmmi fmﬁp = """ fq
grs™ J1K frok = A5 gt Rk

Table 6.3: The embedding tensor/fluzes dictionary for type IIB reductions with spacetime filling
O5-planes and D5-branes.

of the QC reduces to the Jacobi identities for the structure constants g;;x, as given in
(6.84)).

In order to evaluate the general supergravity scalar potential in our specific case, we
need to identify how the 17 + 491 scalars parametrize > and Hy;y appearing there. This is
done by directly expressing ¥ and the coset representative VyM as a function of the scalars
(,0, Ty My, Y™, Ylm). In particular, we find that

Y= p 2, (6.99)
and the SO(4,4 + M) coset element is
T_lem @4 @471\7
V't = e, [T Lmy, | =AY | (6.100)
7715\5(5[JYJmme @NA (5%

where L, is an SL(4,R)/SO(4) coset element satisfying L,,”™L,™ = M, while

5\2
Cm o= 4 — 751/““3/”5[ J - (6.101)

By plugging the above parametrization of the scalars and embedding tensor into the general
form of the scalar potential (6.74)), we find a perfect agreement with (/6.98)), which was calculated
from direct dimensional reduction.
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6.5 O7/D7 & Open Strings

Let us now consider reductions of type IIB with the inclusion of spacetime filling O7-planes.
These are placed as follows within ten-dimensional spacetime

O7 ©: X X X X X X | X X = —| oor 1 Y — =y,
~~ Vo
6D spacetime ye Yyt
—_———
ym

where og7 is the orientifold involution, whose action flips the sign of all transverse coordinates,
while leaving the y® internal coordinates invariant. The O7 projection is realized at the level
of the ten-dimensional supergravity fields by means of the simultaneous action of the afore-
mentioned involution, together with the fermionic number (—1)f% and the worldsheet parity
operator. Such a procedure yields the correct field content of a half-maximal supergravity in
six dimensions. The resulting details of this are collected in Table

| 1IB fields | oo7 | (-=1)"* Q[ # dof’s |

ey B ey | + - 24—1) =6
e’; ey | — + —
Ba | — | - 1
Bab + — e
o |+ T
Coo) + + 1
Cu | = | - 1
Cab + B e
Clabij + + 1
Ye | - | - o
A, + + 20N

Table 6.4: The Zsy parity of all internal components of the different IIB fields in the presence
of spacetime filling OT7-planes. The allowed ones yield excitable 6D scalar fields. Note that the
total amount of resulting scalars correctly gives 17 + 4N, i.e. the dimension of the supergravity

coset ([6.68)).

Now, because the embedding of O7-planes breaks internal diffeomorphism covariance, the
reduction scheme can only be formulated in a SL(2,R), x SL(2,R); x Gy covariant way. The
ten-dimensional supergravity Ansatz containing the 17 closed string scalars reads

ds* = 772 g datdz” + p (UZMab v’ + o M, Uivj) ; 6.102

6.103

e® = p7_2 ,

By = Byiv* Av' + B + ..., 6.104

o~ o~ o~ o~
~—  ~—  ~—  —

O(O):X+Oé+..., 6.105

86



6.5. O7/D7 & OPEN STRINGS

Ciay = Coiv* AV' + Clo) Buiv* Av' + v + ..., (6.106)

Cuy = (gbweab% VAP AV AY L (6.107)

where again “+ ...”

means that we are discarding the terms in the Ansatz that do not con-
tribute to the scalar potential. The scalars p and 7 still represent the volume and dilaton
would-be moduli, ¢ is a non-universal geometric deformation controlling the relative size be-
tween the two-cycle wrapped by the O7 and the transverse one, M, and M;; are elements of
SL(2,R)a;)/SO(2), and, finally, Ba;, Cai, X, Cabij = €av€ijt) are axionic scalars coming from the
NS-NS two-form and the R-R forms. These modes again add up to 17, as expected. Since in this
case the metric flux is allowed by the O7 involution, we have introduced a parallelization of the
internal manifold with torsion given in terms of the Maurer-Cartan one-forms v™ = v™,,, dy™.

