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Chapter 1

Introduccion.

1.1 El paradigma actual de la fisica tedrica.

El gran progreso tecnolégico del iltimo siglo ha permitido acceder a rangos de energias y longi-
tudes inusuales, poniendo de manifiesto la extrema complejidad de la Naturaleza. El concepto
de simetria ha adquirido especial relevancia, dando sustento a la antigua idea de unificacién.
Producto de ello ha sido el Modelo Estandar de la fisica de altas energias, formulado a la luz de
los complejos patrones de resonancias observados en los aceleradores entre los anos cincuenta
y setenta. A través de su simetria SU(3) x SU(2)r x U(1), el Modelo Estandar proporciona
asi un entorno unificado para las interacciones fuerte, débil y electromagnética, habiendo sido
probado en aceleradores hasta energias de varios cientos de GeV’s sin que se haya encontrado

desviacion significativa alguna.

Todavia hay sin embargo todavia algunos puntos débiles que constituyen el paradigma
actual de la fisica tedrica. Entre éstos se encuentran la exclusion de la interaccién gravitatoria
de este marco unificado y el denominado problema de las jerarquias, en el que la masa del
Higgs recibe correcciones cuadréticas provenientes de la escala ultravioleta, convirtiendo la
teoria en innatural frente a los experimentos de precisién electrodébil que revelan una masa
del orden de my ~ 100 GeV.

En este contexto, simultaneamente al desarrollo del Modelo Estdndar, se consider6 la posi-
bilidad de combinar las populares simetrias internas con el grupo de Poincaré. Asi, Coleman
y Mandula [1] mostraron que cualquier grupo de Lie que contenga el grupo de Poincaré y una
simetria interna es siempre producto directo de ambos grupos y por tanto da pie a una fisica
trivial. Este teorema fue pronto superado con la formulacién de teorias supersimétricas, en
las que un subconjunto {Q,} de los generadores del dlgebra satisface relaciones de anticon-

mutacién.
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Sorprendentemente, las propiedades de renormalizabilidad de las teorias supersimétricas
resultaron excepcionales, dando pie al espectro necesario para mantener bajo control las co-
rrecciones cuanticas. En particular, constituyé una solucién potencial al problema de las
jerarquias, pues las correcciones cuadraticas a la masa del Higgs eran canceladas gracias a

contribuciones de bucles de squarks y sleptones.

Por otro lado, la otra caracteristica atractiva de las teorias supersimétricas resulté ser la
interrelacion entre geometria y simetrias internas. Las dlgebras extendidas de supersimetria
fueron interpretadas en términos de la reduccién dimensional de teorias supersimétricas en
dimensiones extra, de modo que el grupo de isometrias de la variedad compacta pasaba a for-
mar parte del grupo de simetria R de la teoria reducida. Ademas, las teorias supersimétricas
locales dan pie a teorias supersimétricas con gravedad, unificando de este modo las cuatro

interacciones de la Naturaleza.

Sin embargo, lejos de ser el ultimo paso, este esquema sufre todavia de importantes pro-
blemas. La supersimetria ha de ser rota espontaneamente en un sector oculto de la teoria que
se comunique con el visible a través de interacciones mensajeras, p.ej. interacciones super-
gravitatorias. Aqui existe gran arbitrariedad en la configuracion especifica del sector oculto,
habiendo muy pocas restricciones experimentales, a parte de la ausencia de corrientes neutras
en el sector visible que violen sabor (FCNC). Por otro lado, las teorfas de supergravedad no
son teorfas renormalizables, pues el acoplo gravitatorio tiene dimensiones de (masa)~2. De

este modo, éstas han de ser consideradas simplemente como teorias efectivas en el infrarrojo.

1.2 Teoria de Supercuerdas.

Hoy en dia, la Teoria de Supercuerdas es el mejor candidato que tenemos a Teoria del Todo,
representando una compleccién natural en el ultravioleta de las teorias de supergravedad. Las
particulas ya no son puntuales, sino unidimensionales, de modo que cuando se propagan en el
tiempo describen una sidbana bidimensional, generalizando de este modo el concepto clasico
de ’linea de mundo’. La manera en que esta sidbana queda embebida en el espacio-tiempo
ordinario puede ser descrita mediante una teoria conforme (CFT) N = 1 supersimétrica en
dos dimensiones, cuya accién efectiva para los modos no masivos viene dada por un modelo

sigma no lineal

4o’

S=— / dodr{(g°°G ., + €™ (Buy) — 27a' F,,,)0, X "0, X" + o/ R + (fermiones)}, (1.1)
)

valido en el régimen en que o'/ 2R;1 < 1, con o la constante de la cuerda y R, el radio de

curvatura del espacio-tiempo ordinario.

En efecto, cuando uno requiere la ausencia de anomalias de traza de modo que la teoria
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tenga buenas propiedades de cuantizacién, o lo que es equivalente, cuando uno requiere que
las funciones beta de la teoria sean nulas, las ecuaciones de movimiento de supergravedad son

sorprendentemente recuperadas [2]

B o (—%V“HWU + V%HWU) +0(a?) =0, (1.3)
1 1
B =d <—§v2¢ VeV — ﬂHW,,HW) +0(?) =0. (1.4)

Por otro lado, la ausencia de anomalias conformes, es decir, la ausencia de cargas cen-
trales en la CFT, fija el contenido de supercampos de la sdbana, de manera analoga a cémo
la ausencia de anomalias gauge fija el espectro de materia en el Modelo Estandar. De este
modo, el nimero de dimensiones del espacio-tiempo ordinario queda fijado. Las teorias de
supercuerdas viviran en 10 dimensiones, requiriendo de este modo la compactificacién de seis
dimensiones extra y dando pie a una interpretaciéon geométrica (o més bien, topoldgica) de la

teoria efectiva a bajas energias.

Dependiendo de la manera concreta en que las anomalias de la teoria son canceladas en diez
dimensiones, existen cinco Teorfas de Supercuerdas: dos de ellas (Tipo ITA y Tipo I1IB) son
N = 2 supersimétricas, mientras que las otras tres (Tipo I, Heterética Eg x Eg y Heterdtica
S0(32)) son solamente N/ = 1 supersimétricas. Todas ellas estdn sin embargo relacionadas
por una abundante red de dualidades, como se observé durante la segunda revolucién de su-
percuerdas, a mediados de los noventa. Estas consisten en transformaciones de la teorfa de
acoplo débil a acoplo débil (T-dualidad) o de acoplo débil a acoplo fuerte (S-dualidad). En
particular, la presencia de dualidades débil-fuerte permitié acceder a objetos no perturbativos
de la teoria tales como D-branas, NS-branas, etc., protegidos frente a correcciones cuanticas

gracias a cotas BPS [3].

La compleja red de dualidades de Teoria de Supercuerdas parece indicar por tanto que
estas cinco teorias a acoplo débil corresponden simplemente a diferentes limites de una misma

teoria no-perturbativa (Teorfa M), que todavia no sabemos como formular.

1.3 Camino del Modelo Estandar.

Si la Teoria de Supercuerdas representa una teoria unificada de todas las particulas e inter-
acciones presentes en la Naturaleza, en algtin punto deberia contener al Modelo Estandar.
Los esfuerzos por encontrar modelos reslistas en Teoria de Supercuerdas comenzaron en los
ochenta, considerando compactificaciones de la Heterdtica Eg x Eg y SO(32) sobre variedades

de seis dimensiones con holonomia SU(3) (ver p.ej. [4]). La supersimetria era rota a N’ =1 en
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cuatro dimensiones a través de la holonomia de la variedad compacta, mientras que el grupo
gauge de la teorfa en diez dimensiones era roto a SU(3) x SU(2), x U(1), o a alguna Teoria de
Gran Unificacién (GUT), mediante su inclusién en el grupo de holonomia o la incorporacién

de lineas de Wilson.

Todos estos modelos heteréticos ya revelaron las principales patologias de Teoria de Su-
percuerdas para reproducir el Modelo Estandar en su limite de bajas energias. En primer
lugar, era manifiesta la gran arbitrariedad en la eleccién de la variedad interna. La estructura
perturbativa de Teoria de Supercuerdas permitia una gran diversidad de vacios consistentes a
bajas energias, en lo que hoy en dia se denomina el “paisaje de vacios” de Teoria de Cuerdas.

- iy . . o . vacs
Surgié entonces la cuestién sobre la existencia de un principio de seleccién de vacios, con dos
tendencias principales: unos creyendo que un principio de seleccién serd dado una vez que la
parte no perturbativa de la teoria se conozca; y otros pensando en el principio antrépico como

mecanismo que selecciona el vacio de la Naturaleza.

La arbitrariedad en la compactificacién de Teoria de Supercuerdas es parametrizada tipi-
camente en términos de un amplio espacio de moduli. Por supuesto, debido a que todavia
desconocemos la formulaciéon completa de la teoria, s6lo sabemos cémo trabajar en pequenas
regiones del espacio de moduli. Por ejemplo, una vez fijada la topologia de la variedad in-
terna, queda todavia cierta libertad en la eleccion de la estructura compleja y el tamano de
los diferentes ciclos, parametrizada respectivamente por los moduli de estructura compleja y
los moduli de Kéhler. Estos moduli en principio permanecen sin estabilizar, constituyendo un

conjunto no deseado de escalares no masivos en el espectro de la teoria a bajas energias.

El otro gran reto de Teoria de Supercuerdas para reproducir el Modelo Estandar es la
consecucion de un mecanismo controlable de ruptura de supersimetria. Los primeros in-
tentos de entender la estructura de los términos soft en compactificaciones perturbativas de
Teoria de Supercuerdas se realizaron en los tempranos dias de la fenomenologia de las cuerdas
heterdticas [5]. Una aproximacion bastante general fue sugerida en [6, 7, 8], donde se asumia
que algunos de los campos auxiliares asociados a los moduli de la compactificacién adquirian
un valor esperado en el vacio (vev), reduciendo de este modo la supersimetria. Se hacfa patente
por tanto la relacion entre ruptura de supersimetria y estabilizacion de moduli: encontrar una
fuente microscépica para la ruptura de supersimetria probablemente correspondia a encontrar

un mecanismo para la estabilizacién de los moduli de la compactificacién.

Con el descubrimiento de las D-branas a mediados de los noventa, aparecieron nuevas for-
mas de obtener teorias gauge quirales en el contexto de Teoria de Supercuerdas. Surgieron asi
modelos de Tipo ITA y Tipo IIB donde el Modelo Estandar vive en el volumen de D-branas,
en configuraciones tales como branas intersecantes [9, 10, 11, 12, 13] o branas en singulari-
dades [14, 15, 16]. Estos modelos, sin embargo, presentaban el mismo tipo de patologfas que

los modelos heterdticos.
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Durante los ultimos anos se han estudiado intensivamente compactificaciones con flujos
de los campos antisimétricos (ver p.ej. [17]), proporcionando un nuevo ingrediente para la
construccién de modelos realistas. Uno de los aspectos mas interesantes de los flujos es que
pueden generar acoplos en el superpotencial para los moduli de la compactificacién [18],
estabilizando al menos parte de ellos. Ademas, los moduli pueden ser agrupados en su-
permultipletes quirales A/ = 1 cuyas componentes auxiliares F estdn asociadas a los flu-
jos [19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. De este modo, la presencia de flujos de cuerda
cerrada constituye ademas una fuente microscépica para la ruptura de supersimetria en Teoria

de Supercuerdas.

Las primeras configuraciones estudiadas intensivamente fueron orientifolds de Tipo IIB
con flujos constantes de los campos RR y NSNS [59, 37, 101]. Estos dan pie a potenciales
sin escala independientes de los moduli de Kéhler, en los que el dilatéon y parte, o incluso
todos los moduli de estructura compleja, son estabilizados por los flujos. Las ecuaciones de
movimiento de supergravedad requieren que los flujos de 3-forma sean imaginarios auto-duales
(ISD), y en el caso particular de (0,3) formas, la supersimetria se rompe a N' = 0* en el espacio

cuadridimensional.

En [20, 24] calculamos los términos de ruptura de supersimetria que surgian en el volumen
de configuraciones de D3 y D7-branas debidos al efecto de los flujos de 3-forma, mostrando
cmo los flujos ISD dan pie a términos soft de relevancia fenomenoldgica en el volumen de
las D7-branas. Ademads, los moduli geométricos de las D7-branas son generalmente estabi-
lizados también por los flujos, permitiendo de este modo la generacién de superpotenciales

no-perturbativos relevantes en escenarios de KKLT [29].

En el ultimo par de afos, los orientifolds de Tipo ITA con flujos han empezado a recibir
también atencién [30, 31, 32, 33, 34, 35, 36]. Contrariamente a lo que ocurre con los orientifolds
de Tipo IIB, en este caso es posible encender flujos tanto de formas RR pares como de formas
NSNS impares. Esto da lugar al importante resultado segin el cual los superpotenciales de
Tipo ITA generalmente dependen de todos los moduli geométricos asi como del dilatén. En
este caso ademds resulta natural incorporar flujos métricos [32, 33], correspondientes a reduc-
ciones generalizadas de Scherk-Schwarz [38, 39, 40, 41, 42]. Asf, en [43] estudiamos los efectos
de afiadir flujos RR, NSNS y métricos a un orientifold T°/Qp(—1)L o, mostrando la existen-
cia de vacios AdS con todos los moduli estabilizados sin la necesidad de considerar efectos
no-perturbativos. Ademads, en presencia de flujos métricos, la contribucién de los flujos a los
tadpoles RR pueden tener cualquier signo o incluso desaparecer. Esto representa una novedad
frente a las compactificaciones de Tipo IIB con flujos de 3-forma, donde las ecuaciones de
movimiento de supergravedad obligan a los flujos a contribuir a los tadpoles RR siempre con
el mismo signo que las D3-branas. Asi, en orientifolds de Tipo IIB con flujos de 3-forma uno

se ve tipicamente forzado a considerar variedades con un nimero de Euler grande de modo
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que se satisfagan las condiciones de cancelacién de tadpoles y al mismo tiempo se estabilizen
los moduli en valores grandes, donde las correcciones en o’ y g, permanecen bajo control.
De este modo, los orientifolds de Tipo ITA con flujos métricos abren nuevas posibilidades
para la construccién de modelos realistas. Como ejemplo de ello, en [43] presentamos por
primera vez un modelo A/ = 1 supersimétrico con espectro quiral cercano al del MSSM, todos

los moduli estabilizados en AdS y los tadpoles RR cancelados sin ayuda de una accién orbifold.

Una cuestién légica es si los superpotenciales de Tipo IIB inducidos por flujos pueden
también depender de todos los moduli. Se ha mostrado recientemente [44] que para recu-
perar invarianza bajo T-dualidad entre las versiones de Tipo ITA y Tipo IIB de una misma
compactificaciéon en presencia de flujos RR, NSNS y métricos es necesario introducir una
nueva clase no geométrica de flujos. Estos han sido estudiados en la literatura por varios
autores [45, 46, 47, 48, 49, 50, 51, 52, 53, 54]. Ademds, S-dualidad requiere la introduccién
de otro conjunto de flujos adicional, dando pie a nuevos términos en el superpotencial. Si-
guiendo estas lineas, en [55] generalizamos la propuesta de [44] a orientifolds con varios moduli
geométricos y calculamos el superpotencial invariante bajo S-dualidad asi como las identidades
de Bianchi y tadpoles. La riqueza de flujos que surge permite construir nuevas clases de vacios
Minkowski supersimétricos en los que no sélo el dilatén y los moduli de estructura compleja

se encuentran fijados sino también los moduli de K&hler.

En esta memoria resumimos los resultados de nuestro trabajo desarrollado a lo largo de

los tltimos tres anos sobre estos temas [20, 24, 56, 43, 57, 55].

1.4 Plan de la tesis.
El plan de la tesis es el siguiente:

- En el Capitulo 3 discutiremos algunas de las caracteristicas de Teoria de Supercuerdas
que permiten introducir teorias gauge quirales. Asi, en la Seccién 3.1 discutimos la
topologia y espacio de moduli asociados a orientifolds de Tipo ITA y IIB, y cémo la
simetria “mirror” se ve realizada en ausencia de flujos. En las Secciones 3.2 y 3.3
revisaremos dos tipos de configuraciones que dan lugar a fermiones quirales en cuatro
dimensiones: configuraciones de D3 y D7-branas situadas en singularidades orbifold y
D6-branas intersecandose en el espacio compacto. La cancelacién de anomalias en estas
configuraciones a través del intercambio de modos de cuerda cerrada se discutira en la
Seccién 3.4, mientras que en la Seccién 3.5 mostraremos un par de modelos semirealistas

concretos.

- El Capitulo 4 estd dedicado al limite de supergravedad de orientifolds de Tipo ITA
con O6-planos y orientifolds de Tipo IIB con O3 y O7-planos. Asi, tras revisar en las
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Secciones 4.1 y 4.2 las supergravedades de Tipo IIB y ITA, en la Seccién 4.3 discutiremos
las soluciones de Tipo B(ecker) de [58, 59, 60, 101] y los monopolos holomérficos de [61],
correspondientes a la descripcion en el limite de supegravedad de algunos orientifolds de
Tipo IIB/O3 y de Tipo ITA/O6 con flujos.

- La estabilizacién de moduli sera el tema del Capitulo 5. En la Seccién 5.1.1 revisaremos
la estructura de los orientifolds de Tipo IIB con flujos RR y NSNS constantes, mientras
que las Secciones 5.1.2 y 5.2 resumiremos los resultados de [43] sobre orientifolds de Tipo
ITA con O6-planos y flujos constantes NSNS, RR y métricos. Entonces generalizaremos
estas configuraciones para incluir flujos no geométricos y S-duales, siguiendo [55]. Esto
sera en las Secciones 5.3 y 5.4. Finalmente, en la Seccién 5.5 abordaremos la posibilidad

de tener superpotenciales generalizados invariantes bajo todo el grupo de dualidad.

- Los resultados de [20, 24] sobre ruptura de supersimetria inducida por flujos en configu-
raciones de D3 y D7-branas constituirdan el contenido del Capitulo 6. Tras calcular en
la Seccién 6.2 la accion efectiva a bajas energias para las teorias gauge que viven en el
volumen de las D3/D7-branas, analizaremos, en la Seccién 6.3, los patrones de ruptura
de supersimetria que surgen y los compararemos, en la Seccién 6.4, con las predicciones
de supergravedad efectiva. Finalmente, la viabilidad fenomenolégica de estos patrones

serd discutida en la Seccién 6.5.

- En el Capitulo 7 reproduciremos algunos de los modelos de [43] y [20, 24] que sirven

para ilustrar las ideas de los capitulos previos.

- Finalmente, algunos dltimos comentarios serdn realizados en el Capitulo 8.
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Chapter 2

Introduction.

2.1 The present paradigm of theoretical physics.

The great technological progress of the last century has allowed to access unusual ranges of
energies and lengths, revealing the extreme complexity of Nature. The concept of symmetry
has acquired special relevance, giving support to the ancient idea of unification. Product
of this has been the Standard Model of high energy physics, formulated in the light of the
complex patterns of resonances measured at accelerators between the fifties and the seventies.
Through its SU(3) x SU(2)r x U(1) gauge symmetry, the Standard Model thus provides an
unifying framework for the strong, weak and electromagnetic interactions, having been tested

at accelerators up to energies of several hundreds of GeV’s without any significative deviation.

There are however still some weak points which constitute the present paradigm of theoret-
ical physics. Among these are the exclusion of the gravitational interaction from this unified
framework and the so called hierarchy problem, on which the Higgs mass receives quadratic
loop corrections from the ultraviolet cutoff, rendering the theory unnatural against the elec-
troweak precision tests, which reveal a mass of the order mpy ~ 100 GeV.

Within this context, simultaneously to the development of the Standard Model, the possi-
bility of combining the popular internal symmetries with the Poincaré group was considered.
Thus, Coleman and Mandula [1] showed that any Lie group which contains the Poincaré group
and an internal symmetry is always a direct product of both groups and therefore it leads to
trivial physics. This no-go theorem was soon overcome with the formulation of supersymme-

try, on which a subset {Q,} of generators of the algebra satisfy anticommutation relations.

Surprisingly, the renormalizable properties of supersymmetry resulted to be exceptional,

leading to the necessary spectrum in order to keep the quantum corrections under control. In

9
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particular, it constituted a potential solution to the hierarchy problem, cancelling the quadratic

corrections to the Higgs mass through loop contributions of the squarks and sleptons.

On the other hand, the interplay between geometry and internal symmetries was the other
attractive feature of supersymmetric theories. Extended algebras of supersymmetry were able
to be interpreted as the dimensional reduction of supersymmetric theories in extra dimen-
sions, with the isometry group of the compact manifold being part of the R-symmetry group
of the reduced theory. Moreover, gauging supersymmetry led to supersymmetric theories with
gravity, thus unifying the four interactions in Nature.

However, far from being the last step, this scheme still suffers from important problems.
Supersymmetry must be spontaneously broken in a hidden sector which communicates with
the visible sector through some messenger interactions, such as supergravity interactions. Here
there is great arbitrariness in the specific configuration of the hidden sector, having only few
experimental constraints such as the absence of Flavor Changing Neutral Currents (FCNC)
in the visible sector. In addition, supergravity theories are not renormalizable theories, as
the gravitational coupling has dimensions of (mass)_2. Thus, they should be considered as

infrared effective theories.

2.2 Superstring Theory.

Nowadays, Superstring Theory is the best candidate that we have to the Theory of Everything,
representing a natural ultraviolet completion of the supergravity theories. Particles are no
longer point-like but one dimensional, so when they propagate on time they render a two
dimensional worldsheet, generalizing the classical concept of worldline. The embedding of the
worldsheet into the target space can be described by a two dimensional N' = 1 conformal
field theory (CFT), whose effective action for the massless modes is given by the non-linear
o-model

S = 1 ! - / dodr{(g°*G . + € (Buy) — 270 F,) 0, X" 0 X" + o/ R + (fermions)}, (2.1)
T b3

valid in the a/'/ 2R;! < 1 regime, being o’ the string constant and R, the curvature radius

of the target space.

Indeed, when one requires the absence of the trace anomaly in order to have for the theory

good quantization properties, or what is equivalent, when one requires the beta functions of
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the theory to vanish, the supergravity equations of motion are surprisingly recovered [2]

1
ij =ao <RW +2V, V., — ZH‘““’H" *“’) +0(a?) =0, (2.2)
1
5’1 = O/ <—§VKHK#U =+ VKQSHK#y) =+ O(OLQ) = O, (23)
1 1
B® =a (—§v2¢ + V.V — ﬂH,WVH’““’) + 0(a?) = 0. (2.4)

On the other hand, the absence of conformal anomalies, that is, the absence of central
charges in the CFT, fixes the superfield content of the worldsheet, in a similar fashion to what
the absence of gauge anomalies fixes the matter spectrum of the Standard Model. Thus, the
number of dimensions of the target space is fixed. Superstring theories will live in 10 dimen-
sions, requiring therefore the compactification of the 6 extra dimensions and providing with a

geometrical (or rather, topological) interpretation to the low energy effective theory.

Depending on the concrete way on which the anomalies of the theory are cancelled, there
are five consistent Superstring Theories in ten dimensions: two of them (Type ITA and Type
IIB) are N/ = 2 supersymmetric, whereas the other three (Type I, Es x Fg Heterotic and
S0O(32) Heterotic) are just N' = 1 supersymmetric. All of them are however related by a
rich network of dualities, as it was realized during the second Superstring revolution, in the
mid nineties. These consist on weak-weak (T-duality) and weak-strong (S-duality) transfor-
mations of the theory. In particular, the presence of weak-strong dualities allowed to access
non-perturbative objects, such as D-branes, NS-branes, etc., protected against quantum cor-
rections by BPS bounds [3].

The complex duality network of Superstring Theory therefore seems to be indicating that
the above five theories at weak coupling would simply correspond to different limits of a same

non-perturbative theory (M-theory), which we still do not know how to formulate.

2.3 On the road to the Standard Model.

If Superstring Theory represents the unified theory of all particle and interactions in Na-
ture, at some point it should contain the Standard Model. The efforts for finding realistic
models in Superstring Theory, began in the eighties, by considering compactifications of the
Es x Es and the SO(32) Heterotic in six dimensional manifolds with SU(3) holonomy (see
e.g. [4]). Supersymmetry was broken to four dimensional A/ = 1 through the holonomy of
the compact manifold, whereas the gauge group of the ten dimensional theory was broken to
SU(3) x SU(2)r x U(1), or to some Grand Unified Theory (GUT), through its embedding
into the holonomy group or the inclusion of Wilson lines.
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All these heterotic models already revealed the main pathologies of Superstring Theory for
reproducing the Standard Model in its low energy limit. First of all, it was manifest the great
arbitrariness in the choice of the internal manifold. The structure of perturbative Superstring
Theory allowed for a great complexity of consistent vacua with different low energy physics,
in what nowadays is called the String Theory landscape of vacua. The question of a vacuum
selection rule arose, with two main tendencies: the ones believing that a selection principle
will be given once the non-perturbative part of the theory is known; and the ones thinking on

the anthropic principle as the mechanism for selecting the vacuum of Nature.

The arbitrariness in the compactification of Superstring Theory is usually parametrized by
a broad moduli space. Of course, since a complete description of the theory is still lacking, we
only know how to work at small regions of the moduli space. For example, once the topology
of the internal manifold is fixed, there is still some freedom in the choice of the complex struc-
ture and the size of the different cycles, parametrized respectively by the complex structure
moduli and the Kéhler moduli. These moduli in principle remain unstabilized, constituting

an undesirable set of massless scalars in the low energy spectrum of the theory.

The other big difficulty of Superstring Theory for reproducing the Standard Model is the
addressing of a controllable supersymmetry breaking mechanism. Attempts to understand
the structure of soft terms in perturbative heterotic compactifications were done since the
early days of heterotic string phenomenology [5]. A rather model-independent approach was
suggested in [6, 7, 8], where it was assumed that the auxiliary fields associated to the cor-
responding moduli of the compactification get a vev, thus breaking supersymmetry. Thus it
was patent a relationship between supersymmetry breaking and moduli stabilization: find-
ing a microscopic source for supersymmetry breaking would probably correspond to finding a

mechanism for stabilizing the moduli of the compactification.

With the discovery of D-branes in the mid nineties, new ways to obtain chiral gauge the-
ories in the context of Superstring Theory arose. Type ITA and Type IIB models where the
Standard Model lives in the worldvolume of D-branes appeared on the light of constructions
such as intersecting branes [9, 10, 11, 12, 13] or D-branes at singularities [14, 15, 16]. These

models, however, present the same above pathologies of the heterotic models.

During the last few years, fluxes of antisymmetric fields in string compactifications have
been studied intensively (see e.g. [17]), thus providing us with new ingredients for model
building. One of the most interesting aspects of the presence of fluxes is that they may
generate superpotential couplings for the moduli of the compactification [18], thus poten-
tially stabilizing some of them. Moreover, the compactification moduli may be arranged into
N = 1 chiral supermultiplets with F auxiliary components associated to the background
fluxes [19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. In this way, the presence of closed string

background fluxes constitutes too a microscopical source for supersymmetry breaking in Su-
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perstring Theory.

The first setups extensively studied were Type IIB orientifolds with constant RR and NSNS
fluxes [59, 37, 101]. These resulted in no-scale potentials independent of the Kéhler moduli,
on which the dialton and part, or even all, of the complex structure moduli were stabilized by
the fluxes. The supergravity equations of motion required the 3-form fluxes to be imaginary
self-dual (ISD) forms, and in the particular case of these being a (0,3) form, supersymmetry
was broken to A = 0* in four dimensional Minkowski space.

In [20, 24] we computed the soft supersymmetry breaking terms arising in the worldvol-
ume of setups of D3 and D7-branes due to the effect of the 3-form fluxes, showing that ISD
fluxes lead to non-trivial soft terms of phenomenological relevance in the worldvolume of the
D7-branes. Moreover, the fluxes generically stabilize the geometric moduli of the D7-branes,
thus allowing for the generation of non-perturbative superpotentials, relevant in KKLT [29]

scenarios.

In the last couple of years, Type ITA orientifolds with fluxes have started to receive some
attention too [30, 31, 32, 33, 34, 35, 36]. Contrary to what occurs in Type IIB orientifolds
with 3-form fluxes, in this case it is possible to switch on backgrounds of both even RR and
odd NSNS forms. This in turn implies the important result that the Type ITA flux induced
superpotentials depend on all the geometrical moduli as well as on the dilaton. In addition,
in this case it is natural to incorporate metric fluxes [32, 33] corresponding to generalized
Scherk-Schwarz reductions [38, 39, 40, 41, 42]. In this sense, in [43] we studied the effects of
adding RR, NSNS and metric fluxes on a T%/Qp(—1)fLo orientifold, showing how one may
find AdS vacua with all moduli stabilized without considering extra non-perturbative effects.
In addition, in presence of metric backgrounds, the flux contribution to the RR tadpoles can
have either sign or even vanish. This represents a novelty with respect to the Type IIB com-
pactifications with 3-form fluxes, where the supergravity equations of motion imply that the
flux background always contributes to the RR tadpoles with the same sign as D3-branes do.
Thus, for Type IIB orientifolds with 3-form fluxes one is usually enforced to take manifolds
with large Euler number in order to fulfill the tadpole conditions and at the same time sta-
bilize the moduli at large values, where the o’ and g4 corrections are under control. In this
way, Type ITA orientifolds with metric fluxes open new possibilities for model building. As
an example of it, in [43] we presented for the first time a A" = 1 supersymmetric model with
a chiral spectrum close to the one of the MSSM, all the moduli stabilized in AdS and the RR
tadpoles cancelled without the aid of an orbifold twist.

A logical question is whether Type IIB flux induced superpotentials can also depend on all
moduli. It has been recently shown [44] that in order to recover T-duality invariance between
the Type ITA and Type IIB versions of the same compactification in the presence of RR, NS

and metric backgrounds, new non-geometric fluxes have to be introduced. Such fluxes has
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been already studied by several authors [45, 46, 47, 48, 49, 50, 51, 52, 53, 54]. Moreover, Type
IIB S-duality requires the introduction of a new set of fluxes, leading to further superpotential
terms. Along these lines, in [55] we generalized the proposal of [44] to orientifolds with several
diagonal geometrical moduli and computed the S-duality invariant superpotential, tadpoles
and Bianchi identities. The arising richness of fluxes allows to construct new classes of N’ =1
supersymmetric Minkowski vacua on which not only the dilaton and complex structure but

also the Kéahler moduli are fixed.

In this report we will summarize the results of our work in these topics along the last three
years [20, 24, 56, 43, 57, 55].

2.4 Outline of the thesis.

The outline of the thesis is as follows:

- In Chapter 3 we will discuss some of the features of Superstring Theory allowing the
embedding of semirealistic chiral gauge theories. Thus, in Section 3.1 we will discuss
the topology and moduli space of Type ITA and Type IIB Calabi-Yau orientifolds, and
how mirror symmetry is accomplished in absence of background. In Sections 3.2 and 3.3
we will review two setups leading to chiral fermions in four dimensions: D3/D7-brane
configurations placed at orbifold singularities and D6-branes intersecting at angles in
the compact space. The cancellation of anomalies in these setups through the exchange
of closed string modes will be discussed in Section 3.4, whereas we will reproduce in

Section 3.5 a couple of concrete semirealistic models.

- Chapter 4 is devoted to the supergravity limit of Type ITA orientifolds with O6-planes
and Type IIB orientifolds with O3 and O7-planes. Thus, after reviewing Type IIB
and Type ITA supergravity in Sections 4.1 and 4.2, we will discuss the Type B(ecker)
solutions of [58, 59, 60, 101] and the mirror holomorphic monopole Type ITA solutions
of [61], corresponding respectively to the supergravity description of some Type IIB/0O3
and Type ITA/O6 orientifolds with background fluxes.

- The issue of moduli stabilization will be the topic of Chapter 5. In Section 5.1.1 we
will review the structure of Type IIB orientifolds with constant RR and NSNS fluxes,
whereas Sections 5.1.2 and 5.2 will summarize the results of [43] on Type IIA orientifolds
with O6-planes and constant NSNS, RR and metric fluxes. Then we will generalize our
backgrounds to include non-geometric and S-dual fluxes, following [55]. This will be
done in Sections 5.3 and 5.4. Finally, in Section 5.5 we will discuss the possibility of

having generalized duality invariant superpotentials.

- The results of [20, 24] on the soft supersymmetry breaking terms induced by fluxes in the
worldvolume of D3/D7-branes will constitute the content of Chapter 6. After computing,
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in Section 6.2, the low energy effective actions for the gauge theories in the worldvolume
of the D3/D7-branes, we will analyze, in Section 6.3, the soft supersymmetry breaking
patterns which arise and will compare them, Section 6.4, with the effective supergravity
predictions. Finally, the phenomenological viability of these patterns will be discussed
in Section 6.5.

- In Chapter 7 we will reproduce some of the models of [43] and [20, 24] which illustrate

the ideas of the previous chapters.

- Finally, some last comments will be made in Chapter 8.
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Chapter 3

Embedding the Standard Model
in String Theory

If String Theory really represents a unified theory of all particles and interactions present in
Nature, at some point it should reproduce in its low energy limit the Standard Model or any of
its phenomenologically viable extensions. In this sense, String Theory has revealed to possess
appealing mathematical properties, containing almost every tool employed to build up the
Standard Model or General Relativity.

Along this chapter we will go through some of these features which allow us to embed
semi-realistic chiral gauge theories in String Theory. At the end this will lead us to two major
problems which constitute the main topic of this thesis: moduli stabilization and supersym-

metry breaking.

3.1 Toroidal orientifolds and mirror symmetry.

The first difficulty when trying to embed the Standard Model in String Theory is an excess
of supersymmetry. Indeed, the known ten dimensional String Theories have N =1 or N = 2
supersymmetry and therefore, upon naive dimensional reduction, will lead to N' =4 or N = 8
supersymmetric effective theories in four dimensions. As extended supersymmetry do not al-
low for chiral fermions, it is patent the necessity of a source of supersymmetry breaking.

Generally, the required breaking to N' = 1 is achieved through the holonomy of the com-
pactification manifold, typically a Calabi-Yau orientifold with special holonomy [62, 63, 64, 65,
66, 67, 68, 69]. On this section we will introduce the topology, moduli space and symmetries of

Calabi-Yau orientifolds, putting special emphasis on the particular case of toroidal orientifolds.

17
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Calabi-Yau orientifolds are constructed by modding out an ordinary Calabi-Yau threefold
(CY3) with the worldsheet parity reversal operator €2, the space-time fermion number pro-
jector for the left-movers (—1)fZ, and an internal involution o which is required to be an

isometry of the CYs.

The fixed points of the orientifold involution o, usually denoted O-planes, are charged
under the RR forms of String Theory, so in order to guarantee the cancellation of the global
charge one is enforced to include a twisted sector of open strings supported by D-branes. Thus,
Type II String Theories in Calabi-Yau orientifolds are theories with open strings’.

Depending on how the involution ¢ acts on the K&hler form J and on the holomorphic
3-form 2, there will be three kinds of C'Y3 orientifolds [72]

Type IIB with 03/07-planes: oc*J=J " =-Q
Type IIB with O5/09-planes: o*J=J c*Q=0Q
Type ITA with O6-planes: oc*J=—-J o*Q = e?Q

Here, o* denotes the pullback of o and € is a constant phase related to the calibration of the
3-cycles A,, supporting the O6-planes. In fact, in the case of Type IIA orientifolds, the fixed
points A,, correspond to special Lagrangian 3-cycles with calibrating phase 6 (see e.g. [73])

Jla, =0,  Im(e Q)]s =0. (3.1)

In what follows we will take the conventions on which 6 = 0.

The cohomological structure of a CY3 can be summarized in the following hodge diamond

1
0 0
0 h(2:2) 0
1 h(1’2) h(2’1) 1
0 R(11) 0
0 0
1

with A1 = A2 and K12 = (2D thanks to the Poincaré lemma. In particular, note that

no isometry is allowed.

L Actually we will see that very often in this kind of compactifications the D-brane charge is no longer a
conserved quantity and can be traded by closed string backgrounds which contribute to the RR tadpoles as
D-branes do [70, 71].
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Upon orientifolding the above cohomological structure will split between o-odd and o-even
forms (h = h_ + hy) [74, 31]. Thus, it is convenient to define a basis of (1,1)-forms w; (ws)

odd (even) under the orientifold involution and a dual basis of (2,2)-forms @* (&) such that
/wi/\djzéf, /wim:(sg. (3.2)
Analogously, it is possible to define a symplectic basis (aa, 37) for the 3-forms so that

/aA ABE =68, (3.3)

Under the orientifold involution these again split among even and odd forms. In particular, for
Type IIA orientifolds one can take the basis in such a way that a4 are o-even forms whereas
(38 are 0-odd forms [31]. For Type IIB orientifolds however this cannot be done and the basis

is split by the internal involution accordingly to [74]
(a4, %) = (aa, ) @ (aa, 8°), (3.9)

with (g, %) o-odd and (aa,ﬁi)) o-even forms.

On this thesis we mainly center on Type ITA orientifolds with O6-planes and Type 1B
orientifolds with O3/0O7-planes. The moduli space of these manifolds has been extensively
studied in [74, 31]. Determining the structure of the possible allowed geometrical deforma-

tions is crucial for establishing a dynamics over the compact manifold.

For Type ITA orientifolds, the moduli space is given by a set of 1Y Kihler moduli T,
h(12) complex structure moduli U, and one axiodilaton S. These are concisely defined in

terms of the complexified forms [31]

RD
Je=DBy+iJ=i Y T, (3.5)
i=1
R(1:2)
Q. = Cs +iRe(CQ) = iSag —i Y Uata, (3.6)

i=1

where By is the NSNS 2-form, C5 is the o-even RR 3-form and C' is a compensator field
specified by

C=e Pele/2 K. = —1og[—3/ QAQT,
8 Jrs

with ¢, the four dimensional dilaton given by e = e?/,/Vol(CY3). Then one can define a
metric in the moduli space through the Kahler potential

Kia = —log [g /J AJ A J] — 2log {2/Re(C’Q) A *Re(C’Q)} . (3.7)
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On the other hand, for Type IIB orientifolds with O3/O7-planes the moduli space is
constituted by h$*1) Kahler moduli T;, h(*?) complex structure moduli U, and one axiodilaton
S. These are defined through [74]

S =e?+iCy, (3.8)

(@:i/QAaa a=1,...,n0?, (3.9)
. R4

‘ﬁ:ca+%eWJAJ+@a—ngA32:i}:zmm (3.10)
1=1

with Cp, Cy and C4 the RR scalar (o-even), 2-form (o-odd) and 4-form (o-even) respectively.
Q) is normalized in such a way that

/QA&zL (3.11)
Then, the corresponding Kahler potential is given by

Kig = —log [—z/ﬂ A ﬁ] — log(S + S*) — 2log(Vol[CY3)). (3.12)

The fact that the metric in the moduli space can be codified through the Kéhler potentials
(3.7) or (3.12) is reminiscent of the N' = 2 special geometry of the CY3 moduli space. Indeed,
before applying the orientifold projection, the moduli space has a local product structure [75,
76, 77, 78]

M5 x M@,

being MX a special Kihler manifold spanned by the Kihler moduli in Type IIA or by the
complex structure moduli in Type IIB, and M ? a quaternionic manifold defined by the dilaton
and the complex structure moduli in Type ITA, or by the dilaton and the K&hler moduli in
Type IIB.

