
 

 

 
 
 

 

 

 

 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 

TESIS DOCTORAL 

Sistemas de D-branas y compactificaciones de 

cuerda abierta 
 

D-brane systems and open 
string compactifications 

AUTOR Juan Ramón Balaguer Tornel   

DIRECTOR José Juan Fernández Melgarejo 
 
 2026 



 

 

 



 

 

 

 

 

 
 

 

TESIS DOCTORAL 

Sistemas de D-branas y compactificaciones de 

cuerda abierta 
 
D-brane systems and open 
string compactifications 

AUTOR Juan Ramón Balaguer Tornel  

DIRECTOR José Juan Fernández Melgarejo 
 
 2026 



 

 

 
 
 



 

 

Esta DECLARACIÓN DE AUTORÍA Y ORIGINALIDAD debe ser insertada en la quinta hoja, después de la portada 

de la tesis presentada para la obtención del título de Doctor/a. 

DECLARACIÓN DE AUTORÍA Y ORIGINALIDAD DE LA TESIS PRESENTADA EN 

MODALIDAD DE COMPENDIO O ARTÍCULOS PARA OBTENER EL TITULO DE DOCTOR/A 
Aprobado por la Comisión General de Doctorado el 19 de octubre de 2022. 

Yo, D. Juan Ramón Balaguer Tornel, habiendo cursado el Programa de Doctorado en Matemáticas de la 

Escuela Internacional de Doctorado de la Universidad de Murcia (EIDUM), como autor de la tesis presentada 

para la obtención del título de Doctor titulada: 

D-brane systems and open string compactifications / Sistemas de D-branas y compactificaciones de cuerda 

abierta 

y dirigida por: 

D.: José Juan Fernández Melgarejo 

DECLARO QUE: 

La tesis es una obra original que no infringe los derechos de propiedad intelectual ni los derechos de propiedad 

industrial u otros, de acuerdo con el ordenamiento jurídico vigente, en particular, la Ley de Propiedad Intelectual 

(R.D. legislativo 1/1996, de 12 de abril, por el que se aprueba el texto refundido de la Ley de Propiedad 

Intelectual, modificado por la Ley 2/2019, de 1 de marzo, regularizando, aclarando y armonizando las 

disposiciones legales vigentes sobre la materia), en particular, las disposiciones referidas al derecho de cita, 

cuando se han utilizado sus resultados o publicaciones. 

Además, al haber sido autorizada como prevé el artículo 29.8 del reglamento, cuenta con: 

• La aceptación por escrito de los coautores de las publicaciones de que el doctorando las presente 

como parte de la tesis.  

• En su caso, la renuncia por escrito de los coautores no doctores de dichos trabajos a presentarlos 

como parte de otras tesis doctorales en la Universidad de Murcia o en cualquier otra universidad.   

Del mismo modo, asumo ante la Universidad cualquier responsabilidad que pudiera derivarse de la autoría o falta 

de originalidad del contenido de la tesis presentada, en caso de plagio, de conformidad con el ordenamiento 

jurídico vigente. 

Murcia, a 11 de febrero de 2026 

(firma) 

 

Información básica sobre protección de sus datos personales aportados: 

Responsable 
Universidad de Murcia.  
Avenida teniente Flomesta, 5. Edificio de la Convalecencia. 30003; Murcia.  
Delegado de Protección de Datos: dpd@um.es  

Legitimación 
La Universidad de Murcia se encuentra legitimada para el tratamiento de sus datos por ser necesario para el cumplimiento de una obligación legal 

aplicable al responsable del tratamiento. art. 6.1.c) del Reglamento General de Protección de Datos  

Finalidad Gestionar su declaración de autoría y originalidad  

Destinatarios No se prevén comunicaciones de datos  

Derechos 
Los interesados pueden ejercer sus derechos de acceso, rectificación, cancelación, oposición, limitación del tratamiento, olvido y portabilidad a 

través del procedimiento establecido a tal efecto en el Registro Electrónico o mediante la presentación de la correspondiente solicitud en las 

Oficinas de Asistencia en Materia de Registro de la Universidad de Murcia  

 

F
irm

an
te

: J
U

A
N

 R
A

M
O

N
 B

A
LA

G
U

E
R

 T
O

R
N

E
L;

   
 F

ec
ha

-h
or

a:
 1

1/
02

/2
02

6 
11

:3
8:

40
;  

  E
m

is
or

 d
el

 c
er

tif
ic

ad
o:

 C
N

=
A

C
 F

N
M

T
 U

su
ar

io
s,

O
U

=
C

er
es

,O
=

F
N

M
T

-R
C

M
,C

=
E

S
;

Código seguro de verificación: RUxFMrJL-q7iUSxaY-dpeEvIfc-PZrHkUTV COPIA ELECTRÓNICA - Página 1 de 1

Esta es una copia auténtica imprimible de un documento administrativo electrónico archivado por la Universidad de Murcia, según el artículo 27.3 c) de la Ley 39/2015, de 1 de
octubre. Su autenticidad puede ser contrastada a través de la siguiente dirección: https://sede.um.es/validador/





A mi madre Carmen, a Virginia y a mi hija Carmencita:
las tres cuerdas fundamentales que dan sentido a mi universo.





Agradecimientos

En primer lugar, deseo expresar mi más sincero agradecimiento a mi director de tesis, José
Juan, por su orientación, paciencia y constante apoyo durante mi doctorado.

Ha sido un privilegio colaborar con los investigadores que participaron en los trabajos in-
cluidos en esta tesis. Entre ellos, quisiera expresar un agradecimiento especial a Giuseppe
Dibitetto, por su constante disponibilidad para la discusión científica y por la ayuda y atención
recibidas, tanto de él como de Alejandro Ruipérez, durante mi visita a Padua.

Asimismo, quisiera agradecer al profesor Iñaki García Etxebarria por su generosa acogida
durante mi estancia en la Universidad de Durham, así como por su disposición a compartir
conocimientos y toda la ayuda que me brindó durante ese tiempo.

Agradezco a los compañeros del grupo de investigación por el ambiente de colaboración y
las discusiones a lo largo de estos años. En especial, a Pablo, Giacomo y Biel, por su amistad,
por los muchos momentos felices compartidos y por su apoyo en los difíciles.

Agradezco también al resto de profesores que he tenido la suerte de conocer de forma más
cercana durante estos años: a Manuel, por tantos buenos ratos de conversación sobre temas
poco comunes, y, muy especialmente, a Sonia, cuyas charlas y consejos en las salidas a fumar
un cigarro alegraban mis mañanas en la universidad.

Doy las gracias también a mis compañeros del grado de Física Anto, Paula, Ana, Sol, Almu,
Mario, José María (el Verdú), Vero, Inma y Alex Conesa por los años compartidos, por las
risas, las interminables tardes de estudio y el apoyo mutuo que hizo mucho más llevadero aquel
camino.

A mis muy buenos amigos José María (Cobacho), Luis Carlos, Paula y Gonzalo por su
amistad. Por acompañarme en los momentos más difíciles y también en los más felices, y sobre
todo por estar siempre presentes cuando más los he necesitado.

Gracias a Virginia por ser mi compañera de vida, por su apoyo y paciencia durante estos
años. Gracias por creer en mí incluso cuando yo dudaba, por haberme dado a la pequeña
Carmencita y por llenar mi vida de amor y felicidad.

No puedo concluir estas líneas sin mencionar a la persona que ha sido más importante en mi
vida: mi madre, Carmen. Ella ha sido madre y padre, y el pilar fundamental desde mi niñez.
Aunque su memoria se esté desvaneciendo, todo lo que ha hecho por mí permanece imborrable
en la mía.

Por último, deseo agradecer a todas aquellas personas que me dejo en el tintero y que, de
una forma u otra, me han acompañado durante estos años y han contribuido a que este trabajo
llegara a buen puerto.





During the period of preparation of this work, the author was
supported by a FPI grant from Séneca Foundation (21472/FPI/20).
A fellowship from the same program allowed the author to carry out
a stay at the University of Durham from September to December
2023 (22285/EFPI/23). This research was also partially supported
by the project “Cuerdas, Supersimetría, Agujeros Negros y Holo-
grafía” (PID2021-125700NA-C22).

Durante el periodo de preparación de este trabajo, el autor
contó con el apoyo de un contrato FPI de la Fundación Séneca
(21472/FPI/20). Una ayuda del mismo programa permitió al autor
realizar una estancia en la Universidad de Durham entre septiembre
y diciembre de 2023 (22285/EFPI/23). Esta investigación también
fue parcialmente financiada por el proyecto “Cuerdas, Supersime-
tría, Agujeros Negros y Holografía” (PID2021-125700NA-C22).





Resumen en español

Esta tesis estudia diversos aspectos de la teoría de cuerdas, siendo el nexo principal la
física 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 dinámica no perturbativa
como en la conexión con modelos efectivos de baja energía. La motivación del estudio de la
teoría de cuerdas surge del desafío de reconciliar el Modelo Estándar de la física de partículas,
que describe tres de las cuatro interacciones fundamentales en términos de una teoría cuántica
de campos, con la Relatividad General de Einstein, que sigue siendo una teoría clásica de la
gravedad. Esta tensión histórica apunta a la necesidad de una teoría cuántica de la gravedad
consistente. La teoría de cuerdas, con su redefinición de los constituyentes fundamentales de
la naturaleza como cuerdas vibrantes unidimensionales en lugar de partículas puntuales, aspira
no solo a ser una teoría cuántica de la gravedad, sino también a unificar todas las interacciones
fundamentales, lo que la convierte en una candidata natural a una teoría del todo. No obstante,
la consistencia matemática de la teoría de cuerdas requiere la existencia de dimensiones espa-
ciales adicionales más allá de las cuatro que experimentamos en nuestra vida cotidiana, y la
física efectiva de nuestro universo depende de cómo se compactifican estas dimensiones extra.
La compactificación no es, por tanto, un detalle incidental, sino una característica central: la
geometría, la topología y los flujos de los espacios internos determinan la física de baja energía
que observamos en cuatro dimensiones.

La tesis se estructura en torno a dos líneas principales de investigación. La primera explora
aspectos de la holografía de precisión mediante la construcción de nuevas configuraciones de
branas que proporcionan duales gravitatorios para teorías de campos de menor dimensión en
el contexto de la correspondencia AdS/CFT. Esta correspondencia, uno de los desarrollos más
influyentes de la física teórica moderna, propone una dualidad entre una teoría gravitatoria
en un espacio anti-de Sitter (AdS) y una teoría de campos conforme (CFT) situada en su
frontera. Aunque el ejemplo original y mejor entendido involucra la teoría de cuerdas tipo IIB
en AdS5×S5 siendo dual a la teoría de super Yang-Mills (SYM) N = 4 en cuatro dimensiones,
la extensión a casos con menos simetría o en dimensiones inferiores sigue siendo un reto. Una
de las dificultades principales radica en encontrar configuraciones explícitas de D-branas cuyo
límite de horizonte cercano dé lugar a las geometrías AdS deseadas. Al investigar sistemas
de branas en teoría de cuerdas tipo IIB, este trabajo propone y analiza nuevas soluciones que
dan lugar a geometrías AdS3. Estas construcciones ofrecen realizaciones explícitas en teoría de
cuerdas de deformaciones de SYM bidimensionales.

La segunda línea de investigación 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 compactificación en teoría de cuerdas consideraban principalmente sectores de
cuerda cerrada, pero la inclusión de cuerdas abiertas, ligadas a las D-branas, enriquece la
estructura de las teorías efectivas resultantes. Las excitaciones de cuerdas abiertas dan lugar



a campos gauge asociados a simetrías locales, así como a moduli dinámicos que describen las
posiciones de las branas, mientras que la presencia de estas introduce flujos no triviales que
modifican el potencial escalar de la acción efectiva. Un análisis 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 teorías de supergravedad gaugeadas
con N = (1, 1), demostrando una coincidencia exacta de los potenciales escalares. Esto incluye
contribuciones no sólo 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 teoría de cuerdas y clasificaciones
bottom-up de supergravedades gaugeadas ampliando análisis anteriores que se habían centrado
exclusivamente en el sector de cuerda cerrada.

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

En el segundo capítulo se revisan los elementos fundamentales de la teoría de cuerdas rele-
vantes para el análisis posterior. La formulación del modelo sigma no lineal mediante la acción
de Polyakov proporciona la base para describir la propagación de cuerdas en “backgrounds”
curvos. La invariancia conforme, codificada en la anulación de las funciones beta, en el régimen
perturbativo, conduce a ecuaciones que, a primer orden en α′, reproducen las ecuaciones de
movimiento de las teorías efectivas de supergravedad en diez dimensiones, estableciendo así un
vínculo entre la teoría bidimensional de la hoja de mundo y la descripción efectiva de los back-
grounds en el régimen de baja energía. Además, se revisa el papel esencial de las dualidades (en
particular la T-dualidad y la S-dualidad) al relacionar distintas teorías de cuerdas y conectar
regímenes de acoplamiento débil y fuerte. Estas dualidades establecen que lo que en apariencia
son teorías distintas son, en realidad, diferentes límites de un marco unificado.

Posteriormente, en el tercer capítulo se revisan los principales objetos cargados de la teoría
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 interacción en sistemas Op/Dp.
A continuación, se presentan las soluciones de supergravedad asociadas a las Dp-branas, la
cuerda fundamental y la NS5-brana, que actúan como “backgrounds” clásicos generados por
estos objetos. Sobre esta base, se introduce la correspondencia AdS/CFT, destacando el papel
de las branas en la holografía. Finalmente, el capítulo concluye con una discusión sobre los
proyectores de supersimetría en la teoría tipo IIB, que proporcionan un método sistemático
para caracterizar la supersimetría preservada por distintas configuraciones de branas.

El capítulo cuarto marca el final de la revisión bibliográfica y está dedicado al estudio de
los gaugeos en supergravedad y de su origen en dimensiones superiores. Tras revisar la es-
tructura de las teorías de supergravedad no gaugeadas, con especial atención 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 fermiónicos y su relación con las soluciones de vacío, seguido de un análisis de-
tallado de los potenciales escalares resultantes, incluidas las simplificaciones que se obtienen en



el origen de la variedad escalar. A continuación, el capítulo explora el origen de estos gaugeos en
dimensiones superiores, abarcando compactificaciones en variedades de grupo, reducciones del
sector bulk de las teorías de tipo II, y la aparición de tadpoles y mecanismos de Green–Schwarz.
Todo ello sienta las bases para el posterior análisis de las compactificaciones con flujos y su
relación con la supergravedad gaugeada.

Llegados a este punto, se presentan las contribuciones originales en los capítulos quinto y
sexto. El quinto capítulo está basado en [57] y trata sobre la holografía de precisión. 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 geometrías AdS3 de tipo horizonte cercano en este sis-
tema, se discute brevemente la interpretación de estas soluciones como perfiles supersimétricos
dependientes de la posición para el acoplamiento de Yang-Mills sobre las branas D3, debidos
a la presencia de branas de defecto D5–D7. A continuación, se analizan las intersecciones D3–
D3–D7, donde se muestra cómo, al tomar el límite near-horizon, aparece una geometría de tipo
AdS3 × S3 × T2 envuelta sobre una superficie de Riemann Σ. Finalmente, se considera una
configuración más elaborada que preserva la misma simetría del espacio-tiempo y la misma
cantidad de supersimetría 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 AdS3 × S2 envueltas sobre T3 × Σ.

En el capítulo sexto, basado en [58], se amplía el análisis de las supergravedades gaugeadas
en seis dimensiones al incluir contribuciones de cuerda abierta. Se estudian en detalle las
reducciones orientifold de la teoría de cuerdas tipo IIB en presencia de sistemas O5/D5, O7/D7
y O9/D9. La novedad de este análisis reside en la incorporación de moduli dinámicos de
posición 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 clasificación bottom-up de supergravedades gaugeadas mediante la
introducción de multipletes vectoriales adicionales. Un resultado clave de este trabajo es la
demostración de que el potencial escalar obtenido de la acción 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 número adecuado
de multipletes vectoriales. Esta correspondencia altamente no trivial confirma la consistencia
del enfoque y proporciona una realización concreta del principio de universalidad de cuerdas
en seis dimensiones. Además, el análisis revela modificaciones de los “field strengths” del “bulk”
originadas por los campos vectoriales de cuerda abierta, análogas al mecanismo de Green-
Schwarz en la heterótica. Estas modificaciones, interpretadas como versiones U-duales de los
términos de Green-Schwarz.

La tesis enfatiza que tales efectos van más allá de un mero ejercicio matemático. Señalan la
necesidad física de incluir correcciones en α′ en cualquier descripción realista de compactifica-
ciones con flujos y cuerdas abiertas. Aunque la consistencia de la coincidencia de los potenciales
escalares se establece a α′ finito, la cuestión más amplia de la fiabilidad física permanece abierta
y constituye una línea de investigación futura. Sin embargo, los resultados logrados representan
ya un paso importante en la construcción de un puente entre compactificaciones explícitas en
teoría de cuerdas y descripciones efectivas en supergravedad.

En conjunto, las dos líneas de investigación desarrolladas en esta tesis subrayan el papel



central de las D-branas en la teoría de cuerdas. En el lado holográfico, las construcciones con
branas proporcionan el origen microscópico de los vacíos AdS y sus teorías conformes duales,
permitiendo pruebas de precisión de la correspondencia AdS/CFT y sus generalizaciones a
CFTs con defectos. En el lado de la compactificación, las D-branas introducen excitaciones
de cuerda abierta y flujos que amplían el paisaje de teorías efectivas en dimensiones inferiores,
enriqueciendo el espectro de vacíos y conectando los escenarios de la teoría de cuerdas con las
clasificaciones de supergravedades gaugeadas. Ambos aspectos convergen en la idea de que
las D-branas son ingredientes fundamentales de la teoría de cuerdas, configurando tanto sus
dualidades holográficas como sus escenarios de compactificación.

Las conclusiones de la tesis resumen los logros principales en el capítulo séptimo. En primer
lugar, se identifican nuevas configuraciones de intersección de branas en teoría de cuerdas
tipo IIB que generan geometrías AdS3 en sus límites de horizonte cercano, proporcionando así
realizaciones explícitas en branas de ciertas teorías conformes. En segundo lugar, se establece un
diccionario sistemático 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 sólo profundizan nuestra comprensión de la estructura de los vacíos
en teoría de cuerdas, sino que también abren direcciones prometedoras para investigaciones
futuras, particularmente en lo que respecta al papel de las correcciones en α′ y la viabilidad
física de las compactificaciones con flujos inducidos por cuerdas abiertas.

En resumen, la tesis contribuye al esfuerzo más amplio de comprender el paisaje de la
teoría de cuerdas al abordar dos problemas complementarios: la holografía de precisión y las
compactificaciones con flujos de cuerdas abiertas. A través de construcciones explícitas de
branas y análisis detallados de teorías efectivas, aclara cómo las D-branas configuran tanto los
aspectos holográficos como los de compactificación de la teoría de cuerdas. Los resultados aquí
presentados refuerzan así el estatus de las D-branas como bloques constructivos indispensables
de la teoría de cuerdas y ponen de relieve su papel como hilo conductor entre holografía y
compactificación.
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Chapter 1
Introduction

The twentieth century culminated in a remarkably precise understanding of the fundamen-
tal forces of Nature. The Standard Model of particle physics [1], 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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CHAPTER 1. INTRODUCTION

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 AdS5 × S5 and N = 4 SYM4. 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
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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, 16, 17, 18], though in the different context of 5d and 6d SCFTs.