These satisfy

1
dv™ + §wnpmv” AP =0, (6.108)

for some constants w,,™, which turn out to be the structure constants of the underlying Lie
algebra and therefore fulfill the Jacobi identities as an integrability condition,

w[mnT wp}rq =0. (6.109)

The 0-form o = a(y) entering in the reduction Ansatz of C(g), given in (6.105)), introduces

the 1-form flux F, via its exterior derivative:
doa = F,v* (6.110)
with F\, = f,. The integrability condition implies that

fampe® =0 (6.111)

The 2-form g = %Bab v® A v in the reduction Ansatz of B(3) does not give rise to further
scalars but rather to fluxes, as it satisfies:

1 — .
df = 3 H i v A 0P A0 (6.112)

where H g, = h; €4, denotes the H-flux. The integrability condition of this equation is trivially
satisfied.

Finally, the 2-form v = 7, v® A v’ in (6.106) encodes the 3-form flux F; via its exterior
derivative,

1— .
dy = §Fabz- vE AV AV (6.113)

with Fabi = €gb fz

If we now add a stack of Np; D7-branes parallel to the O7, these will require the existence
of M extra vector multiplets, labelled by the index I. In terms of 6D dof’s, besides the new
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vector fields, our resulting gauged supergravity will again have 491 new scalar modes. Half of
them, denoted as Y'¢, correspond to the scalar fields living in the D vector supermultiplets,
whereas the remaining half come from the internal components of the worldvolume gauge fields
Al,. This way, the set (Y”, Al a) exactly parametrizes 491 independent extra scalar modes.

The compactification Ansatze for the worldvolume gauge fields and the scalar fields are

Al = AT + ol + . Y = YT (yy 1) (6.114)

where vf' = v |yizo dy™, with m = (a,i), are the Maurer-Cartan 1-forms restricted to the
worldvolume of the D7 braneﬂ and o’ is a 1-form satisfying

g ot =0, (6.115)

where g;;% are the Yang-Mills structure constants satisfying the Jacobi identities:

!

g[[JI gK][/L =0. (6116)
In addition, o gives rise to the flux fjab through
do' = LF' og Aol (6.117)

—=I o . .
where F 4, = ¢! €,. The above condition (6.115)) on o has to be imposed in order to remove
undesired dependence on the internal coordinates. Taking a exterior derivative, we can express

this condition in terms of the fluxes ¢’ as follows:
g1 gt =0, (6.118)

which tells us that the Killing-Cartan metric,

Rij = gIKLgJLK ) (6-119)

must be degenerate when the fluxes g’ are turned on. Consequently, this implies that the Lie
algebra cannot be semisimple. As we are going to see in what follows, the constraint
will arise in supergravity as one of the QC, . Let us further remark that the integrability
condition of is automatically satisfied without imposing further constraints on the fluxes
g’. Such circumstance is very particular of this case. Taking these considerations into account
and the compactification Ansatz, we find that the internal components of the field strength F7
are given by

Fly=TF a- 9o AT AR+ 2A (6.120)

Due to the presence of the O7 plane, the Z, truncation realized by the product oo7 (—1)¥2Q
projects out, some internal fluxes. Table[6.5[shows the exhaustive list of fluxes that are projected
in by this truncation, where we observe that the fluxes wg’, wijk, wge’ are forbidden. As a

10This is nothing but the leading-order contribution in A of the pull-back of ¢® onto the D7 worldvolume,
which is all supergravity can capture.
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consequence, the Maurer-Cartan 1-forms v™ are required to depend on the internal coordinates
y™ in a very particular way. This, together with the consistency of the Ansatz when studying
the D7 brane effective action imposes the following functional dependence of the twist matrices

V"

Uab c Ve k
v = < ) Al(y )) : (6.121)
O, v5(y°)

The presence of the D7/O7 sources modifies the Bianchi identity of C(g) as follows,

HO)
dFy = joy 77 (6.122)

/D

where j(?;; " is the effective 7-brane current. The above equation involves both the metric flux

w;;* and the F(p) flux, F,. Upon integration over the transverse space, one obtains the following
tadpole condition

L o

56 Wij Fa = Q7 s (6123)
where ()7 is the total charge, receiving contributions both from the D7 branes and the O7,

Q7 = To7(Np7 + 8¢or) , (6.124)

where e€p; = £1 amounts to considering the presence of O7* planes. As a consequence of
(6.123]), we will obtain a non-vanishing contribution in the scalar potential which is proportional
to the effective tension, as we are about to see.

The procedure one has to follow to compute the scalar potential is exactly the same as in
D5/05 case studied in the previous section, so we will skip most of the details here. In order to
evaluate the contribution from the DBI, we just need to know the matrices M and Q in (3.20)).
In the case at hands, these read

My, =72gw + ..., (6.125)

Mab:pUQMab+)\M(1)Iath+>\2PM(2)IJabt1tJ—|—... .