One of the most relevant advances in String Theory since its origins has been the discovery
of mirror symmetry (see e.g. [79]). Dualities in String Theory very often have a geometrical
counterpart, and such is the case of mirror symmetry. Indeed, the submanifold M K - M@
engendered by the complex structure moduli in Type IIA, or by the Kéhler moduli in Type
IIB, may be dressed as well with a special Kahler structure. This allows for a strict equivalence
between Type IIA String Theory compactified on a CY3 and Type IIB compactified on the
mirror manifold CY3 constructed by exchanging h(1?) — h(11) and MK < MX. In order to
facilitate the visualization of the mirror map, we have summarized in Table 3.1 the structure
of MK and MK,

For orientifold compactifications, M* and M K are truncated to the invariant elements
under the orientifold projection, however mirror symmetry is still expected to hold [72]. In-

deed, in order to make explicit the mapping between mirror orientifolds it results useful to



3. Embedding the Standard Model in String Theory 21

| MK cwm@ MK
Type ITA | 3-cycles — {U;}  2-cycles — {T;}
Type IIB | 4-cycles — {T;} 3-cycles — {U;}

Table 3.1: Structure of MX and MX for Type ITA and Type IIB CYs3.

expand the holomorphic 3-form in periods (7;, F;) as
Q=qy—1iFoPo+1 Z(Tjﬁj +iF0), (3.13)
j=1
where we have already imposed the normalization of eq.(3.11) and the F; are holomorphic

functions depending on ;.

In terms of the periods, then the Type ITA complex structure moduli and axiodilaton
defined in eqgs.(3.6) read

H»RGTJ‘ 1/2
S =2e"? J '/c A Bo, 3.14
‘ (Re[fo+zkfkfk]) TG n b (38.14)

L Re T; 1/2
U, =2 % J : ) R]-"a—'/O/\a, 3.15
e (Re[fﬁzkfm] (Re ) —i [ Cyn 8 (3.15)

whereas the Type IIB complex structure moduli (3.9) reduce to

Ui = T;. (316)

Mirror symmetry between Type ITA orientifolds with O6-planes and Type IIB orientifolds
with O3/07-planes then corresponds to the mapping represented in Table 3.1.

Type IIB with O3/07-planes Type IIA with O6-planes
S — S
T; — U;
Ui — T;

Table 3.2: Realization of mirror symmetry between M ¥ and M K

To illustrate these ideas we will consider the simplest example of CY3 given by a factorable
6-torus ®3_, (T?) modded by a Zs x Z3 orbifold symmetry so the holonomy belongs to a dis-
crete subgroup of SU(3).

The metric of the factorized torus is given by

3
A ) . o
ds® = g Re] [(dzj)2 + |Tj|2(dI]+3)2 —2(Im Tj)dIJdIJ+3], (3.17)
=

j=1 J
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being A; the area of the j-th 2-torus.

The Zs X Zs symmetry acts on the internal coordinates according to

Zo: at— -2t 22— —2? 2o 2t -2t 25— -2 b — b,
Zy: o2l ot 2? - —a? 2t 23 2t -t 25— —2b b — —af
whereas the orientifold involution o is acting as

Type IIB with 03/07-planes:
Type 1IB with O5/09-planes:
o ifi=1,2,3

Type ITA with O6-planes: _ .
—xt ifi=4,5,6

The complex structure parameters 7; are given in terms of the holomorphic 3-form by

Q = (dz' + inda®) A (d2® + iredz®) A (dz® + iT3da®). (3.21)

Then, a suitable cohomology basis is given by

ag = dzt A dz? A da? Bo = dz* A da® A da
By = da* A da? A da?
B = da* A daz® A da®

ap = dz' Ada® A dab
g = dz* A dx® A dab

as = dz* Ada® A da? Bs = da* A dz? A da®
w1 = —dat A da? &1 = dx® Ada® Adx® A dx®
wy = —daz® A dad Gy = dz® A dzb Adet A dat
wy = —da A dab &g = da?® A da® Adat A dat
and the holomorphic functions F; read
Fo = T1T2T3, Fi = TjTk, (3.22)

with ¢ # j # k. Note that Fy acts as a prepotential for the F;. This is again reminiscent of
the A/ = 2 special geometry.

Note that for Type ITA orientifolds, consistency of the metric (3.17) with the orientifold
involution implies
(Im 7;)ra =0, (3.23)
and each sub-torus has a square lattice with 7; = R} /R] and A; = R} RJ, being R), and R}
the size of the lattice vectors. Thus, in this case egs. (3.5), (3.14) and (3.15) become

S =e ’RR.R) + iCis, (3.24)

Y

Ui =e *RLRIRY — i/O;; ABi i #jEk, (3.25)

2 p3

Y

T, = R}R] +i/Bg A @i (3.26)
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On the other hand, for Type IIB one has that h(j’l) = h(f’?) =0 and

(B2)us = (C2)us = 0, (3.27)

and eqgs.(3.8)-(3.10) become

S=—ir=e?+iC, (3.28)
T, = e PA; A — i/C4 Aw;  i#j#k, (3.29)
Uy = 7. (3.30)

With this, the Kéhler potentials for Type ITA and Type IIB orientifolds, egs. (3.7) and

(3.12), take exactly the same expression

3 3
Krra=Kip=—log (S+5%) = log (U; + U;) = Y _log (T; + T;). (3.31)

=1 =1

For toroidal orientifolds, mirror symmetry has a very simple realization through T-duality [80].
Indeed, one can construct the operators M, = T1T5T5 and My = T1T5T5T,T5Ty consisting

respectively on T-dualizing along the z!, 22, 23 or along the z', 22, 23, %, 2°, 25 directions?.

The action of the T-duality operators is given by the Buscher rules [81, 82], which for the
metric (3.17) imply

T.

C:EO(L,,OLP = Cal...ap; (332)
Re T] —¢ ij —¢
—_— — . 3.33
Re T ¢ ¢ ( )

Thus, the mapping of Table 3.1 between MX and M K jg automatically accomplished by

M. More concretely, the following picture arises

Type IIB with O3/O7-planes M, Type ITA with O6-planes
M;lT l/vu (3.34)

—1
Type IIB with O5/09-planes M Type ITA with O6’-planes

where we have denoted by "Type ITA with O6’-planes’, the toroidal orientifold with involution
o such that the O6-planes wrap the directions x4, 2%, 2® (that is, # = £7/2 in eq. (3.1)). The

2Since the different T-duality operators do not commute, one has to take some care with the order on
which the T-dualities are performed. In particular, performing three T-dualities with a given ordering or
with the opposite one exchanges the sign of the RR fields, so the same results are obtained up to a (—I)FL
transformation. Since the action is invariant under (—1)¥L this do not introduce new physics. In other words,
one can equally act with M;l, instead of Mji, to go from Type IIB with O3/O7-planes to Type IIA with
O6-planes, however we find M more suitable for our conventions since it leaves invariant the axiodilaton S.
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inverse operators M; " and M, ' are defined in the same way than M; and My but with the
opposite ordering for the T-dualities.

Up to here we have not considered the possibility of having background fluxes for the
RR and NSNS field strengths. Indeed, having such backgrounds in general will modify the
topology of the original manifold in such a way that some of the original moduli are lifted
from the massless spectrum. The precise realization of the moduli stabilization in the effective
low energy limit will be described in Chapter 5. However, before moving to this point, let

us continue reviewing the necessary tools for embedding the Standard Model in String Theory.

3.2 D3/D7-branes at orbifold singularities.

Once supersymmetry is reduced by the special holonomy of the internal manifold to N = 1,
the following step towards embedding the Standard Model into String Theory is to achieve
chirality in four dimensions. The literature on the topic is extensive: intersecting D-branes [9,
10, 11, 12, 13], heterotic and Type I compactifications [4, 83], magnetized D-branes [84, 85, 86],
D-branes at singularities [14, 15, 16]... all of them related among themselves by a rich network

of dualities.

Here we will briefly overview the natural setup arising on Type IIB orientifolds with O3/07-
planes, i.e. configurations of D3 and D7-branes placed at orbifold singularities; whereas in the
next section we will describe the corresponding mirror configurations of intersecting D6-branes

arising in Type ITA orientifolds.

We will consider stacks of N3 D3-branes and N; D7-branes in flat space filling respectively
the directions 0 to 3 and 0 to 7. From the point of view of the worldvolume, open strings
whose ends rest in the D3-branes will induce a ' = 4 U(N3) Super Yang Mills theory, whereas
strings placed between the D7-branes will induce a N' = 2 U(N7) Super Yang Mills in the
eight dimensional worldvolume. There will be in addition a crossed sector made of open strings
laying between the D3 and the D7-branes and preserving N' = 2 in four dimensions. Thus
the complete setup in flat space constitutes a 1/4 BPS configuration with several 1/2 BPS

subsectors.

An easy way to check the field content of the worldvolume theory is by solving the open
string quantization equations derived from the non-linear o-model. In fact, varying eq. (2.1)
with respect X* gives rise to3

ViXH =0 (3.35)

3 Analogous equations for the fermions could be obtained by the same procedure or by supersymmetry

arguments.
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and, corresponding to the surface term of the variation, the boundary condition
(G 0o X + (v = By )0- X*]|5Z5 = 0, (3.36)

with F,, = 0,4y — OpAa + 1[Aq, Ap] the gauge field strength.

Note that D-branes are non-perturbative BPS configurations so its classical mass spec-
trum do not receive quantum corrections [3]. Thus, although we will solve the spectrum in
the o’'/2R;! < 1 limit, this will remain untouched when one takes into account the complete

String Theory.

For the particular case of open strings whose extremes are laying in the D3-branes, the

boundary conditions (3.36) become

Xt =0 >3
o=0,1 a , (3.37)
9, X0 =0 p=0...3

and the solution is given by the mode expansion (at zero momentum) [87]

oo
Xt = E n2ake™ " cosno pw=0...3,
n=—oo
= o
XM= E n~Y2aMmeT " sinno 4+ Y™ — m=4...9,
T
n=-—00

with Y parametrizing a possible separation between the branes in the transverse direction.

By N = 1 worldsheet supersymmetry we expect for the fermionic fields the expansion

Uh = Z dtemin(ro) nw=0...3,
T=4 Y dpe o) m=4...9,

for the R sector, and an analogous expansion for the NS sector with the modding shifted by 1/2.

Acting with the ladder operators o and d, we can construct the different target space fields,

with masses given by the mass operator

Y2
/ 2 __
M= g TN
N = Zna_nan—i— Z (n+v)d_pn_pdnio.
n>0 n+v>0

Here v = 0 for the R sector, whereas v = 1/2 for the NS sector.
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After applying the GSO projection, the massless states in the worldvolume of a stack
of D3-branes are hence given by a U(N) gauge boson A* = d‘il/2|0 >ngs with R-symmetry
charges (0, 0, 0), six adjoint real scalars ¢™ = dil/Q |0 >ns with R-symmetry charges (1, 0,0),
(0,41,0) and (0,0,41) and four adjoint fermions %, i = 1...4 with charges %(—7—7—)7
%(—, +,+), %(4—, —,+) and %(—l—, +, —), which conform an ' =4 U(N) SYM vector multiplet
in 4 dimensions, as previously advanced. Note the nice interpretation of the 6 scalars of N' = 4
SYM as moduli fields with vevs parametrizing the position of the D3-branes in the transverse
space. For further reading about the moduli structure of N = 4 SYM, we refer the reader to
Appendix B.

Similar arguments can be applied in order to find the rest of the low energy spectrum,
being given by a N' = 2 U(N7) SYM vector multiplet in the eight dimensional worldvolume
of the D7-branes and a N' = 2 hypermultiplet transforming in the (Na, N7) + (N3, N7) of
U(N3) x U(N7) for the crossed sector. Here, however, a new ingredient emerges in the scene.
Since we are only requiring SO(3,1) Poincaré invariance, in principle there is no reason to
avoid the presence of a non trivial background for the antisymmetric tensor B, — F},, in the
worldvolume coordinates transverse to Minkowski*. Having a background for By or F; in the
worldvolume of a D-brane modifies the boundary conditions for the open strings accordingly
to eq. (3.36), inducing in this way a non trivial potential for the fermions and scalars living in
the worldvolume of the branes. Details about the shape of the flux induced effective potentials
will be found in Chapter 6

To illustrate the effect of the By — F» background in the low energy spectrum for the crossed
sector, let us consider a factorable background with components (B — F)45 and (B — F)s6.%

The boundary conditions for the D3-D7 strings are then given by

Xr=0 pu>3

O'ZO 9
0o XP=0 pu=0...3
Xt =YH n=2~8,9
o=7 9,X,+iB%%-X,=0 a=1,2
Dy XM =0 p=0...3

where Bl = (B — F)4s, B? = (B — F)g7 and the complex structure is fixed through Xj =
X4 +iX®%and X5 = X6 +iX".

4 Actually something similar happens for the metric, being the most general allowed background given by a

warped metric.
5Note that the T-dual picture of this configuration is analogous to a configuration of D7-branes with an

additional 1/2 twist corresponding to the D3-branes, which can be interpreted as coming from an infinite
magnetic background in the directions 4 to 7 of the worldvolume of some of the D7-branes.
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Proceeding as before, we construct a mass operator
2

A2/

o M? =

+ N+ Z(aurctaun B' + arctan Bé), (3.38)
T

with

N = Z no_p oy, + Z (n+v)d_pn_pdpivt+
n>0 n+v>0

+

1
a a a a a a a_ a a
+ E [E (T+04_T+Oér+ +troaz,_ ar,) + ; arctan B a—(l/w) arctan Baa(l/ﬂ') arctan B@
=13 Lr>0

+ Z [Z((Ti + V)dgr+7udg++v + (Ti + V)dgr,fvdg,Jru)_'—

a=1,2 Lr>0
1 a a a
+5l’,0(; arctan B )d—(l/ﬂ') arctan Bad(l/ﬂ') arctan B¢

and

1 1
$=nt|——arctanB*+ = | .
ry=n < — arctan 2>
Hence, in absence of flux there is a degenerate ground state generated by the ladder
operators dj and d3. The degeneration then can be broken by the background fluxes. In that
case the lightest excitations of the NS sector are given by the massive complex scalars

2
(=) M? = 2;’7‘1’ (arctan iBy5 + arctan iBq1) + 747;;0/)27
(+-) M? = L(aurctam iBgs — arctan iBq1) + Y

2a/ T 4772(0/)2’
(—+) M? = L(aurctam iB11 — arctan iBo3) + L

2a/ T 4772(0/)2’

2

(++) M2 = — 20}% (arctan iB;1 + arctan iBy3) + 47;;70/)2, (3.39)

although only the states (++) and (——) survive to the GSO projection®. Note that for Y =0
and non-supersymmetric fluxes one of the NS scalars is always tachyonic. Finally, in the R

. . 2
sector two non-chiral fermions of mass M2 = M;?T,)Q are found.

Up to here we have performed an analysis in flat space. Now one would like to impose the
orbifold and orientifold projections in order to reduce the supersymmetry to four dimensional
N =1 and to obtain chiral fermions. With this aim, we will consider the above setup to be
placed at a R®/T" singularity in a toroidal orientifold, with I' C SU(3) acting as a discrete
group of holonomy. For easiness here we will restrict ourselves to the case I' = Zn. The

generalization to more involved orbifold groups will be immediate [14, 15].

6Tn the same way, one could select the states (—4) and (4+—) by considering D3 or D7-branes.
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The Zy action can be fixed through its effect on the fermions living inside the D3-branes

’Q/Jk e27riak/ka,

ZN

withk=1...3and )7, ax =0 mod N soI' C SU(3) and the setup is N = 1 supersymmetric.

By worldsheet supersymmetry one can obtain the induced transformations in the remaining
worldvolume fields. In particular, for the three complex scalars living in the D3-branes one
finds

o™ eQﬂ'ibm /N o™
Zn ’
with m =1...3 and by = az + a3, bo = a1 + as, bs = a1 + a2. One could proceed analogously

for the rest of the worldvolume fields.

The Zn group will act as well on the Chan-Paton indices. The embedding is usually fixed
by the matrices

vo.3 = diag(L,,, ez’ri/NInl, A ezm(N*l)/NIanl),
Yo7 = diag(Ly,,e*™/N1,,, ... e?™N-DINE, o) for by = even,
yor = diag(e”i/NIuo,eﬁm/NIul, L e2m’(2N—1)/NIuN71) for by = odd,

with 6 the Zxn generator. Thus, the Chan-Paton factors in the different sectors of the setup

transform as

—1

A33 — 76,3A337p 3
ZN ’

1

A77 —— V0,7 AT Vg 75
ZN ’

—1

A37 — Y0,3A377p 75
N ’

—1
A73 — Yg,7A73Yg 3
ZN ’

and the gauge groups of the field theories in the worldvolume of the D3 and the D7-branes are
broken respectively to HZJ.V::“O_l U(n;) and HZJ.V;O_l U(u;). The invariant states of the spectrum
are given in Table 3.2. This provides us with a basic local setup to build up chiral N' = 1
gauge theories in the context of Type IIB String Theory.

It only rests to apply the orientifold projection. This can be naively done for setups of
branes placed outside the locus of the O-planes. In that case, the orientifold projection simply
imposes a Z5 identification of the fields due to o, and for each brane there will be a set of

mirror branes obtained under the action of o and 6.

Concerning the setups of branes coincident with the O-planes, the projected states in addi-

tion have to be invariant under the action o, 3 and v, 7 of the orientifold on the Chan-Paton



3. Embedding the Standard Model in String Theory 29

Sector Multiplet Representation
33 Vector mult. IL U(ni)
Chiral mult. S (M Pitar)
77 Vector mult. IL U(ui)
Chiral mult. i(Wi Witay)
37, 73 | Chiral mult. >oil(nisti_1q,) + (i, Mi_14,)] a3 even
Zi[(nivai—%(agﬁ-l)) =+ (uia ﬁi—%(ag-i-l))] az odd

Table 3.3: Spectrum of the D3-D7 setup at a Zy singularity.

factors. The U(N) gauge groups are then projected down to SO(N) with two-index antisym-
metric representations, or to USp(N) with two-index symmetric representations, depending
on the orientifold prescription. We refer the reader to [88, 89] for further details.

3.3 Intersecting D6-branes.

The second construction giving rise to four dimensional A" = 1 chiral field theories which we
would like to review here is the case of intersecting D6,-branes wrapping 3-cycles II, on a
factorized 6-torus. The 3-cycles are specified in terms of the wrapping numbers as

M, = (nt,ml) ® (n2,m?) @ (n2,m?). (3.40)

a’ a a’

Alternatively, one may use the angles of the branes with respect to the z* axis (i = 1,2, 3)
mflR;

tan 98 = —2Y.
a [ »13
n? R

(3.41)

Note in particular that the cycles IlIps = (1,0) ® (1,0) ® (1,0) and/or IIp7 = (0,1) ®
(0,—1) ® (1,0) are associated to the Type IIB mirror configurations of D3 and D7-branes
discussed in the previous section.

The massless spectrum can be computed in the same way as we did for the D3/D7-brane
system [90]. Each stack of D6,-branes will engender a N' = 4 U(N,) SYM theory in four
dimensions. In addition, at the intersection between two stacks of D6,-branes and D6;-branes

there will be open strings satisfying the boundary conditions

sin HZBUXi —cos 9, X3 =0,
sin 9;&Xi+3 —cos X' =0,
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for 0 = 0, and similar for ¢ = 7 with @ — b. Such conditions lead to twisted states analogous
to the ones encountered in the previous section for the D3-D7 strings in presence of By — Fy

flux. In particular, the mass of the GSO projected states can be recast as [90, 91, 92

3
(r+v)?2 1 1
o/ Mgy = Nioa(0) + 5 = 5 + 5 D |6:l(1 = [6i]), (3.42)
i=1

being Np,s(0) the contribution from the bosonic oscillators, irrelevant for our discussion here,
and v a 4-dimensional vector whose i-th entry corresponds to 6%, = (6, —6")/m (and the fourth
one equals to 0). The components of the vector r then takes values in Z or Z + %, labelling

the states of the NS sector or the R sector respectively.

The lowest states of the spectrum are thus given by a chiral left-handed fermion in the
bifundamental representation (N,, Nj) of U(N,) x U(Ny), and four real scalars with masses
given in Table 3.4.

v+ o' M?
(61 —1,62,603,0) (=01 + 02+ 6°)
(61,05 —1,63,0) 101 — 05+ 6°)
(601,02,03 —1,0) (601 + 62 — 6%)
(01— 1,00 —1,05—1,0) | 1 — (61 + 62+ 6%)

Table 3.4: Lowest scalar states for the D6,-D6; intersection.

Note that for certain angles the scalars may become tachyonic, signaling an instability
against recombination of the branes into a single one. In other cases, the angles may be such
that some of the scalars become massless and part of the supersymmetry is preserved by the
intersections. More concretely, when just one of the scalars is massless the brane intersec-
tion will preserve N' = 1 supersymmetry in four dimensions and the scalar will be arranged
together with the chiral fermion to form a N = 1 chiral multiplet. Thus, a priori no extra

orbifold twist is required in this case to reduce the supersymmetry.

In general, the cycles II, and II, will intersect several times, as given by the intersection
number
L, = [[(nmi, = miny), (3.43)
i

and hence there will be I, replicas of the spectrum.

With respect to the orientifold projection, one has something similar to what we saw in
the previous section for the setups of D3/D7-branes. Thus, for D6-branes outside the locus of

the O6-planes the effect of the orientifold is exclusively due to the o involution and for each
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brane wrapping a cycle Il,, there will be a mirror brane wrapping the cycle

IT; = (ng, —mg) ® (ng, —mg) @ (ng, —mg). (3.44)

Open strings in the ab* and aa* intersections will lead respectively to I« chiral fermions
in the (Ng, Np) of U(N,) x U(Np) and to I,e+ fermions in symmetric or antisymmetric repre-
sentations [86, 84].

Concerning the branes at the locus of the O6-planes one has in addition to impose the
orientifold projection on the Chan-Paton factors, as occurred in the previous section. In that
case, the gauge groups again get reduced to SO(N) or USp(N), depending on the prescription
for the O-planes.

3.4 Anomalies and Tadpole Cancellation.

One of the very attractive features of String Theory for describing our real world is that con-
sistency of the theory in ten dimensions usually guarantees the absence of pathologies for the
field theories living inside the D-branes. More concretely, the cancellation of the non-abelian
anomalies is automatically ensured once the tadpole cancellation conditions for the RR closed
string modes are satisfied [89, 92]. On the other hand, the mixed U(1) anomalies are cancelled
thanks to a combination of the RR tadpole cancellation conditions and the Green-Schwarz
mechanism [93]. The explicit realization of these mechanisms is model dependent. Here we

will overview how the cancellation is achieved in the setups of the previous sections.

In a quiver theory, the cancellation of cubic non-abelian anomalies for the a-th node reads

> LNy =0, (3.45)
b
with I, the number of bifundamentals (N,, N}) of U(N,) x U(N).

For configurations of D6,-branes this condition has a direct interpretation, being I,; the
intersection number defined in eq. (3.43). In that case, eq. (3.45) is automatically satisfied
once cancellation of the global charge associated to the RR 7-form in the compact manifold

is imposed. This is equivalent to require the condition
> N, [M,] =0, (3.46)

with [II,] the homology class corresponding to the 3-cycle II,. Then, one may check that in
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terms of the wrapping numbers eq. (3.46) reads

1,23 _ 1,,2,.3 _
E Ngnngn, =0, E Ngn,mzm, =0,
a a
1,23 _ 1,23 _
E Nymynzn, =0, E Nym_nzm, =0,
a a
1,.2.3 _ 1,23 _
E Ngn,mzn, =0, E Nym_mzn, =0,
a a
1,23 _ 1,,2,.3 _
E Ngn,n;m;, =0, E Nym,m;m; =0,
a a

and the left hand side of eq. (3.45) automatically vanishes.

For D3/D7-branes placed on top of orbifold singularities the mechanism is analogous, but
the role played by the untwisted RR 7-form is now played by twisted fields. Indeed, for the
chiral spectrum of a D3/D7 configuration, eq. (3.45) reads

Z("Haa + Nia,) + Z(ui-i-%bT —u;i1,) =0, (3.47)

where we have generalized the configurations of Section 3.2 to consider all the three possi-

ble kinds of D7,.-branes, filling everything but the r-th complex plane transverse to Minkowski.

The twisted tadpole cancellation conditions for D3/D7-brane configurations are given
by [89]

3 3
(][ 2sin(rkb, /N)Tryge 5] + 2 sin(mkb, /N)Tryge 7, = 0. (3.48)

r=1 r=1

Then, substituting

N
1 —2mikj /N
nj = NEG TRIN Ty 5,
1 N
Uj = N Z eizﬂij/NTI'")/gk)';,

into (3.48) and performing some algebra, the cancellation condition (3.47) is trivially satisfied.

Concerning the cancellation of U(1) mixed anomalies, there are some subtleties. Indeed,
the amplitude for the U(1), — [SU(Ny)]? triangle diagram is given by

1 1
Aab = §6ab ;Nc‘[bc + §NbIab7 (349)

so just the first piece will vanish due to the tadpole conditions. In order to ensure a complete

cancellation of the mixed gauge anomaly a generalized Green-Schwarz mechanism is required
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in the game. Diagrams not cancelled through the tadpole conditions are cancelled by stringy
diagrams on which there is an exchange of closed string untwisted modes for D6-branes, or
twisted modes for D3/D7-branes. For the sake of clarity, here we will describe only the ex-
change of untwisted closed string modes by intersecting D6-branes. Something analogous
should be expected for configurations of D3 and D7-branes.

The D6-brane action contains the following relevant piece [92]
/ (Cs AN Fy ANFy+Cs ANF,) = Z/ [p’}(lm Ul)Fa A Fy+ N,3CP AF|, (3.50)
D6 I My

where Uy = —S corresponds to the axiodilaton, U; are the complex structure moduli and
C§2) = f[HI] C5. The coefficients (cf, p}) are defined as

1,23 a 1.2, 3 a __ 1.2 3 _ 1,2 3
cy = mymym;, ¢ = myn;n,, Cy = N m_ny, C3 =N, n;m,, 3.51
_ 1.2 3 a__ 1,2 3 a_ 1.2 3 a__ 1 _2 3
Po = NgNgNg,s P =nmgmg, P2 =mn,mg, Pz =m,mn,. (3 52)

The Green-Schwarz mechanism guarantees then that the residual U(1) mixed anomaly is
cancelled through the exchange of closed string geometric moduli due to the couplings (3.50),

ie.

F? F?

F! F!
Indeed, the amplitude for the second diagram is
No > pict = Nala, (3.53)
I

which precisely cancels the residual mixed U(1) anomaly of eq. (3.49).

The potentially anomalous U(1) becomes massive and remains as a global symmetry of

the low energy effective theory [94, 95, 96]. In fact, rewriting the coupling C’;Q) A F% as
Ngct

N,c%
el v (402 2 — 2 (1 )97 0, () (3.54)

and making use of the equation of motion for dC;m
(dC2 VP = —Noc§et"?? (Aq + 9, (Im Uy)),

one arrives to a Stiickelberg’s mass term for the vector boson A®

a\2
_%(Ag + 8, (Im Up))>.
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Taking a basis {Q,/N,} for the generators of the different U(1)’s, then the linear combi-
nations of gauge bosons which remain massless after the Green-Schwarz mechanism are given

by the solutions to the equation [92]

> faQa _ (3.55)

3.5 Model building without fluxes.

Based on the above ideas, and on other possibilities not discussed here, a lot of semirealistic
models with chiral content and gauge group similar to the ones of the MSSM have been pre-
sented in the last years. Although the models are clearly on the road of the Standard Model,
they usually involve some extra U(1)’s or hidden sectors, and in particular a fully realistic

model still has not been achieved.

Here we will present a couple of examples based on the ideas of this chapter and which are
representative of the effort done during the ’pre-fluzed’ era of the model building. All these
models have in common two major pathologies: the lack of a non trivial scalar potential for
the closed string moduli, giving rise to a whole set of massless scalars in the spectrum; and
the absence of a non-trivial scalar potential for the open string moduli, in particular for the
Higgs(es), thus lacking a (controllable) supersymmetry breaking mechanism. The addressing
of these two problems by considering backgrounds for the closed string modes will constitute
the bulk of this thesis.

3.5.1 Model 1: D3/D7-branes on a 73 singularity.

We will reproduce here one of the models of [15].The basic idea to get the Standard Model
group is to consider a stack of D3-branes placed on a Z3 singularity plus three stacks of
D7-branes, each one wrapping two different complex planes in the transverse directions to

Minkowski, as illustrated in Figure 3.1.

The twisted tadpole conditions (3.48) for this configuration read

Trvye,7, — Tryg. 7, — Trye,7, + 3Trye,3 = 0, (3.56)
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Y2

Y3

Y1

3D7.

3D73

3D7;

Figure 3.1: Local Type IIB Z3 singularity yielding the SM spectrum. Six D3-branes sit on
top of the Z3 singularity. Twisted tadpoles are cancelled by intersecting D7-branes with their
worldvolume transverse to different complex planes.

which can be solved through the Chan-Paton embedding

I3
76,3 = aIQ )

Yo,75 = —Vo, 1, = —V0,75 — aly ;
04212

with o = e27/3,

This gives rise to a SU(3) x SU(2) x U(1) gauge theory living in the worldvolume of the
D3-branes, plus three U(1) x U(2) hidden sectors in the D7-branes. The matter content is
depicted in Table 3.5. Note the remarkable similarity to the Standard Model spectrum.

The only anomaly free combination of U(1)’s

V= —(3@+ 5@+ Q) (3.57)

corresponds to the hypercharge, which arises from the 33 sector.

One may embed this local setup into a T°/Q,(—1)f20Z5 toroidal orientifold. This has
27 orbifold fixed points labelled by (m,n,p), m,n,p = 0,+1. Among these, only the origin
(0,0,0) corresponds to a fixed point of the orientifold involution ¢ and holds 64 O3-planes.
Thus, in order to cancel the untwisted tadpoles, it is required the presence of 32 D3-branes
accommodated among the different orbifold and orientifold points. Some of these branes in

the orbifold points will correspond to the D3-branes of the above local setup containing the
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Matter fields ‘ Q3 ‘ Q2 ‘ Q1 ‘ Qu'{ ng Y ‘
33 sector
3(3,2) 1 -1 0 0 0 1/6
3(3,1) -1 0 1 0 0 |-2/3
3(1,2) 0 1 -1 0 0 1/2
37, sector
(3,1) 1 0 0 -1 0 -1/3
(3,1;2") -1 0 0 0 1 1/3
(1,2;2") 0 1 0 0 -1 -1/2
(1,1;1%) 0 0 -1 1 0 1
7,7, sector
3(1;2) 0 0 0 1 -1 0

Table 3.5: Spectrum of the SU(3) x SU(2) x U(1) model.

Standard Model sector. On the other hand, to cancel the global charge of D7, one has to
add the same number of D7-branes as D7-branes. Unfortunately, the presence of D7-branes
leads to instabilities such as non vanishing NS tadpoles or partial annihilation against the
D7-branes. These are always difficult to manage and rest attractiveness to the model. We

refer the reader to [15] for a concrete example of global embedding along these lines.

3.5.2 Model 2: Four-stacks model of intersecting D6-branes.

The simplest models of intersecting D6-branes containing the same chiral content than the
Standard Model are made of four stacks of branes. These may be conveniently labelled as
baryonic, leptonic, left and right stacks, with respective multiplicities N, =3, Ny =1, N, =2
and N. =1 [95, 97, 98]. The disposition of the Standard Model fields at the different inter-
sections is depicted in Figure 3.2. In some cases, as in the model presented here, the baryonic
and leptonic branes have the same wrapping numbers, thus giving rise to a very symmetrical

configuration.

We will consider here the setup of D6-branes of Table 3.6 placed in a simple Type ITA
toroidal orientifold 7°/Qp(—1)f2o. In addition, there will be some mirror branes under the
o involution accordingly to eq. (3.44). The left brane will be considered to be coincident
with the orientifold plane so, due to the orientifold projection of the Chan-Paton factors, it
will engender a SU(2) group instead of the usual U(1).” This model was first presented in [98].

7 Another flat direction of this model consists on making the right brane to overlap as well with the orientifold

plane thus giving rise to a left-right SU(2), x SU(2)r supersymmetric model.
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b- Left c- Right
i gluon

a Baryonic
AY%L U,.Dg
;; w
d- Leptonic uQ)
L
P e,
u(Q) SE

Figure 3.2: Schematics of the SM fields at the intersections in a model of four stacks of
D6-branes.

N; | (nl.m}) | (n2,m2) | (n2,m?)

Ny +Ng=4 (1,0) (3,1) (3,-1)
Ny =1 (0,1) (1,0) (0,—1)
N.=1 (0,1) (0,-1) (1,0)

Table 3.6: Wrapping numbers of a four stack model of D6-branes holding the same chiral
spectrum than the MSSM.

Each intersection preserves a AN/ = 1 supersymmetry, and thus one of the scalars of Table
3.4 remains massless at each intersection. The condition for all the intersections to preserve

the same A/ = 1 supersymmetry than the orientifold planes is then

ng;
Zarctan i | =0 (3.58)

which leads to 71 = 79 = 73.

The gauge group, after splitting the baryonic and leptonic branes, is given by U(3) x
SU(2)r x [U(1)]?. Now, by making use of eq. (3.55), one observes that one of the U(1)’s
becomes massive through the Green-Schwarz mechanism and the final group at low energies
becomes by SU(3) x SU(2), x U(1)r x U(1)p—1.

The chiral content of the model can be easily computed, resulting to be the same than
in the MSSM: three generations of quarks and leptons with right-handed neutrinos and two
doublets of Higgsses living between the left and right branes.

One may embed this local setup into a global Type ITA toroidal orientifold. Naively, in or-



38 3. Embedding the Standard Model in String Theory

der to cancel the D6-brane tadpoles along the nmm directions without introducing D6-branes,
one is enforced to consider an extra orbifold symmetry, such as in the Zy x Z example dis-
cussed in Section 3.1. We will see however in Section 7.2.3 a different approach which makes
use of closed string backgrounds in order to cancel the tadpoles and at the same time stabilize
all the moduli of the compactification.



Chapter 4

Type 11 Supergravity and Flux

Compactifications.

A good understanding of the low energy limit is required in order to gain some insight into the
structure of String Theory. Thus, on this chapter we turn into the task of describing the two
ten dimensional N' = 2 supergravities which arise in the low energy limit of Type II String
Theory. These are usually denoted as Type ITA and Type IIB Supergravity, depending on

whether the two supercharges have different or the same chirality.

New degrees of freedom in the compactifications of Chapter 3 will appear, consisting on
non-trivial backgrounds for the RR and NSNS field strengths along the cycles of the internal
manifold. These background fluxes will determine the low energy dynamics of the theory
through changes in the topology of the internal manifold, thus revealing interesting properties
for addressing some of the pathologies described in the previous chapter.

4.1 Type 1IB Supergravity.

As mentioned, in this case the two supercharges have the same chirality. The field content
can be obtained by decomposing the product of them in terms of irreducible representations
of the little group SO(8)

(8y +8:) ® (8y +8:) =(1+ 28+ 35, +28+35:)p + (85 + 85 + 565 + 565) 5.

This corresponds to a graviton h,,,, a complex axiodilaton 7 = C +ie~?, a complex three-form
F5 = dAs, a self-dual 5-form F5 = dAy — (k/8)Im(A2 A Fy), a complex Weyl gravitino ¢y
(v¥amr = —9pr) and a complex Weyl dilatino A (yA = A). Note that we have taken a different
definition for the axiodilaton than in eq. (3.8). Both conventions may be related through

39
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S = —it plus an extra (—1)fT transformation. On this thesis we will use 7 when talking
about the ten dimensional supergravity, and S when doing about the moduli space of the

compactification.

The equations of motion and supersymmetry variations of Type IIB supergravity were
deduced by Schwarz et al. in [99, 100] by a different method to the Noether’s procedure
described in Appendix A. Basically the method consists on deriving one of the equations of
motion making use of the SU(1, 1) non-perturbative symmetry of the theory. Then, applying
the supersymmetry transformations and imposing the closure of the algebra, the rest of the

equations can be obtained.

The supersymmetric variations for the fermions are given by

SA* = —éymp,;;ﬁ iG*e*, (4.1)
X0 L D Z.Q + ! mnopd fr L Ge* 1G * (4.2)
r = _ r— F&r | € “on mno r€ — VG e€ — <o m€ .
K 2 1430 SEAET g
with G = %Gmn,ﬁ P G3 = f(F35 — BFy), € = €1 + iez the complex Weyl supersymmetry
parameter (I'e = —¢) and
Py :f2ava Qm :f21m(B8mB*)v
Lt
B— T f2=1-BB+x.
1—ar

In order to relate these quantities with the ones which usually appear in String Theory it

is common to make the redefinitions [82, 101]

. N 1/2
. Gs 147
G G 4.3
3_)Zm/ImT(1—”> > “3)
4I<LF5 —>gF5, (44)

2 (271')7 2 /4

and to work in SL(2,R) ~ SU(1,1) covariant variables. In that case € ( ) The SL(2,R)
group is generated by
11 0 —1
S = , Sa= , S3=
b
Thus, in general an element A = “ 4 € SL(2,R) with ad — bc = 1 will act non-
c
perturbatively on the Type IIB fields as
aS —ib
By - dBy+cCy , Cy —bBy+aCy , Cy— Cy. (4.6)

N
icS+d
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In particular, &; will correspond to Peccei-Quinn symmetries S — S — i, Sy to S-duality
transformations

S — % , CQ — —Bg y Bg — Cg , C4 — 04, (47)

and S3 will be associated to the generator of the R-symmetry group U(1) C SL(2,R). At the

quantum level, the fields in general will be quantized over the cycles of the internal manifold,
and only a subgroup SL(2,Z) C SL(2,R) will survive [102].