A stack of D3 branes has (non-Abelian) N = 4 SYM4 as a worldvolume field theory de-
scription. This theory enjoys conformal symmetry and maximal rigid supersymmetry. On the
supergravity side, an AdS5 × S5 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 SYM4

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 AdS3 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) IIA via a T-duality. These latter backgrounds were extensively studied
in [27, 28, 29, 30, 31, 32]. We shall rely on the technique developed in [33] for constructing
supergravity solutions describing semilocalized brane intersections, i.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, i.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 E8 × E8. 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 principles1. In more concrete terms,
the stringy setup’s relevant here are compactifications of type I/heterotic strings on T4, as
well as orientifold reductions of type IIA/IIB on T4, or M theory on T5. 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

1Some related works in 4D exist for N = 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 6 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 α′. It still
remains to be understood whether this set of α′ 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 σ-model,
which describes the propagation of strings in curved backgrounds, and discusses the emergence
of effective low-energy actions through the vanishing of β-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 4 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 AdS3 × S3 ×
T2 geometry with warping over a Riemann surface Σ 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 NS5s,
as well as D7 branes. This way, the resulting AdS3 solutions feature a warping over T3 × Σ.

Chapter 6 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. 6.3 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
O9/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.
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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 σ-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 metric1 gMN . This action was proposed by Yoichiro Nambu [66] and Tetsuo Goto [67], and
it is called Nambu-Goto action:

SNG[x
M(ξ)] = −T

∫
Σ

d2ξ
√
−det [∂MXM∂NXN gMN (X)] , (2.1)

where the integral runs over the worldsheet manifold Σ. The coordinates on Σ are ξM =

(τ, σ), with M = 0, 1; here, τ is a time evolution parameter, similar to proper time, while σ
parameterizes positions along the string at fixed τ , often taken in the range [0, π] or [0, 2π]

for closed strings. The fields XM(ξ), 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

1Throughout 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 α′ by the expression:

T =
1

2πα′ , (2.2)

and α′ also fixes the fundamental scales of string theory: the string mass, ms, and the funda-
mental length scale, ℓs, of the theory.

ℓs =
1

ms

=
√
α′ . (2.3)

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

SP [X
M(ξ), hMN(ξ)] = −

T

2

∫
Σ

d2ξ
√
−hhMN∂MX

M∂NX
N gMN (X) , (2.4)

where h is the determinant of hMN . This action is a non-linear σ-model, and its variation is
given by:

δSP =T

∫
Σ

d2ξ
√
−h δXMgMN

[
∇2XN + hMN∂MX

M′
∂NX

N ′
ΓN
M′N ′(g)

]
− T

2

∫
Σ

d2ξ
√
−h δhMNgMN

[
∂MX

M∂NX
N − 1

2
hMNh

M ′N ′
∂M ′XM∂N ′XN

]
− T

∫
∂Σ

dΣMδXM∂MX
N gMN , (2.5)

where dΣM 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

TMN =
2

T

1√
−h

δS

δhMN
= ∂MX

M∂NX
N gMN −

1

2
hMNh

M ′N ′
∂M ′XM∂N ′XN gMN . (2.6)

This constraint is used to eliminate hMN from the Polyakov action by substituting:

hMN =
2

gM ′M
′ gMN , (2.7)

where the induced metric gMN is defined as gMN = ∂MX
M∂NX

N gMN . Notice that the pro-
portionality factor gM ′M

′
= gM ′N ′hM

′N ′ remains undetermined because the energy-momentum
tensor is traceless off-shell. Moreover, the Polyakov action admits Weyl symmetry, meaning
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the worldsheet metric can be locally rescaled:

hMN → Ω2(ξ) hMN , (2.8)

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

In two dimensions, one can use reparametrizations together with Weyl symmetry to set
hMN = ηMN . This is the so-called conformal gauge.

SP =
T

2

∫
Σ

d2ξ ηMN∂MX
M∂NX

N gMN . (2.9)

The equations of motion follow by performing the variation of the Polyakov action (in conformal
gauge) from τi to τf :

δSP = −T
∫ τf

τi

dτ

∫ σ0

0

dσ
[
δXMηMN∂M∂NX

N gMN + ∂M
(
ηMNδXM∂NX

N gMN
)]
. (2.10)

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

∂M∂
MXM = 0. (2.11)

Any solution of the two-dimensional wave equation can be written as the sum of independent
left and right-moving modes, XM

+ (σ+) and XM
− (σ−) respectively:

XM(τ, σ) = XM
− (σ−) +XM

+ (σ+), (2.12)

where
σ+ = τ + σ, σ− = τ − σ. (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

−
[∫ π

0

dσ XM∂τδXM

]τf
τi

+

[∫ τf

τi

dτ δXM∂σXM

]σ0

0

=

[∫ τf

τi

dτ δXM∂σXM

]σ0

0

, (2.14)

where the first term in the left hand side vanishes because the endpoints are fixed at ti and
tf . 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 σ0 = 2π. Since the string is closed, it must satisfy the
following periodic conditions:

XM(τ, 0) = XM(τ, 2π), ∂σX
M(τ, 0) = ∂σX

M(τ, 2π). (2.15)

These conditions ensure that the boundary term vanishes, and therefore implies that δSP = 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 σ0 = π. We will
impose the following condition at σ = 0 and σ = π:

δXM∂σXM = 0. (2.16)

Therefore ∂σXM = 0 or δXM = 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:

∂σXM = 0, (2.17)

at σ = 0 and σ = π. So, as δXM 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:
δXM = 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:

∂+X
M
+ = −∂−XM

− (Neumann condition), (2.19)

∂+X
M
+ = ∂−X

M
− (Dirichlet condition), (2.20)

where ∂± ≡ ∂σ± = ∂τ ± ∂σ.
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 BMN , and the dilaton Φ. The action describing a string propagating in
a background with the massless fields gMN (X), BMN (X), and Φ(X) is given by [62]:

S = − 1

4πα′

∫
d2σ
√
−h

(
hMN ∂MX

M∂NX
N gMN (X) + ϵMN∂MX

M∂NX
NBMN (X)

+ α′R(h)Φ(X)
)
, (2.21)

where R(h) 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 β-function. Therefore, a vanishing β-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, TM

M . This trace may receive contributions from
three different types fields, each giving rise to a corresponding beta function [69, 62].

TM
M = − 1

2α′β
g
MNh

MN∂MX
M∂NX

N − 1

2α′β
B
MN ε

MN∂MX
M∂NX

N − 1

2
βΦR(h), (2.22)

where βg
MN , βB

MN , and βΦ are the beta functions associated with the metric gMN , the anti-
symmetric tensor BMN , and the dilaton Φ, respectively.

Although we will not enter into the calculations of the one-loop beta functions here, the

11



CHAPTER 2. ASPECTS OF STRING THEORY

results can be summarized as follows [70, 69, 62]:

βg
MN = −α′

(
RMN + 2∇M∇NΦ− 1

4
HMM′N ′H M′N ′

N

)
+O(α′2), (2.23)

βB
MN = α′

(
−1

2
∇M′

HM′MN +∇M′
ΦHM′MN

)
+O(α′2), (2.24)

βΦ =
D − 26

6
+ α′

(
∇MΦ∇MΦ− 1

2
∇2Φ− 1

24
HMNM′HMNM′

)
+O(α′2), (2.25)

where the field strenght H in components is

HMNP ≡ 3 ∂[MBNP]. (2.26)

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

βg
MN = βB

MN = βΦ = 0. (2.27)

The conditions βg
MN = βB

MN = βΦ = 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 α′) by [70, 69, 62]

S =
1

2κ2D

∫
dDx
√
−g e−2Φ

[
R+ 4∇MΦ∇MΦ− 1

12
|H(3)|2 −

2(D − 26)

3α′

]
, (2.28)

where |H(3)|2 = HMNPH
MNP , g is the determinant of the target spacetime metric gMN , R

is the Ricci scalar, and ∇ is the covariant derivative associated with gMN . In D spacetime
dimensions, the gravitational coupling parameter κD takes the form

κD =
1√
4π
gs(2πls)

D−2
2 , (2.29)

with gs = limX→∞Φ(X). This constant κD is related to the D-dimensional Newton constant
GD as follows:

κ2D = 8π GD. (2.30)

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

gMN = e
4Φ

D−2 gEMN . (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 gEMN is called Einstein-frame metric.

12
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Type IIA

Type IIB

Heterotic
E8 × E8

Heterotic
SO(32)

Type I

N = 2 SUSY
Closed only
Non-chiral

N = 2 SUSY
Closed only

Chiral

N = 1 SUSY
Closed only

Gauge E8 × E8

N = 1 SUSY
Closed only

Gauge SO(32)

N = 1 SUSY
Open & Closed
Gauge SO(32)

Superstring
theories

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 E8×E8 [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 IIA 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 gMN , Φ, and, in all cases except type I, the
antisymmetric two-form BMN , 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.

13



CHAPTER 2. ASPECTS OF STRING THEORY

For each theory, the low-energy effective action2 that governs the dynamics of these fields
in D = 10 dimensional spacetime decomposes as:

S = Sbos + Sfermi , (2.32)

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

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

Sbos =
1

2κ210

[∫
d10x
√
−g

(
e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|H(3)|2

2 · 3!

)
− 1

2

(
|F(2)|2

2!
+
|F(4)|2

4!

))

− 1

2

∫
dC(3) ∧ dC(3) ∧B(2)

]
, (2.33)

where the field strengths are given by:

F(2) = dC(1), (2.34)

F(4) = dC(3) −H(3) ∧ C(1), (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 IIA
supergravity. To incorporate the mass parameter, the definitions of the field strengths
are modified as follows:

F(2) = dC(1) +mB(2), (2.36)

F(4) = dC(3) −H(3) ∧ C(1) +
m

2
B(2) ∧B(2), (2.37)

and the bosonic action is

Sbos =
1

2κ210

[∫
d10x
√
−g
(
e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|H(3)|2

2 · 3!

)
− 1

2

(
m2 +

|F(2)|2

2!
+
|F(4)|2

4!

))

− 1

2

∫ (
dC(3) ∧ dC(3) ∧B(2) +

m

3
dC(3) ∧B3

(2) +
m2

20
B5

(2)

)]
, (2.38)

where Bn
(2) is the wedge product of n B(2) 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 4.
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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),Φ}, whereas the R-R degrees of
freedom are doubled {C2p+1}p=0,1,2,3,4. The following pseudoaction can be used to obtain
the equations of motion in the boson part:

Sbos =
1

2κ210

∫
d10x

√
−g

e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|H(3)|2

2 · 3!

)
− 1

4

5∑
p=0

|F(2p)|2

(2p)!

 . (2.39)

It is worth mentioning that this expression is called a pseudoaction because it must be
supplemented by the following duality relations :

F(0) = ⋆F(10) , F(2) = − ⋆ F(8) , F(4) = ⋆F(6) . (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

H(3) = dB(2) , F = dC+meB(2) −H(3) ∧C, (2.41)

where

F =
∑
n

F(2n), C =
∑
n

C(2n−1). (2.42)

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

F(0) = m (2.43)

F(2) = dC(1) + F(0)B(2),

F(4) = dC(3) −H(3) ∧ C(1) + F(0)

B2
(2)

2!
,

F(6) = dC(5) −H(3) ∧ C(3) + F(0)

B3
(2)

3!
,

F(8) = dC(7) −H(3) ∧ C(5) + F(0)

B4
(2)

4!
,

F(10) = dC(9) −H(3) ∧ C(7) + F(0)

B5
(2)

5!
.

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(3) = 0 , dF(0) = 0 , dF(2) +H(3) ∧ F(0) = 0 ,

dF(4) +H(3) ∧ F(2) = 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 , dF(10) = 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(10) = 0 , d ⋆ F(8) +H(3) ∧ ⋆F(10) = 0 ,

d ⋆ F(6) +H(3) ∧ ⋆F(8) = 0 , d ⋆ F(4) +H(3) ∧ ⋆F(6) = 0 ,

d ⋆ F(2) +H(3) ∧ ⋆F(4) = 0 , d ⋆ F(0) = 0 ,

d
(
e−2Φ ⋆ H(3)

)
− 1

2

4∑
p=0

F(2p) ∧ ⋆F(2p+2) = 0 .

The R-R sector can therefore be written as

d ⋆ F(2p) +H(3) ∧ ⋆F(2p+2) = 0 . (2.44)

The equations of motions for the dilaton, instead, read

∇M∇MΦ−∇MΦ∇MΦ +
1

4
R− 1

8 · 3!
|H(3)|2 = 0 , (2.45)

whereas those for the metric are

0 = e−2Φ
(
RMN + 2∇M∇NΦ−1

4
HMM′N ′HN

M′N ′)− 1

2
(F 2

(2))MN −
1

2 · 3!
(F 2

(4))MN+

+
1

4
gMN

(
|F(0)|2 +

1

2!
|F(2)|2 +

1

4!
|F(4)|2

)
. (2.46)

• Type IIB: The additional bosonic fields include a scalar C(0), a 2-form C(2), and a 4-form
C(4). The action is expressed as

Sbos =
1

2κ210

[∫
d10x
√
−g

(
e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|H(3)|2

2 · 3!

)

−1

2

(
|F(1)|2 −

|F(3)|2

3!
−
|F(5)|2

5!

))
− 1

2

∫
C(4) ∧H(3) ∧ dC(2)

]
, (2.47)

where the field strength are

F(1) = dC(0), (2.48)

F(3) = dC(2) − C(0)H(3), (2.49)

F(5) = dC(4) −
1

2
C(2) ∧H(3) +

1

2
B(2) ∧ dC(2). (2.50)

An additional condition in type IIB theory, which is not directly derivable from a La-
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grangian, requires this field to be self-dual:

F(5) = ⋆F(5). (2.51)

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),Φ} coupled to even form fields {C(2p)}p=0,1,2,3,4.
3 The (bosonic) dynamics of the theory can be derived from the following pseudoaction:

Sbos =
1

2κ210

∫
d10x
√
−g

e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|H(3)|2

2 · 3!

)
− 1

4

4∑
p=0

|F(2p+1)|2

(2p+ 1)!

 . (2.52)

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

F(9)
!
= ⋆F(1) , F(7)

!
= − ⋆ F(3) , F(5)

!
= ⋆F(5) . (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

F(1) = dC(0) , F(3) = dC(2) −H(3) ∧ C(0) ,

F(5) = dC(4) −H(3) ∧ C(2) , F(7) = dC(6) −H(3) ∧ C(4) ,

F(9) = dC(8) −H(3) ∧ C(6) , H(3) = dB(2) ,

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

dH(3) = 0 , dF(1) = 0 , dF(3) −H(3) ∧ F(1) = 0 ,

dF(5) −H(3) ∧ F(3) = 0 , dF(7) −H(3) ∧ F(5) = 0 ,

dF(9) −H(3) ∧ F(7) = 0 . (2.54)

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

□Φ − (∂Φ)2 +
1

4
R − 1

8 · 3!
|H(3)|2 = 0 , (2.55)

for the 10D dilaton Φ,

d(⋆F(1)) +H(3) ∧ (⋆F(3)) = 0 , d(⋆F(3)) +H(3) ∧ F(5) = 0 , (2.56)

d(⋆F(5))−H(3) ∧ F(3) = 0 , d(e−2Φ ⋆ H(3)) +
1

2

∑
p

⋆F(p) ∧ F(p−2) = 0 , (2.57)

3See [125] for a type IIB formulation where the SL(2,R) 2-form doublet and the scalar fields are democra-
tized.
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for the form fields, and finally the (trace reversed) Einstein equations

0 = e−2Φ

(
RMN + 2∇M∇NΦ− 1

4
HMM′N ′HN

M′N ′
)
− 1

2
(F 2

(1))MN

− 1

2 · 2!
(F 2

(3))MN −
1

4 · 4!
(F 2

(5))MN +
1

4
gMN

(
|F(1)|2 +

1

3!
|F(3)|2

)
. (2.58)

• Type I: This theory arises when considering Type IIB in the presence of D9/O9. While
the presence of the 32 D9 branes implies the existence of a set of non-Abelian gauge
one-form potentials AI

(1), transforming in the vector representation of the SO(32) gauge
group, the RR two-form potential C(2) survives the projection of the O9. At low energies,
the effective ten-dimensional action can be written as

Sbos =
1

2κ210

∫
d10x

√
−g

(
e−2Φ

(
R+ 4∂MΦ ∂MΦ−

|F̃(3)|2

2 · 3!

)
− e−Φ Trv(|F(2)|2)

2 · 2!

)
, (2.59)

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

F(2) = dA(1) + iA(1) ∧ A(1) and F̃(3) = dC(2) −
α′

4
ω(3), (2.60)

where ω(3) is the Chern-Simons 3-form given by:

ω(3) = A(1) ∧ dA(1) −
2i

3
Trv(A(1) ∧ A(1) ∧ A(1)), (2.61)

with A(1) = AI
(1)tI , where tI are the generators of the SO(32) gauge group.

• Heterotic Strings: Both variants of the heterotic theory are given by the introduction
of non-Abelian gauge one-form potentials, AI

(1), in the vector representation of the gauge
group SO(32) or E8 × E8, respectively. The action S2 in this case is:

Sbos =
1

2κ210

∫
d10x

√
−g e−2Φ

(
R+ 4∂MΦ ∂MΦ− 1

2 · 3!
|H̃(3)|2 −

α′

2 · 2!
Trv (|F(2)|2)

)
. (2.62)

The term H̃(3) appearing in the action is defined as H̃(3) = dB(2) − α′(ω(3) − ωgrav
(3) )/4,

where ω3 and F(2) are the same as in the type I, and ωgrav
(3) is defined as the analogous to

equation (2.61) but involving the spin connection instead, with dωgrav
(3) = TrR2

(2), 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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M-theory
(11D)

Type IIA Type IIB

Type I

Heterotic
SO(32)

Heterotic
E8×E8

Compactification S1

T-duality

S-duality

T-duality

Compactification S1/Z2

S-duality

Figure 2.3: Web of dualities.

when momentum and winding number4 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 2.3 [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
(2.12):

XM(τ, σ) = XM
− (σ−) +XM

+ (σ+), (2.63)

where the Fourier expansion is

XM
− (σ−) =

xM−
2

+ α′pM− σ− + i

√
α′

2

∑
n̸=0

αM

n
e−inσ− , (2.64)

XM
+ (σ+) =

xM+
2

+ α′pM+ σ+ + i

√
α′

2

∑
n̸=0

α̃M

n
e−inσ+ . (2.65)

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 αM
−n = (αM

n )∗ and α̃M
−n = (α̃M

n )∗, because in this case, for each n:

i

n
αM
n e−inσ− +

i

−n
αM
−ne

−i(−n)σ− = 2Re

(
i

n
αM
n e−inσ−

)
. (2.66)

The case of α̃M
n is computed in the same way.