- AQ ; ;! !5 I
AV det sz =1+ Zp20'74MijMi/j/YKZYLl YKJYLJ gKLIgK/L/JtI tJ + ... y (6126)

where
MMy = 2B, Y Pyt + 2A7 1By Y ¥ g5
+ Y Hapi = Biai By Y'Y ™ gyie’ + Y ma By + Al + Flap . (6.127)
M® o = 0% Mo YIY ™ (A% wij gri” + 67 i wiyj Foni ©)
g M, <Ylklew(a|kiwlb)lj B QAK(ayLiylkwb)kngLJ
+ AR AR Y EY Y g g
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- 23(a|kAK|b)YK,kYLiYL,ngLIgK’L’J

+ B(a|kB|b)lYKkYK’lYLiYL/ngLIgK’L’J

— LY IV (o my 071 + A (k)i (6.128)
On the other hand, the bulk contribution was already studied in [52] and has been reviewed

in section [6.1] As emphasized in the previous section, we now have to take into account that
open strings backreact onto the bulk fields modifying their field strengths as follows,

Hapi = Hapi — 2 (Kia),” Byj + 0B » (6.129)
_ X2 o -
F,=F,+ 77 (k) 7YY ™ €)1 — grae ALY Y 5T ¢5) (6.130)
Foyi = Fabi — 2 (’i[a)ijob}j + n[aCb]i + 2-F[aBb}i - Habix
N2 [(Flap + Alfamy + SHapg YY) €4 + Al o (k)i €3] Y'E (6.131)

where A7 = (262 Npy Tor)/2 X and g7 = grs" k. Details on the derivation of these modified
field strengths are provided in section [6.2.2]

All these partial results already allow us to compute the scalar potential. It turns out to be

given by
Vor/pr = ip‘l T2 wom” Wy M™ (Mg M™P +26™ 5 0,) + % p17 802 F, F, M
+ 411 o? (073 T2 Hupi Hegj + p~ ' 770 Fog chj) M MOV
+ 774 0? (263)To7(Np7 + 8 €or)
+ % 27402 kpy (207 MOM 4y M® — 52 MOy MY MOy M

—i—pQMijMi/j/YKiYLi,YK/jYL,j/gKLIgK/L/J). (6.132)

Let us stress three relevant aspects of the potential: (i) as expected from the tadpole condition,
the term proportional to the (non-vanishing) effective tension is present, (ii) the last two lines
arise from the DBI action of the D7 branes, and (iii) the WZ contributions are entirely encoded
in the modified field strengths F{;) and F(g).ﬂ

Matching with A/ = (1,1) gauged supergravity

Since the O7 reduction Ansatz respects SL(2,R), x SL(2,R); X Gy covariance, the funda-
mental index M of SO(4,4 + M) is split into

M — a ©® ¢« @ a @© 1 & I

1Tt is unclear to us the origin of the terms involving 7, in the last lines of (6.127) and (6.128]). Nevertheless,
as we are interested in configurations with non-Abelian fluxes, one of the quadratic constraints in (6.133)) forces
e = 0.
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where a & a (i & @) are (anti)fundamental indices of SL(2,RR)4(;), while I is an adjoint index of
Gvywm. The dictionary between flux parameters and embedding tensor components is summarized
in Table [6.5]

’ IIB fluxes \ © components \ Dictionary ‘

ﬁabi = €ab hz fabf fabf = eabeijhj'

. . . -~ . J

Wai? = (Ka)ij + %Uafsf faij ® & gﬂw _ <_I€;;>Z

wap® = —21)a0y) Jabe Jabe = S€an€™nq
Wija = €z‘j9a Ca Ca = _Eabeb
_Fa - fa faij faij = 6ijfa
Fabi - 6abfi fabi fabi - Eabfi
p— =
Foap = Eang fabr favr = )\7€ab5u9‘]

gr frix frox = =gt kL

Table 6.5: The embedding tensor/fluzes dictionary for type IIB reductions with spacetime filling
O7-planes and D7-branes. Note that k, satisfies (k,);" = 0, and n, parametrizes the partial
traces of w, while still respecting wp,,"™ = 0, which is required by unimodularity.