Making use of the redefinitions (4.3)-(4.5) and working in the Einstein’s frame! on which
the Einstein’s term has the canonical normalization, it is possible to rewrite the equations of

motion of [100] as?

dFs = %gsag AGE, (4.8)
U (Let0,r) — 2e209mC0,r = LGppGm (4.9)
2 m 2 m 24 mnp )
B = 260,70, 4 20,7 0,7 + %2 F, st
mn 4 m mn 4 m n 96 mqrstd'n
gS ES * 1 * T
+ ) (Gmqunpq + GGy — Egmnquerq ) , (4.10)
d*x ReGs = Fs A Hs, (411)
with
FgZdOQ, HgZdBQ,
1 1
F5=d04—502/\H3+§BQ/\F3, G3 = F3 — 7Hj3,
and where the prescription for the hodge dual operation * is the common one used in super-
gravity
_ 1 Vi...UV.
*Alu‘l---l—l'dfp - _|€;L1...;Ld,p pAyl...up- (412)

Although a manifest Lorentz covariant action for these equations cannot be written, one
can always write an action supplemented by the on-shell condition F5 = *F5 for the five-form
field strength [103, 104]

1 e2¢ 1 1
S = — [ dV2(=G)Y?*|R— — 0,70 — —e*Gs - G5 — —F2] +
e 212 (=6)""1 2 ™ ¢ s G~ 5]
1The Einstein and the string frames are related by a re-scaling of the metric as (gst)mn = gi/z(gE)mn.

This induces as well a re-scaling of the Dirac algebra i} = 9;1/47’5 through the relation {y™,y"} = 2¢™".

2We only present here the equations more involved with our work.
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Then one can apply the usual Euler-Lagrange procedure® to recover the equations (4.8)-
(4.11).

The theory as well can be formulated in terms of the dual field strengths F5, *F3 and *F,
exchanging in this way the equations of motion and the Bianchi identities with respect to the

ordinary formulation. In that case, one defines the potentials Cs and Cg through the relations

— % Re G3 = dCg — H3 A\ (C4+%Bg/\02) , (4.14)
—x Re dT:d08—H3/\06, (415)

which result useful in the context of D-brane actions, as we will see in Chapter 6. In addition,
in order to recover the SL(2,R) symmetry in the dual formulation one has to include new
potentials C§ and Cs [105, 106, 107]. Indeed, it happens that Cg comes in a SL(2,R) triplet
of 8-forms (Cg, C4, Cg) transforming as

/ s / A
Co G ) ) (G O AT (4.16)
Cs —Cj Cs —Cj
with A € SL(2,R). Since these potentials correspond to the dual of the axiodilaton 7 in th

ordinary formulation of the theory, it will be required a constraint among the field strengths

so that there are only two propagating degrees of freedom.

4.2 Type ITA Supergravity and Romans Supergravity

We can proceed as in the previous section with Type IIA supergravity. On this case the
two supercharges have different chirality and the product of them in terms of irreducible

representations of the little group becomes
(8y +8:)® (8y +8¢') = (1 + 28 + 35, + 8, + 564 )p + (85 + 8’ + 565 + 564’ ) .

This corresponds to a graviton h,,, areal scalar ¢, a real three-form H3 = dB», a real two-form
F> = dA,, areal four-form Fy = dCs5 — H3 A A1, a complex Weyl gravitino ¥ (v = —43,)

31t results useful to derive a symbolic procedure in order to take the Euler-Lagrange equations of a expression

written in language of forms. The rule consists in taking

oL _, oL

9Cn — 9(dCn)’
where L is expressed in such a way that on each wedge product of forms Cy, and dC), are on the left hand side
of the product. The partial derivatives are then symbolically defined through
0
9Ch,

(CaNAp) = Ap,

)
d——"(dCn A A
8(d()n)( » A Ap)

(—1)"dA,.
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and a complex Weyl dilatino A (yA = A*). The decomposition admits as well a cosmological
constant term m. In that case, the field Bs eats the vector field A; and acquires a mass, in
a similar fashion to the Higgs mechanism. The arising supergravity is usually called massive

Type ITA supergravity or Romans supergravity [108].

Contrary to what happens in Type IIB supergravity, it is possible to write a complete
manifest Lorentz covariant action for Type ITA supergravity. This can be done by different
methods. The simplest one is through Kaluza-Klein reduction of the maximal supergravity in
eleven dimensions. However, doing so it is not possible to obtain the massive version of Type

ITA supergravity.

Here we will start with the results of Romans [108], written in the Einstein frame

1 1 e ¢ e3%/2m?2
— dP¥2(—G)Y2[R — =0,,00™¢ — —— (H3)? — ——— (By)?—
Sria =55 z(=G) 7[R 23 O™ ¢ 12( 3) 1 (B2)

B2 B2

T 2

1
mz]“l_m/[BQ/\dOg/\dOg‘i‘%BQ/\BQ/\BQ/\ng"’

2
+ 72”—032 A By A By A By ABo], (4.17)

with H3 = dB2 and Fy = dC3 + 3 B2 A Be. Note that in this picture By is massive. Then,
one can jump to the frame on which the degrees of freedom associated to the vector field A,

decouple from the ones of By by performing the gauge transformation

1 F.
By — By 4+ —dA; = =2, (4.18)
m m
1
Cg — Cg + B2 A Al — %Al AN Al. (419)

With this, the action (4.17) becomes, up to a total derivative,

1 10 1/2 1 m e ? g €392 2
/2 5¢/2 1
— 64—8(F4)2 — eng] +13 /[32 AdCs A dCs + %Bg A Bs A By A dCs+
m2
+ 2—032/\32/\32/\32 /\Bg], (420)
where
Hs = dBs, (4.21)
FQ = dAl + mBQ, (422)
Fy=dCs — H3 N Ay + %Bg A Bs. (423)

Ordinary Type IIA supergravity then corresponds to setting m = 0.
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From (4.21)-(4.23) one obtains the sourceless Bianchi identities
dHs=dm =0 , dF;=mHs , dFy;= F; N\ Hgs, (424)

whereas the rest of the equations of motion may be obtained by applying the usual Euler-
Lagrange procedure to eq. (4.20)

1 1 1
0= Rmn - §6m¢an¢ - Ee¢/2Fmpqunqu + Ege¢/2gmn(F4)2
1 _ 1 _
- € O Hypg Hn P+ TG ? Grnm (Hs)? (4.25)
L 3672 p L 36/ 21 54
26 FmpFn + 326 gmn(FZ) 166 Imn,
1 1 3 5
O:v2 __(;5/2F2 _7¢H 2__3¢7/2F 2 _ Y 2 5¢/2 4.26
0 = e 2(F0)? + oo (Ha)? = S92 (Fy)? — Jm2e2, (1.26)
1
0=d(e?x Hs) — SFaAFit e?2Fy A xFy + me®?/? « Fy, (4.27)
0 =d(e®/? «x Fy) — H3 A Fy, (4.28)
0= e?/2Hs A Fy + d(e3*/? « Fy). (4.29)

Finally, as for Type IIB supergravity, it may result useful to reformulate the theory in
terms of the dual field-strengths *Fy, *F5 and *m. Then, one defines the dual potentials Cs,

C7 and Cy appearing in the D-brane effective actions through the relations

€¢/2*F4:d05+H3/\03—%B2/\B2/\B2, (430)
_e3/2 4 :dC’7+H3/\C'5+2—nleg/\B2/\B2/\BQ, (4.31)
—e5¢/2*m:dC’9+H3/\C'7—1—7;032/\32/\B2/\B2/\BQ. (4.32)

4.3 Some representative solutions.

Numerous solutions to the equations of motion of Type IIA and Type IIB supergravity have
been worked out in the literature. On this thesis we will be mainly interested in the so called
Type B(ecker) solutions of Type IIB supergravity [58, 59, 60, 101] and the corresponding holo-
morphic monopole mirror solutions of Type ITA supergravity [61]. These represent respectively
the low energy behavior of the supersymmetric Type IIB orientifolds with O3/O7-planes and
Type ITA orientifolds with O6-planes described in Chapter 3.1. From the analysis of the
supergravity limit we will realize about the existence of new degrees of freedom on these ori-
entifolds, consisting on backgrounds for the RR and NS field-strengths along the cycles of the
compact manifold. These deform the geometry of the internal Calabi-Yau into more general
manifolds with SU(3) structure. Some of these deformations will break spontaneously the
supersymmetry to A/ = 0*, thus providing us with a controllable source for supersymmetry
breaking.
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4.3.1 Type B(ecker) solutions.

A general Type IIB background respecting SO(3,1) Poincaré invariance can be written as

ds? = Z(z™) "2, detdz” + Z(z™)V? ds’ oy, (4.33)

T=1(z™), (4.34)
Gs = %Glmn(xm) da'dz™dz™, (4.35)
xa = x(z™) da’dat da?da®, (4.36)
F5 = dx4 + *10dxa- (4.37)

The ten dimensional complex supersymmetry parameter is then decomposed accordingly
to SO(9,1) — SO(3,1) ® SO(6) as

e=£®x1+£ ®x3, (4.38)

so the A = 1 supersymmetry preserved by a Type IIB orientifold with O3/O7-planes is given
by

Note that through the breaking of N’ = 4 to A/ = 1 the orientifold is implicitly selecting a

preferred complex structure for the internal manifold.

Due to eq. (4.39), the terms proportional to € and €* in eqgs. (4.1) and (4.2) will be linearly
independent and in particular, will vanish separately for SUSY preserving solutions. Moreover,
the absence of a fermionic background, which would spoil Poincaré invariance, guarantees the

vanishing of the supersymmetric variations for the bosonic fields.

Let us start analyzing the conditions derived from the vanishing of the terms proportional
to €in (4.1) and (4.2) [101]. From A = 0 one obtains

" Prx1 =0, (4.40)
and thus the axiodilaton 7 is an holomorphic function in the complex structure selected by
the orientifold projection.

On the other hand, the vanishing of d%,, implies
D€ =0, xa =21 (4.41)

The first of these conditions is trivially satisfied since Poincaré supersymmetries are always
independent of z#, whereas the second equation establishes a relation between the warping
and the 5-form field strength.
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Finally, from the vanishing of §1,, one gets
- i

where D,), is the covariant derivative for dsZy . This is indeed a generalization of the condition
for existing a covariantly constant spinor xi in the internal Calabi-Yau manifold. Now the
covariant derivative contains an extra piece proportional to Q,,, which is not other but the
gauge field associated to the compact U(1) in the SL(2,R) non-perturbative group. With
this, the covariantly constant spinor is now given by Z'/®y; and thus the deformed manifold

is no longer Calabi-Yau but rather an SU(3) structure manifold with non-trivial torsion.

In fact, due to the effect of the warping, the complex structure J and the holomorphic

3-form  are no longer closed forms

dJ = %Z‘le AJ, (4.43)
dQ = ZZ‘le A Q. (4.44)

One may then read the torsion classes from (see e.g. [109, 110, 111])

3
dJ = §IH1 (Wlﬂ*) +WiNJT+Ws, (4.45)
dQ:W1J/\J+W2/\J+W;/\Q, (4.46)

with W a complex 0-form, Ws a primitive (W2 A J A J = 0) complex 2-form, W5 a primitive
(W3 AJ =0) real (2,1) @ (1,2)-form, W, a real 1-form and Ws a complex (1,0)-form.

Comparing with (4.43) and (4.44) it is easy to see that Wy = Wy = W5 = 0 and 2W2 =
3Wiy = (3/2)Z1dZ so the backreacted manifold actually corresponds to a conformal Calabi-
Yau. The amount of torsion is proportional to the fluxes and, in particular, making use of the

relation (4.41) it is possible to re-express Fj in terms of the torsion as
Fs =297 ' Z7 (1 + )Wy Ada® A da' A da? Ada® A da, (4.47)

in agreement with the results of [112, 113].

Concerning the vanishing of the terms proportional to €*, one has the conditions

le = Gijk = Gjij = O, (448)
Gy} =Gy = G35 =0, (4.49)
Gv'X; = Gy =0, (4.50)

implying that G3 is a primitive (2,1)-form (Gs A J = 0).
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Up to here, we have analyzed the vanishing of (4.1) and (4.2). This guarantees that the
conditions (4.40)-(4.42) and (4.48)-(4.50) correspond to a N = 1 solution of the Type IIB
supergravity equations of motion. Note that in particular the backreaction of a system of D3
and D7-branes satisfies these conditions. Indeed, this is given by a background of the form
(4.33)-(4.37) with [114, 115]

dsty = 2(dz'dz' + d2?dz?* + e~ ?dzdz), (4.51)
. N7

B N e (4.52)

T i i '

N3
1 1

Z=1-—) ——— 4.53
27r2zi:|f—fi|4’ (4:53)
Gs =0, (4.54)

and Fj determined through eq. (4.41). Here, &; are the position vectors for the D3-branes and
z; the positions of the D7-branes. As one would expect, the D7-branes source the axiodilaton
7, whereas the D3-branes source F5 and Z giving rise to an AdSs x S° geometry near the
D3-branes.

It may happen that the complete family of solutions is still more general than the con-
ditions (4.40)-(4.42) and (4.48)-(4.50) and thus involves some possible non-supersymmetric
deformations. With this aim, we will analyze in what follows the Type IIB equations of mo-
tion [37].

Inserting the metric background (4.33) into the sourced version of eq. (4.10)

—1/2 Gmnpémnp

=2 1
7 =7
v 12ImT

+ 22| 0 x 0™ X + amZ*lamZ*l} + %22*1/2@,:? — Ty,
(4.55)
and integrating over the compact Calabi-Yau, we arrive to a no-go theorem: the left hand side
vanishes whereas the flux and warp factor terms on the right hand side are positive definite,
so there cannot be consistent solutions with fluxes unless there are localized sources with ad-

equate tension.

Indeed, one can compute the stress tensor for a Dp-brane from its Dirac-Born-Infeld (DBI)

action. To leading order in ' it results to be
(T =T} = (7= p)T,6(), (4.56)

with T}, the tension of the brane and §(X) a delta function Poicaré dual to the (p — 3)-cycle
> which the brane wraps. Note how for p < 7, in order to avoid the above no-go theorem, it
is necessary to include localized sources with negative tensions such as orientifold planes. For
D7-branes the condition is apparently satisfied without negative sources, however when one

computes higher orders in o/, one realizes that there are actually instantonic D3-brane charges
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induced in the worldvolume of the D7-branes by the fluxes. As it will be shown in Section
6.2.2, these charges are precisely the ones which determine the dynamics of the D7-branes on

these orientifold compactifications.

Let us work out now the eq. (4.8). Plugging in our background ansatz one gets

1/2 Gmnp (+6G5) ™7

Vix =iz T + 227200 2 + 2622 P Ty (4.57)

and subtracting from eq. (4.55),

Z71/2
6Im7

~ 2
VHZTh = x) = iGy — #Ga)| +2°10(27" = x)I*+

1
+2K2771/2 g Th)'°° — Tspie|.  (4.58)

Therefore, making use of eqs. (4.41) and (4.56), we see that G3 is required to be an imaginary
self-dual (ISD) 3-form
*6G3 = iG3. (459)

This allows for the primitive (2,1)-form of eqs. (4.48)-(4.50), plus a (3,0)-form and a

non-primitive (1,2)-form
Grsp = Gy, © G300 ©Gaoye- (4.60)

The G(1,2),, piece is actually of the form J A7, with 1 a non-trivial closed (0,1)-form. This
component thus will be absent in a compact Calabi-Yau orientifold since, as we saw in Section
3.1, there are not such (0,1)-forms in its cohomology. The G 3,0y component on the other hand
will be proportional to 2 and in general will be present. Therefore, apart from the N =1
supersymmetric deformations due to G 1),,, Type IIB orientifolds with O3/O7-planes always

admit a supersymmetry breaking deformation through G'3 o).

Let us finally remark that the 3-form flux carries charge of D3-brane which enters in the
untwisted tadpole conditions. Indeed, integrating the sourced Bianchi identity for Fy, we ob-

tain

1
dF(5) e H(3) N F(3) + 2H2T3ploc

6

Since Q¢ is an integer, the integral of the fluxes over the 3-cycles of the internal manifold

must be integer as well [116]. This is consistent with the Dirac quantization conditions

1

2ma’

1

Here the flux density depends on the characteristic radius R of compactification as

(4.63)
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and thus, for sufficiently large radius or diluted fluxes, the tower of Kaluza-Klein states, which
goes as 1/R, will be much higher than the scale of G5 and it will be possible to discuss the
physics of fluxes by looking at the four dimensional effective theory. This will be the approach
of Chapter 5 for getting a deeper understanding of the structure of Type II toroidal orientifolds

with non vanishing fluxes.

4.3.2 Monopole solutions.

We have described in Section 3.1 mirror symmetry between Calabi-Yau orientifolds. Now
we have seen that the inclusion of background fluxes deforms the internal manifold and the
Calabi-Yau condition no longer holds. However, as we will see in next chapter, mirror sym-
metry is still expected to hold.

On this section we would like to study the mirror Type ITA supergravity configurations
dual to the Type B(ecker) solutions described in the previous section. These are related to
holomorphic monopole configurations describing the low energy behavior of Type ITA orien-
tifolds with O6-planes and D6-branes. This kind of solutions has been much less studied than
their Type IIB counterpart and in particular, a detailed study of its non-supersymmetric de-

formations is still lacking.

Here we will describe the supersymmetric monopole solutions related to purely geometric
backgrounds of M-theory on manifolds with G holonomy [61]. From the point of view of Type
ITA String Theory these correspond to non-trivial backgrounds for the metric, the dilaton and
the RR 2-form.

A 7-dimensional manifold with G2 holonomy can be characterized by an invariant 3-
form [117]

1
® = E¢ABC77A AnB An©, (4.64)

with {n“} the set of tangent 1-forms. From the ten dimensional perspective, this decomposes

into the Kéhler 2-form J and the holomorphic 3-form 2 as

Q=13 —ixeth3 , Jab= dabr, (4.65)

with ¥epe = Gape, and a, b, ¢ running from 1 to 6.

Requiring A/ = 1 supersymmetry in four dimensions imposes the existence of a covariantly

constant spinor € on the seven dimensional internal manifold, which can be shown to be
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equivalent in ten dimensions to the conditions [61]

1 1 2
Ze“"FabJab*ye + (Zebeabwab c— g(aagz))Ja ) e =0, (4.66)

j 1 1
(Da + 200" w) c+i (gwbas)w T ) ve=0,  (467)

with D, the covariant derivative in the corresponding Type ITA internal manifold.

The first of these conditions gives rise to
3
F=0 , (0a0)J" o= §e¢Fab(Re Q) abes (4.68)

which correspond to some generalized monopole equations. The condition (4.67) then re-
duces to the condition for the existence of a generalized covariantly constant spinor in the

6-dimensional backreacted manifold

(Da + %(ab¢)=]b aY — éed)(Fabe c+t Fchb a)'70> e=0. (469)

More generally, it is possible to show that
dJ =0, dQ=Wa ANJ +Ws5AQ, (4.70)
with
_%

3
so the backreacted manifold is a symplectic manifold, and in the particular case on which

FD = 0, Kéhler.

W5 W2 = —€¢F(1’1), (4.71)

The simplest example of solution to the constraints (4.68) and (4.69) is given by the
backreaction of a stack of D6-branes. This can be written as [114, 115]

ds* = 27 Y%y, detde” + 2 datdx?, (4.72)
e = 78/4,
Fj = —€;10'Z,

with p, v along the worldvolume coordinates and ¢ along the transverse directions.

Note that these are in general configurations with non constant dilaton and therefore
there can appear additional dependencies on the transverse coordinates when moving to the
Einstein’s frame. Thus for example, in terms of the dual potential C7, the background (4.72)
becomes in the Einstein’s frame

ds? = 27 Y8, dxtdz” + Z7/3dxtdat, (4.73)
e® = 73/4,
Cr = —g§/4Z_1dVol7,
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so the powers of the warp factor in the metric are indeed very different to the ones appearing
in the string frame.

In the next chapter we will study the low energy effective theory of Type II orientifold
compactifications, performing a more systematic analysis of the structure of these solutions
and how mirror symmetry is realized among them. As commented in view of eq. (4.63), such
approach will be justified in the limit of large compactification radius, on which the topological
information of the deformed internal manifold is captured by the effective superpotential.
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Chapter 5

Moduli stabilization and N =1

Superpotentials.

We have revealed along the previous chapter how new degrees of freedom consisting on back-
ground fluxes for the RR and NSNS field strengths arise in Type II orientifold compactifica-
tions. The fluxes deform the geometry and topology of the internal manifold stabilizing some
of the moduli of the compactification and, in some cases, breaking the supersymmetry to
N = 0*. In this way, flux compactifications address some of the major pathologies described
in Chapter 3.

A systematic analysis of the solutions to the supergravity equations of motion associated
to these orientifold compactifications is not viable due to its complexity. On this chapter
however we will adopt a different approach by performing a systematic analysis of the four
dimensional effective theory. Indeed, in the limit of diluted fluxes the Kaluza-Klein replicas
are much heavier than the flux induced masses, and thus it is expected that the four dimen-
sional A/ = 1 effective superpotentials will properly describe the low energy physics in terms
of the topology of the internal manifold. This will allow us in particular to get some insight

into how mirror symmetry is realized in presence of background fluxes.

5.1 Type II toroidal orientifolds with fluxes.

We will start describing the four dimensional effective theories associated to Type ITA and
Type IIB String Theory compactified in the toroidal orientifolds of Section 3.1, with constant
RR and NSNS background fluxes. The analysis of the induced superpotentials will reveal that
new backgrounds have to be taken into account in order to match the vacuum structure of

mirror Type IIA and Type IIB orientifolds. By studying this vacuum structure we will be
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able to get a deeper insight into the nature of the supergravity solutions of Section 4.3 and

into the shape of the moduli spaces associated to the backreacted non Calabi-Yau manifolds.

5.1.1 Type IIB orientifolds with O3/07-planes.

For Type IIB orientifolds with O3/O7-planes, the RR and NSNS 3-forms are odd under the
orientifold involution . Thus, the most general constant background for Hs and F3 in the

internal manifold is given by

3
F3 = —mag — eofo + Z(eiai — qiBi), (5.1)
i=1
. 3 _ 3
H3 = hoﬂo — Z a;o; + hoO[O - ZEZ@ (52)
=1 =1

As already mentioned in Section 4.3.1, this kind of backgrounds induce C tadpoles through
the coupling [37]

/C4 /\F3 /\Fg. (53)

In terms of the background parameters, then the tadpole cancellation conditions (4.61) read

1 _
ND3 =+ i[mho - eoho + Z(qzaz + 61'(_11')] = 16, (54)
where we have assumed the possibility of having Nps D3-branes filling the non compact di-

rections.

The effective four dimensional A/ = 1 physics can be suitably described in terms of the
Gukov-Vafa-Witten (GVW) superpotential [18]

W = (Fg - ZSF3) A £, (55)

T6
whose vacua correspond to the dimensional reduction of the Type B(ecker) solutions discussed
in Section 4.3.1. Indeed, requiring Dy,W = DsW = 0 is equivalent to imposing G3 to be an
ISD 3-form, as in eq. (4.59), whereas taking in addition W = 0 restricts G's to a (2,1) primitive

form, as depicted in eqgs. (4.48) and (4.50) from the vanishing of the supersymmetry variations.

Substituting (5.1) and (5.2) into (5.5) we obtain

3
W = €o +iz eiUi — quQUg — q2U1U3 - L]3U1U2 + imU1U2U3+
i=1
3 —
+ S[iho — > a;Us + iayUpUs + iaUUs + iasUrUs — hoUrUaUs].  (5.6)
i=1
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Note that the superpotential is independent of the Kéhler moduli 73, so these remain
undetermined unless additional contributions such as non-perturbative effects are considered

(see Appendix D). This particular structure gives rise to no-scale scalar potentials [118]

V=eS Y (@40 DeW =3W | =€ Y (@4 @)’ DWW (5.7)
®=35,T;,U; b=5,U;

Indeed, due to the particular form of the Kahler potential (3.31), the F-terms associated to

the T; moduli exactly cancel the negative contribution in the scalar potential and hence the

cosmological constant is zero at tree level, even for non-supersymmetric vacua with (Frr,) # 0.

The vacuum structure of the GVW superpotential has been extensively studied in [119]
(see as well [120, 121, 122, 123, 124]). There, it was shown that finding supersymmetric vacua
for this superpotential is equivalent to solving the attractor equations [125]

ey + imFy — Z(quj - iejTj) =0, (58)
J
ho +ihoFo + Y _(@; Fj + ia;r;) = 0, (5.9)
J
(m + (ﬁﬁo)]:] +1 Z €ijk (QZ + (bz‘zi)rk + (ej + d)aj) = 0. (510)
ik

Here we will present just a simple example given by [43]

W =eo+ihoS+iY_ eTi — S(asTy + asTs) — Ti(qoTs + sTh). (5.11)

K2

Then, the existence of supersymmetric Minkowski vacua requires asqas—asqs = 0, esaz—ezas =
0, hogz — azer = 0 and hgea — egaz = 0. And neither the imaginary nor the real parts of the
moduli are fully determined, only

tho = axUs + a3Us, iea = agS + azU;. (512)

For Re S > 0 and Re U; > 0 one must have g2g3 < 0 and asgs > 0 so the contribution to
the RR tadpoles is positive. Indeed, this is a general feature for all these vacua.

The other kind of vacua in (5.7) are non-supersymmetric vacua with vanishing cosmological
constant. In that case G3 has at the minimum a non trivial (3,0) component, as outlined in
Section 4.3.1. Let us consider for example (5.6) with hg = @; = a; =m = 0. Then Re U # 0
and Re Us # 0 requires ¢; = 0 and from DgW = Dy,W = 0 one finds that the axions are
fully determined to be

€3a2 — €203

Im S = w, ImUp = =223 (5.13)
q2a2 — q3as q202 — q3as3
hogqa — —h
Im Uy = N0g2 — €143 Im Uz = €1a3 — oq3

, .
q202 — q3a3 202 — q3a3
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There is a further relation
eg = holm S + e1Im Uj. (514)

Concerning the real parts, these verify goujus = assug and gsuius = agsus, with s = Re S
and u; = Re U;. Thus we must have asqs > 0 and aszqs > 0, indicating again a positive
contribution to the RR tadpoles. On the other hand, only pairwise ratios of real moduli are

fixed, namely

2 4243 2 2 G2q3 2
s§° = uy)”, ug)® = ——(uz)” . 5.15
BE ), () = 2 wy) (5.15)
In a variant of this model one can further set a; = 0 and for consistency g = 0. The
imaginary parts are obtained substituting these values in (5.13). For the real parts it follows

that agsus = qsuius.

A second example of no-scale vacuum can be given by eq. (5.6) with m # 0, but still

ho = a; = a1 = 0. In that case one finds that in order to have a solution the fluxes must verify

a
Y2 = 273, hovs = az(e1q1 + meo), (5.16)

a3

with v; = me; + qjqr (i # J # k).

For the imaginary parts we obtain

Im § = Mot ae m U, = - & (5.17)
mhyg m
ImU2:—q—2+ﬂ ImUp,:—@—l—ﬂ

m  muius’ m  muius
The real parts instead satisfy

asazs® = v1(u1)?, (musugus)®+(agsus)®+(assus)® = (hom+azqe+asqs)suiuzus. (5.18)

This shows that (hom 4 a2qg2 + asgs) > 0 and hence the flux contribution to tadpoles is again

positive. Notice that the above solution simplifies upon taking as = 0 which is consistent if

v1 = 72 = 0. In this case
us = (hom + Q3a3)5U1U2' (5.19)
(azs)? + (mujug)?

We also find that at the minimum

2(h
Wy = — 2thom £ dsas)surs (5.20)
as3s + 1muiusg

and the gravitino mass turns out to be

2 (hom + gzas)

= 5.21
M3/2 32t1tots (5.21)

which, as expected for a no-scale model, only depends on t; = Re T;.



5. Moduli stabilization and N' = 1 Superpotentials. 57

5.1.2 Type ITA orientifolds with O6-planes.

Type ITA orientifolds in presence of fluxes has not been considered until recently [30, 31, 32,
33, 34, 43, 57, 36]. In this case Hs, F5 and Fg are odd under the orientifold involution o,
whereas m and F, are even. Thus, the most general constant background in the internal

manifold will be

3
Hy = Y hpfu; (5.22)
=0
3 4
Fo = —m ; Fa=) quwi ; Fa=Y e ; Fe=coaoAf.

i=1 =1

The integrals of the fluxes over the corresponding p-cycles are quantized [116], in a similar

fashion to (4.62) for Type IIB fluxes. More concretely,

Iz — P _
M Hoen, Hp—2 / F,€cZ, (5.23)
27T I 27T Hp

with ¢ = 27V’ and p, = 1/(27)Pa/P+1/2 [68, 126]. Thus, we will take the cohomology
basis to be an integer basis, so that in units of 27/p,_2¢? = 1/¢ the coefficients in the above
expansions are integers. With this, all the forms have dimensions of (length) ~! and the moduli
fields are dimensionless. To avoid subtleties with exotic orientifold planes [37, 119], in addition

we will take the flux integers to be even.

Due to the piece of the Type ITA action
/07 AmHs, (5.24)

the H3 fluxes will induce a non-trivial tadpole for C7 in massive supergravity [127, 30, 33, 34].

Allowing for the presence of D6-branes wrapping 3-cycles I1,, the cancellation conditions read

1

> Nangnini + 5mho = 16, (5.25)
1,2 3 1

Z Nongmaom;, + imhl =0, (5.26)
12,3 1

Z Nomgnim;, + gmhg =0, (5.27)
1,23 1

Z Nom;min, + §mh3 =0. (5.28)

In an orbifold setup there would be additional O6-planes contributing negatively to the right
hand side of (5.26)-(5.28).

The four dimensional effective action has been computed in [31] by dimensional reduc-

tion of Type ITA supergravity. More concretely, for setups of D6-branes preserving NV = 1
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supersymmetry in four dimensions, it can be recast in terms of the effective superpotential

W= [ (Q.ANHz+ e’ AFgrr), (5.29)
T6
where Frp represents a formal sum of the even RR fluxes. In terms of the flux parameters,
this reads

3
W = eo + ZhoS +14 Z(eiTi — hlUl) — qlT2T3 — QQT1T3 — Q3T1T2 + imTngTg. (530)
i=1

Note that there is dependence on both the Kahler and the complex structure moduli. This
is actually not very surprising, since for this case the background involves both the even and

the odd dimensional cycles of the internal manifold.

In [43] we extensively explored the vacuum structure of (5.30). For simplicity, here we will
consider isotropic fluxes with g1 =g = ¢g3s = —cc and ey =es =ez=cy, 50Ty =To =13 =T

is a solution to the supergravity equations of motion.

We will look first for supersymmetric vacua with D; W = 0. Consistent vacua with Re U; #
0, Re T # 0 and Re S # 0 requires W # 0. Thus, the only supersymmetric vacua for this
superpotential are AdSs vacua. These were recently addressed in [34]. We obtain similar
results. Indeed, in that case, the extremum only fixes one linear combination of the imaginary

parts of the dilaton and complex structure moduli, given by

3
holm S — Z hilm Uy = eg — 3c1v — 3202 + mo®, (5.31)
k=1

with v = Im T'. This can be taken as part of a theorem: if a superpotential has only a linear
dependence in a subset of moduli, then the supersymmetric minima are such that in AdS the
corresponding axions remain undetermined but a linear combination, whereas in Minkowski
both the real and imaginary parts are undetermined but a linear combination. The proof is
immediate once one considers the dependence of W, K and D; on the moduli. In Section 7.1
we will see that the presence of flat directions for the axions is related with the absence of flux

induced anomalies in the worldvolume of the D6-branes.

Concerning v, one finds v = ¢o2/m and the real parts are fixed to

5 2
m2t? = -3 hos = —hpug = gmzt3 k=1,2,3. (5.32)

To go beyond supersymmetric minima, let us look for solutions to 9;V' [43]. Then one finds

two branches for v

+ — m2t2/2
Vs = 0_27 Uns = @ Rl / ) (533)
m m




5. Moduli stabilization and A/ = 1 Superpotentials. 59

with t = Re T and v = mc; + ¢3. For each value of v there are various sub-branches according
to the relation among the real parts of S and Ug. We will concentrate on the simplest case

with hiuy = hous = haus. In this case there are two sub-branches characterized by

(I) : hkuk = —hos k= 1,273,

(IT) : hpug = ho — mt>. (5.34)
In the vs sub-branch I,
5 2
m*t? = :l:§7 , hos= gmtg, (5.35)
and the cosmological constant is
2
v
Ag=———1 5.36
24m2 sujugust ( )

For v < 0 this is the AdS supersymmetric vacuum, whereas for v > 0 it is a non-supersymmetric
AdS extremum with same data for the moduli and the cosmological constant. The flux con-
tribution to the tadpoles has opposite sign to the one of the orientifold planes, since mhgy > 0
and mhy < 0.

In the v, sub-branch II

5 4 A 32 /6\4
2,2 3
2=4"n . hes=-mt? ; — =222 ~1.071.
m \/67 i hos=m T (9)

Both v < 0 and v > 0 are allowed. In either case it is a non-supersymmetric AdS extremum.

The v,s branch can occur only if v > 0. In that case there are two non-supersymmetric
AdS sub-branches according to (5.34). Their data are

4 29t A 25V5
I):m?t? == hos = —/—, — =""~1.165
() :m 37 ST AT 48
196 4yt A 11%5232(/55
II):m?t? = — hos = ——, —=—""""""1.070
( ) m 99 77 OS gm Y AS 2477\/§

Note that in all these examples the fixed moduli scale with respect to the RR 4-form and

2-form fluxes ¢; and co as

1/3

t ~ s/° ~ ullé/3 ~ A2~ c1/2, o (5.37)

for large fluxes. Thus the compactification volume can be made arbitrarily large for large c;

and/or cz. Concerning the four- and ten-dimensional dilatons, one has
et ~ 0;3/2 Lyt e? 0;3/4, 053/2 (5.38)

and the vacua lie in a perturbative regime for sufficiently large RR 4-form and/or 2-form
fluxes. Finally, for the cosmological constant one can check that for large ¢; and co it scales
as

A~ — 4792 ~ —0;9/2 , —cy . (5.39)
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Thus, for large fluxes the cosmological constant goes with the string dilaton like e5?. The
density of RR fluxes is also suppressed. As pointed out in [34], to compute this density a
factor of g; = e® must be included. Then, the flux density of F; (F) behaves like 0173/2 (c3®)

for large ¢1 (c2) fluxes.

Apart from the supersymmetric AdS vacua, the superpotential (5.30) as well contains some
no-scale models dual to the ones discussed in the previous section for the Gukov-Vafa-Witten
superpotential. Indeed, taking h; = 0 the superpotential (5.30) becomes independent of the
complex structure moduli U;. In that case, the axions are determined by

3
mT=2=,  helmS=eo+—2, (5.40)
m m

whereas for the real parts

hos = mt>.

Moreover, it is required the conditions v = 0 and hgm > 0, so the flux contribution to the

tadpoles is positive.

Note that the superpotentials (5.6) and (5.30) do not completely match under mirror
symmetry, finding in this way a different landscape of vacua for each one and revealing the
existence of new possible deformations of the Type B(ecker) and monopole solutions discussed
in Section 4.3. The underlying reason is that up to here we have only considered constant
backgrounds for the vielbeins and the RR and NSNS forms. In the following section we will
slightly generalize this to include some new geometric deformations consisting on non constant
backgrounds for the metric. This will be a first step into matching the Type IIA and Type
IIB superpotentials.

5.2 Metric fluxes and twisted tori.

5.2.1 Geometry and topology of the twisted torus.

Let us consider here the possible metric deformations of the factorized torus giving rise to

parallelizable manifolds with a globally well defined basis of tangent 1-forms n?

n' =N, ™(x)dz™ ; da" = N" ,(x)n™. (5.41)

Such kind of backgrounds appear naturally in the context of Scherk-Schwarz dimensional
reductions [38] and can be shown to be equivalent to compactification on a twisted torus [39)
with

1
dn? = —gw%nnm AN (5.42)
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where w?, are the metric fluxes we are interested in. These are constant coefficients antisym-
metric in the lower indices.

Defining the isometry generators as
Zim = N™ 1,0, (5.43)

the metric fluxes can be visualized as the gauging of some of the isometries of the original
torus. Indeed, the Lie algebra generated by {Z,,} is given by

(Zm, Zn] = WP, Z (5.44)

mn<p»

so eq. (5.42) corresponds to the Maurer-Cartan equation of the algebra.

Either from the Jacobi identity of the algebra or from the Bianchi identity of (5.42) one
then finds the constraint
wh W =0, (5.45)

[mn™rlp —

which guarantees the nilpotency of d?> = 0 in the cohomology of the twisted torus. In addi-

tion, it can be further shown that w?, = 0 [38] and Poincaré lemma continues to be valid [128].

Twisted tori are manifolds with torsion. Indeed, defining a general p-form (a p-cochain) as

AlPl — EAiliz...ipnh ANZENOADT, (5.46)

one has that

dAlP) = [(p + 1)8[ii Aiz...z‘p+1] + w[k

1112

(p+1)! Ay iy i AN AL A (5.47)
This can be expressed as
dAP) = gAlP 4, AP (5.48)

where dAP! is the exterior derivative of APl in an ordinary torus, without metric fluxes,
and wAlP! is a torsional piece coming from the gauging of the isometries. Due to this, for-

mally one can work in a twisted torus as being in an ordinary torus with some extra fluxes w§ k-

In general, the (co)homology of the twisted torus will be smaller than the one of the
ordinary torus, since some of the original cycles become homologically trivial in order the
tangent 1-forms to continue being globally well defined [47, 128]. More concretely, the space

C? of APl forms with constant coefficients can be split into!

CP=TP@ o= @ &P, (5.49)

1The cohomological classification of the harmonic forms on a twisted torus is known by the mathematicians
as Chevalley’s cohomology.
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where I'? are closed p-forms which are not exact, =P are non-closed p-forms and 9ZP~! are
closed p-forms which are exact and which are associated to the torsional cycles of the twisted
torus. Due to eq. (5.47) there will exist a one to one mapping between the elements of C? and

the harmonic p-forms in an ordinary torus. Thus,
dim C? = dim I'? + dim 0ZP~! + dim =P = P,
dim 0=P = dim Z?,
dim I'"? = dim I'?,
dim I'? < bP,

with 6P the Betti numbers for an ordinary torus and the last equation being saturated in the
case of vanishing metric fluxes.

In what follows, let us consider the factorized toroidal orientifold of Section 3.1. For
Type IIB orientifolds with O3/0O7-planes, the metric fluxes do not survive to the orientifold
projection so we will concentrate exclusively on the Type ITA picture with O6-planes. In
that case, the w;. . parameters are even under the orientifold projection and there are twelve

parameters surviving and respecting the factorability of the torus

1 2 3

—a1 —az —ag Wi TWea TWis

1 5 6

| bir b2t b3 Wiz W3y Wy
M= - G (5.50)

b1 ba2  b32 Wsz W3 Wis

4 5 3

b1z b2z b3 Wy  Wgp  —Wip

The Jacobi identities (5.45) then imply the constraints
bijaj +bjjai =0 i # 7, (5.51)
birbrj + brrbi; =0 1# 5 #k. (5.52)

There are some obvious solutions to these constraints. For instance [43], (1): b;; = 0, Vi,j;
(2): a; =0, byj = bidij; (3): a; = a, by =b, i # j, by = —b.

