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FLUX BACKGROUNDS AND
EXCEPTIONAL GENERALISED
GEOMETRY

ABSTRACT

The main topic of this thesis are flux compactifications.

Firstly, we study dimensional reductions of type II and eleven-dimensional supergrav-
ities using exceptional generalised geometry.

We start by presenting the needed mathematical tools, focusing on G-structures and
their extension to generalised geometry.

Then, we move our focus on compactifications. In particular, we mainly focus on
type IIA, building the version of exceptional generalised geometry adapted to such
supergravity and finding the right deformations of generalised Lie derivative to ac-
comodate the Romans mass. We describe the generalised Scherk-Schwarz method to
find consistent truncation ansatze preserving the maximal amount of supersymmetry.
We apply such a method to several examples of truncations on spheres, we reproduce
the truncation ansatz on S® and the embedding tensor leading to dyonically gauged
ISO(7) supergravity in four dimensions. For spheres of dimension d = 2, 3,4, we find
an obstruction to have generalised parallelisations in massive theory, giving the evi-
dence that maximally supersymmetric reductions might not exist.

As further point, we study generalised calibrations on AdS backgrounds in type IIB
and M-theory. We find these are described by Exceptional Sasaki-Einstein structures
and we place the focus on the generalised Reeb vectors. The inequalities for the energy
bound are derived by decomposing a x-symmetry condition and equivalently, bispinors
in calibration conditions from existing literature. We explain how the closure of the
calibration forms is related to the integrability conditions of the Exceptional Sasaki-
Einstein structure, in particular for AdS space-filling or point-like branes. Doing so,
we show that the form parts of the twisted vector structure in M-theory provides the
expected generalised calibrations. The IIB case yields similar results.

iii






SOLUTIONS AVEC FLUX ET GEOMETRIE
GENERALISEE EXCEPTIONNELLE

RESUME

Cette thése traite de compactifications avec flux en théorie des cordes et supergravité.
D’abord, nous étudions les reductions dimensionnelles des théories de type II et de
supergravité en onze dimensions, en utilisant la géométrie généralisée exceptionnelle.
Nous commencons par l'introduction des techniques mathématiques necessaire a cette
thése, nous nous concentrons sur les G-structures et leur extension & la géométrie
généralisée.

Aprés, nous passons & discuter les compactifications a proprement parler. Précisément,
nous nous concentrons sur type IIA, en construisant la version de la géométrie généra-
lisée exceptionnelle décrivant cette supergravité et en trouvant les deformations de la
dérivé de Lie généralisée correctes qui permettre de tenir compte et décrire correcte-
ment la mass de Romans. Nous présentons la méthode de Scherk-Schwarz généralisée
qui nous permettre de trouver des ansatze consistants qui préservent la quantité maxi-
male de supersymétrie. Aussi, nous appliquons cette méthode a des examples différents
des truncations sur les spheres, nous sommes capables de reproduire ’ansatz sur la
sphere six-dimensionnelle et le tensor d’imbrication, qui nous donne une supergravité
jaugée ISO(7) dyoniquement en quatre dimensions. Pour des spheres de dimension
d = 2,3,4, nous trouvons une obstruction & avoir des parallelisations généralisées
dans les cas massifs. Ceci donne une indication du fait que des reductions dimension-
nelles en presence de mass de Romans peut pas exister.

En outre, nous étudions les calibrations générales sur des backgrounds AdS en type
1IB et M-théorie. Nous établissons que elles sont décrites par les structures de Sasaki-
FEinstein exceptionnelles, et nous focalisons notre attention sur les vectors de Reeb
généralisés. Les inégalités pour la limite sur I’énergie peuvent étre dérivées par la de-
composition de la condition donnée par la symétrie x ou dans la méme fagon, par
la decomposition des bilinéaires des champs spinoriels existants en literature. Nous
expliquons comme la fermeture des formes de calibration est liée a l'integrabilité de
la structure de Sasaki-Einstein exceptionnelle décrivant le background. En particulier,
nous faisons ¢a pour des branes remplissants ’espace ou ponctuelles. En faisant ¢a,
nous montrons que la partie de forme du vector twisté en M-théorie donne les cor-
rectes calibrations généralisées. Le cas au sujet des background en type IIB donne des
résultats analogues.
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INTRODUCTION

The major success of theoretical physics in the last half century is certainly the unifica-
tion of the electromagnetic, strong and weak forces in the framework of the Standard
Model. This is is based on Quantum Field Theory — a framework where local ex-
citations interact according to the laws of quantum mechanics and special relativity
— and is, as far as we know, the most complete, experimentally verifiable theory of
fundamental interactions.

What still remains an open question is how to include gravity in this picture, and this
is due to the lack of renormalizability of the theory. Usually a quantum field theory
has ultra-violet divergencies that are cured by adding to the action a finite number of
terms canceling the divergencies and such that the physical quantities do not depend
on them. This procedure does not hold for Einstein gravity and, at present, there is
no satisfactory way to quantize gravity.

Among the candidates for a quantum theory of gravity, string theory is perhaps the
most promising one since, at least in principle, it also leads to unification of gravity
and the other forces.

String theory is based on the simple but revolutionary idea of replacing, at the funda-
mental scale, point-like particles with one-dimensional extended objects — the strings.

GTRING THEORY GUMMARIZED:

| JUST HAD AN AWESOME [DEA.
SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY, VIBRATING 'STRINGS.

THAT IMPLY ?

| DUNNO. /
\
The fundamental constituents of the universe are extremely tiny vibrating strings

moving in spacetime. Strings can have the topology of a segment — open strings — or
that of a circle — closed strings.

\ OKAY. WHAT woulp

The quantised string has a discrete spectrum of vibration modes, which at large dis-
tances (much larger than the characteristic string length (5 = Va! ) can be effectively
interpreted as different point particles. The spectrum contains a finite number of
massless states and infinite tower of massive states with masses of order 1/ Va!. The
theory was invented in another context (to describe strong interactions), but it came
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back to glory when it was realised that in the spectrum of the closed string there is
always a massless spin 2 mode. One can identify it with the graviton, and therefore
string theory automatically incorporates gravity. Since, among the massless states
there can also be gauge bosons, string theory provides a framework for the unification
of all fundamental forces, that reproduces, as low energy limit, Einstein theory and
gauge theories.

The short distance singularities are avoided due to the extended nature of the string. A
string sweeps a two-dimensional surface — the world-sheet — that is a smooth manifold
and the interaction vertices are given by diagrams as in figure [II This provides an

FIGURE 1: Feynman diagram of a string interaction vertex. Imposing the finite dimension of
the fundamental objects, we lose the locality of the interactions, but we can cure
the short-distance divergences. Now, Feynman diagrams are smooth 2-dimensional
surfaces and the interaction vertices have been “smoothed out”.

ultraviolet regularisation of the graviton scattering amplitudes, whose divergence was
due to the point-wise nature of the interaction.

Generically the string spectrum contains tachyons, which can be interpreted as in-
stabilities of the space-time. These can be avoided by imposing that the spectrum is
supersymmetry and gives rise to superstring theory.

The evolution of the string is described by a two-dimensional conformal field theory
defined on its world-sheet. To keep conformal invariance at the quantum level con-
strains the space-time where the string leaves to be ten-dimensional.

Taking into account all the constraints and consistency conditions, it turns out that
there are only five possible superstring theories: type I, type IIA, type IIB and the
two heterotic theories SO(32) and Eg x Eg, which have different field contents. In all
these cases, it is possible to derive an effective quantum field theory for the massless
states: these are called supergravity theories since they contain gravity and are su-
persymmetric. Supergravity theories have been discovered independently from string
theory in the mid seventies, and only later stage it was realised that they corresponded
to the low energy limit of string theory. Notice also that all supergravity theories are
non renormalizable, but they make sense as effective theories of the string.

As we will discuss in detail later, a common feature of all ten-dimensional supergravity
theories is the presence of higher-rank gauge fields — the NS and RR fields — which
played a major role in all recent developments of string theory.

In mid 1990s the discovery of string dualities allowed to show that superstring theories
are actually different formulations of the same theory, which are valid in different
corners of the parameter space and are related to more fundamental theory, which is
conjectured to live in eleven spacetime dimensions, and has been given the name of

M—theoryﬂ

1We know the 11-dimensional supergravity, so the corresponding high energy fundamental theory
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The net of dualities involve other fundamental dynamical objects, besides strings,
called branes. A Dp-brane is a solitonic entendedﬂ object that is charged under one
of the NS and RR potentials, generalising the coupling of charged particle to the
electric field. Crucially for many applications, in string theory, a D-brane also has a
perturbative description as dynamical hyperplanes on which open strings can endE|

//\/ L

FIGURE 2: Branes are hypersurface where open strings (or other branes) can end.

Because of the different spectra, each theory has its own stable branes. In M-theory
there are M2 and M5 branes. Type IIA has D), branes with p even, while Type IIB has
D, branes with p odd. Further, both type II string theories share a brane that couples
electrically with the 2-form Kalb-Ramond potential B, a 5-brane usually called NS5
brane. Branes are dynamical objects whose dynamic is governed by the fields that
leaves on their world-volume. This is a very important property that lead to the
discovery of the AdS/CFT correspondence and all its developments.

The introduction one-dimensional elementary objects seems to solve the conflict be-
tween general relativity and quantum field theory and to provide a framework for
the unification of all fundamental forces. However, we pay a price. Space-time has
extra-dimensions. This is one of the most striking predictions of string theory, and a
model based on this framework with some hope to describe nature has to cope with
this issue.

One option to face this concern is called compacification. It consists in assuming the
original spacetime to have four large non-compact spacetime directions — the ones we
have experience of — while the remaining ones are instead wrapped on themselves to
form a very tiny compact space. The characteristic dimension of this space is very
small, such to explain why we do not have access to it (there are actually some bounds
on the maximal length these dimensions can have. These bounds are being updated
constantly due to on going measures at LHC, see for example [1,2]). More formally,

is identified with M-theory. We do not have a complete formulation of M-theory yet, but we know
the degrees of freedom of the theory. This tells us that the fundamental dynamical ingredients of this
theory are not strings, but higher dimensional objects: branes. We are going back to branes in the
following.

2Tt has a (p-+1)-dimensional world volume.

3More precisely a Dp-brane is an open string with p 4+ 1 Dirichelet boundary conditions.
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we are interested in string solutions with a topology like,
My = Xy x Mg ,

where X is the non-compact external spacetime, and My is the compact internal man-
ifold. Because of the small size of the extra-dimensions, the motion and excitation of
the strings will look to us essentially four-dimensional. However the external dimen-
sions are not invisible: the features of the effective four-dimensional theory — particle
content, symmetries, masses, etc. — depend on the geometry of the internal space.

Supersymmetry comes naturally in string theory, A major question is what amount of
supersymmetry has the low-energy effective theory. From a phenomenological point
of view, the most desirable case is preserving a minimal amount of supersymmetry —
N =1 — since this allows for chiral fermions and it is compatible with the minimal
extensions of the Standard ModelE] A residual supersymmetry is welcome also for
technical purposes, since it guarantees the stability of given string solutions and also
allows for simpler ways of finding string vacua.

What is very important for this thesis is that the conditions for a given string back-
ground to be supersymmetric translate into topological and differential conditions on
the internal manifold and strongly constrains its geometry. The best known exam-
ple is the case purely geometric compactifications of string theory to four-dimensions,
where the internal manifold is constrained to be a Calabi-Yau three-fold, namely a
6-dimensional manifold with SU(3) holonomy [3]. The geometry of Calbi-Yau man-
ifolds is well known and this makes it possible to explicitly compute the low-energy
four-dimensional effective actions on these compactifications. However the theories
obtained this way are not good for phenomenology since they contain many massless
scalar fields — the moduli — that are not constrained by any potential.

A possible way to solve the moduli problem is to find a mechanism to generate a
potential for them in the lower-dimensional action. This would have the effect of
stabilise the moduli (giving them a mass and a fixed vev). A great number of results
in this direction have been reached in the last twenty years, realising that it is possible
to generate a non-trivial scalar potential considering more general string back-grounds
where some of the RR and NS field take non-trivial expectation values. fluzes [4-6].
One can find some nice reviews of the subject in |7-10]. However such fields back-
react on the geometry and new tools are required to analyse and study the internal
compactification manifolds, which are not Calabi-Yau. The methods described in this
thesis are promising tools in this direction.

Usually, a dimensionally reduced theory has an infinite number of states with higher
dimensional origin. We are interested in constructing effective actions with a finite
number of degrees of freedom, hence we have to give a prescription to truncate out
some of the modes. We call truncation ansatz this prescription. Among all the possible
truncation ansatze, a particular class is made by the ones having the property of being
consistent. A consistent truncation is a choice of a finite set of modes, where the
omitted ones are not sourced by the subset chosen. This is equivalent to say that the
set of truncated modes has a dynamics which is not affected by the others. We are
interested in such truncations since any solution of the lower dimensional theory can
be uplifted to a solution of the higher dimensional one.

4The scale of susy breaking can tested in present day accelators. It is highly possible that the scale
of susy breaking is much higher than what expected until now and this must be taken into account
in string compactification models.
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Reasons to study compactifications are not only phenomenological. There are im-
portant formal motivations. Many supergravity theories in various dimensions are
connected by compactifications. Historically, since the birth of supergravity, dimen-
sional reductions have been used to build lower dimensional models from the higher
dimensional ones. A first milestone example is the derivation of the four-dimensional
maximally supersymmetric supergravity theory from the eleven-dimensional super-
gravity, due to Cremmer and Julia [11].

OUTLINE OF THE THESIS

Extension of differential geometry turned out to be powerful tools to study generic
string compactifications. One of these is Generalised Geometry and the main goal of
this thesis is to study its applications to various contexts in supergravity, principally
consistent truncations and brane calibrations. The thesis is organised as follows.

In the first two chapters we introduce the mathematical tools which are needed in the
following. In particular, in chapter [I] are given the main definitions and examples of
G-structures. The concept of torsion of a structure is analysed and we show how the
torsionless conditions for some structure are equivalent to reformulate the supersym-
metry conditions on the manifold. Finally, we expose some facts about the special
holonomy of a manifold.

Chapter [2| is needed to give the physical environment we are moving in. We briefly
review the main features of the theories of supergravity we analyse in this thesis.
In addition we show how the G-structures can be fruitfully used to describe fluxless
compactifications, but how they fail to capture all the informations in the presence of
fluxes.

Chapter[3]is based on the exposition of the main aspect of Generalised Geometry, both
complex (useful as introduction) and exceptional. We will face the generalisation of the
G-structures in this context and we will build an example of how flux compactifications
are elegantly encoded in this formalism. In particular, an appealing feature of this
approach is that one can predicts the lower-dimensional supergravity independently of
many explicit computations. We will focus on maximally supersymmetric truncations,
dealing with generalised parallelisation, that we will briefly review in

The core of the thesis are chapters [d and ] The chapter [4]is about flux compactifica-
tions and consistent truncations. In particular, we define generalised Scherk-Schwarz
reductions, and we build a concrete example of truncations of massive IIA, building
also an appropriate version of Exceptional Generalised Geometry adapted to it [12].

On the other hand, the chapter [5]is centered on branes and their calibrations. We
study brane probes in AdS backgrounds (both in M-theory and type IIB) and we
look for the supersymmetric configurations of these probes. It is a notorious fact that
these corrispond to probes wrapping (generalised) calibrated submanifolds. Using the
formalism of generalised geometry and G-structures we show how the integrability
conditions on generalised HV structures [13] are equivalent to have supersymmetric
branes in AdS backgrounds. In other words, one can state that HV structures provide
generalised calibrations of branes in such backgrounds.

The thesis is completed by two appendices collecting conventions and technical re-
marks in exceptional generalised geometry.

The core of this thesis is built on the following works
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DIFFERENTIAL GEOMETRY
PRELIMINARIES

In this chapter we introduce the needed mathematical notions for this thesis. In par-
ticular, we collect some definitions about G-structures, holonomy and torsion, in order
to generalise them to the generalised analogous in the next chapter. These concepts
are the mathematical way to encode the topological and differential conditions on the
internal manifold coming from supersymmetry in string compactifications.

We will see in the following how precisely relate the existence and the integrability of
G-structures to the supersymmetry of the compactified theory.

1.1 INTRODUCTION AND MOTIVATIONS

We are mainly interested in compactifications and dimensional reductions of 10 or 11-
dimensional supergravity preserving a certain fraction of the original supersymmetry.
We take the ansatz for spacetime solutions to be in the form

M=X x M, (1.1.1)

where X is a Lorentzian (external) spacetime and My is a Riemannian manifold, often
called internal space. In order to have supersymmetry in the lower dimensional theory,
the internal manifold must support spinors, namely they must be spin manifolds. The
supersymmetry parameters in D = 10 or D = 11 dimensional are generically indicated
by € and transform in the fundamental representation of Spin(D — 1,1). The number
of supersymmetries the lower dimensional theory is given by the decomposition ansatz
for the higher dimensional supersymmetry parameters

N
e=25k®nk.
k=1

The €* are the lower dimensional supersymmetry parameters, i.e. Spin(D — d —
1,1) spinors, while n* are commuting Spin(d) spinors. The number N of linearly

7



8 1.2 G-structures

independent spinors ¥ is the number of supersymmetries of the lower dimensional
theory.

In order to make sense of the supersymmetry in lower dimension, we assume that the
internal spinors n* are globally defined. As we will see in the next section, this is a
non-trivial topological condition, that imposes the reduction of the structure group of
the internal manifold.

1.2 G-STRUCTURES

Let M be a manifold of real dimension d and TM is tangent bundle. At any point
p € M we can introduce a local basis, and write a generic vector v as

v =, el (1.2.1)

Its coordinates on the overlap of two patches, U, N Ug, are related by a local change
of coordinates,

a

U(a) = Maﬁab U?B) 5 (122)

where the transformation M,z is in GL(d,R). Since the construction depend on the

point p € M, the matrices M,z can be seen as maps from the manifold to the group
GL(d,R),
Mys: M —— GL(d,R)
prH—> Maﬁ (p)
and are called transition functions. They contain all the information about the non-

trivial topology of the tangent bundle. The following cocycle condition is required on
the triple overlap for consistency,

MagMp, = My, (1.2.3)
and in addition,
MagMp, = 1. (1.2.4)

Note that the last two equations are the closure and the existence of the identity
axioms in a group. The group GL(d,R) of transition functionsr_-] is called the structure
group of the tangent bundle.

We call Frame bundle on M the principal bundle whose fibres at any point p € M are
all ordered basis — i.e. the frames — of the tangent space T),M,

F=|]|F, (1.2.5)

pEM

where,
Fy:={(p,{es}) | p € M}. (1.2.6)

Generically, one can identify the fibre with GL(d,R). The group GL(d,R) acts freely
and transitively on each fibre on the right - i.e. F}, is a principal homogeneous space

'One can define the transition functions also as the action of the group on the fibre, in order
to change local frame. This is also mentioned above and it is related to the interpretation of ac-
tive/passive transformations.
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for GL(d,R) — to give another frame on the fibre. From this point of view we can
see the action of the group GL(d,R) as the way of changing frames keeping the point
p € M fixed, so the change of frame is a transformation on the fibre only, see figure[I.1

The set {ega)} defines in general a local frame on the manifold M over the patch U,,
namely a set of d vector fields spanning T}, M. Generally, it might not be possible to
define it over the whole manifold, as it might not be possible to cover the manifold
with a single chart. The particular case where a global frame is defined is when the
manifold is parallelisable. A noteworthy example of parallelisable manifolds are Lie
groups. This notion will be important for this work and we will discuss it — and its
generalisation in Generalised Geometry — in detail in the next chapter.

For simplicity we will present the various definitions using the tangent bundle, how-
ever, these and the related properties hold also for more general bundles E on M,
with a generic vector space V as fibre, with a group G acting on V.

(G action

fibre

base manifold M

FIGURE 1.1: The action of the structure group on the frame bundle is an action on the fibre
only, leaving the point p € M untouched.

An alternative definition of the structure group is the group of the transition functions
of the frame bundle F' in . Since a vector field v is invariant across patches, we
have that the frames transform with the inverse transformation with respect to the
vector components,

e =M, el on Uy NU;s. (1.2.7)

a afa

One can notice that given a reference frame, e.g. the coordinate one e, = J,, one can
obtain a generic local frame via,

e =e2 by, (1.2.8)

where 2 ® can be considered as GL(d, R) elements, giving us the right to identify the
fibre of the frame bundle with the GL(d,R) group.

1.2.1 (G-STRUCTURES

A manifold M admits a G-structure if it is possible to reduce the structure group
of TM to a subgroup G C GL(d,R). This means that the transition functions take
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FIGURE 1.2: The generic structure of the frame bundle on a Riemannian manifold is O(d).
The O(d)-action sends a generic frame to the corresponding one in an overlapping
chart, preserving the metric. On the right image, a simple example of reduction
of the structure group, induced by the presence of a globally defined vector field.
Frames are chosen to leave invariant the form of the vector. This constrains the
transition functions to lie in O(d — 1).

value in a subgroup G of the general linear group. In other words, a G-structure is a
principal sub-bundle of the frame bundle, P C F'.

An alternative definition can be given in terms of globally invariant tensors. We say
a manifold M has a G-structure if (and only if)E| there exists a globally defined G-
invariant tensor or spinor. The relation between G-structure and globally defined
invariant tensors holds also for other vector bundles, with structure groups different
from GL(d,R). In particular, it extends to spin bundles and spin structure groups. In
these cases, the globally defined invariant objects are spinors.

One can see the construction as follows. The frames (i.e. points on the fibres of the
principal bundle) are elements of GL(d,R). Once we reduce the structure group to
some G C GL(d,R), they are connected by G transformations. We can define an
equivalence relation on the set of frames such that all the frames G-connected are
equivalent. The coset made by modding out all the equivalent frame is GL(d,R)/G
and the invariant tensor defining the G-structure is nothing else than a representative
of this coset in a suitable representation. Concretely, all the possible (independent)
choices of the invariant tensors are related to the equivalence classes of this relation.
Changing our choice of the invariant tensor on a manifold means to change the equiv-
alence class, not the structure |18|. As typical example, consider a Riemannian metric
g on a manifold M. g is an element of GL(d,R)/O(d), thus all the metric given by an
O(d) transformation of g are equivalent.

The known (and loved) structures that we are used to in differential geometry can be
reinterpreted as G-structures on the manifold M, as summarised in table [.I} Here
we explore some examples in a bit more detail.

2Consider the inverse implication. Given a non vanishing, globally defined tensor (or spinor), &,
one can take the set of frames under which £ takes the same form. Then, it is possible to see that the
structure group of the frame bundle reduces to the subgroup G. Thus, the existence of £ implies M
has a G-structure.
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Globally defined

Name invariant tensor G-structure
Metric g O(d)
Orientation vol SL(d,R)
Metric Volume form volg SO(d)
Parallelisation {eq} {e}
Almost Symplectic structure w (real) = d even Sp(d,R)

Almost Complex structure I (I?=—id) = deven GL(d/2,C)
w, I with ITwl =w
Almost Hermitian structure g, I with I7gl = ¢ U(d/2)

w, g with wlg lw =g

TABLE 1.1: G-structures on a d-dimensional manifold M,. These structures are induced by
globally defined tensors. The other way of thinking is also correct. Given a
G-structure, one or more invariant objects are determined.

ORIENTATION

A globally defined and nowhere vanishing d-form on a d-dimensional manifold is called
volume form. This is preserved by the group of transformations with unit determinant,
i.e. the SL(d,R) subgroup of GL(d,R). This structure fixes an orientation over the
manifold, allowing us to define an integration operator over it.

RIEMANNIAN STRUCTURES

A manifold is called Riemannian when it admits a globally defined, positive-definite,
symmetric covariant 2-tensor, i.e. a metric g. In this case, one can choose a set of
local frames {e,} on M such that,

€q €y Imn = Oab (1.2.9)

and the structure group reduces from GL(d,R) to O(d). In the case it is possible
to define a globally defined volume form associate to the metric g, the manifold is
orientable and the structure group further reduces to the subgroup of O(d) preserving

this orientation,
SO(d) = SL(d,R) n O(d) . (1.2.10)

ALMOST COMPLEX STRUCTURES

Consider again a manifold of real dimension d. An almost complex structure is a
globally defined tensor,

I: TM —— TM
(1.2.11)

N u— U

satisfying,

The condition above implies that I is non—singulaxﬂ

3Note that locally one can always define a tensor with such properties, the crucial point to be an
almost complex structure is that it has to be globally defined over the manifold.
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Another consequence of the relation I? = —id is that the manifold dimension must be
even. Indeed, taking the determinant of (1.2.12)) we have (det I)? = (—1)%. I is a real
tensor, then det I must be real, so (—1)? > 0, and this implies d is even.

A manifold of real dimension d = 2n is called almost complez if and only if it admits
an almost complex structure. It is easy to show that the structure group GL(d,R)
reduces to GL(n, C).

The structure I can be used to split the tangent bundle T'M in two subspaces, corre-
sponding to the eigenspaces of the map I. They are related to the eigenvalues {7, —i}lﬂ
and are one the complex conjugate of the other, and define a complex basis for the
fibres. Hence, we can define projector operators,

1
Py = (1 Fil), (1.2.13)

onto the two eigenspaces. Since [ is globally defined, so are the projectors. This
implies that the tangent bundle splits globally as,

TM @ C=TM" & TMO" (1.2.14)

Since I is real, TM 10 and TM©D are sub-bundles of equal rank. Sub-bundles that
are locally spanned by smooth vector fields are called distributions. The tensor I, in
a basis adapted to holomorphic and anti-holomorphic distributions, has the following
fixed form,

I = diag(il,, —il,), (1.2.15)
defined modulo GL(n, C) transformations.

A generic k-tensor is decomposed into p holomorphic indices and k—p anti-holomorphic
ones. Since for the complexified cotangent bundle an identical decomposition holds,

T*M ®C = T*M™0) ¢ 7* MO (1.2.16)

then, a generic k-form is decomposed in holomorphic and anti-holomorphic compo-
nents

k
ART* N = @(AiT*M(LO) ® Ak—iT*MW)) = Abk=iTE L (1.2.17)

We denote as APT*M the anti-symmetric bundle of rank p + ¢, whose section are
the (p, q)-forms.

The same reduction of the structure group can be seen in terms of the so-called
fundamental form, an holomorphic n-form 2. One can define a local coframe of n
independent (1,0)-forms ¢' € T(AYYT*M) and use it to define a local section of the
bundle A™0T*M, which is called canonical line bundle,

Q=¢'A...AQ". (1.2.18)
The fundamental form is non-degenerate,

QAQ#0. (1.2.19)

1A subtlety: in order to allow for eigenvectors related to complex eigenvalues, we have to take
into account the complexification of the tangent bundle TM ® C.
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The form t € has to be simple, that is locally decomposable into n complex one-
forms as in . In general, one should notice that an almost complex structure
determines the forms ¢’ only up to a GL(n,C) transformation. This means that the
fundamental form €2 can change between patches by an overall complex function (the
determinant of the transformation). Thus, an almost complex structure does not
need a globally defined (n, 0)-form. However, if such a form exists the structure group
reduces further to SL(n,C). Once we have a fundamental form on a manifold, we can
extract the almost complex structure from it via the following relation,

m,

= a ™M (Re D)y g py (RE D)y o - (1.2.20)

where €14 ig the Levi-Civita symbol in d dimensions and a is chosen such that 1
is suitably normalised to satisfy the ((1.2.12]).

PRE-SYMPLECTIC STRUCTURES

A manifold M of dimension d = QnE] is said to have a pre-symplectic structure (or
almost symplectic) if and only if there exists a globally defined, non-degenerate anty-
symmetric real 2-form w,

w e Q*(M,R). (1.2.21)

We can see it as an invertible linear map,

w: TM —— T*M
(1.2.22)

v ——— w(v, ) = LW,
and its non-degeneracy is equivalently re-written as,

WA...ANwF#0. (1.2.23)

n times

In particular, an almost symplectic structure defines a volume form,

1
volg = —w", (1.2.24)
n!

and so an orientation on the manifold.

The existence of such a structure reduces the structure group to Sp(d, R).

ALMOST HERMITIAN MANIFOLDS

A manifold M, endowed with a metric g and an almost complex structure I, is almost
Hermitian if and only if the two structures are compatible, i.e.,

Ipg Il 1%, = Gmn - (1.2.25)

In this case the metric is said Hermitian.

On a manifold with two compatible invariant tensors, the structure group is reduced
to the intersection of the groups leaving invariant the two compatible structures. This
is a general statement about G-structures of which we will make a large use in the rest

5This hypothesis is not restrictive at all, in fact the existence of a non-degenerate pre-symplectic
form requires the dimension to be even as for the complex structure above.
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FIGURE 1.3: The intersection of two of the three groups of transformations GL(n,C), O(2n)
and Sp(2n,R) is the same as the intersection of all the three. It coincides with
the group U(n) and gives an heuristic explanation of the fact that given two of
the three structures, one can always build the third one.

of the thesis. Thus, on an almost Hermitian manifold, the structure group reduces to
the intersection of O(d) and GL(d/2,C). This intersection group is U(d/2),

U(d/2) = O(d) N GL(d/2,C) = Sp(d, R) N GL(d/2,C). (1.2.26)

The last equality — also represented in figure [L.3] - can be understood by the fact that
given an Hermitian metric and an almost complex structure, one can alway rearrange
the two invariant tensor to form a third one that has all the good properties of a

pre-symplectic structure,

1
w= §gmpfpndxm Adz™. (1.2.27)

The w in (1.2.27) is non degenerate by construction (from (1.2.25)). On the other

hand, given a pre-symplectic and an almost complex structures satisfying the com-
patibility condition,
wpal " 1% = wWinn (1.2.28)

it is always possible to define a metric
Gmn = —wWmpl?, (1.2.29)

which is automatically Hermitian, from the (|1.2.12)). Finally, as expected, a pre-
symplectic structure and a metric always define an almost complex structure. The
compatibility is given by the following condition,

wlglw=yg, (1.2.30)

while, one can explicitly build the almost complex structure via,

I=—g'w. (1.2.31)

IDENTITY STRUCTURE

Parallelisable manifolds are particularly relevant for supergravity compactifications.
We define a parallelisable manifold in terms of vector fields and tangent spaces, foll-
woing [19].
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Given a d-dimensional manifold M, a parallelisation — or absolute parallelism — of M
is a set {v1,...,v4} of d globally defined vector fields such that for all p € M, the set
{vi(p),...,va(p)} forms a basis for the tangent space in p, T, M.

If M admits such a set, it is said to be parallelisable.

We can express the previous definition also saying that a manifold M is parallelisable
if admits a global frame, since each basis vector e, is a globally defined smooth vec-
tor field. From the point of view of G-structures, the existence of a parallelisation
reduces the structure group to the identity element {e}. Because of this it is also said
identity structure, since transition functions on are actually identity maps, being the
frame globally defined. This is equivalent to say that the parallelisation provides a
global trivialisation of the tangent bundle T'M. Indeed, a parallelisation induces an
isomorphism between tangent spaces in different points of the manifold. For example,
aligning frames in each point, we can identify tangent spaces in that points.

An example of parallelisable manifolds are Lie groups. We can easily find a globally
defined set of vector fields, forming a basis on T,G in each point g € G. These are the
left(right)-invariant vector fields eq, which satisfy the Lie algebra

[ea, eb] = fap“ec (1.2.32)

where f ¢ are constants called structure constants.

A further example is given by local group manifolds i.e. M = G/T', where I is
some discrete, freely-acting subgroup of the Lie group G. A possible parallelisation
is given again by the left (right) invariant vector fields of G if I' acts on the left
(right). Moreover for any local group manifold, the parallelisation satisfies the ([1.2.32]).
Technically, this happens because the condition M = G/T" implies that the left (right)
invariant vector fields, which plays the role of generators of the Lie algebra g, must
satisfy the commutation relations , with the structure constants that do not
depend on the point on M.

It is a well-known and remarkable result in algebraic topology — due to Bott and
Milnor et al. [20,21] — that the only parallelisable spheres are S', S3, S7. This is
related to the existence of the normed division algebras C, H, @. Another famous
result is the non-existence of a parallelisation for a 2-sphere. This statement descends
directly from the so-called hairy ball theorem, a particular case of the Poincaré-Hopf
theorem that is considered very important since it provides a link between topological
properties of manifolds and analytical ones [22,23].

Parallelisable manifolds (and their generalisation) will be very important to build
maximally supersymmetric truncations of 10- and 11-dimensional supergravities, so
we will analyse it in detail in the next chapters.

SU(n) STRUCTURES

In section we already mentioned that an almost complex structure and a com-
patible pre-symplectic structure reduce the structure group to U(d/2). In the case a
globally defined (n,0)-form 2 (with n = d/2) exists associated to the almost complex
structure, then we can define an orientation over the manifold and the structure group
reduces further to SU(n).

In terms of invariant tensors, an SU(n) structure is given by a globally defined, non-
degenerate, simple (n,0)-form 2, a real non-degenerate two form w and by an hermi-
tian positive definite metric g. The forms w and (2 satisfy the compatibility condition,
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wAQ=0. (1.2.33)

The fundamental form €2 is usually normalised such that,

o m2 (20" 4
n!
The normalisation factors are chosen such that taking n forms ¢’ as a local basis of
one-forms — in which 2 takes the form ([1.2.18]) — the w takes the canonical form,

w= —%Zwmﬁ. (1.2.35)

Let us assume that the manifold M admits a spin structure. We assume this having
in mind to study supersymmetric background, which impose the internal manifold to
be spin. Having a spin manifold means that the structure group SO(d) preserving
metric and orientation can be lifted to Spin(d). Under these assumptions, we can
equivalently define an SU(n) structure in terms of invariant spinors.

We need some definitions. A spinor is said pure if it is annihilated by half of the
gamma matrices. Up to dimension 6 this condition does not play any role, since
any Weyl spinor is also pure. However, in dimensions higher than 6, this condition
becomes relevant since it happens that exist spinors which are not pure. A concrete
example is the case d = 7, the only odd dimensional situation allowing for invariant
spinors. The structure group reduces to Gs.

A chiral pure spinor 7, invariant under SU(n), reduces the structure group to SU(n).
The inverse implication is also true. An SU(n)-structure implies the existence of a
globally defined, pure invariant spinor. This invariant spinor is related to the invariant
forms we have seen above in terms of bilinears,

Wmn = inT’ymn??,

(1.2.36)
anp = UTCanpny

where 7 are the anti-symmetric products of gamma matrices of Cliff(d).

1.3 HoLONOMY AND TORSION

So far we discussed how the existence of certain invariant, globally defined objects is
equivalent of a reduction of the structure group of the frame bundle. This is a topo-
logical notion. There are also differential conditions one can impose, which correspond
to the notion of integrability of a structure. In the following of the thesis we will see
how these differential conditions on the G-structures are related in string theory to
the the condition that a given vacuum is supersymmetric.

1.3.1 INTEGRABILITY OF STRUCTURES

We will not give a rigorous definition of integrability. The curious reader can refer to
many detailed references, a non-exhaustive list comprends [24-26].

Heuristically we can say that an integrable structure (useful for our purposes) is a
structure for which is possible to find a system of adapted coordinates on the manifold,
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such that the structure takes a particularly simple and fixed form. For our concerns,
we will rephrase integrability in terms of intrinsic torsion. The structure is integrable
if its compatible connection is torsion-free. We recover the notion of special holonomy
manifolds as the special case where all the torsions vanish.

We now proceed with examples of integrability for the structures of the previous
section in order to clarify the concepts.

COMPLEX STRUCTURE

Given an almost complex structure I, we say it is integrable if and only if there exists
a set of coordinates where it takes the form,

= <Z(]]l 31) . (1.3.1)

An integrable almost complex structure is called simply complex structure. There are
two equivalent definitions of integrability for an almost complex structure.

- The first one refers to the Nijenhuis tensor
Ni(v,w) := I[ITv,w] + I[v, [w] — [Tv, Iw] + [v,w], (1.3.2)

where v, w is a pair of vector fields. One can prove Ny is actually a tensor, since
it depends only on the local value of v, w at each point. One can show that [ is
integrable if and only if

NI(an):O V'U,w.

- Alternatively, the complex structure I is integrable if TM 19 part (and sym-
metrically the 7M1 part) are closed under the Lie brackeiﬁ

Pr[Piv, Pyw] =0 Yo, w e TM.

where PL are the projectors onto the T10) and 7O, That is, the Lie bracket
of two (anti-)holomorphic vector fields must be (anti-)holomorphic.

One can see that both the real and imaginary part of the relation above are
proportional to Nj.

An almost complex manifold admitting a complex structure is said complexr mani-
fold. We have seen that for almost complex manifolds possible to define complex
coordinates in a single patch. For a complex manifold, the transition functions are
holomorphic functions of the complex coordinates. Precisely, requiring holomorphic
transition functions allows us to write the I in the diagonal form .

5 Actually, this property of a distribution is called involutivity. A distribution is integrable if and
only if it is involutive. This is the content of the Frobenius theorem. Because of the equivalence stated
by the Frobenius theorem, often involutivity and integrability are concepts which are identified also
in definitions.
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SYMPLECTIC STRUCTURE

The integrability for an almost symplectic structure is equivalent to the existence of
a set of coordinates on M such that

w=dz, Ady™, (1.3.3)

and such that the transition functions are symplectic with respect to the structure.
Thanks to an important result in differential geometry, the Darboux theorem, we can
translate integrability into a differential equation for the structure,

dw=0. (1.3.4)

In other words, we simply demand the closure of the structure.

With lack of fantasy, an integrable pre-symplectic structure is called symplectic struc-
ture and a manifold endowed with it a symplectic manifold.

KAHLER MANIFOLD Following [27], a Kdhler manifold is a complex manifold
(X, I, g) with an Hermitian metric g, whose associated symplectic structure w is inte-
grable.

In other words, given the metric and the complex structure, the form constructed as

in (1.2.27) is closed,
dw=0. (1.3.5)

When this happens, w is called Kdhler form.

1.3.2 INTRINSIC TORSION

To any G-structure one can associate the notion of intrinsic torsion. This is because,
as discussed in section [1.2] a G-structure can be seen as a principal bundle over the
manifold M, with fibres given by the group G. On this bundle one can defines a
connection, known as principal connection and define its torsion. As argued in |28,
given a G-structure on M, a principal connection on the corresponding principal
bundle always induces a connection V on the tangent bundle T Mﬂ Such a connection
is said to be compatible with the structure and all the properties of the principal
connection are inherited by the induced connection. For this reason we deal with
connection on TM and we are allowed to talk about torsion of the associated G-
structure.

We start the discussion about the intrinsic torsion by recalling the notion of compat-
ibility of the connection on a manifold with a given structure.

Let (M,®) be a manifold endowed with a G-structure defined by a tensor ®. A
connectionff| V on the tensor bundle is said to be compatible with the structure if

Vo =0. (1.3.6)

"More precisely one can say that a general connection D is compatible with a G-structure if and
only if the corresponding connection on the principal frame bundle F', restricetd to the sub-bundle
P¢ defining the G-structure, is still a connection on Pg [29].

8 A connection V on a vector bundle E is a map
V:IE) > T(EQT"M),
such that V(fv) = fV(v) + v ® df, where v is a section of E and f is a smooth function on M.
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In general, given a structure the compatible connection is not unique. All the com-
patible connections differ by a tensor called torsion tensor,

Ty (v, w) = [Vyw, V] — [v,w], (1.3.7)

where v and w are generic sections of the tangent bundle and [, -] the ordinary Lie
bracket.