With these non-vanishing components of the embedding tensor, the general form of the QC
(6.72) reduces to

€ (o (k)7 — (Ka); ¥ (K6),7) =0, € fap =0,
Nagrsx = 0, gIgIJK =0,

n0° — %(5177709‘3 =0 ,

a

(6.133)

91" g =0,

which exactly reproduce the consistency constraints coming from both the Bianchi and Jacobi
identities of the corresponding flux background. In particular, the first and last quadratic
constraints arise from the Jacobi identities of the structure constants associated to the
group manifold.

For the evaluation of the general supergravity scalar potential in this specific case,
we again need to identify how 3 and the coset representative V)AL are expressed as a function

of the 17 + 40N scalars (p, T, 0, Map, Mij, Bai, Cai, X, ¥, Ao, Y1), We find

=0, (6.134)
while
7L, T*lcan"m —AIm(S%
V't = 0, T Lm, Oyn , (6.135)
Ona | T 1015A7 L, or
where
71/2£a o)
L7 = Lo | e (6.136)
- —p 2By, | p 2

with €7, & ¢'; satisfying (%,(°, = M® and ¢*;¢7; = M" | respectively. The matrix C is defined
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as Cmn = Ymn — %AImAIn, n terms Of

Ow 15 —Coy
= T , Al =X ( Al, | Yiie, ) . (6.137)
Chi
x 0

Thus, plugging Vi together with the parametrization of the embedding tensor © =
{ funp, &, (b in the gauged supergravity potential (6.74)), we obtain the same scalar po-
tential as the one calculated from the compactification in (6.132]).

6.6 09/D9 & Open Strings

Let us finally study type IIB reductions with spacetime filling O9-planes, i.e. type I reduc-
tions. The orientifold planes in this case fill the entire ten-dimensional spacetime:

09 : X X X X XX | X X XX,

TV TV
6D spacetime ym

where o9 acts trivially on all the coordinates, due to the absence of transverse directions. In
this case the Zy action realizing the truncation is purely given by the worldsheet parity operator
Q). The set of resulting scalar modes retained by this operation is shown in Table

| 1IB fields | 009 | |  # dof’s |

e™, + | +116—6 = 10
an + - T
) + | + 1
Co) Ll —
Cran + |+ 6
Cmnpq + — -
| A ]+ [+ ] AN |

Table 6.6: The Zy parity of all internal components of the different IIB fields in the presence
of spacetime filling O9-planes. The allowed ones yield excitable 6D scalar fields. Note that the
total amount of resulting scalars correctly gives 17 + 4N, i.e. the dimension of the supergravity

coset ([6.68)).

The spacetime filling O9-planes preserve the internal diffeomorphism covariance, thus mak-
ing the reduction scheme to be formulated in a SL(4,R) x Gyu covariant way. The ten-
dimensional supergravity Ansatz that contains the 17 closed string scalars coincides with the
one studied by Kaloper and Myers in [I13] except for the fact that they work in the heterotic
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frame and focus on the Abelian case.H In terms of the type I fields, our Ansatz reads

ds%lo) =772 gudxtdz” + p My, v"0" 4 ...,

[ —2
©=PT (6.138)
1 m n 5\3 1 1
C(Q):gcmn?) AN —?A No"+v+ ...,

where \g = (2k%, Npo TpoA?)"/2. Once again, the scalars p and 7 represent the volume and
dilaton would-be moduli, M,,, is an element of SL(4,R)/SO(4), and C,,, parametrizes the
axionic scalars coming from the R-R 2-form C(y). As expected, these modes add up to 17. As
before, we have introduced a parallelization of the internal manifold with torsion given in terms

of the Maurer-Cartan one-forms v, which fulfill the equation

1
dv™ + §wnpmv” AP =0. (6.139)

In addition to these fields, when adding a stack of Npg D9-branes parallel to the O9,
we will require I extra vector multiplets, labelled by the index I to accommodate the full
group Gvyy. In terms of 6D degrees of freedom, besides the new vector fields, our resulting
gauged supergravity description will again have 491 new scalar modes arising from the internal
components of the worldvolume gauge fields

Al = Al o™ ol . (6.140)

The 1- and 2-form o/(y) and v(y) in the Ansatze (6.138)) and ([6.140]) give rise to the vector

flux T-Jmn and the 3-form flux anp listed in Table |6.7| via their exterior derivatives [113],

1

do’ — 5.7-"Imnvm At = 0, (6.141)
5\3 I 1 1=

dy — 50 Ndo' = ganpvm/\v"/\vp. (6.142)