This kind of geometric deformations very often survive to the action of an orbifold group,
such as the Zs x Z3 example of Section 3.1, even though this kills all the original isometries of

the torus. Thus, it is not surprising to have similar deformations in more generic manifolds.

The cohomology of the twisted torus can be easily computed by acting with the exterior
derivative (5.48). Thus, a (1,1)-form © = Z? O,w; belonging to I'? will satisfy

(dO)imn = " Oppp = 0. (5.53)

[lm™~'n
Substituting eq. (5.50) and operating one has
©1
M-165] =0 (5.54)
O3
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Similarly, for C3 = I'®* @ 23 @ 0=2 one has that a generic 3-form IT = Zf:O(Hiai + ﬁiﬁi)
in I'3 @ 0=2 satisfies

(dH)lmno = w;[nlmHno]p =0, (555)
which can be shown to be equivalent to
1o
I
M- =0, (5.56)
I,
113

with II; unconstrained. Now, since we have computed =2 in the previous paragraph, it is
immediate to distinguish I'® from dZ2. In particular, it happens that Poincaré duality always
relate elements of ZP with the corresponding symplectic partners in 8=°~P. This reveals the
importance of having the geometric deformations preserving the symplectic structure of the
3-cycles.

‘ e =P o=r—1
p=2 (Ker M),y (Ker M)f‘wi} 0
p=3| (Ker MT){ai)ﬁi} (Ker MT){LM} (Ker MT){lBi}
p=4 (Ker M)z, 0 (Ker M){L@i}

Table 5.1: Reduced cohomology of a factorized twisted 6-torus.

We have summarized in Table 5.1 the reduced cohomology of a factorized twisted torus.

For the dimensions of the cohomology groups one has
dim Z? = dim =* = dim 9Z? = dim 0= = 3 — dim I'? = 4 — (dim I'*/2) = rank M. (5.57)

The cohomology of the twisted tori will play a crucial role in the understanding of which are
the moduli stabilized by the metric fluxes and the consistency conditions for D6-branes in

presence of fluxes, as revealed in [129).

The torsion of the factorized twisted torus can be suitably described in terms of the exterior

derivative of the holomorphic and the Kéhler forms [43]

1 ~
dQ) = Re S El (aiRe S+ Ej bine Uj)wi, (558)
dJ = E (aifo — E bijB;)Re T;. (5.59)
i J

Clearly, d(J A J) = d(Im Q) = 0 so the twisted torus is a particular case of half-flat manifold.
Moreover, comparing with egs. (4.45) and (4.46) one easily reads Wy = W5 = 0.
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It is enlightening to see how the twisted torus structure arises by mirror symmetry of Type
ITIB 03/07 orientifolds with non vanishing NSNS 3-form flux [109, 47]. Concretely, one can
start from a Type IIB background

6

3
ds* = Z(dmi)Q, Hz = — Zaiai, (5.60)
i=1

i=1

and perform three T-dualities in 2!, 22, 23, accordingly to what we saw in Chapter 3.1. Taking

By = —a2%dat A da® — agztda® A da® — asz®da® A dx?, (5.61)
and using the Buscher rules [81, 82|, gives the Type ITA metric
ds® = (dz' + a125d2®)? + (da? + aga®da®)? + (da® + azz®dz?)? + (da*)? + (dx®)? + (da®)?,

from where we read off the following tangent 1-forms

771 =dz' + alxﬁdm5, 774 = dm4,
772 =dz® + a2x4dz6, 775 = dz5,
n® = dz® + aza®dx?, 7% = dab,

and wls = ar,w?, = az and wj; = as. Thus, we can formally write the following T-duality
rule for the integrated fluxes
Hopnp 25— (5.62)

np’

which complement egs. (3.32) and (3.33).

Note that metric fluxes are also quantized. For the a; fluxes this is obvious from the mirror

symmetry argument we have just seen. For a more general argument, we refer the reader to
[130].

5.2.2 Effective superpotential and vacuum structure.

Having described the geometry and topology of the twisted torus, now let us turn into the
analysis of the corresponding four dimensional A/ = 1 effective superpotential. This will pro-
vide us with the low energy dynamics associated to the deformations of the ordinary torus

into a twisted torus. Along this section, we will follow our work in [43].

The superpotential has been computed by different methods in [33] and [32], resulting to
be

W = /(eJc ANFrp+ QA (Hsz +dJ.)), (5.63)
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which in terms of the background parameters reads

3
W = eg +thoS +i Z(eiTi — hiUi) = 1 ToT3 — T T3 — q3Th T + imTh ToT3—
i=1
3 3
- Z(als + Z bijUj)Ti, (5.64)
i=1 j=1

where the last row corresponds to the terms induced by the metric fluxes. Note that the
a; terms were already present in the Type IIB superpotential (5.6), as expected from mirror

symmetry.

Integrability of the H3 Bianchi identity (4.24) gives rise to the additional constraint [33]
WwH; =0, (5.65)

which is trivially satisfied by the fluxes (5.22) and (5.50).

The metric fluxes will contribute to the C7 tadpoles through [33, 43]
/ Cr A (mHs + dFs), (5.66)

so the tadpole cancellation conditions (5.25)-(5.28) in the presence of metric fluxes will become

S NandnZnd + & (mho + gy + asgs + asas) = 16, (5.67)
Z Nonlm2m3 + %(mhl — q1b11 — g2ba1 — g3b31) =0, (5.68)
Z NomlinZm? + %(mhz — q1b12 — q2b22 — q3b32) = 0, (5.69)
Z Nomim?2n + %(mhs — q1b13 — q2ba3 — q3b3z) = 0. (5.70)

We extensively studied the vacuum structure of the low energy scalar potential induced
by (5.64) in [43], revealing the existence of additional branches in the mirror Type B(ecker)

solutions of Section 4.3.1.

Supersymmetric Minkowski vacua.

Considering the presence of non trivial metric fluxes, it turns out that it is possible to find
consistent supersymmetric Minkowski vacua for Type ITA orientifolds with O6-planes. In that
case, the superpotential is required to be dependent on four or more moduli. With four fields,
it is enough to study in detail W = W (S, Ty, T, T3) independent of the U;. Note that this is
exactly the piece of the superpotential dual to the Gukov-Vafa-Witten superpotential discussed
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in Section 5.1.1, and thus the vacuum structure will be the same, after the exchanging U; < Tj;.
In this context, the vacua will correspond to the holomorphic monopole solutions of Section
4.3.2. Thus for example, for the case of (5.11) one can easily compute the vacuum expectation

value for H3 and dJ at the minimum in the mirror Type ITA picture, resulting to be
<H3> = ﬁ3 - (aglm T5 + azlm Tg)ﬂo =0, (571)
<dJ> = (agRe T5 + asRe T3)ﬂ0 =0, (572)
in agreement with the results of [112, 113] for holomorphic monopole solutions. Moreover,
part of the moduli stabilization process can be understood in terms of the topology of the

induced twisted torus. Thus, for this particular example a suitable cohomology basis for the

twisted torus engendered by as and ag is given by

| e =P o=p1
p=2| {wi,aews—azwa}  {azws + asws} 0
p=3 | {ai,az,a3, 510, 0} {ao} {Bo}
P = 4 {C:)l, CLQ(.:}g - 0,3(.52} 0 {achQ + 0,2(.:}3}

and therefore, 7 = a3T3 + axT> and S are no longer moduli fields in presence of the metric

fluxes ag, ag, in agreement with the Type IIB results (c.f. eq. (5.12)).

However, not every supersymmetric Minkowski vacua of (5.64) corresponds to the dual
of a Minkowski vacua engendered by the Gukov-Vafa-Witten superpotential, signaling in this
way the existence of additional branches in the Type B(ecker) solutions of Section 4.3.1. For

example, one can consider the case by
W = —Tg(ags + b21U1) — T3((13S + b31U1) + eg + ihoS — ih Uy + iexTs + ie3T3. (5.73)

This is clearly equivalent to (5.11) after renaming Uy — T, Us — T3, e1 — —h1, g2 — b31
and g3 — bo1. The physics is however different. In particular, since all ¢; = 0 and m = 0, the
fluxes do not contribute at all to the RR tadpoles. Therefore, this is an example in which one
can fix moduli without affecting tadpoles.

Finally, one can consider cases on which the superpotential depends on five moduli. For

example, consider the superpotential
W = _(Q3T2 + Q2T3)T1 - (b22T2 + b32T3)U2 — (b23T2 + b33T3)U3. (5.74)

Observe that the non-zero b;; trivially satisfy the constraints (5.52). If the fluxes satisfy
G2bas = q3bsa, qabas = g3bss and gaq3 < 0, there is a solution with |g2|ts = |g3|t2. There is also
a relation —gst; = baogug + bazus. To have t; > 0 for any ug, uz > 0, we need goboe > 0 and
g2b2s > 0. Hence, the flux piece in (5.69) and (5.70) is negative (same as D6-branes).

As already commented, there cannot be supersymmetric Minkowski solutions when W de-

pends on more than five fields. To see this, first observe that without loss of generality we
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can always take the three T; to be among the fields in W. Next, 0y, W = dsW = 0 implies
{Re T;} = Ker M, in agreement with Table 5.1. Thus, to have solutions with Re T; # 0 it is
required rank M < 2. After using the Jacobi identities one is left with rank M = 1. One can
check then that the number of fields in W is at most five.

No-scale models.

Something similar occurs for the no-scale vacua. Some of these correspond to the mirrors
of no-scale vacua engendered by the Gukov-Vafa-Witten superpotential. For example, the
no-scale models discussed in Section 5.1.1 are as well contained in (5.64) upon simply taking
U; — T;. Thus, there are non-supersymmetric branches for the holomorphic monopole solu-

tions of Section 4.3.2 consisting on the inclusion of geometric backgrounds.

Apart from the no-scale vacua dual to the ones engendered by the GVW superpoten-
tial, there are additional no-scale vacua for superpotentials depending on the moduli sets
{Ui,T1,T5,T5}, {S, Ui, T, T1} or {U;,U;, Tk, T1}. These can be directly computed from the
no-scale examples of Section 5.1.1 by replacing S or one or two U;’s by T;’s and exchanging the
appropriate fluxes. As for Minkowski vacua, this reveals the existence of additional branches
in the Type B(ecker) solutions. The nature of these deformations will be studied in the next

section.

AdS vacua.

There are two classes of models depending on whether m = 0 or not. In the former case
one finds that fluxes in general contribute to all RR tadpole directions with a sign which is
opposite to that of D6-branes. This is important since it offers an alternative to orientifold
planes to cancel RR tadpoles. In the second case with m # 0 one finds the interesting result
that, depending on different flux choices the sign of the contribution to the RR tadpoles may
be arbitrary and the net contribution may vanish. In the latter case one has a cancellation of
a positive RR-NS contribution hgm with a RR-metric flux contribution of type a;q;. This is
interesting because in this class of backgrounds all real moduli are determined but the fluxes

are unconstrained by RR tadpole cancellation conditions.

We will examine the case T, = T and look for supersymmetric minima for any m. The

superpotential then becomes

3
W = eq + 3ierT + 3¢T° + imT® + ihoS — 3aST — > (ihg + b T)Uy. (5.75)
k=1
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From Dy, W = 0 and DgW = 0, we find
3as = bruy, . (5.76)

Hence, a and by, must be both non-zero and of the same sign. Moreover, there are consistency
conditions

3hpa+hob, =0 ; k=1,2,3. (5.77)

Therefore, either both hg and hj vanish or both are non-zero and of opposite sign. These
conditions do not involve the moduli so at most we will have five equations for six unknowns,
i.e. there will be at least one flat direction for the supersymmetric minima. In fact, only a
combination of complex structure axions is fixed as

3
3 3
3alm S + E biIm Uy, = 3¢1 + ﬂ(3]10 — Tav) — —mv(3h0 — 8av) , (5.78)
a a
k=1

with v =Im T.

If ho, hi, # 0, using (5.77) we can write the fixed axion combination as hoIm S—3", hyIm U.
We also find

aRe S =2(cg —mv)Re T . (5.79)

Except for some axion directions, we have thus determined all the moduli in terms of 7" which
is found from the remaining equations. The solution depends on whether m is different from

zero or not. We now specify to these two possibilities.
i) m=0.

When m = 0 one finds the simple results

ho 2 hocl h%CQ
v=go 9c2(Re T)* =g — — — 307 (5.80)
At the minimum, Wy = —12c2(Re T)? and the cosmological constant turns out to be
b1b2b
A= A0 (5.81)

1282 (Re T)3

where Re T is given in (5.80). It is important to notice that (5.79) fixes cza > 0 so that in the
supersymmetric minima with m = 0 the metric fluxes give a negative contribution to the nnn
RR tadpoles. Similarly, coby, > 0 and the flux contribution to the nmm tadpoles (5.68)-(5.70)
is positive.

Let us now check whether we have enough freedom to locate all moduli at large volume
and small dilaton so that one can trust the effective 4-dimensional field theory approximation
being used. The fluxes of type a, by and co are constrained by the RR tadpole cancellation
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conditions and by the extra conditions (5.77). The values of ho and hy are constrained by
the latter but in principle both may be large as long as ho/hy = —3a/b,. On the other hand,
the fluxes of the RR 6-form ey and 4-form ¢; are unconstrained and may be arbitrarily large.
Note then that for large eg and ¢; the moduli fields behave all like

ReT ~ ReS ~ Re Uy ~e)/?, ¢/°. (5.82)
In order our vacuum to remain in a perturbative regime we would like to have small values
for the 4-dimensional coupling e®* and the 10-dimensional string coupling e®. They are found
to be

1/4
. gy i)
e = (suiugus) = (Re T) 2-33/4¢y
(abybabz)'/4
e¢ _ e¢4(Re T)3/2 _ (Re T)l/2m (583)

We thus see that for large Re T (which may be obtained e.g. with a large 6-form flux
o) the 4-dimensional dilaton is small. However the string dilaton grows with Re T'. Only by
appropriately choosing the fluxes, i.e. with large ¢ one can perhaps maintain it under con-
trol. On the other hand such fluxes are in general very much constrained by the RR tadpole
conditions so it seems difficult having small string dilaton and large volume at the same time.
We will see however that in the case with m # 0 one can easily stabilize the moduli in the

perturbative regime.

ii) m # 0.
To deal with m # 0 it is convenient to introduce a new variable for Im T'. If hg # 0 we use
ho 302&
=A+X)=— ; A= . 5.84
v=0+ 0)3a T b (5:84)

The value of A follows from the cubic equation

2

27
160A3 + 186(Mo — 1)A% + 27(Ag — 1)2A + A2(Ag — 3) + —=

W(eoa — Clho) =0. (585)
0

Clearly, we need a real solution for A such that A(A+Xg—1) > 0 since now Re T is determined
from

3a*(Re T)? = 5h3A(\ + Ao — 1). (5.86)

Notice also that (5.79) takes the form 3a?Re S = —2hgmARe T'. For the cosmological constant
we find

_ablbgbg/\%(IG/\ + Ao — 1)
19203 (Re T)3X\3 7
where A is the appropriate solution of (5.85) and Re T is given in (5.86).

(5.87)

There is a variety of cases depending on the values of the different fluxes. One of the

interesting features when m # 0 is that the contribution to the RR tadpoles may have either
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sign and even vanish. In fact, the flux-induced nnn and nmm tadpoles in (5.67)-(5.70) are
respectively %hom(l — Xo) and %hkm(l — Ap). Thus, the flux tadpoles vanish at the special
value \yg = 1. This is important, as we mentioned above, since it allows to fix the moduli

without any constraint from RR tadpole cancellations.

To analyze the equations that determine A and Re T we can proceed in various ways.
We could choose for example ey and ¢; and study the allowed values of \g. For instance,
with eg = ¢; = 0, one finds that to have solutions for A\ with acceptable Re T necessarily
% < Ay < 3. We also need mhg < 0 and mhy > 0 so that Re S > 0 and Re U, > 0. The

special value Ao = 1 at which tadpoles vanish is allowed and leads in turn to

5
ReT =4/-A
=y

From the cubic equation we find the value A = (10)%/3/20.

@ 2mh0)\Re T, Re Uk _ _tho)\

3a2 aby,

) Re S =— Re T. (5.88)

With m # 0 one can locate the minima in perturbative regions. Consider for instance the
case eg = ¢; = 0 and A9 = 1 so that the real moduli are given in (5.88). Note that one can
have hg, hi and co arbitrarily large as long as \g = 1 and eq.(5.77) is respected. Then one
can check that

e~ hg? o ef ~ h61/2 ) (5.89)

so that for sufficiently large hy the minima will be perturbative. Note also that the NS flux
density is diluted for large fluxes since it goes like ho/(Re T)3/2? =~ hy /2 Concerning the RR

flux F'2, one has that taking the factor of g5 into account [34], its density also goes like h 1/2
for large fluxes. The cosmological constant eq. (5.87) scales like
A~ — hy? ~ —(e?)10 (5.90)

and hence is substantially suppressed for large hg. Similar results may be obtained for values
of Ao sufficiently close to 1, which would allow for contributions to RR tadpoles with either
sign and of arbitrary size. In Section 7.2.3 we will consider this possibility to construct a

semi-realistic intersecting D6-brane model with all diagonal closed string moduli stabilized.

Finally, let us mention for completeness other solutions within this class of AdS minima
with m # 0. We may start by choosing a preferred value for some of the moduli. For ex-
ample, we can set v = 0, and hglm S — Zk hilm U = 0. Then, necessarily ¢; = —3hocz/a
and, from the cubic equation with A\ = —\g, g = 45hoc3/ma. This is the solution found in [33].

Another way to proceed with the analysis is to fix \g. For example, we can take co = 0
so that Ag = 0. Obviously, (Re T')2 > 0 then requires either A < 0 or A > 1. If A < 0, then
Re S > 0 and Re Uy > 0 demand hgm > 0 and hym < 0, and the flux contribution to the
tadpoles is like that of D6-branes. It is more interesting to consider A > 1 so that hom < 0 and
hirm > 0. Furthermore, to satisfy (5.85), it must be (ega — c1hg) > 0. Were it not for the fact
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that the fluxes are integers, we could always find solutions for some chosen A. But still there
is room to adjust the fluxes. For example, for A = 3/2 we just need (ega — c1hg) = —6h3m/a®

and this could be verified say for eg = 0, ¢; = 24m and hy = 2a.

We can also set hg = hy = 0, but to this end a different parametrization of v, amounting
to A — )\0;\, must be employed. Now the interesting case is XA < —1 because Re S > 0 and
Re Ui > 0 require coa > 0 and cabr, < 0 so that the flux contribution to tadpoles could cancel
that of D6-branes. Again we can choose some A and find values of eg to satisfy the cubic

2 = —161¢3. One can check however

equation for v. For instance, for A = —3/2 we need egm
that in this and the previous solution it is again hard to achieve at the same time a large
value for the volume and a small value for the 10-dimensional dilaton, the reason being that

now the value of fluxes hg, c2 and hj, will be constrained by RR tadpole cancellation conditions.

One can also easily find non-susy AdS vacua. We will just show a particularly simple
example. In general, there are solutions in which (5.76) and (5.77) are still satisfied. To go
further let us set m = 0. Then there are solutions with a(Re S) = 2¢2(Re T') and v = hg/3a,
but with the novelty that

+9cy(Re T)? = ¢g — — — 2= . (5.91)

With plus sign this is the supersymmetric minimum, but we can also choose the minus sign
depending on the fluxes. For instance, if eg = ¢; = 0, only the non-supersymmetric choice
is available. In this case the minimum is AdS and it is typically stable because the eigenval-

ues of the Hessian are positive or negative but above the Breitenlohner-Freedman bound [131].

5.3 Non-geometric fluxes.

We have seen in Section 5.1 that the superpotentials induced by constant NSNS and RR back-
grounds do not completely match for Type ITA/O6 and Type I1B/O3 orientifolds. Considering
metric fluxes in Type ITA orientifolds slightly improves the situation, but as commented in the
previous section, there are still branches of vacua in (5.64) which are not contained in (5.6)

and viceversa, thus signaling the existence of new kinds of backgrounds.

If mirror symmetry is truly a symmetry of String Theory, the complete four dimensional
effective theory should be universal and independent of whether it comes from a Type IIA or a
Type IIB compactification. The low energy four dimensional physics should be thus described
by a duality invariant superpotential. In this section we will analyze the degrees of freedom
necessary to completely match the landscape of vacua for Type ITA orientifolds with O6-planes
and the one for Type IIB orientifolds with O3/07-planes. We will follow our work in [55].
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5.3.1 T-duality and non-geometric fluxes.

We want to analyze how a generic Type IIB/O3 H3 background as the one given in eq. (5.2)
transforms under mirror symmetry. We have seen that the hy component remains invariant,
whereas the a; components become metric fluxes in the Type ITA picture. Thus, let us con-

centrate in the @; and hg components.

Let us start considering the following background

6

3
ds? = Z(dwl)2 , ﬁg = — Z a; ;. (592)
=1

=1

A suitable gauge for Hs is then

By = —aqatda? A da® + agx®dat A da® — asaSdat A da?, (5.93)
and implementing mirror symmetry by performing three T-dualities along x', 22, 23, we arrive
to the non-geometric background

c 3 - 6
ds? = 5 > Qs P dat)? +) (dat)?, (5.94)
i,5,0,k=1 k=4
By=C Y QY sa"da’ Adal, (5.95)
i,5,k=1
with
C=(1+Q%¥z" + Q¥ + Q%! (5.96)

and Q% = a1, Q3 = az and Q}? = as. Therefore, this kind of backgrounds can be still

parametrized by a finite set of constant parameters {sz }, extending (5.62) to

ooy s —ym S, _gmn, 5.97
P np p

Non-geometric fluxes were first introduced in [44].

Note that the monodromies for these backgrounds mix the metric and the By field

1 1 ; ; ; .

i N i — Qi_]f_?’ as '3 — 23 41 1#£ ] #k, (5.98)
with T; the Kahler moduli, thus signaling the non-geometrical character of the induced man-
ifold.

Concerning the hg component, one has that Buscher rules are no longer applicable to

L 22 and/or 2% and therefore the directions

this case. Indeed, now By depends linearly on x
on which we T-dualize are not isometries of the background. However, although we do not

know the concrete expression of the ten dimensional background, by counting the degrees of
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freedom in the four dimensional effective theory, one can introduce a new set of fluxes R™"P
and complete the formal rule (5.97) to [44]

— T,
Honp <2 —wifh 0 Qe 225 R0, (5.99)

We have summarized in Table 5.2 the transformation of the Type IIB/O3 3-form H 3 under
mirror symmetry. For completeness we have included as well the corresponding dictionary for

Type I String Theory, i.e. Type IIB with O9/05-planes.

1IB/O3 1IIA/O6 IIB/O9 flux

H123 R123 R123 BO
Hyos -Q% R123 —a1
Hiss -Q¥ R153 —as
Hiz —Q¢? R126 —as
Hise —wig R156 —a
H 496 _%234 RA26 —a2
Hyss —wi’5 R453 —as
H s H 56 R456 ho

Table 5.2: NS IIB/O3 fluxes and their T-duals.

A similar procedure could be followed starting with the NSNS 3-form Hj and metric
fluxes wjk in the Type ITA picture. The results are summarized in Table 5.3, where again
the corresponding Type I fluxes are represented. Note that the two last sets of non-geometric
fluxes are not obtained by mirror symmetry, but by SO(6) rotations of the other fluxes. For
completeness, in Table 5.4 we have represented the corresponding dictionary for the RR flux

parameters in the different Type II orientifolds.

1IB/O3 IA/O6 11B/09 flux

(Qﬁ3 Q¥ Qéz) —(ﬁ423 Hiss ﬁ126) (w§3 wiy w?g) _(hl ha hs)

23 34 42 1 4 4 1 5 6

—Q7 Q3 Qs —Wyz W53  Wog —wyg W3y Wiy bin b1z b3
53 31 15 5 2 5 4 2 6

Q3 —Q3 Qs Wzg  TW31 We Ws3  TW31 Wis ba1 b2 ba3

26 61 12 6 6 4 5
Q3 Q5 —Q3 Wiz Wis  TWia Wae We1 Wiz bs1 b3z b33

(Q?G Q4 Q§5) _ (Rlss R426 R453) (ng w2, Wis) _ (51 hio 53)
. - - . - - -
-Q%¥ Q% QP -Q3F% QI Q53 —wis Wi ws bi1 b1z bis
. _ _ _
QI - Qi QY —-Q% Q3 wis  —wdy  wi, bo1  ba2  bog

5

5 5 5 - - -
QP Q3 Q¥ Q3° Q¥ Q¥ wiy wi,  —wis bs1 b3z b33

Table 5.3: Non-geometric IIB/O3 fluxes and their T-duals.
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1IB/O03 IIA/O6 1IB/O9 flux

Fio3 Fy —Fas6 -m
Fass Ty Fis6 -q1
Fi1s3 Fas Fy26 —q2
F126 Fsg Fus3 —qs
Fis6 Fass6 —Fy23 el
Fuo6 F1a36 —F153 €2
Fuss3 Fra2s —F126 €3
Fuse F142536 Fias —eo

Table 5.4: RR IIB/03 fluxes and their T-duals.

An alternative view of the non-geometric fluxes can be given in terms of the algebra of
isometries [44, 53]. We saw in Section 5.2.1 how the metric fluxes can be interpreted as the
gauging of some of the isometries of the corresponding Lie algebra. Extending the algebra
(5.44) to include the generators X™, m = 1,...,6, corresponding to the gauge symmetries

arising from the reduction of the B-field [39], one has

(Zons Zn) = —~Homnp X? + WP, 7, (5.100)
[X™, X" = QU XP — R™™ 7, (5.102)

Using eq. (5.99) and

Tm
Zm — Xma

we see that the proposed algebra is invariant under T-duality. Thus, it actually applies to
any of the ITA and IIB orientifolds, provided that all the fluxes allowed by the orientifold

projection are kept in each case.

The Jacobi identities of the algebra give constraints on the fluxes, analogously to what we
saw in the case with only metric fluxes. Written in terms of the various tensors, the identities
take a different form in each case. However, in terms of the individual flux parameters ap-

pearing in the T-dual superpotential there is just one set of constraints valid on all orientifolds.

It is convenient to work in the Type IIB with O3-planes picture in which only NSNS H
and non-geometric sz fluxes appear [55]. The ZZZ Jacobi identity leads to

QU H gy =0 . (5.103)
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Substituting the fluxes of Tables 5.3 and 5.2 then yields

hohj + @ibij +ajbj; — arby; = 0, (5.104)
hohj + a;bij + ajbj; — apby; = 0, (5.105)
hobyj + a@;bj; + ajby; —agh; = 0, (5.106)
hobi; + aibj; + ajby; —agh; = 0. (5.107)

In all cases i # j # k. The X X X Jacobi identity simply gives

QU = o, (5.108)
and in terms of the explicit fluxes
—biibjk + brihg + hibgr — bjiby. = 0, (5.109)
—biibjk + brihg + hibgr — b = 0, (5.110)
—bisbij + bjibjj + hihj — bgiby; = 0, (5.111)
biibij — bjibj; + hihj — bribr; = 0. (5.112)

There are no further constraints from other Jacobi identities.

It is easy to work out some simple solutions to these constraints in the case of isotropic
fluxes. Indeed, taking

ei=e¢ , ¢i=q , a=a , aG=a , hi=h , hi=h,
bij=b(#7) ., bu=p8 , bi=b(#j) , byi=72, (5.113)

one has that the following configurations solve the constraints

Lh=h=b=8=b=06=0(Q7 =0) ; a,ahoho#0 (Hs#0), (5.114)
2.a=a=hyg=hyg=0(Hs=0) ; hh=0bb ; h(b+p3)=>0bb+p3), (5.115)
.a=a=h=h=b=b=0 ; ho,ho,B,8+#0, (5.116)
4.8=-b ; f=—-b ; hh=bb ; hoh=ab ; hoh=ab. (5.117)

5.3.2 Superpotential and tadpoles in IIB with O3-planes.

We want to determine the superpotential and tadpoles induced by the Q% fluxes [55]. An
useful fact is that we can contract a p-form X with Q to obtain a (p — 1)-form QX with

components

1 a
(QX)itmymy s = §Q[lbxml,,,mp72]ab . (5.118)
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This is analogous to the w contraction defined in eq. (5.48).

Observing the ITA superpotential (5.64) it is clear that the Q2° fluxes must induce new
terms linear in the T; and up to cubic order in the U;. Such terms can be generated by adding
to W a piece [ QJ. A Q, where J. is the 4-form encoding the Type IIB Kéhler moduli, c.f.
(3.10), and QJ. is a 3-form according to (5.118). The complete IIB superpotential is then

W= [ (F3—iSHs+QJ.) ANQ . (5.119)
TG

Substituting the fluxes yields

3
w = ep + ) Zerl - quQUg — q2U1U3 — (]3U1U2 + imUlUQUg
=1
3 —
+ Sfiho =Y a:Ui + i1 UsUs + iapUyUs + iagUs Uy — hoUrUsUs] (5.120)
=1
3 3 B B B B
+ ZTl [ —ih; — Z Ujbji + 1UsU3by; + 1U1Usbg; + iU1Usbs; + UlUQUghi],
i=1 j=1

where the @-induced terms are in the last row. This general superpotential agrees with the

proposal of [44] if we assume a symmetry under exchange of the three sub-tori.

As already discussed in Section 5.1.1, there is a C4 tadpole in this orientifold. From T-
duality, then we also expect Cg tadpoles that can receive contributions from D7-branes and
O7-planes. A natural candidate is QF3, where the 2-form is computed according to (5.118).
The proposal then is just

/ (C4 /\F3 /\F3 —Cg A QFg) . (5121)
]\44><T'6

The minus sign in front of the second term is needed to match the known ITA results when
only NS and metric fluxes are present. There are three different tadpoles according to the
components of Cg that can couple to the D7;-branes. Taking into account a number Npy7, of

D7;-branes and the flux tadpoles arising from (5.121), one has the cancellation conditions
1 -
Np3 + E[mho —eghg + Z(qiai =+ eiai)] =16, (5122)

1 - -
—ND71. + E[mhl - eohi - Z(quﬂ + ejbji)} =0. (5123)

J

A new interesting feature is the dependence of the tadpoles on all RR fluxes.
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5.3.3 Superpotential and tadpoles in ITA with O6-planes.

In this case there are non-geometric @ and R fluxes. As in (5.118), we can contract @ with a p-
form X to obtain a (p—1)-form QX . Analogously, contracting with R we obtain a (p—3)-form
with components

1
(RX)ml...mp73 == 6

The @ and R fluxes are expected to induce superpotential terms quadratic and cubic in the

R™ X, m, s abe - (5.124)

ITA Kéahler moduli. There are appropriate 2 and 3-forms that encode the required combination

of the T;, namely
1

Jé2) = §Jc NJe = =TT307 — T T30 — T T w3,
1
JB = e NJe A Je = =T ToTs a0 A fo (5.125)
Then, the Type ITA superpotential mirror to (5.119) can be written as [55]
W= [ [e)AFrr+QAHs+wl.+QJP +RIM)] . (5.126)
T6

Substituting the fluxes precisely reproduces (5.120) upon exchanging T; < Uj.

The idea behind the general formula for W is to wedge €2, with all available 3-forms. An
analogous reasoning suggests that the C; tadpoles induced by the fluxes follow from

/ C7 AN (—H3Fg+wFy — QF 4 + RF) . (5.127)
]\44)(’1—‘6

The signs have been chosen to match the results in Type IIB. Including tadpoles due to

O6-planes and stacks of intersecting D6-branes leads to the general cancellation conditions

Z NynlnZn3 + %[mho —egho + Z(qiai +ea;)] = 16, (5.128)
> NanimZm} + %[mhl —eohy — Z(qibil +eibin)] = 0, (5.129)
> NaminZmi + %[mhg — eghy — Z(qibi2 +eibi)] = 0, (5.130)
Z Nomlim?Zn? + %[mh3 — eohs — Z(qibig +eibiz)] = 0. (5.131)

These agree with (5.122) and (5.123).

5.3.4 Superpotential and tadpoles in IIB with O9-planes.

For completeness we will include as well the effective superpotential for the case of Type IIB

orientifolds with O9-planes. Since on this case the orientifold involution is the identity, only
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l

mn?

even fluxes are allowed. There are eight RR Flonn, twenty-four metric w and eight non-

geometric R"™". The components are displayed in Tables 5.2, 5.3 and 5.4.

The superpotential can be derived from the Type IIB/O3 results by implementing T-
dualities in each of the six internal coordinates [55]. The moduli then transform as S « S,
T; < T;, but U; < 1/U;. The Kéhler potential transforms as

K — K +1log|U UsUs 2. (5.132)

Invariance of the Kihler function, G = K + log |W |2, then requires
—iW

Wog = ————
09 U1U2U3,

(5.133)

where we have chosen a convenient phase. Therefore, in terms of the Type IIB/0O9 moduli,

the superpotential reads

3

Woo = m+iZQiUi+€1U2U3+62U1U3+63U1U2_i60U1U2U3
i—1
) 3
+ S[’Lho + ZC_LZUZ + ialUQUg + i(IQUlUg + iagUlUQ + hoUlUQUg] (5134)

i=1
3 B 3

+ D Ti[—ihi+ Y bjiU; +ibyuUsUs + ibgiUr Us + ibsiUs U — hiUyUsUs]

i=1 j=1

In absence of metric w and non-geometric R fluxes W9 depends only on the complex structure

moduli. Linear terms in 7; and S are induced by w and R respectively.

Fluxes contribute to C19 and Cg tadpoles. Indeed, there is a candidate tadpole term

/ Cs N\ wfg + Cig A ng , (5135)
I\J4><T‘6

where RF3 is a O-form according to (5.124) and wF3 is a 4-form according to (5.48). Substi-

tuting the fluxes and including the corresponding sources gives

1 _
ND9 + E[mho — eoho + Z(qlal + 61'(_11')] = 16 s (5136)

K3

1 _ _
Nps; + glmhi — eohi — > (asbji +€;b5i)] =0 . (5.137)

J

5.4 Type IIB S-duality and fluxes

By considering some new non-geometric backgrounds, we have built up in the previous section

a T-duality invariant superpotential. However, in the language of Type IIB String Theory,
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this new kind of background fluxes spoils the Type IIB SL(2,Z) symmetry described in Sec-
tion 4.1. As we saw, this is a symmetry of the full Type IIB theory, and therefore it should
be inherited by the four dimensional effective superpotential. In fact, when only standard
RR and NS backgrounds are switched on, the effective potential is invariant under S-duality

transformations.

In order to recover a S-dual superpotential in presence of non-geometric fluxes, one is then

advocated to consider new kinds of non-geometric deformations, parametrized by a set of

constants {P""} defined by
()G 96) -
P ¢ d) \P
a

for 4 € SL(2,Z). These new objects are thus some sort of RR non-geometric fluxes
c

with the same tensor structure and number of components than the @ fluxes.

We conjecture then that the effective superpotential for Type IIB orientifolds with O3/07-
planes is given by
W = [(F3 —iSH3)+ (Q —iSP)J] N Q , (5.139)
T6
or in terms of the background parameters

3
w = €0 +iZ€iUi - qu2U3 - QQU1U3 - Q3U1U2 + imUlUQUg
=1
3 —
+ S[iho — Z a;U; + 1a,UxU3 + iasU U3 + 1a3U, Uy — h0U1U2U3}
=1
3 3 B B B B
+ ZTZ [ —th; — Z U;bji 4+ iUxUsby; 4 iU Usbo; + iU Uabs; + U1U2U3hi] —
i=1 =1
3 3 3 3
- SZ fili +1iS Z UjgjiTi + SU2U3 Zguﬂ + SU U3 ZgziTi
=1 1,7=1 =1 1=1
3 3 B
+ SUlnggngl —iSU1U;U3 ZflTl , (5140)
=1 =1

being the last two rows the generated by the P fluxes. Here we have defined

PP -f e e e g1 912 913
PR =|-f| ., | PP® —P3 P® |=|gn g2 93], (5.141)
Pg? —f3 A 931 932 gs3
Ppe -fi -pj¢ P9t PP g1 12 913
PSr | =1|-f2 , P —pSt Pi2 ol =G g2 Gos | - (5.142)

Py5 —f3 Pp3 p3t —P® J31 G32  §33
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Imposing closure under SL(2,Z)g for the Bianchi identities (5.103) and (5.108) now re-

quires the conditions

QlmmQlr =0, (5.143)

plmnpllr = o, (5.144)

Qimnpv 4 pimnQllr = o, (5.145)
Q{fﬁmn}p — P[?an]p =0. (5.146)

In terms of the background parameters, the new constraints (5.144) and (5.145) read

respectively
—9ii9jk + ki fr + fiGrk — gjigic = 0, (5.147)
—GiiGik + geifr + figrr — Gjigie = 0, (5.148)
—9iiGij + G195 + fifj — griGe; = 0, (5.149)
GiiGij — 951955 + fifi — griGe; = 0, (5.150)
and
brkGr; — hiefj — bjkgs; + bingi; + grebe; — frhy — Gikbj; + giby; = 0, (5.151)
bikgi — Pdij — bjifi + bikgr; + grrbis — fubjs — Gikhy + gibr; = 0, (5.152)
bikGi; — higij — bjifi + bikGr; + Grewbi; — fubj; — gjkhy + gabr; = 0, (5.153)
bk — hifj — bikdis + bikgi; + Grkbr; — fxhj — gjkbsj + Gikbi; = 0,  (5.154)
whereas eq. (5.146) reads
hohj + abij + a;bj; — arby; +mf; — digij — 4;955 — exgr; = 0, (5.155)
hohj + a;bij + ajbj; — axbr; — eof; — €iGij — €355 — akgkj = O, (5.156)
hobi; + @ibjj + ajbi; — arh; +mgr; — 4:Gi; — 4;9i; — exf; = 0, (5.157)
hobij + aibj; + ajbij — arhj — eogr; — €955 — €;9i; — auf; = 0. (5.158)

Concerning the flux induced tadpoles, we already mentioned in Section 4.1 that Cy is part
of a SL(2,7Z) triplet. Thus, starting from eq. (5.121) and imposing SL(2,Z)s invariance, one
gets

/ C4/\ﬁ3/\F3—CgAQF3+égAPF3+Cé/\(QFg-ﬁ-PFg) , (5.159)
]\44)('1—‘6
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which gives rise to the cancellation conditions

1 _
Nps + =[mho — eoho + Y _(gia; + €:a;)] = 16, (5.160)
2 7
1 _ _
= Npr, + glmhi = eohi = 3 (g5b5i + ebii)] =0, (5.161)
J
1 .
—Nns7, + §[h0fi —hofi — Z(dgji —a;gji) =0, (5.162)
j
1 r —
N7, + §[€ofi —mfi + Z(ngji +€;g5i)] = 0. (5.163)

J

We have made use of eq. (5.146) in order to simplify the last equation. Moreover, we have

considered the possibility of having NS7; and I7;-branes [132] sourcing respectively Cs and Cy.