In general given two different connections they will have a different torsion. However,
given a G-structure it is always possible to identify a part of the torsion which does not
depend on the particular choice of the connection, but only on the G-structure. This
part is called intrinsic torsion. If the intrinsic torsion vanishes, then the associated
G-structure is torsion-free, i.e. there exists at least one connection whose torsion
tensor vanishes. The interesting fact we want to focus on is the identification of the
integrability of the structure with its being torsion-free.

Since we are interested in the application of these concepts in string theory compact-
ifications, where we always deal with Riemannian manifolds, we are going to define
intrinsic torsion in this case. For a rigorous definition of these notions for a generic
manifold we refer again to |28§].

METRIC COMPATIBLE CONNECTION

A Riemannian manifold has O(d)-structure. Then, in this case we consider a connec-
tion V compatible with the metric,

Vg=0. (1.3.8)

We have a torsion free connection, if the torsion of the connection vanishes. The
interesting fact about Riemannian compatible connections is that the torsion free
metric compatible connection exists and is unique, the Levi-Civita connection. This
result is the content of the so-called fundamental theorem of Riemannian geometry.
This implies that any metric on M defines an O(d)-structure which is torsion free.
For the following, let us further restrict our attention to orientable manifolds, i.e. to
SO(d)-structures.

Given a generic metric compatible connection, it can be written as,
V=Vic+k, (1.3.9)

where we denoted with Vo the Levi-Civita connection and with s a tensor called
the contorsion.

The contorsion k is the difference between a generic torsion full connection and the
torsion free connection, both metric compatible. From the compatibility condition,
we require,

Kmnp = —FKmpn » (1.3.10)

where indices are lowered/raised by the metric. One can easily show that there is a
one-to-one correspondence between the torsion and contorsion tensors,

Ty’ = “[mn}pa
Rmnp = Tmnp + Tpmn + Tnpm .

Hence, we will use the terms torsion and contorsion equivalently.
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A consequence of the correspondence between torsion and contorsion is that given a
torsion 7', we can build a connection which torsion 7" and we are guaranteed that such
a connection is actually unique.

Let us now take the case where a further reduction of the structure group is possible.
That is, a globally-defined, invariant tensor under a group G C SO(d) exists. In
general a G-structure compatible connection will satisfy

Vg=V®d=0. (1.3.11)

In general, there is no reason for the torsion of this connection to be zero. Thus, as
we have seen above in ([1.3.9)), we write

VO =Vic®+ kyP =0, (1.3.12)

where kg is called intrinsic contorsion’] Tt is the bit of the contorsion acting non-
trivially on the structure tensor.

To be more explicit, let us consider the symmetry properties of the contorsion. « is an
element of 7% M ® AT* M. Observe that the algebra of SO(d) — here denoted as so(d)
— is isomorphic to the (linear) space of two forms A2T* M. Hence, the contorsion can
be interpreted as a one form taking values on the so(d) algebra,

keT"M@so(d). (1.3.13)

Let us denote by g the sub algebra of so(d) corresponding to the algebra of the group
G C SO(d). We can split the map k in a piece taking values in g and another part
taking values in g+, the orthogonal complement of g. Explicitly,

K=Ko+ K ro € T°M @ gt (1.3.14)
0 [ HHET*M@)Q o

Since ® is G-invariant, the action on it of the generators of G is trivial, i.e. g- ® =0,
Vg € g. So,
V& = (Vic+ ko + kg)® = (Ve + ko)® =0. (1.3.15)

Thus, the difference between two G-compatible connections only lies in the x4 part of
the contorsion. All the G-compatible connections share the same intrinsic contorsion
ko, which is a property of the G-structure itself and not of the particular choice of the
connection.

The intrinsic torsion is defined from the intrinsic contorsion

Ton ¥ = Ko - (1.3.16)
The intrinsic torsion is a very important tool, since it provides a classification of
G-structures. The idea is that it is possible to decompose k¢ into irreducible rep-
resentations of the group G. Then a G-structure will be specified in terms of the
representations in ‘kg. When kg vanishes, for instance Vyc® = 0, the structure is
torsion-free.

9Heuristically speaking, the intrinsic (con)torsion is the measure of the failure of the structure to
be convariantly constant with respect the Levi-Civita connection.
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COMPLEX STRUCTURE

An almost complex structure reduces the structure group to GL(n,C). A compatible
connection V, as we have seen, is such that VI = 0. In this case, we can show that the
integrability of the structure is equivalent to to the vanishing of the intrinsic torsion of
the GL(n, C)-structure. One can use VI = 0 and the definition of torsion map
to show that, for any v, w, the Nijenhuis tensor can be written as

Ni(v,w) =Ty (v,w) — Ty (Iv, [w) + [Ty (Iv,w) + [Ty (v, Iw) . (1.3.17)

Thus, being the Nijenhuis tensor proportional to the torsion tensor, if the latter van-
ishes so does the former, and the almost complex structure is integrable. Since the
equation above does not depend on the choice of a particular connection, the obstruc-
tion to the integrability of the almost complex structure only comes from the intrinsic
torsion.

SYMPLECTIC STRUCTURE

As already discussed, the pre-symplectic structure corresponds to a reduction of the
structure group to Sp(d,R). We can find a torsion free compatible connection if and
only if w is integrable. Let us consider a compatible connection V, Vw = 0. Then,
one can show,

dw(u,v,w) = w(Ty(u,v),w) + w(Ty(w,u),v) + w(Ty(v,w),u) . (1.3.18)

Hence the vanishing of the torsion tensor implies the closure (and so the integrability)
of the structure. Also in this case, one can prove that the result does not depend on
the particular choice of the connection, but on the intrinsic torsion of the Sp(d, R)-
structure only.

1.3.3 SPECIAL HOLONOMY

We want now to analyse another differential property of a manifold: the holonomy
of a connection. This concept will be deeply related to supersymmetry in string
compactifications.

Let us consider a manifold M and a diﬁ'erentiablﬂ curve y on it, i.e. v : 1 — M,
where [ is a real open interval. Then, let F be a vector bundle over its base manifold
M and V a connection on F. The connection V provides a way of moving elements of
the fibres along a curve. In particular, it defines an isomorphisms between the fibres
at different points along the curve, the so-called parallel transport map,

P»y : E’y(s) — E’Y(t) Vi,s € I. (1.3.19)

Let us now consider a loop, i.e. a closed curve, based at a point x € M, then the
parallel transport is an automorphism of the vector bundle at the point x,

P, :E, = E,. (1.3.20)

10Tn the rest of this thesis, unless specifically indicated, we will not distinguish between continuity
and differentiability. In other words, a C° function will always be also C>° and an homeomorphism
will always be also a diffeomorphism.
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As said, the map P, is an automorphism, so both linear and invertible. It is an
element of GL(E;) = GL(k,R), where k is the dimension of the fibres. The set of
all the possible parallel transports, for the all possible loops based at x defines the
holonomy group of the connection V based at =z,

Hol,(V) := {P, | v based at z} .

In the case of a simply connected manifold M, the holonomy group depends on the
base point only up to conjugation by an element of GL(k,R). More explicitly, if 1 is
a path connecting x to y in M, then

Hol, (V) = P, Hol, (V) P!

Hence, given this relation one often (and we will follow this use) drops the refer-
ence to the base point, understanding that the definition holds up to group element
conjugation.

An important fact about holonomy is that given a a connection on a vector bundle,
there is a relation between the action of the holonomy algebra hol(V) and the curvature
of the connection (for detail on can read [30]). Recall that the curvature of a connection
V is a two-form R taking values in the Lie algebraE-] of the structure group.

Consider now a tensor bundle over a manifold M and suppose that this admits a
covariantly constant tensor,
Vo =0.

Then this tensor is invariant under parallel transport, and so also under the holonomy
group. As a consequence the holonomy group cannot be the full GL(d, R), but it must
be a subgroup, precisely the one leaving ® invariant. The opposite statement holds as
well, every time we have a reduced holonomy group, there exists an invariant object.
In this case we say the manifold has a reduced holonomy.

Let us consider a connection with reduced holonomy. We know we can always write
it as V = Vo + ko. This implies one can always find a G-structure such that the
holonomy group corresponds to G, i.e. Hol(V) = G. If the connection is Levi-Civita,
then the corresponding G-structure is torsion-free.

1.4 EXAMPLES: CALABI-YAU AND SASAKI-EINSTEIN

Here we want to discuss two very important examples of manifolds with reduced holon-
omy: Calabi-Yau and Sasaki-FEinstein manifolds. The former are even-dimensional
manifolds, while the latter are odd-dimensional. The aim of this section is not to
be complete, but to give the needed concepts for what follows in the thesis. A more

1One can write a connection as the differential operator,
V=d+A4,

where A is a one-form with values in the Lie algebra of the structure group of M, also called (of-
ten misleading) connection. On a coordinate basis, the connection has the familiar form in physics
literature: V = dz™ ® V,,,, where and V,, is usually known as covariant derivative.

The curvature of the connection is defined as the two-form

R:=dA+ %[A,A].
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Holonomy ‘ dim (M) ‘ invariant tensors ‘ Manifold
SO(d) d g,volg (Riemannian) Orientable
U(n) d=2n g,w Kéhler
SU(n) d=2n w, 2 Calabi-Yau
Sp(n) d=4n Hyperkihler
Sp(n)Sp(1) | d=4n Quaternionic Kéhler
Go d=17 ¢3 Go
Spin; d=28 Q Spin;

TABLE 1.2: Various reduced holonomies.

complete source of informations (and of references) is |31] for Calabi-Yau manifolds,
and [32] for Sasaki-Einstein ones.

We already restricted our attention to spin manifolds, since we are interested in su-
pergravity compactifications. Here we want to justify this choice, saying that this is
not too restrictive, since following |28| prop. 3.6.2], given a d-dimensional manifold
M, with d > 3, admitting G-structure with G simply-connected subgroup of SO(d),
then M is spin.

For the sake of concreteness, let us restrict to the case of a six-dimensional manifold.
These manifolds are of particular interest since they appear in compactifications of ten-
dimensional type II string theory down to four dimensions. The structure group GL(6)
is reduced to SO(6) ~ SU(4) by the presence of a metric and an orientation defined
by the latter. A globally defined spinor reduces further the structure group. The
irreducible spinor representation is the 4. Given a nowhere vanishing spinor 1 we can
always go to a frame where it takes the form (0,0,0,s). The SU(4) transformations
leaving this invariant are precisely SU(3). Looking at SU(4) decomposition under
SU(3), one can see that in the fundamental 4 there is a singlet under SU(3).

SUM) — SU®3)
4 - 3+1 1t

We have chosen our 6-dimensional gamma matrices such that 7% has opposite chirality.

Hence, a globally defined spinor defines an SU(3)-structure. This is also given by
globally defined, nowhere-vanishing and invariant 2-form and 3-form satisfying com-

patibility conditions (|1.2.33]) and (|1.2.34)), that is
wAQ=0,
S
QAQ = -w’.
¥

Consider now a connection V compatible with the SU(3)-structure,
Vg =Vieny +k-n3 =0, (1.4.1)
where the contorsion k acts on spinors as,

1
(K : 77+)%1 = Z’imnp’anyaﬁnf_ . (1.4.2)
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Again, we can see the (con)torsion as the obstruction to n4 or (w and ) to be
covariantly constant with respect to the Levi-Civita connection.

The fact that 74 is covariantly constant with respect to the connection V means that
V has holonomy SU(3). For d = 6, the decomposition ((1.3.14]) takes the following

form,

ko € T*M @ su(3)+

1.4.3
Ksu(3) eT*M ®5u(3) ( )

K = K0 + Keu(3) 5

where we used the fact s0(6) = su(4) = su(3) @ su(3)X. We can now apply the
contorsion decomposition to the expression for V., the (1.4.1). Recall that since 74
is an SU(3) singlet, one has

I{Eu(g) N+ = 0. (144)
Hence, one is left with
Viens = ko 4 - (1.4.5)

The intrinsic contorsion and, hence, the intrinsic torsion 7° can be decomposed into
irreducible representations of SU(3)

T € T*M ® su(3)*- 323 (1®393)

_)
- 1e1)oB8a8)®(6®6)d333)®(3d3) .
—_— Y= Y= Y= Y~
W1 Wa W3 Wy Ws

The W; are called torsion classes [33,[34]. These can be seen as equivalence classes,
meaning that all the structures sharing the same intrinsic torsion (or being in the
same irrep of SU(3)) are equivalent. The representatives of the torsion classes are
differential forms of different ranks, see table

Form | rank

W1 | complex scalar

Wy | complex primitive (1,1
W3 | real primitive (2,1) + (
W4 | real one-form

Ws | complex (1,0)-form

)-form
1,2)-form

TABLE 1.3: Torsion classes as differential forms.

Recall that a form « is said primitive if it has a zero contraction with w, i.e. woa =
0 [28].

The torsions classes can be used also to express the integrability of the structure as
differential conditions on the forms w and 2

3 _
dw = 5]Im(WlQ) +WiAw+ Ws, (1.4.6a)
dQ=WiAwAw+WoAw+Ws5AQ, (1.4.6b)

These formulae allow to classify the manifolds with SU(3) structures through the
torsion classes. We collect some example in table
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Torsion Classes Name

Wi=Wy=0 Complex manifold
Wi=We=W4=0 Symplectic manifold
Wo=W3=W4,=W5=0 Nearly Kéahler manifold
Wi=Wo=W3=W4=0 Kahler manifold
ImWi=ImWy =W, =W5=0 Half-flat manifold

Wi =ImWy = W3 =W, =Ws5 =0 | Nearly Calabi-Yau three-fold
Wi=Wo=W3=W,=W5=0 Calabi-Yau three-fold

TABLE 1.4: Six-dimensional manifolds with SU(3) structure, classified by torsion classes.

CALABI-YAU MANIFOLDS

We saw that a d-dimensional Kdhler manifold can be defined as a Riemannian manifold
of even dimension d = 2n, whose holonomy group is contained in U(n).

In the same way we can define Calabi-Yau manifolds as Kéhler manifolds whose holon-
omy group is contained in SU(n). More precisely given a compact Kéhler manifold
M of complex dimension n, with complex structure I, Hermitian K&hler metric g and
associated Kéahler form w, then (M, I, g,w) is a Calabi-Yau n-fold if and only if ¢ has
SU(n) holonomy.

Given a compact Kéhler manifold M of complex dimension n, with complex structure
I, Hermitian Kéahler metric g and associated Kéhler form w, then (M, I, g,w) is a
Calabi- Yau n-fold if and only if g has SU(n) holonomy.

We can also define a Calabi-Yau manifold in terms of the structures w and €: a
Calabi-Yau structure on an 2n-dimensional manifold M is the set (M, w, ), where w
and € are respectively an integrable Kéahler two-form and a complex simple n-form
defining an integrable complex structure

dw =0,
dQ2 =0,

that are also compatible, i.e. w A 2 = 0, and whose metric, defined as in (1.2.29), is
Ricci-flat, i.e. R =0.

One can also show that this is equivalent to say that a Calai-Yau n-fold is a complex
manifold, with a compatible (integrable) symplectic structure where in addition the
metric associated as in ((1.2.29)) is Hermitian and Ricci-flat, i.e. Ry =0 [27,28]@.

The standard example of trivial Calabi-Yau manifolds are the even-dimensional tori,
equipped with the usual complex structure and metric. These are also the only Calabi-
Yau compact manifolds for which an explicit Ricci-flat metric is known. For all the
others, the Calabi theorem guarantees the existence of such a metric, but there is no
explicit known construction yet.

2The equivalence of these definitions is actually a consequence of the famous Calabi conjecture |35],
proven by Yau [36], and so these manifolds were named after them.
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SASAKI-EINSTEIN MANIFOLDS

Sasaki-Einstein manifolds are odd-dimensional manifolds, that are both Sasakian and
Einstein. Then, let us start with thes definition of a Sasakian manifold [32].

A Riemannian manifold (5, g) is Sasakian if and only if its metric cone
C(S):=R" xS,

equipped with the metric g = dt? + t2g, is a Kéhler manifold.

As first consequence of this definition, we can see that S has to be odd dimensional,
i.e. d =2n — 1, where n is the complex dimension of the Kéahler cone.

An Einstein manifold, on the other hand, is a manifold equipped with an Einstein
metric g, ¢.e. a metric whose Ricci curvature is proportional to the metric itself,

Ry, = MAg,

for some real constant A. For a Sasakian manifold, it turns out that A = 2(n — 1).
Moreover, one can show that a Sasakian manifold is Einstein if and only if its cone is
Kéhler-Einstein and Ricci flat, namely a Calabi-Yau [32]. Hence, for a Sasaki-Einstein
manifold, the restricted holonomy grou of its cone is Hol’(g) C SU(n).

The standard example is provided by the odd-dimensional spheres S?"~!, equipped

with the standard Einstein metric. In this case the Kéhler cone is simply the space
C™/0, with the standard Euclidean metric.

A Sasakian manifolds inherits some properties from the Kéahler structure of its cone.
One of the most important one for our concerns is the contact structure |37|, repre-
sented by a nowhere-vanishing vector field &, known as Reeb vector field. Using the
coordinate t to parametrise the R™ direction on the cone, we can write

¢ = I[td)], (1.4.7)

where I is the complex structure on the cone. We will see how the Reeb vector will
play an important role in compactifications of type IIB supergravities [38,39] and
further in the definitions of generalised structures [13].

As we have seen in the last section, on Calabi-Yau manifolds the group structure
defines a covariantly constant spinor. On a Sasaki-Einstein, we have Killing spinors,
i.e. a spinor ¥ such that

1
Vi = £, (1.4.8)
A generic Sasaki-Einstein manifold supports two Killing spinors.

In addition, we can characterise a Sasaki-Einstein manifold equivalently by differential
forms with compatibility relations among them. Explicitly, a Sasaki- Einstein structure
on a manifold M is the set (M, &, 0,w,Q), where ¢ is the Reeb vector of (1.4.7), o
the dual one-form defined by o[X] = g(&, X )ﬂ w is a real two-form and 2 a complex
simple n-form. They have to satisfy the following relations,

wAQ=0, tew =11 =0,

(1.4.9)
do = 2w, dQ = (n+1)ic ANQ.

13The restricted holonomy group is the component of the group connected to the identity element.

4 Note that the metric ¢ is defined by the two compatible structures w and Q as in (1.2.29). More
precisely, the complex and symplectic structure on the Kahler cone define a metric g, whose restriction
gives g.
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Note that given a Sasaki-Einstein manifold, its metric can always be re-written as,
ds’ = o ® 0 +ds%p, (1.4.10)

where ds%  is the metric on a generic Kéhler-Einstein base. From this, we can say
that the Reeb vector defines a foliation, i.e. it splits the tangent bundle into integral
sub-bundles, whose set of leaves is a Kéahler-Einstein space. Such a foliation is called
(not surprisingly) Reeb foliation.

Sasaki-Einstein manifolds are very common in string compactifications. Recently,
making use of their geometry has allowed to achieve several interesting results both
in flux compactification and in a wider area of research in string theory [38-44].

TRI-SASAKIAN MANIFOLDS There is a sub-class of the Sasaki-Finstein mani-
folds, the so-called Tri-Sasakian manifolds which is interesting not only because it
has applications in flux compactifications [39], but also simply to show how reduced
holonomy gives rise to structures with different properties [45].

In order to define this class of manifolds, we have to give the definition of Hyperkdhler
manifold. An hyperkéhler manifold is a Riemannian manifold (M, g) of dimension
4k whose holonomy group Hol(g) is contained in the symplectic group Sp(k). Note
that all hyperkdhler manifolds are also Calabi-Yau (the metric g is Ricci-flat), since
Sp(k) C SU(2k).

We are interested in the structures defined on this kind of manifolds. An hyperkéah-
ler manifold has a set of three complex structures {I,J, K} with respect to which
the metric is Ké&hler. The three complex structures respect the Hamilton algebra of
quaternions |46,

rP=Jy=K"=-1, (1.4.11)

and they also have the property that any linear combination with real coefficients
al +BJ +~K, and o? + 32 ++% = 1 is a complex structure on M. Because of these
one can say that the tangent space at any point is a quaternionic vector space.

A tri-Sasakian manifold is a Sasaki-Einstein manifold whose cone is hyperkéhler. This
definition constrains the dimension of a tri-Sasakian manifold to be 4n+3, with n > 1.
We can also give an equivalent characterisation in terms of tensors defining structures.

A tri-Sasakian manifold has three mutual orthogonal Killing vectors &;, such that each
of them is a Reeb vector, and all together they generate an SU(2) algebra,

&, gj] = QEijkgk . (1.4.12)

They also have their associated dual contact forms, i.e. o? such that o%(§;) = 5; Each
o' satisfies the differential relation,

do® =2J° — eijko*j Aot (1.4.13)
where ¢, JJ = 0. Taking the exterior derivative of the relation above one gets

dJ' =26, J9 A JE (1.4.14)

As one may expect, the three Reeb vectors define what is known under the name of
tri-Sasakian foliation, whose space of leaves is a quaternionic Kéhler space (whose
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holonomy group is contained in Sp(n)Sp(1)) Bk, and the metric on the tri-Sasaki
can be written as, _ '
ds® = dsp,, +o0' @ o' (1.4.15)

To conclude this discussion, we want to make the following remark. For any linear
combination o’§; with a’a’ = 1, we can define a Sasaki-Einstein structure through,

U:Oéidi,
_ ,Jz'_}i iAo
w=q 5€ik0’ N ),
Q= (Bjo7 —injol) A (ﬁkjk _ mJ’“) ,

where f3; and 7; are sets of coefficients such that 3%¢; and v'¢; are mutually orthogonal.
The coefficients (up to the orthogonality condition) can be chosen arbitrarily, since the
various choices gives the same Sasaki-Einstein structures up to the phase of €.
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2.1 INTRODUCTION AND MOTIVATIONS

This thesis is devoted to the study of supersymmetric compactifications with non-
trivial fluxes. We will see in the first part of this chapter how requiring some amount
of supersymmetry on the lower dimensional theory constrains the geometry of the
internal manifold M, such that it must admit geometrical structures like the ones
we described in chapter For the well-known case of fluxless compactification of
a 10-dimensional type II supergravity to a minimal supergravity in 4 dimensions,
the constraints on the internal manifold requires it to be a Calabi-Yau three-fold |3].
When we allow fluxes to be turned on, the supersymmetry conditions can be cast in a
compact and elegant form using Generalised Geometry and generalised structures we
will introduce in chapter

2.2 SUPERGRAVITY THEORIES

Supergravity theories are theories combining general relativity with supersymmetry
(making this a local symmetry). These can be seen as low-energy effective theories
of the different string theories. There exists also an eleven-dimensional maximally
supersymmetric supergravity, which is not connected (as low-energy limit) to any
string theory. This has been interpreted to have its higher dimensional origin in M-
theory.

The aim of this section is to describe the main feature of type II and eleven-dimensional
supergravity theories, with their effective actions and the gauge symmetries of their
potentials.

2.2.1 ELEVEN-DIMENSIONAL SUPERGRAVITY

This section is devoted to the description of eleven-dimensional supergravity, i.e. the
low energy effective theory of M-theory. This is not meant to be an exhaustive treat-
ment and we refer to [47,48| for further details.

29
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The bosonic degrees of freedom of eleven dimensions supergavity consist of the metric
g, a three-form potential A and its dual. Although it does not transport indepen-
dent degrees of freedom, one often introduces the dual seven-form G, whose six-form
potential is conventionally denoted by A.

The theory is invariant under diffeomorphisms and the gauge transformations
As — A+ dAs, (221)

where Asg is a two-form. The gauge invariant field strength is G4 = dAs.

The bosonic action of the eleven-dimensional supergravity is

_ 1 [ _Lae) |-
511 _21€2 d IL’\/§|:<R 2’G| >:|

1
—6G4/\G4/\A7

~—_—
Scs

(2.2.2)

The equation of motion and Bianchi identity can be written (in a sourceless case) as

1
d*G+§G/\G:0,
dG =0.

(2.2.3)

The theory is supersymmetric, with N' = 1 supersymmetry. Notice that this is the
maximal possible supersymmetry in eleven dimensions. The fermionic degrees of free-
dom are completely captured by the gravitino V.

In addition, the equation of motion for the metric g, 7.e. the Einstein equation, can
be written as follows,

1 1
Run — 15 <GMPQRGNPQR - 129MNG2> =0. (2.2.4)

2.2.2 TyPE Il THEORIES

Type II supergravities are the ten-dimensional effective theories for massless fields
type II string theories. There are two such theories that differ in the chirality of the
fermionic fields and the rank of the form potentials.

The bosonic sector consists of two sets of fields: the Neveu-Schwarz Neveu-Schwarz
(NSNS) and the Ramond-Ramond (RR).

As one can see from table the NSNS sector is the same for both type II theories.
It contains the metric g, the dilaton ¢ and the NSNS two-form B. The latter is a
U(1) gauge potential with field strength H = dB.

The RR sector depends on the theory. Type IIA contains odd forms, while for type IIB
has even ones. These are also U(1) gauge potentials. For applications to generalised
geometry is it convenient to use the democratic formulation [49], of supergravity. This
formulation considers RR potentials of all ranks Cp, with p =1,3,...,9 for type IIA
and p = 0,2,...,8 for IIB. These are not all independent since their field strengths
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metric (graviton)
Kalb-Ramond 2-form
dilaton

p odd for type ITA
p even for type 1IB

NSNS

o W w

RR

b
3

a,+ o, F ips
Yar s Yap Gravitinos
Ay, AL Dilatinos

TABLE 2.1: Type II supergravities spectrum in ten dimensions. The different chiralities of
spinors define the two theories. Upper signs refer to type ITA, while lower ones
to type IIB.

have to satisfy duality relations with respect to the Hodge dual. The field strengt}E]
are defined by,
F,=dCy, 1+ HACy 3+ ePFy, (2.2.5)

where Fjy = m is the Romans mass, which can be added only in type IIA [50|, and the

duality relations,
pt3

F,= (-1 xRy, (2.2.6)

The fermionic sector of the two theories consists of two Majorana-Weyl spinors of spin
3/2, the gravitinos ¢, and two Majorana-Weyl spin 1/2 spinors A%, the dilatinos.
Gravitinos and dilatinos have opposite chirality. In type IIA the gravitinos have
opposite chirality, while in type IIB they have the same chirality (chosen positive by
convention). As a consequence, type IIB dilatinos will both have negative chirality.
This is the difference between type IIA and IIB, the former is a non-chiral theory,
while the latter is chiral. Nevertheless, they are both maximal supersymmetry in ten
dimensions, i.e. they are N’ = 2. An important fact is that type ITA supergravity can
be obtained by the eleven-dimensional one by a compactifiation on a circle. We will
analyse this reduction in a while.

The string frameﬂ action for the bosonic fields of type IIA is (we follow the conventions
of [49])

1 1 N~
Siia =5 [ 4" \/§[6_2¢ <R+ 4V — 2|H\2>} — > [Pl
k=0

2K2

SNS SR

1

—_—
Scs

where F; = dCs, while F), are the field strength defined above in (2.2.5)).

!There exists another common choice for the RR potential, the so-called A-basis, which is related
to the C-basis we use as A = e" P AC. In this basis the field strength (2.2.5) reads F' = e® A (dA+m).

2Einstein frame and string frame metric are related by a dilaton rescaling, i.e.

g:e¢/29E.
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The bosonic action for type IIB reads

1 1 VI 1
_ 10 —2¢ 2 Lo Z 2
Srip = 22 d*Vzx \/§|:6 <R+4V¢) 2|fI| >:| 5 2 k!|F2k+1|

N~

SNs Sk

1
—504/\H3/\]:3.

—_—
Scs

Analogously to the type ITA case, we introduced F,, = dCy,_;. This action has a
constant shift symmetry Cy — Cy+ ¢, where c is a constant. Hence, it is referred to as
an azion [48,51]. Furthermore, the five-form field strength Fj satisfies the self-duality

condition
F5 :*F5, (227)

which has to be imposed as a further constraint together with the equations of motion.

It is be useful to collect all the RR field strengths and potentials into a single polyform,
C=>_,Cp podd/even for type IIA/IIB,
F =3 F, peven/odd for type IIA/IIB.

In this notation, the (2.2.5)) and (2.2.6) take the following form,

F=dyC+ ePFy,
F = xs(F),

where we introduced the differential operator dj, := d— HA acting on polyforms, called
H -twisted exterior derivative, and the index reversal operator s,

s(A,) = (~1)P/2 4, (2.2.8)
The field strengths defined above are invariant under gauge transformations of poten-
tials,

6B = —d\,

2.2.9
6C = —eB A (dw —m)), ( )

where ) is a one-form, w is a polyform made of even/odd forms for type IIA/IIB and
the term proportional to the Romans mass m is there only in the type ITA case.

The RR field strengths have the following equations of motions and Bianchi identities
(when there are no sources, like D,, branes). Bosonic fields equations for type II appear
as,

(de—2¢>*H)i%F/\*F:O,(dJrH)*F:0, (2.2.10)

where =+ sign is referred to type ITA /B respectively, and

dF =HAF. (2.2.11)

Notice that for type IIA the (2.2.10),

1
de™® « H) + SIF AxFlg =0, (2.2.12)
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can be interpreted as the Bianchi identity for the dual seven-form field strength,

H=e¢2«H. (2.2.13)

We denoted by [...J the rank & form of the polyform in the bracket.
Making use of the self-duality relation for F' (2.2.6]), we can rewrite the (2.2.12) as,

~ 1 _
d<H+2[S(F)/\C’—|—me B/\C’]7>:0, (2.2.14)
which is solved by,
8 | B
H:dB—i[s(F)/\C—l—me BaC,. (2.2.15)

Thus we introduce a new potential B 52,53, whose (linearised) gauge transformations
are fixed by requiring the invariance of its field strength,

6B = —(do + mwg) — 1[eB A (dw —mA) A s(C)]

5 (2.2.16)
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where o is a five-form, while w and A are the parameters of the gauge transforma-
tions ([2.2.9)).

An interesting point to notice about the massive ITA theory [50] is that one can obtain
it from the non-massive one by shifting the gauge parameters as,

dwy — dwg — mA,
(2.2.17)
do — do 4+ mwyg .

These relations will be the key of the construction of the exceptional generalised
geometry for massive type IIA |12].

Type IIB theory exhibits a non-compact global symmetry SL(2, R). This is not evident
in the formulation we gave above, so we want to make it explicit. The two two-form
potentials B and Cy can be organised into a doublet of SL(2,R),

B = <§2>Z (2.2.18)

Similarly, we introduce F* = dB’. Under an SL(2,R) transformations the B fields
transform linearly,

Bi — Aiij, Aij = (Ccl Z) € SL(Q,R) . (2.2.19)

One can also define a complex scalar field 7 which is the complex combination of the
axion and the dilaton field, for this reason this is called axion-dilaton field. This is
useful since it transforms nicely under SL(2,R),

ar +b
ct+d’

(2.2.20)

Then, type IIB action S;;p can be re-written in terms of SL(2,R) representations,
like the symmetric matrix h,

I A
h”‘(—co ), (2.2.21)
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transforming under SL(2,R) as
hij — A*hyAY . (2.2.22)

Then the action Sy in terms of SL(2,R) covariant objects can be recast as,

1 _ 1 . 1 .
Siip = 942 4 \/§[€ 2 (R— EF hi; F7 + Zahijahj >]
(2.2.23)
1

— 8/€2/d10$ [\/§|F5’2 — EijC4 A F? /\Fj] .
The self duality condition on the 5-form field strength (2.2.7) (which is a constraint
in this formalism) is also SL(2, R) invariant. Moreover, one can re-write its definition
in an SL(2,R) invariant form,

1 . .
Fy = dCy + e B' N HY. (2.2.24)

2.3 SUPERSYMMETRIC BACKGROUNDS AND COMPACTIFI-
CATIONS

After describing the actions and the equations of motion of eleven- and ten-dimensional
supergravities, we are interested in solutions. Since we want to study compactifica-
tions, we look for solutions that are warped products

Mig =& x My,

of a maximally symmetric external spacetime (Minkowski, Anti-de Sitter, de Sitter)
and an internal space M. In order to preserve Poincaré invariance in the external
spacetime, we must set all fermionic fields to zero so the background is purely bosonic.

Then, the metric ansatz reads
ds? = e*ds? + ds?, (2.3.1)

where A is a real function of the coordinates on My, the warp factor.

We look for supersymmetric solutions. A background is supersymmetric if all the su-
pergravity fields (and hence the solutions) are invariant under supersymmetry trans-
formations. Choosing € as the quantity parameterising supersymmetry variations, one
is allowed to write (schematically)

d(boson) = ¢(fermion), d(fermion) = e(boson) . (2.3.2)

The variations of the bosonic fields always contain a fermionic field, and since we have
set, these to zero the variations automatically vanish. On the other hand, we get non-
trivial conditions from the variations of the fermionic fields. Then, supersymmetry of
the background is equivalent to the existence of a non-vanishing spinor e for which the
supersymmetry variations vanish. These can be recast into differential and algebraic
equations, known as Killing spinor equations. The spinor € solving these is then called
Killing spinor. A background is supersymmetric if it admits Killing spinors. The
Killing spinor equation for M-theory is

1
Vet 5e [PMNPQR — 86, NTPOR| Gy por € = 0, (2.3.3)
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where M, N,... =0,1,...,10, € is a Majorana spinor and the Gamma matrices are
the Clifford algebra elements in 11 dimensions.

Type ITA Killing spinor equation can be derived by the previous one by a compactifica-
tion, so we do not give it explicitly. Finally, for type IIB the Killing spinor equations,
given in terms of ten-dimensional Gamma matrices are

1 1
Ve = o [FMPQR —919|Curpg ¢ + 15T M Farpgrse =0, (2.3.4)
iFMPMGC + QZZFPQRGPQRE =0. (2.3.4b)

where, following |54, we defined P = %e‘z’dC’o + %d(b and G = ie?/?(rdB — dC3), and
here M,N =0,1,...,9.

The Killing spinor equations are central in the study of supersymmetric string back-
grounds. This is due to the fact that for backgrounds of the one can show that
the supersymmetry variations plus the Bianchi identities for the NS and RR fields
imply all other equations of motion. Thus a solution of the Killing spinor equations
is automatically a solution of the supergravity equations of motions.

On backgrounds of the type (2.3.1) the supersymmetry parameters factorise accord-
ingly
€= Z € ® X, (2.3.5)
i=N

where €; are anticommuting spinors on the external space and y is a generic commuting
spinor on the internal manifold. The number N of spinors ¢; detemine the number of
supersymmetries preserved by the background. This splitting induces also a splitting
of the Killing spinor equations into distinct conditions for ¢ and for x. The existence
of Killing spinors (and the differential conditions they have to satisfy) on the internal
manifold M puts several constraints on the geometry of the manifold. Investigating
how this happens and how this allows compactifications with fluxes is the goal of next
sections.

2.3.1 CALABI-YAU BACKGROUNDS IN TYPE II

Let us start by a famous example of compactifications to four dimensions. We consider
a purely geometric solutions where the only non-trivial field is the metric. We are
going to see how supersymmetry conditions constrain the internal geometry to be
Calabi-Yau.

As discussed above, to find solutions it is enough to solve the supersymmetry variations
for the spinors (2.3.2)). In type II theory, in absence of fluxes they reduce to

N =0T Mer =0, X = Oyol'Mey =0, (2.3.6)

for the dilatino variations, while the gravitino variations reduce to the requirement
that the supersymmetry parameters must be covariantly constant

Sy =Vame =0, Y3, = Ve =0. (2.3.7)
The supersymmetry parameters decompose as

e1=0G®m +c.c., (2.3.8)
€2 = (2 ®n2 +c.c..
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Here ( is a four-dimensional chiral spinor (y5¢ = ¢) and 7; 2 are six-dimensional chiral
spinors, of opposite chirality in IIA and same chirality in IIB

Using the decomposition ansatz for the metric (2.3.1)), and supersymmetry parame-
ters (12.3.8)), we obtain the six-dimensonal equations

Joma2=0, (2.3.11)
where @¢ = v"0,,¢. This implies that the dilaton must be constant, d,,¢ = 0, since
@b m2|” = (96)%[Im 2]

The gravitino variations reduce to

1
V.=V, &1+ 5eA(~m5 ® dA) , (2.3.12)

Vi =18 Vi | (2.3.13)

where, on the right hand side, V,, and V,,, are the covariant derivatives with respect
to the external four-dimensional unwarped metric and the internal six-dimensional

metric, respectively. Using again (2.3.8)), we can decompose ([2.3.7)) into an external

(four-dimensional) and an internal (six-dimensional) part as

1
V1 @ — §€A(7MC* ® JAN}) +cc. =0, (2.3.14)
(1 ®Vmm +ce.=0. (2.3.15)

An identical equation holds for 72. The external gravitino equations ([2.3.14]) imply
that @A 17 2 should be proportional to 7 2, which is impossible since 77;27,”771’2 =0. It
follows that the warping must be constant. Taking this into account, (2.3.14)) further
reduces to

V2 =0. (2.3.16)

The commutator of two external covariant derivatives gives
1 oo A
[vuv vl/] = ZLRMI//)O"Y = g’y;u/7 (2317)

where we used the expression for the curvature tensor for a maximally symmetric

(unwarped) four-dimensional metric: Rj,p0 = %A(gupgw — YuoGvp). From (2.3.16)
and ([2.3.17)), it then follows A, ¢ = 0 which implies the vanishing of the cosmological
constant

A=0. (2.3.18)

Then, the external gravitino equations require that the warp factor A must be con-
stant, and the four-dimensional space must be Minkowski (A = 0).

Let us now turn to the internal gravitino equations, (2.3.15)), which reduce to

Vi =0, Ve =0. (2.3.19)
Applying the same argument as below (2.3.17)), we see that the internal metric must
be Ricci flat.

Moreover, a covariantly constant spinor implies a reduction of the holonomy group of
a Riemannian manifold. From (2.3.19)) it follows that the internal metric must have
at most holonomy SU(3). A Ricci flat manifold of SU(3) holonomy is a Calabi-Yau.
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If the internal metric has strict SU(3)-holonomy, then 77_1|r and ni must be proportional.
Without loss of generality we can set n}r = 77_% = with nfy = 1. We can express

We can construct the forms w and () as spinors bilinears of the covariantly constant
spinor 7. Then we can rewrite the Calabi-Yau condition V,,n = 0 in the alternative
form

dw=0, dQ=0. (2.3.20)

Thus, we got an important result: in absence of fluxes, looking for a supersymmetric
vacuum requires to consider a Calabi-Yau three-fold as internal manifold.

The properties of Calabi-Yau’s manifolds are such that one can explicitely derive the
four-dimensional effective action (see [55,/56] for details). This is an N' = 2 super-
gravity theory in four-dimensions, that is characterised by the presence of massless
uncostrained scalars, the moduli. In supersymmetric theories massless scalar fields
are not a problem, the trouble is if some of them stay massless after SUSY breaking:
massless scalar fields would provide long range interactions that are not observed in
nature. One solutions to the moduli problem is to find ways to generate potential
terms for some or all such scalars. One way is to consider compactifications admitting
non-trivial fluxes.