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

Xθ(τ, σ + 2π) = Xθ(τ, σ) + 2πRω, (2.67)

where ω is the winding number. Therefore

Xθ
+ (τ + (σ + 2π)) = Xθ

+(σ+ + 2π) (2.68)

=
xθ+
2

+ α′pθ+(σ+ + 2π) + i

√
α′

2

∑
n̸=0

α̃θ

n
e−in(σ++2π)

= Xθ
+(σ+) + 2πα′pθ+. (2.69)

In an analogous way,

Xθ
− (τ − (σ + 2π)) = Xθ

−(σ− − 2π) = Xθ
−(σ−)− 2πα′pθ−. (2.70)

Therefore, substituting in (2.67):

2πωR = Xθ(τ, σ + 2π)−Xθ(τ, σ) = 2πα′(pθ+ − pθ−), (2.71)

and consequently

pθ+ − pθ− =
ωR

α′ . (2.72)

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

pθ+ + pθ− =
n

R
, (2.73)

and therefore

pθ− =
n

R
− ωR

α′ , (2.74)

pθ+ =
n

R
+
ωR

α′ . (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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R

w
n T-duality

α′

R

w
n

n ←→ w

Figure 2.4: T-duality: a bosonic string compactified on a circle of radius R is equivalent to
one compactified on α′/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:

N̄ −N = nω, (2.76)

where N and N̄ 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 N̄ . Considering this,
together with the Virasoro conditions, the mass of a closed string state is given by:

M2 =

(
ωR

α′

)2

+
( n
R

)2
+

2

α′ (N + N̄ − 2). (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

M2 =

(
ωR

α′

)2

+
( n
R

)2
+

2

α′ (2N̄ − 2− nω). (2.78)

This formula shows the invariance of the mass spectrum when the radius of compactification
transforms as R → α′/R, and the roles of n and ω are exchanged, leaving the mass spectrum
unchanged, i.e., the mass spectrum is invariant under the T-duality transformation:

n′ = w, w′ = n, R′ = α′/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 θ ∼ θ+2πR, and that the
background fields do not depend on θ, the Buscher rules describe how the NS-NS fields transform
under T-duality along θ. Writing the ten-dimensional coordinates as XM = (Xµ, Xθ), where
µ = 0, . . . , D − 2 denote the non-compact directions, the dual fields g̃MN , B̃MN , and Φ̃ are
given by:

g̃θθ =
1

gθθ
, g̃θµ =

Bθµ

gθθ
, g̃µν = gµν −

gθµgθν −BθµBθν

gθθ
, (2.80)

B̃θµ =
gθµ
gθθ

, B̃µν = Bµν −
gθµBθν −Bθµgθν

gθθ
, (2.81)

Φ̃ = Φ− 1

2
ln gθθ. (2.82)

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:

C(2n)
µ1···µ2n

= C
(2n+1)
µ1···µ2nθ

+ 2nB[µ1|θ|C
(2n−1)
µ2···µ2n]

(2.83)

− 2n(2n− 1)
B[µ1|θ|gµ2|θ|C

(2n−1)
µ3···µ2n]θ

gθθ
, (2.84)

C
(2n)
µ1···µ2n−1θ

= −C(2n−1)
µ1···µ2n−1

+ (2n− 1)
g[µ1|θ|C

(2n−1)
µ2···µ2n−1]θ

gθθ
. (2.85)

and from type IIB to type IIA:

C(2n+1)
µ1···µ2n+1

=− C(2n+2)
µ1···µ2n+1θ

+ (2n+ 1)B[µ1|θ|C
(2n)
µ2···µ2n+1]

+ 2n(2n+ 1)
B[µ1|θ|gµ2|θ|C

(2n)
µ3···µ2n+1]θ

gθθ
, (2.86)

C
(2n+1)
µ1···µ2nθ

=C(2n)
µ1···µ2n

+ 2n
g[µ1|θ|C

(2n)
µ2···µ2n]θ

gθθ
. (2.87)

2.3.2. S-duality

The S-duality is a duality between the strong and weak coupling regimes (gs ↔ 1
gs
). 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 Φ and
C(0), and B(2) and C(2) are paired under SL(2,R). The R-R scalar C(0) and the dilaton Φ can
be combined to define a complex scalar, known as the axio-dilaton τ , which is given by

τ = C(0) + ie−Φ. (2.88)
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The SL(2,R) symmetry of the equations of motion acts on τ as a Möbius transformation:

τ → aτ + b

cτ + d
, (2.89)

where ad− bc = 1.
On the other hand, the R-R two-form potential C(2) and the Kalb-Ramond two-form B(2)

transform under the SL(2,R) symmetry as a doublet:(
B(2)

C(2)

)
→

(
d −c
−b a

)(
B(2)

C(2)

)
, (2.90)

where a, b, c, 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(0) vanishes, we can take a = d = 0

and b = −c = 1, leading to the transformation gs = eΦ → 1
gs

. Under this transformation, the
fields transform as follows:

Φ→ −Φ, B(2) → C(2), C(2) → −B(2). (2.91)

This transformation swaps the fields B(2) and C(2), essentially interchanging the roles of the
fundamental string and the D1-brane in type IIB string theory. Note that fundamental strings
couple to B(2) but not to C(2), while D1-branes are charged under C(2) but not under B(2).
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 Φ as:

gEMN = e−
1
2
ΦgSMN , (2.92)

where gEMN and gSMN are the Einstein frame and string frame metrics.
The bosonic parts of their actions in the Einstein frame are:

SE
I =

1

2κ210

∫
d10x

√
|gE|

[
RE − 1

2
(∂Φ)2 − eΦ

12
|F̃(3)|2 −

1

4
e

Φ
2 Trv(|F(2)|2)

]
, (2.93)

SE
H =

1

2κ210

∫
d10x

√
|gE|

[
RE − 1

2
(∂Φ)2 − e−Φ

12
|H̃(3)|2 −

1

4
e−

Φ
2 Trv(|F(2)|2)

]
. (2.94)

The two actions are related by the transformations:

Φ→ −Φ, F̃(3) → H̃(3). (2.95)

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

Φ→ −Φ, F̃(3) → H̃(3), gMN → e−ΦgMN . (2.96)
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Beyond the supergravity approximation, evidence for S-duality is also found in non-perturbative
effects. For example, the tension5 of a D1-brane in type I string theory is

T I
D1 =

1

gs2π(ls)2
, (2.97)

while the tension of a fundamental string (F1-string) in Heterotic SO(32) theory is

TH
F1 =

1

2π(ls)2
. (2.98)

Under S-duality, where gs ↔ 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
AdS5 × S5 background, which underpins the AdS/CFT correspondence and connects type IIB
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, 61, 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
potentialA with field strength F = dA. Let ξM , M = 0, . . . , p, be the worldvolume coordinates,
with ξ0 ≡ τ 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.

SDp = SDBI
Dp + SWZ

Dp , (3.1)

where the DBI action is given by:

SDBI
Dp = −TDp

∫
dp+1ξ e−Φ

√
− det

(
P[g]MN + P[B(2)]MN + 2πα′FMN

)
, (3.2)
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CHAPTER 3. CHARGED OBJECTS IN STRING THEORY

F = dA and TDp = (2π)−pα′−(p+1)/2 is the tension of the Dp-brane. Here, P[g] and P[B]

represent the pullbacks of the metric gMN and the Kalb-Ramond two-form field BMN onto the
Dp-brane worldvolume, respectively.

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

P[g]MN =
∂XM

∂ξM
∂XN

∂ξN
gMN , (3.3)

where XM(ξ) 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(q+1) and the gauge invariant combination P [B(2)] + 2πα′F on the brane.
It is given by [62]:

SWZ
Dp = µp

∫
Σp+1

∑
q

P[C(q+1)] ∧ eP[B(2)]+2πα′F . (3.4)

A Dp-brane carries a positive charge µDp ≡ TDp 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, i.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 Z2

action ΩOp, which may be defined through

ΩOp = Ω σOp σFL
, (3.5)

where Ω is the worldsheet parity acting on the closed sector as

Ω :

gMN → gMN ,

BMN → −BMN ,

Φ → Φ ,

C(k) → (−1)q+rC(k) , (3.6)

where k = 2q + r, with r = 0 (type IIB), or r = 1 (type IIA). The second Z2 factor σOp is a
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spacetime involution flipping the sign of all transverse coordinates

Op : × · · · ×︸ ︷︷ ︸
(p+1)D worldvolume

| − · · · −︸ ︷︷ ︸
transverse yi

, σOp : yi −→ −yi .

Finally, σFL
, that involves the so-called fermion number that appear in the GSO projection

[87]1, and is given by

σFL
=

{
(−1)FL , p = 2, 3 mod 4 ,

1 , p = 0, 1 mod 4 .
(3.7)

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(ϵ1,ϵ2)-plane in type II string theory, with ϵ1, ϵ2 ∈ {−1,+1},
is

SOp(ϵ1,ϵ2) = SDBI
Op(ϵ1,ϵ2)

+ SWZ
Op(ϵ1,ϵ2)

, (3.8)

where the DBI and WZ terms are

SDBI
Op(ϵ1,ϵ2)

= − TOp

∫
dp+1x e−Φ

√
− det(gMN) , (3.9)

SWZ
Op(ϵ1,ϵ2)

= µOp

∫
WV(Op)

C(p+1) , (3.10)

with

TOp = ϵ1 2
p−4TDp , µOp = ϵ2 2

p−4µDp . (3.11)

When charge and tension coincide, these O-planes are conventionally denoted by Op+ &
Op− and their tension TOp± and charge µOp± are therefore:

TOp± = µOp± = ± 2p−4 TDp . (3.12)

An interesting example is the O9−-plane in type IIB theory. This plane has a tension of
TO9 = −32TD9 and a corresponding charge related to the C(10) potential. This is important
in the construction of type I string theory, as its presence ensures charge cancellation when
combined with 32 D9-branes [88].

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.

1The 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.

27
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Stack of Dp-branes

Op-plane

Stack of Dp-branes

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

Now, a set ofN Dp-branes which are kept separated from one another at finite distance describes
an Abelian U(1)N 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 N2 generators of U(N) 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, 90]. 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 λij can be assigned to an open string stretching from brane i to brane
j, with i, j ∈ {1, . . . , N}. In this way, the set of matrices λ 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(N), where N is the number of coincident
D-branes. In such a description, the Chan-Paton matrices λ can be taken to be Hermitian,
with λij 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 λ. For N Dp’s and one Op [91], this reads

λ
Ω→M [Ω]−1λTM [Ω] , with M [Ω] =


I2N , for Op−,

J2N ≡

(
ON i IN
−i IN ON

)
, for Op+.

The above difference in the orientifold action at the level of the Chan-Paton factors results in
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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, N2 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 N2 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
c, 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

NDpµDp + NDpµDp + NOp+µOp+ + NOp−µOp−
!
= 0 , (3.13)

which can be written as (
NDp − NDp

) !
= 2p−4 (NOp− − NOp+) , (3.14)

where NDp = 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 (3.14), 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 NDp = 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 NOp− ≥ NOp+ 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

NDp
!
= 2p−4 (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 =

(∏
a

U(Na)

)
×

(∏
b

SO(2Nb)

)
×

(∏
c

USp(2Nc)

)
. (3.16)

The corresponding total number of massless vector fields reads

N ≡
∑
a

N2
a +

∑
b

Nb(2Nb − 1) +
∑
c

Nc(2Nc + 1) , (3.17)

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 xM the worldvolume coor-
dinates, whereas the transverse coordinates to the branes are called yi. Therefore, the 10-
dimensional spacetime coordinates xM split into xM = (xM , yi).

We will work in the static gauge, where the position of each brane reads yIi = λY Ii, with
λ ≡ 2πℓ2s, where ℓs denotes the string length and I runs in the number of branes. We will
consider the generators of GYM to live in the fundamental representation of the Lie algebra.
Denoted by {tI}I=1,...,N, they satisfy

[tI , tJ ] = i gIJ
K tK , Tr(tItJ) = N κIJ , (3.18)

where κIJ = gIK
LgJL

K is the Cartan-Killing metric of GYM.

The effective action governing the low-energy dynamics of bosonic fluctuations associated
with a stack of N coinciding Dp-branes in type II string theory can be expressed as:

Sbosonic
Dp = SDBI

Dp + SWZ
Dp , (3.19)

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

branes under electromagnetic and gravitational influences, while SWZ
Dp is the Wess-Zumino (WZ)

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:

SDBI
Dp = −TDp

∫
dp+1x Str

(
e−Φ̂
√
− det(MMN) det

(
Qi

j

))
, (3.20)

where TDp is the brane tension, Φ̂ is the dilaton field, MMN and Qi
j are given by

MMN ≡ P
[
ÊMN + ÊMi

(
Q−1 − δ

)ij
ÊjN

]
+ λFMN , (3.21)

Qi
j ≡ δij + iλ

[
Y i, Y k

]
Êkj. (3.22)

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

ÊMN = ĝMN + B̂MN . (3.23)

Here, ĝMN denotes the background spacetime metric, while B̂MN represents the Kalb-Ramond
two-form field.

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

Φ̂(xM , λY i) ≡
∞∑
n=0

λn

n!
Y i1 . . . Y in∂i1 . . . ∂inΦ(x

M , yi)

∣∣∣∣
yi=0

. (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:

F = dA+ iA ∧A =
1

2
FMNdx

M ∧ dxN , (3.25)

where FMN 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
∂MY

i are substituted by the covariant derivative DMY
i:

DMY
i ≡ ∂MY

i + i[AM , Y
i], (3.26)

where AM is the gauge field associated with the brane. For example, the pullback of EMN onto
the brane is:

P[ÊMN ] = ÊMN + λÊMiDNY
i + λÊiNDMY

i + λ2ÊijDMY
iDNY

j. (3.27)

And Str denotes the symmetrized trace. This operation implies that quantities such as Y i

in the Taylor expansion, as well as terms involving FMN , DMY
i, and the commutators [Y i, Y j],

are symmetrized before taking the trace.
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On the other hand, the WZ part is expressed as:

SWZ
Dp =Mp

∫
Str

{
P

(
eiλY ιY ιY

[∑
n

Ĉn ∧ eB̂2

)]
∧ eλF

}
. (3.28)

where Ĉn are the Ramond-Ramond potentials.
Finally, the symbol ιY denotes the interior product with respect to the vector field Y i. For

instance,

ιY ιY

(
1

2
Cijdx

i ∧ dxj
)

= −1

2
Cij[Y

i, Y j]. (3.29)

This operation effectively contracts the indices of the differential form with the components of
Y , yielding terms involving commutators of Y i.

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 IIA 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+1× SO(1, p). The space perpendicular to the brane has
dimension 9− p.

For a Dp-brane in ten dimensions, the symmetries are R1,p × SO(1, p) × SO(9 − p). An
ansatz that satisfies the equations of motion of type II supergravity is given by:

ds2 = Hp(r)
−1/2ηMNdx

MdxN +Hp(r)
1/2dyidyi, (3.30)

eΦ = gsHp(r)
(3−p)/4, (3.31)

C(p+1) =
(
Hp(r)

−1 − 1
)
dx0 ∧ dx1 ∧ · · · ∧ dxp, (3.32)

BMN = 0, (3.33)
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where xM , with M = 0, . . . , p, denote the coordinates along the brane worldvolume, while yi

with i = p + 1, . . . , 9 correspond to the spatial directions transverse to the brane. The radial
coordinate r in the transverse space is given by

r2 =
9∑

i=p+1

y2i . (3.34)

Substituting this ansatz into the supergravity equations of motion implies that

∇2Hp(r) = 0. (3.35)

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

Hp(r) = 1 +

(
Lp

r

)7−p

. (3.36)

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

To fix the parameter Lp in the ansatz, one needs to evaluate the total R-R charge Q 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:

Q =
1

2κ210

∫
S8−p

⋆F(p+2). (3.37)

where ⋆ denotes the ten-dimensional Hodge operator. The charge Q is related to the number
N of coincident Dp-branes via Q = Nµp, where µp is the Dp-brane charge. By evaluating the
integral and imposing Q = N , one finds the relation

L7−p
p = (4π)(5−p)/2Γ

(
7− p
2

)
gsNα

′(7−p)/2
, (3.38)

where Γ 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

L4
3 = 4πgsNα

′2. (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 ≪ L3). In the
asymptotic region, r ≫ L3, equation (3.36) 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

33



CHAPTER 3. CHARGED OBJECTS IN STRING THEORY

have H3 ≈ L4
3/r

4, so the line element becomes

ds2 ≈ r2

L2
3

(−dt2 + (dx1)2 + (dx2)2 + (dx3)2) +
L2
3

r2
dr2 + L2

3dΩ
2
5, (3.40)

and considering the coordinate transformation r = L2
3/x

0, we will have

ds2 ≈ L2
3

(x0)2
(−dt2 + (dx1)2 + (dx2)2 + (dx3)2) + (x0)2

L2
3

(x0)4
(dx0)2 + L2

3dΩ
2
5

= L2
3

−dt2 + (dx0)2 + (dx1)2 + (dx2)2 + (dx3)2

(x0)2
+ L2

3 dΩ
2
5, (3.41)

which is an AdS5 × S5 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 B(2), namely the fundamental string (F1) and
its magnetic dual, the NS5-brane. Both of these arise in type IIA, 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:

ds2 = H1(r)
−3/4ηMNdx

MdxN +H1(r)
1/4(dr2 + r2dΩ2

7), (3.42)

eΦ = H1(r)
−1/2gs, (3.43)

B(2) =
(
H1(r)

−1 − 1
)
dx0 ∧ dx1, (3.44)

where the function H1(r) is defined as

H1(r) = 1 +
L6

r6
, L6 = 32π2g2sα

′3. (3.45)

The magnetic counterpart of the fundamental string is the NS5-brane, whose supergravity
description in the Einstein frame takes the form

ds2 = H5(r)
−1/4ηMNdx

MdxN +H5(r)
3/4(dr2 + r2dΩ2

3), (3.46)

eΦ = H5(r)
1/2gs, (3.47)

B(6) =
(
H5(r)

−1 − 1
)
dx0 ∧ · · · ∧ dx5, (3.48)

where the potential B(6) is such that dB(6) = ⋆H(3), and the function H5(r) is

H5(r) = 1 +
L2

r2
, L2 = Nα′, (3.49)

with N denoting the number of NS5-branes in the configuration.
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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
AdS5 × 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
R1,9, with their worldvolume extending along the coordinates x0, x1, x2, and x3:

x0 x1 x2 x3 x4 x5 x6 x7 x8 x9

D3 × × × × − − − − − −

Table 3.1: The symbol × 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. (3.50)

The term Sopen 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 ϕi, the Kalb-Ramond fild BMN , a gauge field AM , and a spinorial field. These
fields are described, as we saw in (3.2), by the Dirac-Born-Infeld (DBI) action:

SDBI = −
1

(2π)3gsl4s

∫
d4x e−ϕ

√
− det (P [g]MN + 2πα′FMN), (3.51)

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

S = − 1

4 g2YM

∫
d4x

(
FMNFMN +O(α′)

)
, (3.52)

which corresponds to a U(1) Yang–Mills theory, with g2YM = 2πgs.
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: ϕi = ϕiaTa, AM = Aa

MTa. The kinetic
term is promoted to Fa

MNFaMN to maintain gauge invariance. Taking the limit α′ → 0, the
action Sopen reduces to the bosonic part of N = 4 super Yang–Mills theory. The U(N) gauge
group decomposes as U(N) = SU(N) × 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(N) part.
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With respect to the interacting part, one can show that the interaction term is Sint ∼ gsα
′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(N).