To analyze systematically the vacuum structure of the scalar potential induced by (5.140)
is a difficult task due to its great complexity. Here we will concentrate on a couple of examples
of N' = 1 Minkowski vacua on which the dilaton, the complex structure and the overall Kahler
moduli are fixed [55]. This is a novelty with respect to the Minkowski vacua discussed up to

here, since in those cases there were always numerous flat directions.

Thus, let us consider the isotropic background of eq. (5.113) together with
fi=f . fi=1 (5.164)
gij=9 (@#3) . gu=7v , g=9 (#7) , Gi=7

Then the superpotential (5.140) becomes
W=FE+0cFEy;+717FE3+0TE, (5165)
with
U=—ip , S=—ic , T=—ir, (5.166)
and
E1 = Ey + 3ep + 3qp* —mp® |
Ey = ho + 3ap — 3ap® — hop® ,
B3 =3[~h+(2b+B)p— (2b+ B)p* + hp’] ,
By =3[f — (297)p+ (25 +7)p° — f°] -

The problem consists on finding solutions of

_ow _ow _ow
- 9p 0o OT

From 0W/Jo = 0 and OW/OT one gets

= 0. (5.171)
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and substituting back in W = 0 and W /9p = 0 then gives rise to
E=FEFEs— EyE3 =0, E' =0. (5.173)
Thus, E must have a double root py necessarily complex
E =3(p—po)*(p— p5)* (ap® + 6p +¢) (5.174)
with «, d, € and pg depending on the fluxes.

We will consider two particular solutions to the Bianchi identities (5.143)-(5.146), summa-
rized in Table 5.5.

Case P-P=0 QR-Q=0 Q-P+P-Q=0| Q- Hs—P-F5=0
_ _ 5:—b7,3:—l_) B hOBZG’y—l-(_lh
L | f=Ff=9=5=0 - by =hy _ _
hh = bb hoh = gy + ab
2 7__?’7__9 h:;l:bzi):o fB:gﬁ mg:%f_aé
If=939 49 = aff — eof

Table 5.5: Some solutions to the identities (5.143)-(5.146) for isotropic fluxes.

Case 1
We find a class of minima with fluxes satisfying the relations
q=0 , eyy=4ah , mhohy = (ey+ 4ha)(ey + ha). (5.175)

Besides, ¢ = 0 implies hho = ab, with b given in Table 5.5. As free parameters we can then
take a, a, b, hg, h, v and e. They must be such that the remaining dependent fluxes come out

integers as well. Furthermore, there are sign relations required for consistency. For example,

one finds bk
. 2 0
= =— ) 5.176
po =ilpol , Ipol e + ha ( )
This needs hoh(ey 4+ ha) < 0, then U = /—hoh/(ey + ha).
The remaining moduli turn out to be
2h h|ho(2ah — — 2iaU (ey + ah
S="— |, T= [ho(2a o) — 2ial(ey +a Iy (5.177)
~U 37U (ey + ah)(h — ibU)
To guarantee Re S > 0 and Re T" > 0 we need
hy>0 , (2ab—2ah+evy)> 0. (5.178)

For example, choosing

a=-8,b=—4,h=-4,y=-4,a=12, hg=8, e=—16, (5.179)
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we find that all dependent fluxes are also even integers. The moduli are determined to be
U=S=VvV2 , T= %(14\/54—161'). (5.180)
It is also interesting to compute the tadpoles. In particular one finds
Nps—288=16 , —Np7+80=0 , —Nns7+40=0 , Niy+32=0. (5.181)

Observe the peculiar result that fluxes contribute to the C4 tadpole as O3-planes instead of
D3-branes. This is again a novelty with respect to the vacua involving just Q-fluxes. However,
this is not generic. One can easily find other examples on which the Cy flux tadpole comes
out positive. The 8-form tadpoles can have either sign, or even cancel, depending on the

parameters.

Within the above class of vacua we can set e = 0, implying hob = ah. The I7 tadpole then
cancels, since now ¢ = e = 0. On the other hand, from the condition Re S > 0 we conclude
that in this case fluxes always contribute to the Cy tadpole as D3-branes. Concerning the
flux contributions to the Cs and Cs tadpoles, one has that both are positive (opposite sign
as D7/NS7-branes) and proportional to Re T. To give a numerical example, we can take
a=—-hy=2,U=1, and

a=-8 , b=-2 , h=-2 , v=-2 , S=2 , T=2—j (5.182)

It is easy to verify that the dependent fluxes are all even integers.

Case 2

The second example we would like to present consists on a set of solutions with free parameters

B, B, €o, e, f, g and a, and remaining fluxes determined by

a=0 , hoB=4deg |, BOB_M. (5.183)

Notice that then m = ef/g and ¢ is given in Table 5.5. Then

g U [2efU +i(2eo f — 3a3)]

VSV S‘%LU Y (BU + i) (5189
It is easy to check that Re S > 0, Re U > 0 and Re T > 0 as long as
gf <0 , g8<0 , (2eg+3a,3—¥>>0. (5.185)
For an illustrative example, consider the parameters
f=2,p5=8,3=8,9g=-2,a=28, ¢ =16, e=96. (5.186)

The moduli are then fixed as

1
U=1, S=2 , T=3(7+3L), (5.187)
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whereas for the flux-induced tadpoles we obtain
Np3+32=16 , Npiy+112=0. (5.188)

The flux contribution to Cg and Cy tadpoles is zero.

The I7 tadpoles cancel when a = 0. Then it is simple to show that the free parameters can
be chosen so that all other fluxes are integers while Re S and Re T are large and positive. The
sign relations among the parameters imply that the C4, Cs and Cs flux tadpoles are positive.
The latter two are proportional to Re T.

Other solutions of the Bianchi identities can be obtained by combining the building blocks
of Table 5.5. For example, P-P = 0 can be fulfilled as in case 2, and @-@Q = 0 as in case 1.
Then the solution of Q-P + P-Q = 0 can be written as (bf — gh)(hf —gb) = 0. Now, if hbf = gb,
FE5 and E,; have a common quadratic factor but the polynomial E cannot be factorized as
needed. When bf = gh, to avoid Re S = 0 it must be that U is necessarily complex. In this

more complicated case we were not able to find supersymmetric Minkowski minima.

In summary, some differences compared to the type IIB results [119] without non-geometric
nor S-dual fluxes are evident. The situation now is rather more involved but still we have
found some concrete results. For simplicity we have analyzed the case with isotropic fluxes
and moduli T; = T, U; = U. We find Minkowski A/ = 1 vacua in which not only the dilaton
and complex structure fields are fixed but also the Kéhler modulus 7' is fixed. However, if we
analyze the more general case with independent T; and U; fields, generically only one linear
combination of the Ké&hler moduli 7; is fixed. This is due to the fact that the superpoten-

tial is only linear in the T; and essentially only depends on a linear combination of these moduli.

When S-dual backgrounds are switched on, the contribution from fluxes to the tadpole of
the RR Cy form can have either sign depending on the flux values. This is a surprising result.
We know that in absence of S-dual fluxes the Cy4 tadpole due to H3 and F5 fluxes consistent
with the imaginary self-dual condition needed for supersymmetry is always positive [37, 119].
Concerning the Cg tadpole, if only non-geometric fluxes are present the flux tadpole is negative
(same sign as D7-branes). However, in presence of S-dual backgrounds the flux contribution
can be positive (same sign as O7-planes), negative, or even vanish. This is similar to what
occurs in Type ITA AdS vacua with metric fluxes [43]. The fact that fluxes may contribute to

tadpoles as orientifold planes may be useful for model-building as we will show in Section 7.2.3.

The value of the real parts for the dilaton S and the overall Kdhler modulus 7" may be
made large by appropriately choosing the fluxes. This is in general required to maintain per-
turbative values for the couplings and the validity of the supergravity approximation. On the
other hand, in our supersymmetric Minkowski vacua Re S and Re T' cannot be made arbitrar-

ily large because in general they are tied to RR tadpoles induced by the fluxes. We assume
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that localized sources of different kinds may be added to the theory rendering it tadpole free.
In this connection, notice that if we want to add D3 and/or D7-branes to vacua like these, the
existence of undetermined Kéhler T; moduli may in fact be necessary, as it will be emphasized

in Section 7.1.

5.5 Generalized duality invariant superpotentials.

The approach followed up to here has been to implement the ten dimensional dualities of Type
IT orientifolds in the low energy effective theory. Before the orbifold truncation, this low energy
effective theory corresponds to four dimensional N = 4 supergravity, spontaneously broken to
N < 4 by the background fluxes. In terms of this, the dualities of the ten dimensional theory
appear as elements of the duality group of N' = 4 supergravity, given by O(6,6;7Z) x SL(2,7Z),
although only a subgroup SL(2,7Z)" is realized for factorized toroidal orientifolds.

The kind backgrounds considered along the previous chapters are invariant under a sub-
group SL(2,Z)* c SL(2,Z)7, corresponding to T-duality and Type IIB S-duality. The re-

7, correspond in ten dimensions to Type I/Heterotic S-duality

maining elements in SL(2,7)
and Heterotic T-duality. Here we would like to generalize the superpotentials of previous
chapters to a fully invariant superpotential under the whole SL(2,Z)7 duality group of the
effective theory. This will require the addition of new background fluxes. In order to give
support and to show the nature of these new degrees of freedom, we will first present some
results from M-theory and Heterotic compactifications revealing the necessity of new terms
in the superpotential. Then we will systematize the action of the duality group on the back-

ground parameters and will derive a fully invariant superpotential.

5.5.1 M-theory on a twisted 7-tori.

We will consider here the G3-holonomy manifolds X7 obtained as certain Zs x Zs X Z5 orbifolds
of the 7-torus, X7 = T"/Zy x Zy x Z [117]. We will follow the results and notation used in
ref.[133]. One has seven complex moduli fields M;(z), I = 1,...,7. They may be defined in

terms of the complexified Ga-form
®.=C3 + i® = iM(z) ¢’ (y), (5.189)

where ¢! € H?(X7), Cs is the M-theory 3-form and ® = Re M/ (z)¢’ (y) is given by eq. (4.64),
with Re M;(z) parameterizing the volume of the 7 invariant 3-cycles in X7 = T7/Z2 X Lo X Lo.
We will consider the addition of metric fluxes in this toroidal model. This is a Scherk-Schwarz
reduction which proceeds in an analogous way to that described for Type IIA orientifold

compactifications. In particular we replace the differentials dy”, P = 1,---,7, by twisted
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forms 7% satisfying

1
dn® = _QWJI\ZNWJW At W[JJDWNWIS%]P =0, (5.190)

where one also has why = 0 [38]. Among these metric fluxes wl;y, only twenty-one are

invariant under the twists. In addition we consider the presence of seven 4-form backgrounds
gryix 1 corresponding to fluxes of the M-theory 3-form. The presence of these two types of
fluxes gives rise to a superpotential [134, 135, 133]

. 1 ) 1
Wr = —/)(7(C+Z<I>)A[g+ 5d(0+l¢’)] + Z/X?G7' (5.191)

Here G7 is the flux of the 3-form dual. Expanding this superpotential in terms of the seven
moduli in Type ITA notation [133] one obtains:

W gsersot011 + i(g7eo10T1 + gseo10T2 + gsersTs) + (5.192)
i(957911.5 — g581011U1 — g671011U2 — goso11Us)

(wot0Ta T + wig ToTs + wis T Ts) — S(WiT1 +wos T + wipTs)

(weroTh Ut + wigeToUs + wig TaUs) — (wiigThUz + wieTiUs + wips ToUh)
(wasToUs + wisTsU + wi, TsUs)

S’(ngUl + W§11U2 + Wé?1U3) + W?OHUlU? + W811U2U3 + Wg11U1U3-

+ o+ o+ o+

All terms in this superpotential, except for those in the last line, may be understood in terms of
ordinary RR and NS backgrounds in the Type IIA orientifold supplemented by metric fluxes.
Indeed, all those terms correspond to the fluxes e, e;, ho, hi, ¢, a;, and b;;, described in
Section 5.2.2. The absence of a T1T>T3 term (type ITA mass parameter m) is expected since

in the M-theory scheme considered massive IIA supergravity does not arise.

The new terms appearing in the last line are interesting. The first three correspond to the
S-dual fluxes f; introduced before in order to maintain S-duality in the IIB orientifold version
of this model. Thus one has the interesting result that the f; fluxes introduced before may be

understood as certain ordinary metric fluxes
fi = wkit , K=5,7,9, (5.193)

in an M-theory version of the same model. On the other hand the last three terms, bilinear in
the U; (T;) in the ITA (IIB) version, are new and are absent even in the extended set of flux-
induced superpotential terms discussed in Section 5.4. This suggests, as commented before,
that there is an even bigger set of flux degrees of freedom to be considered. We will see now
that the presence of new terms bilinear and cubic in the U;’s are also expected if we consider

fluxes in the heterotic version of the same class of models.
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5.5.2 Heterotic fluxes.

Type ITA orientifolds with O6-planes are mirror to Type IIB orientifolds with O9-planes, i.e.
Type I String Theory, through the Ms operator in the diagram 3.34. On the other hand
we know that Type I is related by S-duality to the SO(32) heterotic string. Therefore, it is
interesting to compare the induced superpotentials in both theories. Flux-induced heterotic
superpotentials have been analyzed in [136, 137, 138, 139]. It has been argued that heterotic
H-flux forces the internal manifold Xg to be non-Kéhler with d.J # 0. Both effects produce a

superpotential

Whet = / Q/\(ict + dJc) (5194)
Xe

It is interesting to evaluate Wye in the case of compactification on a factorized TS with

arbitrary metric fluxes on top. The H-flux is a generic 3-form, namely

3

Hier = —eoao +mfPo — > _(gicvi + €i3;) . (5.195)
i=1

Our choice of parameters is dictated by the fact that by S-duality Hye is equal to the RR
flux, given in Table 5.4, of IIB with O9-planes, alias Type 1. Moreover, the heterotic metric
fluxes are the same as those as in IIB/O9 shown in Table 5.3. We also need to use that in the
toroidal compactification the heterotic complex structure moduli coincide with the geometric
parameters, i.e. U; = 7;. The Kéahler moduli arise from J. = izj Tjw;. Putting all pieces
together we find

3
tht = m +qu1Uz + €1U2U3 + 62U1U3 + €3U1U2 — ieoUlUQUg (5196)
i=1
3 B 3 B
+ ZTZ [ —ih; + Z bjin + ib1;UsUs3 + ibo; U1 U3 + ib3; U Uy — hiUlUQUg} .
i=1 7j=1

Superpotentials of this kind have been recently considered in [140]. With isotropic choice of
fluxes Whet agrees with results of [32].

Comparing with (5.134) shows that Whet matches Wog except for the terms linear in S
that are due to non-geometric fluxes R™"° in 1IB/09. Additional S-dependent terms in Wog
will appear if S-dual fluxes are included (T-dual to the P/*"). Thus, we conjecture that anal-
ogous dilaton-dependent superpotential terms will emerge in the heterotic side from new flux
degrees of freedom Ryt and Pet-

Moreover, we know that the 4-dimensional compactified heterotic strings are self T-duality
invariant [141]. As a consequence, the complete Kihler function G = K + log|W|? should be
invariant under the SL(2,7Z)3 heterotic T-duality symmetries. It is easy to convince oneself
that this demands additional terms quadratic and cubic in the Kéhler moduli 7; [142], thus
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realizing the complete SL(2,Z)7 duality group. In the following section we will construct

systematically the SL(2,Z)7 invariant superpotential, along the lines of our work in [55].

5.5.3 Fluxes and SL(2,Z)7 invariance.

The general flux superpotential will be a polynomial of degree up to seven on the moduli M; =
(S,T1,Ts,T3,Uy, Uz, Us) and at most linear on any of them. One can write this superpotential

in the form

(5.197)

n?

7
_ (n)
W= > D", M,..M
n=0

where the D™ are integer coefficients associated to generalized fluxes?.

Each of the seven SL(2,Z)x factors consists of two generators

11 0 —1
Sx1 = . Sy = . 5.198
() s () .

kx £
The action of a general element Ax = < X X) € SL(2,Z) on the modulus My is
mx Ny
given by
kxMx —ilx M
My — (kxMx —ilx Mx) . kxnx —lxmx =1 ; kx, lx, mx,nx €Z. (5.199)

(tmxMx + nx)

The toroidal Kahler potential transforms like
K — K + loglimxMx + nx|?, (5.200)

and the complete Kihler function is invariant as long as the fluxes D™ transform like

(n) (n+1) (n) (n+1) nx mx
(Dijk..» Daiji..) — (Dije.» Daij...) ( Ox  kx ) : (5.201)
The fluxes D™ may be viewed as symmetric tensors of n indices, with all diagonal com-
ponents vanishing, thus with binomial coefficient (ZL) independent components. Hence, the
total number of generalized fluxes is ZZ:Q (;) = 27 = 2(harthu+l) " They provide the 128
components of a representation (2,2,2,2,2,2,2) under SL(2,Z)"7. As explained in Appendix
C, this in turn may be embedded into the spinorial 128 of SO(7,7;Z). One can decompose
the two Weyl spinors of fluxes accordingly to its SU(7) tensorial structure

64 = 1® 721 & 35
64 = 1 o7 @ 21 @ 35 (5.202)

The components of each representation are then given by

2General superpotentials of this type were considered previously in [32] from the point of view of gauged
N = 4 supergravity.



5. Moduli stabilization and A/ = 1 Superpotentials. 89

Rep. Flux Components

1 €o

7 e ho h;

21 % a by fi B
35" |m a by g b, HNCA
35 ho hi  Gij l_)gj gi; e hy
21’ fi b gy 4 o

7 oom!al

1 hi,

Note that in the M-theory setting described above, only the representations 1, 7/ and 21

appear explicitly [133].

In terms of component fluxes the full duality covariant superpotential (5.197) may be

written as

+

eo — th T, + Z BT Ty + ieh i To Ty (5.203)
l;ém;én
3 .
<ih0 N AT - % ST HTwTn - hngTQTg) S
i=1 l#m#n

3
Z (—al—l—ngw - Z guTmTy +zaT1T2T3>S
i=1

l;ﬁm;ﬁn

3 .

(3

1€, — E bijTj - 5 E b;leTn - 32T1T2T3 Ui
j=1 l#m#n

% > (zar—I—Zng +5 Y guTmTs a’rTngTg)S

r#£s#t j=1 l;ém;én

qT—i—szT]T — = Z V. T Ty + i, Ty ToTs | UsUy
l#m;én

3

_ _ 1 _ _

_ (ho +iYy fiTi - 3 > ATaT.+ ih6T1T2T3> S
j=1 l#m#n

zm+2h T +— > RTnT, — m' Ty Ts | UyUaUs.
l;ém;én

The complexity of this superpotential makes its analysis difficult, except in particular cases

like those we have discussed in previous sections. In any event it is clear that there are many

parameters which should allow for new possibilities in fixing moduli. It is important to remark

that these 128 flux degrees of freedom are not independent. We already saw how Bianchi iden-

tities and RR tadpoles strongly restrict the possible fluxes in the simpler case with 64 degrees
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of freedom. In the most general case analogous constraints should be fulfilled. It would be

interesting to have close expressions for these constraints in the more general case.

Note that the above discussion does not imply that the effective action has full SL(2,7Z)"
duality invariance. Rather, the above discussion shows how the presence of each particular
flux explicitly breaks the duality symmetries. As we have seen, some of these flux degrees
of freedom have a simple interpretation as metric fluxes or explicit RR or NS backgrounds
in some particular version (Type IIA or IIB orientifolds, heterotic, M-theory orbifold, ...) of
compactified string theory. Some other fluxes do not admit a simple geometric interpretation
and yet others are implied by Type IIB S-duality and/or Heterotic self-T-dualities. Yet all of
the 128 fluxes may in general be present in the complete underlying theory.



Chapter 6

Flux induced SUSY-breaking in

D-brane configurations.

We have described in Chapter 5 how compactifications of String Theory in presence of back-
ground fluxes give rise to non-trivial superpotentials in the four dimensional N' = 1 effective
theory. These lead to a large landscape of vacua on which some, or even all, of the closed
string moduli are stabilized. From the ten dimensional point of view, the lifting of some of
the moduli from the massless spectrum is signaling changes in the topology of the internal
manifold due to the backreaction of the fluxes. It is therefore expected that the dynamics of
the D-branes, required to cancel the RR tadpoles and to embed the Standard Model, will be
as well affected by these changes.

On this chapter we would like study how the background fluxes affect the D-branes, or
more concretely, the gauge theories living inside them. In particular, we will compute the flux
induced superpotentials for the open string moduli parametrizing the location and Wilson
lines of the D-branes. In terms of the MSSM, this is equivalent to compute the potentials
for the squarks, sleptons and Higgsses, or in other words, the soft supersymmetry breaking

lagrangian. This has been our task in [20, 24].

6.1 Supersymmetry breaking and Soft-terms.

The algebra of A/ = 1 supersymmetry appears as a natural mathematical construction pro-
viding us with a solution to the hierarchy problem. Moreover, having the setup of branes pre-
serving N' = 1 in four dimensions avoids inconsistencies such as non-vanishing NSNS tadpoles.
However, the present constraints coming from LEP situates the lowest masses for the sleptons,

stop and sbottom above the 100 GeVs, so definitively we live in a non-supersymmetric vacuum.

91
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The vacuum expectation value for the supersymmetry variations are of the form (see
e.g. [143])

(60) = V2e(F), (6.1)
(6A) = e(D). (6.2)

Thus, there are two different ways to break spontaneously N/ = 1 supersymmetry while pre-
serving Lorentz invariance: by means of a F-term vev in the scalar potential (O’Raifeartaigh

mechanism) or by means of a D-term vev (Fayet-Illiopoulos mechanism).

The F and D auxiliary fields can be determined from their own equations of motion. More

concretely, one has
- 1 : 1 _
F=eC2 (@ NG, - Zﬁzbk(cﬂ);@xﬂb — (GG + imajuﬂ, (6.3)
- — i j { 7 c { * be, )1 1 7
D® = i(Re 7)) (9G'TY ¢;) + S faiX = 5 f; beaing + 5 MG, (6.4)

so non-vanishing vevs for §¢ and/or d\ can be generated by both, perturbative or non-

perturbative effects.

F-breaking nicely does not spoil the cancellation of quadratic divergences, giving rise to
a soft breaking of the supersymmetry. This is related with the so called non-renormalization
theorems, which ensure that the superpotential does not receive radiative corrections, i.e. to

each order in perturbation theory only D-terms are generated.

On the other hand, supersymmetry breaking through D-terms in principle produces quadratic
divergences. However, imposing the additional constraint Tr Y = 0, Y being the generator
of the U(1) gauge group under which ¢ transforms, it is possible to guarantee that only log-
arithmic divergences are generated. In that case, Fayet-Illiopoulos terms [144] (D) appear in
the scalar potential of the theory, e.g.

V = (D) + ool (6.5)

Then, if (1/e)(D) < 0 the effect of the D-term can be compensated by a vev of the mass term
(¢*@) > 0 so V = 0 and supersymmetry remains unbroken, although the gauge symmetry is
being broken. Contrary, if (1/e)(D) > 0 the effect cannot be compensated, (¢) =0, V # 0 and
supersymmetry is being broken. In the MSSM some of the sleptons and squarks do not have
superpotential mass terms. Thus, D-breaking in the MSSM must be clearly subdominant or
absent, as it could induce a disastrous color breaking, electromagnetism breaking or violation
of the lepton number.
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In any case, when local supersymmetry is broken, the super-Higgs effect takes place and a
spin 1/2 Goldstino is generated
n= (eGP (6.6)
This gets combined with the gravitino so it becomes massive
m3/2—ﬁ<€ > ( . )

From the point of view of the effective theory, there is a limited number of supersymmetry
breaking couplings which can be added to the low-energy effective action without spoiling the

cancellation of quadratic divergences. In particular,
2 oLk Lo L. ra
Lsopt = —(m®)ijpid; — gA Qi Pr + 53 0P — §M AaAg + h.c. (6.8)
In addition, one can consider the following extra piece [145]

L i gy P ia
L8 = —5u bty + 5CTF 60504 + Miida + hc. (6.9)

The terms of Eii)ft in principle may lead to quadratic divergences. However, in the case on
which the chiral multiplets are not singlet under the gauge group these are absent and one

should consider them.
Note that there are still regions of the parameter space for which supersymmetry remains
unbroken. Indeed, it is possible to prove that when

(m?)s; = 1], (6.10)
Oijk _ —(hjkl)*,uil,

with the rest of the soft terms vanishing, the theory becomes supersymmetric and is described
by a trilinear superpotential plus a supersymmetric mass term % Mij Pih; .
Other interesting situations are given by

Aldk — _ Mpik, (6.11)
Tr (m*) = |MP?,

with the other soft terms vanishing and a superpotential of the form
1 ..
W(¢) = gh”k@%‘(ﬁk- (6.12)

These conditions in a A/ = 4 theory ensure that the theory remains ultraviolet finite to all
orders in perturbation theory [146, 147, 148, 161] and in particular the soft parameters do not
run under the renormalization group flow, although supersymmetry is being broken to N' = 0*.
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In superstring and supergravity theories the patterns (6.8) and (6.9) arise naturally when
supersymmetry is being broken spontaneously in a hidden sector communicating with the ob-
servable sector through some messenger interactions, such as gravity. In fact, supersymmetry
cannot be broken spontaneously in the observable sector since a D-term vev for the hyper-
charge group U(1)y does not lead to an acceptable spectrum, and on the other hand, there is

no gauge singlet whose F-term could develop a vev.

Thus, it results convenient to expand the superpotential and the Kéahler potential in terms

of the chiral superfields of the observable sector as

; 1 | -
W =W (hm) + 5 i (hm) 27 + gnjk(hm)@rlﬂqﬂf e (6.13)
N - — . 1 o
K = K(hm, h,) + Ky (hns 1)@ 7 + = Zij (o, b )@'®T 4 e+ (6.14)

where h,, are the chiral superfields of the hidden sector. In some specific models the p and
Z terms can be forbidden by gauge invariance. This is not the case of the MSSM, where the
two Higgs doublets have opposite hypercharges.

When supersymmetry is broken in the hidden sector, the auxiliary fields of some h,, super-
fields get a vev through eq. (6.3) and soft-susy breaking terms are generated in the observable
sector due to the gravitational couplings between the h,, fields and the ® fields. These can
be explicitly computed in the so called flat-limit, on which Mp — oo with m3,, fixed. In
that case the non-renormalizable gravity corrections decouple and one has a globally super-
symmetric lagrangian with soft susy-breaking terms which are functions of the above F'™, K,
K, ete. Explicit expressions can be found in [149].

In the particular case of String Theory compactifications, the role of the hidden sector is
played by the closed string moduli of Section 3.1. More concretely, these are grouped into
N =1 chiral multiplets with F auxiliary components associated to the background fluxes [74].
A non trivial background flux in the internal manifold will correspond to a non-vanishing
vev for the F auxiliary fields associated to the axiodilaton, complex structure and/or Kéhler
moduli. In this sense, the A/ = 1 chiral multiplets are acting as spurion superfields [22, 23],
i.e. chiral fields to which the coupling constants of the theory are promoted. For example,

promoting the gauge coupling to a superfield
S =g+ Mee, (6.15)

one has

/ d?eSF*F, = / d?egF*Fy + M), (6.16)

so the gaugino masses are given by the vacuum expectation value of the auxiliary field M,

which is related to closed string backgrounds of String Theory.
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6.2 D-brane low energy effective actions.

The idea is to compute the low energy effective actions for the field theories living inside the
D-branes in the flux compactifications described in Chapter 5. Unfortunately, a complete
analysis of the soft-supersymmetry breaking parameters induced by the above whole set of
backgrounds is still missing. Here we will instead concentrate in the Type B(ecker) scenarios
described in Section 4.3.1, i.e. on Type IIB configurations of D3 and D7 branes with constant
NSNS and RR fluxes and vanishing magnetic fluxes. This was done in [20, 24]. Alternative
approaches can be found in [19, 21, 25, 26, 27, 28].

We will adopt a microscopic local point of view by expanding directly the non-abelian
Dirac-Born-Infeld (DBI) and Chern-Simons (CS) actions associated to the D3 and D7-branes.
Our results will be thus generic in the sense that the only input is the local supergravity
configuration around the brane. All the global information will be in some sense contained
there by consistency with the supergravity equations of motion. The difficulty is then, given a
global configuration which solves the supergravity equations of motion, to compute the local

background around the brane.

6.2.1 Low energy effective action for D3-branes.

The non-abelian extension of the DBI and CS actions for a Dp-brane was worked by Myers [150]

based on T-duality arguments. For the particular case of a D3-brane it is given by

S— —pafdieTr [t S TR PEw T Ba(@ T 0By F 0Fn] 3005
+pz [Tr (P [l (3 Cr+ 3B ACo)e B e’ | (6.17)

where P[M] denotes the pullback of the ten dimensional background field M onto the D3-brane

worldvolume and

Emn = Gmn - an )
QM = 0" +ic [0, 6] By (6.18)
o = 2md .

We will perform a local expansion around the position of the D3-brane, parametrized by the
vevs of the six transverse scalars ¢™ of N' = 4 Super Yang-Mills. Then, we will make the

identification

™ = 2na ™ | (6.19)

where ¢™, from now on, makes reference to (¢™).
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Thus, let us expand (4.33)-(4.37) as!

_ 1
(Zy(a™)) V2 = 27?4 g K™ 4 (6.20)

(Zo(z™))V2 =2+ .,
1
T="1T0+ o Tmn Mz,
1
X4 = (const. + Ean ™™ 4 .. ) dadat daPda?
Glmn(xm) - Glmn + ... B

where the coefficients in the right hand side are constant. Plugging this into eq. (6.17) and
expanding will give us the low energy effective action of the gauge theory living in the world-
volume of the D3-branes. This is a generalization of the expansion carried out in [19]. Note
that, for stability reasons, we have not included linear terms in the above expansion, as they

usually lead to linear contributions in the scalar potential.

In order to plug (6.20) into (6.17) we need first to integrate the RR and NSNS field-
strengths

1. .
B = gazgS(Gg — G imnd' (6.21)
2
g
(Cy)o12s = 7an¢m¢n ;

g, _ *
(C6)o123mn = —ng [x6(Gs + G5)mnpd”

where we have made use of eq. (4.14) and *¢ is taken with respect to the metric without taking
into account the warp factor. The gauge choice actually contains global information about
the internal manifold. We have taken here a symmetric gauge which puts on equal footing
the six transverse coordinates. This is somehow natural for a toroidal reduction, since in that

case there is no difference among the six internal coordinates.

In principle, one could think that the gauge choice should not affect the physics, and in
some sense this is true, but there are some subtleties about it. On one hand, the CS action
is a topological action and thus directly involves the gauge potentials. However, here we are
expanding it perturbatively. This gives some unexpected behavior. One has to consider all
the terms in the series expansion in order to have a gauge invariant physics. Since we are
taking a truncation to the lowest orders in the expansion, i.e. to the soft terms, apparently
our low energy effective action will depend on the gauge choice of the RR fields. On the other
hand, By is not invariant under ordinary gauge transformations d B, = dA but rather under

modified gauge transformation of the form [151]

5By =dA , §A=2xA. (6.22)

1 Actually, we have considered a slightly more general background than in (4.33)-(4.37), with a metric of
the form ds? = Z;l/zn,“,dx“dw” + Z;/zdszcy.
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Thus, the DBI-CS action is completely gauge invariant only after one considers the possibility
of having non trivial magnetic backgrounds. Different gauges for By will differ in non-trivial

backgrounds for Fs.

Making use of egs. (6.21) and plugging

o2

Im7=Immy + 7Im Ton @ O™ (6.23)

1/2 io nom g’ m n m n
[~ det(P[E,)]"/? = z7 (1 - %221”22;/2 0ud™ 0pd™ + 022 Ky 9™¢") ,  (6.25)
(i3ipCo)o123 = g(06)0123mn[¢n7 o™, (6.26)

into (6.17) we get the relevant terms of the bosonic low energy action for the gauge theory
inside the D3-branes

o’ — 1 m m Z m n n m
Lo = B 20 [ 52022, 0,670,067 — 107, 6" 167,07
- (le/szn + %Imen) (bm(bn - f_; (G?) - G;)lmn (bl [¢n7 ¢m] ] ;
2 1 Ty 1 m n szl * lrn m
Les = pso” Tr E(Re ) Euw '+ §an¢ " — g *6 (G3 + G3)imn &' [0, 0™ | -

A similar expansion can be carried out for the fermionic action by considering the fermionic
completion of the ten dimensional supersymmetric DBI-CS action [152]. This expansion in
powers of the fermionic fields has been worked out in the literature by different methods (see
e.g. [153, 154]). In particular, here we are interested in the piece giving rise to fermionic

masses and kinetic terms

o3
9s

1 - 1 _
Coom. = <—§ O D, 0+ g, BT ORe(rG — iG)pqr) . (621

where the different terms are understood in the superspace formalism.

The coordinates of the N'= 2 IIB superspace are given by (z*, %), with 6% a pair of real
16 component Majorana-Weyl spinors which parametrize the supersymmetry transformations.
Arranging the open string Ramond states into a ten dimensional Majorana-Weyl spinor O,
in the same way as we can arrange the NS states into a 10 dimensional vector field A*, and

decomposing it accordingly to SO(9,1) — SO(3,1) x SO(6), we get the fermionic analogous

to eq. (6.19)
o ,[a
() e £) oo

with a?+b? = 1. The SO(2) vector is used to fix the embedding of the D3-brane supersymme-
try in the 10d A = 2 1IB supersymmetry, reflecting the x-symmetry freedom. We will work



98 6. Flux induced SUSY-breaking in D-brane configurations.

in the choice (a,b) = (1,0).

Performing the dimensional reduction of (6.27) accordingly to
e =701, T =276 0™, (6.29)
we get the fermionic soft term lagrangian

u302Z11/4 < 1

L'crm - -5
ferm: 9s 2

1/)71 ,YAL D#wa_'_g_gzl—l/4Z2—3/4(*6G3_Z-G3)mnp 1/)(1 (,Ymnp)ab 1/)b—|—h.c.> .
Thus, putting everything together, going to the Einstein frame and rescaling all the fields in
order to get rid of the warping and the global uzo? = % factors, we get the complete soft

term lagrangian

B 1 ~ e i
Lo — Tt {_ (272 K — 5211/222 V2, %Zl V212 g 4

1gsV 2
| i9sV2m

5202 (%6Ga — G 6977

Z'gl/2 1/4 ,—3/4
+ ﬁZJ P73 (46Gs — iG3)imn Y™ P | . (6.30)

It is interesting to express this result in terms of the local SO(6) — SU(3) x U(1) local

symmetry irreducible representations. Thus, taking

1 1
1 _ 2042 | . 2043 Sl 2042 _ . 2143

2 =—(x + iz , z=—7=( —x , 6.31
vl ) VL ) (6:31)
and decomposing the A = 4 vector supermultiplet in terms of NV = 1 supermultiplets ac-
cordingly to eq. (B.3), we obtain three complex chiral "= 1 multiplets (®¢, ¥%) and a vector
multiplet (A*, \). Note that although we are assuming a concrete complex structure, the
expressions thus obtained will remain valid for whatever other complex structure selected by

the supergravity equations of motion.

The flux tensor Gy, transforms as a reducible 20 = 10 + 10 representation of SO(6).
The 10 and 10 correspond respectively to the imaginary self-dual (ISD) G and imaginary
anti self-dual (IASD) G5 parts, defined as

1 , ,
G = 5(Gs Fixe Gs) %G = +iGE .

Under the SO(6) — SU(3) x U(1) decomposition the 10 decomposes in SU(3) irreducible

representations as 10 = 6 + 3 + 1. Thus, it is convenient to introduce the tensors [59]

Sij = s(emGirr + €uGig)

— N =

Az = g(émGkg—émsz;),
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ISD TASD
SU(3) rep Form | Tensor || SU(3) rep. Form | Tensor
1 (0,3) G133 1 (3,0) G1a3
6 (2,1)p Si 6 (1,2)p Sij
3 (1,2)np Aij 3 (2,1)np A

Table 6.1: SU(3) decomposition of antisymmetric G 3) fluxes.

corresponding respectively to the 6 and the 3 of SU(3). An analogous decomposition could

be done for the ISD fluxes. We summarize the different flux representations in Table 6.1.

Using these definitions, the above soft term lagrangian can be rewritten as

L="Tr|— (22 PKis— 21225 *xig + 9527 2 25 (Imr) i3 ) @100 —
-3 L2252y — 2225 s 4 9,27 225 A () ) 96T 4 het
14— 1 o 1 o
+9sV2nZ, 1/422 8/4 [§G123 €ijk PP pF 4 56;}[ (S — (Am)*) PIPIPF + h.C.:| +
L9 2 i3 1 -
2i/_Z_ ayad [Gm M+ gein A TN + Sij Tipd 4 h.cl ] . (6.32)
where we have defined
(ImT)ij = E(Tij - (Tﬁ)*) ) (6.33)
1 *
(Im7)ij = o (75 = (153)") - (6.34)
Comparing this with equations (6.8) and (6.9) we identify the soft parameters as
my = 22, Ky — 272y P + 952y VP 2y P ()
B, = 2Z—1/2 Ky — 1/2Z2_1/2ng s ~1/2,, 1/2(Im7')ij ,
1/2
L - h”kZ_l/4 _3/495 Gia23 ,
\/_
1/2
Cijk _ —i—h”lZ 1/42 3/495 S A * ,
2 2\/—( w — (Ag)")
Me = g\s/§ 71/42273/4(;123
1/2
gs' —1/4,-3/4
Wi = 2\/—2 Mz
i gs/ 1/4 ,—3/4
M= g (6.35)
and the Yukawa coupling h;jx
hiji = 2V2gy M 333k 6.36)
gy M,33 = \/2Tgs . 6.37)
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It only rests to check the constraints imposed by the supergravity equations of motion. As
we saw in Section 4.3.1, these establish relations between the warping, the five-form flux, the
complex dilaton and the three form fluxes. We should expect something similar from the local
point of view. Indeed, plugging (6.20) into the eqs. (4.8)-(4.10), one gets, to lowest order, the
following constraints

) Zy! 1 1
ZZTlf = % <G123G123 + ZSlkSﬁc + ZAlkAlk> ;
1/2 9s ,— 1
42,23 Ky = 5 22 " 1Gazs]? + |Grasl + 1 > S5 + 1551 + 143517 + 1451%) |
ij
9s ,— 1
~221) i = L " |Ghasl® — |Grzsl? + 1 D U8yl = 15517 = 14yl + [451) |
ij
so the 3-form fluxes determine through the equations of motion the trace of the scalar mass

matrix

o 1
mi + mi + mi = %ZQ BRZ | Ghasl + 1 Z(|Sij|2 + |4351*) —

ij
1 1
—Re(G123Gia3 + 1 SikSm + 1 AiAi) | - (6.38)

Hence, the masses are not fully determined by the fluxes and one is enforced to consider the

complete configuration in order to fully determine them. This was already observed in [155].