2.3.2 BACKGROUNDS WITH FLUXES IN TYPE II

We now turn to the study of more general solutions of type II supergravity where
some of the fluxes have non-zero values. The presence of fluxes drastically changes
the properties of the solutions. This can be seen both from the equations of motion
and the supersymmetry variations. Indeed, from the Einstein equation, which reads
schematically

Ryn ~ HMPQHNPQ —i—ZFMleQPFNQl”'Qp , (2.3.21)
p

we see that the fluxes back-react on the metric, which generically cannot be Ricci-flat
(and thus Calabi-Yau) anymore. Another generic feature is a non trivial warp factor
in the ten-dimensional metric.

The supersymmetry variations are also modified. For example, from (2.3.2]) one can
see that in the presence of RR fluxes the supersymmetry conditions relate ¢! and €? so
that the four-dimensional components (12 cannot be chosen independently anymore,
as in (2.3.§). Therefore, in the presence of RR-fluxes one generically obtains N =1
in four dimensions.

Repeating the strategy used in the fluxless case, we decompose the supersymmetry
conditions according to the compactification ansatz. We do not give all details here,
but one can easily see that the internal gravitino variations become

1 1
(Vin + ZHm)nl + §e¢F’ym77772 =0,
1

1
(Vi — ZHm)”Q - ge‘bFTVmwm =0,

(2.3.22)

from which we see that, generically, the internal manifold is no longer Ricci flat and
hence no longer Calabi-Yau, since

1
[Vins VTJUIQ = ZRmnPQqunlz #0. (2.3.23)



38 2.3 Supersymmetric backgrounds and compactifications

It is therefore natural to wonder whether it is still possible to say something about the
geometry of the internal manifold. Generalized Complex Geometry provides a general
framework to describe flux backgrounds in string theory.



(ZENERALISING THE GEOMETRY

3.1 INTRODUCTION AND MOTIVATIONS

The aim of this chapter is to introduce Generalised Geometry, both complex (its
simpler version) and Exceptional.

Generalised complex geometry, as originally proposed by Hitchin [57},58|, geometrises
the NSNS sector of type II supergravity. As described in the previous chapter,
Hitchin’s generalised tangent bundle is isomorphic to the sum TM & T*M of the
tangent and cotangent bundle to the d-dimensional compactification manifold My,
and is patched by GL(d,R) transformations and gauge shifts of the NSNS two-form
B. The structure group of this extended bundle is O(d, d), i.e. the T-duality group
of the compactification on a d-dimensional torus. From a string theory perspective,
T and T* parameterise the quantum number of the string, that is momentum and
winding charge. Extending this construction to include the RR potentials in type II
supergravity |[59-61], or adapting it to M-theory compactifications [59,62,63|, leads to
exceptional generalised geometry. In this case the structure group of the generalised
tangent bundle is the U-duality group, and the bundle parameterises all the charges
of the theory under study, that is momenta and winding, as well as NS- and D-brane
(or M-brane) charges.

3.2 GENERALISED COMPLEX GEOMETRY

Generalised complex geometry was introduced by Hitchin |57] and Gualtieri 58] to
find a structure interpolating between complex and symplectic geometries.

The main idea of generalised geometry is to geometrise the gauge transformations of
a two form. This is done by introducing the generalised tangent bundle. Given a
d-dimensional manifiold M generalised tangent bundle is the extension of the tangent
space by the cotangent space

0 —— T"M —— E —"» TM 0, (3.2.1)

39
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where 7 is the so-called anchor map, that is a projection # : £ — TM, to not be
confused with the usual projection map on a bundle. Its action on sections is simply
projecting out the form part.

At any point p € M, E is isomorphic to the sum of the tangent and the cotangent
bundle .
EXE=TM&T*M. (3.2.2)

The sections of E are called generalised vectors. On patch U, they can be written as,

Via) = V() + H(a) ETM @ "M, (3.2.3)
and at the intersection U, N Ug the patch non-trivially

-T
Vi) = V(a) T Hia) = A@p)V(8) T Aap)HB) ~ LAwpyvis WDas) » (3.2.4)

where A(,g) is a GL(d,R) transition function and A is a one-form gauge parameter
satisfying the co-cycle condition on the triple overlap U, NUg N U,,

Atap) + Ay + Mya) = ~19005,) %Y (as) - (3.2.5)
with ¢ is an element of U(1), satisfying the condition for transition functions
g(w)g@é)g(aﬂé)g@w =1, on Uy, NUgNU,NUs. (3.2.6)
This construction allows to introduce a two-form B, transforming as
Bagy = By — Bg) = dA(ap) - (3.2.7)

which is a generalisation of the standard U(1) connection. B is a connection on
a gerbe |64], that is a higher rank form generalisation of a connection over a fiber
bundle [19]. We can see that the map B(,g) gives the non-trivial fibration of the
cotangent bundle on the tangent one. In other words, the vector part of the generalised
vector V' is a well-defined vector, meaning it patches correctly as a vector over the
manifold. On the other hand, as one can observe from the form part does
not patch as one can expect from a one-form, but it has an extra-part parametrised
by dA (). This is what we mean when we say that the isomorphism (formally called
splitting |65]) E = T M @&T* M is not canonical, but it depends on the choice of the map
B. The transition functions of the generalised tangent bundle are GL(d, R) x A2T*M.
Notice that generally the B-field is only defined locally, however its field strength
H = dB is globally defined. In applications to string theory, B is identified with the

NS-NS two-form potential and the patching rules (3.2.19) and (3.2.7) will correctly
reproduce the gauge transformations prescribed by supergravity.

The generalised tangent bundle — because of the duality between TM and T*M as
linear spaces — is equipped with a natural O(d, d) symmetric bilinear form 7, i.e. a
metric

DV, W) = 0o + i w + \) = %(u(m + @), (3.2.8)

where p(w) = t,p denote the contraction of the vector w with the one-form p. One
can also write the relation above as a matrix equation n(V, W) = VInW, where,

AT N (S
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One can diagonalise the matrix n and make the signature (d,d) explicit

7= ;(101 _0]1> : (3.2.10)

As discussed in chapter [ defining a metric is equivalent to define a G-structure. In
this case, the metric n defines O(d,d) on TM & T*M.

In addition to the metric, the generalised tangent bundle E has an orientation too [58].
It can be defined by the 7 metric through the Levi-Civita symbol,

vol, = €M Mden  ngOmy Ao oo A Oy ANdz™ AL oA da" (3.2.11)

1
(d)?
where 0,, and dz" denote a basis on T'M and T*M.

The structure group preserving both the metric and the volume form is SO(d, d). The
Lie algebra of SO(T'M & T*M) = SO(d, d) is given by

so(TM e T*M) ={T | n(TV,W) +n(V, TW) = 0}, (3.2.12)
i.e. generators are antisymmetric. This algebra decomposes [66] in
End(TM) ® A°TM @ A*T*M , (3.2.13)
or, equivalently, a generic element T' € so(T'M & T*M) can be written as
_(A B
T = (B —AT> ) (3.2.14)

where A € End(TM), B € A>°T*M, 3 € A>T M, and hence

A:TM —— TM

B:TM —— T*M

B:T"M —— TM .
The action of the three subgroups can be done explicitly. For GL(d,R) part,

eV =Av+ ATy, (3.2.15)
for the so-called B-transformation,

B V=v+p—1,B, (3.2.16)
and, finally for the S-transformation,

A V=v—pBip+p. (3.2.17)

Here - denotes the adjoint action of the so(d, d) algebra. A noteworthy fact is that
since both B and f are not invariant under GL(d, R), their actions do not commute
with the GL(d, R) one. Another observation one can make is that, since both B and
are antisymmetric tensors, the symmetric product defined by the metric 7 is invariant
under B and § transformations,

n(eBTV, eBHPW) = n(V, W) . (3.2.18)
The patching conditions can be rewritten as
Vi) = et tdhes . 1, (3.2.19)

The bundle E is some-time called the untwisted generalised and its sections V e
I(TM @ T*M) are called untwisted generalised vectors. They are related to the
sections of F by a B-transformation

V=ePV=ePo+p) =v+p—1,B. (3.2.20)
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3.2.1 THE GENERALISED FRAME BUNDLE

The definition of generalised frame bundle is a straightforward generalisation of that
of frame bundle. Given a frame on E, that we call { E 4}, satisfying the orthonormality
condition with respect to the natural inner product

A 1/0 1
77<EA,E3> —?7,413—2(]1 0>AB’ (3.2.21)

we can define the generalised frame bundle as follows. The frame bundle is the bundle
associated to these basis vectors. Points on the fibre (frames) are connected by O(d, d)
transformations. Conversely, all frames connected by O(d,d) transformations to a
frame that satisfies will satisfy it too. In other words, these frames form an
O(d, d)-bundle, that we call generalised frame bundle,

Fe=| {<p, EA> Ipe M, n(EA,EB) = nAB}. (3.2.22)
peEM

Given the frame {é,} for T'M and the coframe {e®} for the cotangent bundle 7% M, we
can make a particular choice of frame, the split frame, such that we can keep track of
the vector and form part of our generalised sections [67,/68]. Explicitly we can choose,

(3.2.23)

Note that the B-shift is present in our definition of the split frame. This is because
one can obtain the split frame by a twist of a generic basis of TM & T*M.

We can then define a generalised G-structure, as a sub-bundle of the principal gener-
alised frame bundle associated to E. In other words, a generalised G-structure is a set
of generalised tensors that are invariant under the action of a subgroup G C O(d, d).

3.2.2 GENERALISED METRIC

Proceeding in with the ordinary structures, we want to describe the analogue of a
Riemannian metric on the generalised tangent bundle.

One can define a generalised metric on a generalised tangent bundle E, as a positive
definite sub-bundle of rank d, such that the restriction of the natural metric n is
positive definite [69, def. 4.1.1]. In terms of generalised G-structures, we say that a
generalised metric is an O(d) x O(d)-structure over M.

The presence of such a structure splits the generalised tangent bundle E into two
sub-bundles,
E=C,aC_, (3.2.24)

corresponding to spaces where the inner product n has a definite sign [58,(70]. This
allows us to define a generalised metric |69)

G(, ) =nC e, —nC)e - (3.2.25)
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M
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v+ gu
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v — gu
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FIGURE 3.1: We can represent the splitting of F into the sub-bundles C'; & C_ by the graph
of a linear map h : TM — T*M. Here is shown the particular case of a zero
B field transformation.

Since any generalised section which is made only by a vector field or only a form has
a zero norm with respect to the metric 1, we can state for instance T*M N Cy = {0}.
(Analogously intersections between T'M and Cy are just made by the zero section, as
represented in figure ) Thus, we can define a map h : TM — T*M such that C'
is the graph of h, and C_ its orthogonal complement, and explicitly

Cy={v+h|vel(TM)}. (3.2.26)

The map h provides an isomorphism between T'M and C,. One can see h as an
element of T*"M ® T*M, i.e. a 2-tensor, and hence can be written as a sum of a
symmetric and an antisymmetric part: h = g + B, exploiting the decomposition
T*M @ T*M = Sym?T*M © A*T*M, where g € Sym?T*M and B € A°T*M. Thus
one can write a general element V. € C; as Vi = v+ (B + g)v, where we denote with
Bwv the contraction ¢, B. The orthogonality condition between C; and C_ force us to
write V_ € C_ as V_ = v + (B — g)v and so

C_={v+(B—-gv|vel(TM)}. (3.2.27)

Thanks of the symmetry of the inner product induced by n under B shifts, we can
identify ¢ as an ordinary Riemannian metric on M. Indeed, given any V., W, € Cy
and their inner product

n(Vi, W) = n(v+ 1B + gv,w + 1w B + gw)
= (v + gv,w + gw)

1 )
= Q(ngv + iygw) = g(v,w).

By construction, g is a positive definite Riemannian metric on M.

One can find an explicit form for the generalised metric G (3.2.25) by studying its
action on Cy. The construction below will closely follow the one in [69], which we
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refer to for further details. Given a generalised vector V € E, one can write it as
V =V, 4+ V_, where V3. € Cy. Thus, we have the map

G:E—— S E*~F
(3.2.28)

Vi—G(V)=46(V,)

where we denoted by G(V') the generalised one-form G(V,-), but since (TM&T*M)* =
TM @ T*M it can be thought as a generalised vector and then decomposed in CL
components,

G(V)=G(V,-) =n(Ve + Vo, )|, = (Ve + Vo, )| =V = V. (3.2.29)

From the expression above, one can state G = 1, and Cy are the eigenspaces relative
to the eigenvalues £1 of G. Consider the usual Riemannian metric g over M, this
induces the splits of TM & T*M into

Coyr ={vEtgv|veTM}. (3.2.30)

A generic vector in Cy+ can be written as Vy+ = v &+ gv. In this particular case
2x = Vyy + V,_, thus, we are now allowed to write

26(v) = Vi — Vg = 2g(v),
and since G2 = 1, it holds
26%(v) = 2G(g(v)) = Vys + Vy = 20.

We look for an explicit form of G in terms of the two quantities g and B. The simplest
form the matrix G can take (compatible with the two conditions above) is with B = 0,

Now we want to reintroduce the B field we have ignored so far. Recall that
PV, = (v+ gv+ Bv) = Vi

and also that
G(Vy) = £V (3.2.31)

Using the previous relations and applying the B transformation to V4, we can obtain
a matrix representation for G as follows,

Vi =ePVys = +ePG,Vps =
= ienge*BeBVgi =

= ienge*BVi .

This is true if and only if

“1 1
_ -Bn .B _ g 'B g
G =eBG,ef = <g Ry —Bg—l) . (3.2.32)

The generalised metric is an element of the coset space O(d,d)/O(d) x O(d) and
encodes both the metric and the B-field [70]. One can also introduce generalised
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vielbeins, parametrising the coset, the local flat symmetry in ordinary geometry is
here replaced by O(d) x O(d). We also require that the set of local vielbeins {F4}
makes the generalised metric take the following form,

(10, (1 0\,
n=FE (o _1>E, G=F (0 ]1>E, (3.2.33)

An explicit form is given by,

o 1 €y — ézB é{
b= <_e g ) (3.2.34)

where ey are two sets of vielbeins and é. their inverse. They have to satisfy

g=cley, gt =épel, (3.2.35)

which are the canonical conditions on ordinary vielbeins.

3.2.3 GENERALISED ALMOST COMPLEX STRUCTURE
A generalised almost complex structure is a map
I:F—F, (3.2.36)

compatible with the bundle structure, i.e. w(ZV) = w(V) and with the property

analogous to ((1.2.12)),
72 = 1. (3.2.37)

In addition, compatibility with the O(d, d) metric is required,
T =1, (3.2.38)

or equivalently
n(ZV,IW) =n(V,W), YV, W. (3.2.39)

An ordinary complex structure reduces the structure group to U(d/2). Here some-
thing analogous happens, the generalised almost complex structure implies M is even-
dimensional, and the structure group of the exceptional tangent bundle O(d,d) is
reduced to U(d/2,d/2).

Also in this case, one can adopt a “matrix” notation and describe the generalised almost
complex structure as a block matrix acting on a generalised vector. From ([3.2.38)), it
follows that the generalised almost complex structure takes the form,

7= (‘LI ﬁ) : (3.2.40)

where R and L are an antisymmetric two-vector and a two-form respectively. The
requirement for Z to square to —1 imples,

I? + RL =14, (3.2.41)
—IR+RIT =0, (3.2.42)
—LI+ITL=0. (3.2.43)
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An important feature of the generalised almost complex structure is that it contains
both the ordinary almost complex and the almost symplectic structures,

-1 0 0 w!
Ir = ( 0 IT> ) Z,= (w 0 > . (3.2.44)
We can think at the general case (3.2.40)) as a set of continuous intermediate structures,
interpolating between the two extrema of complex and symplectic geometry, by vary-
ing the tensors R and L. Indeed, the original purpose of Hitchin and Guatieri [58|64]
was to find a way to unify the symplectic and complex geometry.

As in the ordinary case, also the generalised almost complex structure generates two
generalised distributions, that is the two eigenbundles associated to the eigenvectors
+i,
EFERC=Lr®Lt. (3.2.45)

This is somehow analogous to the split seen previously induced by the generalised
metric.
Lz and Lt are mazimally isotropic sub-bundles of E ® C. Recall that a generalised
sub-bundle L is isotropic if and only if it is null with respect to the natural O(d, d)
metric,

n(V,W)=0 YV, W e L. (3.2.46)
In addition, it is maximally isotropic if its rank is half of the rank of F.
We can show that L7 is actually maximally isotropic. Given two vectors V,W € L,
their inner product is,

n(V, W) =VIgW = VIZTnzw = (iV)In(iW) = =VIgW = —n(V,W) =0,

where we used the (3.2.38) in the second equality and the fact that both V and W
are elements of Lz in the third one. Moreover, since L7 and Lz have the same rank,
we have that both have complex dimension d, such that Lz is maximally isotropic.

3.2.4 DORFMAN DERIVATIVE AND COURANT BRACKET

One can define a differential operator generalising the action of the Lie derivative in
the ordinary case. We will also see how to generalised the concept of infinitesimal
diffeomorphism for the generalised tangent bundle.

Given two sections of FE, for instance V = v 4+ p and W = w + A, where v,w €
I(TM) and p, A € I'(T*M), we define the Dorfman derivative or generalised Lie
derivative [57,62,[67] as

Ly W := Low + Ly — tpdp. (3.2.47)
The Dorfman derivative enjoys the Leibnitz rule, i.e.
Ly(LwZ)=Lr,wZ+ Lw(LvZ). (3.2.48)

This gives the generalised tangent bundle, endowed with the generalised Lie derivative
the structure of a Leibnitz algebroid |71].

Note that we can give a definition that makes explicit the action of the O(d, d) group.
This comes from the observation that the Lie derivative between two ordinary vectors
v and v’ of I'(T'M) can be written in components using the gl(d, R) action,

(L") =" O™ — (0 x )™, V™.
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Thus, by analogy one can use the O(d,d) action to write the Dorfman derivative as
(Ly V)M = VNON V™M — (8 x0q V)M V'Y (3.2.49)
where X,q denotes the projection onto the adjoint bundle,
Xad: B* x E— ad. (3.2.50)

This definition is useful not only because allows to define the action of the Ly operator
also to representations of O(d, d) other than the fundamental one (like the adjoint, the
second rank symmetric, etc.), but also because it is easily extendable to the exceptional
case.

The Dorfman derivative is not antisymmetric. Its antisymmetrisation defines the
Courant bracket [67.[72|,

1
—d(tyA — Lppt), (3.2.51)

1
[V,W] := §(LVW — Ly V) = [v,w] + LA — Loy — 5

which makes explicit the fact that in the O(d,d) generalised geometry we have a
Courant algebroid |72,/73]. A nice historical review on the subject can be found in [74].

The Courant bracket educes to the ordinary Lie bracket when restricted to vectors,
while it vanishes on one-forms. It is invariant under diffeomorphisms, and under
B-shifts parametrised by a closed 2-form b,

[e"-V,e® W] = e[V, W] + tyredb. (3.2.52)

The relation above suggests the introduction of a twisted Courant bracket by a 3-form
H

[V,W]g =[V,W] + tytwH . (3.2.53)
One can see that the twisted Courant bracket is the right differential operator acting

on untwisted vectors, while the (3.2.51]) is the one used in the twisted picture, where
the B-shift is already encoded in generalised vectors.

INTEGRABILITY

Recall that for an ordinary complex structure, integrability can be expressed in terms
of the involutivity of its +i eigenbundles with respect to the Lie bracket. Here, we
can give a definition of integrability in terms of Courant bracket and the involutivity
of the generalised subbundle L7.

Given a generalised almost complex structure Z on E, we say it is integrable if and
only if its i-eigenspace Lz is closed under the Courant bracket,

[V,W] eD(Lz), VV,W eT(Lg). (3.2.54)

A manifold admitting such a structure (called generalised complex structure) is said
generalised complex manifold.
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3.2.5 GENERALISED GEOMETRY AND COMPACTIFICATIONS

Generalised geometry allows to treat on the same ground diffeomorphisms and gauge
transformations of the NS sector of type II supergravities. It is also a powerful tool
to classify and study flux vacua. Let us consider again the case of N' = 1 flux
compactifications to four dimensions.

The idea is that one can define a pair of bispinors built out the supersymmetry pa-
rameters, 1; and 7

ot =e e B(nf @75) € T(AV"T* M),

3.2.95
O~ =e % P(nf ®my) € D(AYMT* M), ( )

which are globally defined. The two polyforms ®* can be seen as sections of the
positive and negative helicity Spin(6,6) spinor bundles associated to E through the
Clifford map. And are associated to an almost generalised complex structure each.
Each of them is stabilised by a different SU(3,3) subrgroup of Spin(6,6). Hence,
each of them defines a different SU(3,3) generalised structure. The compatibility
condition implies that the group leaving both invariant has to be the intersection of
the two SU(3,3) subgroups, then SU(3) x SU(3). Thus, we see that all N' = 1 flux
backagrounds must have SU(3) x SU(3) structure [75.,|76].

On can show |[75,(77|, that Killing spinor equations can be rewritten as differential
conditions on such spinors

dp(e*4®)) =0, (3.2.56)
dp (e Tm @) =0, (3.2.57)
dp (e Re ®y) = et x A(F), (3.2.58)

where dy is the H-twisted derivative and ®; and ®2 correspond to ®; and ®_ in
type ITA and vice-versa for IIB. It is possible to show that such conditions correspond
to the integrability of the generalised complex structure associated to ®;. The super-
symmetry conditions are also equivalent to the existence of a torsion-free generalised
connection and structure-compatible.

The ordinary Calabi-Yau case can be retrieved as a particular choice of the ®*,
Pt =ePeBelw | P =ie % BQ, (3.2.59)

with B closed (eventually it can be made zero by a gauge transformation) and ¢
constant. From this particular case we can see that ®* is a generalisation of the
symplectic structure, while @~ captures the generalisation of the complex structure.

3.3 EXCEPTIONAL GENERALISED GEOMETRY

Generalised complex geometry has a natural application to string theory, since it
allows to treat in a geometric way diffeomorphisms and gauge transformations of the
NS sector of supergravity theories, This motivated the introduction of Exceptional
generalised geometry where the generalised tangent bundle admits the action of larger
structure groups, Egg) x R* [59,62, 78|E|, thus allowing to encode also the RR degrees
of freedom of the various supergravities.

1Ed<p) is a non-compact version of the exceptional group E4, meaning the group having as Lie
algebra the exceptional one ¢4, with a number p of non-compact generators. Egg) is the maximal
non-compact form.
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The general definitions of frame bundle, generalised G-structures and generalised Lie
derivative hold also here. An important difference between O(d,d) generalised ge-
ometry and the exceptional one is that in the O(d,d) case the same structure of the
generalised tangent bundle allows to describe both type IIA and IIB and furthermore
it does not depend on the dimension of the manifold My, as we will see in chapter [4]
On the other hand, the exceptional tangent bundle takes a different form depending on
whether one works in M-theory, type ITA or type IIB supergravity, and depending on
the dimension of My, its fibres transform in different representations of the structure
group.

Thus, we are going to analyse the various cases separately, describing the suitable
generalised geometry to describe the theories we will focus on.

3.3.1 M-THEORY

Here we review from [78] the construction of the exceptional geometry for M-theory.
The idea is to construct a generalised tangent bundle whose transition functions con-
tain the three- and six-form potentials of M-theory.

Given a d-dimensional manifold M with d < 7. The O(d,d) group of generalised
geometry is replaced by Eg(q). We define the generalised tangent bundle as isomorphic
to a sum of tensor bundles [59,62], corresponding to the different GL(d, R)n irreducible
representations

E=TM®AN*T*M ® AST*M & (T*M @ ATT*M). (3.3.1)

where for d < 7 some of these terms will not be present.

A generic section of E is written as,
V=v4+w+o+r, (3.3.2)

where v € ['(TM) is a vector, w € I'(A2T*M), so is a two-form, etc.

The bundle is defined together with patching rules. These are such that, given a chart
U, of an atlas covering M, we have

Via) = Va) +W(a) T () + T(a)

(3.3.3)
€ D(TU () ® NPT Uy ® AT Uy @ (T*U() @ ATT*U(y))
for a local section. Then these sections are patched through the whole E as
Vig) = ettemtdhas .y, | on Us NUj. (3.3.4)

The two quantities A(,g) and f\(aﬁ) are respectively a two- and a five-form, and -
denotes the adjoint action of Ey(g). In components this reads

U(a) = V() - (3.3.5a)
Wa) = W(B) T tos A (ap) , (3.3.5b)
O(a) = () + dA(ap) Aw(g) + 3dA(ap) A Lo dA(ag) + tugs AA(ag) » (3.3.5¢)

Tla) = T(3) + JdA(ap) A o) — jdN(ap) A w(g) + jdA(ap) A by dD(ag)

N o (3.3.5d)
+ 3740 ap) N dhap) Awg) + 57N ap) A dAap) A oy AAap) -
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where j denotes the operator

d!

(.7)‘ A :U’)m7 mi..mg (p _ 1)'(d —p+ 1)' )‘m[ml...mp,yump.“md] ; (336)

for A\ € APT* and p € A4PHIT*,

The collection of A(,p) defines this connective structure on the gerbe, satisfying the
series of relations analogous to the (3.2.5)),

Aap) + Aigy) + Aoy = dD(apy) on Uy NUsNU,,

(3.3.7)
Agys) = Mans) + Maps) = Mapy) = dMapys) on Ua NUg N UL N Us.

Similar relations hold for A [61],

Aap) = D) + Ay =dA(agy)
+ ﬁ(/\(a[z) A dA g,y + antisymm. in [aﬁfy]) ,

Aapy) = Maps) T Diays) = A(sre) =dA(apys)
+ ﬁ(/\(mé) A dA(ys) + antisymm. in [aﬁvé]) )

In this case one can notice that the connective structure for A depends on A, this
further generalises the previous gerbe construction [64], but it generates the correct
patching rules that will be reinterpreted as gauge transformations of supergravity
potentials in the next chapter.

Technically the patching rules (3.3.4]) defines the generalised tangent bundle as a series
of extensions,

0 — A’T*M E" s TM 0,

0 , ABT*M s E' E" >0’ (338)

0 —— T*MQAN'T*M E . > 0.

~

Analogously to what we have seen in (3.2.1]), these extensions are splitted [65]| into
the isomorphism (3.3.1)) by the choice of some potentials, formally some connections
on a gerbe |64].

As for generalised geometry, we can define a frame bundle. Let us define {E4} as
a basis of a fibre of the exceptional tangent bundle (A runs over the dimension of
the bundle). As in , the frame bundle is a principal bundle by construction.
An exceptional G-structure is defined as a principal sub-bundle of F', such that its
structure group is reduced to G.

Take into account a point p € M and the exceptional fibre in that point E,. Let {é,}
be a basis for T,M and {e®} a basis for Ty M. Following [61], an explicit basis of E,
can be constructed as

{EA} _ {éa} U {eab} U {eal...ag} U {ea.m...ag} ) (3‘3.9)
Thus, the definition for the exceptional frame bundle (analogous to (3.2.22))) reads

F = {(x, {EA}> | & € M, and {E4} basis of E} (3.3.10)
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By construction, this is a principal bundle with fibre Egj(4y x R*. It might be useful to
consider the decomposition under GL(d,R) of the bundle transforming in the adjoint
representation,

ad 2 R@ (TM @ T*M) ® AN3T*M @ A°T*M & A>TM @ A°TM , (3.3.11)

then one can see it contains a scalar [, a gl(d,R) element r, three- and a six-form A
and A and a three- and a six-vector a and &. Since we are interested in describing
the degrees of freedom of eleven-dimensional supergravity, we will interpret A and A
as the supergravity potentials. In exceptional generalised geometry these are gerbe
connections patched on an overlap U, N Ug as,

Afa) = A(p) + dA(ap)
~ ~ _ 1 (3.3.12)
Afa) = Ag) + dA(ap) = 5dA(ap) A A(p) -

We will see how these reproduces the gauge transformations for potentials in eleven-
dimensional supergravity [59,61,62|. Indeed the invariant field strengths

F=dA,
. -1 (3.3.13)
F=dA - §A ANF,
reproduce the supergravity ones.
Also in the exceptional case we can define untwisted vectors V as
V=ettd. 7, (3.3.14)

where - denotes the adjoint action of the ez & Rt algebra (given explicitly in ap-
pendix [62]. The sections of E are called twisted vectors, while the V' take the
name of untwisted generalised sections.

Also here the Dorfman derivative is constructed as a generalisation of the Lie deriva-
tive. In particular, it holds also the , and similarly indicating by V™ the
components of V in a standard coordinate basis, and embedding the standard deriva-
tive operator as a section of the dual generalised tangent bundle E*, one can define
the Dorfman derivative as

(Ly V)" = VNONV™M — (9 x0a V)M VY, (3.3.15)

where again X,q is the projection onto the adjoint bundle,
Xad : B* X E — ad. (3.3.16)

In terms of gl(d,R) components the generalised Lie derivative can be expressed as

LyV' =L, + (va’ — Lv/dw) + ([,UO'/ —tydo — W' A dw)
I o, (3.3.17)
+ (EvT —jo' Ndw — jw /\da).

The version of Dorfman derivative being able to act on untwisted objects is called
twisted Dorfman derivative and denoted by Ly,

Lo A= e 4L a0 (eAAA) (3.3.18)
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where A is a generic generalised tensor.

The explicit form of the twisted derivative is the same as the untwisted one, modulo
the following replacements,

dw — d& — 13 F,
~ S (3.3.19)
do—>do—wzF+0ANF.

We collect in the appendix [B] the other relevant objects and representation bundles
for exceptional generalised geometry.

3.3.2 TvypPE IIA

The relevant generalised geometry for type ITA theories has been constructed in [12].
The structure group for a d-dimensional manifold is Eq1(g41) X R*. The generalised
geometry for ITA can obtained by a reduction o f the M-theory one. We give this
construction explicitly in appendix [Bl here we just collect the most important results
and definitions.

The generalised tangent bundle iF is isomorphic to
EXTM&T*M & ANT*M & A™"T*M & (T*M @ A°T*M), (3.3.20)
and a generic section can be decomposed according to a GL(d,R) as
V=v+A+o+w+r, (3.3.21)

where v is a vector, A a one-form, o a five-form, w a polyform in I'(A®¥*"T*M) and
7€ T(T*M ® AST*M).

As in M-theory E s defined by a series of extensions,

0 —— T*M > B s TM > 0,
O N AevenT*M N E// E/// N 0
’ (3.3.22)
0 — AT*M E' E" » 0.
0 —— T*M @ AST*M E s E' > 0.

In order to define the parching rules for potentials and generalised vectors, first we
define the untwisted section V=0+ A+ + &+ T as

V =ePeBeC .V, (3.3.23)

where, as usual, - denotes the adjoint action of the structure group algebra. This twist
concretely specifies the isomorphism (3.3.20). An explicit expansion of (3.3.23)) can

be written as,

V=17,
)\:5\+LﬁB,
oc=6+1;B— [S(C)A(@"‘%L{)C‘i‘%;\/\C)} ,
i 5 (3.3.24)
w:e_B/\(cZ)+LgC'+)\/\C’),

7':7~'—|-jB/\[5—8(0)/\((Ij—i-%L@C+%5\/\C)]5+jé/\(5\+LgB)
— Js(C) A (@ + 31:C + AN C),
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where [-];; denotes the degree k-form of a polyform.

The patching rules for the generalised vector V' on the intersection U, N Ug of two
charts U, and Ug, reads

Vig) = ethem d%am edhen g (3.3.25)

where A, is a one-form, ]\(aﬁ a five-form, and {2,g) a poly-form of even degree,
all defined on U, N Ug. In the (3.3.25) we have dropped the transformations due to
the GL(d,R) action. Plugging into and reorganising the exponentials
on the right hand side, one obtains the patching conditions for the adjoint fields
(corresponding to gauge transformations of supergravity potentials),

B(a) = B(g) + dA(ag) ;
Cla) = C(p) + eP@ TR N dQ ), (3.3.26)

Biay = Bis) + dA(ag) + § [dap) A 70700 A 5(Crg))]
As we clarify in appendix these do indeed correspond to the finite supergravity
gauge transformations between patches (here given for vanishing Romans mass, m =
0). As in the previous case, this construction generalises the standard definition of a
gerbe connection.

It is also useful to consider the decomposition under GL(d,R) of the adjoint bundle
ad C E® E",

ad = RAGR, @ (TM @ T*M) ® A°TM ® A*T*M & ASTM & AST*M

3.3.27
@ AU TN @ AT M ( )

Its sections R can be written as
R=Il+p+r+B+B+3+B+T+C, (3.3.28)

where r € End(T") will correspond to the GL(d, R) action, while the scalars [ and ¢ will
be related to the shifts of the warp factor and dilaton, respectively. The forms B, B
and C = C1+C3+C5 will encode the internal components of the NSNS two-form, of its
dual and of the RR potentials. The other elements are poly-vectors obtained by raising
the indices of the forms, and do not have an immediate supergravity counterpart.

To conclude this discussion, we want to raise an observation about the relation between
the Eg(q) x R™ generalised geometry and the O(d, d) one. Indeed, one can additionally
view E as an extension of Hitchin’s generalised tangent space E’ [57,58| by O(d, d) x R™
tensor bundles, as we describe in appendix [B.4}

The Dorfman derivative for the massless type IIA can be obtained by the (3.3.17) by
a dimensional reduction, or by analogy from (3.3.15). Using an index M to denote
the components of a generalised vector V' in a standard coordinate basis,

M __ m
VE = {U ?)\m7O—mlu.m57Tm,ml...m67w’wm1m27wm1...m47wm1...m6} 5 (3329)

and embedding the standard derivative operator as a section of the dual generalised
tangent bundle E*, Oy = (O, 0,...,0), the Dorfman derivative is defined as [61]

(Ly VM = VNN V™M — (9 x0q V)M N VIV, (3.3.30)
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where X,q is again the projection onto the adjoint bundle. In this case, this explicitly
gives

OXaqV=0xv—d\+do+dw . (3.3.31)

We recall this operator satisfies the Leibniz property (3.2.48|) and is not antisymmetric.
Hence, the generalised Lie derivative for massless type IIA in GL(d,R) decomposition
reads

Ly V' =dL,v" + (LoN — tpdX) + (Lyo" — tyydo + [s(w') A dw]s)
+ (Lo 4+ jo' ANdA+ N @ do + jis(w') A dw) (3.3.32)
+ (Low' + dA AW = (1 + N A)dw) .

This can also be written in terms of natural derivative operators in O(d, d) generalised
geometry, see appendix [B.4]

The action of the generalised Lie derivative on the untwisted bundle can also by
defined. Let us denote L the twisted Dorfman derivativd’} defined as follows,

LoV’ = e CeBe B LV (3.3.33)

This is completely analogous to the twisted Courant bracket defined in (3.2.53)). Op-
erationally it is useful to get the twisted derivative by the untwisted one by replacing

in the (3.3.32),

d\ — d)\ — 3 H ,
dg — d& — [s(@) A Flg, (3.3.34)
Ao — dg@ — (15 + AN F.

where H is the three-form H = dB on M, F = F>+ F; + Fg is a polyform made out of
field strengths of the potentials C' in , and dy is the twisted exterior derivative
defined by dg = d — HA. These field strength forms transform in a generalised bundle
which is a the 912_; irreducible representation of Ez7y x R* [60].

In view of the application of this formalism to supergravity theories, it is useful to
stress again that the Dorfman derivative generates the infinitesimal generalised dif-
feomorphisms on the internal manifold M. Interpreting a generalised vector V as a
gauge parameter, the infinitesimal gauge transformation of any field is given by

Sy = Ly .

The Leibniz property (3.2.48)) then just expresses the gauge algebra [0y, dv/] = 01, 1.

We want now to see how to include in the formalism the Romans mass. In a string
theory perspective this corresponds to a D8 brane filling the ten-dimensional space-
time. One of the main results of my work is the description of a generalised geometry
for type ITA accommodating also the Romans mass.

We have seen in the previous chapter how exceptional generalised geometry can acco-
modate all the fluxes of type II supergravity and M-theory by twisting the exceptional
tangent bundle by their potentials. The difficulty in incorporating the mass m in the
generalised geometry formalism is that the zero-form flux m = Fy is not expressible
as the derivative of a potential. This means that it is not possible to introduce the
mass term as an additional twist of the generalised bundle F, as for the other fluxes.

ZWhen the generalised tangent bundle is untwisted, the Dorfman derivative is twisted, and vice-
versa.
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The key point in solving this problem is to look at the way the gauge transformations
of the NSNS and RR potentials are realised in exceptional generalised geometry.

We saw in (2.2.17) how the mass affects the gauge transformations of type IIA super-
gravity. Since the gauge transformations of the supergravity potentials are encoded in
the way the twisted generalised vectors patch, the introduction of the Romans mass

requires a modification of the patching conditions (3.3.25) and (3.3.26)). Following
a reasoning that schematically derives the patching conditions from gauge transfor-

mations (see appendix for a more detailed discussion), we find the new patching
conditions of the form

Vie) = A8 (ap) 0dap) M2 (0 p) g =AM (ap) —M A(ap) Vig) - (3.3.35)

This condition reproduces the massive supergravity gauge transformations on overlap-
ping patches U,NUp. A first-principles derivation of this is also given in appendix [B.3]

Although the structure of the exact sequences (3.3.22)) is left intact by this deforma-
tion, the precise details of the twisting (3.3.35] do changﬂ An important feature of
massive type ITA is that by virtue of the Bianchi identity we have (globally)

Hy = LdR, (3.3.36)

so that for m # 0, Hjs is trivial in cohomology. Thus, the first extension in (3.3.22]) is
naturally equivalent to the trivial one.

Also, a pure NSNS gauge transformation no longer acts in the O(d, d) subgroup of
Egi1(a41) X R*, simply because it also generates a C; RR potential. As such, there
is no massive version of Hitchin’s O(d, d) generalised geometryﬂ

The modification of the patching condition also requires a deformation of the
Dorfman derivative. Recall that the latter generates the infinitesimal gauge transfor-
mations, and that these are affected by the Romans mass via the shifts . It
follows that the massive form of the Dorfman derivative is obtained implementing the

same shift in the massless expression ([3.3.32))

Ly V' =L + (LN — tyrd))
+ (Lyo" — 1y (do 4+ mws) + [s(w') A (dw — mA)]5
+ (Lo + jo' ANdA+ N ® (do + mws) + js(w) A (dw —m))
+ (Low + dAAAW = (L + NA)(dw — mN))

(3.3.37)

which contains the mass as a deformation parameter.

More formally, (3.3.37) is related to the massless Dorfman derivative (here denoted
by Lm=0)) as

LV = L m(V) -V (3.3.38)

3A consequence of this is the following. In massless ITA we can project a generalised vector onto
its vector and zero-form parts v + wo, giving a well-defined section of a bundle with seven-dimensional
fibre. This is the dimensional reduction of the M-theory tangent bundle T'M;. However, with the
massive ITA patching rules , this projection would no longer give a section of a bundle with
seven-dimensional fibre. Hence, the massive patching rules do not arise from a seven-dimensional
geometry.