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:

ds2 =
1√
H(r)

ηMNdx
MdxN +

√
H(r)

(
dr2 + r2dΩ2

5

)
, (3.53)

with

H(r) = 1 +

(
L

r

)4

, L4 = 4πgsNl
4
s . (3.54)

This background contains a constant dilaton together with a self-dual Ramond-Ramond 5-form
flux F(5). The geometry has two asymptotic regions, determined by the radial coordinate r.
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, r ≪ L, the background becomes
asymptotically AdS:

ds2 =
r2

L2
ηMNdx

MdxN +
L2

r2
(dr2 + r2dΩ2

5) =
L2

r2
(
ηMNdx

MdxN + dz2
)
+ L2dΩ2

5 . (3.55)

This expression is obtained after the coordinate transformation z = L2/r. The resulting space-
time has the structure of AdS5 × S5, 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 Er evaluated at a fixed radial coordinate
close to the region r = 0. The corresponding energy as perceived by an observer at infinity,
E∞, is given by

E∞ = H−1/4Er. (3.56)

For a fixed value of Er, taking the limit r → 0 leads to E∞ → 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
AdS5× S5 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 AdS5× S5 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 AdSp+1 ×M9−p.

3.6 | SUSY projectors of type IIB 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 (1 + 9)D, spinors admit a Majorana-Weyl (MW) representation in which the Dirac ma-
trices are realized as

ΓM =

(
016 ΣM

Σ
M

016

)
, (3.57)

where the 16 × 16 blocks ΣM & Σ
M 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
chirality, the same degrees of freedom can be rearranged into a single complexified chiral spinor

ϵ = ζ + i η , (3.58)

where both ζ and η are MW. In terms of such complex MW spinor, 1
2
-BPS objects admit sets

of Killing spinors spanned by the eigenspinors of a projection operator

Π(O) ≡ 1

2
(I + O) , (3.59)

where the operator O is an involution acting on complex spinors such as ϵ. The different SUSY
projectors for the various fundamental BPS objects in type IIB supergravity are summarized
in Table 3.2.

object F1 NS5 WB KK5B D1 D3 D5 D7 D9
O Σ01 ◦ ∗ Σ6789 ◦ ∗ Σ01 Σ6789 iΣ01 ◦ ∗ iΣ0123 iΣ6789 ◦ ∗ iΣ89 i∗

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
Σi1...i2p ≡ Σ[i1 · · ·Σi2p], while ∗ 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, 96].

4.1 | Ungauged supergravities

Let us consider a D-dimensional Minkowski spacetime with metric ηµν and coordinates xµ,
and µ = 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, Pµ, and
infinitesimal Lorentz transformations, Mµν . Their commutation relations are:

[Mµν ,Mσρ] = ηνσMµρ − ηµσMνρ + ηµρMνσ − ηνρMµσ, (4.1)

[Pµ, Pν ] = 0, (4.2)
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CHAPTER 4. GAUGINGS AND THEIR HIGHER DIMENSIONAL ORIGIN

[Mµν , Pρ] = ηνρPµ − ηµρPν . (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. 1

The goal is now to expand the Poincaré algebra to include supersymmetry, to do this we enlarge
the Minkowski spacetime with anticommuting coordinates ψα, where α is a spacetime spinor
index, apart from the bosonic previous ones, xµ, 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
Qα. When there are multiple such fermionic directions, one obtains several sets of supercharges,
labeled as QI

α, 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 N . For example, in four spacetime
dimensions with N = 1, adopting the conventions

{γµ, γν} = 2 ηµν , γµν =
1

2
[γµ, γν ], Q̄β = Qβ

†γ0, (4.4)

the relations are:

{Qα, Q̄β} = −
1

2
Pµ(γ

µ)αβ, [Qα, Pµ] = 0, [Mµν , Qα] = −
1

2
(γµν)

β
α Qβ, (4.5)

where γµ are the gamma matrices in four dimensions, and the antisymmetrized product of
gamma matrices is given by:

γµ1...µn = γ[µ1γµ2 · · · γµn]. (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

1The 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 eµ
a, where as usual a denotes a

flat index, and a Majorana gravitino ψµ, 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]:

S =
1

2κ2

(∫
d4x e eaµ ebν Rµνab(ω)−

∫
d4x e ψ̄µγ

µνρDνψρ

)
, (4.7)

where κ = 8πG is the gravitational coupling constant in four dimensions, e = det eµ
a =
√
−g,

Rµνab is defined as

Rµνab = ∂µωνab − ∂νωµab + ωµac ων
c
b − ωνac ωµ

c
b, (4.8)

and Dν is the spacetime covariant derivative including the spin connection

Dνψρ = ∂νψρ +
1

4
ωνabγ

abψρ. (4.9)

Here ωµab is the torsion-free spin connection, defined by

ωµ
ab(e) = 2 eµ[a∂[µeµ]

b] − eµ[aeb]σeµc∂µeσc. (4.10)

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

δeµ
a =

1

2
ϵ̄γaψµ, δψµ = Dµϵ, (4.11)

with ϵ(x) a local Majorana spinor.

4.1.1. Supergravities in lower dimensions

Supergravities with 32 supercharges are referred to as maximally supersymmetric theories,
while those containing 16 are named half-maximal 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.

4.1.2. Scalar Manifold

The bosonic2 field content of ungauged supergravity in D dimensions includes the metric
gµν , where Greek indices correspond to spacetime coordinates, a set of ns scalar fields ϕi, with
i = 1, . . . , ns, and nv vector fields AM

µ , with M = 1, . . . , nv. Additionally, the theory includes
antisymmetric tensor fields BI

ν1...νp
of various ranks p, where I labels different antisymmetric

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 (N ) Number of supercharges

11 1 32
10 (1,0) ≡ I, (1,1) ≡ IIA, (2,0) ≡ IIB 16, 32, 32

9, 8, 7 1, 2 16, 32

6 (1,0) ≡ i, (1,1) ≡ iia, (2,0) ≡ iib,
(2,1), (3,0), (2,2), (3,1), (4,0)

8, 16, 16,
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:

Lbos = e

(
1

2
R− 1

2
Gij(ϕ)∂µϕ

i∂µϕj − 1

4
MMN(ϕ)F

M
µνF

Nµν + · · ·
)
, (4.12)

where R is the Ricci scalar and the field strengths FM
µν are defined as FM

µν ≡ ∂µA
M
ν − ∂νAM

µ .
Ellipses denote the kinetic terms for the higher-rank forms and potential topological contribu-
tions.

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

ϕ :M→Mscalar, x 7→ ϕ(x) =
(
ϕ1(x), . . . , ϕns(x)

)
, (4.13)

whereM is the spacetime manifold andMscalar 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:

Lscalar =
e

2
Gij(ϕ) ∂µϕ

i∂µϕj. (4.14)

It is clear that the non-linear σ-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.

Gij(ϕ
′) ∂µϕ

′i∂µϕ′j = Gij(ϕ) ∂µϕ
i∂µϕj. (4.15)

The isotropy group H of the scalar manifold can be generally expressed as H = HR×Hmatt,
where HR denotes the automorphism group of the supersymmetry algebra, commonly referred
to as the R-symmetry group, and Hmatt 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:

Mscalar =
G

H
,

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 ϕi are represented within a G/H coset space. In Table 4.2 we show the global symmetry
groups and their maximal compact subgroups for maximal and half-maximal supergravities in
various dimensions.

D Gmax Hmax Ghalf-max Hhalf-max

9 GL(2) SO(2) GL(1)× SO(1, 1 + n) SO(1 + n)

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

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

6 SO(5, 5) SO(5)× SO(5) GL(1)× SO(4, 4 + n) SO(4)× SO(4 + n)

5 E6(6) USp(8) GL(1)× SO(5, 5 + n) SO(5)× SO(5 + n)

4 E7(7) SU(8) SL(2)× SO(6, 6 + n) SO(2)× SO(6)× SO(6 + n)

3 E8(8) SO(16) SO(8, 8 + n) SO(8)× SO(8 + n)

Table 4.2: List of global symmetry groups and their maximal compact subgroups arising in
maximal and half-maximal 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 Jµ defined as

Jµ = V−1∂µV ∈ g, (4.16)

where g ≡ Lie G, such that Lscalar = − e
2
Tr(JµJµ). This Lagrangian is invariant under global G

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

δV = ΛV − Vh(x), Λ ∈ g, h(x) ∈ h. (4.17)

Then Jµ transforms as:
δJµ = −∂µh(x) + [h(x), Jµ]. (4.18)

To respect the structure of the coset space, Jµ is split into

Jµ = Qµ + Pµ, Qµ ∈ h, Pµ ∈ p, (4.19)

where h ≡ Lie H and p is its complement, i.e., g = h ⊥ p, orthogonal with respect to the
Cartan-Killing form. So the variations of Pµ and Qµ are

δPµ = [h(x), Pµ], (4.20)

δQµ = −∂µh(x) + [h(x), Qµ]. (4.21)

The scalar Lagrangian can be expressed as

Lkin = −1

2
eTr(PµP

µ) , (4.22)
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where e is determinant of the vielbein.

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

[tα, tβ] = ωαβ
γ tγ, (4.23)

where Λα are the constant parameters, ωαβ
γ are the structure constants and α = 1, . . . , dimG.

To clarify this, it is beneficial to express equation (4.17) in terms of indices as follows:

δVMN = Λα(tα)M
KVKN − VMKhK

N , (4.24)

where tα 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
matrixM defined by

M = V ∆VT, (4.25)

where ∆ 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, ∆ reduces to
the identity). By construction, M is invariant under H, while its transformation under G is
given by

δM = ΛM+MΛT, (4.26)

while the Lagrangian, as shown in equation (4.17), takes the form

Lscalar =
1

8
Tr(∂µM∂µM−1). (4.27)

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

δV = ΛαtαV , (4.28)

δAM
µ = −Λα(tα)

N
MA

N
µ . (4.29)

In addition, the nv vector fields exhibit an Abelian gauge symmetry U(1)nv :

δAM
µ = ∂µΛ

M , (4.30)

with ΛM = ΛM(x) 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 G0 ⊂ G, with G a global symmetry, consists of promoting G0 to a
local symmetry. These generators can be made local by introducing covariant derivatives. If
we denote as tα the generators of G and XM the generators of G0, then

∂µ → Dµ ≡ ∂µ − gAM
µ XM , (4.31)

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

XM ≡ ΘM
αtα ∈ g, (4.32)

where the term ΘM
α is the so-called embedding tensor. This object determines what is the linear

combination of global symmetry generators hat assemble the gauge group G0. For simplicity,
ΘM

α can be seen as a constant (nv × dimG) matrix, with α 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 ΘM
α, 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 ΘM

α. The gauge group G0 is only
specified when a particular ΘM

α is chosen, thereby breaking the global symmetry G.

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

δV = gΛMXMV , (4.33)

δAM
µ = DµΛ

M ≡ ∂µΛ
M + gAN

µ XNP
MΛP , (4.34)

where ΛM(x) is the local transformation parameter and XNP
M ≡ ΘN

α(tα)P
M . However, not

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

leading to non-trivial constraints on ΘM
α.

The first constraint is quadratic in ΘM
α and ensures that the tensor is invariant under the

action of the local gauge symmetry:

0 = δXP
ΘM

α = XPM
NΘN

α −XPβ
αΘM

β = ΘP
β(tβ)M

NΘN
α +ΘP

βωβγ
αΘM

γ, (4.35)

where XPβ
γ = ΘP

α(tα)β
γ = −ΘP

αωαβ
γ. This invariance implies that the generators form a

closed algebra:

[XM , XN ] = −XMN
PXP , with XMN

P = ΘM
α(tα)N

P . (4.36)

On the other hand, an additional linear constraint on ΘM
α 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:

ΘM
α : R∗

v ⊗Radj = R∗
v ⊕ · · · , (4.37)

where R∗
v denotes the dual representation to Rv, the representation in which the vector fields

transform. The linear representation constraint takes the form:

PΘ = 0, (4.38)

restricting Θ to certain representations on the right-hand side of the tensor product.
To summarize , the process of gauging a subgroup G0 within the global symmetry group

G a theory relies on the fact that the embedding tensor ΘM
α satisfies both quadratic and

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 ΘM

α and, consequently, disappear when going back to
the ungauged theory.

Let us consider the following schematic modifications of the ungauged Lagrangian:

L = L0[∂ → D,F0 → H] + Ltop + Lferm.mass + Lpot . (4.39)

Here L0 is the ungauged Lagrangian where every derivative must be substituted with a covariant
derivative, and all p-form field strengths F0 must be replaced with the covariant ones H, Ltop

is a topological term, Lferm.mass. are all the bilinear couplings of fermions that do not involve
p-form gauge fields or derivatives and Lpot 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

δϵψ
a
µ = ungauged terms + gA1b

aϵb, (4.40)

δϵχ
m = ungauged terms + gA2a

mϵa, (4.41)

δϵλ
c = ungauged terms + gA2a

cϵa, (4.42)

where ϵa(x) is the parameter of supersymmetry transformations, and ψa
µ are the gravitini, χm are

the matter fermions from the gravity multiplet and λc 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 ×Hmatt, λc acts as a vector under Hmatt,
and ψa

µ and χm act as a singlet under Hmatt. A1 and A2 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 Lferm.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

e−1Lpot = −g2V = 2g2
(
Ab

1aĀ
a
1b − Am

2aĀ
a
2m − Ac

2aĀ
a
2c

)
, (4.43)

where the bar means complex conjugate. Supersymmetry demans the following quadratic
constraint on A1 and A2:

Ac
1aĀ

b
1c − Am

2aĀ
b
2m − Ac

2aĀ
b
2c = −

1

2r
δbaV, (4.44)

where r = δaa is the dimension of the gravitini representation. Let us note that, despite Lpot

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 (ϕ). The values of the scalar fields at the critical points are usually
called ‘vacuum expectation values’.

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

∂iV (ϕ0) = 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
Λeff ∝ V (ϕ0). The sign of V (ϕ0) 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:

Rµνρλ = − 2

α2
gµ[ρgν]λ, (4.46)

where α is the AdS radius.
The radius α can be related to the scalar potential V through the relation:

α2 = −(D − 1)(D − 2)

2g2V
, (4.47)

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

Rµνρλ =
4

(D − 1)(D − 2)
g2V gµ[ρgν]λ. (4.48)

For d = 4, this simplifies to:

Rµνρλ =
2

3
g2V gµ[ρgν]λ. (4.49)

Finally, vacua preserving some supersymmetry satisfy the above conditions and the fermionic
supersymmetry variations vanish for some nonzero Killing spinor(s) ϵ:

δψµ(ϕ0, F ) = 0, δχi(ϕ0, F ) = 0,

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 ϵ, which encodes the details of the supersymmetry
transformation.

However, if we are interested in vacuum solutions, then the condition δbosons = 0 is trivially
satisfied, as δbosons ∝ ϵ̄ fermion. Thus, we only need to solve the equation δfermions = 0 in
terms of the Killing spinor ϵ. This willdetermine the number preserved supersymmetries.

Additionally, by considering the Killing spinor equation and evaluating the fermionic vari-
ations in the vacuum, we obtain:

0
!
= δψi

µ = 2Dµϵ
i − 2

3
gAij

1 Γµϵj, (4.50)

0
!
= δχi = −4

3
igAji

2 ϵj, (4.51)

0
!
= δλia = 2igAji

2aϵj. (4.52)

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

Dµϵ
i =

1

3
gAij

1 Γµϵj. (4.53)
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Let us compute the commutator3

[Dµ, Dν ]ϵ
i = D[µ|

(
1

3
gAij

1 Γ|ν]ϵj

)
= D[µ|

(
1

3
gAij

1 Γ|ν]B(ϵj)∗
)

=
1

3
gAij

1 Γ[νB(Dµ]ϵ
j)∗

=
1

9
g2Aij

1 Γ[ν|B(Ajk
1 Γ|µ]ϵk)

∗

=
1

9
g2Γ[ν|BΓ∗

|µ]A
ij
1 (A1

jkϵk)
∗

= −1

9
g2Γ[µBΓ∗

ν]A
ij
1 (A1

jkϵk)
∗,

On the other hand

[Dµ, Dν ] ϵ
i = −1

4
Rµν

ρλΓρλϵ
i

=
1

4
Rµν

ρλΓ[ρBΓ∗
λ]B

∗ϵi

=
1

4
gρσgλτRµνστΓ[ρBΓ∗

λ]B
∗ϵi

=
1

4
gρσgλτ

4

6
g2V gµ[σgν]τΓ[ρBΓ∗

λ]B
∗ϵi

=
1

12
(δρµδ

λ
ν − gµνgρλ)g2V Γ[ρBΓ∗

λ]B
∗ϵi

=
1

12
g2V Γ[µBΓ∗

ν]B
∗ϵi.

Therefore

Γ[µBΓ∗
ν]A

ij
1 (A1

jkϵk)
∗ = −3

4
V Γ[µBΓ∗

ν]B
∗ϵi. (4.54)

If we take A1
ijϵj =

√
−3

4
V ϵi, we can check that (4.54) is satisfied:

Γ[µBΓ∗
ν]A

ij
1 (A1

jkϵk)
∗ =

√
−3

4
V Γ[µBΓ∗

ν]B
∗Aij

1 B(ϵj)∗ (4.55)

=

√
−3

4
V Γ[muBΓ∗

ν]A
ij
1 B(ϵj)∗

=

√
−3

4
V Γ[µBΓ∗

ν]B
∗Aij

1 ϵj (4.56)

= −3

4
V Γ[µBΓ∗

ν]B
∗ϵi. (4.57)

3In the chiral representation of the Gamma-matrices, we define B = iΓ2Γ5 =

(
0 ϵ
−ϵ 0

)
, with ϵ being the

two-dimensional Levi-Civita symbol. Consequently, we have B = B∗ = B−1. Moreover, we use the relation
ϵi = B(ϵi)∗.
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Thus, from (4.51) and (4.52) we conclude that

A1
ijϵj =

√
−3

4
V ϵi, Aji

2 ϵj = 0, Aji
2aϵj = 0. (4.58)

That is to say, these are the required conditions on ϵi 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 (ϕ) can be
expressed as a non linear function of the scalar fields ϕ 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 = g2V MN
αβ Θα

MΘβ
N , (4.59)

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

In the case of N = 8 D = 4 supergravity, the scalar potential can be equivalently written
as [122]

V = g2
(
XMN

RXPQ
SMMPMNQMRS + 7XMN

QXPQ
NMMP

)
, (4.60)

with XMN
K defined in equation (4.36) as a function of the embedding tensor, and the positive

definite scalar matricesMMN defined in (4.25).
In N = 1 D = 4 supergravity, the scalar potential is given by:

V = eK
(
Kij̄DiWDj̄W̄ − 3|W |2

)
, (4.61)

where W is the superpotential, K is the Kähler potential, Kij is the inverse Kähler metric,
depending on the geometry of the moduli space of the scalar fields, and DiW = ∂iW +(∂iK)W

denotes the Kähler 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 (ϕ). As we will see in Chapter 6, 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 (ϕ).