6.2.2 Low energy effective action for D7-branes.

The case of D7-branes is rather more complicated than the one of D3-branes. Thus, we will
take some additional simplifying assumptions. The D7-branes in general will be wrapping a
4-cycle ¥4 on the compact space. Therefore an expansion on all the coordinates transverse to
Minkowski has no longer any sense. Instead, we will consider a tubular neighborhood around
the 4-cycle and will expand the background in the normal coordinate around this neighbor-
hood. For simplicity we will center on the case on which the fibration is trivial. This allows
only for the cases on which the 4-cycle is Calabi-Yau, i.e. 7% x C and K3 x C.

The geometric symmetry is now reduced to SU(2) x SU(2)’ x U(1), in agreement with the
considerations of Appendix B. Therefore, it will result useful to decompose the flux under the
breaking SU(3) x U(1) — SU(2) x SU(2)’ x U(1), i.e.

10 = (3,1)_ + (1,3)4 +(2,2) , 10 = (3,1)+ + (1,3)_ +(2,2)0,

where the subindex refers to the +1 U (1) charge. Choosing our 4-cycle to be parametrized by
2! and 22, and localized in the transverse direction 23, the triplets of SU(2) and SU(2)" are
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related with the fluxes in SU(3) notation by

(L,3)+ = {G= \/—A127 g, = \/—(2333 Gi23), Gy = \/—(2533+G123)}

3,1)- = {G= 7312, G, = \/—(2311 322), Gy = \/_(2S11 + Sgg)} ,
/ / / -1.1 / B 1
(1,3)- = {Go= \/—A127 G, \/—(25 — G1a3), Gy, = 7%(55*3 +Giz3)}
—1 1 —7 1 1
B0+ = {Go= S G = (35— 55n). Gy = 5 (55 + 35w}

Regarding the triplets of SU(2) as vectors of SO(3), one can identify then the SU(2) invariant
scalar product as
A-B=AyBy+ A B, + AyBy. (6.39)

The Gpnp components transforming like (2,2) correspond to the SU(3) components
Sis, Ais, S53, A7z with ¢ = 1,2. These fluxes are special in several aspects and will not be
considered here. In particular, if 34 contains 3-cycles Cs , the (2,2)¢ multiplet contains fluxes
such that

F3 75 0 3 H3 75 0. (640)
03 CS

This is for instance the case for T4, on which much of our analysis centers. This is problematic
because, as we will see in Section 7.1, non-zero integrals of Hs on a D-brane cycle generate a
world-volume tadpole for the gauge potential [ p7 Hs A\ As, rendering the configuration incon-
sistent [156] 2. Moreover, in general, such fluxes along world-volume directions are quantized,
and cannot be diluted away keeping the D7-brane physics four-dimensional. Thus, their pres-
ence can lead to qualitatively large changes in the four dimensional physics, which may not
be well described with our perturbative techniques.

Still, the remaining fluxes transforming like (3,1) + (1,3’) contains the most interesting
cases, and will lead to non-trivial effects. Those fluxes have always two legs in ¥4, allowing
us to associate to each of the above SO(4) x SO(2) representations a different 2-form in Xy.
Thus, G3 can be decomposed as

=BANdB+ B NdZP +yNd2BE A ANdEP (6.41)
where 3, 8 and y, + are self-dual and anti self-dual 2-forms in X4, namely
SB=B 5 = (6.42)

(and similarly for the primed forms), corresponding respectively to the (1,3")4, (1,3")_, (3,1)+
and (3,1)_ pieces of G3. Then, the scalar product (6.39) between SU(2) triplets will induce a
positive definite product in ¥4 given by

w1 Wy = / w1 A w2 . (643)
v

2This can be solved by introducing additional branes ending on the D7-branes [157], but this is outside the
kind of configurations here considered.



102 6. Flux induced SUSY-breaking in D-brane configurations.

For clarity we summarize in Table 6.2 the main properties of the induced 2-forms. These
will be associated with the charge of D3-brane induced in the worldvolume of the D7-branes

through Chern-Simons couplings and it will be on the root of the D7-brane soft terms.

[ Form [ SD/ASD in ¥4 | Corresponding G5 rep. | ISD/TASD flux |

3 SD 1.3); TASD
Jei SD (1,3)_ ISD
v ASD 3.1); ISD
Y ASD (3,1)_ TASD

Table 6.2: Properties of the 2-forms induced by the flux in 4.

With all of this, and assuming that our background is independent of the coordinates on

the 4-cycle, the part of By laying completely in ¥4 is given by

Bals, = =2 (-5 + (8 =9 )2+ (=)0 + (/=7 D) . (649)
with (8%)mn = (B55)%, ete. In particular, notice the explicit dependence of the components

of By on the transverse coordinates. Actually, these will be the only components relevant in

the computation of the soft terms.

The Myers’ action for a D7-brane is given by?
= —pr [ dESTr e \/=Ael(P[B + B (@ T = 07 Ey] + 0F) det(Qy)
—l—,u7gs f STT(P [O'CGFQ =+ Og — OGBQ]) s

with the definitions of the above section and where we will assume that the flux background is
purely ISD or AISD, guaranteeing in this way that the dilaton background remains constant
over the internal manifold* (c.f. eq. (4.9)).

For our particular background P[E,, + E,i(Q™" — §)Y E;,] and Q'; are given by
PlEy + Bui(Q " = )9 Ejy) = Plguwgl’® — Bubidl + 5 Bum Q" — )" Buudl)
Q' ;=0 +io[®', ®"(Grjes/* — Biy) -
We will start by computing the first determinant in the DBI piece of the action. Neglecting
derivative couplings, it can be factorized between the Minkowski and the 4-cycle pieces as
det(P[Ep, + Em'(Q_l - 5)ijEju] + Fu) =
= det(gugl/? +29Y/20° 2, D@ D, % + 0F,,) - det(g)/?Z,/% + 0 Fuy — By +
+291/262 232 Do @° Dy®° + Bomn (Q ™" — 8)™" Bup — 0 Bs(a Dy ®° — 0 B3, Dpy®°)

30n this case we will work directly in the Einstein’s frame. In the CS action we only show the pieces giving

possible contributions to the soft terms.
4We saw in eq. (4.52) the dilaton background generated by a D7-brane is not constant. However, at lowest

order in our expansion the supergravity equations of motion becomes linear and the backreaction decouples
from the effect of the fluxes. This is the probe limit.
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with a, b running over the internal coordinates of ¥4 and
D@ = 0,2™ +i[Ag, D] = i[Ag, D™ (6.45)

so there can be still possible contributions to the soft-terms coming from the covariant deriva-

tive in the non-abelian case.

We can expand now the determinants with the aid of the formula
1 1
det(1+M):1+TrM—§Tr M2+§(Tr M?+..., (6.46)

where the dots in this and in further expressions refer to contributions giving rise to derivative
couplings or couplings with dimension higher than four in the low energy effective action. In-
deed, in the two cases we are centering on, namely 74 x C and K3xC, the derivative couplings
do not give rise to contributions to the soft-terms, as the relevant fields have constant profiles

in the 4-cycle.

Therefore,

det(P[E + Eui(Q' — 8)YEj| + 0F,,) =
= —gi127 (@7, 0%) 25(0°, ) + 290 2, 2 220, 8°0, 0%~
3
- %SZ;QZQ(B — 0F) (B — 0F) oy — g 2732 23262 F o FPo+
+0°g)? 22 73] Aa, ®°)[AY, 9% + gl 21 Z50(Bsa[A®, @°] + B3a A, %)) + ... (6.47)
The last term of this expression will survive to the KK reduction only in cases on which the
Wilson line moduli and ®3 have profiles with different parity. This is not the case of compact-

ifications on 4-cycles trivially fibered in the normal direction. Therefore, in what follows, we

will include as well these terms in the final dots.

The second determinant of the DBI piece is much simpler to compute

det(Q%) = 1+ 02 Z5([®*, 2%])%g, . (6.48)

Putting everything together and Taylor expanding the square root, we have the following

eight dimensional action

L = pi7gs STr Z7 (93, 87) Z,(9°, 0°) (1 + o272 71%0,8%0,0° -

Z51 o2 ;1 _
~ 22— (Bals, — 0F2) A wa(Bals, — oF) + %Z}”ZQ YV2F o Fra—
_%Z202([¢3, (1)3])2 _ %ZQIJQ[A‘I, (1)3][(1)3,A6] +

+Z1Z;1(UCGAF2+08—CG/\BQ)|24+...) . (649)
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Concerning the CS piece, we can make use of egs. (4.14), (4.15) and (6.41) to integrate the
relevant RR and NS field strengths

1
Colruxs, = —Z—((ﬂ B2 = (B =B — (v =)+ (Y = )P)AdVolsa + ...,

SZ7! . ) .
BT [(82° 4 /50 — 7 = ") A (B2 2 B =7

—(B'2 4+ 742" = B2 =) N (B 492 — 572 =4 E)] AdVolyg

Cs|muxs, =

Plugging these expressions into (6.49) we finally get

_ _ 1 _
L = 179,02 8Tr Z;7 (@3, %) Zy (03, %) (—2 + 2, 7)%0,8%0,8+
?g)g Z5 (27 A gy D3B3 4 287 A g B3B3 — 4/ A gy D3B3

— B A5 B3D% + hc)|s, — (8,347 AY + ), B3AA + h.c)—

3
IZ 1 _
b2 FyFy+ gslz Y22y FuaFrua = 59:22(19°, 9°)) -

1
— 5957 ;1A 8%)[@3, A7) + > , (6.50)
which in terms of SU(3) irreducible representations can be rewritten as

1

L = p7g.02STrZ; (93, %) Z,(®?, @3)(— + 2% 73%0,8%0,8% -

s 1
fg 2 ( (S12)? Z(Au) Gi?éséé - —322S11)<1>3<I>3 + h.c.—
s 1 1
fs > (IG1ss” + 1|533|2 +3 D7 (185 + |4y ) @30+
ij=1,2

+ Y 4 5 caji ((Skp)" + (Akp) ") AV AP+ hc.—
7,k,p=1,2

-~ %eijgsggAiqu)g +he —

295

5 G @Al AY e + 73277129, A0, AT
— g5 Zo[A", Al ][Ab) AT =3 L 7([@°, 0%~
= g—;Zz[A“, P3[4, ®%)) + ... (6.51)
Note the cancellation of the contributions coming from the warping for backgrounds of black-

brane type [114], where Z; = Z5. Since, we are restricting here to Type B(ecker) solutions,

from now on we will assume for simplicity Z; = Z; = Z.

It is interesting as well to express (6.50) in SU(2) x SU(2)’ x U(1) manifest invariant
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variables. Then one has

1 _
L= 7 gs0°STr [—2 + 20,9%0,9°—
(o

_ %Z—l [g* . g* + (Gl)* . (G/)*] (1)3(1)3 4 h.C. _ i]_gz—l (g . g* + G/ . (G/)*) @3@3_

9:V/2 (Ai A?) (G* - 3) (j:>+(A1 A?) (G- &) <j;>+h.c.

_ V3
— g Z[A®, AC)[AD | A7) 4 29, A0, A" — %Z([qﬁ, %)% — g—;Z[A", D3][@3, A7) |

3
. (6.52)

where & is the vector of Pauli matrices given by

- 1 0 0 1 0 —1
0:{00:(0 _1>,0$=<1 0>,Uy:<l_ 0 )} (6.53)

In this language, the effective action only depends on backgrounds of type G and G’, and not on
G’ and G. In terms of the local R-symmetries this means that only backgrounds with negative
U(1) charge (i.e. (3,1)— + (1,3)_) appear in the effective action. In other words, only fluxes
with a particular correlation between their self-duality properties in the threefold and their
duality properties on the 4-cycle give rise to soft terms, while fluxes with the opposite corre-
lation lead to cancellation between the DBI and the CS contributions. This is not surprising.
As already commented, the fluxes, apart from the D3/D3-brane charge induced on the bulk,
lead to instantonic D3/D3-brane charges on the worldvolume of the D7-branes accordingly to
the duality properties of the induced 2-form in ¥4. It is exclusively the confrontation between
the charge in the bulk and the charge in the brane worldvolume what dictates the dynamics

of the D7-branes, and thus the vanishing or non-vanishing of the soft-terms.

The action we have obtained is an eight dimensional action, and therefore it is still nec-
essary to perform its reduction over ¥4. This requires an exact knowledge of the topology
of ¥4. As usual, the number of scalars in four dimensions is determined by the number of
zero modes of the eight dimensional scalars and the number of internal components of the
gauge fields, counted by h?°(3,) and h*9(3,) respectively. Thus, in cases where the normal
bundle is trivial, there will be only a four dimensional complex scalar arising from ®3. We will
explicitly solve the simplest case of ¥4 = T*. In that case, h*%(3,) = 2. The results however

can be easily extended to more involved compactifications.

To perform the dimensional reduction over the 4-torus is easy, as the derivative couplings

will not give contributions to the four dimensional action and the integration over T* is trivial.
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The resulting four dimensional action is given by®

L=Tr{9,6m0,o"—

S — 1 * 1 * 1 * * 1 * *
- 2227 ({10 + )P - (G (S50)” ~ (S (S)” ) W0+
s 1 1 3
+h-c~—f—8Z 2 |Gi§3|2+1|533|2+1 (1S + 145 | 2P0+

i,7=1,2

1/2
+ 3 WZ—%Z-M((SM)*JF(Ak,,)*)qﬂ@@uh.c.—
k

,p=1,2
1/2 S 1/2 o
- Wz_lemsgg@l@]@?’ +he - B IYM gYM 77 Giz€555® @ B8 + hoc.—
with gy m, 77 defined by
Gyamr = 9s(2m)°(a)?V 2T (6.55)

and V the volume of the 4-torus. Note that on this case the gauge coupling depends inversely
on the warp factor. And thus, very warp-suppressed soft-terms will give rise to too small

gauge couplings.

The fermionic action can be obtained from dimensional reduction of the supersymmetric
extension of the DBI-CS action [152]. The SO(3,1) x SO(4) x SO(2) invariant bilinears

involving the 3-form flux are given by

COT™P0[2ab(ReG3)mnp — (a® — b*)(AIMG3) ynp) +
+ C'OI' (I O[(a® — b*)(ReG3)mnp — 2ab(ImG3)mnp] ,  (6.56)

where C and C” are two constants, and I' 7y = —(i/8!)€ijkimnpg DT/ TFTIT™ T TPTY, with i ... p
running from 0 to 7 and a, b fixing the embedding of the D7-brane supersymmetry in the 10d
N = 2 TIB supersymmetry through eq. (6.28). We will work in the choice (a,b) = (1,0) as in
the last section. The first term in (6.56) arises from contributions from the DBI piece of the
eight dimensional supersymmetric action, whereas the second term comes from CS contribu-

tions.

Then, the fermionic masses in the four-dimensional action are given in terms of the four
adjoint A = 1 fermions X, ¥%, i =1,2,3, by

1 1 o
Liorm. = 6V2i(C" + C)[(Ga3)* I\ + 5(5*33)*\1/3\1/3 + (A1) U3 + 3 > S vw+
ij=1,2

1 1 o
+6V2i(C" — C)[G1asI + 5333\1/3\1/3 + A U3A + 5 > (S W] +he.  (6.57)

=12

5We have rescaled all the fields by Z~1/2(27)5/2a/V~1/2 in order to have canonically normalized kinetic

terms.
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The coefficients C' and C’ can be determined easily by supersymmetry arguments. Indeed, an
S35 background is ISD and primitive, and thus preserves an unbroken A" = 1 supersymmetry.
On the other hand, from (6.54), the scalar ®* gets a mass term for such a background and hence
the fermion ¥3 should get an equal mass. From this one has that C 4+ C' = —ig;/2271/72.
Moreover, one may show from an analogous argument applied to Sis, etc. that the second

term in (6.57) is absent and hence C' = C’. Thus, the final four dimensional fermion masses

are
9?7 1 1 o
Lierm. = o Tr[(Grag) M + 5(S5) W7 + (A1) WA+ 5 3 8, 9'%] +he.
6v2 2 2 ij=1,2
or in terms of SO(4) x SO(2) irreducible representations
1/2 71 1
_Ys Z 3\ - e = A 172\ - * o v
Lerm. = T Tr| (/\, U )zo’y(G 7) <\I/3> + (\If Y )wy(g F) o2 ]+ hec.

Again, note that only fluxes transforming like (3,1)_ and (1,3’)_ appear, with the SU(2) x
SU(2)" x U(1) R-symmetry relating independently A with U3, and W! with ¥2.

Comparing to egs. (6.8) and (6.9) we extract the soft parameters

mi; = mi; =0 ; By =0 ,i,j#3,
miy = 2L G+ sl L Y (SR 414 |
i,j=1,2
By = gsg_2 (2(512)*2 + 3(1412)*2 - %(Giéﬁ)*(séﬁ)* - 3(522)*(511)*> ;
Aidk _hijkig;;i/zil (G123)"
cik = —& Z R (Sii + Ali) — h7*3 (S33)*
6v2 1=1,2 7
M = ;;2\/25—1 (G1a3)"
33 = —%(533)*
Hij = _%&J v, =12,
Y R e ayW (6.53)

with
hijk = 2€ikV 29y M.77 (6.59)

the Yukawa coupling.
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It only would rest to compute the constraints from the supergravity equations of motion
(4.8)-(4.11). However, since the action does not depend explicitly on the warping or the 5-form
field strength, one can easily check that in this case the equations of motion do not give any

extra condition.

Note that there is no soft masses for the Wilson line scalars. This is expected as they
are forbidden by gauge invariance in the eight dimensional action. One could think of more
involved situations where they arise from derivative couplings. However, the number of four
dimensional zero modes is a topological quantity corresponding to the first Betti number of

the internal 4-cycle and thus it cannot be changed by topologically trivial backgrounds.

As commented, these results can be easily extended to more general situations. In particu-
lar, in a realistic compactification, due to the backreaction of distant D-branes and O-planes,
one would expect the background to vary along the 4-cycle. The computation is however
very similar, differing just in the appearance of new derivative couplings. The KK reduction
would proceed as well in the same way, but now the backgrounds are not pulled out from the
integrals over the 4-cycle and the soft parameters have the same structure than in (6.58) with
coeflicients being integral convolutions of the background with the internal wavefunctions of
the four dimensional zero modes. Thus, in the particular case of a T, as the internal profiles
are constant, the structure of the soft parameters would be exactly the same but with the

fluxes replaced by its average values over the 4-torus.

The case K3 x C can be solved as well with very little modification. In fact, the expres-
sion (6.50) is still valid, but now the 2-homology is different. There is one (2,0)-form, one
(0,2)-form and 20 (1,1)-forms. The internal product (6.43) endows a 22-dimensional space
with signature (3,19), namely there are 3 selfdual and 19 anti-selfdual 2-forms. So the above
forms 3, 5, v and 4/ are linear combinations of these. The other difference concerns the KK
reduction. Since K3 has no harmonic 1-forms, the KK reduction of the internal components of
the eight dimensional gauge field leads to no massless scalars. Therefore, this system provides
the simplest realization of a D7-brane system where all the D7-brane moduli are fixed, being
specially relevant for KKLT scenarios [29], as discussed in Appendix D. The stabilization of
all D7-brane moduli for this kind of system was already discussed in [158]. For an alternative

approach based on the formalism of calibrations, the reader may as well consult [159].

The stabilization of the D7-brane moduli by the flux background is a generic feature which
can be extended to situations where the normal bundle is no longer trivial and there are
multiple geometric moduli coming from the KK reduction of ®3. In that case, one would
expect additional terms in the eight dimensional action coming from the metric background.
However, the mass term for ®3 would be still present thus eliminating all the possible zero
modes of the KK reduction.
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A similar situation occurs when there are several stacks of D7-branes warping different 4-
cycles in the transverse space. The fields of the 7,7; sector can be understood as parametrizing
a possible brane recombination and, in particular, they are mapped to the geometric moduli

of the recombined brane. Thus, one expects as well the 7;7; moduli to be stabilized by the flux.

6.2.3 Low energy effective action for the 37 sector.

In this case there is no analogue of the DBI4-CS action, so one is enforced to take a different
approach. In order to seed some light, one may look at the quantization of the open strings
laying between the D3 and the D7-branes, as we did in Section 3.2. There we saw (c.f.
eq. (3.39)) that the effect of the flux is to give non vanishing masses to the complex scalars of

the twisted sector .
)

2ma/

Looking at eq. (6.21), one has that

(By1 + Baa ) (P73 @75 — $37®37) + hec. (6.60)

Bi1 + By = —%(141253 — Ap?® 4+ (Ap)2® — (Ap)*7°) , (6.61)
and the above terms lead to the trilinear couplings
L [(A12)" — Aps] @3 @rad3y + e (6.62)

All the terms obtained in this way correspond exclusively to a would be DBI action.
However, there should be still additional contributions coming from the RR fields. In order to
obtain the full soft lagrangian for the twisted sector one may instead exploit the symmetries
of the system. In fact, we saw in eq. (6.58) that a A/ =1 SUSY preserving S33 flux gives rise

to a superpotential mass term of the form

951/22—1
122

This, together with the superpotential of the 37 sector,

1 *
WISW) = —§u(77)‘1>§7‘1>§7 = (S33) (I)%(I)%' (6.63)

Wiz = 03,73037 — P33P57P75 (6.64)
yields the scalar potential
Vo= |pen®3; — Or3®sr|? (6.65)
whose crossed term leads to the coupling

gi?z-1
6v/2

Covariantizing now by the geometric SU(2) x SU(2)’ x U(1) symmetry, then gives rise to
D3y H3. — g;/QZ‘l
oz, | T 6y2

+2(G133)" ®3, PrsPsr + (A12)" 03, P37 ®5; + (A1) 3, 87307, + hoc] . (6.67)

(S33)* @3, 85,835, + h.c. (6.66)

gi?z-1

T (@ )G9 < [(S53)" @77 ®73 57+
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Note how indeed the first trilinear scalar coupling of (6.62) reappears here from a completely
different argumentation, while the second has been cancelled presumably by RR flux contri-

butions.

Analogously, one can apply the same argument to backgrounds in the (1,3’), represen-
tation. By looking at (6.35), one observes that there is a superpotential mass term in of the
form "

1 gs' " Z -1
WG = ey B85, = 2 55303.83, . 6.68
P 2#(33) 33%33 12 33P33%P33 ( )

Thus, proceeding as before one obtains

g2z

= S Z_l * *
2 (P37 P73)(G - 5) < (1)37 ) D3, = _QT [S33®3, @35, P5y +

73

+2G 12303337 Prs + A1aPhsPr3®iy + APl P3r®s; + he] . (6.69)

6.3 Soft supersymmetry breaking patterns in D3 /D7 con-

figurations.

Now that we have computed the low energy effective action for the setups of D3 and D7-
branes in Type IIB/O3 orientifolds without non-geometric fluxes, let us discuss the different
supersymmetry breaking patterns arising. We will not discuss the case of non-primitive fluxes,
since as commented in Section 4.3.1, the corresponding forms do not exist in the cohomology
of a Calabi-Yau orientifold.

ISD backgrounds.

As we saw in Section 4.3.1, these are the only allowed 3-form backgrounds by the supergravity
equations of motion for Type IIB orientifolds with O3/O7-planes. Thus, in that case the soft
supersymmetry breaking pattern depends on the two possible kinds of ISD fluxes allowed by

the cohomology of the orientifold, i.e. (0,3) forms and (2,1) primitive forms.

i) ISD (0,8) backgrounds.
They correspond to the SU(3) singlet G135. As we saw in Section 4.3.1, ISD (0,3) fluxes

break supersymmetry to N' = 0*, giving rise to no-scale models. A consequence of the no-scale
structure of the scalar potential is that, as occurs with the contributions of the Kéhler mod-
uli, the contributions of the D3-brane geometric moduli to the potential are as well cancelled.
Due to this, it does not appear soft supersymmetry breaking terms in the worldvolume of the
D3-branes at tree level, even though supersymmetry is being broken. The situation resem-

bles the sequestered scenarios of [160], where the soft-masses are acquired through quantum
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effects: radiative loop corrections of the order of the warp suppressed Planck scale, due to
the exchange of T and S fields, and Weyl-anomaly contributions of the order of the gravitino
mass mg,o. However, in this case the dynamics is clearly dominated by the exchange of moduli

fields and thus the sequestering actually does not take place, at least in the sense of [160].

Things are different in the worldvolume of D7-branes. The confrontation between the
instantonic D3-brane charges in the worldvolume of the D7-branes and the bulk D3-brane
charges, gives rise to a non-trivial potential for the geometric moduli of the D7-branes. In this

way, there appear non-trivial soft-terms given by

2 Is 72 2 7 927 ik (77 szt
may, = g7 |Gzl F M = T3 (Gyag)™ 3 AR (1) = _pii v (Gis3)*
(6.70)
and e
gs' "zt *
Avg ran) = —— 55— (Giza)” - (6.71)

Note that in particular the relations (6.11) are satisfied and the theory remains finite to all
orders in perturbation theory. This can be understood from the point of view of holography.
Indeed, the dependence of the complex dilaton 7 on the internal coordinates corresponds in
the CFT side to the running of the gauge coupling with the renormalization group scale. Since
here we are considering constant dilaton solutions, the beta function vanishes and the theory
remains finite. Actually, it was shown in [161, 148] that the finiteness conditions for a softly

broken N = 4 theory are in fact more general, allowing for
mi +m3+m3 = M?. (6.72)

This is indeed what we obtained in eq. (6.38) for the D3-branes: only the trace of the scalar

mass matrix is determined through the supergravity equations of motion.

it) ISD (2,1) primitive backgrounds.

As discussed in Section 4.3.1, these components of the flux preserve N' = 1 supersymmetry
in four dimensions. For the rest, the situation is analogous to the one for (0,3) fluxes: vanishing
soft-terms in the worldvolume of the D3-branes and non-trivial ones in the worldvolume of
the D7-branes, although A" = 1 supersymmetric. Indeed, by looking at (6.58) one observes

1/2 1/2
Yo e R
Hrry = 6\/5 ( 33) ) = 6\/5

so the relation (6.10) is satisfied. In addition, there is a trilinear coupling in the twisted sector

W (S33)" (6.73)

951/2Z_1
Avs - ar) =~ 5 (93)" - (6.74)
When a Gis3 flux is switched on, a non-supersymmetric B-term is as well generated for the

scalars ®3.
gS — * *
Baz = —=77% (G133)"(S33)" = 2Mprr) - (6.75)
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TASD backgrounds.

The reader my wonder why we have computed the soft supersymmetry breaking patterns in-
duced by TASD fluxes, even though these do not satisfy the supergravity equations of motion
for the Type B(ecker) solutions discussed in Section 4.3.1. The reason is twofold. First of all,
our local approach is in some sense more general than Type B(ecker) solutions, and remains
valid for other possible globally consistent backgrounds. For example, non-perturbative effects
such as Euclidean D3-branes or gaugino condensation in distant D7-branes could backreact
the geometry around our local setup, inducing non vanishing TASD components of the flux.
In other cases, the supergravity equations of motion allow for TASD components. We refer

the reader to [162] for a concrete example.

The second reason is to take into account the possibility of having the MSSM in the
worldvolume of antibranes. Indeed, to compute the worldvolume action for an antibrane one
has to take the opposite GSO projection than for a brane. This selects the opposite DBI-CS
cancellation, and thus exchanges ISD and TASD fluxes. I.e. the soft supersymmetry breaking
pattern induced in an D3-brane by ISD fluxes is exactly the same than the soft-supersymmetry
breaking induced in a D3-branes upon exchanging ISD by IASD. Concerning the 37 sector,
one can directly obtain from eqgs. (6.67) and (6.69) the corresponding trilinear couplings by
making the replacements

(Ai12,533,2G1a3) —  (—S12,511,522) , (6.76)
(A1, S33,2G123) —  (—S13, 571, 553) -

i) TASD (3,0) backgrounds.

These somehow gives rise to the opposite DBI-CS cancellation than the (0,3) ISD fluxes.
Indeed, these backgrounds do not lead to soft terms in the worldvolume of the D7-branes,
however, they produce a dilaton dominated SUSY breaking pattern in the worldvolume of the
D3-branes

Js g;/2Z71 B o g;/2Z71
mézg _ 5Z72|G123|2; MB3) — T Gios Atk (33) _— _thkT Gos (6.77)

with the corresponding trilinear coupling in the 37 sector

1/2Z71

S

Agg, (37)(73) = TGm : (6.78)

it) IASD (1,2) primitive backgrounds.

These backgrounds produce a great variety of soft terms. On one hand in the D7-branes
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we have
5Z72 * * *

Bgs = 7 s ((512)% = (822)"(510)") (6.79)

g 1/2 71
ciak 95 2 N piklg, 6.80
77) 6v3 1:21,2 (6.80)

1/2Z_1
Is Sii i,j=1,2. (6.81)

h = e
Excepting S33 which does not appear in the action, these are all non-supersymmetric soft
terms. On the other hand, in the D3-branes

1/2 1
. » » 12y
m?amdamd = Lz S, 0 = —hi sy = 2 s (6.82)
8 > 2v/2
which are compatible with A/ = 1 supersymmetry®.
And finally, for the twisted sector we have the trilinear coupling
1/2 51
_9s Z
A@%3(37)*(73)* — 27\/5833 . (683)

6.4 Comparison to effective supergravity predictions.

The above scheme of soft-terms can be nicely interpreted in terms of N' = 1 effective supergrav-
ity [163, 74, 27]. In this sense, the background fluxes induce non-trivial vacuum expectation
values for the F auxiliary fields in (6.1) associated to the axiodilaton and the Kéahler moduli

of the compactification. Indeed, the perturbative piece of eq. (6.3) can be recast as
Fp = e%?K,,nG" . (6.84)

Making use of egs. (3.31) and (5.5), then one has

1 J—
Fs = 4 (54802 @) [Tono, (6.85)
p
1
Fr = _W(ms*)*l/? (T+T*)*1/2f<f2/G3/\Q7 (6.86)
p

where, for simplicity, we have considered just a single overall Kéhler modulus 7. Thus, we
observe that ISD (0, 3) backgrounds actually corresponds to (Fs) = 0 and (Fr) # 0, whereas
AISD (3,0) backgrounds lead to dilaton dominated scenarios with (Fs) # 0 and (Fr) = 0.

On the other hand, the gravitino mass (c.f. eq. (6.7)) is given by

1 *\ — *\ — —
My = S+ ST T 4|/G3/\Q|2, (6.87)

6The underlying reason to this A" = 1 structure is presumably the relation of these backgrounds with the
N =1 supersymmetric backgrounds of Polchinski-Strassler [155].
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and the cosmological constant becomes

—4 Yal 2
Ao GNP (6.88)
M2(S + S%) (T + T+)?

in analogy with eq. (5.21).

Now we would like to marginally deform this picture to include the open string moduli.
It was found in [163] (see also [27]) that the gauge kinetic function f7 (f3) and the Kéhler
potential K for the D7 (D3) worldvolume action are

s =5 fr = Ts,

K = —log(S+ 5" —|03[%) — log(Ts + T3 — |®3,]*)
— log(Ty + Ty — |®35]% — |®7;]%) — log(T1 + Ty — |@35]° — |9%,]%)
N @37/ + | Pr3]?

(T1 + T7)2(Ty + T3) 2

which for large overall Kahler modulus T' becomes

f3 = S ) f7 = T;
K = —log(S+S*)—3log(T+T*) (6.89)
|23, 2
o5 (I) (|® (0]
+ (S—i—S*) T—i—T* Z| Z| (1®37]% + [®73)

The soft terms then can be extracted from the scalar potential generated by (5.5) and
(6.89). Thus, for ISD 3-form fluxes one correctly recovers the expressions (6.70), (6.71) and
(6.73)-(6.75). In fact, in that case the scalar potential becomes positive definite

Visp = e” (933(D3W)(33W)) ; (6.90)
and, after rescaling the matter fields to its canonical value, one has

Visp = | — M&®3," + 9,W |2 =
= —M3®3," — M(77)‘1’§7 + 5,07, + D337 |7, (6.91)

Thus, for Type B(ecker) solutions, the soft supersymmetry breaking pattern in the D7-branes
depends on just two parameters, which correspond to the two possible ISD components of the
3-form flux in the neighborhood of the D7-brane.

Concerning the TASD fluxes, one can proceed in the same way. However, on this case on
finds some differences with respect to the results of the previous section. Thus for example,
for the dilaton dominated scenarios engendered by the IASD (3,0) components one has

1/ 1/2

mégg = 9_25 |G123/?, MG = \/— G123, AE?,,’;) = —h”kg\s/— G123, (6.92)
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so the values for the scalar masses do not agree with the ones obtained in eq. (6.77). This is
not surprising, as the local background configuration (4.33)-(4.37) assumed Poicaré invariance
in the four longitudinal directions. However, we are seeing now that AISD fluxes generate
through eq. (6.88) a non-vanishing vacuum energy, incompatible with Poincaré invariance.
Indeed, eqs. (6.92) describe the soft-terms obtained for D3-branes in a modified background
which allows for deviations from Poincaré invariance. In this sense, it is interesting to note
the symmetry of the soft-terms under the exchange D3 < D7 and Gi33 <> G123. This can be

understood from the point of view of T-duality along ¥4. Under this, one has

D73 «— D3, (6.93)
S — Tg.

Thus, T-duality is on the root of this apparent symmetry.

Finally, let us comment on the effective supergravity description of various stacks of D7,.-
branes wrapping 4-cycles transverse to different r-th complex planes. The four dimensional

superpotential for the open string moduli on this case has the form
Wpr,pr, = ¢ijbjidly — bijdsidh; + bijdsr.ds, (6.94)

where k # 4,7 and there is no sum over the i, j indices. For ISD fluxes, from the general
no-scale property described above, only the auxiliary fields of matter fields on the D7-branes

will contribute to the scalar potential and therefore
Vor,pr, = | =Mz®i" + 05, W > = |- M5®i5" + ¢jids + ¢5idh; + bsr,ds7,1> . (6.95)

Thus, the scalars at the 7,7; intersections become massive, as was advanced at the end of

Section 6.2.2 from brane recombination arguments.

6.5 Phenomenological issues.

The soft supersymmetry breaking lagrangian for the MSSM is highly unconstrained, repre-
senting the addition of more than one hundred extra parameters in the model. Few empiri-
cal constraints exist, mainly coming from CP violation experiments, the absence of Flavour
Changing Neutral Currents (FCNC) or cosmological arguments. On the other hand, we have
seen that the supersymmetry breaking patterns which naturally arise in the worldvolume of
the D3/D7-brane configurations depend only on the very few free components of the fluxes
around the branes. On this section we would like to go a step further and to wonder about
the phenomenological viability of these induced patterns. For a more detailed study than the

one presented here, the reader may consult [164, 165].

First of all, we would like to analyze the naturalness of the different scales involved

in the compactification [20]. Although supersymmetry guarantees the cancellation of the
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quadratic divergences in the worldvolume of the branes, it does not explain the large ratio
Mpianck/Mwpeak- In other words, since the Higgs mass still receives quadratic corrections
from the soft scalar masses m .+, these cannot be too large compared with Meqr in order
supersymmetry to be an efficient mechanism. Here we took the flux as the only source of
supersymmetry breaking to N' = 0*, as it does not lead to NSNS tadpoles, in the theory. As
pointed out in eq. (4.63), the flux density goes like o’/R3, so the typical scale for the soft

terms will be given by

1/2 1 1/2 2
9 7 g do o JM (6.96)
V2 V2 R3  Mp

Msoft =

The suppression of the localized masses by powers of the warping in scenarios with highly
warped extra dimensions was already noted by Randall and Sundrum in [166]. Basically, the
idea consists in generating an exponential hierarchy of masses by means of the gravitational
redshift generated by a warped metric in the extra dimensions. Indeed, having a metric
background as the one of eq. (4.33), with exponential warping

Z1V2(zm) = e~ 2AE™) (6.97)

induced by the backreaction of the fluxes through eq. (4.55), imply the four dimensional
Planck mass M, and the Higgs mass scale M, of a Standard Model embedded in a Dp-brane
are [166, 167]

M3 = M3 (2m) =5 NG (6.98)
Mg
MG ~ Mg/dpfgz‘/gDpezA , (6.99)

with gp, the determinant of the induced metric in the worldvolume of the brane. Thus, if
we place the branes containing the observable sector at the bottom of the AdS throat, where
e < 1, the four dimensional masses will be suppressed relative to the fundamental Planck

scale M.

In this sense, flux compactifications provide a microscopical implementation of the Randall-
Sundrum scenario [168, 37]. Moreover, they put on an equal footing both supersymmetry and
warped compactifications: on one hand the fluxes backreact the spacetime to AdSs x S?,

whereas on the other they provide a mechanism to softly break the supersymmetry.

For the case of D7-branes there are however some subtleties. In fact, we saw in (6.55) that
the gauge coupling in the worldvolume of the D7-brane is suppressed by the same power of
the warping than the soft masses. Thus, placing a D7-brane in a highly warped region could

lead to too small gauge couplings.

The other relevant scale in Type II orientifold compactifications, apart from ms,s; and

Mpignek, is the Kaluza Klein scale. In order the effective supergravity approach to be valid,
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we must ensure that the tower of Kaluza Klein replicas decouples from the masses induced by

the fluxes. This can be easily done in the large radius limit. Indeed, in that case
o 1
g;/2Z_lﬁ(ﬂuxeS) < E(KK) < M, (6.100)

and there appear another hierarchy of masses from the radius of the compactification. Thus,
neglecting the warping, if one wants to identify mgos with the electroweak scale, the string
scale My = o/~/2 must be at an intermediate scale ~ 10! GeV and the compact radii be
of the order R = 10%a/"/2. This is consistent with an F auxiliary field getting a vacuum
expectation value of order M?2. However, one could consider still non-homogeneous situations
on which the D-branes are located in regions of the internal space with hierarchically diluted

fluxes compared to other regions.

Let us analyze now how the flux induced soft parameters fit into the region of parameter
space allowed by the experiments. We will restrict to the Type B(ecker) compactifications
discussed in Section 4.3.1. In this context, the four dimensional theory is described by a

positive definite scalar potential

Vsp = Y _[0:W — M;®;|* (6.101)

2

with ¢ running over the chiral multiplets of the theory. Thus, if the ultraviolet completion
of the MSSM corresponds to a D3/D7-configuration in Type IIB String Theory without non-
geometric fluxes, one must replace the globally N’ = 1 SUSY scalar potential

Vsusy = > [0iW ] (6.102)

K2

by the soft SUSY breaking potential (6.101). Here W is the MSSM superpotential
W = —hiJ H,Q:U; + W} HyQ;D; + h? HyL,E; — nHyH, (6.103)

with @ the left-handed quark supermultiplets, U and D the right handed quark supermulti-
plets, L and F the left and right handed leptons, and ¢, j running over the three generations.
Hence, the 105 extra parameters describing the soft supersymmetry breaking pattern of the
MSSM are reduced to a set of gaugino masses M; and u;-parameters corresponding, through
egs. (6.70) and (6.73), to the amount of flux G133 and S7r in the neighborhood of the D7,-
branes in the observable sector. Thus, even if we do not know the explicit ultraviolet setup
describing the embedding of the MSSM, this is an important improvement of the situation.