4Though see [79] for a double field theory approach to this, where the Fy flux is generated by
introducing a linear dependence on the additional non-geometric coordinates dual to the winding
modes of the string.
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where, given a generalised vector V', we define the map m such that
m(V) = mA — mwg (3.3.39)
is an object that acts in the adjoint of E77) (see (B.2.7)) as
m(V)- V' =m(—tyws — AANW) + N Q@ws =A@ wp + Ly A+ X AX) . (3.3.40)

It is a tedious but straightforward computation to verify that (3.3.37)) satisfies the
Leibniz property 3.2.48|ﬂ
To justify further our definition, we rewrite the massive Dorfman derivative in the
untwisted picture. Using (3.3.33)) we find
]LV‘N// :ﬁqu)/ + (ﬁﬁj\l — L@/dS\ + L@/Lf]H)
+ L6 — 1yde
+ [Lg/(s(d)) AF)+s(@) A (do— HA® — (15 + XA)F)} i
+ L7 4 & A (AN — i H) + N @ (d6 — [s(@) A Flg) (3.3.41)
+js(@) A (do — HAQ — (15 + A)F)
+ L@ + (AN — 1z H) NG
— (o +NA) (D — HAG — (15 + IF)
where F' = Fy + Fy + Fy + Fg is now the complete O(6,6) spinor with m # 0. So
the twisted version of the massive Dorfman derivative produces precisely the expected

gauge transformations with flux terms including the Romans mass. Again, these are
given by the action of (2.2.9)), now with m # 0.

Note that of all the flux terms in (3.3.41]), the mass term is the only one which is
diffeomorphism-invariant. It is also the only true deformation of the generalised Lie
derivative, since it cannot be removed by twisting the generalised tangent bundle.

3.3.3 TypPE IIB

For the review of this part we will closely follow [80]. For type IIB the structure group
of the principal frame bundle is the same as the type ITA case, Eg,1(441) ¥ R* for a
d-dimensional manifold M [62,81].

On a d-dimensional manifold M, the generalised tangent bundle is
EZTM&TM @ (T*M & A3T*M & AST*M) & A°T*M
@® (T*M @ AST* M) (3.3.42)
=TM @ (T*M®S)® AT*M @ (MT*M @ S)® (T*M @ AST*M),
where, as usual, F is defined formally by an extension and it is isomorphic to the sum
of spaces in (3.3.42)) by choosing the potential maps, i.e. the connective structures

on the gerbe. In the (3.3.42)) the S transforms as a doublet of SL(2,R). We write
sections of this bundle as

V=v+XN+p+o+7, (3.3.43)

5 A very subtle point is that neither of the terms on the RHS of ([3.3.38)) transforms correctly as a
generalised vector under (3.3.35), and as a consequence m (V') does not transform as a section of the
adjoint bundle. However, overall Ly V' defines a good section of E.
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where v € T'(TM), X' € T(T*M ® S), p € T(A3T*M), 0 € T(A°T*M ® S) and
7€ T(T*M ® AST*M), the index i = 1,2 is the one labelling the fundamental repre-
sentation of SL(2,R).

As before, the patching conditions reproduce the type IIB supergravity gauge trans-
formations. Given a cover {U,} of M on can define the generalised section V{,) on
Ua NUg by the V(g) as follows,

dA¢ dQ,,
Vig) = e MenTEen  yg (3.3.44)

which - denoting the adjoint action and A and Q are locally a pair of one-forms and
a three-form respectively. By defining the untwisted vector

V= B0V, (3.3.45)
and comparing the two actions, we find

i i (7)
(@) = Bla) TdA 5

, ‘ . (3.3.46)
Cla) = Cip) + dap) + 56150 (o5) A Big) -
The adjoint bundle is
adF =R@ (TM QT*M) & (S® 5% @ (S ® A2TM) @& (S ® A°T*M) (3.3.47)

O ATM & AT M @ (S®ATM) @ (S® AT M),

where the subscript on (S ® S*)¢ denotes the traceless part. We write sections of the
adjoint bundle as

R=Il+r+a+f +B +y+C+a +d, (3.3.48)
where [ € R, r € I'(End(T'M)), etc.

The action of the Dorfman derivative on a generalised vector in type IIB is

LyV' =L, + (LN — 10dN) + (Lyp) — 20dp + €A\ A NY)
+ (Ly0"" —1pdo’ +dp AN —dN A p) (3.3.49)
+ (Lo = €ijg N Ado? + jp' Adp + €ijjo’t AdN) .
The expression for Dorfman derivative acting on a section of the adjoint bundle is
given in the appendix

Also here one can give the twisted Dorfman derivative Ly of an untwisted generalised
tensor A, defined by

LoA=eP"CL s oo (ePHCA). (3.3.50)

The twisted Dorfman derivative Ly is given by the same expression as the usual
Dorfman derivative but with the substitutions

d\' — AN — o3
dp — dp — 1 F — e; AN F7 | (3.3.51)
do’ = dg' + XA F —pAF*,

We collect further details about the exceptional generalised geometry in appendix [B]
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3.3.4 GENERALISED METRIC

In this section we briefly review some examples of generalised structures. For con-
creteness we restrict ourself to type IIA, however we refer to [61,[80] for a detailed
discussions of the other cases.

In the same way as the ordinary metric on a manifold M can be seen as an O(d)
structure on T'M parameterising the coset GL(d,R)/O(d), the generalised metric can
be seen as an SU(8)/Za structure on the generalised tangent bundle, and for a six-
dimensional manifold it parameterises the coset E(7)/(SU(8)/Zz2). The construction
of the generalised metric is a natural extension of the one we have described for the

O(d,d) case in section

The generalised metric G can be defined by its action on two generalised vectors V
and V' as

3
GV, V') =020 + XN + 626" + 727 + ) Gy,
k=0
= 0, + NN, A GG, G E TR e (3:3.52)

3
1 ~Mmi..mog ~/
+ Z (2k)! w Wini...moy
k=0

where the indices are lowered/raised using the ordinary metric g, and its inverse
gmn_

One can also define a generalised frame {E’A} on E and then construct the inverse
generalised metric as the tensor product of two such frames

G '=6PE, 0 Ep. (3.3.53)

We will give below a precise definition of this product. To construct the generalised
frame, we first consider the untwisted generalised tangent bundle E., in an analogous
way to the construction in O(d, d) geometry. Let é,, with a = 1,...,6, be an ordinary
frame, namely a basis for the tangent space at a point of Mg, and let e be the dual

basis for the cotangent spac Then we can define a frame E4 for the untwisted
generalised tangent space as the collection of bases for the subspaces that compose it

[Ea} = {ea} UL} U e} U fer oo} U {1}

(3.3.54)
U {ealag} U {6(11.‘.(14} U {eal'“%} ’

where eM% = ™ A ... Ae% and e®M% = ® ® 1% A frame for the twisted
generalised tangent space is obtained by twisting (3.3.54) by the local Eg(7) x Rt
transformation ) ~

Ey=eBeBeleRe? By, (3.3.55)
where in addition to the twist (3.3.23)) we also include a rescaling by the dilaton ¢

and warp factor A, acting as specified in (B.2.7)). Because of the rescaling by A the
frame (3.3.55) was called conformal split frame in [63]. Note that (3.3.55) is just a

particular choice of frame, not the most general one. Any other frame can be obtained
from (3.3.55)) acting with an E(7) x R™ transformation.

SWe are using the hat symbol to distinguish frame vectors, é,, from co-frame one-forms, e®.
Similarly, the hat on F4 indicates that this is a generalised frame vector.
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We denote the components of 4 carrying different flat indices as
{Ba} = (€} U{E"} U{E0} U (£} U{E} U £} U (€419} U (£}

Explicit expressions for each of these terms are given in appendix [B:2.1]

Once we have the generalised frame, we can derive the expression for the inverse
generalised metric G~!. Expanded in GL(6) components, the product (3.3.53]) becomes

_ I A A ’ ’ o1
G =690 @ Eur 4 000 & W EY +E D E + 504,01 0000, € @ EM1
/ / / /
4 %5(11(1& . 6a4a25a1...a4 @ EMT | ééala'l . (5[150/55(11'"(15 ® EM-+05
/ / ey !
4 é(sala’l . 5a6ag8a1ma6 ® £91--06 + ééaa’éala’l . 5a6aéga,a1...a6 ® £a5ar--a5

which is nothing else than the inverse of (3.3.52)) calculated on frames. The full
expression for G~! is long and ugly, so we only give the terms that will be relevant
for the next discussion. Arranging them according to their curved index structure, we
have

(Gt = 23 gmn
(G =g Cy
(G H" = —2AgmrB,
(G "y = €229 (Conp — CyBup) ,
(G " upgr = €229™ (Conpar — CofnpBar + %CSB[anqT]) ’

(G71) = (72 4 g™ CC)

(3.3.56)

These terms will be sufficient to read off all the supergravity physical fields from the
generalised metric (we are omitting the formula determining B, mq). Some other
components of G 1 are

(g_l)m = ezAganannu
(g_l)(mn) = ezA(gmn =+ gqumeqn) )
(gil)[mn] = _62A <€72¢an - gquq(Cpmn - Cmen)> )

(G mump = —€2 (9minCp) + 97 By (Crnp — Cr-Bnp)) -

(3.3.57)

There is also a density associated to the generalised metric which trivialises the R
factor of the Eqyq(qy1) X R* structure group. In terms of the field content of type IIA
it is given by

® = (det Q)_(g_d)/(dimE) = gl/2 72084 (3.3.58)

as can be seen by decomposing the corresponding M-theory density [63]. This equation
provides an easy way to solve relations such as explicitly for the supergravity
fields. For example, to solve the first, second and last of equations in , one can
begin by setting

(M1 = (g™ = 2B g™ (3.3.59)

The second of equations (|3.3.56)) then becomes

Cry = Myn(G7H", (3.3.60)
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which can be substituted into the last equation in (3.3.56) to give
e?2e 2 = (G7Y) — My (G"H™(GH" = Q. (3.3.61)

One then easily obtains the expressions for gmn, Cm, €™ and e 2% as

1/6 1/3
A — ) =20 — Q*vdet M
QVdet M ’ @ ’

1/3
Imn = an (Q\/(i:ﬁ) 3 Cm = mn(g_l)n 5

where M, Q and ® are given in terms of the generalised metric as above. In par-
ticular, we have expressions for e®

in ((3.3.56)) becomes straightforward.

The above method to compute the warp factor from an arbitrary generalised met-
ric involves evaluating det G, which is in general a slightly difficult computation. A
simpler way to attain the same result is to evaluate the determinant of a subset of
the components of the generalised metric, denoted H, corresponding to the degrees of
freedom in the coset

(3.3.62)

and gmn, so that solving the remaining relations

SO(d,d) x Rt
SO(d) x SO(d)

Explicitly, we construct #~! in components via

-1 _ (g—l)mn (g—l)mn B gmn —(g_lB)mn
7‘[ 1 = ((g_l)mn (g—l)mn> = 62A <(Bg—1)mn (g_ Bg_lB)mn) (3364)

where in the second equality we have used (3.3.56)) and ([3.3.57)). We recognise the last
matrix as the components of (the inverse of) the O(d, d) generalised metric (3.2.32]),
which has unit determinant |58|. Therefore we can immediately write

He (3.3.63)

e = (det #) /47, (3.3.65)

We comment on the appearance of the O(d, d) generalised metric in appendix

3.3.5 GENERALISED PARALLELISATION

The goal of this section is to extend the definition of identity structure given in the
previous chapter to the exceptional case. This was firstly defined in [81], and extended
in [12].

Namely, a generalised parallelisation {E A} (A=1,...,N, where N is the dimension
of the generalised bundle) is a globally defined frame, or a set of N globally defined
vector fields defining a basis of E|, at each point p of M. The latter is a topological
condition. In addition one can add a differential constraint on the frame {F4},

Ly Ep=X,5Ec, (3.3.66)

with constant coefficients X ,5¢. Following [81], we call this a generalised Leibniz
parallelisation. The name comes from the fact that since the Dorfman derivative is
not antisymmetric, the frame algebra (3.3.66|) is not a Lie algebra, but in general a
Leibniz one.

In [70] using O(d, d) generalised geometry, it is proven that a necessary condition to
admit a generalised Leibniz parallelisation is to be an homogeneous space, that is a
coset space in the form G/H. This result is extendable to the full Eg.4 bundle.
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3.3.6 GENERALISED HV STRUCTURES

Here we review briefly the results of [13], in order to describe the so-called HV struc-
tures as generalised G-structures on the exceptional frame bundle. These will describe
AdS backgrounds of various supergravity theories.

As for ordinary G-structures, the existence of globally defined generalised tensors
reduces the structure group of F and defines generalised G-structures in exceptional
geometry.

As shown in [13)80,82], a supergravity solution with eight supercharges is characterised
by the existence of the so-called hyper- and wvector-multipletstructures, defining the
relative generalised G-structure.

A hypermultiplet structure |80], or H structure for short, is a triplet of sections of the
weighted adjoint bundle (one can see appendix [B)) for details)

Jo € T(adF @ (det T*M)/?) (3.3.67)
such that
[Ja, Jo) = 26€qpede and  tr(JoJy) = —K20gp - (3.3.68)

In the cases we are going to be interested in, i.e d = 6,7, the triplet J, realises a
Spin*(12) C Ez(7) x R structure and an SU*(6) C Egg) x RT respectively.

A wector structure, or 'V structure, is given by a generalised vector
K eT'(F) (3.3.69)
that has positive norm
g(K)>0 or ¢K)>0, (3.3.70)

where g(K) denotes the Er7) quartic and ¢(K) is the Eg(g cubic invariant. The
generalised vector K defines an Egp) and Fyy) structure in D = 4 and D = 5,
respectively.

One can impose the following compatibility conditions on J, and K

2/q(K)bwy, D=4
Jo- K =0 and tr(JoJy) = a(K)dap (3.3.71)
—c(K)dap D=5

The pair (Jg, K) is then called an HV structure and defines an SU(6) = Spin*(12) N
Eg(2) structure and a USp(6) = SU"(6) N Fyy4) structure in D = 4 and D = 5,
respectively (see [80]). The explicit form of the HV structure depends on the theory
and the dimension of the compactification manifold. For instance, the generalised
vector K is

(3.3.72)

) ftwto+T M theory
B E+N+ptot+T type 11B

As discussed in [13,80], and analogously to other G-structures, the integrability of
these structures is achieved by imposing a set of integrability conditions on (J,, K),

ta(V) = Ay (V) YV eT(E), (3.3.73a)
LxkK =0, (3.3.73b)
LiJa = €abcrv e, Ligda=0, (3.3.73¢)
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where the second condition in (3.3.73c|) only applies for D = 4.

When A, # 0, this structure is called exceptional Sasaki-FEinstein |13, while in the
case of A\, = 0 it takes the name of exceptional Calabi- Yau |80).

On can show that these are equivalent to the Killing spinor equations for backgrounds
preserving N' = 2 supersymmetry.

The functions e (V') are a triplet of moment maps for the action of the generalised

diffeomorphisms,
1
o (V) = —eabc/ tr(JpyLy Je) . (3.3.74)
2 M

We will see how the constants )\, depend on the theory: they are zero for Minkowski
backgrounds, while for AdS are related to the inverse of the AdS radius |\| = 2m for
D =4 and |A| = 3m for D =5, where |A\|?> = A} + A3 + A\3. Finally, the function 7 is
defined as

Y(V) =2 [y a(K)"2q(V. K, K, K) D=4,

YV) = [y (V. K, K) D=5. (3.3.75)

The integrability conditions have important consequence, that we are going to explore
further in the next chapters. For instance, the generalised vector K is a generalised
Killing vector, that is

LgG =0, (3.3.76)

where the generalised metric G in (3.3.52). The generalised Killing vector condition
for M-theory is equivalent to

Leg=0, LeA—dw=0, LeA—do+idonA=0, (3.3.77)
while in type IIB one has

,ng =0, ££C =dp— %eijd)\i A B7 ,
LeBH—dN =0, LeB=do' + LdN A C — Ldp A B + Lew B A B A AN
(3.3.78)

The generalised Killing vector condition on K means that the action of the generalised
Lie derivative on the untwisted objects reduces to the usual one,

Ly = Le, (3.3.79)

where £ denotes the (necessarily non-vanishing) vector component of K. By virtue
of this is equivalent to the vanishing of the tensor Ry, in . We will refer
to (3.3.73a) as moment map condition while to (3.3.73b)), (3.3.73c) and the vanishing
of Ry, in as Li condition. K is called generalised Reeb vector because it
naturally generalises the isometry described by the usual Reeb vector in Sasakian
geometry.

We will analyse further these structures in the chapters [4 and




CONSISTENT TRUNCATIONS

4.1 INTRODUCTION AND MOTIVATIONS

The aim of this chapter is to discuss the general approach to supergravity compacti-
fications with fluxes.

This thesis is devoted to the study of supersymmetric compactifications with some
non-trivial fluxes. We will see in the first part of this chapter how requiring some
amount of supersymmetry on the lower dimensional theory constrains the geometry
of the internal manifold M, such that it must admit geometrical structures like the
ones we described in chapter [I] For the well-known case of fluxless compactification
of a 10-dimensional type II supergravity to a minimal supergravity in 4 dimensions,
the constraints on the internal manifold requires it to be a Calabi-Yau three-fold [3].
When we allow fluxes to be turned on, the supersymmetry conditions can be cast in a
compact and elegant form using Generalised Geometry and generalised structures we
introduced in chapter

We start by reviewing supersymmetric backgrounds. In addition, after describing the
standard Calabi-Yau N = 2 four-dimensional compactification of type II theories, we
summarise how to include NSNS flux, and which problems would arise if one considers
the whole set of fluxes. Then, the discussion moves on parallelisable spaces and how
this structure can be useful to define Generalised Scherk-Schwarz reductions.

4.2 KALUZA-KLEIN DIMENSIONAL REDUCTIONS

The idea of introducing extra-dimension to get some sort of unification of different
phenomena is not recent. It dates back to the works of Kaluza and Klein [83]84]
who studied how a spontaneous compactification of a purely gravity theory in five
dimensions i can give gravity and electromagnetism in four-dimensions. .

We want to briefly review the Kaluza-Klein reduction in arbitrary dimension. We will
follow and refer to these works for more details [85/86]. Firstly, we aim to reduce a
(d + 1)-dimensional purely gravitational theory down to d-dimensions, by a reduction
on a circle S}% of radius R. For simplicity, we suppose the d-th spatial coordinate

63
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is the periodic one, and we call it y, i.e. for any integer k, y 4+ 27kR ~ y. The
(d + 1)-dimensional vector of coordinate is ™ = (z#,y), where M = 0,...,d and
w=0,...d—1.
Let us take into account the usual Einstein-Hilbert action for (d + 1)-dimensional
gravity,

1 a1,
The periodicity of the d-th spatial dimension allows us to write the expansion in
Fourier modes of the metric along that direction

o(z,y) =Y g®(a)e*v/ R
k

At this point we can substitute the Fourier expansion in the action and integrate
y away over the S'. However, doing this one would have a d-dimensional theory
with an infinite tower of states, labeled by k. In order to find an effective lower
dimensional theory with a finite number of degrees of freedom, we have to define a
so-called truncation ansatz, namely a prescription telling us which modes (in this case
of the metric expansion) we keep and which ones are to set to zero. In this toy-model
the criterium to truncate the spectrum is readable by the equation of motion (the
Einstein equation Ry = 0). We linearise this for small fluctuations around the flat
Minkowski solution My x S1, we get

(gMN>dszzN = mwdx“dx” + dy2 ,

where we assumed the v.e.v. of the last component to be (gqq) = 1. Taking the
circle radius R small enough, we can make all the states with n # 0 very massive,
thus we can neglect them in a low energy approximation of the theory. To conclude,
we can define a truncation to lower dimensional massless modes by keeping only the
k = 0 modes of the Fourier expansion, which are masslees and are y-independent. For
instance, we can reduce the higher dimensional metric as follows,

gundzMdN = 62“¢($)guydx“dx” + e259@) (dy 4 A)?,

where o and 8 are real parameters and ¢(x) is a real function of the = coordinates
only. Lastly, A is a one form A, (z)dz*. Explicitly, this ansatz gives the prescriptions,

v = e2a¢)g,u1/ + €2B¢AMAV ) Oud = 62B¢Au > 9dd = P9

Substituting the quantities in the higher dimensional action functional, and integrating
over S', allows us to write

1

s /d%\/fg <R—;(8¢)2—1

_ —2(d—1)aé
= 952 Rl F“"FW>’

where F),, = 20,4, and k? = k?/2nR. We imposed also a the following normalisa-
tions for o and S,

5 1
- 2(d—2)(d—-3)’

in order to get a correctly normalised kinetic term for the scalar field [86].

o ﬂ:—(d—?))()é,

To conclude, we obtained the Maxwell-Einstein action — with an additional scalar ¢
called modulus, on which we will come back shortly — by reducing a purely gravitational
theory on a circle. The gauge symmetry A — A + d\ is a consequence of the metric
ansatz, when one (z-dependently) reparametrises the circle.
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4.2.1 CONSISTENT TRUNCATION ANSATZE

The reduction exposed above is a useful toy-model of reduction. However, in string and
supergravity compactifications one has to cope with much more involved techniques.
This because the action is not just gravity and also because the compactification
manifold is usually more complicated than a circle. Despite this, there are some main
points we can highlight since they are common to a large number of compactification
procedures.

As previously mentioned, we want a lower dimensional theory with a finite number of
degrees of freedom. In order to achieve this, we have to give a prescription indicating
which fields we keep and which ones we have to “truncate out”. In other words a
truncation of the higher dimensional modes on the internal manifold is necessary. We
call this prescription truncation ansatz. In our toy-example, the truncation ansatz
was readable explicitly, but in general life is much harder.

One way to procede is to focus on a vacuum state in low dimension and study the
perturbations about this vacuum. The truncation prescription is given by the so-called
Kaluza-Klein ansatz. A nice review about this topic is given in [87].

Briefly speaking, the procedure to get the truncation ansatz can be described schemat-
ically as follows. Firstly, one considers a vacuum of the higher dimensional theory that
exhibits a spacetime solution structure as a product of spaces, the lower-dimensional
spacetime and the internal space. Secondly, the equations of motion are linearised
around vacuum. This produces some massive operators from the lower-dimensional
perspective. Expanding the higher-dimensional degrees of freedom into the eigen-
states of these massive operators, and keeping only the massless modes concludes the
procedure.

It is noteworthy that in general the ansatz gives a good way to study linear fluctua-
tions about the chosen vacuum, but the theory coming out of this might not capture
the whole information the higher-dimensional theory had originally. In the previous
example the expansion to all-order of the ansatz was achieved by truncating out all the
fields depending on the coordinate on the circle. However, already taking into account
slightly more complicated spaces this extension will be highly non-trivial, often not
possible at all. Therefore, Kaluza-Klein anstaze are limited to describe the physics
around a chosen vacuum.

One can chose to follow another approach. This consists of defining a truncation
ansatz based on a given symmetry, that is keeping the modes which are invariant
under some group of transformations. The typical group of transformations one takes
into account is a subgroup of the isometry group of the internal manifold. This
approach can be applied with fruitful results to the cases where the internal manifold
is a group manifold or a coset space, since the isometry group is manifest [88}[89).
The simplest example to consider is the U(1) reduction. Notice that since S = U(1),
our toy example describes this second approach as well. Keeping only the higher
dimensional fields independent on y is equivalent to take only the invariant fields (i.e.
the singlets) under the U(1) action.

At this stage, it is useful to make some remark about this second approach. A first
point to raise, the truncated theory is not always physically relevant, since the lower
dimensional physics may not be captured completely by the compactified theory. How-
ever, it is mathematically well-defined and independent from the choice of a specific
vacuum. The second noteworthy aspect — crucially important in this thesis — is that
the dimensional reduction based on the use of a symmetry is able to give ansatze that
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are consistent. A consistent truncation is a choice of a finite set of modes, where the
omitted ones are not sourced by the subset chosen. This is equivalent to say that the
set of truncated modes has a dynamics which is not affected by the others. This fact
allows us to say that a solution to equations of motion in the lower dimensional theory,
which is a linear combination of only truncated modes, always lift to a solution also
on the higher dimensional theory. It might be useful to consider a simple example to
understand what we mean for consistent truncations. Given a theory of two scalars
with Lagrangian,
mi , mj

1 9 1 2 2 2
L==( —(Opg)? — L2 - 22 .
2( 01)” + 2( ©2) 5 Pl 5 ¥2— 9¥1es

It generates the following equations of motion,

Du0 o1 +mipr = —2g¢p1902,
Du0t s + 302 = —gpi .

Therefore, we can observe how 1 = 0 is a consistent truncation, ¢.e. the evolution
of ¢y is given by a consistent (with the choice of suppressing (1) equation of motion,
and fixed ¢; = 0 at the initial time, it will remain fixed at all times. In other words,
1 = 0 is both a solution of the theory reduced to the only field ¢, and of the full
theory of the two scalar fields (1, 2. On the other hand, dropping p2 = 0 is not
consistent, since the dynamics of ¢ will affect o, due to the fact 1 acts as a source
term for s.

In this very simple example, the truncation it is easy to find by simply playing with
the equations of motion. Not surprisingly, in the case of dimensional reductions things
are not so simple and in order to have the hope of finding a consistent truncation we
have to rely on symmetry.

Let us reconsider our toy-model of reduction again. We have seen how by dimension-
ally reducing a theory of gravity over a circle we get a theory of gravity coupled with
electromagnetism and a free massless scalar (at linear order). This field is related to
the radius of the compactification circle and how it varies along the d-dimensional
spacetime. There is not a procedure that tells us which value R has to take dynam-
ically during the compactification and this reflects in the presence a free scalar, i.e.
with no fixed (by some potential) vacuum expectation value, vev from now on. This
is a characteristics that is often present in compactifications: the background exhibits
a continuous degeneracy related to the variations in size and shape of the compact
space. The fields parametrising this degeneracy are called moduli and when the com-
pactification does not produce any scalar potential (which constrains their vevs), one
says moduli are not stabilised. In our example we just have one massless scalar field,
but typically Calabi-Yau compactifications produce a large number of moduli. This
goes under the name of moduli problem.

One wants moduli to be stabilised for various reasons. First of all, the observables of
the lower-dimensional theory depends on the moduli, so, if their vevs can be shifted
arbitrarily the theory loses predictivity. One may be thinking that this situation is
similar to handle Goldstone bosons. Spontaneous symmetry breaking is the reason of
the origin of the Goldstone modes, indeed the physics in any vacuum connected by
a Goldstone mode is the same, since all these vacua are equivalent due to symmetry.
Moduli, however, do not need a symmetry to arise and hence in general physics will
depend on their values. Then one finds a space of physically inequivalent vacua (the
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notorious moduli space) related by varying the vev of the moduli. Furthermore, phe-
nomenologically massless scalar fields should mediate long range interactions, but this
contradicts the observations. Finally, a more formal point of view is to answer to the
question “how can the masses of particles in Standard Model come from a theory with
no free parameters?” |4,90].

1

!
1
1

Flu;(es

FIGURE 4.1: A schematic representation of a compactification in the presence of fluxes.

A possible path to follow in order to solve the moduli problem is to find a mechanism
to generate a scalar potential in the lower-dimensional action. This would have the
effect of stabilise the moduli (giving them a mass and a fixed vev). A great number
of results in this direction have been reached in the last twenty years, realising that
it is possible to generate a non-trivial scalar potential in a compactification through
fluzes [4-6]. One can find some nice reviews of the subject in [7-10].

Fluxes are higher rank objects generalisation of the electromagnetic field strength.
They are associated with a non-zero background value of the supergravity p-form field
strength. To be precise, let F}, be a p-form field strength whose Bianchi identity is

dF, =0,

locally, one can always associate a potential C},_1 such that F,, = dC,_;. When sources
are present it is not possible to have a globally well-defined potential, and the integral
over a a p-cycle ¥, on the internal compact manifold M it is not automatically zero.
Then we say there is a flux of F}, on M supported by ¥,

1
—— | F,=k .
(27T£s)p_1 /Evp P ?é 0

As for the familiar Dirac’s monopole, one can impose quantisation conditions on fluxes
so that k can take only discrete values. Roughly speaking, this number corresponds to
how many times the extended object associated to the flux wraps around the cycle ¥,
see figure Requiring the presence of these quantities in the dimensional reduction
we can generate a potential V' for the scalars in the lower dimensional theory, that
will come from the kinetic term of the internal components of the fluxes. This can be
seen from the higher dimensiona action. Schematically,

SZ/.../ FAXF .
X M
—_——
Vi(¢)
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Moduli stabilisation is not the only reason to study flux compactifications. For ex-
ample, the presence of fluxes removes the necessity of a Ricci-flat internal space, then
Calabi-Yau are no more available spaces. This open interesting perspectives in study-
ing the geometry of string theory vacua and a classification of flux compactifications
may be very useful in order to understand better the structure of the theory.

[ 11/10d sugra ]

Toroidal com- p-form fluxes

pactifications,

geometric fluxes
Td

non-geometric fluxes

Y

[ Ad un- |

gauged sugra J Gaugings

>[ 4d gauged sugra]

FIGURE 4.2: A representation of how fluxes are a way to get gauged supergravity from higher
dimensional supergravity theory. This gives an higher dimensional origin to
gauge symimetry.

Furthermore, fluxless compactifications will produce only theories in lower dimension
whose gauge groups are products of U(l)’ﬂ Since we have the hope of reproduc-
ing non-Abelian gauge theories (like Standard Model), we want a compactification
mechanism that also explains the higher dimensional origin of the gauge symmetry.
Flux compactifications give us the right framework, since non-Abelian gauge groups
are connected to (non-Abelian) field strength (precisely the fluxes). As in electro-
dynamics, the electromagnetic field is generated by a dynamical object, the electric
charge, the p-form field strengths are sourced by non-perturbative dynamical objects,
the D-branes wrapping homology cycles inside the internal manifold [91].

For all these reasons a systematic study of flux compactification is useful and in-
teresting. In order to achieve this, new mathematical techniques have been being
introduced, and precisely the ones described in the previous chapters are an impor-
tant example. A first inspirational remark is that through flux compactifications, we
are able to explain the higher dimensional origin of the gauge symmetry. A subgroup
of the gauge group comes from the isometries of the internal manifold — as in Kaluza-
Klein reductions— but higher-dimensional supergravities come with form potentials,
which carry their own gauge symmetry and also contribute to the gauging of the
truncated theory. Thus, an approach treating at the same level diffeomorphisms and
gauge transformation can be a promising way to better understand the structure of
the theory. Another interesting fact is that the supergravity theories when compact-
ified on a torus exhibit an abelian gauge group and a large global symmetryﬂ Tori
compactifications give rise to theories called ungauged supergravities, see figure [4.2

!This statement holds for M- and type II theories. For the heterotic string theories things work a
bit differently, since there gauge groups appear as a perturbative effect and they connects to type 11
through dualities. However, in this thesis we are not going to work with heterotic string theory (for
more details one can look [47]), so we can focus only on type II and M-theory and take the statement
as true.

2 Notice that, as far as one sets the compactification scale well below the string one /s, it is
justified to work in the supergravity limit of string theory.
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As seen, the global symmetry group is known under the name of U-duality and it cor-
responds to the exceptional non-compact group Eg(g). In the mid 1990’s the discrete
subgroup Ey(q) /Z has been reinterpreted as part of the duality group of M-theory [92].
The Egj(4) group relevant in our discussion depends on the dimension, we collected the
various possibilities in table

d 3 4 ) 6 7
Global Symmetry SL(5) SO(5,5) Ege) Erry Egg)

TABLE 4.1: The U-duality groups for the different compactifications on the tori 7.

The way to get gauged supergravities, i.e. supergravity theories with non-abelian gauge
group, is twofold. One can promote some subgroup of the U-duality group to a local
symmetry, this adds some term in the Lagrangian called gaugings. It turns out that
this is equivalent to consider more complicated internal manifold admitting fluxes.
This can be inserted in a wider picture, indeed, nowadays it is a common believing
that any gauged supergravity theory comes from an higher dimensional string theory
compactified on some manifold supporting fluxes.

The presence of these large groups of symmetry is difficult to understand from the
democratic formulation of supergravity theories [49]. Thus, a certain amount of ef-
fort has been made to build U-duality covariant approach to supergravity: Excep-
tional/Double Field Theory [93-95| and (Exceptional) Generalised Geometry [59,/61}
67.681|78.,96).

Exceptional field theory enlarges the space, such that one completes the fundamental
representation of Ey) with this extra-coordinates. Then one gets rid of them by
applying a section condition, projecting out the unphysical degrees of freedom [94,95].
One can prove, once the section condition has been imposed, the two approaches are
equivalent.

In this thesis we have already described generalised geometry, and we are going to
focus on its applications to flux compactifications.

Until so far our discussion has been quite general, now in order to proceed with
our analysis, we move our attention to some more technical aspects, specifying the
properties our truncation ansatze must have.

4.3 SCHERK-SCHWARZ REDUCTIONS

As analysed in the example of Kaluza-Klein truncations, that method provides a good
way to study linear fluctuations about a given vacuum, but the complete effective
theory might be not completely captured. Further more in Kaluza-Klein reductions,
there is no warranty for the truncation ansatz to be consistent. In order to have a
construction producing a consistent truncation of the higher-dimensional theory we
have to be protected by some symmetry. One of the first method to achieve a consistent
truncation is the so-called Scherk-Schwarz reduction |97]. This procedure prescribes
to choose the internal manifold to be a Lie group. The truncation ansatz is chosen
in such a way that dependence of fields on the internal coordinates is through the
left-invariant objects of the Lie group. The consistency of this ansatz is related to this
fact. Indeed, there is no way the singlet modes can source the truncated non-singlet
ones in the equations of motion.
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We will present a generalisation in the context of exceptional generalised geometry to
include fluxes, called Generalised Scherk-Schwarz reduction in the next section. This
will be the key ingredient to find consistent truncations on spheres of massive type
ITA supergravity.

Before coming to the generalised Scherk-Schwarz reduction, we recall how a conven-
tional Scherk-Schwarz reduction [97] is defined. For concreteness, we take the case of
a type ITA supergravity, but this is not a relevant choice, since the line of reasoning
is the same in any case.

As said, in Scherk-Schwarz reductions, the internal manifold is chosen to be a d-
dimensional Lie group, My = G. It follows that My is parallelisable, namely there
exists a global frame {é,}, a = 1,...,d, trivialising the frame bundle and thus the
tangent bundle TMy. In terms of G-structures of chapter [I we have an identity
structure on the manifold. The frame is constructed by considering a basis of vectors
that are invariant under the (say) left-action of the group G on itself. Under the Lie
derivative, the left-invariant frame satisfies the algebra

Le, €= fup€c, (4.3.1)
where f ,¢ are the structure constants of G.

The vectors {é,} generate the right-isometries of the bi-invariant metric on the group
manifold. A truncation ansatz for the internal metric is defined by “twisting” the
original frame on My by a GL(d) matrix U, depending on the external spacetime
coordinates z*,

e (x, 2) = ULb(x) & (2) (4.3.2)

and setting
gz, 2) = 6P (x, 2) é) (z, 2) = MP(x) 6, (2) & (2) (4.3.3)

where M = §°U,*Uzb. As we are free to redefine the frame by z-dependent SO(d)
transformations, the M matrix parameterises the coset GL(d)/SO(d); hence it de-
fines %d(d + 1) scalars on the external spacetime. It follows that gy, = Mgyem®en’,
where M,y is the inverse of M, and, as before, the one-forms e® are dual to the
vectors é,. The full ten-dimensional metric is given by

ds? = g datda” + Ma(e® — A%) (" — A%). (4.3.4)

The d one-forms A% = A,%(z)dz* gauge the right-isometries on the group manifold,
and are therefore G gauge fields on the external spacetime. For the RR one-form one
takes

Ci(@) = Cu(@)dat + Colz)(e® — A%+ Cy | (4.3.5)

where C' is the potential for a background, left-invariant two-form flux. This gives an
additional one-form and d more scalars. A similar ansatz is taken for the other form
potentials.

The reduction defined in this way is consistent by symmetry reasons: the dependence
of the type ITA fields on the internal coordinates is fully encoded in the left-invariant
tensors €, and e?, and there is no way the singlet modes can source the truncated non-
singlet modes in the equations of motion. The gauge group of the lower-dimensional,
truncated theory arises from the interplay between the right-Killing symmetries gen-
erated by the left-invariant vectors é, and the gauge transformations of the form po-
tentials with flux, and corresponds to a semi-direct product of G with a non-compact
factor. The full supersymmetry of the original theory is preserved in the truncation.



Consistent truncations 71

We refer to e.g. [98-102] for a detailed account of conventional Scherk-Schwarz reduc-
tions in a context related to the one of this thesis.

4.4 GENERALISED SCHERK-SCHWARZ REDUCTIONS

In [81], it was observed that consistent truncations with maximal supersymmetry are
related to the existence of a generalised Leibniz parallelisation, {E A} as defined in the
previous chapter, by the condition . Such a frame defines a Leibniz algebra,
hence the qualification “Leibniz” attributed to the parallelisation. Starting from a
generalised Leibniz parallelisation, one can define a generalised Scherk-Schwarz reduc-
tion. As the name suggests, this is a generalisation of conventional Scherk-Schwarz
reductions on local group manifolds [97] to a larger class of manifolds, which preserves
the same amount of supersymmetry as the original higher-dimensional theory. We
will see how the constants in (3.3.66), (X4) Y correspond to the generators of the
lower-dimensional gauge group, and are tantamount to the embedding tensor that
fully determines the gauged maximal supergravity. For more details about the em-
bedding tensor formalism we refer to [10]. The truncation defined by the generalised
Scherk-Schwarz procedure is conjectured to be consistent. Although it has not been
proved in full generality, this expectation is supported by a number of examples.

A similar approach has been adopted for studying generalised Scherk-Schwarz reduc-
tions using exceptional field theory, see e.g. [94}103H105|.

In particular the generalised parallelisation has been used to define, in addition, the
gauge and higher-tensor fields in the truncation. Formally, as mentioned earlier, un-
der the section condition, the equations of exceptional field theory and exceptional
generalised geometry are the same.

We are now ready to define Generalised Scherk-Schwarz reductions.

Extensions of conventional Scherk-Schwarz reductions to reformulations (or exten-
sions) of high-dimensional supergravity theories with larger structure groups have been
considered by several authors, see e.g. [81,103,|104},/106-112|. Here we will follow |81]
and define a generalised Scherk-Schwarz reduction on a d-dimensional manifold My
(not necessarily a Lie group) as the direct analogue of an ordinary Scherk-Schwarz
reduction, with the ordinary frame on the tangent bundle replaced by a frame on the
generalised tangent bundle. In particular we will this will allow us to derive an ex-
plicit ansatz for the fields with one or two external legs for type ITA (in analogy to the
exceptional field theory expressions for eleven-dimensional and type IIB supergravity
given in [103}(104}/110]).