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

V (ϕ) = V (L(ϕ),Θ) . (4.62)
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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 G/H. Any scalar configuration can be related to the origin through
transformations in the global symmetry group G. 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−1(ϕ)Θ:

V (ϕ) = V
(
0, L−1(ϕ)Θ

)
. (4.63)

This implies that any critical point can be mapped to the origin (ϕ = 0), where the scalar
potential and its derivatives simplify to quadratic expressions in Θ. 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(ϕ) = L(ϕ′)h(ϕ, ϕ′), h ∈ H, (4.64)

with a simultaneous transformation of the embedding tensor:

Θ→ Θ′ = UΘ. (4.65)

Since the scalar potential involves only H-invariant quantities, these transformations imply:

V (L(ϕ),Θ′) = V (L(ϕ′),Θ). (4.66)

Therefore, this expression enables us to explore the homogeneous scalar manifold by evaluating
the potential at the reference point and systematically varying Θ. The invariance of this point
under the compact subgroup H ensures variations of Θ 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 4. 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 xM = (xµ, ym), where M = 0, 1, . . . , D − 1, µ = 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 ym, then each group element is written as
g(ym), 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 7→ ΛLg or g 7→ gΛR, 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

ds2G = gmn σ
mσn, Tmσ

m = g−1dg, (4.67)

where gmn is an arbitrary metric, Tm are the generators of the Lie algebra associated with G,
g = g(ym) are elements of the group, and σm is a set of one-forms known as Maurer–Cartan
forms. In terms of the coordinates yp, one can write σm = σm(yp) = Um

n(y
p) dyn, for some

matrix Um
n 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-
invariant 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 Ln, which satisfy the Maurer-Cartan equations:

[Lm, Ln] = ωmn
p Lp, (4.68)

4See [119] 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 ωmn
p are given by

ωmn
p = −2(U−1)rm (U−1)sn ∂r(U

p
s). (4.69)

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

It is worth noting that while left multiplication defines isometries of the metric (4.67), right
multiplication does not, in general, preserve it. Nevertheless, if the components gmn 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 byGL×GR,
where GL and GR 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

d̂s
2
= e2αΦds2 + e2βΦMmn

(
dym + Am

µ dx
µ
) (
dyn + An

µdx
µ
)
, (4.70)

where α and β are defined as:

α2 =
D − d

2(D − 2)(d− 2)
, β = −(d− 2)α

D − d
, (4.71)

and Mmn encodes the moduli of the internal space.

One can introduce a local transformation matrix Um
n(y

p) and reinterpret the toroidal
Ansatz

d̂s
2
= e2αΦds2 + e2βΦUm

pU
q
nMpq

(
dym + (U−1)mrA

r
µdx

µ
) (
dyn + (U−1)nsA

s
µdx

µ
)

= e2αΦds2 + e2βΦMmn(σ
m + Am

µ dx
µ)(σn + An

µdx
µ), (4.72)

where the new one-forms are defined as σm = Um
ndy

n.

The internal part of the metric now becomes

ds2G = e2βΦMmnσ
mσn, (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 + 1

4
Tr(DMDM−1)− 1

2
(∂Φ)2 − 1

4
e2(α−β)ΦFm

µνMmnF
nµν − V

]
, (4.74)

with field strengths and covariant derivatives defined by

Fm = 2∂Am − ωnp
mAn ∧ Ap, (4.75)

DMmn = ∂Mmn + 2ωq(m
pAqMn)p. (4.76)
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In addition to the kinetic terms, a scalar potential emerges in the reduced theory:

V = 1
4
e2(β−α)Φ [2Mmqωmp

rωqr
p +MmqMnrMpsωmn

pωqr
s] . (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:

SII =
1

2κ210

∫
d10x
√
−g

(
e−2Φ

(
R+ 4(∂Φ)2 − 1

12
|H(3)|2

)
− 1

2

∑
p

|F(p)|2

p!

)
+ SWZ , (4.78)

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

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

ds2(10) = gMN dxM ⊗ dxN = τ−2 g(d)µν dx
µ ⊗ dxν + ρ ds2(10−d) , (4.79)

the universal moduli ρ and τ are singled out. The rest of the moduli, which describe volume-
preserving deformations of the internal geometry, are contained within ds2(10−d). In addition to
that, we introduce local indices m, n as follows:

ds2(10−d) =Mmn v
m ⊗ vn , (4.80)

whereMmn parametrizes the coset SL(10− d,R)/SO(10− d) with detM = 1.
To obtain the d-dimensional gravity action in the Einstein frame after compactification, we

impose the constraint:

ρ5−d/2 !
= e2Φ τ d−2 , (4.81)

which implies that ρ and τ 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:

√
−g = τ−d ρ5−d/2

√
−g(d)

√
g(10−d) . (4.82)

Reducing the Einstein term in the original action (4.78) yields5:

5Note that R(10) = τ2R(d) + ρ−1R(10−d).
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∫
d10x
√
−g e−2ΦR(10) =

∫
ddx

√
−g(d)

(
τ 2−d ρ5−d/2 e−2ΦR(d) + τ−d ρ4−d/2 e−2ΦR(10−d)

)
=

∫
ddx

√
−g(d)

(
R(d) − Vω

)
, (4.83)

where Vω ≡ −ρ−1 τ−2R(10−d). In case of twisted toroidal compactifications, R(10−d) is giving
by:

R(10−d) = −1

4
MmqMnrMps ωnp

q ωrs
m − 1

2
Mnp ωmn

q ωqp
m , (4.84)

where Mmn is the inverse of Mmn and ωmn
p are the structure constants entering the Maurer-

Cartan equation

dvm +
1

2
ωnp

m vn ∧ vp = 0 . (4.85)

This, in turn, implies the Jacobi identities as an integrability condition,

ω[mn
r ωp]r

q = 0 . (4.86)

In addition to this, we will ask the structure constants to fulfill the unimodularity condition
ωmn

n = 0 for consistency, as we are performing the compactification at the level of the action.

Next, considering the scalar potential from the H(3) flux. Reducing the corresponding term
of the action (4.78) yields∫

d10x
√
−g
(
− 1

12
e−2Φ |H(3)|2

)
=

∫
ddx

√
−g(d)

(
− 1

12
HmnpH

mnp ρ−3 τ−2

)
, (4.87)

giving a contribution of VH ≡ 1
12
HmnpH

mnp ρ−3 τ−2.

For the R-R p-forms, their contribution to the scalar potential is:∫
d10x
√
−g
(
− 1

2p!
|F(p)|2

)
=

∫
ddx

√
−g(d)

(
− 1

2p!
Fm1···mp F

m1···mp ρ5−p−d/2 τ−6

)
, (4.88)

wich results in VFp =
1
2p!
Fm1···mp F

m1···mp ρ5−p−d/2 τ−6.

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 =

∫
ddx
√
−g(d)

(
R(d) + 2Lkin − V

)
, (4.89)

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

V = Vω + VH +
∑
p

VFp . (4.90)

The kinetic term for the moduli, which span a R+
ρ ×R+

τ × SL(10− d,R)/SO(10− d) geometry,
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is given by

Lkin = −
(
10− d

8

)2
(∂ρ)2

ρ2
−
(
2− d
4

)2
(∂τ)2

τ 2
+

1

8
Tr
(
∂M∂M−1

)
. (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+meB(2) −H(3) ∧C, (4.92)

where

F =

5, 9/2∑
n=0, 1/2

F(2n), C =

5, 9/2∑
n=1, 1/2

C(2n−1). (4.93)

and m = F(0) in massive type IIA. These field strengths satisfy a duality condition given by

F(n) = (−1)⌊n/2⌋ ⋆ F(10−n), (4.94)

where ⋆ 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−H(3) ∧ F = 0. (4.95)

When localized sources are included, the Bianchi identities are modified [64] as

dF(n) = H(3) ∧ F(n−2) + (2π
√
α′)n−1ρloc

8−n, (4.96)

where ρloc
8−n denotes the dimensionless charge density of the 8 − n-dimensional (in space only)

magnetic source for F(n), which contains a δn+1(x⃗− x⃗i).
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 IIA): For D6-branes and O6-planes extended along spacetime and wrapped
on a three-cycle Σ̃3, integration of the Bianchi identity for F(2) over the dual cycle Σ3 yields
the condition

ND6(Σ̃3)− 2NO6(Σ̃3) +
F(0)

2π
√
α′

∫
Σ3

H(3) = 0, (4.97)

where ND6(Σ̃3) and NO6(Σ̃3) are the number of D6-branes and O6-planes wrapped on Σ̃3,
respectively.
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Example (Type IIB): Similarly, in type IIB, D5-branes and O5-planes wrapped on a two-
cycle Σ̃2 act as sources for F(3). Integrating the Bianchi identity over the dual four-cycle Σ4

gives

ND5(Σ̃2)−NO5(Σ̃2) +
1

(2π)2α′

∫
Σ4

H(3) ∧ F(1) = 0. (4.98)

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

Sbos =
1

2κ210

∫
d10x

√
−g e−2Φ

(
R+ 4∂MΦ ∂MΦ− 1

2 · 3!
|H̃(3)|2 −

α′

2 · 2!
Trv |F(2)|2

)
. (4.99)

The crucial point is that the field strength of the NSNS two-form is not simply dB(2), but is
modified by gauge and gravitational Chern–Simons terms:

H̃(3) = dB(2) −
α′

4
(ω3 − ωgrav

3 ) , (4.100)

where

ω3 = Trv

(
A ∧ dA− 2i

3
A ∧A ∧A

)
, dω3 = TrvF ∧ F , (4.101)

and

dωgrav
3 = TrR(2) ∧R(2), (4.102)

where R(2) is the curvature 2-form.

Therefore the Bianchi identity for H̃(3) is modified to

dH̃(3) =
α′

4

(
TrR(2) ∧R(2) − TrvF ∧ 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

Ahex ≃ Trv F4 ∧
(
TrR2

(2) − Trv 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(2), or magnetically by its dual six-form potential B(6). Inserting the modified defi-
nition of H̃(3) into its kinetic term produces a cross coupling between dB(2) and the gauge and
gravitational Chern–Simons three-forms. After dualizing B(2) to B(6) and integrating by parts,
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this coupling can be written schematically as∫
10d

B(6) ∧
(
TrR2

(2) − Trv F2
)
. (4.105)

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

SB2F4 =

∫
10d

B(2) ∧ Trv F4. (4.106)

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

dH̃(3) =
α′

4

(
TrR(2) ∧R(2) − TrvF ∧ 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
H̃(3). If there are no localized NS5-brane sources, then H̃(3) is smooth on any closed internal
four-cycle Σ4, and Stokes’ theorem gives∫

Σ4

dH̃(3) =

∫
∂Σ4

H̃(3) = 0. (4.108)

Integrating the Bianchi identity over Σ4 therefore gives∫
Σ4

TrR(2) ∧R(2) =

∫
Σ4

Trv F ∧ F . (4.109)

Thus the gravitational and gauge contributions to the magnetic charge of H̃(3) must cancel
globally. This is the heterotic analogue of a tadpole cancellation condition.
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Chapter 5
New IIB 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 AdS3 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 SYM4 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)×SO(3)×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 AdS5×S5 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 5.1 preserve four real supercharges, i.e. it is 1

8
-BPS, (1 + 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 t y x1 x2 r ϕ1 ϕ2 ρ θ1 θ2

D3 × × × × ∼ ∼ ∼ − − −
D5 × × × − × × × ∼ ∼ ∼
D7 × × − − × × × × × ×

Table 5.1: The 1
8

BPS brane system underlying the intersection of D5 – D7 branes intersecting
D3 branes. The symbols are × 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

Π(OD3) ϵ
!
= Π(OD5) ϵ

!
= Π(OD7) ϵ

!
= ϵ . (5.1)
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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 1

8
BPS brane

intersection.

The 10D supergravity Ansatz we consider is1

ds210 =H
−1/2
D3 H

−1/2
D5 H

−1/2
D7 ds2Mkw2

+H
−1/2
D3 H

1/2
D7

(
H

−1/2
D5 dx21 +H

1/2
D5 dx

2
2

)
+H

1/2
D3 H

−1/2
D5 H

−1/2
D7

(
dr2 + r2ds2S2

)
+H

1/2
D3 H

1/2
D5 H

−1/2
D7

(
dρ2 + ρ2ds2

S̃2

)
, (5.2)

C(4) = HD7H
−1
D3 volMkw2 ∧ dx1 ∧ dx2|SD , (5.3)

C(6) = H−1
D5 volMkw2 ∧ dx1 ∧ volR3 , (5.4)

C(8) = HD3H
−1
D7 volMkw2 ∧ volR3 ∧ volR̃3 , (5.5)

eΦ = H
−1/2
D5 H−1

D7 , (5.6)

where ds2Mkw2
≡ (−dt2 + dy2), ds2S2 ≡ (dϕ2

1 + sin2 ϕ1dϕ
2
2), ds2S̃2 ≡ (dθ21 + sin2 θ1dθ

2
2), and

(· · · )|SD denotes projection onto the self-dual field. The warp factors appearing in the above
Ansatz are respectively assumed to have the following spacetime dependence: HD3 = HD3(ρ),
HD5 = HD5(x2) and HD7 = HD7(x1, x2).

The complete set of Bianchi identities (2.54) and equations of motion (2.55) – (2.58) is
satisfied upon imposing the following differential equations

∂2x2
HD5

!
= 0 , (5.7)

∆R̃3HD3 ≡ ∂2ρHD3 +
2

ρ
∂ρHD3

!
= 0 , (5.8)

HD5 ∂
2
x1
HD7 + ∂2x2

HD7
!
= 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 HD7,
and in particular its explicit form crucially depends on the choice of HD5.

Equation (5.7) is solved by
HD5 = hD5 + QD5x2 , (5.10)

where hD5 and QD5 are some real integration constants, while (5.8) yields

HD3 = hD3 +
QD3

ρ
, (5.11)

hD3 and QD3 being yet new real integration constants. The last condition to determine where
HD7 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

1We adopt the string frame all throughout this chapter.
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D5s are nearly cored (i.e. hD5 = 0), (5.9) is solved by

HD7 =


hD7 +QD7

(
x21 −

Q5

3
x32

)
,

or

hD7 +QD7

(
x21 +

4Q5

9
x32

)−1/6

,

(5.12)

in terms of two extra integration constants hD7 and QD7. When hD5 ̸= 0, simple solutions are
of course found by solving ∂2x1

HD7 = 0 and ∂2x2
HD7 = 0 separately. Otherwise, more non-trivial

possibilities are

HD7 = H
(0)
D7 +

x21
2
− H

(−2)
D5 , (5.13)

where the function H(0)
D7 satisfies ∂2x1

H
(0)
D7 = ∂2x2

H
(0)
D7 = 0, and H(−2)

D5 denotes the second primi-
tive of HD5, i.e. satisfying ∂2x2

H
(−2)
D5 = 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 N = 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)× SO(2)× SO(4) symmetry and 2D spacetime dependent couplings
obtained in [22], we propose the following 1

8
-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 (1+ 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

Π(OD3) ϵ
!
= Π(OD7) ϵ

!
= Π(OD3′) ϵ

!
= ϵ , (5.14)

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 1

8
BPS, as in the previous section.

object t y x1 x2 r ϕ ρ θ1 θ2 θ3

D3 × × × × − − − − − −
D3′ × × ∼ ∼ × × − − − −
D7 × × − − × × × × × ×

Table 5.2: The 1
8

BPS brane system underlying the intersection of D3′ – D7 branes intersecting
D3 branes.
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Our Ansatz on the IIB fields is:

ds210 =H
−1/2
D3 H

−1/2
D3′ H

−1/2
D7 ds2Mkw2

+H
−1/2
D3 H

1/2
D3′H

1/2
D7

(
dx21 + dx22

)
+H

1/2
D3 H

−1/2
D3′ H

−1/2
D7

(
dr2 + r2dϕ2

)
+H

1/2
D3 H

1/2
D3′H

−1/2
D7

(
dρ2 + ρ2ds2S3

)
, (5.15)

C(4) =
(
HD7H

−1
D3 volMkw2 ∧ dx1 ∧ dx2 +H−1

D3′ volMkw2 ∧ volR2

)
|SD , (5.16)

C(6) = 0 , (5.17)

C(8) = HD3H
−1
D7 volMkw2 ∧ volR2 ∧ volR4 , (5.18)

eΦ = H−1
D7 , (5.19)

where ds2Mkw2
≡ (−dt2+dy2), ds2S3 ≡ (dθ21 +sin2 θ1dθ

2
2 +sin2 θ1 sin

2 θ2dθ
2
3), and (· · · )|SD 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: HD3 = HD3(r, ρ), HD3′ = HD3′(ρ)

and HD7 = HD7(x1, x2).

The complete set of BI (2.54) and equations of motion (2.55) – (2.58) is satisfied upon
imposing the following differential equations

∆R4HD3 +HD3′∆R2HD3 ≡ ρ−3∂ρ
(
ρ3∂ρHD3

)
+HD3′r

−1∂r (r∂rHD3)
!
= 0 , (5.20)

∆R4HD3′ ≡ ρ−3∂ρ
(
ρ3∂ρHD3′

) !
= 0 , (5.21)

∆ΣHD7 ≡ ∂2x1
HD7 + ∂2x2

HD7
!
= 0 . (5.22)

In this case the above system can be e.g. solved by2

HD3 = 1 +QD3

(
1

ρ2
+ κ1 log r + κ2 log ρ+ κ3

(
ρ2 − 2r2

))
, (5.23)

HD3′ = 1 +
QD3′

ρ2
, (5.24)

HD7 = 1 +QD7 log
(
x21 + x22

)
, (5.25)

where QD3, QD3′ , QD7, κi are real integration constants satisfying

κ2
!
= 4QD3′κ3 . (5.26)

Near-Horizon limit and AdS3

As ρ→ 0, one has the following asymptotic behavior for the warp factors

HD3 ∼
QD3

ρ2
, and HD3′ ∼

QD3′

ρ2
, (5.27)

2Note that, depending on possible boundary conditions chosen in the (x1, x2) plane, HD7 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 HD7 stays finite since it is a ρ-independent harmonic function of (x1, x2). In this limit,
the solution in (5.15) – (5.19), after rescaling the Minkowski worldvolume3, takes the form

ds210 = ℓ2H−1/2
(
ds2AdS3

+Q−1
D3Hds

2
Σ +Q−1

D3′ds
2
T2 + ds2S3

)
, (5.28)

C(4) = ℓ2ρ2 volMkw2 ∧
(
QD3

−1HvolΣ +Q−1
D3′volT2

)
|SD , (5.29)

C(6) = 0 , (5.30)

C(8) = ℓ4QD3H
−1 volAdS3 ∧ volT2 ∧ volS3 , (5.31)

eΦ = H−1 , (5.32)

where ds2AdS3
≡
(

ρ2

ℓ2
ds2Mkw2

+ dρ2

ρ2

)
is the metric of unit AdS3, with volAdS3 ≡ ℓ−2ρ dt ∧ dy ∧ dρ

the volume element, ds2Σ ≡ (dx21 + dx22) and ds2T2 ≡ (dr2 + r2dϕ2), while the constant length ℓ

is defined as ℓ ≡ (QD3QD3′)
1/4, and finally H is an arbitrary harmonic function on Σ.