The phenomenology of (6.101) is such that could address some of the empirical constraints
for the soft breaking lagrangian. Indeed, these can be summarized as [143]:

1. Lack of flavor universality. Experiments at accelerators reveal that FCNC are
strongly suppressed. The prediction of this phenomena is one of the biggest successes
of the Standard Model. Accordingly to this, FCNC does not exist at tree-level due to
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the particular form of the couplings of the fermions to the neutral currents. In addi-
tion, higher order charged contributions to the FCNC processes are strongly suppressed

through the GIM mechanism, associated to 1-loop box diagrams.

In the MSSM however there appear many extra contributions to the FCNC, both at
tree-level, through explicit flavour changing couplings, and at 1-loop level, through the
failure of the super-GIM mechanism. In particular, a trivial flavor structure of the scalar
mass matrix is required, being the off-diagonal components highly suppressed by exper-

imental FCNC constrains such as Amg, Amp, Amp, b — sy, u — e, etc.

In this sense, universality is somehow natural in (6.101). Indeed, all the gaugino masses,
scalar masses and holomorphic trilinear couplings come from the same component Gys3
of the flux, so a homogeneous background in the neighborhood of the visible sector will
lead to M; ~ M, A;ji =~ hiji A, ete.

. CP-violating electric dipole moments. Among the great number of parameters

involved in the soft supersymmetry breaking pattern, there are some CP violating phases.
As in the Standard Model, some of them are associated directly to the flavor changing
couplings, i.e. to the off-diagonal entries of the trilinear parameters and the scalar
mass matrix, and thus do not represent a problem in universal scenarios. However,
additional flavor conserving phases may appear through the complex gaugino masses
M, the p-parameters, the B-terms and the trilinears. Of these, actually only a subset
constitutes the physical phases. Indeed, the MSSM lagrangian in the limit p, Loor, — O
has two global U(1) symmetries: the A” = 1 R-symmetry and an additional Peccei-Quinn
symmetry, under which the above soft parameters transform non-trivially. From the ten
dimensional perspective, this is simply due to the fact that the background fluxes are
charged under them. Due to this, the phases invariant under reparametrization by these

symmetries are given by the linear combinations
1=+ da— 0B, (6.104)
$2 =0, + oM — OB,

with = |u|e’®, M = |M|e?*™, A = |Ale’®4 and B = |B|e'*?. The present empirical
upper bound for the phases situates in ¢1 2 < 1072, from electric dipole moment exper-

iments.

For the particular case of (6.101) however, the relations (6.70) and (6.75), imply

oA =dum (6.105)
¢ =du+ oM (6.106)

thus guaranteeing the vanishing of the physical phases (6.104).
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3. Electroweak breaking constrains and the y problem. The scalar potential of the
two Higgs doublets is completely determined by the soft supersymmetry breaking la-
grangian. A potential leading to the correct electroweak symmetry breaking will involve

thus a constrained range of the soft parameters.

The analysis can be simplified by making use of the SU(2); gauge freedom to rotate
away a possible vev of one of the weak isospin components in one of the Higgs doublets
H, = (H},HY) and Hy = (H},H;). We will take for example H, = 0. Then, it is
possible to show that the minimizing condition 8V/9H," = 0 implies also H; = 0, and
the potential gets simplified to

V= (|l +mi ) H)? + (Jul* +mi,) [HY|? — (BHJH] + c.c.)+

1
+ S0P+ gD (HIR — [HYR)? , (6.107)

with g and ¢’ respectively the weak and hypercharge couplings.

Since the minimum of the potential must break SU(2); x U(1)y, it should not occur
for (HY ;) = 0. This leads to

2lpl* +mdy, ) @uf® +my,) < B (6.108)

On the other hand, the quartic terms of the scalar potential come from D-terms. Thus,
for D-flat directions ((HQ) = (HY3)) the potential could be unbounded from below,
leading to potential stability problems”. This requires

2|ul*> +m3, + m3, >2B. (6.109)

This condition is automatically satisfied by (6.101), since on this case B = 2M p. Thus,
the scalar potential (6.101) is positively definite even for D-flat directions and does not

represent a problem for the electroweak symmetry breaking mechanism.

Note however that, since m3; = m3 = [M[?, the constrains (6.108) and (6.109) cannot
be both satisfied. One is enforced then to consider the renormalization group equations
and expect that at the electroweak scale the condition m%; < qud is verified, so radia-
tive electroweak symmetry breaking takes place. For further details on the behavior of

(6.101) under the renormalization group one may consult [165].

Finally, observing egs. (6.108) and (6.109), we expect the p-parameter to be of the same
order than the soft parameters. This however does not represent a problem for the kind
of scenarios we are discussing here. As the M and p parameters are associated to differ-

ent components of the 3-form flux it is therefore natural to have g ~ myo5: ~ mz. Thus,

7 Actually, radiative corrections could make the potential bounded from below, getting a large unphysical
minima, with possible exotic phenomena such as charge or color breaking.
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the p-problem finds a natural solution in the context of String Theory compactifications

with background fluxes.



Chapter 7
Applications to model building.

On this chapter we present some examples which serve to illustrate how the ideas discussed
along the previous chapters are applied the building of semirealistic models. In particular, we
present in Section 7.2 two N = 1 models and a no-scale one with chiral spectrum very close
to the one of the MSSM and part or all the closed string moduli stabilized in dS or AdS. In
Section 7.3, on the other hand, we show some examples of the flux induced soft supersymmetry

breaking patterns arising in Type IIB orientifolds with O3-planes.

None of these models pretend to be The Model of all particles and interactions, but rather
to illustrate how such a model could be realized in the context of String Theory. Of course, a
lot of work still have to be done in order to obtain a fully realistic setup. In particular, much
effort is needed to address the long-standing problem of the cosmological constant or to find

selection rules for the huge landscape of vacua.

7.1 D-branes in presence of fluxes and the Freed-Witten

anomaly.

Before discussing the models, we would like to give some words about the consistency con-
ditions for D-branes in presence of fluxes. We saw in Section 6.2.2 that fluxes in the (2,2)¢
representation of the geometric SU(2) x SU(2)' x U(1) symmetry induce Freed-Witten anoma-
lies [169, 70, 71] in the worldvolume of the D7-branes, i.e. non-trivial tadpoles for the gauge
fields living inside them. Something similar is expected to occur for the mirror Type ITA
orientifolds. Indeed, consider a D3-brane wrapping a 3-cycle II, through which there is some
quantized NS flux Hz. On the world-volume of the D3-brane there is a CS coupling of the
form [ C A F», Cy being the RR 2-form and F; the open string gauge field strength. After
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performing a IIB S-duality transformation one gets a coupling [71]

/ H3 N A, (7.1)
II, xR

where A; is the gauge field dual to the A; form living on the D3-brane. This shows that
a background for Hj gives rise to a tadpole for A; and hence to an inconsistency. Now,
performing three T-dualities one expects for D6-branes the analogous term

H3 A Ay (7.2)
D6

and thus, the resulting tadpole is avoided only if

H3;=0. (7.3)
IIa

Moreover, under mirror symmetry part of the Type IIB Hj flux transforms to Type ITA
metric and non-geometric fluxes. As we saw in Section 5.2.1, these induce changes in the
topology of the original torus, so that some of the original cycles are no longer cycles in pres-
ence of metric fluxes. Thus, it is expected that some of the Freed-Witten anomalies of Type
IIB orientifolds with O3-planes will map to topological inconsistencies induced by the metric
fluxes in Type ITA orientifolds with O6-planes [129]. On this section we would like to explore
these inconsistencies from the point of view of the gauge theory living in the worldvolume of

the D6-branes. We will mainly follow our work in [43].

As described in Section 3.4, for setups of intersecting D6-branes wrapping 3-cycles 11, of
the internal manifold, there is an exchange of complex structure and dilaton axions between
the corresponding gauge bosons and the potentially anomalous U(1)’s become massive through

a generalized Green-Schwarz mechanism. In this sense, the linear combinations

P =¢jIm S — Zc?lm U , (7.4)

with ¢} given by eq. (3.51), act as Goldstone bosons, transforming with a shift under U(1),
gauge transformations. However, we have seen on the other hand that NSNS, metric and non-
geometric fluxes induce terms in the superpotential linear in Im U; and Im S, and therefore not
invariant under the shifts induced by U(1), gauge transformations. The condition to restore

consistency and gauge invariance is then to impose the constraint

/ (Hs +wJo+ QI + RI®) =0 | (7.5)
This is a strong constraint on the possible 3-cycles which the D6-branes may wrap. Note that
in absence of metric and non-geometric fluxes, this equation can be understood in terms of
the Freed-Witten anomaly (7.3). In that case, the condition (7.5) becomes

d cthr =0, (7.6)
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guaranteing that the combinations of axions getting masses by mixing with vector bosons
are orthogonal to those becoming massive from fluxes, the latter being typically of the form
hoIm S — Zk thm Uk.

An interesting particular case is given by the N'= 1 AdS vacua of Section 5.2.2, with all
the moduli stabilized but some linear combinations of axions. There, one finds that at the
minima h;/hg = —Re S/Re U,;. Substituting this into eq. (7.6) and multiplying by the torus
volume one arrives at
1
R

°R

3
Y-

W) = manang(RyRIRG) — ngmeng(RyRyRY) — nogngmiy (R, RIR;) = 0

' (7.7)

This condition means that the D6-brane wraps a special Lagrangian cycle (sLag). From the

1,2, 3
meMeMmyg, (R

point of view of the low energy effective action, this is proportional to a Fayet-Iliopoulos
(FI) term [170] and hence it dynamically imposes that the D6-brane configuration should
be supersymmetric (i.e. all FI terms should vanish). Notice that, due to the relations (5.77),
including metric fluxes in this class of minima does not add any extra constraint to be satisfied.

In turn, this is also found in a more general analysis of Type ITA supersymmetric AdS
vacua [171, 172], for which
Hsz+dJ. ocIm Q , (7.8)

so, in absence of non-geometric fluxes, eq. (7.5) becomes the special lagrangian condition
Im Q'Ha =0. (79)

Therefore, even if the NS fluxes vanish, in these models there is still a Freed-Witten constraint
of the form
3acy — bic] — bacs — bzcs =0 . (7.10)

For instance, in the models of Section 5.2.2 this can be deduced using (5.76).

The vanishing of the FI-terms in the supersymmetric vacua has been observed as well in

[173] from the point of view of the AV = 1 effective supergravity. Indeed, due to the relation
D, =iG;N" ., (7.11)

with Nt , given in terms of the isometry generators by eq. (5.43), the D-terms at the minimum
of the scalar potential are proportional to the F-terms, F; = e¢“/2G;. Since in a supersymmet-
ric minimum the F-terms vanish, it is thus expected for consistency that as well the D-terms
will be zero. More concretely, the constraint (7.5) can be shown in this language to be equiv-

alent to the integrability condition for the Bianchi identity of F5.

Analogous conditions could be obtained for other vacua. In particular, for Minkowski

vacua with vanishing non-geometric fluxes one can check that the condition (7.5) is equivalent
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to impose the 3-cycle I, to be an element of I'* & =2 (c.f. Section 5.2.1), being the Freed-
Witten anomalies associated to the 3-cycles in Z3. For further details, we refer the reader to
[129].

7.2 MSSM-like vacua.

Now that we know more about the consistency conditions for D-branes in presence of fluxes,
let us describe some explicit examples. We will consider here three Type IIA orientifold mod-
els with semirealistic spectrum and vanishing non-geometric fluxes, all of them based on the
intersecting D6-brane model of Section 3.5.2. The first two examples correspond to Minkowski
vacua and thus present several flat directions, as commented in Section 5.2.2. The third one
isa A/ =1 AdS vacua with all closed string moduli stabilized and tadpoles cancelled without

the aid of an orbifold symmetry. These models were first presented in [43].

Of course, one could think of more elaborated models with non-geometric and S-dual fluxes.
In particular, the results we saw in Section 5.4 seem to indicate that considering S-dual fluxes
it is possible to build models with all the moduli stabilized in Minkowski. However, a better

understanding of these fluxes is still needed.

7.2.1 Model 1: N =1 Minkowski model.

Consider a Zy x Zy extension [174, 175] of the model of Section 3.5.2 ([98, 176]), consisting
on six stacks of branes with wrapping numbers given as in Table 7.1. This corresponds to the
same brane content than the models of [177].

| N el | @2md) | dmd) |
N, =38 (1,0) (3,1) (3,-1)
Ny =2 (0,1) (1,0) (0,-1)
Ne =2 (0,1) (0,-1) (1,0)

Np, =2 (-2,1) (=3,1) (—4,1)
Npy, =2 (-2,1) (—4,1) (=3,1)
8Ny (1,0) (1,0) (1,0)

Table 7.1: Wrapping numbers giving rise to a MSSM-like spectrum. Branes h1, he and o are added

in order to cancel RR tadpoles.

We will assume [176] that the branes b and ¢ sit on top of the orientifold plane so the
corresponding gauge symmetries are enhanced to SU(2), and SU(2)g respectively. Thus, the
full initial gauge group is U(4) x SU(2)r x SU(2)r x [U(1)1 x U(1)2]. Separating one of the
a-branes from the other three produces the breaking U(4) — U(3) x U(1). Furthermore, two
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out of the three U(1)’s get a Stiickelberg mass by combining with RR axion fields. We are
thus left with a gauge group SU(3). x SU(2) x SU(2)g x U(1)p—r, x [U(1)], which contains
the left-right symmetric extension of the Standard Model plus an extra U(1). The branes
a, b, c, give rise to a 3-generation MSSM-like spectrum whereas the additional branes h; s in
Table 7.1 are used to help in cancelling the RR tadpoles.

Note that for this Zs x Zs Type IIA orientifold the RR tadpole cancellation conditions in

the presence of fluxes have the form

Z NaninZnd + %(hom +a1q1 + axq2 +azqz) =16 , (7.12)
ZNan}lmimZ + %(mhl — q1b11 — g2b21 — g3b31) = —16 (7.13)
ZNam}lnimi + %(mhz — q1bi2 — q2b22 — q3b32) = —16 , (7.14)
ZNam;mini + %(mh;g — q1b13 — g2bas — g3bs3) = —16 (7.15)

where the —16 in the last three conditions is the RR tadpole contribution of the other 3 orien-
tifold planes existing in the Zs x Z3 case.

We will turn on non-vanishing fluxes as in the supersymmetric Minkowski example of
eq. (5.73) with non-vanishing bs1, ba1, a2, az. The addition of NS fluxes hg and h; and RR fluxes
€o, €2 and eg is optional, but we set all the remaining backgrounds to zero. The superpotential
has then the form

W = —T5(as2S + b21U1) —T3(agS + b31U1) + eg + ihoS — ih Uy + iexTs + ie3Ts . (7.16)

As explained in Section 5.2.2 this leads to a Minkowski supersymmetric minimum with

bait b
ho = asvs +agvy , ey =asIm S+ by ImU; |, t3=— 2172 , S=— 21t (717)
b31 as
as long as €2a3 = €3a2, h,obgl = —agh,l, h0b21 = —0,2h,1 and h0€2 = €pa2. Thus in this super-

symmetric Minkowski background two complex linear combinations of moduli are stabilized
at the minimum.

Note that, since m = ¢; = 0, the fluxes do not contribute to the RR tadpoles. Hence one
can consider the addition of D6-branes as in Table 7.1 with Ny = 5. As pointed out in [177],
with this choice all the RR tadpoles cancel without the addition of fluxes in Type IIB theory.
In the present Type ITA case we can rather add the background considered here and the RR
tadpoles are not modified and thus cancel. However the moduli are partially fixed through
eq. (7.17).
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It is easy to check that the a,b and c¢ branes, where the Standard Model lives, trivially
satisfy the Freed-Witten constraint. However the branes of type h;2 may be problematic
unless

ag(m}lmimZ) — bgl(m;nini) = ap—12by; = 0, (7.18)

which, on the other hand, may be easily satisfied by appropriately choosing as, b21. Note
that this condition guarantees that the linear combination of Im S and Im U; getting masses
through fluxes (c.f. eq. (7.17)) is orthogonal to the linear combination which becomes massive
by mixing with the U(1)’s of the branes hq o.

7.2.2 Model 2: No-scale model.

One can also consider one of the no-scale backgrounds discussed in Section 5.2.2 and include
a set of D6-branes as in Table 7.1. A simple example is as follows. Take non-vanishing a3 and
q3 with the remaining ¢; = a; = 0. In addition, one may include non-vanishing hg, ey and e;

but set the remaining backgrounds to zero. The superpotential has then the form

W(S,T;) = —asSTs — qsTiTs + eq + ihoS + i ZeiTi . (7.19)

K2

The imaginary part of S and the T; are fixed as in eq. (5.13) whereas for the real parts one has
the relationship azsts = gstite. In addition one has the constraint eg = hglm S + ejvy. There
is only a contribution equal to %03(]3 to the first RR tadpole. We consider fluxes quantized in
units of 8 to avoid problems with flux quantization [178, 71]. One can then cancel the tadpoles
in a Zy x Z, orientifold with branes as in Table 7.1 with Ny =1 and a3z = g3 = 8.

One may instead consider a no-scale model with non-vanishing mass parameter m and
with no metric fluxes, as described in Section 5.1.2 . Indeed, taking non-vanishing m and hg
and e; and g; verifying v, = me; + ¢;qx = 0 (i # j # k) one has a non-supersymmetric vacua
with no-scale structure. Then setting hy = m = 8 and N; = 1 one cancels all tadpoles. Note
that this model, which has no metric fluxes, is the Type ITA mirror of a similar no-scale model
considered in [177].

Both these no-scale models however have FW anomalies. The danger comes from the h; >
branes which have a non-vanishing product m.m2m3 # 0. One possibility which might cure
the problem is that, as suggested in [177], the brane h; recombines with the mirror of hy into a
single non-factorizable D6-brane hy + k). In this case, since hy and hf have equal and opposite

mim2m?, the FW would cancel on the recombined brane. However it is not clear whether
after the addition of fluxes a flat direction in the effective potential exists corresponding to

the recombination of those branes.
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7.2.3 Model 3: N/ =1 AdS model with all closed string moduli sta-
bilized.

The previous intersecting brane models were able to combine a semi-realistic spectrum with
a partial determination of some of the closed string moduli. We now present an AdS model
with all such moduli stabilized, thus providing a semi-realistic string model with all closed
string moduli stabilized at weak coupling. Note first that in the past it has been argued
that it is impossible to construct semi-realistic A" = 1 supersymmetric intersecting D6-brane
models wrapping the IIA orientifold 7°/(Q(—1)f2 o). The reason for this was essentially the
impossibility to cancel the four RR tadpole conditions simultaneously while maintaining su-
persymmetry. To obtain /' = 1 supersymmetric models, extra orbifold twisting (e.g. Zs X Za,
as in previous examples) had to be added, giving rise to additional orientifold planes which
help in the cancellation of RR tadpoles [174]. We will show here that one can build NV = 1
supersymmetric configurations in the purely toroidal orientifold in which the RR tadpoles are
cancelled by the addition of NS/RR and metric fluxes. The role played by the additional
orientifold planes in orbifold models is here played by the fluxes contributing like orientifold
planes. At the same time, those fluxes stabilize all closed string moduli in AdS space. More-
over the complex structure moduli are fixed at values which render the D6-brane configuration
supersymmetric. Notice that in the N’ = 1 supersymmetric models previously considered in

the literature those moduli where not determined by the dynamics.

We will consider the set of D6-branes wrapping factorizable cycles in the orientifold as in

Table 7.2. Note that this set only differs from the previous examples in the branes h; and hs.

Ng =4 (1,0) (3,1) (3,-1)
Ny =1 (0,1) (1,0) (0, —1)
N =1 (0,1) (0,-1) (1,0)
Np, =3 (2,1) (1,0) (2,-1)
Np, =3 (2,1) (2,-1) (1,0)
Ny = (1,0) (1,0) (1,0)

Table 7.2: A MSSM-like model with tadpoles cancelled by fluxes. Branes h1, he and o are added in
order to cancel RR tadpoles.

The other difference is that now we have a purely toroidal (no Zs x Z3) orientifold without
further twisting. The corresponding chiral spectrum at the intersections is given in Table 7.3.
The gauge group after separating branes and after two of the U(1)’s get Stiickelberg masses
is SU(3) x SU2)r, x U1)r x U(1)p_r, x [U(1) x SU(3)?]. Note that, unlike the case of
the Zs x Z3 models above, one can make the breaking SU(2)g — U(1)g by brane splitting,
and hence the gauge group is that of the MSSM supplemented by some extra U(1)’s. We

have three generations of quarks and leptons, one Higgs multiplet H and extra matter fields
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Intersection | Matter fields Rep. ‘ Q3B+L ‘ Q1 ‘ Q2 ‘
a—1b Fy, 3(4,2r1) 1 0 0
a—c Fr 3(4,2R) -1 0 0
b—c H (21,2R) 0 0 0
a— hi T1 (4,31) 1 -1 0
a—h] T/ 5(4,31) 1 1 0
a — ha T> 5(4,32) -1 0 1
a — hl, T (4,32) -1 0 -1
b— ho Do 2(21,32) 0 0 -1
c—h1 Dy 2(2gr,31) 0 -1 0

h1 — h X 4(31,32) 0 -1 1

Table 7.3: Chiral spectrum of the MSSM-like model. A prime indicates the mirror brane.

involving the auxiliary branes hi, hy and o.!

With this brane content (plus the mirrors) the RR tadpole cancellation conditions are

64 + %(hom +a1q1 + azqe + azgs) = 16 , (7.20)
-4 + %(hlm —q1ib11 — gaba1 — g3bz1) =0, (7.21)
-4 + %(hgm — q1b12 — gabaz — q3b32) =0, (7.22)
-4 + %(hgm — q1b13 — gab2s — g3bsz) = 0. (7.23)

We see that to cancel the tadpoles the sign of the flux contribution must be opposite to that of
D6-branes. We will now consider the AdS background with metric fluxes and m # 0 discussed

in Section 5.2.2. The reader can check that choosing the fluxes as
qlzq:hz—2 5 (Il:lﬁ 5 m:bij:—biizél, (724)

all the RR tadpoles are cancelled. Note that eq. (5.77) fixes hg = —12h;, otherwise the values
of ¢, hg and h; may be arbitrarily large, still cancelling the tadpoles.

The above type of flux backgrounds does give rise to supersymmetric AdS vacua with all
real moduli fixed. In fact, the fluxes in (7.24) are isotropic so that the superpotential is of the
form (5.75). Then, one can easily check that with the above fluxes Ay = 1+ (24/hg), which is
arbitrarily close to 1 for large hg. Substituting these fluxes yields for the real moduli

h h h 24
S:—L)\t uk:—L)\t t = §M/\1/2()\+_)1/2

2
96 ’ 8 ’ 3 16 ho ’ (7.25)

1One can check that if the branes h1 and h%, recombine, most of the extra matter beyond the SM disappears
from the massless spectrum, with only additional SU(2)r, r doublets remaining.
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where X is the appropriate solution to eq. (5.85) for the A\¢ indicated above. For large hy,
Ao is close to 1 so that, when eg = ¢; =0, A ~ (10)2/3/20. In this case one needs hg < 0.
The imaginary part of the K&hler moduli are fixed as in eq. (5.84) whereas only the linear
combination of dilaton and complex structure axions 12Im S + 22:1 Im Uy is fixed, as in
eq. (5.78). As discussed in Section 5.2.2, for large ho (which also implies large hy and ¢) all
the moduli are stabilized in a regime on which perturbation theory in four dimensions is a

good approximation.

Note that the Freed-Witten conditions (7.6) for the branes a, h; and ho read respectively
he = hs , hi = hg , hi = ha, (7.26)

which are automatically satisfied, since hy = he = hy = —ho/12. As we mentioned, this
guarantees that the N/ =1 conditions at the brane intersections (c.f. eq. (3.58))

atan (%) — atan (%) =0, (7.27)
atan (%) — atan (%) =0, (7.28)
atan (%) — atan (%) =0, (7.29)

are satisfied, since u; = us = ug, in agreement with the results of the previous section. Here,
_ pi/pi
T = Ry/Rw

It is also interesting to look at the structure of U(1)’s and the Im U; RR fields. One may
check that the couplings (3.50) give masses to two linear combinations of U(1)’s by combin-
ing with certain linear combinations of Im U; fields. Only the generator @, — %(Ql —Q2)
remains massless at this level. On the other hand, the fields Im S and ), Im Uj do not mix
with the U(1)’s at all, as expected, since FW anomalies cancel. Note that the combination
12Im S + >, Im Uy, is the one which gets a mass from fluxes. Thus, the orthogonal linear
combination is massless and may be identified with an axion which may be of relevance for
the strong CP problem.

Although here we have studied only the diagonal closed string moduli of the orientifold,
setting all the off-diagonal moduli to zero solves the extremum conditions. Furthermore, since
we are in a N' = 1 supersymmetric AdS background, this guarantees that these off-diagonal
moduli are also stable. Thus, the closed string background discussed is completely stable. We
have succeeded in building a semi-realistic N' = 1 supersymmetric model with all closed string

moduli stabilized in a consistent perturbative regime.
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7.3 Models of SUSY-breaking.

The consistent models presented in the previous section were all N' = 1 supersymmetric (ex-
cepting the N' = 0* no-scale models which suffered from Freed-Witten anomalies). We would
like to present now three N’ = 0* examples, in order to provide some semi-realistic models of
soft supersymmetry breaking patterns. Regarding moduli stabilization and chiral spectrum,
these models are however less involved than the ones presented in the previous section. More
concretely, for the first two examples we will consider just the local configuration of D3 and
D7-branes holding the observable sector, whereas the third example involves the presence of
antibranes, which may induce NSNS tadpoles. These models were presented in [20, 24]. Of
course, one could think of more elaborated models, by considering setups like the ones of the
previous section but placed in non-supersymmetric vacua. However, the computation of the
soft-supersymmetry breaking patterns in presence of non-trivial metric fluxes becomes sub-
stantially more complicated. We refer the reader to [177, 179, 180] for some more involved
N = 0* models.

7.3.1 Model 1: D7-branes on a 73 singularity.

Let us consider a local Z3 singularity with twist given by
0 (21,20, 23) — (e¥V321, €23, 743 4,) | (7.30)

and a stack of nine D7-branes transverse to the third complex plane and with Chan-Paton
embedding
Yo7 = diag (I3, Iz, 0* I, Iz) (7.31)

with @ = exp(i27/3). Additionally, we will consider a Wilson line, around the second 2-torus,
with
yw,r = diag (17, Q, a2) , (7.32)

so the U(9) group in the stack of D7-branes is broken to U(3) x U(2) x U(2) x U(1).

The twisted cancellation conditions (3.48) on this case read
Trye7 + 3Tryes = 0, (7.33)

where 7p 3 refers to the possible D3-branes at the orbifold singularities. More concretely,
there are nine fixed points (n,0), (n,1) and (n,—1) in ¥4 = T? x T?, with n = 0, +1, which
feel respectively the twists vg,7, vo,7yw,7 and 79177;{,717. Thus, the condition (7.33) is satisfied
automatically at the six fixed points (n,+1), without the need of adding any D3-brane on
them. On the other hand, one has to add two D3-branes at each of the (n,0) fixed points with

0.3, = diag (oz,on) , n=0+1, (7.34)
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in order to satisfy the twisted tadpole conditions on them.

Due to the Green-Schwarz mechanism, most of the U(1)’s becomes massive and the total
gauge group is reduced to the left-right SU(3) x SU(2); x SU(2)g x U(1)p—r symmetric
extension of the Standard Model, plus some additional U(1)’s.

From the 77 sector one gets chiral multiplets transforming with respect to SU(3)x SU(2) 1, X
SU(2)R X U(I)B,L like

QL=(3,21)13 , Qr=012_13 , H =(1,22), (7.35)

with ¢ = 1,2,3. We thus get three generations of quarks together with three sets of Higgs

multiplets. From each of the 3,7 sectors one gets chiral multiplets

L" = (1723 1)*17 R" = (L 172)1 ’ (736)

D" = (37171)—2/35 En: (37171)2/3 )

plus four additional gauge singlets. Finally, from each 33 sector one has three more singlets.
In total the spectrum is that of a Standard Model with three generations of quarks, lepton
and Higgsses, and three sets of vector-like colored particles D™ and En, which may in fact

become massive if one of the singlets from the 33 sector gets a vev.

The relevant superpotential terms for this model are
Wrr = epQLQpH" | (7.37)
War = QF()_L"D") + Q%(D>_R"D"). (7.38)

Now, let us assume we add a (0,3) ISD flux background Gizz. From the results of Sec-

tion 6.3, the following soft-terms are obtained for gaugino masses, scalar masses and trilinear

terms
gl/2
Ms=Mp,=Mr=Mp_r=M = =Z_ (G,
3 L R B—-L 3\/5( 123)
méi = mé% = mfﬁ, = M?,
A77 — A37 — _hM

Note that all soft terms are determined by a single parameter M and that only one generation
of quarks gets soft scalar masses. This is not however a serious problem, since, once gaugino
masses are present, the rest of the scalars will get a mass from one-loop diagrams with gaugi-

nos in the loop.

However, in this particular model, the masses of the squarks are not universal, which in

fully realistic models may lead to phenomenological problems with too much FCNC, as we
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described in Section 6.5. Furthermore, the Z3 projection does not allow for explicit supersym-
metric masses (p terms), which is one of the ingredients of the MSSM. However, as we will
see in the following example, these are not generic properties of the flux-induced soft-terms,

but rather peculiarities of this model.

7.3.2 Model 2: D7-branes on a 7, singularity.

For the following model we will consider a Z4 singularity with twist
0 i (21,20, 23) — (27421, 2™/ €™ 23) | (7.39)
and a stack of twelve D7-branes transverse to the third complex plane with
Yo7 = diag (Is,0° Ip,a 15,15, —Ip) (7.40)

and o = exp(i27/4).

The Z, action leaves 2 x 2 = 4 fixed points in ¥4 = T2 x T?, which we will denote by

(n,m), with n,m = 0,1. We add now one Wilson line with Chan-Paton matrix

FYW,7 = dlag (Ig, —IQ, 12) (741)

around (say) the second torus. The local tadpole cancellation conditions have now the general
form Tr 97 + 2Tr 9,3 = 0 for each O-twisted sector. It is easy to check that all local
tadpoles are cancelled if we locate four D3-branes at each of the two fixed points (n,0) with
Yo,3, = diag (o, a® —I3) for n = 0,1. The D7 gauge group is U(4) x U(2)L x U(2)r x U(2)?
and there are chiral multiplets from the 77 sector as follows

Fp=(4,21) , Fr=(412) , i=12, (7.42)
H=(1,2,2) , H=(1,2,2).

Thus, there are two standard quark/lepton generations corresponding to the first two complex
planes. From the third (transverse) complex plane, we get Higgs doublets able to trigger elec-
troweak symmetry breaking, and with Yukawa couplings €;; HFi F }% to quarks and leptons.
We will not display the spectrum from the 37 sectors which just give vector-like multiplets

with respect to the Pati-Salam symmetry.

Turning on now ISD backgrounds corresponding to Gis3 and S33, one obtains the following

non-vanishing soft terms

1/2
gS *
My=Mp=Mp=M = Gizs)"
4 L R 3\/5( 123)
gl/z
my g = M? , p = —==(S33)",

Amw=—-hM , B = My, (7.43)
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where 11 is a SUSY mass for H, H. Although this Z; model has only two generations, the above
set of soft terms is quite simple and predictive and have a number of interesting properties.
All soft terms are determined by the fluxes Gi33 and Ss3 or, alternative by the parameters M
and p. The squark/slepton masses are universal and equal to zero. This poses no phenomeno-
logical problem since they all get large masses at the one-loop level, as has been abundantly
analyzed in the SUSY literature. On the other hand, due to its universality, FCNC transitions
are suppressed. As we said, one of the interesting aspects is that both a u and a B-term are

obtained, which are important ingredients in the MSSM, with the simple prediction B = M u.

7.3.3 Model 3: D3-branes on a Z3 singularity.

Let us illustrate finally a slightly different case on which the MSSM is embedded in the world-

volume D3-branes, giving rise to a dilaton dominated soft supersymmetry breaking scenario.

We will consider a Type IIB Z3 orientifold, where the orbifold action is generated by the
twist
0 i (21,20, 23) — (€232, €23z, e74/323) (7.44)

Let us mod out by the orientifold action Qpo(—1)f%, where o : z; — —z;, and introduce a G3

flux of the form
G3 = Adz dz>dzs (745)

which fixes the dilaton vev to 7 = iS = €2™"/3, The coefficient A is an even number to ensure
proper quantization over toroidal 3-cycles. The flux is purely (0,3) and breaks supersymme-
try, but is ISD and obeys the equations of motion. Its contribution to the 4-form tadpole is
Npux = 3|A|%

There are 27 fixed points, which we label by (m,n, p), where m,n,p = 0, £1, as shorthand
for the three possible positions of the fixed points in each complex plane. At the fixed point
(0,1,0) (and its orientifold mirror (0, —1,0)) we locate 7 D3’s (see Figure 7.1) with Chan-Paton
matrices

Vo5 = diag (I3, a Iy, o? Ip) . (7.46)

In order to cancel twisted tadpoles at the fixed points (0, n, p) we add 6 anti-D7-branes passing
through them, with Chan-Paton matrix

Yo7 = diag (I, Iz, 0” Ip) (7.47)
We furthermore add a Wilson line ~y on the second complex plane, given by
Yz = diag (a,a?1a,15) . (7.48)

In this way the gauge group coming from the D7’s is broken to U(2) x U(1) and the different

fixed points have now different D7-brane CP matrices. We complete a consistent configuration,



134 7. Applications to model building.

27 fixed points

0 LR [ ] 0
0 [ ] 0
0 [ ] 0
[ ] 0 [ ]
[ ] BD)? [ ]
[ ) 0 [ )
0 P ) 0
0 [ ] 0
0 [ ] 0
X3
3 D7 6 D7* 3 D7
X2
7
Xt Xy =0 X1=+1
X1

Figure 7.1: A compact Type IIB T%/o(—1)2QpZ3 orientifold model with a three generation
SU(3) x SU(2)r x SU(2)g x U(1)p_r gauge theory. Here X; represent the three complex
compact dimensions. The gauge theory lives on the worldvolume of 7 D3’s located at the fixed
point marked LR (and its orientifold mirror). The rest of the black dots represent one D3.
Upon switching on a self-dual (0,3) flux RR-tadpoles cancel and SUSY-breaking soft terms

appear on the worldvolume of the LR branes.

cancelling all the RR twisted tadpoles, as follows (see Figure 7.1). We locate one D3-brane
at each of the four fixed points (0,41, +1) with CP matrix 755 = 1, and 8 D3-branes at the
origin, with CP matrix vg 3 = diag (aI4, a214). Finally, in order to cancel global RR tadpoles,
we add 3 D3’s as well as 3 parallel D7-branes (and their orientifold mirrors) passing respec-
tively through the fixed points of type (1,n,p) and (—1,n,p) (see [15] for details). One can
easily check that all twisted tadpoles cancel in this configuration.

The total untwisted RR 4-form charge in the configuration is
Qrr = —32(03) —24(D3*) +8(D3) = —48. (7.49)

This charge is neatly cancelled if we add ISD (0, 3) flux with A = 4, which contributes to the
RR-charge 3 x (4)? = 48 units.

This brane configuration is (meta)stable. The D7 and D7’s are stabilized on the planes
passing through the orbifold points. They are forced to remain there in order to maintain
twisted RR tadpole cancellation. Equivalently, the orbifold projection removes the scalar as-
sociated to flat directions describing brane motion. This will avoid D7- D7 annihilation. The
addition of fluxes will not destabilize them, since their only effect would be to generate a

potential for those scalars, if they were present.
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The same happens for the D3’s whose scalars get masses of the dilaton dominated type.
The D3-branes at the origin do not get masses from fluxes, since they feel the ISD flux which
gives no soft terms (to leading order) for them. They are however stuck at the origin again by
the twisted RR tadpole conditions, which would be violated if any of those branes travelled to
the bulk (equivalently, their worldvolume field theory does not contain scalars parametrizing
the possibility of moving away the D3-branes). In fact the four D3’s at the four (0,41, 41)
fixed points are also stuck by twisted tadpole conditions. All in all, the whole brane configu-
ration is (meta)stable due to a combination of trapping at the fixed points and flux-induced

scalar potentials.

The gauge group is U(3) x U(2) x U(2), with two anomalous U(1)’s being actually massive,
and the diagonal combination giving B — L. In the 33 sector, we obtain matter fields

33 sector : 30(3,2,1)+(3,1,2) +(1,2,2)] (7.50)

corresponding to three left(right)-handed quarks Q¢ (Q%), a = 1,2, 3, and three sets of stan-
dard Higgs multiplets H*. From the 37 and 73 sectors, one gets

37 sector : (3,1,1;1)_1+ (3,1,1;2)0 + (1,2,1;1)1 + (1,2,1;2)0 ,

73 sector : (3,1,1;1)1 + (3,1,152)0 + (1,1,2; 1)1 + (1,1,2;2)0 . (7.51)
These contains three left(right)-handed leptons L*(R®). There are also some extra vector-like
pairs of color triplets which in general become massive once some 7,7, states get vevs (see

[15]). The orientifold projection map the sets of branes at (0,1,0) and (0, —1,0) fixed points
to each other, so only one copy of the LR model is obtained.

The quarks in this model have a superpotential
Wy = 9vV2eu.Q1Q4%HE . (7.52)

On the other hand there are no renormalizable lepton Yukawas which may only appear after
a blowing up of the singularity [15]. We will thus concentrate here on the quarks. The
flux background is of ISD (0, 3) type, hence it leads to dilaton dominated soft terms on the

worldvolume of the anti-D3-branes. As discussed in Section 6.3, these are

2 _ 2 _ 2 _ 2
MQ@a = M@a = Mia = My a=1,2,3,

Js
m? +mj +mj = g|G123I2 ,
gl/2
Ms=M;,=Mr=Mp_ =M = \/5 Giss ,
Abe = _pabepr (7.53)

with the rest of the soft terms vanishing. This kind of SUSY-breaking soft terms applied to
the MSSM have been abundantly studied in the literature, and provides a phenomenologically
interesting and viable soft term pattern [181, 8, 182, 183, 184].
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Chapter 8

Final comments.