The integrability conditions associated to the above equations are,
Flymwny? = 0, (6.143)
pal — Frpmnwpg” = 0. (6.144)

In order to compute the contribution to the scalar potential coming from the DBI action
(3.20), we just need to know explicitly the matrix M,y (3.21]) since the lack of transverse
coordinates forbids the existence of Q. The non-trivial components of M, are

My =72gu + ..., (6.145)
M, = p My + A Fn + - .. . (6.146)

12The compactification of the heterotic string effective action on a torus including the non-Abelian sector
has been done in [1T4].
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Instead, the bulk contribution can be extracted from using the results provided in section [6.1},

but we need to compute first F,,,,. To this aim, one has to bear in mind that the coupling of

the sources to C(s) modifies the Bianchi identity of F(3) as in (6.59)), which we repeat here for
convenience .
A

dF 3 = —79# ANF. (6.147)

This implies that, locally, the field strength Fis) is given by

A2 1
Fi3) = dCg) — 79 <Ff ANA+ 37 91K AL A AT A AK) : (6.148)

Restricting to the internal components components and making use of the reduction Ansatz,

(6.138) and (|6.140]), we obtain that

— ~ —I 1 1
Enp = Fnp = 3 Cypm wWnp)* — 3 A5 -AI[mI ('7: o] T 5 QIJKAJIHAKP] - §Alq wlnplq> - (6.149)

Finally, the complete expression for the scalar potential is,

1
Voo/pe = ZP_IT_Q (M MPIM 50" W™ 4+ 2M ™" WP i)

XZ / ’ 1 ! / /
+ Z9p—1,7_—4]\4mm M flmnflm’n’ + Ep—lT—GM’mm M"Y NPP anme,n/p/ (6150)
—+ 2 Ii% TD9<ND9 -+ 32 609>p7'_4 ,
where
flmn = ?Imn - gJKIAJmAKn — Alp wmnp . (6151)

As a tadpole cannot be generated with the fluxes at our disposal, the condition Npg+32€n9 = 0
must be imposed. This implies Npg = 32 and €gg = —1, so that the total charge and tension
vanish. Therefore, the last term in the scalar potential, which is proportional to the effective

tension, vanishes as well.

Matching with A/ = (1,1) gauged supergravity

The O9 reduction Ansatz preserves SL(4,R) x Gy covariance, in such a way that the
fundamental index M of SO(4, 4 + M) is split into

where m & m are (anti)fundamental indices of SL(4,R), and I is an adjoint index of G'yy;. The
dictionary between flux parameters and embedding tensor components is summarized in Table
0.

With these non-vanishing components of the embedding tensor, the general form of the QC
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] I1B fluxes \ © components \ Dictionary ‘
anp fmnp fmnp - _anp
wmnp fmnﬁ fmnﬁ — wmnp
=TI = =7
F mn fmnl fmnI = _)\9 KIJJT- mn
gr J1iK Jrik = A g1 kLK

Table 6.7: The embedding tensor/fluzes dictionary for type IIB reductions with spacetime filling
09-planes and D9-branes. Note that w,,,? is restricted to satisfy wm,," = 0, which is required
for unimodular gaugings.

(6.72)) reduces to

Nt .
E'rfmn W) +?9f mn F pg = 0, Wnn Wppr? = 0,
—I —=K
w[mnq«F plg — 0, gIJK‘F mn = 0 <6152)
g’ gy = 0,

which exactly reproduce the consistency constraints coming from the BI of the corresponding
flux background (see section for details).

For the evaluation of the general supergravity scalar potential in this specific case, we
again need to identify how ¥ and the coset representative Vi, are expressed as a function of
the 17 + 491 scalars. In this case, because no fluxes are embedded into (,;, the scalar potential

is entirely written in terms of Hy;n. We find then

¥ = pl/?, A=1%, (6.153)
while
My + Cpm Con MP9 + 5y ALy A =M™ Cppy A7y 4 Cpy MPT A7,
Hun = —M™C,, M —Mm A7, :
Al +C,, MP1 AT, —M™ AL, k4 AT, AT NP
(6.154)
where
- 1 -
Mpn =AMy, Con = Cp + 51 Al AL Al =X AL . (6.155)
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Conclusions

The central theme of this thesis has been the exploration of the pivotal role played by
D-branes in two complementary corners of string theory: the study of holography and the
dynamics of flux compactifications. Both lines of research arise naturally from the broader
quest to understand the non-perturbative structure of string theory, and both highlight the
extent to which D-branes serve as the essential building blocks of modern string-theoretic

constructions.