The above solution represents AdS3 × S3 ×T2 warped over a Riemann surface Σ. 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 HD3 or HD3′ are constant functions, a
global symmetry enhancement to an S5 takes place and the resulting D3–D7 brane intersection
exhibits the near horizon geometry AdS3 × S5 × T2. Precisely, a particular choice of the
deformation parameters of the SO(2) × 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)×SO(6)

invariance [19, 20, 21].
Similarly, when turning off the D7 brane charge, the SO(2)× 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 (x1, x2) directions.
In light of the classification for probe branes in AdS5 × S5 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)→ 1
ℓ (t, y).
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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 t y x1 x2 r ϕ1 ϕ2 ρ θ1 θ2

D3 × × × × − − − − − −
D5 × × ∼ × − − − × × ×
NS5 × × × ∼ − − − × × ×
D5′ × × × ∼ × × × − − −
NS5′ × × ∼ × × × × − − −
D7 × × − − × × × × × ×

Table 5.3: The 1
8

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 5.3. 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 1

8
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) IIA 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 IIA. Our solution will be genuinely Type IIB. Our Ansatz on the IIB
fields reads

ds210 =H
−1/2
D3 H

−1/2
D5 H

−1/2
D5′ H

−1/2
D7 ds2Mkw2

+H
−1/2
D3 H

1/2
D7

(
H

1/2
D5′

H
1/2
D5

HNS5dx
2
1 +

H
1/2
D5

H
1/2
D5′

HNS5′dx
2
2

)

+H
1/2
D3 H

−1/2
D7

(
H

1/2
D5

H
1/2
D5′

HNS5

(
dr2 + r2ds2S2

)
+
H

1/2
D5′

H
1/2
D5

HNS5′
(
dρ2 + ρ2ds2

S̃2

))
, (5.33)

C(4) = HD7H
−1
D3 volMkw2 ∧ dx1 ∧ dx2|SD , (5.34)

C(6) =
HD5′HNS5′

HD5

volMkw2 ∧ dx1 ∧ volR̃3 −
HD5HNS5

HD5′
volMkw2 ∧ dx2 ∧ volR3 , (5.35)

C(8) = HD3HNS5HNS5′H
−1
D7 volMkw2 ∧ volR3 ∧ volR̃3 , (5.36)

B(6) = HD7

(
HD5HNS5

HNS5′
volMkw2 ∧ dx1 ∧ volR3 +

HD5′HNS5′

HNS5

volMkw2 ∧ dx2 ∧ volR̃3

)
, (5.37)

eΦ = H
−1/2
D5 H

−1/2
D5′ H

1/2
NS5H

1/2
NS5′H

−1
D7 , (5.38)

where ds2Mkw2
≡ (−dt2 + dy2), ds2S2 ≡ (dϕ2

1 + sin2 ϕ1dϕ
2
2), ds2S̃2 ≡ (dθ21 + sin2 θ1dθ

2
2), and

(· · · )|SD denotes projection onto the self-dual field. The warp factors appearing in the above
Ansatz are respectively assumed to have the following spacetime dependence: HD3 = HD3(r, ρ),
HD5 = HD5(r), HNS5 = HNS5(r), HD5′ = HD5′(ρ), HNS5′ = HNS5′(ρ) and HD7 = HD7(x1, x2).

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 necessary4

HNS5 = HD5 , and HNS5′ = HD5′ . (5.39)

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

∆R̃3HD3 +
H2

D5′

H2
D5

∆R3HD3 ≡ ρ−2∂ρ
(
ρ2∂ρHD3

)
+
H2

D5′

H2
D5

r−2∂r
(
r2∂rHD3

) !
= 0 , (5.40)

∆R3HD5 ≡ r−2∂r
(
r2∂rHD5

) !
= 0 , (5.41)

∆R̃3HD5′ ≡ ρ−2∂ρ
(
ρ2∂ρHD5′

) !
= 0 , (5.42)

∆ΣHD7 ≡ ∂2x1
HD7 + ∂2x2

HD7
!
= 0 . (5.43)

Equations (5.40), (5.41) and (5.42) are respectively solved by

HD3 = 1 +QD3

(
1

r
+
κ

ρ

)
, (5.44)

HD5 = HNS5 = 1 +
Q5

r
, (5.45)

HD5′ = HNS5′ = 1 +
Q′

5

ρ
, (5.46)

while we leave HD7 as an unspecified harmonic function on Σ.

Near-Horizon limit and AdS3

As r → 0 (or identically ρ → 0, since the whole solution is completely symmetric w.r.t.
swapping r ↔ ρ), one has the following asymptotic behavior for the warp factors

HD3 ∼
QD3

r
, and HD5 = HNS5 ∼

Q5

r
, (5.47)

while HD5′ , HNS5′ and HD7 stay finite since they are r-independent harmonic functions on R̃3

and Σ, respectively. In this limit, the solution in (5.33) – (5.38), after rescaling the Minkowski
worldvolume5, takes the form

ds210 = ℓ2H−1/2K−1/2

(
4ds2AdS3

+
HK

QD3Q5

ds2Σ +
K2

Q2
5

ds2T3 + ds2S2

)
, (5.48)

C(4) = 4ℓ2QD3
−1Hr volMkw2 ∧ volΣ|SD , (5.49)

C(6) = 4ℓ2Q5
−1K2r volMkw2 ∧ dx1 ∧ volT3 + 8ℓ4Q5K

−1volAdS3 ∧ dx2 ∧ volS2 , (5.50)

C(8) = 8ℓ4QD3H
−1K volAdS3 ∧ volS2 ∧ volT3 , (5.51)

B(6) = 4ℓ2H
(
Q5

−1K2r volMkw2 ∧ dx2 ∧ volT3 − 2ℓ2Q5K
−1volAdS3 ∧ dx1 ∧ volS2

)
, (5.52)

4It 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 (x1, x2) dependence of HD7.

5We take (t, y)→ 1
2ℓ (t, y).

65



CHAPTER 5. NEW IIB INTERSECTING BRANE SOLUTIONS

eΦ = H−1 , (5.53)

where ds2AdS3
≡ Q5

ℓ
r
ℓ
ds2Mkw2

+ dr2

4r2
is the metric of unit AdS3, with volAdS3 ≡ Q5

2ℓ2
dt ∧ dy ∧ dr the

volume element, ds2Σ ≡ (dx21 + dx22) and ds2T3 ≡
(
dρ2 + ρ2ds2

S̃2

)
, while the constant length ℓ is

defined as ℓ ≡ (QD3Q
3
5)

1/4, and finally H & K are two arbitrary harmonic functions on Σ and
T3, respectively.

The above solution preserves 8 real supercharges and represents AdS3 × S2 warped over
T3 × Σ. In particular, for a spherically symmetric choice for the function K, the resulting
geometry can be thought of as AdS3 × S2 × S̃2 warped over Iρ × Σ.

Discussion

The solution (5.48) interpreted as AdS3 × S2 × S̃2 warped over Iρ × Σ is a straightforward
generalization of the one discussed in [32].6 The generalization consists in taking H as a general
harmonic function on Σ, rather than just being linear in one of the two coordinates, say x1.
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 IIA 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 S2×Σ [106] to land within minimalN = (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 B(2), 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)2 +X2 (DXf)

2) , (5.54)

where f(X) ≡ 1
8
(3X +X−3). Note that the theory admits a SUSY AdS6 extremum at X = 1

in the absence of vectors and 2-form.
Now, by using the uplift formulae in [106], one can show that, upon specifying a choice

of harmonic function on Σ, the SUSY vacuum of the minimal 6D theory lifts to the class of
AdS6 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 AdS3 × S2 were
studied in [15]. 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 HD7 is purely linear in x1.

This implies that our solution (5.48) may be interpreted holographically as the gravity dual
of a defect CFT2 inside a 5dN = 1 SCFT, which is engineered by placing within the background
(p, q)5 web and D7 branes, D3 branes and a new (p, q)5 web only sharing two directions with
the previous one. The more general (x1, x2) dependence present in our solution w.r.t. the one
in [32] simply suggests that the AdS6 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 HD7 → 1.
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at infinite distance from the defect branes, will no longer necessarily correspond to the annulus
as a choice for Σ.
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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 gMN in terms of the six-dimensional one and the moduli
describing the four-dimensional internal metric. In particular, by picking

ds2(10) = gMN dxM ⊗ dxN = τ−2 g(6)µν dx
µ ⊗ dxν + ρ ds2(4) , (6.1)

the universal moduli ρ and τ are singled out, whereas the rest of the moduli are encoded inside
g(4) and describe volume preserving deformations of the internal geometry. In addition to that,
we introduce local indices m, n as

ds2(4) =Mmn v
m ⊗ vn , (6.2)

where the matrixMmn parametrizes the coset SL(4,R)/SO(4) and detM = 1.
To obtain the 6D gravity action in the Einstein frame upon compactification, we require

the constraint [111]

ρ2
!
= e2Φ τ 4 , (6.3)

which implies that ρ and τ 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

√
−g → τ−6 ρ2

√
g(4)
√
g(6) . (6.4)

Then, the reduction of the Einstein term in (2.52) amounts to 1∫
d10x
√
−g e−2ΦR(10) →

∫
d10x

√
−g(6)

(
τ−4 ρ2 e−2ΦR(6) + τ−6 ρ e−2ΦR(4)

)
=

∫
d10x

√
−g(6)

(
R(6) − Vω

)
, (6.5)

where Vω ≡ −ρ−1 τ−2R(4). In case of twisted toroidal compactifications, where vm are the
Maurer-Cartan 1-forms, R(4) has the following expression [112]:

R(4) = −1

4
MmqMnrMps ωnp

q ωrs
m − 1

2
Mnp ωmn

q ωqp
m , (6.6)

where Mmn is the inverse of Mmn and ωmn
p are the structure constants entering the Maurer-

Cartan equation

dvm +
1

2
ωnp

m vn ∧ vp = 0 . (6.7)

This, in turn, implies the Jacobi identities as an integrability condition,

ω[mn
r ωp]r

q = 0 . (6.8)

In addition to this, we will ask the structure constants to fulfill the unimodularity condition
ωmn

n = 0 for consistency, as we are performing the compactification at the level of the action.
Let us consider now the scalar potential arising from theH flux. Reducing the corresponding

term of the action (2.52) yields∫
d10x
√
−g
(
− 1

12
e−2Φ |H(3)|2

)
→

∫
d6x

√
−g(6)

(
− 1

12
HmnpH

mnp ρ−3 τ−2

)
, (6.9)

so that the contribution consists of VH ≡ 1
12
HmnpH

mnp ρ−3 τ−2 and the contraction with the
indices is done with the internal metric g(4).

Regarding the R-R p-forms2, their contribution to the scalar potential is∫
d10x
√
−g
(
− 1

2p!
|F(p)|2

)
→

∫
d6x

√
−g(6)

(
− 1

2p!
Fm1···mp F

m1···mp ρ2−p τ−6

)
, (6.10)

so that VFp =
1
2p!
Fm1···mp F

m1···mp ρ2−p τ−6.
Thus, as the 10D Chern-Simons term does not give any contribution to the potential, the

1Please note that R(10) → τ2R(6) + ρ−1R(4).
2Please note that the numerical factor in (2.52) is − 1

4p! due to the simultaneous presence of the dual magnetic
fields F(10−p). Using the duality relations (2.53), the factor 1

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

S6D =

∫
d6x
√
−g(6)

(
R(6) + 2Lkin − V

)
, (6.11)

where the full scalar potential arising from the bulk and the effective tension consists of

V = Vω + VH +
∑
p

VFp . (6.12)

The kinetic term for the moduli, which span a R+
ρ × R+

τ × SL(4,R)/SO(4) geometry, is given
by

Lkin = −(∂ρ)2

4ρ2
− (∂τ)2

τ 2
+

1

8
Tr
(
∂M∂M−1

)
. (6.13)

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 eqs. (6.91) and (6.92), we find that the reduction of the DBI
action of ND5 coincident D5-branes is given by

SDBI
D5 = −ND5 TD5

∫
d6x
√
−g
[
ρ−1τ−4

(
1 +

λ2

6
gIJKϵmnpqh

qY ImY JnY Kp

)
+
λ2

4
ρτ−4gIJ

MgKLMMmnMpqY
ImY JpY KnY Lq + . . .

]
,

(6.14)

where the dots mean subleading contributions in λ (or, equivalently, in α′) 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

SDBI
O5 = −ND5 TO5

∫
d6x
√
−gρ−1τ−4 + . . . . (6.15)

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

V DBI
D5/O5 = ρ−1τ−4

[
2κ26 (ND5 TD5 + TO5) +

2κ26λ
2ND5 TD5

6
gIJKϵmnpqh

qY ImY JnY Kp

]
+ ρτ−4

(
2κ26λ

2ND5 TD5

4
gIJ

MgKLMMmnMpqY
ImY JpY KnY Lq

)
.

(6.16)

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 C(8),

SWZ
D5 = µD5

∫
WV(D5)

Tr
(
P
[
eiλιY ιY Ĉ(8) ∧ eB̂(2) ∧ eλF

])
+ . . . , (6.17)

which modifies the Bianchi identity of C(0) and consequently the form of the associated field
strength. Locally, we now have F(1) = dC(0) + χ(1) for some 1-form χ(1). The effect of this in
our setup is that now the F(1)-flux is no longer constant,

Fm = fm +∆fm , (6.18)

since ∆fm is a certain combination of the non-Abelian scalars Y Im. This will result in two
additional contributions to the scalar potential coming from the kinetic term of F(1), namely:

VF(1)
=
ρ τ−6

2
Mmn (fm +∆fm) (fn +∆fn) . (6.19)

By a standard argument, the term in the potential which is linear in ∆fm can be read by
evaluating (6.17) using the uncorrected expression for Ĉ(8).3 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, (6.95).

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

µD5

∫
Tr
(
P
[
eiλιY ιY Ĉ(8) ∧ eB̂(2) ∧ eλF

])
= iλµD5

∫
Tr ιY ιY Ĉ(8) + . . .

= − iλµD5

2!6!

∫
dxµ1 ∧ · · · ∧ dxµ6 Tr

(
Ĉ(8)µ1...µ6mn[Y

m, Y n]
)
+ . . .

(6.20)

Now we insert the expression of Ĉ(8), which is the following4

Ĉ(8)µ1...µ6mn =
λ

3
ϵµ1...µ6mnp

qfqY
p . (6.21)

Plugging this in (6.20) yields5

µD5

∫
Tr
(
P
[
eiλιY ιY Ĉ(8) ∧ eB̂(2) ∧ eλF

])
=

=
λ2ND5 µD5

3!

∫
d6x
√
−gρτ−6 gIJKϵmnpqM

qrfrY
ImY JnY Kp + . . . .

(6.22)

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

∆fm = −2κ26λ
2ND5 µD5

3!
gIJKϵmnpqY

InY JpY Kq , (6.23)

3Namely, the one obtained solving dC(8) = ⋆dC(0), with C(0) given by (6.80).
4Our conventions are such that ϵ01...d−1 = +

√
−g(d).

5ϵ1234 = +
√
detMmn = +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(1) and F(3) in
(6.130) and (6.131) from the WZ effective actions. We will study the case of F(1) and give
similar arguments for F(3).

Let us firstly consider the contribution of the C(8) potential in the bulk and the WZ actions.6

Using the type IIB democratic formulation (2.52), together with the duality relation F(9) =

⋆F(1), the variation of

S = SIIB + SWZ
D7 + SWZ

O7 (6.24)

with respect to C(8) is

δStotal =

∫
10

(
1

2κ210
d ⋆ F(9) + (⋆J)(2)

)
∧ δC(8) , (6.25)

where we have rewritten the WZ action as

SWZ
Op/Dp =

∫
WV(Op/Dp)

ω(p+1) =

∫
10

ω(p+1) ∧ δOp/Dp
9−p , (6.26)

with δDp
9−p ≡ δ(xp+1) · · · δ(xp+1) dxp+1 ∧ · · · ∧ dx9. The quantity (⋆J)(2) is defined through the

WZ action as follows:

SWZ
D7 =

∫
10

C(8) ∧ (⋆J)(2) . (6.27)

Therefore, the C(8) equation of motion becomes the modified Bianchi identity for F(1),

dF(1) = − 2κ28 (⋆J)(2) , (6.28)

in such a way the source term is straightforwardly determined from the C(8) couplings in
the expansion of the WZ action. On the other hand, taking into account that the product
σO7(−1)FLΩ on the components (Cµ0···µ5ab, Cµ0···µ5ai, Cµ0···µ5ij) is, respectively, (+,−,+), only
the quantities (⋆J)ab and (⋆J)ij will be nonzero. Here, because the flux F a is allowed while F i

is projected out, we will focus on (⋆J)ab.
In this case, we have to consider the following C(8) couplings:

SWZ
D7 =µD7

∫
Tr

(
P[Ĉ(8)] + iλ2P[ιY ιY Ĉ(8)] ∧ F

1

2

−1

2
λ2P[(ιY ιY )2Ĉ(8) ∧ B̂ ∧ B̂] + . . .

)
, (6.29)

SWZ
O7 = µO7

∫
C(8) + . . . . (6.30)

6Note 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∫
Tr
(
P[Ĉ(8)]

)
=

∫
1

6!2!
Tr
(
P[Ĉ(8)]µ0···µ5ab

)
δ(y1) δ(y2) dxµ0···µ5ab ∧

ϵij

2
dyij , (6.31)

where we have used the notation dxM1···Mn ≡ dxM1 ∧ · · · ∧ dxMn .

The pullback of the 8-form potential is expressed as

P[Ĉ(8)]µ0···µ5ab = Ĉµ0···µ5ab − λD[µ0Y
k Ĉµ1···µ5ab]k +

λ2

2
D[µ0Y

kDµ1Y
l Ĉµ2···µ5ab]kl + . . . , (6.32)

where, moreover, Ĉ(8) is Taylor-expanded around the position of the source, yi = 0,

Ĉµ0···µ5ab = Cµ0···µ5ab + λY i ∂iCµ0···µ5ab +
λ2

2
Y i Y j ∂i ∂j Cµ0···µ5ab + . . . . (6.33)

Here, Cµ0···µ5ab is a 10D field, which admits the Kaluza Klein decomposition

Cµ0···µ5ab(x, y) = Cµ0···µ5mn(x) v
m

a(y) v
n
b(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 (⋆J)ab:

Ĉµ0···µ5ab = vaa v
b
b
λ2

2
Y Ii′ Y Jj′ ωai′

k ωbj′
l Cµ0···µ5kl tI tJ . (6.35)

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

Ĉµ0···µ5abϵij = vaa v
b
b
λ2

2
Y Ii′ Y Jj′ ωai′

k ωbj′
l Cµ0···µ5ijϵkl tI tJ . (6.36)

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

− λD[µ0Y
k Ĉµ1···µ5ab]k = −vaa vbb

8 · 7
2

λ2

2
gJK

I

×AJ
[a| Y

KkY Li
(
ωi|b]

j Cµ0···µ5jk + ωik
cCµ0···µ5|b]c

)
tI tL + . . . . (6.37)

Then, while the first term contributes to (⋆J)ab (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

Tr
(
−λD[µ0Y

k Ĉµ1···µ5ab]k

)
= vaa v

b
b
8 · 7
4

ND7
λ2

2
gJKL η[aAJ

b] Y
KkY LiCµ0···µ5ki + . . . . (6.38)
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The last term in (6.32) can be written as

λ2

2
D[µ0Y

kDµ1Y
l Ĉµ2···µ5ab]kl = vaa v

b
b
8 · 7
2

λ2

2
AJ

[a|AJ ′
|b] Y

Kk Y K′l

× gJKI gJ ′K′
I′ Cµ0···µ5kl tI tI′ + . . . . (6.39)

Multiplying by ϵij and using again the Schouten identity, we have

λ2

2
D[µ0Y

kDµ1Y
l Ĉµ2···µ5ab]kl ϵij

= vaa v
b
b
8 · 7
2

λ2

2
AJ

[a|AJ ′
|b] Y

Kk Y K′l gJK
I gJ ′K′

I′ Cµ0···µ5ij ϵkl tI tI′ + . . . , (6.40)

where we have omitted terms proportional to Dµ.
Next, by studying the second term coming from the WZ action (6.29), we observe that the

only contribution to (⋆J)ab arises from

Tr
(
iλ2 P[ιY ιY Ĉ(8)] ∧ F

)
= −ND7

λ2

2
κII′ gJK

I gJ ′K′
I′

× AI
aAJ

b Y
I′i Y J ′j ϵij Cµ0···µ5kl

dxµ0···µ5

6!
∧ v

kl

2!
∧ v

ab

2!
+ . . . , (6.41)

where we have used the notation vmn ≡ vm ∧ vn. 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[(ιY ιY )2 Ĉ(8)]. This

consists of the 4th interior product over the vector Y i 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 (⋆J)ab is

(⋆J)ab = ND7 µD7
λ2

2

(
κII′ ϵklY

Ii′ Y I′j′ ωai′
k ωbj′

l + gJKL η[aAJ
b] Y

KkY Liϵki

)
, (6.42)

which implies, using (6.28),

dF(1) = −2κ28ND7 µD7
λ2

2 · 2!