As in any Kaluza—Klein reduction, we start by decomposing the type IIA fields ac-
cording to the SO(1,9) — SO(1,9—d) x SO(d) splitting of the Lorentz group. We will
use coordinates z#, u = 0,...,9 — d for the external spacetime and 2", m =1,...,d
for the internal manifold My, of dimension d < 6. Then the ten-dimensional metric
can be written as

g = eQAngx“dx” + gmnD2"DZ" | (4.4.1)

where
Dz™ =dz™ — h,"da" | (4.4.2)

and the scalar A is the warp factor of the external metric g,,. In this section the
symbol hat denotes the original ten-dimensional fields. The form fields are decomposed



72 4.4 Generalised Scherk-Schwarz reductions

as

oul
Il

Byyym, D2™™M2 4 E#mdm“ ANDz™ + %Ewdx“”,

N[ =

UJD
I
=

Bml mGDZml me + B'u,ml m5d$'u/\DZm1 s
+ %Ewml mgdzt ADZ™ T
él =C,Dz™+ 6%0 dz* |

Cs = %lemzngzmlmzmg’ + %5umlm2dx“ A Dzmm2 (4.4.3)
+ %aﬂymdx‘“’ ANDz™+ ...,

1 ...ms 1~
05 = ﬁcml.“mg)DZml ms 4 ﬂcpml...méldx“/\Dzml my

1 v mimom
+ ﬁcwfmlQOstE‘u ANDzZ™m1m2ms —+ ... 5
Cr = écum1...m6d$u A DzM1me %&Cuuml...m5dl’uy A Dymiems

where dzH¥ = da* A dx¥ and Dz"™ "™ = Dz™ A --- A Dz™», The ellipsis denote
forms with more than two external indices, that we will not need. The expansion
in Dz instead of dz is standard in Kaluza—Klein reductions, and ensures that the
components transform covariantly under internal diffeomorphisms. We stress that at
this stage the field components still depend on all the coordinates {x*,2"}: we are
decomposing the various tensors according to their external or internal legs but we
have not specified their dependence on the internal space yet. The only exception
is the external metric, which is assumed to depend just on the external coordinates:

Juv = .g;w(x)-

The barred fields appearing in (4.4.3) can also be identified by introducing the vector
0 0

O+ Py =5+ "o

which satisfies ¢(g, yp,)Dz" = 0. For the the fields with one external leg we have

(4.4.4)

B/‘ = [’(auJFhu)B

)

By = vo,+nnB| (4.4.5)

6" = L(auJFh#)C ’

where by the symbol “|” we mean that after having taken the contraction L(8,+h,,)s the
forms on the right hand side are restricted to have just internal legs. In other words,
we set dr = 0. Similarly, for the fields with two external legs we find

&/
o

)

= Y0y +hy) L (Outhp)

15

ool

uy = (6y+hu (Ou+hy) B| (446)

6/'“’ - (6V+hu /,L""h‘u, C'|
Moreover, we are arrange the RR potentials in the poly-forms
Cu=Cuo+Cua+Cua+Cpug,
I (4.4.7)
Cuu = Cul/,l + C[,LV,S + C,ul/,f) .

These barred fields need a field redefinition. This can be seen by decomposing the
gauge transformations of the ten-dimensional fields and imposing that they are co-
variant under the generalised diffeomorphisms so that they will eventually reproduce
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the gauge transformation of the lower-dimensional supergravity theory after the trun-
cation is done. Here we just provide the correct redefinitions, postponing their full
justification to the next section. We introduce the new fields

B, =B,
C,=eBnC,, (4.4.8)
B, =B, —3[C,As(C)s,
where B, C' are just internal, and
By = By + tn, By s

By = By — 5[ Cpu As(C) ], + 1wy, By, (4.4.9)
Cuw = e B A 6“1, + Lh[uc,/] + B[M A\ CV] .

Note that we are using a notation where the various tensors are treated as differential
forms on the internal manifold, while we explicitly display their external indices.

Having decomposed the higher-dimensional fields in a suitable way, we are now ready
to construct our truncation ansatz. As a first thing we rearrange the type ITA fields
with zero, one or two external indices in terms of generalised geometry objects. The
fields with purely internal legs, i.e.

{gmna Bm1m27 Bml...mga Cma Cm1m2m37 le...ms}a (4410)

together with the warp factor A and the dilaton ¢, parameterise a generalised metric
GMN  The (redefined) fields with one external index are collected in the generalised
vector AHM )

{hum7 Buma Buml...msa guml,..mﬁ,my Cu,O, Cumlmga C,uml...mzp C,uml...me}a (44'11)

Here, § is a tensor belonging to A"T* Mo ® T* M1, related to the dual graviton. This
is not part of type IIA supergravity in its standard form and we will thus ignore it by
projecting A, on the E” bundle introduced in (3.3.22)),

AMM = {hum7 Buma Bum1...m5a C#,Oa C/—Lmlm27 O/Jmlmm4’ CﬂmlmmG}' (4‘4'12)

Here and below, the = symbol in an equation involving generalised vectors means
that the equality holds after projecting on the bundle E” using the natural map-
pings ([3.3.22), namely after dropping the 7* @ AST* component.

The fields with pr indices defined in are components of a generalised tensor
BWM N which is a two-form in the external spacetime and a section of the bundle N
on Mg defined in . They actually correspond to the components of this object
living on the bundle N’ given in (B.2.19), that is

B;u/MN ; {BMV7 Buyml...m4a Cuumy Cuvmlmzng? CMle---m5} : (4413)
For the equations involving sections of the bundle N, by the = symbol we mean that
the equality holds after having projected on the bundle N’, see appendix [B|for details.

Suppressing the internal indices, the objects introduced above read

*

A, = hy+B,+B,+Cuo+Cuo+Cua+Cus,

] . (4.4.14)
B‘uy - By,z/ "'I_ B“l/ + C}Lll,l + C/Ll/,?) + C,LLV,E) .

The construction of a (bosonic) truncation ansatz leading to a (10 — d)-dimensional
theory preserving maximal supersymmetry is then specified by the following steps:
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4.4 Generalised Scherk-Schwarz reductions

1. One should find a generalised parallelisation {EA}, namely a globally-defined

frame for the Egii(441) X R* generalised tangent bundle on My. This means

that the frame {E4} must be an E411(a+1) frame, namely that it is given by
an Egyq(qy1) transformation of the coordinate frameﬂ We will see how this
condition applies in the examples below. In addition, the frame must satisfy the

algebra (]3.3.66)),
Ly Ep= Xag%Ec (4.4.15)

with constant coefficients X 45. It is then a generalised Leibniz parallelisation,
as seen in section m The constants X 45 correspond to the generators of
the gauge group: in gauged supergravity they are defined by contracting the
embedding tensor © 4% encoding the gauging of the theory with the generators
(to)BC of the U-duality group, X,5¢ = @Aa(ta)BC (we refer to e.g. [10] for
a review of the embedding tensor formalism). Using the Leibniz property of
the Dorfman derivative together with , we see that indeed the constants
X 45¢ realise the gauge algebra

[Xa,Xp] = —Xap“Xc . (4.4.16)

We emphasise that, provided the dimensional reduction goes through consis-
tently, the knowledge of X 45 alone is sufficient to completely determine the
resulting gauged maximal supergravity.

. One twists the parallelising frame by an Eg;(441) matrix Ua®B depending on

the external spacetime coordinates x*:
E\M(x,2) = Us®(2)EM (2) | (4.4.17)

and use this to construct a generalised inverse metric:

GMN (2, 2) = 4B E\M (2, 2) ™ (2, 2) = MAB(2)EAM (2)EpN(2) . (4.4.18)

The matrix
MAB = §CPyAURE (4.4.19)

parameterises the coset Eg;(g41)/K, where K is the maximal compact sub-
group of Egia41) (indeed, we are free to redefine the generalised frame by
x-dependent K transformations). Hence it accommodates all the scalars of the
lower-dimensional theory.

Now one equates to the generic form of the generalised inverse metric
G~ ! introduced in section whose relevant components are given in
and . In this way we obtain the truncation ansatz for the full set of
higher-dimensional degrees of freedom with purely internal components, which
gives the scalar fields in the lower-dimensional theory. This also provides the
expression for the warp factor A. Concretely, these can be extracted following

egs. (3.3.59)—(3.3.62). Note that, since the generalised density ® appearing
in ([3.3.62) is independent of the twist matrix Ux®, it can be advantageously

3By coordinate frame we mean

{EA} _ {8m} U {d.’L‘m} U {dl‘mlmms} U {dwm,mlmmg} U {1} U {dmmlmg} U {dxmlu.mél} U {dxmlm,g} )
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computed at the origin of the scalar manifold, where MA4B = §4B. So at any
point on the scalar manifold the density is given by

® =g 1/26_22’ e(s_d)g, (4.4.20)

where the ° symbol denotes the “reference” values of the corresponding fields,
namely the values for trivial twist matrix.

3. Finally, the full set of vector fields in the lower-dimensional theory is specified by
taking the following ansatz for the generalised vector .AMM introduced in (4.4.11)),

AM(z,2) = A, (@) Ea™(2). (4.4.21)

The ansatz for the two-forms is
B MY (2, 2) £ 3 BB (2)(Ba @y Ep)M N (2), (4.4.22)
where B, AP = B,,(4P) and the product @y is defined in (B:2:22).

A few comments in order. Although the conditions in Step 1 above are definitely
non-trivial to satisfy, they are not as constraining as requiring that My is a Lie group
as needed in ordinary Scherk-Schwarz reductions. Indeed, one can see that a necessary
condition for the existence of a generalised parallelisation satisfying is that
My is a coset manifold, My = G/H for some G and H C G |70,81]. In the particular
case that My is a Lie group, a generalised Scherk-Schwarz reduction coincides with
an ordinary Scherk-Schwarz reduction if the chosen generalised parallelisation uses
just left-invariant tensorsﬂ However, when reducing the NSNS sector, it is possible to
obtain a generalised parallelisation which realises a G x G gauge group rather than just
G [113]. In the next section we will provide a frame for the full type ITA generalised
geometry on S3 which gives rise to an SU(2) x SU(2) gauging (this has also appeared
in [112]).

The spheres S¢ = SO(d + 1)/SO(d) provide examples of generalised parallelisations
that are not based on Lie groups. In [81], the ideas above were applied to give evidence
that the sphere consistent truncations based on eleven-dimensional supergravity on
S7 |114], eleven-dimensional supergravity on S* [115], type IIB supergravity on S°
and the NSNS sector of type II supergravity on S, can be interpreted as generalised
Scherk-Schwarz reductions. In section [£.4.2) we will provide additional examples.

4.4.1 CONSISTENT REDUCTION OF GAUGE TRANSFORMATIONS

In this section we provide a partial proof of the consistency of our generalised Scherk-
Schwarz truncation ansatz by showing that the internal diffeomorphisms together with
the NSNS and RR gauge transformations consistently reduce to the appropriate gauge
variations in lower-dimensional maximal supergravityﬂ This will also justify the field
redefinitions performed in and . The reader not interested in the details
of this computation, which is rather technical, can safely skip to the next section.

4See [81, app. C] for a discussion. In this case, adopting a generalised geometry approach still
has some advantage in that (4.4.15)) directly provides the full embedding tensor.

5A more thorough proof would require studying the reduction of the supersymmetry variations
or the equations of motion.
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The gauge transformations of the ten-dimensional fields were given in section [2:2.2]
Including also the diffeomorphisms, they read

5.@:'6’0.@7
6B =Ly;B—d\,
5C = L;C — eB A (dw —m]) |

0B = L3B — (45 + mag) — 1e? A (dw — mA) A s(O)]s .

(4.4.23)

We can immediately see why the redefinition of the RR potentials in is needed:
for the gauge transformation of C), to start with d,w (as required for a gauge field in
supergravity), we need to remove the B-terms with internal legs appearing in front of
dw. The same argument determines the redefinition of the six-form NSNS potential

in (TL3)

In order to decompose the gauge transformations, we express the gauge parameters
as

0
S m
V=v=uv 3
A=A+ X, = Andz™ + X dat, (4.4.24)
6=0+0u+0uw = 510my.msd2"™ ™ + L Gy my Azt A dz™

1 = v mi...m3
+ Tg!auuml...mg,dx“ Adz + ...,

where the ellipsis denote terms with more than two external indices, that we will
ignore. Note that the vector ¢ is purely internal, that is the diffeomorphisms we
consider are just the internal ones. Similarly for the RR poly-form gauge parameter
we find

W=w -i-w# + wp,y = (WO + w2 + w4 + CL)()‘) + (le + wu73 +wﬂ»5) (4 4 25)
+ (wﬂl/,o + wp,%? + wuy74 + w/“/ﬁ) + e

Asin , initially we impose no restriction on the dependence of the components of
the gauge parameters on the coordinates {x*, 2"}. However, differently from ,
note that the expansion of the gauge parameters is made in dz™ and not in Dz™ =
dz™ — h,™dxz#. The fields marked with a bar require a redefinition, which will be
introduced below.

The gauge transformations of the fields with purely internal legs maintain precisely
the same form as in (4.4.23). As for the fields with one external leg, redefined as
in (4.4.8), after some computation we find that their variations are

Ohy, = —0,v + Lyhy,,
6By, = =0\ +d™ X, + LyBy — 1, d™ N,
6B, = —0,0 +d"G, —mw, 5+ L, B,
— lh, (d™o + mwg) + [Cp A s(d™w — mA)]E) )
60, = —0uw + d"@, +m\, + L,Cy + Cy A d™A
— (th, + Bun)(dPw —m)

(4.4.26)

where the exterior derivative d™ := dz™d,, and £ act on the internal coordinates only.
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The fields with two external legs have the following gauge variations
= 0

53#1, = —28[ X,/] + thua,,])\ - Lh[udinxy} + EUB#V Loy UBV] ,

7
53/“’ B _28“661/] _ dina,ul/ — mw’u,}A + Lh[u (aV]O' — diHEV} + mwy]:})
+ ‘CUB/LV - L@[uvé ]

(4.4.27)

+ [Cuw A s(d™w — mA) + (—0pw + d™@), + mA,) A s(Cy))]
and (we give the transformations for the barred fields, as those of the unbarred field
C,,, are more cumbersome)

4 b
5(€_B A 6}“’) = —QO[MWV} — 2Lh[udi“wy] + 2Lh[uay]w — Lhubhudinw — di“ww,

+Ly(eBACL)+d™AA (e B ACL)

B (d™w —m))

. oo 7 (4.4.28)
+ QB[M A Lhy, (d"Mw —m\) + QB[u A (81,](,0 — dmw,,] — m)\l,})
+ B, ANB, A (dinw — m)\) .

The gauge parameters with purely internal indices can be arranged into a generalised
vector with the 7% ® A®T* component projected out,

M *
A = {Uma >\ma Omi..msr W0y, Wmimos Wmq..my> wml...ma}a (4429)

compact expression

while the gauge parameters with one external leg form a section of the bundle N’,
o
The transformations for the fields with two external legs will be discussed below.

{)\}La E,unl...mp w;ma wunlngnsa w,unl...ng,} .

(4.4.30)

The gauge transformation of the fields with purely internal indices is given by the
0nG Tt =LAG ™,

fields with one external leg can be repackaged into

SA, =

*

(4.4.31)
where L, is the massive Dorfman derivative (3.3.37). The gauge variation (4.4.26|) of
O+ LA, + A,
where it is understood that the differentials in the generalised Lie derivative act on
the internal coordinates only. The operator d, is defined on any element W = Wy +
W4 + Woaq of the bundle N’ as

(4.4.32)

de =dW + m(Wo — W5) s
present case we have

(4.4.33)
and can be seen as an exterior derivative twisted by the Romans mass. Then in the
A=, = d"E, + m(\, — Wps5) - (4.4.34)
It is easy to verify that for W =V @y V’,
dwW = Ly V' + Ly V . (4.4.35)
If we now redefine the gauge parameter with one external leg as
g, =

E’M_‘AM®N/A>

(4.4.36)
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and use the property , we obtain

dnZy = dmZy — La,A — Ly A, . (4.4.37)
This redefinition allows to cast in the form

0A, = —0uA — La, A+ dnZ,, (4.4.38)

where one recognise the derivative (0,4 L.a,)A, covariant under generalised diffeomor-
phisms. This is the appropriate form for matching the gauged supergravity covariant
derivative after Scherk-Schwarz reduction.

We need to express the gauge transformations (4.4.27) and (4.4.28]) of the external
two-form fields in generalised geometry terms. This requires a rather complicated

redefinition of the gauge parameters w,, = W0 + Wuv,2 + Wy a and 7,,,:

O = W + (Lo + AN)Cpy — w By + (20, + Lhy, A+ LwB,)Cy
+ (Lh[u + B[M/\ )(2(,0,,] + LvC,,] +AA Cl,] + Lh, ;W + B,,] Aw)

Oy = Opy + 2Lhm0u] + Lhy,th, 0 + LU(BW — Lh[#By]) + LvC[uACu],O (4.4.39)
— w2 A G2+ 2A A (Cpu2Cl o)
— [(CNV — Lh[#Cl,] + B[M A CV]) A s(w) — 2C[M A S(wy})]s .
We repackage the new parameters o, and w,, = Wu,0 + W2 + W4 into
Q=0 +wp . (4.4.40)

This object lives in a sub-bundle of a bundle transforming in the 912 representation
of E7(7) (see table , and collects the gauge parameters of the potentials that are
three-forms in the external spacetime. One can then show that, with the identifica-
tions (4.4.39), the gauge transformations for B,, ,,, ém,, , and Cy,, (these follow
from (4.4.28) and the last in ) can be expressed as

6BMV = — Qa[HEV] - QLA[MEZ/] - dmé[# ®N’ AV} — a[“A ®N’ ./41/] (4 4 41)
+ dep,V N’ A — Y/u/ - qu)p,l/ ) o
where the action of dy, on an element of N’ is given in (4.4.33)), and we define
A @, = d™ (0 + W) + MW - (4.4.42)
The tensor Y, is given in terms of W, = A, @y’ A by

Y =d(en, Wy + Biy AWy 0aa = CluWop0 = CluoWo 3 + Cl2 Wiy 1)

(4.4.43)
+ m(l,h[HW,/}ﬁ + B[M AN WV]73 — C/J,,4Wy,0) .
After some manipulations, this can be re-expressed as
Y, = LA“LA,,] QN A+ QLA[HA QN7 .AV} + LAA[M QN A,,] , (4.4.44)

which in turn allows to rewrite (4.4.41)) as
(58“1, = - 28[N§V] — 2LA[H§V] — dmg[ll (SN AV} — 8[#‘/\ KRN Ay]
+ deuy QN A — L.A[MAV] QN A — QLA“LA QN7 .Al,] (4.4.45)
- LAA[M ®N’ A,/] - qu)p,l/ .



Consistent truncations 79

Introducing the gauge field strength
Huw = 23[“./41,] + LA[HAV] +dwBuy (4.4.46)

and recalling the expression for 6.4, given in (4.4.38]) and the redefinition of the gauge
parameter =, in (4.4.36)), the variation of B, eventually takes the compact form

0By = =201,y — 2L, =) + A ®N Hyw + A @y 6A) — dm®@py . (4.4.47)

We can now plug in our truncation ansatz and show that it reproduces the correct
lower-dimensional gauge-transformations. For the gauge parameters we take an ansatz
similar to the one for the physical fields, that is

AM (2, 2) = =AM (2)ExM(2) |

= MN

=0 (z,2) = _% éMAB(x) (EA ®NEB)MN(Z) . (4.4.48)

Plugging the ansatz into the variation (4.4.31)) of the generalised metric, and using
the action (4.4.15) of the generalised Lie derivative on the parallelisation, we obtain

SAMAB = _AC(XepAMPE 4+ XepPMAP) (4.4.49)
which is the correct variation of the scalar fields in gauged maximal supergravity, see
e.g. [10].

In order to write the variation of A,,, let us first observe that the ansatz together with

the property (4.4.35) implies
—3(Lg, o+ Ly Ep)E, Y = 2505, Ea, (4.4.50)

where we introduced the symmetrised structure constants Z4zo = X BC)A. Then,

interpreting the variation of A, in the (4.4.38) as (5.A“A)EA and plugging the ansatz
in, we get
SAA = 0 + AP X pc*AC — Z4pc 2,59 (4.4.51)
This is the correct gauge variation of the gauge fields in maximal supergravity (see
again [10]).
Finally, we need to consider the transformation of B,,,. Equation (4.4.46) yields
Huw =M Ea, (4.4.52)
with
'Hﬁy = 26[MAV]A + XBCAA[MB.AV}C + ZABC BW,BC . (4.4.53)

This is the expression for the covariant field strengths used in gauged supergravity.
We also obtain

= 1 C—= AB n ”
LAH:‘V = —5.,4” =y LE'C(EA ®N/EB)

. . (4.4.54)
= -A,92,PYXcpPEs 0N B,
where to pass from the first to the second line we distributed the Lie derivative on the
factors of the ®p+ product and used the Leibniz property of the generalised frame.
Therefore:
—20,2, — 2L, 2y = DBy PEa®n Eg, (4.4.55)
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where
D[ME.V]AB = 8[HE,,]AB + 2.,4[#0 EV} (DA)XCDB . (4456)

Putting everything together, (4.4.47)) eventually takes the appropriate form to describe
the two-form gauge transformations in gauged supergravity:

0B P = 2Dy, E M — 20N, B 24,04, P) + (4.4.57)

where ”Hﬁy was given in (4.4.53]). The ellipsis denote a term coming from expressing
dp®, in by means of the parallelisation that we will not discuss in detail.
This eventually gives the two-form gauge parameters in the lower-dimensional super-
gravity theory, contracted with the gauge group generators X. In four-dimensional
supergravity, this term drops from all relevant equations, because the two-forms BW,AB
always appear contracted with the embedding tensor, namely as Z4 BCBWBC [116],
which implies that the term in the ellipsis is projected out due to the quadratic con-
straint. From a generalised geometry perspective, the corresponding statement is
that in a reduction to four dimensions always appears under the action of
the exterior derivative twisted by the Romans mass, d,; given the definitions
and , it is immediate to check that dm(dm®,,) = 0, hence the gauge param-
eters with two external indices drop from all relevant equations. This is no longer
the case in reductions to supergravities in dimension six or higher, where the tensor
hierarchy stops at one form degree higher, so that the three-form gauge potentials, as
well as their two-form gauge parameters, also play a role.

In conclusion, we have shown that under the generalised Scherk—Schwarz ansatz, the
(massive) type IIA gauge transformations consistently reduce to the correct gauge
transformation in lower-dimensional supergravity.

4.4.2 EXAMPLES OF CONSISTENT SPHERE TRUNCATIONS

In this section, we apply the generalised Scherk-Schwarz procedure to study consistent
reductions of massless and massive type IIA supergravity on the spheres S%, §%, §% and
52, as well as on six-dimensional hyperboloids. While for the massless case it is always
possible to find generalised parallelisations that reproduce the known reductions to
maximal gauged supergravities in lower-dimensions, for the massive theory we could
only find a suitable generalised parallelisation on S®. We propose a general argument
of why this is the case. The analysis closely follows the one given in [12].

S PARALLELISATION AND D = 4, ISO(7),, SUPERGRAVITY

We start our series of examples by revisiting the consistent reduction of type ITA super-
gravity on the six-sphere S® down to D = 4 maximal supergravity with ISO(7) gauge
group that was recently studied in detail in [1174119]|. For vanishing Romans mass,
this reduction can be understood as a limit of the consistent truncation of eleven-
dimensional supergravity on S” (or on a seven-dimensional hyperboloid), where the
seven-dimensional manifold degenerates into the cylinder S x R [120,/121]. In that
case the group ISO(7) is gauged purely electrically. This means that only the 28
electric vector fields participate in the gauging, while the 28 magnetic duals do not
appear in the Lagrangian. When the Romans mass m is switched on, the truncation
ansatz remains consistent with no modifications required. However one finds that the
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magnetic vectors now also enter in the gauge covariant derivatives [119], thus provid-
ing a dyonic gauging. The resulting four-dimensional supergravity is not equivalent
to the theory with purely electric ISO(7) gauging [122]; for this reason, we will denote
it as the ISO(7),, theory. This is an example of symplectic deformation of maximal
supergravity of the type first discovered for the D = 4, SO(8) theory in [123]. The
ISO(7),, theory admits several supersymmetric and non-supersymmetric AdS, solu-
tions |118,/124}/125|, which all disappear when the parameter m is sent to zercﬂ The
structure of the ISO(7),, theory was analysed in detail in [118].

In the following, we introduce a parallelisation of the E7(7) X R* tangent bundle on
S6. Then, evaluating our massive generalised Lie derivative on the frame we obtain
precisely the embedding tensor characterising the dyonic ISO(7),, gauging. We also
re-derive the truncation ansatz for the four-dimensional bosonic fields from generalised
geometry.

A generalised parallelisation on S° is defined as follows. Let y®,i = 1,...,7, with
5ijyiyj = 1, be the constrained coordinates on S%, describing its embedding in R7 (see
appendix for some useful details about spheres in constrained coordinates). Let
v;; be the SO(7) Killing vectors and define the following forms

w = R2dy’ A dy? e N2T*,
Pij :i (deyl A dy]) € A4T* ’ 4.4
i = — & (Rdy) e N T, A9

Here and in the rest of this section, the symbol ° means that the corresponding quantity
is computed using the reference round metric of radius R. The index on the coordinates
Yy is lowered with the R7 metric 0;;. We also twist the generalised tangent bundle

with a five-form RR potential 65 such that
o o 5 o
FGZ d C5: E VOIG y (4.4.59)

with all other p-form potentials vanishing; the reason for this choice will become clear

soon.

The generalised frame can be split according to the decomposition
E D SL(8,R) D SL(7,R

7@ ( ), (7. R) o (4.4.60)

56 — 28 4+28 —214+7+21'4+ 7.

as

{EA} = {ELL EU} = {Ez‘j, Eis, EY, Eig} . (4.4.61)
We will call “electric” the Ey; frame elements, transforming in the 28 of SL(8), and
“magnetic” the E!7, transforming in the 28'.

A generalised parallelisation is given by

Eij = vij + pij + to; Cs

o N Es=vitri—uiCs,

By = i8 =Yi + K — Y Us (4462)

B = —wii — 7 4 jCy AT
EB = Rdy® — v volg +Rdy‘A Cs .

8Specific formulae uplifting these AdSs; vacua to massive type ITA supergravity were given
in |117,[119,[126]. Three of them are Gs-invariant and also included in the truncation of massive
ITA supergravity on S° ~ G2/SU(3) of [127].
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It is not hard to see that this is globally defined. For instance, Ez] is nowhere vanishing
as the Kllhng vectors vjj vanish at y; = y; = 0, while the four-forms p;; vanish at
y? + y] = 1. Moreover, Ejs never vanishes as the locus x; = 0 does not overlap with
y; = 0; similar considerations hold for the magnetic part of the frame. The frame is
also orthonormal with respect to the generalised metric . Indeed, invoking the

contraction formulae in (A.1.16]), we have
G(Eij, Erg) = vij v + pijopr = 0ixdji — 0udjp
G(Eis, Exs) = i yn + Kiokk = Ok |
g(Elj Ekl) — wiijkl + Tij kl _ 5Zk5jl o 5il5jk (4463)
G(E®, E*) = R2dy'.dy* + y'yF V016J V016 5
with all other pairings vanishing.

We now evaluate the massive Dorfman derivative (3.3.37]) between two arbitrary frame
elements, making use of various properties of the round spheres given in appendix [A-1]
In particular, we need identity (A.1.13)), which together with our choice (4.4.59) for

Co'g, implies
LUZ.]. FGZ dpij . (4464)
We find that the electric-electric pairings give
_ . .
Ly, Ew = 7 (0w Ey; — 0jpEn:)
. 5 .
Ly, Bk = —50kiEjs

L Bo_2s B (4.4.65)
Bkl — RYIKHI8
Ly Erg=0,
while for the electric-magnetic ones we have
ikl _ 4 slk Al
Ly, EM = 36,0, EV',
k8 __
L, B =~ 00y B (4.4.66)
Ly EM=0
Eis ’
k8 __ 1 ik
Ly E™ = —50i; B,
for the magnetic-electric
LpyEw =Lp,Ers = LEiSEk:8 =0, (4.4.67)
LEAZ‘SE]{Z —2m(5[k 18 o
and for the magnetic-magnetic
Lp,EM =Ly B = Ly EM =0, LA68
Ly E™ =mE™* (1469
Ei = :

We thus obtain that condition (4.4.15|) is satisfied, namely the frame defines a Leibniz
algebra under the massive Dorfman derivative. The non-vanishing constants X 45¢
read in SL(8) indices

KK'l _ KK’ _ o slK K']
X" = =X S5 gy = 865 00y 65
; o (4.4.69)
XU KK = _xUPIKKY L — gl eI K
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with

_ 1 _ M
015 = 2Rd1ag(1,...,1,0), ¢ = 5 diag(0,...,0,1). (4.4.70)
7 7

These match precisely the embedding tensor given in [118] (modulo renormalising the
generators by a —1/2 factor, see appendix C therein). The latter determines a dyonic
I1SO(7),, gauging of maximal D = 4 supergravity, where the SO(7) rotations are
gauged electrically while the seven translations are gauged dyonically. When m = 0,
we have ¢// = 0 and the ISO(7) gauging becomes purely electric.

Following the procedure for a generalised Scherk-Schwarz reduction described in the
previous section, we can use our generalised parallelisation to deduce the truncation
ansatz for the bosonic supergravity fields. We start from the scalar ansatz. In four-
dimensional maximal supergravity, the scalar matrix MA8 parameterises the coset

E7(7/SU(8). Under the decomposition (4.4.60), this splits as

AB g0 I g
M2 ={M s MY g, M, My g}

. (4.4.71)
:{M ’”,M J 7---7Mi8,j8}-

Equating the components (3.3.56)) of the inverse generalised metric to those con-
structed from the parallelisation as in (4.4.18)), we obtain

leZAgmn _ %Mii’,jjlvznil U;Lj’ ,
PRgC, = LM oy
_62Agmpon = %./\/lii,jg Uzmi’ Ranyj 5
ezAgmq(anp — CqBup) = _%Mii/jj’ Vi w,]g; )
28 (6*2‘1) + gm”Can> = MBIy, y;

€2A9m8 (Csnpfﬁ“_ Csnpgr — s[anqr} + %CSB[anqr]) = %M“ 9 Vi (ij/)npqr )

(4.4.72)
where we recall that the indices 4,4, 5,5 = 1...,7 label the constrained coordinates
while m,n,... = 1,...,6 are curved indices on SY. The scalar ansatz obtained in

this way agrees with the formulae given in [119] (cf. eqgs. (3.14)—(3.18) therein). The
additional relations appearing in egs. (3.19)—(3.22) of |[119] can also be retrieved in the
same way. The last equation in does not appear in |119|, and determines how
the four-dimensional scalars enter in Ciy,,  my. Dualising its field strength F,,, ., it
should be possible to derive the expression of the Freund-Rubin term.

One can disentangle the different supergravity fields in (4.4.72) by following the pro-

cedure in egs. (3.3.59)—(3.3.62). We recall that the generalised density ® appearing
in ([3.3.62)) can be computed at the origin of the scalar manifold, where MAB = §4B,
and is given by eq. (4.4.20). Evaluating the first, second and second-last line of (4.4.72))
with M@37" = §iligi'l’' Aqi'38 = 0, M58 = §% we find that &zqﬁ: 0. Hence for
the present truncation the generalised density is simply ® =g 12

We can also provide the ansatz for the vector fields as explained in section [£.4] Sepa-
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rating the components of eq. (4.4.21)), we obtain
hy = %Auii/”ii’ ’
B, = A, Rdyi ,
Cro= A" y;
CM72 = _%Auii’ R2dyi A dyil ,
which again agrees with [119]. Here, A’/ = { A% A®} are the electric one-form fields

in the four-dimensional theory while A;; = {A;;, Ais} are their magnetic duals. We
can also provide an ansatz for the type ITA dual fields with one external leg

Cpa = %Auw (piir + tv,, C5)
CM,G = -A,uiS( — yi volg +R dyi/\ Cs ) , (4.4.73)
BM = .A#ig (/{Z' - yZ'C5 ) .
Finally, the ansatz for the fields with two external legs follows from the general for-
mula (4.4.22))
B;w = B,u,l/ijjS Yi,
B;w = %(%Bw/“mﬂ?’syjy[ilEigig]jkl...k4 - Bp,l/ k1k2,k3k4)R4dykl A dyk2 A dykg A dyk4 )
C;W,l = (Buyijkj + Buu iSkS)ydeyi )
Cuvs = (SBuw"™ 7 yuemiim. 1™ — 3B kika gs) R2dy™ A dy A dy*s

Cvs =B js(— ki + 4 Cs ).
(4.4.74)

HYPERBOLOIDS AND D =4, ISO(p,7 — p);, SUPERGRAVITY

The generalised Leibniz parallelisation on S% presented above can be adapted to con-
struct a similar one on the six-dimensional hyperboloids H?"~P. This leads to a con-
sistent truncation of massive type IIA supergravity to four-dimensional ISO(p, 7 —p).m,
maximal supergravity.

The hyperboloid HP? is the homogeneous space

SO(p, q)
P9 — 7

and can be seen as the hypersurface in the Euclidean space RP™? defined by the
equation

(4.4.75)

mjy'y =1, (4.4.76)
where 4,5 =1,...,p+ g and

nij = diag(+1,...,4+1,-1,...,-1). (4.4.77)

p q

Clearly, taking ¢ = 0 yields the sphere SP~1.

Let us focus on the six-dimensional hyperboloids HP"~P, with 1 < p < 7. A par-
allelisation on these manifolds can be introduced following the same path as for S°,
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replacing the Kronecker ¢;; by 1;; where appropriate. In particular, the Killing vectors
v;5, that for the six-sphere satisfy the so(7) algebra (A.1.7)), now respect the so(p, 7—p)
algebra,

Lo, vi = 2R! (mikvn; — mjRvns) - (4.4.78)

The equations (A.1.8)-(A.1.12) also need to be modified by replacing d;; with n;;
everywhere. We can keep the definitions (4.4.58)), noting however that they now

transform in representations of SO(p,7 — p) instead of SO(7). Then defines
a generalised parallelisation on H?"~P. The Dorfman derivative between two frame
elements satisfies , with the non-vanishing embedding tensor components being
still given by (4.4.69)), where however now

1
01 = = diag(1,...,1,-1,...,-1,0) , (4.4.79)
2R ——— —— —
P 7—p

while ¢/Y remains unchanged.

This corresponds to an ISO(p, 7—p) ~ CSO(p, 7—p, 1) frame algebra, where the seven
translational symmetries are gauged dyonically.

The truncation ansatz remains formally the same as for the reduction on S%. We
thus infer that there exists a consistent truncation of massive IIA supergravity on
the six-dimensional hyperboloids H?"~?, down to ISO(p, 7 — p), gauged supergravity.
As above, the subscript m emphasises that the translational isometries are gauged
dyonically. Setting m = 0, one recovers a truncation of massless type IIA supergravity
on HP"~P down to the ISO(p, 7—p) theory with purely electric gauging (see also [110]).

It was found in [123] that the only gaugings of four-dimensional maximal supergrav-
ity in the CSO(p,q,r) class (with » > 0) admitting a symplectic deformation are
CSO(p,7—p,1) ~1SO(p, 7 — p)ﬂ Here we have established that all these symplectic
deformations arise as consistent truncations of massive type IIA supergravity: while
for p = 7 the internal manifold is S%, for 1 < p < 7 the internal manifold is the
hyperboloid HP7~P,

The same ideas could be applied to products of hyperboloids and tori, H?¢ x T",
with p+ ¢+ r = 7. In this case, the parallelisation would satisfy the CSO(p, q,r + 1)
algebra.

S* PARALLELISATION WITH m =0 AND D = 6, SO(5) SUPERGRAVITY

The U-duality group for type IIA on a four-dimensional manifold My is Es5) =~
SO(5,5) and the generalised tangent bundle is

E~TaT aRe AT ¢ AT . (4.4.80)

A section of B
V=v+A4+wy+ws+wy (4.4.81)

transforms in the spinorial 16" representation of SO(5,5).

"For these gaugings, the symplectic deformation is of on/off type: all non-zero values of the
parameter controlling the magnetic gauging are equivalent.
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We are interested in the case where M)y is the four sphere S* and we describe it using
constrained coordinates 3’ in R®. It is then convenient to consider the decomposition
of the generalised frame EF4, A =1...,16 under SL(5,R)

SO(5,5) O SL(5,R)

4.4.82
167 —10+5+1, ( )

so that {F4} = {E;;} U{E;} U{E}, with i,j =1,...,5.

For massless type IIA supergravity on S%, we take the frame
Eij = vij + pij + tuy; Cs

Ea =1 E; = Rdy; + yivoly +Rdy; /\Co's ; (4.4.83)
=1,

)

where v;; are the SO(4) Killing vectors and

2

o R
pij =* (R*dy; A dy;) = o> €ijkrkaks Y™ Ay A dyFs (4.4.84)

Note that we have twisted the frame by a background RR potential C3, that is the
supergravity potential whose field strength threads the whole S"ﬁ This is chosen such
that

o o 3 o
Fy=dCs= = voly , (4.4.85)
which, recalling (A.1.13)), implies
va‘j F4: dpij . (4486)

We will not twist by C; or B instead as there are no two- or three-cycles on S*.
Following similar reasoning as for S, it is easy to see that the frame above is glob-
ally defined and orthonormal with respect to the generalised metric ((3.3.52)), thus it

specifies a generalised parallelisation.

In four dimensions (or lower), the massive generalised Lie derivative simplifies consid-
erably and reads

Ly V' =L, + (Ev)\’ — Lv/d/\) + (Lvdwé — Ly (dwo — m)\))
+ (Lowy — tyrdws — N A (dwp — mA) + wydA) (4.4.87)
+ (Lowly — tyrdws — N Adwa + wh AdA) .
Using the relations in appendix we compute the massless Dorfman derivative
(that is expression (4.4.87) with m = 0) between the frame elements. We find that
the only non-vanishing pairings are
. _1 . .
Lg Bu=2R (ipEiy — 0 Eni)

- e s (4.4.88)

8The twist by Cs acts on a vector V of the untwisted generalised tangent bundle E on My as

(cf. eq. (B3.29)):

VZ@C?"V:ﬁ+X+®0+(@2+L503)+((:)4+5\/\03).
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This defines a Leibniz algebra since L B Ey, #* —L EkEij = 0; the associated gauge
algebra, following from (4.4.16)), is the SO(5) algebra.

A consistent truncation of massless type IIA supergravity on S* preserving maxi-
mal supersymmetry has been constructed in [128,129] by simply reducing on a circle
the seven-dimensional theory defined by eleven-dimensional supergravity on S*. The
gauge group of the resulting /' = (2,2) six-dimensional theory is indeed SO(5) (see
also |130] for a discussion of the gauging in six dimensions). This theory does not ad-
mit AdSg vacua: the most symmetric solution is a half-BPS domain-wall, originating
from a circle reduction of the AdS7 x S* vacuum of eleven-dimensional supergravity,
and describing the near-horizon geometry of D4-branes.

Following the example of S%, one might expect that the same frame would
lead to a generalised parallelisation for m # 0 with a modified gauge group in six-
dimensions. However, it is easy to check by direct computation that with the massive
Dorfman derivative the frame (4.4.83|) does not satisfy a Leibniz algebra. We will
further comment on this in section [4.4.2]

S3 PARALLELISATION WITH m =0 AND D = 7, ISO(4) SUPERGRAVITY

The U-duality group of type ITA supergravity on a three-dimensional manifold M3 is
Eyugy ~ SL(5,R), and the corresponding generalised tangent bundle is

E=ToT  oR@ AT, (4.4.89)

with sections
V=v+XA+w)+ ws (4.4.90)

transforming in the 10 of SL(5,R). A generalised frame {E4}, A = 1...,10, can
equivalently be denoted as {E[J = E[IJ]}, with I,J = 1,...,5. We consider again
Ms = 83 in constrained coordinates 3’ in R*, and we decompose the frame under
SL(4,R) as

SL(5,R) D SL(4,R)

(4.4.91)
10 —~6+4.

so that {Er7} = {Eij, Eis}, withi,j =1,... 4.