Flux compactifications introduce a canonical mechanism to address the long-standing problem
of moduli stabilization in Superstring Theory compactifications. Besides this, they constitute
a tractable source for supersymmetry breaking in a computable regime. Thus, fluxes are ad-

vocated to play a prominent role in embedding the Standard Model into Superstring Theory.

In this thesis we have reviewed some of our contributions to these topics. In particular,
we have analyzed the vacuum structure of the flux induced potential for a simple Type ITA
TY/Qp(—1)t o orientifold with constant NSNS, RR and metric fluxes. Compared to Type
IIB orientifolds with ordinary fluxes, Type IIA orientifolds possess a richness of flux options,
leading to vacua with all the closed string moduli stabilized in AdS without the need of non-

perturbative effects.

Moreover, Type ITA metric fluxes lead to new possibilities for cancelling the RR tadpoles.
Indeed, one may find situations on which the fluxes do not contribute to the RR tadpoles
or contribute negatively, i.e. as O-planes do, thereby providing the interesting possibility of
disposing of orientifold planes in some cases. This represents a breakthrough with respect
to the Type IIB compactifications, where the ISD condition enforces the flux to contribute
positively to the RR tadpoles, so in order to fulfill the tadpole conditions and at the same
time stabilize the moduli at large regions, one usually has to take manifolds with large Euler

numbers.

In this sense, our approach has been to consider the metric fluxes as a deformation added
to the original torus. The resulting twisted torus is a half-flat manifold with reduced cohomol-
ogy. Thus, metric fluxes are somehow enlarging the region of the moduli space to which we
may access, taking into account not only the possible geometrical deformations of the torus,

but as well some topological deformations.

137
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It is enlightening to view the twisted torus structure as arising from mirror symmetry of
Type IIB orientifolds with non-vanishing NSNS 3-form flux. Then, one may identify among
the different vacua of Type ITA orientifolds, the mirrors of some of the Type IIB no-scale
vacua. Inspired by this fact, one may wonder whether Type IIB flux induced potentials can
also depend on all moduli. The addition of non-geometric fluxes in Type IIB orientifolds re-
stores T-duality between Type IIA and Type IIB theories, but on this case monodromies in the

internal manifold mix the metric with the B field, therefore removing its geometrical character.

The inclusion of non-geometric fluxes spoils the Type IIB S-duality inherited by the ef-
fective potential in presence of standard RR and NS backgrounds. In order to recover the
symmetry in presence of non-geometric fluxes one has to introduce an extra set of S-dual
fluxes. The new and old fluxes are subject to a number of Bianchi and RR tadpole cancella-
tion conditions. These can be obtained by making use of SL(2,Z)g transformations. We have
seen that the arising structure is rich enough to hold some Minkowski vacua with not only the

dilaton and complex structure moduli stabilized, but as well the Kahler moduli.

Generalizing this picture, one may impose in the superpotential invariance under the full
duality group. This idea finds support in the results from heterotic and M-theory compacti-
fications. In our toroidal examples we have seen this requires the presence of 27 parameters
(fluxes) describing the complete SL(2,Z)"-invariant set of backgrounds. Some of these flux
degrees of freedom have a simple interpretation as metric fluxes or explicit RR or NS back-
grounds in some particular version of Superstring Theory. Some others do not admit a simple
interpretation and their origin is still to be understood. Yet, all of these fluxes may in general

be present in the complete underlying theory.

A natural question in all these models, is the interplay between D-branes and fluxes. We
have seen that NSNS 3-form fluxes may induce tadpoles for the gauge potentials in the D6
and in the D7-branes. On the other hand, and related to this, metric and non-geometric
fluxes parametrize topological changes in the internal manifold so that some of the original
cycles disappear from the homology and the corresponding moduli are lifted from the massless
spectrum. Wrapping D-branes on these submanifolds may induce inconsistencies in the theory
inside the brane. Here we have analyzed the example of D6-branes in Type IIA orientifolds.
In this case, fluxes may induce masses for the RR axions mediating the cancellation of U(1)
anomalies through the Green-Schwarz mechanism. Such terms do not respect the U(1) trans-
formation properties for the axions. Imposing consistency, then requires some constraints on
the 3-cycles which the D6-brane may wrap. These conditions can be viewed as a generalization
of the Freed-Witten anomaly cancellation. In particular, in the case of N' = 1 supersymmetric
AdS vacua, they force the different sets of D6-branes to be calibrated, thus preserving N' = 1
supersymmetry in four dimensions. In this way, one may construct explicit models with chiral
spectrum close to that of the MSSM with three generations and with all the closed string
moduli stabilized in AdS, where the A/ = 1 supersymmetry is dynamically imposed by the
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background fluxes. We have constructed an example of such a model on which we make use

of the fluxes in order to cancel the RR tadpoles, without the aid of an extra orbifold twist.

From the point of view of the four dimensional effective action, the dynamics of the D-
branes in presence of closed string fluxes is determined through the flux induced potential
for the open string moduli. In terms of the MSSM, this one may be identified with the
soft supersymmetry breaking potential, with the open string moduli corresponding to the
squarks/sleptons and Higgsses. We have computed from a microscopical local point of view
the soft supersymmetry breaking lagrangian induced by RR and NSNS 3-form fluxes in the
worldvolume of D3 and D7-brane configurations. For ISD fluxes, the soft terms in the world-
volume of D3-branes vanish, in agreement with the no-scale structure of the potential. On
D7-branes however, there appear non-null soft supersymmetry breaking patterns even for
N = 1 supersymmetric fluxes. This is interesting, since such fluxes lead to consistent string
compactifications to four dimensional Minkowski space without any runway potential for the
Kahler moduli. Hence, these models constitute four dimensional string vacua with zero cos-
mological constant and non-trivial soft terms for the gauge sector on D7-branes. Moreover,
the D7 geometric moduli are generically stabilized, being this fact particularly relevant for
KKLT scenarios.

The richness of the flux induced soft supersymmetry breaking patterns is such that allows
for a variety of phenomenological scenarios. In particular, ISD fluxes induce a positive defi-
nite potential in the worldvolume of the D7-branes, parametrized by the gaugino masses and
the p-terms. The interesting properties for this potential could address some of the present
empirical constraints for the soft supersymmetry breaking lagrangian. On the other hand, in
the worldvolume of D3-branes, ISD fluxes induce dilaton domination patterns, on which the
breaking of the supersymmetry can be understood as coming from the vev of the F auxiliary
field associated to the axiodilaton S.

Thus, based on all these ideas, we can affirm that the prospects of flux compactifications
are promising. Still a lot of work has to be done, both in the direction of analyzing the flux
induced soft SUSY breaking patterns as of understanding the possible flux degrees of freedom
in general orientifold compactifications and constructing the corresponding ten dimensional
supergravity solutions behind them. We hope to come back to all these issues in the near

future.
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Chapter 9

Comentarios finales.

Las compactificaciones en presencia de flujos introducen un mecanismo canénico para la reso-
lucién del problema de la estabilizacién de moduli en compactificaciones de Teoria de Super-
cuerdas. Por otro lado, constituyen una fuente tratable para la ruptura de supersimetria en un
régimen computacional. De este modo, los flujos juegan necesariamente un papel prominente

en la inclusién del Modelo Estandar en Teoria de Supercuerdas.

Aqui hemos revisado algunas de nuestras contribuciones a estos temas. En particular,
hemos analizado la estructura de vacios del potencial inducido por los flujos en un sencillo
orientifold T°¢/Qp(—1)2o de Tipo IIA con flujos constantes NSNS, RR y métricos. Com-
parado a los orientifolds de Tipo IIB, los orientifolds de Tipo ITA poseen una riqueza de flujos
que da pie a vacios con todos los moduli de cuerda cerrada estabilizados en AdS sin la necesi-

dad de efectos no perturbativos.

Ademss, los flujos métricos abren nuevas posibilidades para la cancelacién de los tadpoles
RR. Asi, uno puede encontrar situaciones en las que los flujos no contribuyen a los tadpoles
RR o contribuyen negativamente, es decir, del mismo modo que los O-planos, proporcionando
en algunos casos la interesante posibilidad de suprimir O-planos. Esto constituye un notable
avance respecto a las compactificaciones de Tipo IIB, donde la condicion de ISD fuerza al flujo
a contribuir positivamente a los tadpoles RR de modo que, para satisfacer las condiciones de
tadpole y al mismo tiempo estabilizar los moduli en valores grandes, uno tipicamente se ve

obligado a considerar variedades con niimeros de Euler grandes.

Nuestra aproximaciéon al problema ha sido considerar los flujos métricos como una defor-
macion anadida al toro original. El toro con torsién resultante es una variedad semi-plana con
cohomologia reducida. De este manera, los flujos métricos en cierto modo estan extendiendo la
regién del espacio de moduli a la cual podemos acceder, tomando en consideracién no solo las

posibles deformaciones geométricas del toro, sino también algunas deformaciones topoldgicas.
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Resulta iluminador el visualizar la estructura del toro con torsién como la resultante de
hacer T-dualidad en orientifolds de Tipo IIB con flujos de 3-forma NSNS no nulos. En este
caso, uno puede identificar entre los diferentes vacios de los orientifolds de Tipo ITA, los vacios
especulares de algunos de los modelos sin escala de Tipo IIB. Inspirados por este hecho, cabe
preguntarse si los potenciales de Tipo IIB inducidos por los flujos pueden también depender
de todos los moduli. La inclusién de flujos no geométricos en orientifolds de Tipo IIB restaura
la T-dualidad entre teorias efectivas de Tipo ITA y de Tipo IIB, pero en este caso las mono-
dromias en la variedad interna mezclan la métrica con el campo B, desapareciendo de este

modo el caracter geométrico de la compactificacién.

La inclusién de flujos no geométricos elimina la S-dualidad heredada por el potencial efec-
tivo en presencia de flujos RR y NSNS ordinarios. Para recuperar esta simetria uno ha de
introducir un nuevo conjunto de flujos S-duales. Tanto los flujos nuevos como los antiguos
estan sujetos a una serie de condiciones de Bianchi y de cancelacién de tadpoles. Estas pueden
ser obtenidas mediante uso de transformaciones de SL(2,Z)s. Hemos visto que la estructura
resultante es suficientemente rica como para contener vacios Minkowski con no solo el dilatén

y los moduli de estructura compleja estabilizados, sino también los moduli de Kahler.

Generalizando este esquema, uno puede imponer en el superpotencial invarianza bajo el
grupo de dualidad completo. La idea se sustenta en los resultados provenientes de compac-
tificaciones de la heterética y de teoria M. En nuestros ejemplos toroidales hemos visto que
esto requiere la presencia de 27 parametros (flujos) para describir el conjunto completo de
configuraciones invariantes bajo SL(2,7)7. Algunos de estos grados de libertad poseen una
interpretacién simple como flujos métricos, RR o NSNS explicitos en alguna de las versiones
particulares de Teoria de Supercuerdas. Otras por contra no admiten tal interpretaciéon y su
origen todavia estd a expensas de ser comprendido. A pesar de todo, es muy posible que todos

estos flujos estén de alguna manera presentes en una formulacién completa de la teoria.

Una cuestion natural en todos estos modelos, es la interrelacién entre D-branas y flujos.
Hemos visto que los flujos de 3-forma NSNS pueden inducir tadpoles para los potenciales gauge
que viven en las D6 y en las D7-branas. Por otro lado, y directamente relacionado con esto, los
flujos métricos y no geométricos parametrizan cambios topoldgicos en la variedad interna de
modo que algunos de los ciclos originales desaparecen de la homologia y los moduli correspon-
dientes son desplazados del espectro no masivo. El enrollar D-branas en estas sub-variedades
podria inducir inconsistencias en la teoria dentro de la brana. Aqui hemos analizado el caso
particular de las D6-branas en orientifolds de Tipo ITA. En este caso, los flujos pueden inducir
masas para los axiones que median la cancelaciéon de anomalfas U(1) a través del mecanismo de
Green-Schwarz. Tales términos no respetan las propiedades de transformacién de los axiones
bajo rotaciones U(1). El imponer consistencia requiere entonces ciertas restricciones en los

3-ciclos que las D6-branas pueden enrollar. Estas condiciones pueden ser visualizadas como
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una generalizacion de la cancelacién de anomalias de Freed-Witten. En particular, en el caso
de vacios AdS N = 1 supersimétricos, estas condiciones fuerzan a los diferentes conjuntos de
D6-branas a estar calibrados, es decir, a preservar la misma supersimetria /' = 1 en cuatro di-
mensiones. De este modo, uno puede construir modelos explicitos con espectro quiral cercano
al del MSSM con tres generaciones y con todos los moduli de cuerda cerrada estabilizados en
AdS, dénde ademds la supersimetria ' = 1 es impuesta dindmicamente por los flujos. Aqui
hemos mostrado un ejemplo concreto en el que ademads se hace uso de los flujos para cancelar

los tadpoles RR sin la ayuda de una accién orbifold.

Desde el punto de vista de la teoria efectiva en cuatro dimensiones, la dindmica de las
D-branas en presencia de flujos de cuerda cerrada estd determinada a través del potencial
para los moduli de cuerda abierta inducido por los flujos. En términos del MSSM, éste puede
ser identificado con el potencial de ruptura de supersimetria, estando los moduli de cuerda
abierta asociados a los squarks/sleptones y Higgsses. Aqui hemos calculado, desde un punto
de vista microscépico, el lagrangiano de ruptura de supersimetria inducido por los flujos de las
3-formas NSNS y RR en el volumen de las D3 y D7-branas. Para flujos ISD, los términos soft
en el volumen de las D3-branas se hacen nulos, en concordancia con la estructura sin escalas
del potencial. En las D7-branas sin embargo aparecen patrones de ruptura de supersimetria
no nulos incluso para flujos N' = 1 supersimétricos. Esto resulta interesante puesto que tales
flujos dan pie a compactificaciones de cuerdas consistentes con espacios cuadridimensionales
de tipo Minkowski. De este modo, estos modelos constituyen vacios de cuerdas con constante
cosmolégica nula y términos soft no nulos en el sector gauge de las D7-branas. Ademas, los
moduli geométricos de las D7-branas son generalmente estabilizados, siendo este hecho par-

ticularmente relevante para escenarios KKLT.

La riqueza de los patrones de ruptura de supersimetria inducidos por los flujos es tal que
permite una gran variedad de escenarios fenomenoldgicamente viables. En particular, los flu-
jos ISD inducen un potencial definido positivo en el volumen de las D7-branas, que puede ser
parametrizado simplemente por las masas de los gauginos y los términos p. Las interesantes
propiedades de este potencial podrian arrojar luz sobre algunas de las restricciones experi-
mentales observadas para el lagrangiano de ruptura de supersimetria. Por otro lado, en el
volumen de las D3-branas, los flujos ISD inducen patrones dominados por el dilatén, en los
cuales la ruptura de la supersimetria se puede entender como proveniente del vev adquirido

por el campo auxiliar F' asociado al axiodilatén S.

Basandonos en todas estas ideas, podemos afirmar por tanto que los prospectos de las
compactificaciones con flujos son prometedores. Todavia mucho trabajo ha de ser realizado,
tanto en la direccién del andlisis de los patrones de ruptura de supersimetria inducidos por
los flujos, como de la comprension de los posibles grados de libertad asociados a los flujos en
compactificaciones orientifold generales y de la construccién de soluciones de supergravedad

en diez dimensiones. Esperamos volver sobre todos estos temas en un futuro cercano.
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Appendix A

N =1 Supersymmetry in 4

dimensions revisited.

Most of the content of this thesis is related to four dimensional N/ = 1 supersymmetry. Su-
persymmetry has played indeed a crucial role, addressing stability issues for the D-brane
configurations and the low energy limit of Type II orientifolds. In this appendix we would like

thus to summarize some of the main features of four dimensional N' = 1 supersymmetry.

As it is well known, supersymmetry provides an efficient solution to the hierarchy problem
by associating to every fermion a scalar super-partner whose contribution to the quadratic
divergences is the same but with opposite sign. From the mathematical point of view, the
algebra of supersymmetry arises as a natural extension of the Poincaré group. In fact, during
the late 60’s, Coleman and Mandula [1] showed that any Lie group which contains the Poincaré
group and an internal symmetry group is always a direct product of both groups and therefore
it leads to trivial physics. Therefore, it was necessary to consider more general structures. This
was done by Gol’fand and Likhtman [185] who considered a subset {Q4} of generators of the
algebra as satisfying anti-commutation relations, in what is called a ‘Z, graded structure’.
Taking a minimal set of these anticommuting generators in the spinorial representation' of

the Lorentz group, starting with the Poincaré group and applying the generalized Jacobi

1 Actually, this is the only choice giving rise to the generators of the translations in the vectorial represen-
tation.
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identities for graded algebras one obtains the A" = 1 supersymmetry algebra (see e.g. [186])2

{Qa.Qs} = 2Pu(0"),5 . (A1)
[Qa, PH1 =0, (A.2)
[Qas M) = i(0,)5Qs (A3)
Qs R] = ~iQa (A4)

where we have decomposed the Majorana supercharge @) into its two Weyl components @,
so the indices o and & belong respectively to the first and the second SU(2) of SO(3,1) ~
SU(2)r x SU(2)g, with metrics €ap = €45 = io? and related among themselves by the
conjugation operation (), = (Qn)*. P, is the generator of translations, i.e. the space-time
momentum, M the Lorentz generators given by

i

MM =
1

[, 7] (A.5)

and 0, = 0},0,]. R is the only allowed internal generator for this case, the so called R-
symmetry, which here represents a chiral rotation.

We observe thus how the internal U(1) symmetry gets combined in a non trivial fashion
with the supersymmetry generators, avoiding on this way the no-go theorem of Coleman and

Mandula pointed out above.

Let us review briefly the construction of N' = 1 supersymmetric theories [187]. The
possible particle content of the theory is given by the different irreducible representations of
the algebra. The easiest way to construct them is by means of the superspace formalism on
which the supercharges are considered as generators of translations in the fermionic coordinates
€ and €, which now are Grassmann numbers. The action of the SUSY generators on a given
superfield S(z*, ¢, €) is then given by

_ZP,LL = 8# 3 (AG)
iQa = Oca —ic" €40, = D, , (A7)
_iQd = Oga — ieaagdau = Dd . (Ag)

Hence, the left chiral irreducible representations will correspond to superfields ® satisfying
the condition Ds® = 0. Expanding now in the fermionic coordinates we get the following
components

D(y,€) = dly) + V2e(y) + ecF(y) , (A.9)

with y# = x* + iec*€. So a left chiral supermultiplet is a (0,1/2) multiplet, whereas its CPT
conjugate, a right chiral supermultiplet, is a (0, —1/2) multiplet.

2Here we will adopt the mostly minus signature for the metric in four dimensional ' = 1, as it is usual
in field theory. Therefore, there will be an additional minus sign in the contractions of the Minkowski indices
when these come from a higher dimensional metrics, as noticed in the Appendix of [20].
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The F-field, as usual, is not a physical field but an auxiliary field. In fact, the closure of

the supersymmetry algebra is given by
[0c, 0 tp = —2(eae — €'ot€)idp =0 , (A.10)
which is equivalent to impose the system to be on-shell
0,0 =0, (A.11)

with 6% = (Iz,—0). The F-field extends this relation to off-shell situations, introducing ad-
ditional bosonic degrees of freedom which vanish on-shell, so we have in general the same

amount of fermionic and bosonic components.

The vector supermultiplet is constructed imposing the reality condition
S(z,e,6)t = S(z,¢,6) , (A.12)

which gives rise to the expansion

V(z, €€ = c(x) +iex(x) — iex(x) + (ieee[A(x) + %6”6,»(] + h.c)+
+ %eeEE[D(x) - %@ﬁ“] (A.13)
with C, x and D auxiliary fields. But since a U(1) gauge transformation is given now by
V—=V+i(A—AT), (A.14)

with A a chiral superfield, we have extra degrees of freedom in the gauge parameter that we
can fix. The usual choice is the so called Wess-Zumino gauge on which we use this to eliminate

C, M, N and x, so the gauge transformation becomes the usual one
V=V, =0,(m+n"), (A.15)
7 being the lowest component of the chiral superfield, and the superfield expansion reduces to
< 1
V® = eoteVi(x) + (iece\" (w) — iceeA”(x)) + §€€€€Da($) . (A.16)

Therefore, the vector multiplet is a (1/2,1) multiplet.

Up to now we have been talking about global supersymmetry. However, by making it
local, it is possible to couple supersymmetry to gravity and set up N' = 1 supergravity. The
way to do it is by means of the usual Noether procedure [187, 186]. Let us illustrate it for
the simplest case, the Wess-Zumino model, with just one free chiral multiplet. The globally

invariant action is given by?®

£ = (06)" (0u9) + 50700t (A1)

3Here 1 is in the Majorana form.
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with supersymmetry transformations

5.(Re ) = e | (A.18)
de(Im @) = —ieys)¢ (A.19)
et = —iv"[0u((Re ¢) — i) (Im ¢))]e . (A.20)
Now, making ¢ = e(z) we have
5L = D,eT"(x) (A.21)
with
JH (@) = [0 ((Re ¢) — i) (Im ¢))]¢ . (A.22)

So we introduce a new superfield, the supergravity multiplet, a (3/2,2) multiplet composed
by the gravitino W% and the graviton h,,, and we add the following terms in the lagrangian
density

Ly = _g@ﬂ — khy T + O(?) (A.23)

with T the energy-momentum tensor. The supergravity multiplet therefore plays the role
of a vector superfield for the local supersymmetry. Now, £ + Ly is invariant under local
supersymmetry transformations, although the action is not renormalizable anymore. It only
rests to add the kinetic terms for the new superfield. These are given by the Hilbert action

for the metric, and the Rarita-Schwinger action for the gravitino

1 1 -
Liin = —ﬁeR - §€#Vp01/)u7(5)7qu1/)o s (A-24)

with e}j* the vielbein and D), the covariant derivative with respect to gravity
1 mn
D, =09, + 2@ " O (A.25)

It is possible to show that the most general N' = 1 SUSY invariant non-renormalizable

action can be written as [188, 189]
L= /d2ed2€K(<I>+e2‘7V,<I>) +/d2eW(<I>) + h.c. +/d2efab(<1>)FfFab +he,  (A.26)

where K is the Kéahler potential, which determines the kinetic terms and derivative couplings
(D-terms); W is the superpotential, an holomorphic function which contains the mass terms
and interaction terms (F-terms); f,p is the gauge kinetic holomorphic function, which deter-

mines the gauge couplings; and FJ is the gauge field strength superfield given by
F® = D?D,V® +igf®™D*(D, V)V . (A.27)
In the particular case of renormalizable theories these functions take the form
K(®Te?9V 0) = o129V | (A.28)
W(®) = %mijfbifbj + %Aijkqﬂqﬂ@k ,

fab - 9;25ab B
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which holds the bosonic lagrangian

e L = —e(GUGTY Gy = 8) = TRe [, GHT)]6,GH (T i
1 a 14 i a Tur " % 1
— Z(Re fav)Ff, 10 Z(Im fab)Ff, F'° + G D,y DV 7™ — S (A.29)
with the Kahler metric G defined by

G = K(¢,0) + log|W(¢)|* , (A.30)
G' = %z, etc. (A.31)

The fermionic piece is however much more complicated. Here we will show just the mass terms
1 y L - 1
e g = geG/z[—G” —G'GT + GG Gy T + ZeG/QGZ(G*l)f]f;‘lL,CAflAl’ . (A32)

The first line of eq. (A.29) corresponds to the scalar potential V' (¢, ¢). The first term contains
the F-terms whereas the second the D-terms. Very often it results useful to rewrite the F-term

of the scalar potential as
Vp =X (gﬁDiWﬁjw - 3|W|2) , (A.33)
with the Kahler derivative given by
D;W = oW +Wo,K . (A.34)

With all of this, the Minimal Supersymmetric extension of the Standard Model (MSSM)
is built by taking the following steps

1. Promote every field of the Standard Model to its corresponding superfield.

2. Consider two Higgs doublets, instead of just one, with opposite supercharges, so the

theory remains anomaly free and the superpotential is holomorphic.

3. Add a supersymmetry breaking pattern.
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Appendix B

N =4 Super Yang-Mills and its

decompositions.

Apart from the A/ = 1 supersymmetry algebra summarized in Appendix A, it is possible
to construct algebras with extended supersymmetry. These naturally arise in the context of
String Theory, as we have seen. In particular, we will devote this appendix to the algebra of
four dimensional A/ = 4 supersymmetry, or what is the same, N' =1 in ten dimensions. This
is the maximal supersymmetry algebra that can be built inside a D-brane in String Theory
and thus, the other supersymmetric theories appearing in the worldvolume of the D-branes

can be understood as truncations of this theory.

We can build the A/ = 4 algebra by direct procedures, like the ones we schematically
mentioned in Appendix A, or by dimensional reduction of the ten dimensional N' = 1 super-
symmetry [190]. From this last point of view, the R-symmetry acquires a nice geometrical
interpretation as the product of the R-symmetry of the original theory before performing
the dimensional reduction and the isometry group of the manifold on which we reduce. On
this case, we have a single Majorana-Weyl supercharge in the 16 of SO(9,1), so there is no
R-symmetry.t Hence, the whole internal symmetry of A’ = 4 in four dimensions can be un-

derstood as entirely coming from the isometry group of a 6 torus, i.e. SO(6).

The four dimensional N = 4 algebra is given by
{Q4,Q%) = —2P, 8" PT" , — 2Pp, I 4P5a (B.1)

and the only irreducible representation of the global algebra is the vector supermultiplet, given
by a non-chiral multiplet (—1, —(1/2)%,0°, (1/2)%,1). Hence, we have a pure Super Yang-Mills

Tn N =1 in four dimensions we have as well a single supercharge in the 4 of SO(3,1) but, as it is in the
Weyl (or the Majorana) representation, chiral rotations are allowed.
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theory with lagrangian density

1 y { = .-

L= —4—92T7°(FH,,F“ + 2D, D by — (b, I ]?) — @TT(’(/JIWDuw + YT [P, ¥]). (B.2)
The effect of the SO(6) R-symmetry is to rotate components of equal spin inside the vector
multiplet. In particular, the six scalars transform in a vectorial 6 of SO(6) whereas the four
spinors transform in the spinorial representation 44. Its CPT conjugates transform therefore

in the 4.

It is interesting to note that the four-dimensional NV = 4 theory can be rearranged in terms
of N' = 1 supermultiplets. Obviously, since the symmetry of A/ = 4 is much bigger than the
one of A/ = 1, there are multiple ways to choose an A/ = 1 subset inside the ' = 4 theory.
This freedom is parametrized by the choice of the A/ = 1 R-symmetry group. Indeed, for a
given decomposition (see e.g. [87])

SO(6) — SU3) x U(1) , (B.3)
4s — 13+3_1,
4. — 1 3+3;,
6, —3.1+31,

the U(1) corresponds to the R-symmetry of N' = 1 whereas the SU(3) remains as an extra
global symmetry of the theory. It is possible now to rearrange the gaugino 13 together with
the gauge boson in a N/ = 1 vector supermultiplet and its CPT conjugate; and the six different
scalars 311 in three chiral supermultiplets and its CPT conjugates.

Other interesting decomposition is in terms of A/ = 2 multiplets. This supersymmetry usu-
ally appears in 1/4 BPS systems in String Theory, such as in the twisted sector of a D3/D7
system in flat space. From the geometrical point of view it can be understood as coming from
dimensional reduction of the six dimensional A/ = 1 supersymmetry algebra, where there is a
single self-conjugated Weyl supercharge. The R-symmetry group of N' = 2 in four dimensions
is SU(2) whereas the possible irreducible representations of the global algebra are then the
hypermultiplet, given by the non-chiral multiplet (—1/2,02%,1/2) + (—=1/2,02,1/2), and the
vector supermultiplet, given by (—1,(—1/2)2,0) + (0, (1/2)2,1).

The way to decompose N = 4 SYM in terms of A/ = 2 representations is through the
splitting of the R-symmetry group accordingly to

SO(6) — SO(4) x SO(2) =~ SU(2) x SU(2) x U(1) , (B.4)
4g = (2,1)4 + (1,2)_
4= (1,2)4 + (2,1
6y =(2,2)+ (1, 1),
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so the three possible ways to factorize SO(4) in SU(2) x SU(2) correspond to the three pos-
sible orthogonal choices of the complex structure in the internal hyper-Kéahler manifold of
holonomy SO(4) ~ SU(2) x SU(2). One of the SU(2) of SO(4) will act as the R-symmetry
of the N = 2 theory, whereas the remaining SU(2) x U(1) will be an extra global symmetry.

Once we fix the complex structure in the internal manifold, it is possible to rearrange the
N = 4 vector multiplet in a N' = 2 vector multiplet, composed by the gauge boson A", the
gaugino A, U2 and ®3; and an hypermultiplet, composed by ¥!, ®2, ®3 and ¥2. The effect of
the R-symmetry will be then to rotate ®! into ®2 and ¥3 into .

In the case of NV = 2 supersymmetry, the Kéihler potential can be derived from an holo-

morphic prepotential F(®), @ representing the hypermultiplets of the theory,

K(®,®*) =Im (Z @“*8a}‘(<1>)> : (B.5)
so the Kahler metric is given by
Go5 = Im(0,0pF) , (B.6)

which is also known as ’rigid special Kéhler metric’. It is important to notice however that
this hyper-Kéhler structure of the moduli space of A/ = 2 is spoiled when we couple it to
gravity, although this will not affect us since, as we already commented, we will work in the
flat-limit.
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Appendix C

Spinorial embedding of

background fluxes.

We have seen in Section 5.5 how the generalized duality invariant superpotential presents a
SL(2,7Z)7 symmetry. In this appendix we will describe how the background fluxes are arranged
into this structure and their embedding into the spinorial representation of SO(7,7;Z). This

was done [55].

Each of the seven SL(2,Z)x factors consists of two generators Sx 1 and Sx 2

11 0 -1
Sx1 = , Sxao= : C.1
X,1 <O 1) X,2 <1 O) ( )

acting on the modulus Mx. From eq. (5.199) one can see that Sx 1 corresponds to shifts on

the corresponding axion and Sx 2 to M-duality transformations Mx — 1/Mx.

The set of fluxes, denoted G, contains 128 weights of the form (£, 4, +, +, +, &, &), where
+ stands for j:%. The transformation My — 1/Mx is then simply given by

Sx2(n1,...,nx,...,n7) =Sign(nx)(ni,...,—nx,...,n7) . (C.2)

Thus, eq. (5.203) transforms in such a way that the full supergravity scalar potential is in-
variant under the Sx o generators. The resulting map between weights and flux components
is presented in Table C.1. We see, for instance, that F3 fluxes (Table 5.4) correspond to
(+,4, +, +, £, +, &) while H3 fluxes (Table 5.2) are represented by (—, +, +, +, £, &, &) spino-

rial weights.

From Table C.1 we can easily read the action of the duality group in the different fluxes.
Notice also that the duality transformations can be easily obtained by expressing the SL(2,Z)
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generators in terms of lowering and raising operators. Namely, Sx2 = Sx 4+ — Sx,— and

Sx1 =1+ Sx,—. Thus, for instance, SLQFg = —H3 corresponds to Type IIB S-duality.

It is interesting to note how half of the degrees of freedom of each of the two Weyl spinors

on which G = 64 ® 64’ can be decomposed correspond to RR fluxes, whereas the other half

are generalized NS fluxes. Of these, half are heterotic and half are ordinary fluxes, thus giving

a very symmetric structure.

Flux parameter ‘ Weight H Flux parameter ‘ Weight
}_LIO (_7_7_7_7_7_7_) €o (+7+7+7+7+7+7+)
hO (_7+7+7+7+7+7+) m/ (+7_7_7_7_7_7_)
[ [
—— = ——
_hi (+7_7+7+u+u+7+) - 7,1 (_7+7_7_u_u_7_)
J J
ej (+7+7+7+7_7+7+) (_1; (_7_7_.7 7+7 y
% %
- —— ——
h"/L (+7+7_7_7_7_a_) f’L (_7_7+7+7+7+a+)
J J
, —
q_] (+7_7_ _7+7_7_) a; (_7+7+7+7_7+7+)
J i j
_ /—j‘\ —— .
gJ'L (_7+7_7_u+a_u_) b]z (+7_7+7+u_7+u+)
J J
CL;— (_7_7_7_7_7+7+) q; (+7+7+7+7+7_7_)
i J i J
/—}H — = /—}H —
—3ji (_7_7+7 a_7+a+) _b” (+7+7_7_u+a_u_)
J J
_dj (_7+7+7+7+7_7_) —63- (+7_7_7_7_7+7+)
i J i J
_l_)jz (+7_7+7+7+7_7_) _g;z (_7+7_7_7_7+7+)
—-m (+7+7+7+7_7_7_) _hIO (_7_7_7_7+7+7+)
. j . j
, /—}H — _ /—}H —
b_ji (+7+7_.7_u_7+u+) 9iji (_7_7+7+u+a_u_)
i i
_ —
'L'/ ( 7+7_7_7+7+a+) h”L (+7_7+7+7_7_’_)
_6/0 (+7_7_7_7+7+7+) _E’O (_7+7+7+7_7_7_)
% %
= — —
_fl (_7_7+7+u_u_7_) _h; (+7+7_7_u+u+7+)

Table C.1: Spinorial embedding of the background fluxes. The weights in each column corre-

spond to one of the two Weyl spinors on which the set of fluxes G can be decomposed.

One can proceed analogously with the set of moduli T. In this case they transform as a

vectorial 7 of SL(2,Z)7, as shown in Table C.2. Let us define

€T = 1+ T-TRQT+... .

(C.3)
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In this language, the superpotential (5.203) then takes the very compact form

_ iT
W =G®e" |(4,++++++)

which is reminiscent of the typical expressions for flux induced superpotentials.

Moduli | Weight
S (1,0,0,0,0,0,0)

—~N
7 | (0,10,0,0,0,0)

2

—~
U’L' (0707070a 17050)

Table C.2: Embedding of the moduli in a 7 of SL(2,7Z)".

Moreover, the Bianchi identities now correspond to constraints in the components of the

bispinor of fluxes

GG = G-G @ GI''*G @ ... ® Griblbhbllg

(C.5)

where 1 In = Tl . . TT) and TV are the complexified gamma matrices of the relevant

Clifford algebra, and I, = 1,1,...,7,7.
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Appendix D

Supersymmetry breaking in
KKLT scenarios.

The bulk of this thesis has dealt with stabilization of the moduli by perturbative back-
ground fluxes. However, other effects such as quantum corrections [191, 192, 193] or non-
perturbative [194] contributions can play as well a role in the stabilization of the moduli.
Indeed, before introducing the non-geometric fluxes, this was the best available mechanism
to stabilize the Kéhler moduli in Type IIB orientifolds with O3-planes and constant RR and
NSNS background fluxes. Indeed, as we saw in Section 5.1.1, these are suitably described
at low energies by the Gukov-Vafa-Witten superpotential (5.5), which is independent of the

Kahler moduli and thus leads to no-scale models.

In this context, Kachru, Kallosh, Linde and Trivedi (KKLT) [29] provided a construction
on which to break the no-scale structure by making use of non-perturbative effects, thus
stabilizing the K&hler moduli and at the same time lifting the vacua to dS. The construction
consists on the following steps. First of all one chooses a non-supersymmetric vacuum of the
Gukov-Vafa-Witten superpotential [18], on which the dilaton and complex structure moduli
are fixed. Then, at the minimum, one has W = Wj,. The second step then consists on
adding a non-perturbative superpotential generated by Euclidean D3-branes [194] or gaugino
condensation in the worldvolume of D7-branes. In this sense, the stabilization of the open
string moduli for the D7-branes is crucial, leaving below the flux induced mass scale, a pure
N = 1 Super Yang Mills theory with gauge coupling related to the Kahler moduli through
eq. (6.55). Then, for a single overall Kihler modulus T, the total effective superpotential after
the second step becomes

W =W+ Ae ", (D.1)

which has a non-trivial minimum corresponding to a supersymmetric AdS vacuum.

The last step is then to add a source of D-terms contributing positively to the cosmological
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constant. In particular, they considered the inclusion of D3-branes. This induces an additional

energy density of the form
1
AV X —— D.2
> m 79) (D-2)
which lifts the vacuum to dS, although still some fine-tuning is needed to achieve small values
for the cosmological constant. Alternative mechanisms, such as magnetic fluxes in the world-
volume of the D7-branes [195], has been proposed. We refer the reader to [196, 197, 198, 202]

for some other proposals.

Although the KKLT construction seems very promising at a first sight, it has been re-
vealed that building explicit consistent models is not a simple task. In particular, ideally one
should minimize the full scalar potential in one step instead of two. This makes the problem
of finding minima far more difficult because, once a T' dependent superpotential is considered,
the no-scale structure disappears, the potential is no longer positive definite and the minimum
does not necessarily correspond to the solution of the supersymmetric conditions D;W = 0.
Moreover, in many cases there are actually no minima at all, the potential is unbounded from
below and all extrema are saddle points [199, 200, 201]. In these cases, one is enforced to
consider additional effects such as gaugino condensation in the worldvolume of D3-branes or

corrections to the gauge coupling constant on D7-branes due to magnetic fluxes.

In any case, the quantum and non-perturbative effects modify the general picture that
we found in Chapter 6 for the flux induced soft supersymmetry breaking. A microscopical
analysis now becomes almost impossible to be carried out, and one is enforced to take an

effective supergravity approach to the problem.

Here we will consider a Kahler potential and gauge kinetic function slightly more general
than (6.89), given by

[ls

K=-l ") = 3log (T + T~
og (S + 8*) —3log (T + )+(S+S*)£S(T+T*)£T ’

f=aS+p8T. (D.3)

Note that this potential includes the above kind of open string deformations, corresponding
to (€s,€r) = (1,0) and (£s,&r) = (0,1), plus new cases such as the scalars arising at brane
intersections or branes wrapping different two torus ((£s,&r) = (1/2,1/2)).

Then one can compute the scalar potential in terms of the superpotential W and extract

the following soft supersymmetry breaking terms [201, 56]

2 _ 2 |FS|2 _ |FT|2
o =Mayn ~ 8Tg e T STRm L e
Ca(S+ S+ BT +T*)

+V, (D.4)
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—FS —FT

M= B0 G ) GG, O0)
B = Fs(Ggigss +Osloan(S)) + gy (260 =3) = maz. (D)

with mg s = Wexp(K/2) and
Fs = eK/2(S 4 S (Ws — (S—i—LS*)) , (D.8)
Fr = eK/2W(WT - (TBTWT*)) . (D.9)

Now W include non-perturbative effects, the Gukov-Vafa-Witten piece and the open string
perturbative terms discussed in Chapter 6.

Note that the relations (6.10) and (6.11) are in general no longer satisfied for arbitrary
Fg, Fr, £5 and &p. Thus, the presence of non-perturbative effects or D3-branes lead to very
model dependent soft supersymmetry breaking patterns, determined by the concrete values of
both Fg and Fr and allowing in principle for a rich structure of soft supersymmetry breaking
scenarios. We refer the reader to [201] for further details.
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