(
κII′ ϵklY

Ii′ Y I′j′ ωai′
k ωbj′

l

+gJKL η[aAJ
b] Y

KkY Liϵki
)
va ∧ vb + . . . . (6.43)

Then, because generically its internal part is F(1) = Fa v
a + Fi v

i and ωab
i = 0, the only

contribution to (⋆J)ab arises from Fa. In particular,

dF(1) = −
1

2
Fa (ωij

a vi ∧ vj + ωbc
a vb ∧ vc) + . . . . (6.44)

Equating the va∧vb components with (6.43) and using the Jacobi identities (6.109), in particular
the first equation in (6.133), we obtain

Fa =
λ̃27
2

(
κai

j κIJ Y
Ii Y Jkϵjk − gJKLAJ

a Y
KkY Liϵki

)
+∆a , ϵab ∆a ηb = 0 , (6.45)
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where λ̃7 ≡ (2κ28 TD7)
1/2λ. Precisely, the compactification Ansatz for C(0), together with the

integrability condition (6.111) allow us to identify ∆a = F a, 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 C(6) in the WZ action, so that we can read off the current (⋆J)abij, which is
defined via this expression:

SWZ
D7 =

∫
10

C(6) ∧ (⋆J)(4) . (6.46)

Namely, as we are interested in the couplings to Cµ0···µ5 , from the WZ action we have the
following contributions:

SWZ
D7 = µD7

∫
Tr

(
P[Ĉ(6) ∧ B̂(2)] + λP[Ĉ(6)] ∧ F +

i

2
λP[ιY ιY (Ĉ(6) ∧ B̂2

(2))]

+
i

2
λ2 P[ιY ιY (Ĉ(6) ∧ B̂(2))] ∧ F −

1

2
λ2 P[(ιY ιY )2(Ĉ(6) ∧ B̂3

(2))]

)
+ . . . . (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(λ2) and the scalars Bij are projected
out by the O7 plane. Then, according to (6.131) and the compactification Ansatz for B̂(2), it
is expected that only the first and second terms give nontrivial contributions.

6.2.3. Case O9/D9 & Open Strings

Let us firstly consider the D9/O9 contributions to the scalar potential. The two-derivative
action of a stack of ND9 D9-branes is given by SD9 = SDBI

D9 + SWZ
D9 , where

SDBI
D9 = −ND9 TD9

∫
d10x
√
−g e−Φ

(
1 +

λ2

4
F I

µνF I µν

)
+ . . . , (6.48)

SWZ
D9 = µD9

∫
Tr

(
C(10) +

λ2

2
C(6) ∧ F ∧ F

)
+ . . . . (6.49)

On the other hand, the O9-plane contribution is

SO9 = − TO9

∫
d10x
√
−g e−Φ + µO9

∫
C(10) + . . . , (6.50)

where the O9-plane charge is µO9 = 32 ϵO9 µD9. The tadpole cancellation condition,

ND9µD9 + µO9 = 0 , (6.51)
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requires ND9 = 32 and ϵO9 = −1, which corresponds to an O9− plane. Hence, the total
contribution from the sources, SD9/O9 = SD9 + SO9, amounts to

SD9/O9 = −λ2ND9TD9

∫
d10x
√
−g
[
e−Φ

4
F I

µνF Iµν +
1

2 · 6! · (2!)2
ϵµ1...µ10C(6)µ1...µ6F I

µ7µ8FIµ9µ10

]
,

(6.52)
where adjoint indices are lowered using the Cartan-Killing metric, FI = κIJFJ . Taking into
account the supergravity fields that survive the O9 projection (see Table 6.6), we can write
down the full action as

S =
1

2κ210

∫
d10x
√
−g

{
e−2Φ

[
R+ 4(∂Φ)2

]
− 1

2 · 7!
∣∣F(7)

∣∣2 − λ̃29
4
e−ΦF I

µνF Iµν

− λ̃29
2 · 6! · (2!)2

ϵµ1...µ10C(6)µ1...µ6F I
µ7µ8FIµ9µ10

}
,

(6.53)

where
λ̃29 ≡ 2κ210λ

2ND9 TD9 . (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(6). In order to write it down in the standard form, we dualize it into a
2-form potential C(2). To this aim, we integrate by parts the last term in (6.53) and introduce
a Lagrange multiplier, as usual. Using differential-form notation, we have

S → S ′ =S − λ̃29
4κ210

∫
d
(
C(6) ∧ Ω(3)

)
+

1

2κ210

∫
F(7) ∧ dC(2)

=
1

2κ210

∫ {
1

2
F(7) ∧ ⋆F(7) + F(7) ∧

(
dC(2) −

λ̃29
2
Ω(3)

)}
+ . . .

=
1

2κ210

∫ {
1

2
F(7) ∧ ⋆F(7) + F(7) ∧ F(3)

}
,

(6.55)

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

Ω(3) = F I ∧ AI +
1

3!
gIJK AI ∧ AJ ∧ AK , dΩ(3) = F I ∧ FI , (6.56)

as well as the modified field strength F(3),

F(3) = dC(2) −
λ̃29
2
Ω(3)

= dC(2) −
λ̃29
2

(
F I ∧ AI +

1

3!
gIJK AI ∧ AJ ∧ AK

)
.

(6.57)

The variation of S ′ with respect to F(7) (now considered non-dynamical) gives

F(3) = − ⋆ F(7) . (6.58)
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whereas the variation with respect to C(2) 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 C(6). It reads

dF(3) = −
λ̃29
2
F I ∧ FI . (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:

S ′ =
1

2κ210

∫
d10x
√
−g

{
e−2Φ

[
R+ 4(∂Φ)2

]
− 1

2 · 3!
∣∣F(3)

∣∣2 − λ̃29
4
e−ΦF I

µνF Iµν

}
. (6.60)

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

F I =
1

2

(
F I

mn − gJK
I AJ

mAK
n −AI

p ωmn
p
)
vm ∧ vn + . . . , (6.61)

where we have assumed that

gIJK σ
I = 0 , dσI =

1

2
F I

mn v
m ∧ vn , (6.62)

for constant F I
mn. The latter imposes the integrability condition

F I
q[m ωnp]

q = 0 , (6.63)

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

Similarly, the internal components of F(3) result

Fmnp = Fmnp − 3Cq[m ωnp]
q

− λ̃29

(
3AI

mF
I
np − gIJK AI

mAJ
nAK

p −
3

2
ωmn

qAI
pAI

q

)
, (6.64)

where we have introduced

dγ − λ̃29
2
σI ∧ dσI ≡ 1

3!
Fmnpv

m ∧ vn ∧ vp , (6.65)

for constant Fmnp. This leads to the integrability condition

λ̃29
2
F I

[mnF
I

pq] − F r[mn ωpq]
r = 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 T4. 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 N = (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 multiplets7. The (ungauged) theory enjoys the
following global symmetry

Gglobal = R+ × SO(4, 4 +N) , (6.67)

where N 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 6.1.

6D fields SO(4) = SU(2)L × SU(2)R R+
Σ × SO(4, 4 +N) irrep’s # dof’s

gµν (3,3) 1(0) 9

Bµν (1,3)⊕ (3,1) 1(+2) 6

AM
µ (2,2) (−1) ≡ (8 +N)(−1) 4(8 +N)

Σ (1,1) 1(−1) 1

VMM (1,1) adj(0) 4(4 +N)

Table 6.1: The (64+8N)B bosonic dof ’s of the theory arranged into irrep’s of SO(4)little×Gglobal,
the internal global symmetry being the one defined in (6.67). 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+4N scalar fields of the theory parametrize the following coset geometry

Mscalar = R+︸︷︷︸
Σ

× SO(4, 4 +N)

SO(4)× SO(4 +N)︸ ︷︷ ︸
HMN

, (6.68)

where the scalar coset representative HMN is written in terms of a vielbein VMM as

VMMVNM ≡ VMmVNm + VMm̂VNm̂ + VMIVNI = HMN , (6.69)

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

Lkin = −2Σ−2(∂Σ)2 +
1

16
∂HMN∂HMN . (6.70)

The deformations of the ungauged theory which are consistent with bosonic symmetry as
7We denote this number by (4 + N), where the first 4 are needed in order to describe the closed string

sector, while the extra N 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

Θ ∈ (+3)︸ ︷︷ ︸
ζM

⊕ (−1)︸ ︷︷ ︸
ξM

⊕
(−1)︸ ︷︷ ︸

f[MNP ]

, (6.71)

where ζM corresponds to a massive deformation inducing a Stückelberg coupling for the two-
form Bµν , while the remaining two irreducible pieces are traditional gaugings. In particular,
fMNP purely gauges a subgroup of SO(4, 4 +N), whereas ξM gauges a combination of the R+

Σ

generator and generators in the SO(4, 4 +N) part.

Now, given a specification of the embedding tensor Θ 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 fR[MN fPQ]
R − 2 f[MNP ξQ] = 0 , ζ(M ξN) = 0 ,

fMNP ζ
P − ξ[M ζN ] = 0 , ξM ξM = 0 ,

fMNP ξ
P = 0 , ζM ξM = 0 ,

(6.72)

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 +N) metric ηMN and its
inverse ηMN . 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(N) directions. The
explicit form of η in this case is

ηMN =

 O4 I4 O4,N

I4 O4 O4,N

ON,4 ON,4 IN

 . (6.73)

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 Θ. Its explicit form in terms of embedding tensor irrep’s
reads

V =
g2

4

[
fMNP fQRSΣ

−2

(
1

12
HMQHNRHPS − 1

4
HMQηNRηPS +

1

6
ηMQηNRηPS

)
+

1

2
ζMζNΣ

6HMN +
2

3
fMNP ζQΣ

2HMNPQ +
5

4
ξMξNΣ

−2HMN

]
, (6.74)

where HMN denotes the inverse of HMN and g is the gauge coupling constant. For simplicity,
in the remainder of the chapter, we fix g = 2. The four-index antisymmetric object HMNPQ
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appearing above is instead defined through

HMNPQ ≡ ϵmnpq V̊MmV̊NnV̊P pV̊Qq , (6.75)

in terms of the Cartesian vielbein V̊MM , which is in turn related to the LC one VMM through
V̊MM = VMN UN

M , with

UM
N =

 −
1√
2
I4 1√

2
I4 O4,N

1√
2
I4 1√

2
I4 O4,N

ON,4 ON,4 IN

 , (6.76)

transforming the LC metric into diag(−I4,+I4, IN).
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, i.e. with
the inclusion of N 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,

O5 : × × × × × ×︸ ︷︷ ︸
6D spacetime

| − − − −︸ ︷︷ ︸
ym

, σO5 : ym −→ −ym ,

where σO5 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 6.2.

In this case, due to presence of O5’s and D5’s, the reduction Ansatz can be formulated in
a SL(4,R) × GYM covariant way. The 10D bulk supergravity Ansatz containing the 17 closed
string scalars reads

ds2(10) = τ−2 gµνdx
µdxν + ρMmn dy

mdyn , (6.77)

eΦ = ρ τ−2 , (6.78)

B(2) =
1

6
ϵmnpq h

myndyp ∧ dyq + . . . , (6.79)
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IIB fields σO5 Ω # dof’s
emn + + 16− 6 = 10
Bmn + − —
Φ + + 1

C(0) + − —
Cmn + + 6
Cmnpq + − —
Y Im − − 4N

Table 6.2: The Z2 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 + 4N, i.e. the dimension of the supergravity
coset (6.68).

C(0) = fm y
m + . . . , (6.80)

C(2) =
1

(2!)2
ϵmnpq γ

mndyp ∧ dyq + . . . , (6.81)

C(4) = 0 + . . . , (6.82)

where “ + . . . ” denotes that we are discarding the terms in the Ansatz that do not contribute
to the scalar potential. The scalars ρ, τ represent the volume and dilaton would-be moduli,
Mmn is an element of SL(4,R)/SO(4) describing deformations of the internal metric, and γmn

is antisymmetric and contains the scalars coming from the R-R two-form C(2). These modes
add up to 17, as they should. The remaining 4N scalars are part of the open-string sector and
are denoted as Y Im, where the index I labels the adjoint representation of GYM.

On the other hand, hm and fm are constants parametrizing the H(3) and F (1) fluxes within
the closed string sector,

Fm = fm , Hmnp = ϵmnpq h
q , (6.83)

while in the open-string one we have the possibility of considering a non-Abelian gauge group
with structure constants gIJK . The consistency requirements on the aforementioned flux pa-
rameters purely reduce to the Jacobi identity for the Yang-Mills structure constants,

g[IJ
I′ gK]I′

L !
= 0 . (6.84)

Note that the flux tadpole induced by H(3) and F(1) does not have to vanish, since the Bianchi
identity for C(2) gets modified by the presence of O5/D5 sources:

dF(3)︸ ︷︷ ︸
=0

− H(3) ∧ F(1)︸ ︷︷ ︸
̸=0

= j
O5/D5
(4) , (6.85)

where jO5/D5
(4) = Q5 volM4 is the effective current density. In the case at hands, we have that

Q5 = 2κ2 (ND5 µD5 + µO5) = 2κ2µD5 (ND5 + 2ϵO5) . (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 ϵO5 = ±1 precisely determines the type of O5± plane that we are considering.8

The tadpole condition imposes the following condition

hm fm
!
= Q5 = 2κ2TD5 (ND5 + 2ϵO5) , (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 6.1. 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 6.2):

SDBI
D5 = −TD5

∫
d6xTr

(
e−Φ̂
√
−det(MMN) det(Qi

j)

)
, (6.88)

where TD5 = 2πℓ−6
s is the D5 brane tension. The indices M,N, . . . are worldvolume indices

whereas i, j, . . . denote the transverse ones. The matrices M and Q are defined as

MMN = P
[
ÊMN + ÊMi(Q−1 − δ)ijÊjN

]
+ λFMN , (6.89)

Qi
j = δij + iλ[Y i, Y k]Êkj , (6.90)

where EMN = ĝMN + B̂MN .9 Making use of the above compactification Ansatz, one finds that
the matrices M and Q are given by

Mµν = τ−2 gµν + . . . , (6.91)

Qm
n = δmn − λ ρ gIJKY ImY JpMpntK +

λ2

3
ϵnpqrh

r gIJ
KY ImY JpY LqtKtL + . . . , (6.92)

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 λ. The generators of GYM are denoted
by tI , and our conventions are such that [tI , tJ ] = i gIJ

K tK . Making use of (6.91) and (6.92)

8We refer to eq. (??) for further details.
9M,N , . . . are ten-dimensional indices and the meaning of the hat on ten-dimensional fields is explained in

(??).
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in (6.88), we obtain the following contribution to the scalar potential,

V DBI
D5 = ρ−1τ−4

[
2κ26ND5TD5 +

2κ26λ
2ND5TD5

6
gIJKϵmnpqh

qY ImY JnY Kp

]
+ ρτ−4

(
2κ26λ

2ND5TD5

4
gIJ

MgKLMMmnMpqY
ImY JpY KnY Lq

)
,

(6.93)

where 2κ26 = 16πG6, being G6 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

V DBI
O5/D5 = ρ−1τ−4

[
2κ26 (ND5TD5 + TO5) +

2κ26λ
2ND5TD5

6
gIJKϵmnpqh

qY ImY JnY Kp

]
+ ρτ−4

(
2κ26λ

2ND5TD5

4
gIJ

MgKLMMmnMpqY
ImY JpY KnY Lq

)
,

(6.94)

On the other hand, the Wess-Zumino action contains a coupling between the scalars Y Ii

and C(8), see (6.17). As shown in section 6.2.1, this can be understood through a modified field
strength Fm of the form,

Fm = Fm −
λ̃25
3!
ϵmnpq gIJK Y

In Y Jp Y Kq , (6.95)

where λ̃5 = (2κ26ND5TD5)
1/2λ and gIJK = gIJ

L κLK . Crucially now Fm is not pure flux, as it
has the second contribution from the open-string scalars. On the contrary, the field strength
Hmnp is not modified, so it simply reads

Hmnp = Hmnp . (6.96)

Finally, all that is left is to take the expression for the bulk scalar potential computed in
[52] (see also section 6.1) and replace, according to (6.95),

Fm → Fm −
λ̃25
3!
ϵmnpq gIJK Y

In Y Jp Y Kq . (6.97)

The resulting expression has to be added to (6.94), which yields the following expression for
the full scalar potential,

VO5/D5 =
1

2
ρ−3τ−2HmnpHm′n′p′ M

mm′
Mnn′

Mpp′ +
1

2
ρ τ−6 Fm Fm′ Mmm′

+
λ̃25
12
τ−4 gIJK

[
2 ρ−1HmnpY

ImY JnY Kp + 3 ρ gI′J ′
KY ImY JnY I′pY J ′qMmnMpq

]
+ 2κ26 ρ

−1τ−4 TD5 (ND5 + 2ϵO5) , (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)×GYM covariance, the fundamental index
M of SO(4, 4 +N) is split accordingly

M −→ m ⊕ m̄ ⊕ I ,

where m and m̄ are (anti)fundamental indices of SL(4,R), while I is an adjoint index of GYM.
The dictionary between flux parameters and embedding tensor components is summarized in
Table 6.3. With these non-vanishing components of the embedding tensor, the general form

IIB fluxes Θ components Dictionary
Hmnp = ϵmnpq h

q ζm̄ ζm̄ = hm

Fm = fm fm̄n̄p̄ fm̄n̄p̄ = ϵmnpq fq
gIJ

K fIJK fIJK = λ̃−1
5 gIJ

LκKL

Table 6.3: The embedding tensor/fluxes dictionary for type IIB reductions with spacetime filling
O5-planes and D5-branes.

of the QC (6.72) reduces to the Jacobi identities for the structure constants gIJK , as given in
(6.84).