For vanishing Romans mass, m = 0, we can easily construct a generalised parallelisa-
tion that realises the iso(4) algebra. We choose the frame

A o
Eij = vij + pij + tv;; B,
A o

Eis =yi + ki —yi B,

Ery = (4.4.92)

where v;; are the SO(4) Killing vectors and

pij =% (R*dy; Ady;) = Reymy*dy'
: ‘ (4.4.93)
0 R J.k !
K; =% (Rdyi) = o5 €ijkl Y dy* ANdy' .
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Here, we have twisted the frame by the B ﬁeldﬂ chosen in such a way that
° o 2 o
H=dB= = vols , (4.4.94)

which, again recalling (A.1.13), implies
by, H= dpij . (4.4.95)

This frame is globally defined and orthonormal; hence it defines a generalised paralleli-
sation. Recalling appendix and relation (4.4.95)), one can check that the Dorfman
derivative with m = 0 yields

L B = 2R (b by — Ojpkys)

LEijEk5 — _2R_15k[zEj]5 5

. Lo (4.4.96)
Ly En = 2R 0, L5
Ly Eis =0,
and the relation (4.4.15)) is satisfied, with structure constants
’ K K 2 .
X5 = 260505 Yir = =diag(1,1,1,1,0). (4.4.97)

Note that, as the Dorfman derivative is antisymmetric on this frame, it realises a
Lie algebra (rather than just a Leibniz algebra), which in this case is the ISO(4) ~
CSO(4,0,1) algebra.

A consistent truncation of massless type ITA supergravity to maximal D = 7 su-
pergravity with gauge group ISO(4) has been known for some time. This can be
obtained starting from the well-known reduction of eleven-dimensional supergravity
on S*, which yields maximal D = 7, SO(5) supergravity [115], and implementing the
limiting procedure of [120]. In the limit, S* degenerates into R x S3; correspondingly,
the SO(5) gauge group of the seven-dimensional theory is contracted to ISO(4)|H The
bosonic part of this S reduction was worked out in detail in [129] (where the SO(4)
subgroup of the gauge group was emphasised). A discussion of the resulting maximal
supergravity can be found in [131]. In seven dimensions the embedding tensor deter-
mining the gauging transforms in the 15 + 40’ representation of the global symmetry
group SL(5) [131]. For the ISO(4) gauging, its non-vanishing components are solely
in the 15, and match those in obtained from the parallelisation. In addition
to the metric, the fourteen SL(5)/SO(5) scalars and the ten ISO(4) gauge vectors, the
bosonic field content of the seven-dimensional theory is made of a massless two-form
and four massive self-dual three-forms. The scalar potential does not admit stationary
points, and the most symmetric ground state solution is a domain wall, describing the
near-horizon geometry of NS5-branes.

We would now like to see whether the frame (4.4.92)) gives a generalised parallelisation
also for m # 0. In this case the problems appear even before considering the action of
the massive Dorfman derivative. Indeed the frame requires the existence of a
non trivial field strength H, while we know from that for m # 0 H is exact.

9The twist by B acts on a vector V of the untwisted generalised tangent bundle E on Ms as
V=eP? V=0+A+wuB)+x + (@2 —@B) .

19T his is analogous to the way the ISO(7) reduction of massless ITA supergravity on S is obtained
from the SO(8) reduction of eleven-dimensional supergravity on S”.
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MASSIVE ALGEBRAS ON S? AND S*%

In the previous sections we saw that, contrary to the case of S°, the massless frames
for S3 and S* do not lead to good parallelisations when the Romans mass is turned
on. In this section, we provide some understanding of why the frame on S° is the
only one that satisfies a good algebra also in the massive Dorfman derivative. We also
explore the possibility of finding other parallelisations that do satisfy an algebra of the
desired type. For S® we derive a no-go theorem showing that, under mild assumptions,
one cannot find a frame which gives rise to a maximally supersymmetric consistent
truncation.

Given a d-dimensional sphere S with a non-zero flux for a d-form field-strength, one
can build a GL(d+ 1) generalised tangent bundle, which is isomorphic to T @ A4=2T*,
Since this admits a global generalised frame, the sphere is generalised parallelis-
able [81]. This generalised frame is a GL(d + 1) rotation of the coordinate frame.
For spheres, the GL(d + 1) generalised tangent bundle is always a sub-bundle of the
full Egy1(q41) X R* bundle and, in fact, it is possible to decompose the whole gen-
eralised tangent bundle into representations of the GL(d + 1) subgroup. Moreover,
all the parts of the parallelisations of the bundle F are related to the corresponding
coordinate frames by the same GL(d 4 1) transformation.

In the previous sections we constructed the frame F4 and the respective Leibniz
algebra for type IIA on S d = 3,4,6. We consider now the effect of adding the
Romans mass to the massless Dorfman derivative. As the given frame on S? already
satisfies a Leibniz algebra for the massless Dorfman derivative with constant structure
constants X 45, the structure constants of the same frame with the massive Dorfman
derivative will be X45° + Y4 BC, where

Vap® = EAMERNEC pmy,n" (4.4.98)

are the frame components of the Romans mass map m, ! (see section [3.3.2). The
frame F 4 will thus give a generalised Leibniz parallelisation in the massive Dorfman
derivative if the additional structure constants Y45 are constant.

A natural way for this to happen would be if the components Y45 are equal to
the components m,, ', which are constant by definition. This would mean that the
frame F4™ must lie in the stabiliser group of the Romans mass. The stabiliser is the
subgroup of Eg q(g4+1) X R* that leaves m,,* invariant. It can be determined by

combining (B.2.7) and (B.2.12) with
(R-m)(V)=[R,m(V)] -m(R-V), (4.4.99)

where R is an element of the adjoint of Eg,1g11) X RT, see (3.3.28)). For instance, in
six dimensions we find that R-m = 0 for R of the for

R=Il+p+r+B+B+T5+C, (4.4.100)

where [ = —p and I'; is a five-vector, while C' = C; 4+ C35 + (5. The stabiliser group
is the semi-direct product of a Lie group G with a nilpotent group G’. The Lie
algebra g of G is generated by 7, I's, C5 and | = —¢ in . The Lie algebra
of G’ is ¢ = g} ® g, where g; and gy are generated by 3 and C3, and C; and B,
respectively. The algebra g’ is graded so that the commutator of two g; elements is in
go and all other commutators vanish. The stabiliser groups of m for the dimensions
of interest in this work are summarised in table @ In the table, Ry and Ry denote
the representations of G in which g} and g} transform.

"For lower-dimensional spheres it is enough to truncate to the relevant potentials.
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d G R, R,
6 GL(7) 35 7
5 SL(5) x SL(2) x R+ (10,2) 44 (5,1)12
<4 CLA@)xRY (A7)0 & (AT (174

TABLE 4.2: Constituents of the stabiliser group of m, Nt

It is noteworthy that only for d = 6 the group G coincides with GL(d + 1). Since
the frame E4M is an element of GL(d + 1), we see that for S° the frame does lie
in the relevant stabiliser groupEl Hence the massless frame remains a good Leibniz
parallelisation when the Romans mass is switched on. However, for d < 5 it does
not, and this provides a partial explanation for why these frames do not give Leibniz
parallelisations in massive IIA. By this reasoning, one is not surprised that S is the
only case which works in massive IIA without modifying the frame.

However, the above argument does not rule out the possibility that there are alterna-
tive Leibniz generalised parallelisations of the lower-dimensional spheres in the massive
IIA. In what follows, we explore this possibility focusing on the case of S3, for simplic-
ity. As noted before, in massive type IIA H3 must be trivial in cohomology. As S has
only a non-trivial 3-cycle, this means that there can be no cohomologically non-trivial
field strengths. We thus assume that the background field configuration has non-zero
Romans mass and all other fields are zero. This implies that the generalised tangent
space has no twisting and is given by the direct sum

E=E=T&T"®A'T" & A>T*. (4.4.101)

Suppose now that there exists a generalised Leibniz parallelisation F4 that gives an
SO(4) algebra

LEUEM = 2R (S By — SiEs)
LEijEkB = —2R7'6,;E5

Ly Enu=0,

Ly Ers =0,

(4.4.102)

where L is the massive Dorfman derivative. This implies that the generalised metric
g1 =648 E U4 E B is preserved by the Dorfman derivative so that the E 4 are gen-
eralised Killing vectors |132,/133]. Thus the gauge transformations of the background
fields generated by the E4 all vanish. As we have no gauge fields, this leads to the
conditions

Ly,9=0, dAa =0, dwg —mAs =0, (4.4.103)
which imply that the Dorfman derivative reduces to the Lie derivative term only
Ly, = Ly, . (4.4.104)

As the vector parts of the Eij satisfy the SO(4) algebra, these must be the S* Killing
vectors (up to an overall constant automorphism), and we have that

Ly, = Lo, (4.4.105)

12Note that for d = 6 the full stabiliser group is isomorphic to the geometric subgroup of Er7ery X RT
for M-theory.
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is the action of the SO(4) isometry group. The second of m ) then says that
the Ejs components of the frame transform in the vector representation. This implies
that

Ei5 = ark; + agy; + asdy; + a4 * dy; (4.4.106)

for some real coefficients a,,, where 3%, with i« = 1,...,4 are the constrained coor-
dinates on R*. Here, k; are the standard conformal Killing vectors on the sphere
(cf. appendix EI) As LEiSEj5 = 0 we have a; = 0 and (4.4.103)) gives us as = mag
and a4 = 0. One can then see that

B = v+ R2dy; Ad
Eoa=F;=¢" " Yy (4.4.107)
Ez5 = R(myz + dyi) s

where R is the radius of S2, is the unique frame giving a parallelisation of the
generalised tangent bundle on S® which satisfies the SO(4) algebra (4.4.102) E If
mR = 1, the frame is also orthonormal in the generahsed metric. However the
frame fails to be in the SL(5,R) x R generalised frame bundle. We re-
call from [63| that the generalised frame bundle is defined to be those frames which
are related to the coordinate frame by an Egiig11) X RT transformation. In the
SL(5,R) x RT case, this means that there must also be a parallelisation E; of the
bundle W =~ (det T)~%/2 @ (T + det T), discussed in [81], such that

E[J:E]AEJ. (4.4.108)

It is simple to show that our frame is not of this form, and is thus outside
of the generalised frame bundle. This means that one cannot use it to describe a
consistent truncation of supergravity. For example, the Scherk-Schwarz twist of this
frame does not define a generalised metric which can be parameterised in terms of
supergravity fields, and as such it does not provide a scalar ansatz for such a reduction.

Having ruled out the possibility of the algebra , one could still wonder if
there are other frame algebras containing SO(4) which could fare better. The obvious
alternative would be the 150(4) algebra (4.4.96). However, we will now see that just
requiring this algebra already leads to a contradiction.

For the Eij parts of the frame, we can use the same generalised Killing vector ar-
guments as above to deduce that LEM = Ly, so we can again decompose the
frames into SO(4) representations. This decomposition implies that the one-form
part of E; is closed, and, together with the generalised Killing vector condition,
that the one-form part of E’w vanishes. The constraint L, E 5 = 0 then gives that
Ly =
part of E;s. However, this contradicts another of the hypothesised algebra relations
L Ekl = 2R714; [kEl]g) as the image of dwy; € ad is contained in A2T* C E, while

E,5 must feature one-form parts in order for EI 7 to give a parallelisation.

—(dwsa;)- is the adjoint action of dws; € A3T* C ad, Where wo,; is the two-form

We have thus shown that the two most likely frame algebras featuring SO(4) in the
gauge group cannot be realised in massive type ITA parallelisations. While these
arguments do not systematically rule out all possibilities, they are highly suggestive
that there is no maximally supersymmetric consistent truncation of massive type ITA
on S? with gauge group SO(4) (or larger). It seems that a similar conclusion can be

131 appendixwe show that in type IIB it is possible to find a parallelisation for the generalised
tangent bundle on S® that satisfies the same Leibniz algebra (4.4.102)).
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reached for the S% case. We note that , augmented by an additional piece
E = voly, also yields a Leibniz parallelisation of the type IIA generalised tangent
bundle on S4, satisfying the SO(5) algebra. However, again one can prove this is not
an SO(5,5) x R frame.

One can construct an SO(5,5) x RT covariant projection acting on four generalised
vectors F4* — AYT*. This is done by taking the projections to the bundle N of the two
pairs of generalised vectors and then contracting the resulting sections of N, which
transform in the vector representation of SO(5,5), using the SO(5, 5) invariant metric.
Due to the RT weights, the inner product is in fact a volume form and transforms
under RT, but it is SO(5,5) invariant. By explicit computation, one can check that
the components of this quartic SO(5,5) invariant on E are not preserved, or rescaled,
when one moves to the frame combined with £ = voly, showing that this
frame is not an SO(5,5) x Rt frame.

S? PARALLELISATION AND D = 8, SO(3) SUPERGRAVITY

We conclude our set of examples by considering type IIA supergravity on the two-
sphere S2. Again, we will see that while it is easy to define a generalised Leibniz
parallelisation for m = 0, in the massive case the most likely frames do not work.

On a two-dimensional manifold, the U-duality group is SL(3) x SL(2), and the gener-
alised tangent bundle reads

E=ToT  oRo AT, (4.4.109)
which factorises as
E2RadetTR(TOR) =UW, (4.4.110)

where U transforms as an SL(2) doublet and W as an SL(3) triplet.

An SL(3) x SL(2) frame is specified by {Ejs}, where i = 1,2, 3 is an SL(3) index while
a = + is an SL(2) index. According to the factorisation (4.4.110)), it can be written
as

Eio=E.®FE;, (4.4.111)

where E’a is a frame for V' and EZ is a frame for W. This guarantees that the scalar
matrix M8 defined by the generalised Scherk-Schwarz ansatz parameterises the
seven-dimensional coset Sé((?g)) X Sé(é)), as expected for maximal supergravity in eight

dimensions.

For vanishing Romans mass, a generalised Leibniz parallelisation on S? is given by

Ei = + Yi + Ly, CO' R
A . (4.4.112)
E;— =dy; +y; vola —dy; A Cy

where v; = %eijkvjk are the SO(3) Killing vectors and voly is the volume on the

round S? of unitary radius. Notice that (before twisting by C}) the factorisation
condition (4.4.111]) is satisfied by taking

A~

Ei =v; + Yi,

. 1 4.4.113

b= ( > ' ( )
voly / ,
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Moreover, choosing the two-form flux as

o o 1 o
Fy=dCy =  voly | (4.4.114)

so that ¢,,dC1= ¢ Rdy;, the massless Dorfman derivative yields

L f, — _ 1. kR L f. — _ 1.k
LEH_EJ-I— = TRy By, LEH_EJ— = —R¢%j B,
— 0,

Ly Ejp =0, Ly Ej

i—

(4.4.115)

which is a Leibniz algebra leading to an SO(3) gauge algebra.

Hence we have an SL(3) x SL(2) Leibniz parallelisation with associated SO(3) gauge
algebra. This can be used to define a generalised Scherk—Schwarz reduction of massless
type IIA supergravity on S2, down to to maximal supergravity in eight dimensions with
gauge group SO(3). As pointed out in [121], this consistent reduction on S? is the same
as the conventional Scherk—Schwarz reduction of eleven-dimensional supergravity on
the group manifold SU(2) ~ S3, presented long ago in [134]. The explicit truncation
ansatz for the metric, dilaton and RR two-form on S? can be found in [135, sect. 6],
and its relation with the S® reduction of eleven-dimensional supergravity is explained
in [88].

When the Romans mass is switched on, the frame (4.4.112)) fails to satisfy an alge-
bra under the Dorfman derivative with m # 0. One could consider the alternative
generalised frame
E. =u ol
Az+ v; + Y; vola, (4.4.116)
Ei- =dyi +ui,

which compared to (4.4.112) has the role of the R and A?T* terms exchanged, and

is not twisted by C;. This frame is still globally defined, orthonormal and can easily
be checked to satisfy the SO(3) algebra under the massive Dorfman derivative for
mR = 1. However, it cannot be put in the form (4.4.111)), so it is not an acceptable
SL(3) x SL(2) frame. This means that a Scherk-Schwarz reduction based on (4.4.116))
would not define a generalised metric of the type given by the supergravity degrees
of freedom , so it would not make sense to define an ansatz like .
The S? case is thus on the same footing as S® and S%, that is it does not seem to
allow for a consistent truncation of massive type IIA supergravity preserving maximal
supersymmetry.






GENERALISED CALIBRATIONS IN AdS
BACKGROUNDS

5.1 INTRODUCTION AND MOTIVATIONS

In this chapter, based mainly on [14], we are interested in investigating the relation
between the Exceptional Sasaki-Einstein structures 13| presented in section and
generalised brane calibrations, in AdS5 x M5 backgrounds in type IIB and in AdSs x Mg
and AdS4 x M7 compactifications in M-theory.

Also in this case it is useful to analyse the problem through the lens of G-structures.
We have mentioned how requiring the AdS background to be supersymmetric is equiva-
lent to put integrability conditions on HV structures, that in that case take the name
of Exceptional Sasaki-Finstein structures [13|, or of Exceptional Calabi-Yau spaces
(ECY) for compactifications to Minkowski spacetimes [80].

G-structures also appear naturally in defining calibration forms on the compactifica-
tion manifolds.

A p-form ¢ on a d-dimensional manifold M (d > p) is a calibration if and only if it is
closed, i.e. d¢ = 0, and its pull-back to any tangent p-plane S satisfies the inequality

Ps[¢] < vols, (5.1.1)

where vols is the volume form on the plane S induced from the metric on M [136].

The ordering relation in has to be read as Ps[¢] = avols, with « € R* and
a < 1. For the supersymmetric backgrounds relevant in string and M-theory the
calibration forms can be written as bilinears in the supersymmetry Killing spinors.
For instance, on Calabi-Yau manifolds there are two types of calibration forms, which
corresponds to products of the Kéhler form and to the real part of the holomorphic
form on the Calabi-Yau.

A p-dimensional submanifold ¥, is called calibrated if it saturates the condition (5.1.1)
at each point: Py [¢] = voly,. One can show that a calibrated submanifold minimises
the volume in its homology class. Indeed, given another submanifold ¥’, such that

95
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Y. —Y' = B is the boundary of a p+1-dimensional manifold B, one has (see e.g. [136])

Vol (%) :/,volzl Z/EPE[QS}—{—/aBPaB[qb] :/Evolg+/BdPB[¢} = Vol(%),

where we used the definition of calibration form, Stokes theorem and the fact that X
saturates the inequality (5.1.1]). For a nice review on these arguments, one can refer,
for instance, to [137].

Calibrations are useful tools in string theory because they provide a classification of
supersymmetric branes in a given background. In a purely geometric background (no
fluxes) supersymmetric branes wrap calibrated submanifolds, so that they minimise
their volume |138-141]. The calibration form is constructed as a bilinear in the Killing
spinors of the background geometry, and its closure follows from the Killing spinor
equations of the background.

In the more general case of a background with non-trivial fluxes supersymmetric branes
are associated with generalised calibrations. Since the branes couple with the back-
ground fluxes, they do not correspond to minimal volume submanifolds but to config-
urations that minimise the energy. As in the fluxless case the generalised calibration
form is related to the Killing spinors of the background [142151]. Also in these cases
the calibration forms can be written as bilinears in the Killing spinors and the clo-
sure of the generalised calibration form can then be deduced from the Killing spinor
equations of the supersymmetric background [143,/148,(149\|152].

In section we have seen how the exceptional HV structure contains a generalised
vector K that generalises the Reeb vector field and the contact structure of usual
Sasakian geometry. For this reason, it is believed to encode information on brane
configurations and conformal dimensions of chiral operators, as the contact structure
does in [153]. In particular, in |13] the form parts of the generalised vector K were
conjectured to describe generalised calibrations for brane configurations dual to bar-
ionic operators in the dual gauge theory. The aim of this chapter is to prove this
conjecture and to show that the vector structure is indeed associated to generalised
calibrations.

In the following, we focus on the calibrations forms associated to branes wrapping
cycles in the internal manifolds and that are point-like in the AdS space. We show
that for these configurations the general expression for the calibration forms that can
be constructed using x-symmetry can be expressed in terms of the generalised Killing
vector K defining the Exceptional Sasaki-Einstein structure and that the closure of
the calibration forms is given by the integrability (more precisely the Lg condition)
of the ESE structure. Our results proves the conjecture appeared in [13], that the
generalised Killing vector is a generalised calibration. We also partially discuss other
brane configurations that are calibrated by the vector K.

The analysis in this chapter is far from being complete. For instance we did not fully
study the calibration forms for branes with world-volumes spanning different directions
in the AdS space. These should be related to components of the hypermultiplet
structures and their closure to the moment map conditions. It would also be interesting
to perform a similar analysis for compactifications to Minkowski space where the
relevant structures are Generalised Calabi-Yau’s [80]. We leave this analysis for future
work.

Conventions for Clifford algebras and bilinears of spinor notations are relegated to ap-
pendix [A]
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5.2 GENERALISED CALIBRATIONS IN M-THEORY

The aim of this section is to study calibrations for supersymmetric brane configurations
of M-theory on AdS backgrounds of the form

ds? = ezAdSQ(XD) + ds?(My),

in terms of exceptional geometry. AdS calibrations have been thoroughly discussed in
the literature [142,143//148.]154] and led to the notion of generalised calibration. In this
section we will interpret these calibrations in terms of the Exceptional Sasaki-Einstein
structures describing the AdS background.

Supersymmetry static M-theory backgrounds have been studied in [155]. As we have
seen in chapter 4] a supersymmetric background admits a Majorana Killing spinor &
satisfying,

Ve + — [FMNPQR — 85MNFPQR} Gnpore =0, (5.2.1)
where M, N,...=0,1,...,10, G = dA is the four-form field strength and the Gamma

matrices are the Clifford algebra elements in 11 dimensions. The four-form G and the
metric g satisfy the relative equations of motion

1 1
Ruy = o5 <GMPQRGNPQR - mgMNG2> =0, (5.2.2)
1
dxG+5GAG=0. (5.2.3)

The Killing spinor can then be used to build one-, two- and five-forms

Ky = él'ye, (5.2.4a)
wun = el yne, (5.2.4]3)
Yunror = L MNPQRE, (5.2.4c)

and the supersymmetry conditions imply that

dK = 21,G + 312 % G, (5.2.5)
dw = kG, (5.2.6)
dY =1x *G—-—wAG. (5.2.7)

Supersymmetry also implies that the vector K™ dual to the one-form (5.2.4a)) is a
Killing vector, i.e.
£,€g = 0, ﬁ,@G =0. (5.2.8)

The vector KM can be either null or time-like, and for the backgrounds of interest
here it is time-likdll

Now let us focus on AdS backgrounds,
ds? = e?2ds?(AdS) + ds*(M), (5.2.9)

where A is a real function on M, the warp factor.

'In this case the forms K, w and ¥ define an SU(5) structure in 11 dimensions.
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As usual, to construct the generalised calibrations for M-branes we can make use of
k-symmetry. A supersymmetric brane satisfies the bound

Ie=c¢, (5.2.10)

where € is the background Killing spinor and the k-symmetry operator r depends on
the type of brane. For an M5-brane this is defined as [148}/156],
1

- 1 R 1. -
I' = LDBIFO [4FQ(HJH)Q + iraBHOéﬁ + gl—\al...o%ealmo‘5 7 (5.2.11)

where H = dB + P[A] is the world-volume three-form, H is its world-space dual [157-
159]E|and Lppr is the Dirac-Born-Infeld Lagrangian for the M5 brane,

Lppr = —\/— det(P[g] + H). (5.2.13)
Per usual, P[e] denotes the pull-back on the M5 world-volume and we defined
Cooow = Doty g, 0oy XM 00, X Mo (5.2.14)

As discussed in [148]|156], the k-symmetry condition (5.2.10) can be used to derive
the following bound [160],

1
lell*Lppr vols > S PlgHI A H + P A H + P[S]| (5.2.15)

where K, ¥ and w are defined in ([5.2.4). To satisfy the bound one has to take into
account that the space is Anti-de Sitter. As discussed in [156], the norm e depends
on the AdS coordinates and the bound is saturated when the M5 brane sits at the
center of AdS. Explicitly, the metric of AdS,, in global coordinates can be written as,

ds? = R?(— cosh? pdt* + do® + sinh? pdQ,_») (5.2.16)

and e o cosh g, thus, the (5.2.15) can be saturated only for ¢ = 0, i.e. in the center
of AdS.

Further, the bound ([5.2.15]) can be used to derive a bound on the energy of the M5
brane [148,|156]. The energy of the an M5-brane is given by

Ens = —/ d°c g(P,K), (5.2.17)
S

where S denotes the 5-dimensional world-space of the brane, Py is the conjugate
momentumlﬂ [159],

N OL s 11
Py =578 v Py + **'Gml"'a5Ha1a2a3Ha4asa68a1XM
0(0-XM) 7— 45! ] (5.2.18)
_575‘67—0[1“.0‘5 LMA—%LMA/\(A_2H) )
! ai...as

2The field H is defined in terms of an auxiliary scalar field a, which is needed to ensure the Lorentz
covariance of the world-volume Lagrangian |157}[15§],
~ 1
Hy, = (xH)
V|0al?
The scalar a is subject to a gauge transformation and one usually fixes it by going to the temporal
gauge, i.e. a = a~0 = t. This gauge fixing procedure breaks the Lorentz invariance SO(1,5) down to
SO(5) and sets H equal to the world-space dual of H.

9%a(o) . (5.2.12)

pro

3To write this expression, we have chosen again the static gauge X = (¢,0).
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where XM are the embedding coordinates of the brane. The quantity g(f?,I@) =
PMKN gy can be interpreted as a Noether charge density of the symmetry generated
by K [161]. Then the inequality (5.2.15)) gives a bound on the energy of the brane,

Ens > Eig®, (5.2.19)
where
EBPS — / P[S) + Pt Al + Plw] A H + Pl H| A (A - 2H). (5.2.20)
S
As shown in [156], the form
Dyis =X+ ipA+wAH+ S0 HA(A-2H), (5.2.21)

is a generalised calibration, namely is closed by supersymmetry and it minimise the
energy in its homology class being a topological quantity [148].

The discussion for M2 works analogously, and the calibration form is

Py =w + LICH . (5.2.22)

As final comment, we want just to point out that the construction above can also
be derived by the supersymmetry algebra. The same calibration forms emerge in
the supersymmetry algebra with the central extensions due to the presence of BPS
extended objects, and one can prove their closure by using the Killing spinor equa-
tions [143},/149,/150].

5.2.1 CALIBRATIONS ON AdS; x Mg

Even if the formalism described in the previous section is completely general, in what
follows we will focus on static M-branes in backgrounds of the type and we
will show how the calibration forms and are naturally encoded in the
generalised Sasaki-Einstein structure.

We consider first the case of compactifications to 5-dimensional AdS. The supersym-
metry conditions for backgrounds of this type are give in [162] while the corresponding
exceptional generalised geometry is given in [1382], and we briefly review it below. We
refer to these works also for notation and conventions, and we collect, for convenience,
again the relevant conventions used here in appendix

The metric takes the form
ds? = e?Adsh g, + dsiy, (5.2.23)

where we denote the inverse AdS radius as m. As shown in [162|, supersymmetry
constrains the geometry of the six-dimensional internal manifold: Mg has a local
SU(2) structure and topologically is a two-sphere bundle over a four-dimensional

baseEl

There is a non-trivial four-form field strength F with non-zero components along the
internal manifold Mg,
Foyoma = (-F)ml...m4 ’ (5-2-24)

4The four dimensional base can be either a Kéhler-Einstein manifold with positive curvature or a
product of two constant curvature Riemannian surfaces. The latter case in non-Einstein [162].
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while the external components are set to zero, F, ., = 0.

The internal flux F' satisfies the equations of motion and the Bianchi identity
dF =0, d(e®x F) =0, (5.2.25)

with xg the Hodge star on Mg, while the dual form le”m? = (*x11F)
vanishes on the six-dimensional internal manifold Mg.

The Clifford algebra Cliff(1,10) decomposes in Cliff(1,4) and Cliff (0, 6):

. identically

my...m

[H = e pt @7, [t = 1, @ 4™, (5.2.26)
with 77 = —iy!...7% the chiral operator in 6 dimensions, and p and vy matrices
satisfying

{pm pﬁ} = 27704B]1 ) {'Ya: 'Yb} = 2041, (5-2'27)

in terms of the frame indices o, 3 = 0,...,4 on AdS; and a,b =1,...,6 on Mg. We
collect further conventions about spinors and Clifford algebras in appendix

To have an N/ = 2 supersymmetric background we decompose the 11-dimensional

spinor as
e=9p@x+YP°®x°, (5.2.28)

where 1 is an element of Cliff(1,4). Notice that, in order to have an AdS backgrounds,
the internal spinor x cannot be a chirality eigenstate [162]. Hence, it can be written
as,

X = V2(cos ax; + sinax3), (5.2.29)

where « is a parameter chosen to get the unit norm for the spinor, as in |162].

The exceptional geometry for these backgrounds is given in [13,[82]. The exceptional
bundles to consider are again (3.3.1]) and (3.3.11]). The vector structure K € F and the
hypermultiplet structure J, € adF' can be expressed in terms of the SU(2) structure
of [162].

In this discussion we are mostly concerned with the generalised Killing vector K. Its
untwisted version is given by

K=¢6—eAY' +ePZ=¢+0+6 €E (5.2.30)

with the vector £, the two-form Y’ and five-form Z defined in terms of spinor bilinears
as in [13],

¢=—i(x1+x3)7 V0 - x3). (5.2.31)
Y =—i(x1+x3) 72 (a — x5) (5.2.32)
Z = —i(x1+x3)75 (x1 — X3) - (5.2.33)

The twisted version of the V structure is obtained by the (exponentiated) adjoint
action -
K =K, (5.2.34)

where A is the three-form and A the six-form potential of M-theory. Using the
expressions for the commutator and the adjoint action from [80|, one obtains |13]

K=¢+4 (1eA—e®Y') + (e2Z — A ANY' + J1ic AN A). (5.2.35)
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As discussed above, the tensor R must vanish for the generalised Lie derivative to
reduce to the usual one, and this is equivalent to [13|

di = 1 F, 6 = 1ecF —ONF . (5.2.36)

On Mg, this yields the differential conditions
d(e?Y') = — e F, (5.2.37a)
d(e?Z) =e®Y' A F, (5.2.37b)

which we refer to as L conditions in the language of exceptional generalised geometry.

Supersymmetry gives also the Killing vector condition
LeF =LA =Leg=0. (5.2.38)

We can now discuss how the generalised Killing vector K is related to the calibration
forms for supersymmetric branes. The general calibrations for M5 and M2 branes are
given by the and (5.2.22)). With an appropriate choice of the AdS; gamma
matrices (see appendix [A.2.2)), the 11-dimensional Killing vector Kj; in has
only two non-zero components,

Ko = ¥potp (5.2.39a)
Km = —=i(X1 4 X3 ) Ym(x1 — X3) = &m., (5.2.39D)

where we fixed the norms of the spinors to yx = 1 and (¢%) = i/2 and &, is the
Reeb vector on Mg. Consistently, we also fixed the value of the angular parameter to

o =n/4in (5.2.29).

The specific expression of the calibration forms ®y5 and ®ypo in (5.2.21)) and (5.2.22))
depends on how many AdS directions are spanned by the world-volume of the branes.

Consider an M5 wrapping a 5-cycle in Mg. We choose again the static gauge for the
brane embedding and we set to zero the world-volume gauge field (so H = A). The
the relevant components of the ¥ and w in ((5.2.4b)) and (5.2.4c|) are the internal ones,

Wmimg = eA XY Ymima X = eAY/, (5.2.40&)
Emlu-ms = eA XY Ymi..msX = 6AZ7 (5.2.40]3)

and the calibration form in (5.2.21)) reads (recall that the pull-back of Ais Z€ero),
Dys = e Z —ePBANY! + TLeANA. (5.2.41)

Note that this is exactly the pull-back on the brane of the twisted generalised vector
K in (5.2.35)). A similar computation for an M2-brane wrapping a 2-cycle in Mg gives

Dypg = Y — 1A, (5.2.42)
which is again the pull-back on the M2-brane of the twisted generalised vector K.
Using the L conditions (5.2.37) and choosing the a gauge for A such that £;A =0,
it is straightforward to check that ®y; and ®yo are closed. Explicitly, for instance
for M5, one has,
A0y = d(e2Z) — d(eBANY!) + Ld(1e AN A) =
=e®Y'NF—FAAY' +1eFAA+Ld(eA)NA+ L ANF = (5.2.43)
=1 FNA+ SLANA— L eFANA—LANF =0.
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Analogously, one can verify that ®po is also closed, showing that the purely internal
configuration of the membrane is supersymmetric.

The generalised vector K is also related to the calibration forms for other types of
brane probes. Here we focus on branes with one one leg in the external space-time,
that is a string moving in AdS. We leave the study of other membrane configurations
to future work. The calibration forms for M2 and Mb-branes of this kind are given
by (5.2.21)) and (5.2.22)) in this case, take the following form

Dypz = e?2( (5.2.44)
Prys =22 kY + 22 N A (5.2.45)

where Z = x(;. The two calibrations are components of the (poly)-form
D=e 20 4P x Y 4220 NA. (5.2.46)

which is the Hodge dual of the vector structure . We want now to study it’s
closure and its relation to the integrability conditions. In this case, the closure follows
from the moment map condition u3 = 0, rather than from the Lx condition. In |13,
it is shown that this moment map condition requires

d(e*2¢) =0, (5.2.47)

so that this form calibrates a M2-brane. Again, combining the two conditions, we get

d(e*2sin®) = 2me?2(;  and d(e32V) = e*AsinOF + 2me?2 xY' . (5.2.48)

From the vanishing of p3 in [13], it is easy to verify that the form e x¢ Y+ 220 NA
is closed (for non-vanishing m).

5.2.2 CALIBRATIONS IN AdS; x M;

In this section, we discuss M-theory calibrations on AdS, backgrounds. Again, we
first review the exceptional generalised geometry [13]| and then relate it to generalised
calibrations. Conventions for the spinor bilinears and the supersymmetry equations
for the internal forms can be found in [156] and the relevant ones for this work are

collected in appendix

The background metric has the following form
ds® = eQAdzsidsé1 + ds?m . (5.2.49)

We set the inverse AdSy radius to m = 2. In addition, there is a non trivial four-form
flux
G =mvoly +F, (5.2.50)

where F' = dA is the flux component on M7 and it satisfies the following Bianchi
identity and equations of motion

dF =0, d(e*® »; F) = —mF, (5.2.51)

with x7 the Hodge star on M7;. We will also need its dual F=dA- %A ANF.
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The 11-dimensional gamma matrices split as
I[,=e2p,®1 and Ty =e®ps @Y, (5.2.52)

with {pu, pv} = 29 and {Vm,Vn} = Gmn. The matrix ps = ipp123 is the chirality
operator in four dimensions, and ;.. 7 = ¢1. For further details about Clifford algebra
conventions we refer to the appendix [AZ2]

The spinor ansatz preserving eight supercharges reads [156,|163]

€= Z b ® ey + 9 @ ey ¢
i=1,2 (5.2.53)
= A2, @ x_ + A @ x4 + e

where x4 = %(Xl +ix2) and Yy = %(@bl +19). In addition, we take the AdSy

spinors 1; to have positive chirality, i.e. ps1; = ;.

Combining the supersymmetry conditions and equations of motion for the fluxes one
can express the internal fluxes in terms of spinor bilinears by [156],

3m e
F= 7 (i (X x-)) s (5.2.54)
F=—f voly . (5.2.55)

The features of the solutions depend on the electric charge m. When m = 0 the
solutions correspond to near horizon geometries of M5-branes wrapped on internal
cycles (no M2 charge). The geometries with m # 0 correspond to the presence of a
non-vanishing M2 charge. For m # 0 the internal manifolds always admit a canonical
contact structure, as shown in |156].

The generalised geometry relevant for backgrounds of this kind is discussed in [13].
The HV structure is given by a generalised vector X in the fundamental of Fy(7) and
a triplet J, in the adjoint representation. The untwisted vector reads

X =6+ 32Y 4527 —ie??r, (5.2.56)
where the forms are bilinears in the internal background spinors

o= IX$YD)X- Y =ixSve)x-, Z =x7Y T =0 ®voly,

(5.2.57)
and £ is the vector dual to the one-form o. Notice that the vector structure has the
same form in both cases of a Sasaki-Einsten internal manifold and of a generic flux
background [13]. Indeed the seven-dimensional manifolds giving N/ = 2 supersymme-
try always admit a local SU(2) structure. Moreover, the Killing vector constructed
by spinor bilinears in (or equivalently its dual one-form o) defines a contact
structure. This allows us to write the M7 metric as a Reeb foliation, analogously to
the case of a Sasaki-Einstein manifold [156]. As a consequence, the volume form can
be written making use of the contact structure,

1 3m?\° 9A 3m?\*
—oANdoANdoAdo = | — | e’ vol; =2 — 9(K), (5.2.58)
3! f f
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where q(K) is the Ey(7) invariant and K is the real part of the twisted vector structure
X

1 -
K:§—§0AwAw+L§A. (5.2.59)

As already mentioned in section [3.3.6] supersymmetry implies that X is a generalised

vector and its vector part, &, is a Killing vector. Through AdS/CFT, ¢ is the dual of

the R-symmetry of the conformal AV = 2 gauge theory in three dimensions. Then, as

discussed in section the generalised Lie derivative along X must reduce to Le,

which implies the vanishing of the tensor R, or more explicitly
d(e32Y) = 1 F,

A(e%2Z) = 1. F — *AY A F. (5.2.60)

As expected, these reproduce part of the supersymmetry equations in [156].

One can choose the gamma matrices and spinors in such a way that the Killing vector
K has components |156]

Ko=> dipothi,
7 (5.2.61)

Con
K = —£*® X vmx— -

As in the previous section, the form of the generalised calibrations for M5 and M2

branes, ((5.2.21]) and (5.2.22)), depends on the direction spanned by the branes. Again,

we considered first an M5 wrapping a 5-cycle in M7, with a zero world-volume gauge
field (H = A) and in the static gauge.

In this case, the relevant components of the forms (5.2.4b|) and (5.2.4c)) are

i 3A — A
12X v x= = €2Y,

w =
2= =" (XexG + Xsx) = €27

I

and the calibration ®y5 gives
Dyis = (P22 + ANSAY + L ANA+ 1 A). (5.2.62)

One can also add an M2 completely arranged along the internal directions. The
corresponding calibration form is given by,

iz = (32Y + 1 A), (5.2.63)
which together with ®y5 gives rise to a poly-form,
D = (32Y + 1 A) + (P2 Z + AN SRY + Tl ANA+ e A), (5.2.64)

and this, again, corresponds to the vector structure. The closure of ®, follows from
supersymmetryﬂ more precisely, from the Lg conditions (5.2.60)),

d® = d(2Y + 1 A) + d(P2Z + ANSAY + L1 AN A + 1 A)
=1 F +d(1gA) + 1eF — ESAY ANF+ FASAY — AN F
+ 3d(LeA) A A+ J1c AN F + d(1cA)
=LeA+ LA+ SLeANF + AN F — ANeF + 31 ANF =0,

(5.2.65)

®Note that Ly conditions imply that &y and ®yo are separately closed.
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where in the last line we made a gauge choice, such that,

LeA=0, LA=0. (5.2.66)

One can consider not only branes wrapping internal cycles. For instance, for M5-
brane spanning two spatial directions, we can show that — also in this case — the
related calibration form comes from the vector K. The relevant form is given by

D = (S32Y 41 A). (5.2.67)

The closure of this form comes directly from ([5.2.60)).