On the holographic side, we have investigated the problem of constructing explicit brane
realizations for AdS vacua, a crucial ingredient in sharpening the AdS/CFT correspondence.
While the pure spinor formalism has enabled impressive progress in classifying supersymmet-
ric AdS backgrounds, the lack of a clear brane interpretation for most vacua has long been
a limitation. By analyzing specific brane intersections in type IIB string theory, we provided
new examples in which the supergravity solutions admit AdS; near-horizon geometries with
controlled supersymmetry. These constructions not only yield explicit realizations of conformal
defects in strongly coupled gauge theories but also broaden the range of holographic correspon-
dences accessible through brane engineering. In this way, our work contributes to the ongoing
effort of grounding holography in explicit string-theoretic setups, where the correspondence can
be tested with quantitative precision.

On the compactification side, we have turned our attention to the interplay between fluxes,
Dp-branes, and orientifold Op-planes. Flux compactifications have long been recognized as the
primary mechanism for moduli stabilization, but the inclusion of open-string degrees of freedom
substantially enriches the structure of the resulting low-energy effective theories.

We have studied type IIB flux compactifications down to six dimensions with spacetime
filling O-planes, D-branes and open strings. Such compactifications turn out to yield 6D N =
(1,1) gauged supergravities. The exact relation between the 10D and the 6D descriptions
was studied in [52] within the closed string sector. Now we have been able to generalize this
correspondence to the case where open strings are excited. We also included open string effects
such as non-Abelian D-brane gauge groups and non-trivial YM flux. Our analysis is very much
in the spirit of the one in [I15] carried out in the context of compactifications down to four
dimensions, the main difference being that our brane gauge groups may be non-Abelian.

The dictionary derived here allowed us to understand crucial physical mechanisms like the
bulk field strength modification induced by open string effects. At least at a heuristic level,
this can be related to the GS mechanism for the heterotic string via a duality chain. Besides
this intuition, we were able to explain such a form of the bulk field strengths directly in terms
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of couplings contained in the WZ brane actions.

The work done in this thesis sets the ground for interesting developments within the context
of compactifications of type IIB string theory with sixteen supercharges. This will first of all,
allow us to search for string vacua supported by interactions between the open and the closed
string sectors. This moves towards the direction of [I16] 117, 1T8|, where a similar analysis
was performed in type ITA strings and conditions for the existence of 4D vacua with mobile
D-branes are discussed. Our machinery could be extremely valuable in improving efficiency for
vacua searches.

Moreover, the possible existence of certain types of vacua within this setup could shed a
light on issues of utmost importance, like the validity of Swampland conjectures or the string
universality principle. To this end, it would be very interesting to explore the set of non-
supersymmetric vacua of this sort (AdS or dS, even), or to study those consistency conditions for
flux backgrounds coming from anomaly cancellation. Finally, if one could find supersymmetric
AdS extrema in this class, it would be interesting to study their holographic interpretation. We

certainly intend to address all of these issues in the next future.

Taken together, the results presented in this thesis underscore the unifying role of D-branes
across different regimes of string theory. In holography, they provide the microscopic foundation
of the AdS/CFT correspondence; in flux compactifications, they supply the open-string sector
necessary for constructing richer and more realistic low-energy models. Beyond their specific
technical contributions, these two lines of research reflect a broader theme: progress in string
theory often comes from identifying the correct organizing principles —be it through dualities,
gauged supergravity formalisms, or explicit brane setups— that bridge the gap between abstract
consistency requirements and concrete realizations.

Looking ahead, several avenues remain open. On the holographic side, extending the brane
constructions to vacua with less supersymmetry or to non-AdS geometries would provide a
deeper understanding of the correspondence beyond its most symmetric incarnations. On
the flux compactification side, incorporating higher-order o’ corrections and exploring their
interplay with open-string fluxes may yield new insights into moduli stabilization and the
Swampland constraints. Both directions speak to the same overarching question: how string
theory organizes and constrains the vast landscape of consistent quantum gravities.

In conclusion, the investigations carried out in this thesis contribute to clarifying the struc-
ture of string vacua and their effective descriptions, while also reinforcing the central position

of D-branes in the quest for a unified understanding of quantum gravity.
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