In order to evaluate the general supergravity scalar potential (6.74) in our specific case, we
need to identify how the 17 + 4N scalars parametrize Σ and HMN appearing there. This is
done by directly expressing Σ and the coset representative VMM as a function of the scalars(
ρ, τ,Mmn, γ

mn, Y Im
)
. In particular, we find that

Σ = ρ−1/2 , (6.99)

and the SO(4, 4 +N) coset element is

VMM =

 τ−1Lm
m O4 O4,N

τ−1CmnLn
m τ Lm

m −λ̃5Y ImδII

τ−1λ̃5δIJY
JmLm

m ON,4 δII

 , (6.100)

where Lm
m is an SL(4,R)/SO(4) coset element satisfying Lm

mLn
m !
=Mmn, while

Cmn ≡ γmn − λ̃25
2
Y ImY JnδIJ . (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 : × × × × × ×︸ ︷︷ ︸
6D spacetime

| × ×︸︷︷︸
ya

− −︸︷︷︸
yi︸ ︷︷ ︸

ym

, σO7 : yi −→ −yi ,

where σO7 is the orientifold involution, whose action flips the sign of all transverse coordinates,
while leaving the ya 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)FL 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 6.4.

IIB fields σO7 (−1)FLΩ # dof’s
eab ⊕ eij + + 2(4− 1) = 6
eaj ⊕ eib − + —
Bai − − 4
Bab + − —
Bij + − —
Φ + + 1

C(0) + + 1
Cai − − 4
Cab + − —
Cij + − —
Cabij + + 1

Y Ii − − 2N
AI

a + + 2N

Table 6.4: The Z2 parity of all internal components of the different IIB fields in the presence
of spacetime filling O7-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)a× SL(2,R)i×GYM covariant way. The
ten-dimensional supergravity Ansatz containing the 17 closed string scalars reads

ds2 = τ−2 gµνdx
µdxν + ρ

(
σ2Mab v

avb + σ−2Mij v
ivj
)
, (6.102)

eΦ = ρ τ−2 , (6.103)

B(2) = Bai v
a ∧ vi + β + . . . , (6.104)

C(0) = χ + α + . . . , (6.105)
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C(2) = Cai v
a ∧ vi + C(0)Bai v

a ∧ vi + γ + . . . , (6.106)

C(4) =
ψ

(2!)2
ϵabϵij v

a ∧ vb ∧ vi ∧ vj + . . . , (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 ρ and τ still represent the volume and dilaton
would-be moduli, σ is a non-universal geometric deformation controlling the relative size be-
tween the two-cycle wrapped by the O7 and the transverse one, Mab and Mij are elements of
SL(2,R)a(i)/SO(2), and, finally, Bai, Cai, χ, Cabij = ϵabϵijψ 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 vm = vmm dy

m.
These satisfy

dvm +
1

2
ωnp

mvn ∧ vp = 0 , (6.108)

for some constants ωnp
m, which turn out to be the structure constants of the underlying Lie

algebra and therefore fulfill the Jacobi identities as an integrability condition,

ω[mn
r ωp]r

q = 0 . (6.109)

The 0-form α = α(y) entering in the reduction Ansatz of C(0), given in (6.105), introduces
the 1-form flux F a via its exterior derivative:

dα = F a v
a , (6.110)

with F a = fa. The integrability condition implies that

fa ηb ϵ
ab = 0 . (6.111)

The 2-form β = 1
2
βab v

a ∧ vb in the reduction Ansatz of B(2) does not give rise to further
scalars but rather to fluxes, as it satisfies:

dβ =
1

2
Habi v

a ∧ vb ∧ vi , (6.112)

where Habi = hi ϵab denotes the H-flux. The integrability condition of this equation is trivially
satisfied.

Finally, the 2-form γ = γai v
a ∧ vi in (6.106) encodes the 3-form flux F abi via its exterior

derivative,

dγ =
1

2
F abi v

a ∧ vb ∧ vi , (6.113)

with F abi = ϵab fi.

If we now add a stack of ND7 D7-branes parallel to the O7, these will require the existence
of N 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 4N new scalar modes. Half of
them, denoted as Y Ii, correspond to the scalar fields living in the N vector supermultiplets,
whereas the remaining half come from the internal components of the worldvolume gauge fields
AI

a. This way, the set
(
Y Ii,AI

a

)
exactly parametrizes 4N independent extra scalar modes.

The compactification Ansatze for the worldvolume gauge fields and the scalar fields are

AI = AI
av

a
0 + σI + . . . , Y Ii = Y Ii (v−1

0 )ii , (6.114)

where vm0 = vmm|yi=0 dy
m, with m = (a, i), are the Maurer-Cartan 1-forms restricted to the

worldvolume of the D7 branes10 and σI is a 1-form satisfying

gIJ
K σI = 0 , (6.115)

where gIJK are the Yang-Mills structure constants satisfying the Jacobi identities:

g[IJ
I′ gK]I′

L = 0 . (6.116)

In addition, σI gives rise to the flux F I
ab through

dσI = 1
2
F I

ab v
a
0 ∧ vb0 , (6.117)

where F I
ab = gI ϵab. The above condition (6.115) on σI 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 gI as follows:

gIJ
K gI = 0 , (6.118)

which tells us that the Killing-Cartan metric,

κIJ = gIK
LgJL

K , (6.119)

must be degenerate when the fluxes gI are turned on. Consequently, this implies that the Lie
algebra cannot be semisimple. As we are going to see in what follows, the constraint (6.118)
will arise in supergravity as one of the QC, (6.133). Let us further remark that the integrability
condition of (6.117) is automatically satisfied without imposing further constraints on the fluxes
gI . 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 F I

are given by
F I

ab = F
I
ab − gJKIAJ

aAK
b + 2AI

[a ηb] . (6.120)

Due to the presence of the O7 plane, the Z2 truncation realized by the product σO7 (−1)FLΩ

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 ωab

i, ωij
k, ωai

j are forbidden. As a

10This is nothing but the leading-order contribution in λ of the pull-back of ea onto the D7 worldvolume,
which is all supergravity can capture.
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consequence, the Maurer-Cartan 1-forms vm are required to depend on the internal coordinates
ym 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
vmm:

vmm =

(
vab(y

c) vaj(y
k)

O2 vij(y
c)

)
. (6.121)

The presence of the D7/O7 sources modifies the Bianchi identity of C(0) as follows,

dF(1) = j
O7/D7
(4) , (6.122)

where jO7/D7
(4) is the effective 7-brane current. The above equation involves both the metric flux

ωij
a and the F(1) flux, F a. Upon integration over the transverse space, one obtains the following

tadpole condition

1

2
ϵij ωij

aF a
!
= Q7 , (6.123)

where Q7 is the total charge, receiving contributions both from the D7 branes and the O7,

Q7 = TD7(ND7 + 8ϵO7) , (6.124)

where ϵO7 = ±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/O5 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

Mµν = τ−2 gµν + . . . , (6.125)

Mab = ρ σ2Mab + λM(1)I
ab tI + λ2 ρM(2)IJ

ab tI tJ + . . . , ,√
detQi

j = 1 +
λ2

4
ρ2σ−4MijMi′j′Y

KiY Li′Y K′jY L′j′gKL
IgK′L′

JtI tJ + . . . , (6.126)

where

M(1)I
ab = 2B[a|iY

Ijω|b]j
i + 2AJ

[aBb]iY
KigJK

I

+ Y IiHabi −B[a|iB|b]jY
JiY KjgJK

I + Y Ii η[aBb]i +AI
[a ηb] + F I

ab , (6.127)

M(2)IJ
ab = σ2Mc(a Y

IiY Kj
(
AL

b) ωij
cgLK

J + δJK ωb)j
kωki

c
)

+ σ−2Mij

(
Y IkY Jlω(a|k

iω|b)l
j − 2AK

(aY
LiY Ikωb)k

jgKL
J

+ AK
(aA

K′
b)Y

LiY L′jgKL
IgK′L′

J
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− 2B(a|kA
K

|b)Y
K′kY LiY L′jgKL

IgK′L′
J

+B(a|kB|b)lY
KkY K′lY LiY L′jgKL

IgK′L′
J

−1
4
Y IiY Jk

(
ηa ηb δ

j
k + 4η(a (κb))k

j
))

. (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,

Habi = Habi − 2
(
κ[a
)
i
jBb]j + η[aBb]i , (6.129)

Fa = F a +
λ̃27
2

(
(κa)i

j Y Ii Y Ik ϵjk − gIJKAI
aY

JiY Kj ϵij
)
, (6.130)

Fabi = F abi − 2
(
κ[a
)
i
jCb]j + η[aCb]i + 2F[aBb]i −Habiχ

+ λ̃27
[(
F I

ab +AI
[a ηb] +

1
2
HabjY

Ij
)
ϵki +AI

[a (κb])k
j ϵji
]
Y Ik , (6.131)

where λ̃7 ≡ (2κ28ND7 TD7)
1/2 λ and gIJK ≡ gIJ

L κLK . 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

VO7/D7 =
1

4
ρ−1 τ−2 ωmn

r ωpq
sMnq (MrsM

mp + 2 δms δ
p
r) +

1

2
ρ τ−6 σ−2 Fa FbM

ab

+
1

4
σ−2

(
ρ−3 τ−2HabiHcdj + ρ−1 τ−6 Fabi Fcdj

)
MacM bdM ij

+ τ−4 σ2 (2κ28)TD7(ND7 + 8 ϵO7)

+
1

4
λ̃27 τ

−4σ−2 κIJ
(
2σ2M(2)IJ

abM
ab − ρ−2M(1)I

abM
bc M(1)J

cdM
da

+ρ2MijMi′j′Y
KiY Li′Y K′jY L′j′gKL

IgK′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(1) and F(3).11

Matching with N = (1, 1) gauged supergravity

Since the O7 reduction Ansatz respects SL(2,R)a× SL(2,R)i×GYM covariance, the funda-
mental index M of SO(4, 4 +N) is split into

M −→ a ⊕ i ⊕ ā ⊕ ī ⊕ I ,

11It is unclear to us the origin of the terms involving ηa 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
ηa = 0.
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where a & ā (i & ī) are (anti)fundamental indices of SL(2,R)a(i), while I is an adjoint index of
GYM. The dictionary between flux parameters and embedding tensor components is summarized
in Table 6.5.

IIB fluxes Θ components Dictionary
Habi = ϵab hi fab̄i fab̄i = ϵabϵ

ijhj

ωai
j = (κa)i

j + 1
2
ηaδ

j
i faij̄ ⊕ ξa

faij̄ = (κa)i
j

ξa = −ηa
ωab

c = −2η[aδcb] fabc̄ fabc̄ =
1
2
ϵabϵ

cdηd
ωij

a = ϵijθ
a ζa ζa = −ϵabθb

F a = fa faij faij = ϵijfa
F abi = ϵabfi fabi fabi = ϵabfi

F I
ab = ϵabg

I fabI fabI = λ̃7ϵabδIJg
J

gIJ
K fIJK fIJK = −λ̃−1

7 gIJ
L κLK

Table 6.5: The embedding tensor/fluxes dictionary for type IIB reductions with spacetime filling
O7-planes and D7-branes. Note that κa satisfies (κa)i

i = 0, and ηa parametrizes the partial
traces of ω, while still respecting ωmn

n = 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

ϵab
(
ηa (κb)i

j − (κa)i
k (κb)k

j
)
= 0 , ϵab faηb = 0 ,

ηa gIJK = 0 , gIgIJK = 0 ,

g[IJ
I′ gK]LI′ = 0 , ηaθ

b − 1
2
δbaηcθ

c = 0 ,

(6.133)

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 (6.109) associated to the
group manifold.

For the evaluation of the general supergravity scalar potential (6.74) in this specific case,
we again need to identify how Σ and the coset representative VMM are expressed as a function
of the 17 + 4N scalars

(
ρ, τ, σ,Mab,Mij, Bai, Cai, χ, ψ,AI

a, Y
Ii
)
. We find

Σ = σ , (6.134)

while

VMM =

 τLm
m τ−1CmnL

n
m −AI

mδ
I
I

O4 τ−1 Lm
m O4,N

ON,4 τ−1δIJA
J
nL

n
m δII

 , (6.135)

where

Lm
m ≡

(
ρ−1/2ℓaa O2

−ρ−1/2Bbjϵ
jiℓba ρ1/2ℓii

)
, (6.136)

with ℓaa & ℓii satisfying ℓaaℓba = Mab and ℓiiℓ
j
i = M ij, respectively. The matrix C is defined
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as Cmn ≡ γmn − 1
2
AI

mA
I
n, in terms of

γmn ≡


0 ψ

−ψ 0
−Caj

Cbi
0 −χ
χ 0

 , AI
m ≡ λ̃7

(
AI

a Y Ijϵji

)
. (6.137)

Thus, plugging VMM together with the parametrization of the embedding tensor Θ ≡
{ fMNP , ξM , ζM } 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 | O9/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:

O9 : × × × × × ×︸ ︷︷ ︸
6D spacetime

| × × × ×︸ ︷︷ ︸
ym

,

where σO9 acts trivially on all the coordinates, due to the absence of transverse directions. In
this case the Z2 action realizing the truncation is purely given by the worldsheet parity operator
Ω. The set of resulting scalar modes retained by this operation is shown in Table 6.6.

IIB fields σO9 Ω # dof’s
emn + + 16− 6 = 10
Bmn + − —
Φ + + 1

C(0) + − —
Cmn + + 6
Cmnpq + − —
AI

m + + 4N

Table 6.6: The Z2 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) × GYM covariant way. The ten-
dimensional supergravity Ansatz that contains the 17 closed string scalars coincides with the
one studied by Kaloper and Myers in [113] except for the fact that they work in the heterotic
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frame and focus on the Abelian case.12 In terms of the type I fields, our Ansatz reads

ds2(10) = τ−2 gµνdx
µdxν + ρMmn v

mvn + . . . ,

eΦ = ρ τ−2 ,

C(2) =
1

2
Cmn v

m ∧ vn − λ̃29
2
AI ∧ σI + γ + . . . ,

(6.138)

where λ̃9 ≡ (2κ210ND9 TD9λ
2)1/2. Once again, the scalars ρ and τ represent the volume and

dilaton would-be moduli, Mmn is an element of SL(4,R)/SO(4), and Cmn parametrizes the
axionic scalars coming from the R-R 2-form C(2). 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 vm, which fulfill the equation

dvm +
1

2
ωnp

mvn ∧ vp = 0 . (6.139)

In addition to these fields, when adding a stack of ND9 D9-branes parallel to the O9,
we will require N extra vector multiplets, labelled by the index I to accommodate the full
group GYM. In terms of 6D degrees of freedom, besides the new vector fields, our resulting
gauged supergravity description will again have 4N new scalar modes arising from the internal
components of the worldvolume gauge fields

AI = AI
mv

m + σI + . . . . (6.140)

The 1- and 2-form σI(y) and γ(y) in the Ansatze (6.138) and (6.140) give rise to the vector
flux F I

mn and the 3-form flux Fmnp listed in Table 6.7 via their exterior derivatives [113],

dσI − 1

2
F I

mnv
m ∧ vn = 0 , (6.141)

dγ − λ̃29
2
σI ∧ dσI =

1

3!
Fmnp v

m ∧ vn ∧ vp . (6.142)

The integrability conditions associated to the above equations are,

F I
q[m ωnp]

q = 0 , (6.143)

λ̃29
2
F I

[mnF
I
pq] − F r[mn ωpq]

r = 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 MMN (3.21) since the lack of transverse
coordinates forbids the existence of Q. The non-trivial components of MMN are

Mµν = τ−2 gµν + . . . , (6.145)

Mmn = ρMmn + λFmn + . . . . (6.146)

12The compactification of the heterotic string effective action on a torus including the non-Abelian sector
has been done in [114].
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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 Fmnp. To this aim, one has to bear in mind that the coupling of
the sources to C(6) modifies the Bianchi identity of F(3) as in (6.59), which we repeat here for
convenience

dF(3) = −
λ̃29
2
F I ∧ FI . (6.147)

This implies that, locally, the field strength F(3) is given by

F(3) = dC(2) −
λ̃29
2

(
F I ∧ AI +

1

3!
gIJK AI ∧ AJ ∧ AK

)
. (6.148)

Restricting to the internal components components and making use of the reduction Ansatz,
(6.138) and (6.140), we obtain that

Fmnp = Fmnp − 3Cq[m ωnp]
q − 3 λ̃29AI

[m|

(
F I

|np] −
1

3
gIJKAJ

|nAK
p] −

1

2
AI

q ω|np]
q

)
. (6.149)

Finally, the complete expression for the scalar potential is,

VO9/D9 =
1

4
ρ−1τ−2 (MmnM

pqM rsωpr
mωqs

n + 2Mmnωmq
pωnp

q)

+
λ̃29
4
ρ−1τ−4Mmm′

Mnn′F I
mnF I

m′n′ +
1

12
ρ−1τ−6Mmm′

Mnn′
Mpp′FmnpFm′n′p′

+ 2κ26 TD9(ND9 + 32 ϵO9)ρτ
−4 ,

(6.150)

where

F I
mn ≡ F

I
mn − gJKIAJ

mAK
n −AI

p ωmn
p . (6.151)

As a tadpole cannot be generated with the fluxes at our disposal, the condition ND9+32 ϵO9 = 0

must be imposed. This implies ND9 = 32 and ϵO9 = −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 N = (1, 1) gauged supergravity

The O9 reduction Ansatz preserves SL(4,R) × GYM covariance, in such a way that the
fundamental index M of SO(4, 4 +N) is split into

M −→ m ⊕ m̄ ⊕ I ,

where m & m̄ are (anti)fundamental indices of SL(4,R), and I is an adjoint index of GYM. The
dictionary between flux parameters and embedding tensor components is summarized in Table
6.7.

With these non-vanishing components of the embedding tensor, the general form of the QC
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IIB fluxes Θ components Dictionary
Fmnp fmnp fmnp = −Fmnp

ωmn
p fmnp̄ fmnp̄ = ωmn

p

F I
mn fmnI fmnI = −λ̃9 κIJ F

J
mn

gIJ
K fIJK fIJK = λ̃−1

9 gIJ
LκLK

Table 6.7: The embedding tensor/fluxes dictionary for type IIB reductions with spacetime filling
O9-planes and D9-branes. Note that ωmn

p is restricted to satisfy ωmn
n = 0, which is required

for unimodular gaugings.

(6.72) reduces to

−F r[mn ωpq]
r +

λ̃29
2
F I

[mnF
I
pq] = 0 , ω[mn

r ωp]r
q = 0 ,

ω[mn
q F I

p]q = 0 , gIJK F
K

mn = 0 ,

g[IJ
I′ gK]LI′ = 0 ,

(6.152)

which exactly reproduce the consistency constraints coming from the BI of the corresponding
flux background (see section 6.2.3 for details).

For the evaluation of the general supergravity scalar potential (6.74) in this specific case, we
again need to identify how Σ and the coset representative VMM are expressed as a function of
the 17 + 4N scalars. In this case, because no fluxes are embedded into ζM , the scalar potential
is entirely written in terms of HMN . We find then

Σ = ρ1/2 , Λ = τ 2 , (6.153)

while

HMN =


M̃mn + Cpm Cqn M̃pq + κIJ A

I
mA

J
n −M̃np Cpm AJ

m + Cpm M̃pq AJ
q

−M̃mp Cpn M̃mn −M̃mpAJ
p

AI
n + Cpn M̃pq AI

q −M̃npAI
p κIJ + AI

pA
J
q M̃

pq

 ,

(6.154)
where

M̃mn ≡ ΛMmn , Cmn ≡ Cmn +
1

2
κIJ A

I
mA

J
n , AI

m ≡ λ̃9AI
m . (6.155)
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Chapter 7
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 AdS3 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 [115] 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 [116, 117, 118], where a similar analysis
was performed in type IIA 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 α′ 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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