It is also easy to see that, in this case, branes with one leg aligned with an external
space direction are not supersymmetric, as indeed already discussed in [164].

Indeed, for instance in the case of an M2 wrapping an internal cycle and with one
external leg, the candidate calibration form is proportional to ¢ in , which is
not closed — i.e. do ~ w. This condition, in the language of Exceptional generalised
geometry, is a part of LxJ, = €ae A\pJe. It is interesting to note that, on the other
hand, this configuration is supersymmetric in the case of a Minkowski background,
since the analogous condition reads Ly J, = 0, [80].

To conclude the analysis, let us focus on space filling brane configurations. This case
corresponds to the J, components of the Exceptional Sasaki-Einstein structure. For
instance, for an M5-brane we find

d =2V, (5.2.68)

where V_ is the two-form defined from spinor bilinears as follows,

1
Ve = o (X x+ £ X-72)X-) (5.2.69)

which gives the TM ® T* M-component of J, by raising one index. In particular, in
the limit of a Sasaki-Einstein manifold (the only one for which the expression of J, is
given explicitly in [13]), the calibration form corresponds to J3, and we have
good reasons to trust this result also for the cases where generic fluxes are turned on.
We leave the complete discussion of these cases for future work.

5.3 SUPERSYMMETRIC BRANES IN TYPE IIB

In this section, we want to discuss the analogous conditions to have supersymmetric
extended objects in a type IIB supergravity AdS background and their connections to
Exceptional Sasaki-Einstein structures defining such backgrounds.

We are interested in backgrounds with non trivial fluxes. The NS three-form is H =
dB and the RR fields are

1 1
F =dCy F3 =dCy Fy=dCy — 5HAC2+§F3/\B (5.3.1)
The field strengths F' satisfy the duality condition

Fp = (—1) [%] * FlO—p s (532)



106 5.3 Supersymmetric branes in type IIB

while the S-duality of type IIB is reflected in the fact that B with Cy form an SL(2)
doublet. It could be useful to define a complexified version of the three-form flux [165],

G=F3+1iH;. (5.3.3)

The Bianchi identities are written as

1
dFs = S Im GAG", dG =0. (5.3.4)

The generalised calibrations for backgrounds with non-trivial NS-NS flux have been
constructed in |161] (see also [149,|151] for an equivalent derivation in terms of the
supersymmetry algebra). The two Majorana-Weyl supersymmetry parameters £; and
€9 can be used to construct the following bilinears [166],

1
K= 5(&Tyer + &) da?, (5.3.5)
1
w=5(a1lmer — &l wer) da™, (5.3.6)
: 1 3 M,y Moy 41
U = melfMlmMzkHEQ de™' AL . Adx . (5.3.7)
k=0 ’

Using the Killing spinor equations for type IIB, one can show that the vector K dual
to the one form K is a Killing vector [167],

E,@g = 0, E,@F =0. (5.3.8)

Notice that also the spinor bilinears ([5.3.5)—(5.3.7) are invariant under the transfor-
mation generated by K

Elﬁw = O, ﬁ,@‘l’ =0. (5.3.9)

As discussed in [161], we may write the k-symmetry condition to have a supersym-
metric Dp-brane
FDp o2 —=2¢€1, (5.3.10)

where, the k-symmetry operator is defined as [168,/169|
€Q1--a2P1...Bs

. 1
f'pp =
Y /= det(P[G] + F) m;pﬂ 112!

]:alaz .- .fa2171a211_‘/31,,,55 ) (5'3'11)

and P[e] denotes the pullback to the (p 4+ 1)-dimensional brane world-volume and
F = F+ P[B], with B the NS two-form and F' the world-volume gauge field-strength.

The energy of the brane (the charge associated to the transformation generated by l@)
is

E = _/ dPo Py KM (5.3.12)
S

dLp,

50, XM takes the form

where S is the brane world-space and P =

~

Py = —pre_¢\/ —det M(M_l)(aT)BMNaaXN + HDp ras...aq [LM(C A ef)}

p! ay...op’

(5.3.13)
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where we denoted M = P[g] + F. Note that again we are in the temporal gauge in
adapted coordinates, such that the world-volume of the brane is R x §. One has the
usual BPS bound,

E > Epps, (5.3.14)

with

Epps = ,qu/SdpaP[ed’\I/ —1xC—wA C} Nel

(5.3.15)
+ qu/ o Plo— 1 B) A (CAET)] .
S
Thus, one can read the generalised calibration form from the last expression,
Pp, = e TV — 1pC—wNACA e’ +w— B A (CA ef) ’p_l . (5.3.16)

One can show [161,|170] that this is a topological quantity. In addition, one can also
show that this form is closed, making use of potential configurations preserving the
symmetry generated by K, i.e.

LB =0, LpC =0, (5.3.17)

analogously to what has been done in the previous section for M-theory. As a final ob-
servation, we would like to point out that the same conclusions about calibration forms
can be obtained by supertranslation algebra, as done for example in [143}149,[151].

Let us now focus on type IIB compactifications to AdSs-backgrounds. As for the
discussion of supersymmetric extended objects in M-theory above, we now apply the
supersymmetry conditions and the aforementioned approach to branes in type IIB
string theory on

ds? = €2Ad82AdS5 + ds?w5 , (5.3.18)

and relate the calibration forms to the geometric description by the vector and hyper-
multiplet structures. The exceptional geometry of this setup is discussed in 13,82,
based on the geometric description in [54]. For N' = 2 backgrounds of the form (/5.3.18))
with generic fluxes, the internal manifold ms admits a (local) identity structure [54,
171,/172).

The two ten-dimensional Majorana-Weyl spinors of the same chirality which describe
a IIB background of the form ([5.3.18) can be decomposed as in |82||ﬂ,

E=YRXi®u+YP Rx; ®u. (5.3.19)

Here 1) denotes the external Spin(4, 1) spinor, x; are the internal Spin(5) spinors and
u a two-component spinor. It might be convenient to define the complex spinors
Gl = x1 +ix2 and ¢§ = x§ + ix5. As for the previous cases, one can construct the
relevant bilinears defining a local identity structure on the internal manifold [54]. One
introduces the vectors

K = ("¢,
K§" = Oy,
e (5.3.20)
Ki' = 3(Gy" G — ")
K" i= (G + ")

5We follow the conventions given in the appendix of [82]. We collect them in appendix
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that are not all linear independent. Relations between these forms comes from super-
symmetry, as shown in [54]. Then, one can use the following scalars to parametrise
the norms of the spinors

A= 1(GG+ GG),
Asin® = 3 (161 — GGa)

S =51,

Z = G-

Finally, one considers the two-forms

Unn = _%(Elf)%mCl + EQ’YmnCZ) )
Vinn = —%(51’7mn<1 - 52’Ymn<2) ) (5.3.22)
Winn == _527mn<1 .

(5.3.21)

The HV structure for these backgrounds can be found in [13,|82]. The untwisted

generalised vector structure K € I'(E) in (3.3.72) is given in terms of the identity
structure above by

Nt B B, on-2¢ (ReK3\  4a_g
K=+ N+p+ao'=K5+e 2(}1ng> e *V, (5.3.23)

where ¢ is the dilaton and A the warp factor. Notice that for these backgrounds the
five-forms vanish ¢ = 0. The twisted vector structure is obtained by acting on K
with the adjoint element as in appendix E of [80]

K=¢+ XN +p, (5.3.24)

where the twisted quantities are [13}[30]

£=¢, (5.3.25a)
X=X +uB, (5.3.25b)
p=p+eC+ e ABI+ Le;(1eBY) ABI. (5.3.25¢)

and we defined B! = B, B2 =Cy, C =Cy, F' = H, F? = F3 and F = F.

As already discussed the condition that the generalised Lie derivative L along the Reeb
vector K has to reduce to the conventional one, L¢ implies some differential equations
on the elements of the vector structure that reproduce some of the supersymmetry
conditions on the identity structure derived in [54],
dS\l = LgF ‘ y
- ) (5.3.26)
dp = 1eF + Ez‘j/\Z A F7 .
Analogously to the M-theory case, we want now to express the calibration conditions
for a Dp probe in these backgrounds in terms of the generalised structure and check
that their closure in implied by differential conditions on Exceptional Sasaki-Einstein
structures. To this purpose we have to specialise the calibrations , and
to the various brane configurations. The AdSs geometry and, in particular
the products of external spinors, is the same as in the previous section. Thus, in our
conventions, the Killing vector K has the following components,

Ko =e 2 poyp ® A,

_ _ 5.3.27
K = 3G+ Y™ G) = &, ( )
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where £ is the Reeb vector. We also fix the norm of the internal spinors such that
A=1.

As in the previous sections, we focus on the cases of point-like AdS particles and
space-filling branes where the calibrations are related to the generalised vector K.
Consider first a D1 wrapping an internal one-cycle. The relevant terms is (5.3.16) are

w=—e*272 L (GG + (T ym(t) = —e*2 792 Re K3,
U = -2 L (Gym€ — G mGT) = —*2 TP Im K,
1B = LgBl = 1B,

1eC = L§B2.

(5.3.28)

and it is immediate to see that the calibration form is given by the generalised vector
K

q)Dl = —XQ — L£B2 = —€2A_¢/2 Im K3 — L§B2 . (5329)
Using equation (|5.3.26)) one can show that ®p; is closed. Using again the properties

of the AdSs spinors, it is easy to show that a space-filling D5-brane is also calibrated
by the same form,

®ps = (=A% — 1 B?) @ %1 = (—A2 — 1 B?) @ volags, - (5.3.30)

Similarly, one can find the calibration form for a D3-brane wrapping purely internal
cycles,

dps =p+ LgC + Eij/\i A B? + %EijbgBi A B (5.3.31)
Its closure follows from the L conditions under the gauge choiceﬂ that the potential

are invariant under K. Again, this form provides also the calibration for a space-filling
D7-brane.

In the particular case where the only non-trivial background flux is the five-form, the
generalised Sasaki-Einstein structure reduces to the standard one and the internal
manifold is Sasaki-Einstein. In this case the spinor ansatz simplifies since the
two internal spinors are proportional to each other, i.e. x2 = ix1, and, consequently,
the one-form part vanishes. The twisteed vector simplifies to

K=¢(—o0ANw+C, (5.3.32)

and the (untwisted) hypermultiplet structure is [13|
Ji = Lru'Q — LrulQF (5.3.33)
Jy = 3kl + 3k + LRPAQF — LA Q, (5.3.34)

where u’ = (—4,1)" and I, w and € are the complex structure, the symplectic and the
holomorphic two-forms on the Kéhler-Einstein basis of M5.

Note that in the vector structure, the three-form is ¢ A w and by the structure equa-
tion ([5.3.26)) one immediately sees that adding the potential part 1¢C' yields to a closed
form (up to a gauge choice),

d(p+ 1cC) = 1¢dC + LC — 1dC = LeC =0, (5.3.35)

"We also need to use p o< V.
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Since in this case, the form of the hypermultiplet structure is simple, we can also
study calibrations that are not associated to the vector K. We will do it in the sim-
plest Sasaki-Einstein background, namely AdSs x S°, where S° is the five-dimensional
sphere. The background is given by

R2 7,2
ds? = T—er2 + ﬁnuydm“dx” +ds?(S°),
p (5.3.36)
Cy = (R‘l —1>d:c0/\.../\d:c3.

while all other fluxes, dilaton and warp factors vanish. The S°® can be written as a
U(1) fibration over CP?,
ds?(8>)=dx3+o @0, (5.3.37)

where dX2 is the Fubini-Study metric over CP?. The form o is given by o = dy + A,
where A is a connection such that F = dA = 2w, and ¢ is the periodic coordinate on
the circle U(1) with period 67.

Explicitly, the sphere S° takes the form [173]

1 1
ds?(S%) = da? + 1 sin? a(d#? + sin? d¢?) + 1 cos® asin? a(df + cos fdg)?
. ; ) (5.3.38)
+ 9 dey — 5 sin? a(dB + cos#de)|

with ¢ € [0,67], 8 € [0,4n], a € [0,7/2], € [0,7] and ¢ € [0,27]. In these
coordinates the holomorphic form has the following expression,

1+ 1+

Q= ds Adl+ cosocosfsinfsin® o do Adg + (1+14) ddAdé. (5.3.39)

cos

First, consider a D5-brane spanning the directions 0, 1, 2, r in AdS5. The world-volume
of the brane is AdS; x S%, where S? is the sphere parametrized by the angles (6, ¢).
Then the expression ([5.3.16]) reduces to

dps = — dz¥ Adzt Ada? Ada? A @64AQ

5.3.40
= — dz® Adz! A dz? Adr Avolge, ( )

and we see that it corresponds to the two-form part of j+ in (5.3.33)). Modulo choice
of coordinatesﬁ it agrees with the analogous form in [149].

We can also consider a D3-brane probe spanning the directions 0, 1,7 of AdSs. The
world-volume is now AdSg x S I"and the calibration is given by the Hodge dual of the
4-form part of Js,

Pp3 = dz® Ada!t Adr A %e‘m * (QAQ). (5.3.41)
One can prove the closure of this form by the Ly J relations. In particular,
d(e*® x (QAQ)) = —m tevols =0, (5.3.42)

where the first equality comes from the conditions to have a vanishing R-tensor [13,80].
In other words, it is the rewriting of the (5.3.26)) in the Sasaki-Einstein case.

8Here dz* x sin @ dr + do + dB.



CONCLUSIONS

The major aim of this thesis was to study flux backgrounds. In the first part we
focused on the problem of seeking for a systematic way to find consistent truncations
in the presence of fluxes. In the second part, we were more concerned in reformulat-
ing the supersymmetry conditions for brane probes in AdS backgrounds, in terms of
integrability of exceptional structures in exceptional geometry.

This thesis contains the construction of a generalised geometric description of type
ITA flux backgrounds.

We made a large use of the formalism of G-structures and generalised geometry. As
in conventional geometry, integrability is defined as the existence of a generalised
torsion-free connection that is compatible with the structure, or equivalently as the
vanishing of the generalised intrinsic torsion. In the case analysed, i.e. truncations of
massive type IIA, the integrability conditions correspond to the Leibnitz algebra for
parallelisations. These enquires the trucation preserves maximal supersymmetry in
lower dimension [81]. Moreover, the notion of generalised Leibniz parallelisation is the
key ingredient to construct a consistent truncation ansatz. We showed in chapter [d how
to build consistent truncation ansatze, by the so-called Generalised Scherk-Scwharz
reductions, making use of generalised Leibniz parallelisations. We constructed various
examples of massive type IIA spheres truncations. In the case of the truncation on
a six-dimensional sphere, we obtained a generalised parallelisation on S® satisfying
the ISO(7) algebra, and spelled out the corresponding truncation ansatz as obtained
from the generalised Scherk—Schwarz prescription. As recently described in |117}/119),
the Romans mass introduces a magnetic gauging of the ISO(7) translations in the
truncated four-dimensional theory, yielding a symplectic deformation [122] of the type
first found in [123] for the SO(8) gauging. We found the same phenomenon for type
ITA supergravity on the six-dimensional hyperboloids H?"~P: on these spaces one can
define a consistent truncation down to ISO(p,7 — p) supergravity in four-dimensions;
switching the Romans mass on leads to the symplectically-deformed ISO(p,7 — p)
gauging described in [122]. We also obtained generalised Leibniz parallelisations on
5S4, 83 and S? for vanishing Romans mass, reproducing the Leibniz algebra of known
consistent truncations of massless type ITA supergravity on these manifolds. When the
Romans mass is switched on, these parallelisations no more satisfy a Leibniz algebra.
We offered an explanation of why this is the case by showing that the frame lies in the
stabiliser group of the Romans mass only for the parallelisation on S. For massive
type IIA on S3 we presented a no-go result indicating that a consistent truncation
including the SO(4) algebra does not exist. It would be interesting to see whether
similar no-go theorems can be proved for the S* and S? cases.

As said, in order to construct apply the generalised Scherk-Schwarz prescription, we
built the adapted version of generalised geometry for massive type IIA. The principal
issue in this construction is accommodating the flux due to the Romans mass. This
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is achieved by deforming the generalised Lie derivative such that the deformed one
generates the gauge transformations of type IIA supergravity with a non-zero m-flux.

An interesting fact is the existence of an alternative massive type ITA [174]. This can
be obtained from eleven-dimensional supergravity by gauging a combination of the
GL(1) global symmetry and the trombone symmetry of the equations of motion. It
is not known a description of such a theory through a Lagrangian. One may wonder
whether other massive extensions of type ITA can exist. However, in |175], making
use of superspace arguments, it was discussed how this and the Romans mass are the
only possible extensions. It is natural to ask how this deformation appears in our
formalism. We want deformation parameters to be diffeomorphism invariant then we
require them to appear as GL(6) singlets with zero RT weight. There are precisely
two such singlets in the 912_; representation of E7(7) X RT, one of which we have
already identified as the Romans mass deformation. There is also a singlet in the 56_1
representation, which is another part of the generalised torsion [63|, and which could
also be used to deform the Dorfman derivative. When performing generalised Scherk-
Schwarz reductions, this additional 56_; part of the embedding tensor is generated
by gauging the trombone symmetry [176|, and the resulting theory does not have an
action. It is natural to conjecture that deforming the Dorfman derivative by switching
on a combination of the second singlet in 912_; and the singlet in 56_1 would give
the relevant gauge algebra for the theory described in [174]. The result of [175] can
be verified in this case, since, by considering the closure of the gauge algebra, one
can argue that there are no others deformations, as singlets of GL(6) in the torsion
representation bundle.

In the last chapter of the thesis, we focused on brane calibrations. The tools used are
again generalised G-structures. In particular, we concentrated our attention on AdS
backgrounds with eight supercharges. These have an elegant description in generalised
geometry in terms of exceptional Sasaki-Einstein structures |13,82]. In chapter [5| we
studied the relation between the Exceptional Sasaki-Einstein structures and gener-
alised brane calibrations in AdSs x Mj5 backgrounds in type IIB and in AdSs x Mg
and AdS4 x My compactifications in M-theory. We focussed on the calibrations forms
associated to branes wrapping cycles in the internal manifolds and that are point-like
in the AdS space. We showed that for these configurations the general expression
for the calibration forms that can be constructed using k-symmetry can be expressed
in terms of the generalised Killing vector K defining the Exceptional Sasaki-Einstein
structure and that the closure of the calibration forms is given by the integrability
(more precisely the L condition) of the ESE structure. The results of the chapters
prove the conjecture appeared in [13| that the (form part of the) generalised Killing
vector is a generalised calibration. The motivation of this conjecture can be found in
holography [177]. One can observe that the generalised killing vector K generates the
global R-symmetry of the filed theory dual to the AdS background in supergravity. It
is made by a combination of the vector part (generating diffeomorphism) and p-forms
(parametrising gauge transformations), under which the generalised metric is invari-
ant. Thus there is a sign that K is an object related to R-symmetry in a non-trivial
way, since it encodes informations about the gauge transformations of flux potentials.
In AdS/CFT correspondence, BPS branes have volume associated to the conformal
dimension of chiral operator in the dual SCFT, thus finding a calibration (that is
a supersymmetric circle on which branes wrap) is equivalent to find the conformal
dimensions of the dual operators.

We have seen how to construct these calibrations in generalised geometry and how
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BPS conditions correspond to the integrability of the structures.

We also partially discussed other brane configurations that are calibrated by the vector
K. However we did not perform a complete analysis, leaving the discussion for a future
work.

FUTURE WORKS

There are many other directions for future study.

For intance, so far, there is not a description of supergravity flux backgrounds in terms
of generalised geometry for any amount of supersymmetry. As stated, supersymmet-
ric background preserving AN supersymmetries are given by integrable G-structures,
where G is the stabiliser group of the A/ Killing spinors [178]. Maximally supersym-
metric backgrounds, as seen are described by parallelisations |81],104]. Half-maximal
supergravity truncations have been recently described in exceptional field theory [179|,
but a generalised geometry formulation is not known at the moment. The N = 2
backgrounds, as seen in [13.|60,80,/180], is a rich field for generalised G-structure ap-
plications. An N = 1 formalism to describe vacua is known in O(d,d) generalised
geometry [75-77] and recently an exceptional picture has been found in [181]. How-
ever, the analysis is far to be complete. Hence, obvious extension is to consider
backgrounds with different amounts of supersymmetry, which will be described by
new geometric structures within generalised geometry. In [17], there is a work in
progress development of the structures to describe supersymmetric backgrounds with
sixteen supercharges. Furthermore, the hope is not just to find a new descriptions of
such backgrounds, but that this would lead to discover new examples of truncations.
In addition, an ambitious project would be a complete classification of such struc-
tures analysing the mathematical constraints on the internal geometries and finding
a coherent structure describing them.

Moreover, all these techniques are may also be applied in different contexts from
consistent truncations, like for example, studies of holography effects, marginal defor-
mations of the dual field theories, etc.

More specifically, the formalism developed in the first part of this thesis about massive
type IIA may also be applied to investigate marginal deformations of conformal field
theories holographically dual to (massive) type IIA AdS backgrounds. Recently this
theories have been identified with a class of Chern-Simons-matter theories [117], and
in [16], we aim to describe exactly marginal deformations of such conformal theories by
constructing (and studying their deformations) the exceptional Sasaki-Einstein struc-
tures for massive type ITA, describing the AdS background in [126] preserving eight
supercharges. The work of [182] is the first example in this sense. There, the authors
study the exceptional Sasaki-Einstein structures describing AdSs background in both
type IIB and eleven-dimensional supergravity to analyse marginal deformations of the
dual N =1 CFT in four dimensions. A famous result in gauge theory [183] states that
marginal deformations are determined by imposing F-term conditions on operators of
conformal dimension three and then quotienting by the complexified global symmetry
group. In |182], it was shown that this result has a geometrical interpretation: the
marginal deformations are obtained as solutions of moment maps for the generalised
diffeomorphism group that have the correct charge under the Reeb vector. Indeed,
the Reeb generates the U(1)g symmetry group. In the case this is the only symmetry
of the background, then all the marginal deformations are exactly marginal. When
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there are other global symmetries, the field theory result predicts one has to quotient
out these symmetries. On the supergravity side, this can be read as fixed points of the
moment maps, being an obstruction for marginal deformations to be exactly marginal.

This analysis holds for any kind of internal geometry in an AdS background, however,
so far the examples to which this has been applied are all Sasaki-Einstein geometries.
So, it would be interesting to apply it to one of the few examples of non-Sasaki—Einstein
backgrounds, such as the Pilch—Warner solution [184]. This would give the marginal
deformations of the dual SCFT, the so-calle Leigh-Strassler theory [185]. We aim to
study this example in [15].

To conclude, generalised geometry gives tools to better analyse several aspects of su-
pergravity and string theory. It has also applications in holography and field theory.
Furthermore, it is interesting also in pure mathematics, since it is related to various
areas beyond differential geometry, like algebraic topology, algebraic geometry and
group theory. Thus it provides an example of a topic that lies at the frontier be-
tween mathematics and physics, on the one hand, receiving deep insights from both
fields, but on the other hand it could also give some useful tools to understand and
answer questions in both areas. For these reasons, generalised geometry seems to be
worth of further efforts and studies, since its U-duality covariant approach may reveal
something hidden so far and perhaps help us to understand the geometrical nature of
dualities in string theory.



NOTATIONS AND CONVENTIONS

The indices used in this thesis — if not differently indicated — are:

w, v : external spacetime indices,
m,n : curved indices on the internal manifold M,
a,b : frame indices on My,
i,j : indices for the embedding coordinates of S¢ in R**! (or HP*? in RPTY)
I,J : SL(d+ 2,R) indices,
M, N : curved indices for the Egyqq41) X RT generalised tangent space on My,

A, B : frame indices for the Ey,441) ¥ R™ generalised tangent space on My .

Our tensor conventions are the same as in [78]. We collect here the ones relevant for
our computations. On a d-dimensional manifold My, given a form A € APT* and a
poly-vector w € AT,

1 m m 1 i o O 0
)\:H)\mlmmpdx LA Ada™ w:aw ! qaxml/\"'/\mv (A.0.1)

we define the contraction

(A.0.2)

— 1,ni.n ;
(w )\)ml...mp_q =gw ! q>\n1...nqm1...mp_q if ¢ <p,
1

(U}_l /\)ml..‘mq_p = E’wml"'mq_pm"'np)\m...np ifp<gq.

The contraction of a vector v € T' with a form A is also denoted by t,A = v 1 A.

The contraction of a poly-vector w with a tensor 7 € T* @ AT* is defined as

ni

(W aT)mymg g1 = WM T g g a4 - (A.0.3)

(¢ —1)!
Moreover, for A € APT* and p € ATPTIT* we define the j-operator giving jA A €
T* ® A%T* as:

. d!
(J/\ A M)m,ml...md = (p — 1)'(d —p+ 1), )‘m[ml...mp_lﬂmp...md] .

(A.0.4)
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This is the same as jJA A p = dz™ ® (t;mA A p). Upon exchanging A and p one has

AN = (—1)PEAPFDFL G A N (A.0.5)

For the Hodge star we take

1 S
(*)‘)mr-md,p = H\/geml...mdip ! Any.np s (A.0.6)
with €; 4 = +1.

The action of a gl(d) element » € T'® T™ on a vector v € T" and on a p-form is defined
as

(7“ . v)m — rmnv” 7 (r . )‘)ml..‘mp = —prn[ml)\‘n|m2mmp] . (A,O,?)

A.1 CONSTRAINED COORDINATES ON THE SPHERES

In the following we provide some useful formulae for the embedding coordinate de-
scription of the round sphere S?, mostly taken from |81]. These are needed to study
the parallelisations of the exceptional tangent bundle presented in the main text.

We parameterise R“! in Cartesian coordinates as 2 =y, i =1,...d + 1, with
Sijy'y = 1. (A.1.1)

Then the d-dimensional sphere S¢ of radius R is obtained by fixing 7 = R. The
standard metric and volume form on R%t! induce the following round metric and
volume form on S%:

9= R%5;;dy'dy’ (A.1.2)

o R4 o .
volg = —r €y gy Y™ A A dyt (A.1.3)

The Killing vector fields generating the SO(n + 1) isometries can be written as
vij = R (yikj — yjki) (A.1.4)
where k; are conformal Killing vectors, satisfying

Lr9=-2'9, (A.1.5)
ki(y;) == w,dy; = dij — yiy; - (A.1.6)

The index on the coordinates 3’ is lowered using the R4T! metric ;5. The Killing
vectors v;; generate the so(n + 1) algebra,

Evijvkl = Ril(&kvlj — 5il7)kj — (5ij” + 5jlvki) , (A.1.7)

while the constrained coordinates ¥y and their differentials dyj transform in the fun-
damental representation of SO(n + 1) under the Lie derivative,

Loyk = toydye = Ril(yiéﬂf = Yj0ik) »

1 (A.18)
Lo, dyr = R (dyidj — dy;dir) -
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The (d — 1)-form
o RA-1 o .
ki = —x (Rdy;) = a=n €iji.ja YIAY2 A - Ady'? (A.1.9)

transforms under £,,; exactly as dy (since L,,; preserves the round metric (A.1.2),
it commutes with the Hodge star):

Loyrr = R (Ribjk — Kjdik) - (A.1.10)

We also introduce the forms
Wi = R2 dyl A dyj R

o Rd—2
Pig = Wi = oy €ijhr. kg YY" A - Adyhat (A.1.11)

7ij = R(yidy; — y;dy;)® vola
which transform in the adjoint representation of SO(d + 1) under L,,;. Namely,

Lo,wi = R0y — Suwrj — 6jkwii + 01wki) (A.1.12)

Ulj
and similarly for the others, with the same overall factor R~!.

Furthermore, one can show the relations

o R
b, VOld = 76[ — ldpij 5 (A.1.13)
drs = Ly vol (A.1.14)
(2 R yZ d 1.
dto,; k1 = —d (Ykpij) - (A.1.15)

=0.

When computing the norm of our generalised frames, we will need the following
“squares” of the forms defined above:

which are proven by making use of the trivial identity y(;, €;,. i, ]

Vij 2 Ukl = YiYkOj1 — YiYkda — Yihdjk + Yiyidik
Wij 1Wkl = Pij 1Pkl = Oikdj1 — 0adje — (Ysyr0jt — Yiykir — YOk + Yiyidix)
Tij 3Tkl = YiYk0ji — YjYkdi — Yi¥i0jk + YjYidik
Kiokj = R*dy; adyy = 6ij — viyj -
(A.1.16)

o
Here, the round metric ¢ and its inverse are used to lower/raise the indices; for in-

[e] [}
stance, w;j Jwy = % 9™ 9" (Wi ) mn(Wkt)pg, and so on.

A.2 CONVENTIONS FOR SPINORS AND GAMMA MATRICES

In this appendix we collect the conventions for spinors and gamma matrices that are
relevant for the thesis, in particular for chapter
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A.2.1 TypE IIB oN AdS; x Mj5
We follow the conventions in [82]. The ten-dimensional metric is
ds? = emdsids5 + ds?\/lf) , (A.2.1)

and the ten-dimensional gamma matrices I'™ are chosen as

4
5

Fﬂ:eiApN®]14®o-3’

nw=0,...
It =1,y ool m=1,...

’ (A.2.2)
where pt and 4™ generate Cliff(1,4) and Cliff(5) respectively, satisfying
{pt,p"} = 2g"", {y™ 4" = 2™, (A.2.3)
and n* = diag(—1,1,1,1,1). We also have
p01...4 = —Im1 , 71...5 =1. (A24)

We choose the Cliff(1,4) and Cliff(5) intertwiners as

A4 = po Ci14=D14A14,
P A (A.2.5)
where C = —C7' in any dimension, so that
T = Clﬁ4p“C’1_7i AT = C57m05_1 , (A.2.6)
p'* = =Diap"Di) Y™ = CsymCs
An explicit choice of a basis for the Cliff(1,4) gamma matrices is
P =Imo?®c’, p=0c'®c’, pt=-03®d0, 1=1,2,3, (A.2.7)
while for the Cliff(5) gamma matrices we take
N=ol®c®, ?2=0200", ¥=0x0!, Yi=c3®0?, 7°=-03®0d3,
(A.2.8)

with intertwiners
Ara=p", Cia=p%?, Cs=0c'®o?.

With these choices for the gamma matrices the ten-dimensional chiral gamma decom-

poses as
I'i = F(]’mg =1,014® O’2 . (A29)
The ten-dimensional supersymmetry parameters are Majorana-Weyl spinors of nega-
tive chirality I'116; = —&; (1 = 1,2) and decompose as
=YX Qu+Y QX du, (A.2.10)

where 9 is an external Spin(4, 1) spinor, x; are internal Spin(5) spinors and u a two-
component spinor satisfying

o*u=—u ut =olu. (A.2.11)
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Charge conjugation of the external and internal spinors is defined as

¢c = 1)17417&>k XC = C5X* . (A212)
One can easily check that, with the above choices,
k
P =—y, (Pt ptRap) = (=1)7pt . peyt, (A.2.13)
X ==X, (Y™ TR =X

For 5-dimensional internal spinors, from the properties listed above, one can derive

and

(XYmy.mr @) = —(XVmy.m, @) - (A.2.15)

Similarly we can derive some useful identities for the internal spinors. Let us consider
the expression,

(VPrg ) = (1) (Do - P ) (A.2.16)
where, as always, ¢ = ¢ pg. Next, we obtain
— * a(g+1)
(?Z)pm - ~puq¢) =—(-1) > (¢pu1 e P,uqd)) . (A.2.17)
Combining these two equations yields
— c <q+1)(q+2
(wcpm...qu ) =—(-1) (Wm . -p,qu) . (A.2.18)
For the other combinations, one obtains
(me...uqd])* =—(-1 )q+1 (@Z)Pm . -pquc) ) (A.2.19)
and o a1
(wcpm-..qu) =—(-1) (wpﬂl qu ) : (A.2.20)
Again combining the last two relations gives
— c (q+1)(q+2) c
(wpul...uq¢ ) = (_1) (Q,Z)p,u,l qu ) (A221)

so that these terms vanish for ¢ = 0,1, 4.

A.2.2 M-THEORY

We follow again the conventions in [82] for the metric ansatz
ds? = e?2dsi gg + ds3; . (A.2.22)

We consider two M-theory setups: AdS,; compactifications with a 7-dimensional in-
ternal manifold M7 and AdSs ones on a 6-dimensional internal manifold Mg. The
cleven-dimensional gamma matrices are I’ M = 0,..., 10, satisfying the Clifford
algebra Cliff(1, 10) relations,

(T4, 18} = 2948 (A.2.23)

They will decompose as in ([5.2.26)) and (5.2.52)), and for convenience, we report them
here,

f“ —e A PRIy, fm+4 =1, for AdSs x Mg,
[h =2 pH 1, [mt3 = e Bps @™ for AdS4 x My .

In the expressions above we denoted the internal gamma matrices with the same
symbol for both cases, with I'; the chiral operator in 6 dimensions, defined below, and
with ps the external Cliff(1,4) chiral operator.

(A.2.24)
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M-THEORY ON AdSs x Mg

Here we give the conventions for M-theory solutions of the form AdSs x Mg. The exter-
nal part is the same as the type IIB compactification. So we refer to appendix
For the internal part we take as reference [186] and we write all the gamma matrices
as tensor products of Pauli matrices

MN=0no1l®o,
F2:0'1®]l®0'2,

PB=0®0®03,

(A.2.25)
M=0,®01 Qo3,
I"=-0y®03® 03,
MC=m1al.
In even dimensions we can define a chiral operator
I'7=—ImT!...TF. (A.2.26)

The chiral operator I'; squares to the identity and satisfies the following relations with
the other gamma matrices

{F7 ) Fm} =0,

[7, ] =0.
By induction, these properties can be extended to any odd/even rank element of the
Clifford algebra.

The intertwiners of Cliff(6) can be written as follows
I} =Cq'TnCs,
I, = Dg'T'nDs,
Tf, = AT, Ag L.

and, for our conventions,

A6=1, D6206.

M-THEORY ON AdS4 x My

Here we give the conventions which are relevant for the AdS, solutions of M-theory.
We made the choice of having compatible conventions with the previous section, such
that one can embed all the relations above in the following ones.

The Clifford algebra Cliff(7) and its generators are constructed by the same set of
gamma matrices (A.2.25)) of Cliff(6) plus the chiral gamma I'; in (A.2.26)).

The Cliff (7) intertwiners are written as
I} =Cr'TnCr,
T, = A0, A7,
T, = D;'T,,Ds.

m
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Numerically the matrices A7, C7, D7 are the same as Ag, Cq, Dg.

The four-dimensional gamma matrices on AdSy satisfy

{pa: po} = 2na 1, (A.2.27)

where a,b are frame indices. Hence it holds n®ef; @ ey = g, where g"” is the AdSy
inverse metric. In terms of flat frame indices, we choose a basis for explicit calculations

for Cliff(1, 3),

P =Imo?®c’, p=c'®d, 1=1,2,3. (A.2.28)

As for the internal part we have chosen the basis above such that we can embed it

into (A.2.7). The intertwiners can be written as in (A.2.5)),
P = —Ay3pl ATy, A1z =po,
Pt = CrapCrs, Ci3=Di3A13, (A.2.29)
p* = =D 3p" Dy}






EXCEPTIONAL GENERALISED
GEOMETRY

B.1 GENERALISED GEOMETRY FOR M-THEORY

We review the construction of Eg(q) X RT given in [594/61,78]. This will also be useful
since by a dimensional reduction we will build the appropriate geometry for type ITA.
We use the same notation and conventions as [61}78|.

In M-theory compactified on a seven-dimensional manifold M7, the fibres of the gen-
eralised tangent bundle E transform in the fundamental 56; representation of the
Eq(7y R* structure group. Under GL(7), E decomposes as

E = TM; ® A*T*M; & AST* M7 @ (T* M7 @ A"T* M) . (B.1.1)
A section can be written as
V=v+w+o+r, (B.1.2)

where at each point on M7, v € T'(T'M7) is an ordinary vector field, w € T'(T™*Mjy),
o € T(AST*My) and 7 € T((T* @ A"T*)My).

The adjoint bundle ad decomposes under GL(7) as
ad = R @ (TM; @ T*Mz) & A3T* My & AST*M; & ASTM; & ASTM;,  (B.1.3)
with sections transforming in the 133 + 1o representation of E7(7) X R* given by
R=Il+r+a+a+a+a, (B.1.4)
where [ € R gives the shift of the warp factor, r € End(T'Mz), a € A3T* My is related
to the three-form potential of M-theory, @ € AST*M; to its dual, while o € A3T My

and & € ASTM; are a three- and a six-vector.
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The adjoint action of the er(7) x R* algebra on a generalised vector is denoted as
V= R -V and reads:

! ~
v=lv+r v+ aiw— aio,

W =lw+r w+via+ aso + aar

/ ‘ (B.1.5)
o =lo+r-c+via+alNw+ air,
r'=lr+r-71—jahw+jalo.

The e7(7) subalgebra is given by imposing %tr(r) =1.

The adjoint commutator R” = [R, R'] is

" = (awd — o/ sa) + 3(6/0a — aud')
" = [r,7'] + jasjd — jo/sja— 3(asd — o/ La)l

+ ja' yja — jaoja — 3(a’sa — aoa)l,
a”:r~a/—7’/-a—i—a/_|c~l—a_la/, (B'1'6)

~// ~/ !~ /
a =r-a—7r-a—ala,
" / / ~/ ~ /
o' =r-o —r - -o+oia—oaa,

~1 ~/ / ~ /
a =r-a—r- -a—alNa.

As seen in the main text, the generalised tangent bundle F is actually twisted to take
into account the non-trivial gauge potentials of M-theory, and this is why it is only
isomorphic to the sum of bundles in . The twist is implemented by an action
by adjoint elements. Given a section V of the untwisted tangent bundle E, a section
V of E is defined as )

V=MV, (B.1.7)

where A + A is an element of the adjoint bundle. The patching condition on the
overlaps U, NUg is
Vig) = eMrentdhen . v, (B.1.8)

where A(,5) and ]\(aﬁ) are a two- and five-form, respectively. This corresponds to
gauge-transforming the three- and six-form potentials in (B.1.7]) as

Afa) = Ag) + dA(ag) ,
- - - 1 (B.1.9)
Aoy = Ap) + dA(ap) — 5dMp) N Agp)

Then, the respective gauge-invariant field-strengths reproduce the supergravity ones
are

F=dA,
| (B.1.10)

Finally, we discuss the relevant representations of Egg) X R*, defining generalised
tensors. Further than the vector one, there are other tensor bundles which will be of
particular importance in the construction of consistent truncations, we collect some

of them in table [B:11

Amongst the interesting bundle representations, an object we will need is the bundle
N first introduced in [63]. This is a sub-bundle of the symmetric product of two
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generalised tangent bundles, N C S?E, and can be expressed as

N =T*M; & AN*T* M7 @ (T* M7 @ AST* M)

(B.1.11)
© (A3T*M7; @ A"T*M) © (AST* M7 @ A"T* M) .
Formally, NV can be described via a series of exact sequences
0 — AT*M » N/ y T*M — 0,
—— T*M @ AT*M > N > N
0 @ 0, (B.1.12)
0 —— A"T*M @ A3ST*M —— N"" » N 0.
0 —— ATT*M ® AST*M N N 0.

Under E7(7yxR™, sections of N transform in the 1335 representation. Their expression
in terms of the symmetric product of generalised vectors can be found in [63].

The simplest of the intermediate bundles appearing in (B.1.12]) is N’, whose type IIA
counterpart will be relevant for the scopes of this paper. This can be expressed as

N' ~ T*M; @ A*T*M; . (B.1.13)

Given a basis {E A}, A=1,...,56, for the generalised tangent bundle E, a section S
of N’ has the form

S = SABEA KRN EB, (B114)

SAB

where are functions on the manifold and the map @y : E® E — N’ is defined

by

VanV = @i +viw)+ wao +9 so—wAw). (B.1.15)
We make this definition as it is the result of taking the Fy 7y x R* covariant projection
of V@V’ onto N (from [63]) and then projecting onto N’ using the natural mappings

in (B.1.12)). We stress that the sections of N’ themselves do not transform in a definite
representation of E7) x RT.

We refer to |61] for a detailed discussion. Note that these bundle representations also

d FE* ad F NCS?’E KCE*®adF

7 56_4 133) + 1 133, 912_,

6 274 780 + 1o 275 351",

5 16°, 45) + 1, 10, 144°

4 10,4 240 + 1o 55 40 1 + 15",

3 (3,2)_1 (8,1)g+(1,3)90+1g (3,1) (3,2)_1+(6,2)_1

TABLE B.1: Some generalised tensor bundles.

appear in the tensor hierarchy formulation of gauged supergravity [111,|187] and in
Eq; dimensional reduction [188189).
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B.1.1 GENERALISED LIE DERIVATIVE

The Dorfman derivative is constructed as a generalisation of the Lie derivative,
(Ly V)M = VNONV™M — (0 xoq V)M V'Y, (B.1.16)

Its expression for two generalised vectors is given in (3.3.17)).

The action of the Dorfman derivative acting on an element of the adjoint can also be
constructed [61] and reads,

LyR = (Lyr + jasjdw — Hlaodw — jaojdo + 21a.do) + (L,a)
+ (Lya+7-dw —audo) + (Lya+7-do +dwAa) + (Lya — aadw) .
(B.1.17)

The expression for the twisted Lie derivative is
LyA=LsA+ Ry, - A, (B.1.18)
where Ry, is a element in the adjoint representation of e7(7) x R* explicitly given by
Ry, =d® — 1, F +d6 — 5 +ONF. (B.1.19)

This coincides with the replacements rules given in (3.3.19)).

B.2 GENERALISED GEOMETRY FOR TYPE IIA FROM M-
THEORY REDUCTION

We can now proceed and reduce the structures above to type IIA supergravity (in
string frame) on a six-dimensional manifold Mg. Consider M-theory exceptional gener-
alised geometry on a seven dimensional manifold Mz, then decomposing the E;(7) x R+
generalised tangent bundle E under the GL(6,R) structure group of Mg, we get

E~T@®T ®NT* @ (T* @ A°T*) @ AT, (B.2.1)

where AT = R @ A2T* @ A*T* @ AST* and each term in the direct sum is now on
Mg. A section, transforming again in the fundamental of Er7y x R*, can be written
as

V=v+A+o+7+w, (B.2.2)

where w = wg + wa + wyq + wg is a poly-form in AVT™.
The GL(6) decomposition of the adjoint bundle is

adF =RAGRy & (TRT*) @ A*T @ A*°T* @ AT @ A°T* @ AU T @ AT | (B.2.3)
with generic section
R=Il+p+r++b+B+b+a+a, (B.2.4)

where o = a1 + a3 + a5 € A°YT and a = a1 + a3 + a5 € A°YT* are antisymmetric
poly-vectors and poly-forms, respectively.

Let us now derive the action of the adjoint of Er 7y x RT on a generalised vector and
the commutators of two adjoints in type ITA language. Denoting by z the coordinate
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along the seventh direction, a type IIA generalised vector is related to an M-theory
one as
vM =V + wo0;,
wM = w2 — AANdz,
MR (B.2.5)
oM =0 +wyg ANdz,

™ =TAdz+dz ® (we Adz),

where, as in the main text, 7 = 7 ® 74 and the subscript M denotes the M-theory
quantities defined in section Similarly, the M-theory adjoint (3.3.11]) decomposes
as

I = 1—3p

am = agz+bAdz 1

i = b+asAdz ™ = <T+3<'0]l _§‘1>, (B.2.6)
ay —3¢

aM = a3 + B N0,

avy = B+as N0,
where the identification Iy =1 — fgo follows from the relation between the M-theory
and ITA warp factors Ay = Aqra — (;5

Decomposing the M-theory adjoint action given in (B.1.5]) yields the ITA adjoint action
on a generalised vector. Denoting this by V/ = R -V, we have

= v+ 7r-v—[assw)]_1 — Bl — fao, (B.2.7)

N =I\+7-X—vib—[ass(w)]; — BT, (B.2.8)

o' =(—2p)0+7-0+vib—[wAs(a)s — BT, (B.2.9)

= (1 —20)7+7-T+jaAsw)+jbAN—jbAC, (B.2.10)
=(l—pw+r-w+bAw+via+ANa+ fow+ aso + air, (B.2.11)

where s is the sign operator s(wy,) = (—1)"/Zw, for w, € A"T*, and [...], denotes the

form of degree p in the formal sum inside the parenthesis (by —1 we mean we pick the
vector component). The E;(7) subalgebra is specified by %tr(r) = [ — . In particular,
the O(6,6) C E7 action is generated by r,b and 3, also setting ¢ = —%tr(r) and all
other generators to zero.

Reducing the M-theory commutator with the decomposition (B.2.6) we find
that the ITA adjoint commutator R” = [R R’ | reads

/" = —}(a100; — auar) + 3(azoah — o as) (B.2.12a)
%(ag,_nag — Oél5-la5> + (5/—'6 - B—‘B/) -
¢" = 3(alar — 041Ja1) + 5(osaay — abas) — 3 (ka5 — osaay) (B.2.12b)
— (Bab — B'2b) + (B'2b— Bb),

v = [r, 7] —l—jal_:jcn — jaqajal + jagajal — jobajas — jasajay + jasajas
+ jBagt — B ajb — jBogb + 3B 1jb + 11(af a1 — a1a})
+ 31 (a3 — azaal) + $1(akas — asaak) + 1(3.0 — p'ob),

(B.2.12¢)
V' =r-b =7 b+ ajids — o uas — azoal + asoas, (B.2.12d)
V' =70 =1 b—20b 4200+ a1 Aak — al Aas — a3 A df, (B.2.12e)

(l//:T‘CLI—TI'(Z—QOCLI-FQOICL-FZ)/\CLI—b//\CL—FB_I(I/—B/_JCL—O(JE/—FO/JB,
(B.2.12f)
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5”:r-5’—7“’~5+04§ﬂ1 _a3Ja/1 _agJa3—|—a5_|ag, (B.2.12g)
Bl'=r-f —r'B+2p —20'B+a1naf —asNas+asAay,  (B.2.12h)
o =r-o —r"a+pd —da+ A = ANa—asb +a' b

s, (B.2.12i)
— Baa’ + P la.

Next, we obtain the explicit expression for the Dorfman derivative between two type
ITA generalised vectors V and V'. By plugging (B.2.5) into (3.3.17)) we find:
LyV' =L, + (Ev)\’ — Lv/d)\) + (L@dwé — Lv/dWQ)
+ (Lowhy — tydwy — N A dwy + whdA)

+ (vaﬁl — Ly dwg — N A dwsy + wé A d)\)

+ (vag — N Adwy +wj A d)\)

+ (CUU' — Lydo + wédw4 — wh A dws + wﬁl A dwo)

+ (CUT/—{—jU//\d)\—I—)\/@dU—i—dwo®wé+jwi/\dw2 — jwh /\dw4).

This expression can be cast in the more compact form given in (3.3.32]).

Also the Dorfman derivative acting on a section of the adjoint bundle can be get by
the M-theory one using the reduction rules (B.2.5)). This reads,

2 1 2 2~ 1 1
Ly R :<—3EUQD + §a1_|dw0 - gﬂ_nd)\ + gﬁ_nda — gag_nde — 3a5_|dw4)

~ 1 1
+ (ﬁvtp — ;alewo + BadA — Bado + iongdwg + 20&5Jd&)4>

i (ﬁvr ~ [asjs(dw)]_1e1 + j8udA — jBajdo

3 2
+ (ﬁvﬂ — agadwg + Ck5_1d(dg)

+1 (—1£Ugo + 1[cus(dw)}o - &da))

. (B.2.13)
+ (va —r-d\— gcpdA + aqadws + ag_:dw4>

+ (ﬁvé) + (EUI; +r-do+ %@da + oA s(dw)]6>
L

+ (Lo — fodw + (asz + 065)Jd)\)
+ (Lya+r-dw—asdo + (o1 + a3) AdA + b A (dwy + dw)

1 1
+8a(dwg + dwy) — pdwy — ggodwg + 3godw4> .

As in M-theory, the presence in type IIA of non-trivial gauge potentials leads to the
definition of a twisted generalised tangent bundle whose sections are related to
by the twist . In order to derive the explicit form of the twist we need to
exponentiate the Er(7) adjoint action on a generalised vector withl=¢p=1r=
b = B = « = 0. This corresponds to exponentiating a nilpotent sub-algebra of the
e7(7) algebra, comprising precisely the form potentials of type IIA supergravity. We
find that the series expansion

Vi=e' V=2 V+R-V+IR-(R-V)+... (B.2.14)
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truncates at fifth order, and is given by

v =,

N = A= u,b,

o' =0+ 1,b— [B(l)/\s(a)/\w+l3(2)/\s(a)/\bva 5—|—a1/\a3/\()\—ébvb),

T =1+4jbA (A — §wb) — js(a) A (B(I)Aw+8(2)/\(Lva—i-)\/\a)—i-B(?’)/\a/\va)
—jb A (a+%bvl~)—8(2) /\s(a)/\w—B(?’) /\s(a)/\Lva+%a1/\a3/\ ()\— %va)),

W =" ANw+BYA(a+ANa)+BPD Aanb,

where we introduced the shorthand notation,

b
~1
B(l)—e—b =1+3b+dbAb+..., (B.2.15)
b_1-b
gﬂzfigﬁf7:%+%b+%bAh+”w (B.2.16)
e —1-b—-1bAD
B® = bAbA; =L+ Lo+ Lonb+.... (B.2.17)

We can also reduce to type ITA the bundle N C S?F given in (B.1.11)). In terms of
bundles on Mg, we obtain

N~R® A4T* @ AoddT* D A6T* @ (T* ® AST*) o (AZT* D A6T* ® AoddT*) ® A6T* )

(B.2.18)
The full N bundle in type ITA is described as a similar set of exact sequences to those
in M-theory . Again, these provide us with a natural projection onto a smaller
bundle N’, which is isomorphic to

N ~R @ A*T* @ AT~ (B.2.19)

(note that this also includes AST* and thus it is not just the reduction of the M-theory
N’ bundle given in (B.1.13))). Given a basis {F4}, A =1,...,56, for the generalised
tangent bundle F, a section S of N’ has the form

S = SABEA KN’ EB , (B220)

SAB

where are functions on the manifold and the map

is defined as

V Q@ V' =v N + 00\
+vao’ + 0" a0 + [w A s(w')]4 (B.2.22)
+ow FANY 0w+ N Aw.

As for (B.1.15)), this is the Eq(7) x R* covariant projection to N further projected onto
N'.
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B.2.1 THE SPLIT FRAME

As discussed in section [3.3.4] a convenient way to compute the generalised metric
is starting from the conformal split frame, namely a specific choice of frame on the
generalised tangent bundle . Here we derive the type IIA conformal split frame
by reducing the M-theory one given in |63]. The latter reads

Eva = e (8 + e, A+ g, A+ JA Nig, A
+iANie A+ EIANAN4,A),
Sf/f; = ¢Bu (eai’ + AN elb AN b + %jA NAN e&i’) , (B.2.23)
5&1..@5 — oAu <e&1.‘.a5 +jA /\eal..f%) 7

g&,al..m — oAu s ar

i

where Ay is the M-theory warp factor and A and A are the three- and six-form
potentials of M-theory. é; is a frame for TMy, e; is the dual one and e~ =
e A Aet, and e®@107 = 00 @ 817 The index a goes from 1 to 7 and, not to
clutter the notation, we omitted the subscript M on é; and e;.

In reducing to type IIA, we decompose the M-theory potentials as

A=C3—BAdz, (B.2.24)
A=B- %05 ANCy + (05 — %B VAN 03) ANdz, (B.2.25)

where z denotes again the circle direction along which we are reducing, and B, B and
C}, are the ITA potentials. As already pointed out, the ITA and M-theory warp factors
are related by

Av = A—¢/3. (B.2.26)

To reduce the split frame (B.2.23)), we also need to decompose the seven-dimensional

indices as a@ = (a, z) with a = 1,...,6 and write the seven-dimensional frames as
¢/3(éq + C,0 R —9/3¢a
A )€ éa + Ca0:), a )¢ e,
EM 4 — {€_2¢/362 ’ emM — 62¢/3(dz . Cl) ’ (B227)

where é, and e® are basis for the IIA frame bundles and C, denotes the components
of the one-form C;. The reduction gives

{EA} — {éa} U {ga} U {ga1...a5} U {5@,(11...(16} U {(c/‘} U {5&1@2} U {(c/‘al...a4} U {8a1...a6}’
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with

Eu = el (éa + e, B+ e BA Léa(C]_ +C5+Cs) + Léaé -l—jB Atg, B
— %Cl A LéaC5 + %03 VAN LéaC3 — %05 A Léacl — %jC{, VAN LéaC?,
—i—%jB AC3 A LéaC3 — %jB ACs5 A Léacl — %]B ANCL A LéaC5) ,

E=eP(e" —e PA(C1+C3+Cs)Ne +jBAe” —C3 A Ch Ae”
—jBAC3ACL A"+ 55C1 ACs N e — 35C5 A Cy A e
+1iCs A Cy N eY),

gal...a5 — 6A72¢(6a1...a5 +jB /\ eal...a5)7

£3,01...a6 _ 6A72¢(ea,a1...a6)

= 6A7¢(€7B —Cs—jBA 05) ,
£z = eA_¢(e_B AeM? + Oy A eM — jC5 A e™ + jB A Cs A ™),

£a1-a4 eA—¢(€—B A edlad _ Cl A 014

+jC3 A% — jB A Cy A e®4),

gal...aﬁ — eA—¢(ea1...a6 _ jCI /\ €a1...a6) .
(B.2.28)

These expressions can be summarised in the twist given in (3.3.55)).

B.3 TWISTED BUNDLE AND GAUGE TRANSFORMATIONS

In this section — closely following [12] — we show how one can derive the patching
conditions (3.3.25)) of the generalised tangent bundle starting from the supergravity
gauge transformations. We will refer to (massive) type IIA generalised geometry,
however, the line of reasoning holds in general. The key requirement will be that
the generalised vector generates the diffeomorphism and gauge transformations that
act on the supergravity fields. We include the Romans mass in our computation, the
massless case simply follows by setting m = 0.

We start imposing that in each chart U covering the manifold Mg, a generalised vector
V' generates a diffeomorphism and gauge transformation of the type ITA supergravity
potentials:

SyB = L,B —d)\,
SyC = L,C — B A (dw —m)), (B.3.1)

SyB = L,B — (do + muwg) — %[ B/\(dw—m)\)/\s(C)]ﬁ,

where all the fields are defined on U. In these expressions, the diffeomorphism along
a generic vector v is generated by the ordinary Lie derivative £,, while the remaining
terms correspond to the supergravity gauge transformation.

We next require that the generalised diffeomorphism (B.3.1]) be globally well-defined.
This means that on the intersection of a patch U, with another patch Ug, the new
field configuration defined by (B.3.1)) is patched in the same way as the original one,
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so as to preserve the global structure (which cannot be changed by an infinitesimal
transformation). The patching conditions for the gauge potentials on U, N Ug are
given by the gauge transformation of the supergravity fields. At the linearised level,
these read

B(a) = Bg) + dA(ag) »
Clay = C(g) + €% A (dQap) — mA(ag)) , (B.3.2)
Bay = Bg) + dA(ap) + mQg(ap) + 5 [€7P A (AQ(ap) — mA(ag) A 5(Cia)],

where the labels («) and (/) indicate fields on U, and Ug, respectively, while (o/3)
denotes a field defined just on U, N Ug. Note that these gauge transformations have
the opposite signs with respect to those in , as that equation describes an
active transformation which shifts the field configuration to a physically equivalent
one; contrastingly, equation describes a patching relation needed to define the
fields on the whole manifold, similar to coordinate invariance in general relativity,
which is a passive transformation.

From we construct the corresponding finite transformation. Its form is not
uniquely determined, since it depends on the order one chooses for the exponentiation
of the infinitesimal transformations. We choose to exponentiate first the action of the
RR transformation with parameter {2, then the NSNS transformation by A and finally
the one by A. This gives:

Ba) = B(g) + dA(ap)
Clay = C(g) + @ F40n A Q05 — meP@ A A A <%>( 8’

e—dA _

B(a) = B(g) + dA(ap) + M (ap) + 37 A(ap) [6_3“” A ( A 1) s C(B)} 5

dA
+ 2dQup) A ePOTR@H A 5(Cg)) — M AQap) A Aag) A <T1>(a6)}6’

(B.3.3)
where we used the shorthand notation
Ul 4y 4 LdA + LAAAdA + (B.3.4)
o = 5 3 e 3.

Imposing that the new field configurations (B.3.1)) in two overlapping patches U, and
Up are still related in the intersection U, N Ug by the transformation (B.3.3), and
working to first order in the components of V', we obtain

OViwy Bla)y = 0vig) Bis)
B dA
0ViayCla) = v, Cp) + €7D A by, Bigy A dQ

— meP® A Gy, By NN (S5

. . B.3.5
OViwy Bla) = 0vis) Bis) (B.3.5)

e—dA 1

+gmA A {eiB(ﬂ) A (gm) A (0, Cla) — v Biay A C(B))}5

+ 3N P A (s(y,, Op) + vy Bisy A 5(Cia))|

where for ease of notation we are omitting the label (a8) on A, A and Q. This equation
can be solved to give relations between the components of V() and V(). Also requiring
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that these relations are linear in V() and V|g), we obtain the following patching rules
for the generalised vector:

Y(a) = Y(B) 5
)\(a) = )\(/3) + Lv(ﬁ)dA ,

O(a) = 0(g) + va) (dA +m€g) + A A dQ A (A(g) + Lz dA)
— [s(dQ) A (e ~A w(g) + m(eidd?(l) A (b A+ Ay A A))]s
+ [%s dQ A Lv(ﬁ)dQ}
[m( ) AA AW +m’ (W)/\AALWmAJs
W) =€ AN w(g) T+ Lo s A2+ (Ag) + Ly, dA) A dE2
+m(Sg5t) A (o A+ Ay AA) + m(“grsdt) A A A Loy dA -

Setting m = 0, these terms match precisely those following from (3.3.25|) for the patch-
ing of the twisted generalised tangent space relevant to massless type IIA. Keeping
m # 0, we recover the corresponding terms of equation (|3.3.35|).

Note however that by this procedure, one can construct the full twisted bundle E only
for compactifications on manifolds My of dimension d < 5. Indeed, one can directly
deduce the patching of the differential form parts of the generalised vector (which
form a section of the bundle E’ in ), but not the dual graviton charge, as there
is no known treatment of the (non-linear) gauge transformations of the dual graviton
field in an arbitrary background. One can nevertheless infer the transformation of the
7 component of the generalised vector by insisting that the patching is an Eqyq(ay1)
adjoint action. In particular, for m = 0 this yields:

T(a) =T(g) + JAA N o(g) + jdA A ()\(,3) + LU(B)dA)
— js(dQ) A (e_dA Aw(g) + %Lv(ﬂ)dQ + %()\(5) + Lyge dA) A dQ).

B.4 EXCEPTIONAL TANGENT BUNDLE AS EXTENSION OF
O(d,d) GENERALISED GEOMETRY

As for the previous section, we stick with type ITA for concreteness, but the way of
proceeding can be easily extended to type IIB.

In the formulae for exceptional generalised geometry for (massive) type IIA, one can
identify combinations of terms familiar from Hitchin’s generalised geometry [57,[58].
We devote this section to showing how the exceptional generalised tangent space
can be formulated as an extension of that introduced by Hitchin, by O(d,d) x R
tensor bundles. This clarifies how exceptional geometry constructions like the Dorfman
derivative , are built out of objects and operators naturally associated to these
O(d,d) x R generalised geometric bundles.

Recall that Hitchin’s generalised tangent space |57, 58|, which we denote by E’, has
the structure of the extension (3.2.1)),

0 —— T"M —— ' —" 5 TM 0. (B.4.1)
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The supergravity B-field (red arrow in the (B.4.1))) provides a splitting of the sequence
and thus an isomorphism
E2TeT. (B.4.2)

As in [190], we will view E’ as an O(d,d) x RT vector bundle with zero R*-weight.
We normalise the Rt weight by fixing the line bundle L =2 A?T™* to have unit weight.
The spinor bundles associated to E’ with weight %, denoted S*(E’ )% , can then be
represented as local polyforms

S:E(E/) ~ Aeven/oddT*’ (B43)

[N

while (in six dimensions) there is also an isomorphism
E'® L= AT @ (T* @ AT*). (B.4.4)

The bundles ST(E'): and E' ® L are themselves naturally formed from extensions,

2
and the isomorphisms (B.4.3) and (B.4.4]) are also provided by the supergravity B
field.

The (massive) type IIA exceptional generalised tangent space E then fits into the
exact sequences

0 —— ST(E): y B — T B > 0,
2
(B.4.5)
0 —— EF'®L E E” > 0.
These give us a mapping
"B ——— F'
m (B.4.6)

Vi X =uv+),

which serves as an analogue of the anchor map when viewing the exceptional gener-
alised tangent space E as an extension of E’.

Some useful O(d,d) x R covariant maps can be defined as follows. First, given a
section b € L, one has the mapping

b:BE — s E®L

(B.4.7)
VAN — ib—A®b.
There is also a natural derivative
der: B'@L ——— > [
(B.4.8)

X=0+7+—— (der, X) = do,

which is the analogue of the (covariant) divergence of a vector density in Riemannian
geometry, and a covariant pairing of spinors of opposite chirality

((...), TM ) SHEN © S (E)y — E'®L

(B.4.9)
(W, TWG) = —[s(w) A f]5 — [js(w)Ab]16 -



FEzceptional Generalised Geometry 135

2
and L respectively, patched by the relevant supergravity gauge transformations. These

provide splittings of the sequences (B.4.5)) and thus an isomorphism

E=2E oSt E) o (EF®L)
2 (B.4.10)

The supergravity ﬁeldA and B are naturally collections of local sections of S~ (E’)1

Ve X+o+ X

which is given explicitly in terms of the maps above as

w=w-X-A4 (B.4.11)
X=X-B-X—(w—3ix-41W4)
where X - A is the Clifford product.

Let us now show how to write the massless type IIA Dorfman derivative in
terms of natural operations in O(d,d) x RT generalised geometry. Denote by X =
(V) =v+ Xand X' =7'(V') =o' + X the projections of the generalised vectors V
and V' onto E’ using the mapping (B.4.6). The vector and one-form parts of
correspond to the O(d, d) Dorfman derivative Lx X' = L,v" + (L, N — tydN) (3.2.49)),
so that one has 7'(Ly V') = Ly yn'(V'). This is reminiscent of the situation for the
usual anchor map 7 : & — TM, which satisfies 7(Ly V') = L )7(V’) so that the
Dorfman derivative descends to the Lie derivative. Here, the mapping 7’ preserves
the Dorfman derivative structure. We remark that the map 7’ and the Dorfman
derivatives can be viewed as providing a generalisation of the notion of an algebroid,
where one replaces the tangent bundle with Hitchin’s generalised tangent bundle.

The poly-forms w and w’ are local sections of the O(6, 6) spinor bundle S*(E’)1, and

2
these are treated in an O(6, 6)-covariant way in (3.3.32). Indeed, Lxw’ = (L, +dAA)w’
is a spinorial Lie derivative in O(d, d) generalised geometry, while (¢, + AA)dw is the
Clifford action of the O(6,6) generalised vector X on dw.

In six dimensions, the last two parts o and 7 form a local section X of E'® L as
in (B.4.4). We see that the O(d, d) x RT Dorfman derivative Lx X' = L,0’ + L,7" +
jo' A dX accounts for some of the terms involving these in LyV’. From (B.4.8), one
can write do = (der, X), a section of L, which can act on X’ via the map (B.4.7)), to
give (der, X)(X') = i,ydo — X ® do. Finally, the exterior derivative gives the natural
O(d,d) x Rt Dirac operator S*T(E')1 — S™(E’)1 and the pairing between w’ and dw
2 2

in the first and second lines of (3.3.32) is the O(6,6) x R invariant given in (B.4.9).
Putting all of this together, we can write the Dorfman derivative in terms of O(d, d) x
R* objects as

LyV' = Lx X'+ (Lxw' — X' dw) + (Lx X’ — (der, X)(X') — (&', T(Vdw)) . (B.4.12)

This can be easily enhanced to include the mass terms in (3.3.37). The mass can be
viewed as a local section of the spinor bundle ST (E’)1 = A®¥*"T* and we can write

the massive version of (B.4.12) as
LyV' =Ly X'+ [wa’ X (dw— X - m)}

1
2

i i (B.4.13)
+ [LXX/ — ({der, X) + (w,m))(X") — (', TD(dw — X - m))] .

In this appendix we use the A-basis for the RR fields as we wish for the B field to appear purely
in the twisting of the O(d, d) bundles in (B.4.5)) and not in defining the isomorphism (B.4.10).
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Finally, we remark that the projected generalised metric appearing in is
formalised by the construction of this appendix as H~! € S?(E’), which is the
image of the exceptional generalised metric G~' € S%(E) in the anchor-like map-
ping ' : E — E’ from (B.4.6). This is much like the first line of , where
e?2g~1 € S2(TM) is seen to be the image of G~! in the anchor map 7 : E — T M.

B.5 GENERALISED GEOMETRY FOR TYPE IIB

We have seen in the main text that the generalised tangent bundle has sections trans-
forming in the fundamental of Eqq(q41) X R*. On a d-dimensional manifold it reads

EXTM®T*M & (T*M & A3T*M & AST*M) & AST*M @& (T*M @ AST* M)
~TM & (T*M®S) @ AT*M & (APT*M @ S) @ (T*M @ AST*M),

where S transforms as a doublet of SL2. Formally it is defined by the series of short
exact sequences,

0 —— T"M E" > TM > 0,
odd = " N ol N
0 ——— A°YT*M FE y B > 0, (B.5.1)
0 —— A°T*M s F/ s B 5 0.
0 —— T*M @ AST*M y B » B/ » 0.

analogously to the type IIA case. The sequences are split by maps living in the adjoint
bundle,

adF =R & (TM @ T*M) & (S ® S*)o & (S @ A°TM) & (S @ A°T*M)

B.5.2
O ATM & MT*M @ (S ATM) @ (S © AST* M), ( )

where the subscript on (S ® S5*)g denotes the traceless part. We write adjoint sections

as in (3.3.48),

R=l+r+a+f +B +y+C+a +a'. (B.5.3)
Taking {é,} to be a basis for TM with a dual basis {e®} on T*M, one can define a
natural gld action on tensors.
The ¢q1(4+1) subalgebra is generated by setting | = 7, /(8 —d). This fixes the weight
of generalised tensors under the R factor, so that a scalar of weight k is a section of
(det T M )k/(8=d)
1 € F((det T*M)k/(s_d)). (B.5.4)
We define the adjoint action of R € T'(ad F) on V € T'(E) to be V/ = R-V. Then,

the components of V' are
V' =10 +71 v+ yop + € BN + €8 07,
Ne= 1IN 4 Nt aij)\j — a0t 4 vaB + Blap — @',
P =lp+r-p+viC+eiBao? +ej ' NB + T, (B.5.5)
o't = lai+r-ai+aijaj —C AN+ pAB + Blar +vod,
T =lr+r-T+e AN ANal — jpAC — e jot A B
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In addition, one defines the adjoint action of R on R’ to be the commutator R” =
[R, R']. As consequence, the components of R” are

l// _ %('}’JC/ o ")//JC) + iekl(ﬁkJB/l _ ﬁ/k’JBl) + %Czj(dljd/‘j o &/inj)7

o= (o' ') (8T BY — B 0jBY) — flen (8 B" — 5B
+ (j725C" = 7725 C) — 51 (72C" =+ 40)
+ej(ja’sja’? — jal yjal) — 3e;(alua — &' Lal),
a//z’j _ (a cd —d - a)ij + Ejk(ﬁi_nB/k o BliJBk) _ %yjfkl(ﬁkJBll _ 5/k_|Bl)
+ejp(ala” — &' k) — $6% e (ahoat — avual)
B//i — (’f‘ . IB/i o ’f‘l . BZ) + (CL . 5/ . CL/ . /8)1 o (")/_JB/i o ’}//_lBi) o (ONéi_lC/ _ ON/i_JC),
B//i — (7' . B/i - ,r,/ X BZ) + (a . B/ o a/ X B)’L + (/BiJC/ - IBIi—Ic) o ('Y_Idli - ’Y/—l&i) ’
' =(ry =1 y) + e B A BY + e (6uBY — & LBY),
C" =(r-C' —r' - C)—e;B'NBY 4 ¢;(f a7 — '),
Nl/i—(T‘dli—Tl'di)+(a'6tl—a,'0~t)i—(,Bi/\’yl—ﬂli/\’}/),
i =(r-a—1r"-a")+(a-d —d-a)+ (B'ANC'—B"AC).

(B.5.6)

The generalised Lie derivative is defined in (3.3.15]). The twisted Dorfman derivative
on a generic tensor can be written as

Lya=Lyd— Ry, - @, (B.5.7)
where Ry, is the adjoint element
Ry, =dN — (5F' +dp— 15F — e N NF/ +d6" + N AF = pAF'. (B.5.8)
Thus, its action on a generic adjoint element R reads
Ly R =(Lol + $7adp + fenB 2dN + Fea* ado’)
+ (Lor + jyajdp — $hyadp + €587 0jdN — 11y AP LdN!
+ €558 sjdo? — 3eyak udot)
(Loa’; + € odNF — 16%5e1 8" 2dN + €' udo™ — 367 jepyd"ado?)
(LyB" — yadN — &' Ldp) (B.5.9)
(LoB' +7-dX +a';dN + B'adp — yado?)
(Loy + eijdin)\j)
(,CvC +7r-dp+ Eijd)\i AB+ €Z‘j6i_ld0'j> + (ﬁydi)
(Lyd' +r-do’ +a’jdo? —dN' A C + B Adp).

For E5(5), we also need the vector bundle transforming in the 102 representation of
Spinb, 5 x RT. We define this bundle as

N~SeANTMoS® AT M. (B.5.10)
We write sections of the N bundle as

Q=m'+n+p, (B.5.11)
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where m’ € I'(S), n € T(A*T*M) and p' € T(S ® A*T*M). We define the adjoint
action of R € I'(ad F) on Q € T'(N) to be @' = R - @), with components

m't = 2lm' + aijmj + Biin — yp',
n=2n+r-n+ eijﬂi_npj + eijmiBj, (B.5.12)
Pt = 2lpi+r-pi+aijp7+Bi/\n—miC.
Using 16¢ x 10 — 16, we define a projection to E as
xp:E*QN = FE. (B.5.13)
Explicitly, as a section of E, this allows us to define

dQ =0 xp Q =dm' +dn. (B.5.14)

Analogously to the O(d, d) n metric, in Eq(4) geometry one has several invariants.

The quadratic invariant for Ej) is

€(Q,Q) = eiym'p — InAn. (B.5.15)
The cubic invariant for Eg) is
c(V,V,V)=—%(wwp A p+eijp A NAN = 2¢;50,\07). (B.5.16)
Finally, the symplectic invariant for E;() is
s(V,V') = =2((tom" — 7)) + €;(N A7 =X ANod) —pAp). (B.5.17)
The ¢g41(q41) Killing form is given by the trace operator
tr(R,R') =3 (ﬁ tr(r) tr(r’) + tr(rr’) + tr(aa’) + y2C" ++/.C

o o (B.5.18)
+ €5 (,BZ_IB/] + ,Bll_lB]) + Eij(ONél_ld/j + &/Z_ld])) .

B.6 TvyPE IIB PARALLELISATION ON S°

In this appendix, we present a parallelisation of the type IIB generalised tangent
bundle on S which satisfies an SO(4) gauge algebra. A consistent truncation of type
IIB supergravity on S% down to SO(4) maximal supergravity in seven dimensions has
recently been worked out in |112] adopting an exceptional field theory approach. This
was related to the S3 reduction of massless type IIA by an external automorphism of
SL(5) exchanging the 10 C 15 and the 10’ C 40’ representations. Here we show that
this type IIB truncation can also be understood in terms of generalised parallelisations.

The type IIB generalised tangent bundle E¥ on a three-dimensional manifold M3 is
E=ToT oT @ AT, (B.6.1)

and has structure group Ey4) X R* = SL(5,R) x RT. A generalised vector transforms
in the 10; representation and can be written as

V=v+A+p+(,
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where v € T, A € T*, p € T*, and ¢ € A3T*. The relevant Dorfman derivative can be
obtained by truncating to three dimensions the type IIB, five-dimensional Dorfman
derivative given in [80}81]. This yields

val :Evvl + (ﬁv)\/ - Lv/d)\)

B.6.2
+ (Lop' = twdp) + (Lo +dX AP . ( )

As in the type ITA example discussed in section [£.4.2] we decompose the generalised
frame Ery, I,J =1,...,5, under SL(4,R) as {E;;, Es5}, with @ = 1,...,4. Then we
define a generalised parallelisation on S as

) T
Ery=14 " P by o (B.6.3)
Ei5 = Rdy; + y; vols + Rdy;\ B,
with
pij =% (R*dy; Ady;) = Regry*dy’. (B.6.4)

Here, Eij parallelises T' @ T™, that is the part of the generalised tangent bundle com-
mon to type IIA, while E; is a parallelisation on the complement 7% @ A3T*. As in
section the background two-form potential é is chosen such that

o o 2 °

(we could also have twisted by a background RR two-form potential Co'g)
Evaluating the Dorfman derivative on the frame (B.6.3)), we obtain

Ey = 2R_1(5i[kEl]j - j[k:El]i) ;

Eps = —2R7'6,;E5 (B.6.6)
B =0, -

Eps =0,

which corresponds to an SO(4) frame algebraﬂ This is consistent with the SO(4)
gauging of D = 7 maximal supergravity originally discussed in [131]. To see this, it
is convenient to dualise F;; to E;; = %eijklEkl. Also renaming E;5 = FE;5, the frame

algebra now reads

LE’H/EU’ = X Exre (B.6.7)
with
! K’ 1 .
X = ~desrpot®ey) ! = spdias(1,1,1,1,0) . (B.6.8)

which matches the embedding tensor given in [131] for the SO(4) gauging.

2This is the same algebra satisfied by the massive ITA generalised parallelisation on S® discussed
in section (cf. eq. (4.4.102)) — however in that case the parallelisation fails to be an SL(5) frame.
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RESUME

Cette thése traite de compactifications avec flux en théorie des cordes et supergravité.

D’abord, nous étudions les reductions dimensionnelles des théories de type II et de supergravité en onze
dimensions, en utilisant la géométrie généralisée exceptionnelle.

Nous commencons par l'introduction des techniques mathématiques necessaire a cette thése, nous nous
concentrons sur les G-structures et leur extension a la géométrie généralisée.

Apreés, nous passons a discuter les compactifications & proprement parler. Précisément, nous nous con-
centrons sur type ITA, en construisant la version de la géométrie généralisée exceptionnelle décrivant cette
supergravité et en trouvant les deformations de la dérivé de Lie généralisée correctes qui permettre de
tenir compte et décrire correctement la mass de Romans. Nous présentons la méthode de Scherk-Schwarz
généralisée qui nous permettre de trouver des ansatze consistants qui préservent la quantité maximale
de supersymétrie. Aussi, nous appliquons cette méthode & des examples différents des truncations sur
les spheres, nous sommes capables de reproduire 'ansatz sur la sphere six-dimensionnelle et le tensor
d’imbrication, qui nous donne une supergravité jaugée ISO(7) dyoniquement en quatre dimensions. Pour
des spheres de dimension d = 2, 3, 4, nous trouvons une obstruction a avoir des parallelisations généralisées
dans les cas massifs. Ceci donne une indication du fait que des reductions dimensionnelles en presence de
mass de Romans peut pas exister.

En outre, nous étudions les calibrations générales sur des backgrounds AdS en type IIB et M-théorie. Nous
établissons que elles sont décrites par les structures de Sasaki-Einstein exceptionnelles, et nous focalisons
notre attention sur les vectors de Reeb généralisés. Les inégalités pour la limite sur ’énergie peuvent étre
dérivées par la decomposition de la condition donnée par la symétrie £ ou dans la méme facon, par la
decomposition des bilinéaires des champs spinoriels existants en literature. Nous expliquons comme la
fermeture des formes de calibration est liée a 'integrabilité de la structure de Sasaki-Einstein exception-
nelle décrivant le background. En particulier, nous faisons ¢a pour des branes remplissants 1’espace ou
ponctuelles. En faisant ¢a, nous montrons que la partie de forme du vector twisté en M-théorie donne
les correctes calibrations généralisées. Le cas au sujet des background en type IIB donne des résultats
analogues.

ABSTRACT

The main topic of this thesis are flux compactifications.

Firstly, we study dimensional reductions of type II and eleven-dimensional supergravities using exceptional
generalised geometry.

We start by presenting the needed mathematical tools, focusing on G-structures and their extension to
generalised geometry.

Then, we move our focus on compactifications. In particular, we mainly focus on type ITA, building the
version of exceptional generalised geometry adapted to such supergravity and finding the right deformations
of generalised Lie derivative to accomodate the Romans mass. We describe the generalised Scherk-Schwarz
method to find consistent truncation ansatze preserving the maximal amount of supersymmetry. We apply
such a method to several examples of truncations on spheres, we reproduce the truncation ansatz on S¢ and
the embedding tensor leading to dyonically gauged ISO(7) supergravity in four dimensions. For spheres of
dimension d = 2, 3,4, we find an obstruction to have generalised parallelisations in massive theory, giving
the evidence that maximally supersymmetric reductions might not exist.

As further point, we study generalised calibrations on AdS backgrounds in type IIB and M-theory. We find
these are described by Exceptional Sasaki-Einstein structures and we place the focus on the generalised
Reeb vectors. The inequalities for the energy bound are derived by decomposing a k-symmetry condition
and equivalently, bispinors in calibration conditions from existing literature. We explain how the closure of
the calibration forms is related to the integrability conditions of the Exceptional Sasaki-Einstein structure,
in particular for AdS space-filling or point-like branes. Doing so, we show that the form parts of the twisted
vector structure in M-theory provides the expected generalised calibrations. The IIB case yields similar
results.



